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Francisco Cordovilla, Ángel Garcı́a-Beltrán, Miguel Garzón, Diego A. Mu ñoz and 
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Numerical-Experimental Study of the Consolidation Phenomenon in the Selective Laser 
Melting Process with a Thermo-Fluidic Coupled Model
Reprinted from: Materials 2018, 11, 1414, doi:10.3390/ma11081414 . . . . . . . . . . . . . . . . . . 97

Marc Rabionet, Emma Polonio, Antonio J. Guerra, Jessica Martin, Teresa Puig 
and Joaquim Ciurana

Design of a Scaffold Parameter Selection System with Additive Manufacturing for a Biomedical 
Cell Culture
Reprinted from: Materials 2018, 11, 1427, doi:10.3390/ma11081427 . . . . . . . . . . . . . . . . . . 115

v



Joaquim Minguella-Canela, Sergio Morales Planas, Joan Ramon Gomà Ayats 
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Álvaro Álvarez, Amaia Calleja, Mikel Arizmendi, Haizea González 
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Abstract: Research in the field of materials is very broad, ranging from studies on the structure and
properties at the atomic or molecular level to the most complex or sophisticated applications that
can be done with them, as well as studies about other aspects related to their processing, use or
management. The Special Issue of the Manufacturing Engineering Society (MES), published in the
Section “Manufacturing Processes and Systems” of the journal Materials, focuses, mainly, on the
applications and key processing aspects of materials, collecting a set of 48 original papers focused on
the field of manufacturing engineering and materials processing.

Keywords: additive manufacturing and 3D printing; advances and innovations in manufacturing
processes; sustainable and green manufacturing; manufacturing systems: machines; equipment and
tooling; metrology and quality in manufacturing; Industry 4.0; product lifecycle management (PLM)
technologies; production planning; risks

The Special Issue of the Manufacturing Engineering Society (MES), published in the Section
“Manufacturing Processes and Systems” of the journal Materials, was born as an initiative from the
Manufacturing Engineering Society of Spain, with the aim to spread outstanding works in which the
latest cutting-edge advances in the field of manufacturing engineering and materials processing have
been presented.

This Special Issue explored the evolution of traditional manufacturing models towards the new
requirements of the Manufacturing Industry 4.0; publishing, finally, 48 papers (47 research papers
and one concept paper) in the main topics covered by this Special Issue, concretely in: additive
manufacturing and 3D printing; advances and innovations in manufacturing processes; manufacturing
systems: machines, equipment and tooling, metrology and quality in manufacturing; product lifecycle
management (PLM) technologies; and manufacturing engineering and society.

Likewise, in some of them, without being the main or most outstanding subjects of the work,
the following topics have been also addressed: sustainable and green manufacturing; manufacturing
of new materials; manufacturing automation; design, modeling and simulation in manufacturing
engineering; and production planning.

Contributions on emerging methods and technologies, such as those related to additive
manufacturing and 3D printing [1–14], have been very numerous, which is not surprising as they are
technologies with a lot of potential.

The number of contributions in the “advances and innovations in manufacturing processes” field
has been very remarkable as well, where outstanding works have been presented in the following
areas: machining [15–24], forming [25–30], moulding [31], welding [32,33], and non-traditional
manufacturing processes [34–38].

No less important, as a whole, are the works on: manufacturing systems: machines, equipment
and tooling [39–42], metrology and quality in manufacturing [43–45], product lifecycle management
(PLM) technologies [46] and, risks, within the topic “manufacturing engineering and society” [47,48].
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The Special Issue has been an excellent means of exposing some of the main current lines of
research of members and collaborators of the MES, promoting the internationalization of their results
and the presence of the MES itself in the international scientific-technical landscape, widely fulfilling
the aims initially proposed.

It is remarkable how many readings and downloads of papers belonging to this Special Issue
have been done, after only three months since the publication of the first work, showing the great
interest that all these topics arouse in readers of the journal Materials; particularly topics related to the
processing of materials.

In Memoriam

We want this Special Issue to serve as a posthumous tribute to our colleague and friend Mariano
Marcos Bárcena, who participated very actively in the genesis of this thrilling project, and whose
contribution to manufacturing engineering is present in this Special Issue, both explicitly, in a concrete
work, and implicitly, in several papers by his research group from the University of Cadiz who have
kept working on the investigation lines promoted by him.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In OECD (Organization for Economic Co-operation and Development) countries, cancer is
one of the main causes of death, lung cancer being one of the most aggressive. There are several
techniques for the treatment of lung cancer, among which radiotherapy is one of the most effective
and least invasive for the patient. However, it has associated difficulties due to the moving target
tumor. It is possible to reduce the side effects of radiotherapy by effectively tracking a tumor and
reducing target irradiation margins. This paper presents a custom electromechanical system that
follows the movement of a lung tumor. For this purpose, a hysteresis loop of human lung movement
during breathing was studied to obtain its characteristic movement equation. The system is controlled
by an Arduino, steppers motors and a customized 3D printed mechanism to follow the characteristic
human breathing, obtaining an accurate trajectory. The developed device helps the verification
of individualized radiation treatment plans and permits the improvement of radiotherapy quality
assurance procedures.

Keywords: respiratory movement; lung tumor; radiotherapy; arduino; cancer treatment;
linear accelerator

1. Introduction

Lung cancer is the most common type of cancer in OECD (Organization for Economic
Co-operation and Development) countries. It is responsible for over 1.38 million deaths annually [1].
There are currently several treatments for lung cancer, including surgery, radiotherapy, chemotherapy
and palliative care. One of the most effective is radiotherapy. It is because malignant cells are eliminated
via ionizing radiation and it is less invasive for the patient [2]. Nowadays, more than half of all cancer
patients receive radiotherapy, either alone or in combination with surgery or chemotherapy [3].
However, radiotherapy has detrimental side effects, as healthy tissue is also affected by these usually
high-dose-rate radiation beams.

Radiotherapy involves the use of controlled doses of high-intensity radiation to kill cancer cells or
to reduce the size of tumors. In the case of lung cancer, radiotherapy is used as a main treatment in
patients for whom surgery is impossible. It can also be applied before or after the surgery, as palliative
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therapy or to relieve blocked airways. Radiotherapy is generated outside the body, in a Linear
Accelerator (LINAC), and is generally used to treat non-small cell tumor.

Regarding the side effects of radiotherapy, a distinction between acute and chronic effects is made.
The former are those that appear during treatment and usually disappear within a few weeks, such
as fatigue and skin reactions, among others. Chronic side effects appear months or even years after
treatment and may be permanent.

One of the essential parts of external radiotherapy treatment is planning [4]. Before starting
treatment, it is important to calculate the dose needed, the emission angles and other parameters that
will allow the patient to receive the right amount of radiation without affecting adjacent areas.

Compared to other parts of the body, the lungs are in constant motion [5,6]. According to
Seppenwoolde et al. the movement of the lung in this way is largely two-dimensional and it is possible to
reproduce the movement of any part of the lung when the length and capacity of the breath is known.

Previous studies have shown that a human adult breathes between 16 and 20 times per minute,
which means one breath (inhalation and exhalation) every 3–3.75 s [7]. Closer inspection of the lungs
shows that not all points move at the same rate and, therefore, not at the same speed [8]. Nevertheless,
the general movement can be equated to a hysteresis loop [9,10], as shown in Figure 1. This is why
lung tumor irradiation cannot be concentrated in a fixed tumor position at each phase of the breathing
cycle, and it must be applied with small margins of the target volume to cover the tumor position
during the entire respiratory cycle. To irradiate the tumor, it is necessary to follow the movement of
the tumor [11] to plan the radiotherapy treatment.

Figure 1. Hysteresis loop of lung tumors movement: (A) The orthogonal projections of the trajectories of
the 21 tumors on (left) the coronal (LR-CC) and (right) the sagittal (AP-CC) plane is shown (reproduced
with permission from [9]); and (B) One recreated hysteresis cycle that simulates the movement of the
tumor is displayed.

Good planning will reduce the amount of radiation that healthy tissues receives, while reducing
the side effects. To verify the treatment of sophisticated radiation techniques in lung cancer,
a parametric simulator of the tumor movement is needed.

The imaging techniques currently available, such as the 4D Computer Tomography (4DCT),
acquire images synchronized with respiratory movement [12,13]. This permits to track the tumor
position in each phase of the cycle and extract a custom path from patients [14–19]. These images are
taken with the patient immobilized, in the same way in which the future treatment will be applied in
each of the sessions.

In this work, we present a proof of concept of a lung tumor movement simulator prototype,
which considers that not every human has the same breathing characteristic curve. In addition it can be
adapted to any possible specific height, width and speed of breathing movement. Although there are
some commercial alternatives, they are not Open-Source. The Lung Tumor Movement Simulator was
entirely created using 3D printed parts in order to achieve a customizable device that can be adapted
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for specific cases. Furthermore, it was printed with an Open-Source 3D printer that makes it affordable
for every research centre. With this device, individualized radiation treatment plans can be tested in
advance.

2. Materials and Methods

2.1. Linear Accelerator

A Linear Accelerator (LINAC) is a device that is most commonly used to give external beam
radiation therapy to patients with cancer. It supplies high-energy X-rays to the tumor region of the
patient. These X-ray treatments can be designed to destroy cancer cells without affecting normal
surrounding tissues.

The linear accelerator uses microwave technology to accelerate electrons and then allows these
electrons to collide with a heavy metal target to produce high-energy X-rays [20]. These high energy
X-rays are shaped as they exit the machine to target the tumor in the patient. The beam is shaped by a
multi-leaf collimator that is incorporated into the head of the LINAC. The patient lies on a movable
treatment couch and lasers are used to make sure that the patient is placed in the desired position.
The ionizing beam is emitted from a part of the accelerator called a gantry, which can be rotated around
the patient. Moreover, radiation can be delivered to the tumor from any angle, by rotating the gantry
and by moving the treatment couch.

Because lungs are in constant motion, the tumor is constantly changing its position and this
movement should be taken in account. This movement of the tumor is always studied before starting
the treatment (Figure 1). To increase the LINACs accuracy and avoid irradiating healthy areas, there is
a technique called tumor tracking [14] that is useful to analyze the movement of an internal lung tumor.
Based on these tumor tracking studies, and to improve customized radiotherapy plan verification, the
Lung Tumor Movement Simulator was created. It provides a good simulation of tumor movement and
a good radiation measure because it holds a dosimeter in the Tip. In this case the Tip was designed to
contain a Landauer OSL nanoDot™ (Landauer, Inc., Greenwood, IL, USA).

2.2. Electromechanical Components

To give motion to the mechanism, a pair of NEMA 17 stepper motors was used. The stepper
motors have a minimum step angle of 1.8 degrees (200 steps/revolution). Each phase needs 280 mA to
7.4 V, allowing a torque of 650 g-cm (9 oz-in). To drive both stepper motors, a pair of stepper controllers
DRV8825 (Texas Instruments, Dallas, TX, USA) were used, which features adjustable current limiting
and six microstep resolutions (down to 1/32-step).

In cyclic or rotating movements, it is important to know the starting point of the rotation. For this
reason, endstops are needed. Endstops sensors are electronic components that function as switches,
sending signals when an element is placed in a certain position. There are various types such as
mechanical, optical and magnetic. In the prototype two optical endstops are used because they can be
activated by some element of the mechanism (Figure 2, element 3 and 9). At the same time, this type of
sensor avoids the possible rebounds that may appear in mechanical sensors.

2.3. Microcontroller

The Arduino Mega 2560 (Smart Projects, Turin, Italy & SparkFun Electronics, Boulder, CO,
USA) development board is a printed circuit that allows the use of a microcontroller ATMEGA2560
(Microchip Technology Inc., Chandler, AZ, USA) [21]. Arduino is commonly used in a high variety of
research fields due to its versatility and low cost [22–25].

This microcontroller controls 54 digital Input/Output pins, 15 pulse width modulation pins, and
16 analog pins, and is able to automate any system. Documentation and software are open source and
available at the Arduino website. The programming software is based on the C/C++ language and the
power supply of this development board can be powered through USB or main supply from 5 V to 12 V.
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Figure 2. (A) Real Lung Tumor Movement Simulator prototype; and (B) Schematic parts of the
prototype. See Table 1 for details.

Table 1. Prototype parts.

PART
(Figure 2)

Description Quantity X (mm) Y (mm) Z (mm) Weight (g) Material

1 Base 1 209.50 180.00 145.00 550.00 PLA
2 Endstop 2 - - - - -
3 Horizontal wheel 1 45.10 40.00 51.00 9.00 PLA
4 Stepper NEMA 17 2 42.00 42.00 38.00 285.00 PLA
5 Union bar 1 15.70 36.60 4.50 3.00 PLA
6 Cylinder pin 1 2.00 3.00 30.00 2.00 Stainless Steel
7 Horizontal bar 1 200.00 26.00 85.50 28.00 PLA
8 Screw M3 x 6 15 - - - 5.00 Stainless Steel
9 Vertical bar 1 22.00 44.90 30.00 6.00 PLA
10 Short retainer 1 4.00 10.90 9.10 1.00 PLA
11 Stem guide 1 33.00 13.40 16.20 3.00 PLA
12 Long retainer 2 9.00 10.90 9.10 2.00 PLA
13 Stem support 1 22.00 44.90 30.00 6.00 PLA
14 Stem 1 200.10 10.00 14.90 12.00 PLA
15 Tumor sphere (Tip) 1 29.20 30.00 30.00 8.00 PLA

All of these features makes Arduino perfect for this project, but, to connect the drivers to Arduino,
which control the stepper motors, an Arduino-Shield was needed. The Reprap Arduino Mega Pololu
Shield (RAMPS) is a board specially designed for the use of the selected drivers. This can control up to
five stepper motors and support the connection of various endstops. The RAMPS board can only be
used together with an Arduino Mega 2560 board on which it is placed by inserting the male connectors
of the RAMPS into female Arduino pins.

2.4. Manufacture and Material

The entire project was thought to be printable in any commercial or Open-Source 3D printer.
A Prusa i3 MK2 with a precision of 50 microns per layer height, and a printing surface of 10,500 cm3

(25 × 21 × 20 cm or 9.84 × 8.3 × 8 in) was used to print all of the parts. The entire prototype was
manufactured with poly(lactic acid) (PLA) material. This material was chosen because it achieves
the specifications that are need for the prototype [26]. It is light and strong enough to enable the
mechanism to function smoothly. Furthermore, it is biodegradable and environmentally friendly.
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3. Results

3.1. Prototype Design

During the design of the Lung Tumor Movement Simulator (LTMS) (Figure 3), several mechanical
designs were studied and proposed; in the end, a design composed of two sliders was chosen.

Figure 3. 3D model of the Lung Tumor Movement Simulator. Main design of the prototype A and
eight tips model that were designed to give versatility to the model. Tips D–H were designed with the
purpose of holding a nanoDot™radiation dosimeter. Tips B, C and I were designed to hold a test tube
with contrast fluids for other purposes.

This design is formed by two stepper motors, which move the mechanical elements (Figure 2) to
achieve the desired movement. There is an upper motor, which controls the upwards and downwards
motion of the Tip that simulates the tumor position. Then, there is a lower motor which controls the of
pushing forward and backward the Tip, which represents the targeted tumor. The entire prototype is
composed of 15 different parts. Their dimensions and weights are shown in Table 1.

The biggest challenge during the design was how to achieve the synchronization of the two
stepper motors in order to obtain an accurate path. This problem was overcome with the addition of
two optical endstops. These endstops were placed underneath each stepper motor and a protuberance
on each axis is what triggers the optic mechanism.

3.2. Movement and Path Simulation

To validate the prototype mechanism, it was necessary to evaluate the mobility of the whole
system as shown in Figure 4. By using the feature of Movement Simulation from Unigraphics NX 11
(Siemens, Berlin, Germany), the Tip trajectory was simulated taking into account gravity, friction and
speed limits.

During the virtual simulation, it was observed that the Tumor Movement Area, which is shown in
Figure 4, was the expected area for the tumor movement cycle. Furthermore, the simulation was done
with the same speed for the two stepper motors and one specific mechanical configuration; however,
if the speed or the length of the mechanical transmission were modified, the height and width of the
desired area would be modified.

9



Materials 2018, 11, 1317

Figure 4. Virtual simulation of the desired area to cover with the LTMS in order to validate the viability
of the system design.

3.3. Synchronizing the Movements

The rotation speed of the primary motor (Figure 5A), which is the operator of the horizontal
movement, was fixed at a speed that depends on the respiratory frequency of the patient, so that a
complete turn is made with the same duration as breathing is performed.

Figure 5. (A) Horizontal stepper motor; and (B) vertical stepper motor. See main text for details.

To reconstruct the hysteresis cycle, the second stepper motor (Figure 5B), which controls vertical
displacement, continuously modifies the rotation speed throughout the cycle. This cycle is divided
into six parts, which corresponds to a 60-degree turn of the motor. The average speed in the set of the
six sections is equal to the other engine to achieve a synchronized movement and a complete turn in
the same time. Therefore, the different speeds on this engine are time dependent.

The parametric variables that affects the Tip (simulated tumor) trajectory are shown in Figure 5.
The simulated tumor trajectory can be adjusted in several ways:

• In width: The width can be modified by changing the distance “r”.
• In height: To change the height of the movement (amplitude), it is necessary only to release a

little screw that is at the joint of the vertical slider (Figure 5B) and to move the rod forward or
backward. This is represented by distances “d1” and “d2” (Equation (1)).

• In timing: In the serial console, the breathing time can be set to move at the same frequency as
the patient does.

h = 2 ·
(

d1 · l
d2

)
(1)

As a result of changing the distances, the output path is defined by Equations (2) and (3).
These equations describes the Tip trajectory during the inhalation and exhalation.
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Yinhale =

((√
h

(2 · r)2

)
· x

)2

(2)

Yexhale =
(
−(x − (2 · r))2 + (2 · r)2

)
·
√

h

(2 · r)2 (3)

3.4. Path Verification

To check the precision of the LTMS prototype, the movement was tracked (Figure 6A,B) by
creating a tracking workflow with Bonsai software [27]. Bonsai is a visual programming language that
allows a modular, high-performance, open-source visual programming framework for the acquisition
and online processing of data streams. It permits real time data acquisition and processing among
several interfaces.

Figure 6. (A) Setup for a wider tumor trajectory is shown. (B) Setup for higher tumor trajectory
is shown. (C) All possible trajectories by modifying the r parameter are displayed. (D) Possible
trajectories by modifying d1 parameter are displayed.

A real-time data analysis was performed to constantly track the position in X and Y of the Tip,
while the prototype is running the breathing cycle. In this Bonsai workflow, the camera input with the
overlapped tracking were recorded, as well as the X and Y positions of the Tip plus a time-stamp.
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This tracking is performed by transforming the acquired image from the camera to a Hue,
Saturation, Value (HSV) image. A white sticker was attached to the Tip (sphere), which is shown
in Figure 6A,B, and by means of establishing a HSV threshold it was possible to discriminate the
sticker contours against the Tip (simulated tumor). Then, the largest binary region was found,
which corresponded to the sticker, and the centroid of it was detected. These centroid coordinates
correspond to the X and Y position of the simulated tumor.

The resulting curves of the prototype and program differ slightly from the desired hysteresis
loop; even though the lower part matches well, the upper area deviates a maximum of 5 mm from the
desired position, as shown in Figure 6A,B. Several tests were made with the system during 20 cycles.
It deviates in the two first cycles until the synchronization process is done. After these two cycles the
deviations were smaller than 1 mm in the higher setups and 4 mm in the wider setups. However,
in future versions the above mentioned errors will be minimized by improving the mechanical design.

There are several combinations that could be set up with the prototype, and depending on which
of the transmission components is used it is possible to achieve all of the combinations that are shown
in Figure 6C,D.

The 3D Printed Lung Tumor Movement Simulator for radiotherapy quality assurance has been
presented (Figure 7) to a group of expert radiation oncologists and medical physicists from the Instituto
Valenciano de Oncología, Valencia, Spain.

Figure 7. (A) Virtual reconstruction of the location where the prototype should be placed to simulate the
tumor path is shown; and (B) the real Lung Tumor Movement Simulator placed inside a LINAC.

4. Discussion

In the radiotherapy field, movement of tumors due to the respiratory cycle makes treatment
difficult and, for this reason, an area of research has focused on treatment planning [5,6,11]. There are
devices that can be used to guarantee the quality and quantity of received radiation doses, which are
commonly named phantoms. In this way, in the most complex cases, doctors and radiologists will
perform a priori tests that ensure maximum precision before the treatment.

Although there are existing commercial devices such as QUASAR (Modus Medical Devices Inc.,
London, ON, Canada), Respiratory Gating Platform (Standard Imaging Inc., Middleton, WI, USA)
and Dynamic Thorax Phantom (CIRS Inc., Norfolk, VA, USA), these alternatives are closed source
and difficult to customize. The creation of this prototype based on 3D printing and Open-Source is
intended to serve as a basis for the expansion of these devices for research purposes.
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The Respiratory Motion Phantom from QUASAR is a commercial device developed by Modus
QA, which, in its latest version, reproduces in two dimensions the respiratory movement of patients
for use in radiotherapy [28]. It is useful for testing treatments, the correction of these tests and the
commissioning of the implementation of new systems. However, this device is a licensed product that
cannot be customized, and it is not accessible for researchers. The aim of this project is to pave the way
for researchers to improve the treatment simulations in a cost-effective way. In addition, it facilitates
the creation of parametric components, which allow the simulated tumor path to be changed. One
of the strongest skills of this prototype is that all of the mechanisms are 3D printed and they can be
modified as the researcher desires.

5. Conclusions

This project began with the idea of creating an Open-Source prototype that would follow the
hysteresis loop of the movement of a human lung during a respiration cycle to track the movement of
a tumor. We present an Open-Source Lung Tumor movement simulator, which is 3D printed for each
patient and for each treatment. This prototype is completely customizable, and it paves the way for
researchers, radiologists and nuclear medicine physicians to improve the radiation therapy for quality
assurance procedures and outcomes.

This Lung Tumor Movement Simulator is programmable with the amplitude and frequency
specific to each treatment and patient. These data are obtained thanks to the images obtained by
techniques such as the 4D-CT and are translated through the serial interface that connects the computer
and the hardware (drivers, motors, etc.). In the prototype, there is the possibility of introducing a
dosimetric film or an ionization chamber to measure the dose of radiation absorbed. Furthermore,
the Lung Tumor Movement simulator is cost-effective, because it is almost entirely 3D printed and the
electronic components, as well as the motors, are not expensive.

The results of building and testing the new lung movement prototype are very promising. It has
been shown that it is possible to create a simple and cost-effective machine to simulate the movement
of a tumor in the lungs based on additive manufacturing. The prototype is ready to be tested and there
are plans to undertake customized radiotherapy verification and research in a radiotherapy machine.
In addition, all the schematics, parts and firmware are available at dmoratal.webs.upv.es/research.
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Abstract: Additive manufacturing technologies play an important role in Industry 4.0. One of the
most prevalent processes is fused deposition modelling (FDM) due to its versatility and low cost.
However, there is still a lack of standardization of materials and procedures within this technology.
This work aims to study the relationship of certain operating parameters and the conditions of
poly(lactic acid) (PLA) polymer with the results of the manufactured parts in dimensional terms,
surface quality, and mechanical strength. In this way, the impact of some material characteristics is
analyzed, such as the pigmentation of the material and the environmental humidity where it has
been stored. The manufacturing parameter that relates to these properties has been the extrusion
temperature since it is the most influential in this technology. The results are quite affected especially
by humidity, being a parameter little studied in the literature.

Keywords: FDM; additive manufacturing; PLA; material color; pigmentation; extrusion
temperature; humidity

1. Introduction

Additive manufacturing (AM) has gained increasing acceptance because of issues such as
flexibility and design benefits for high value added products. Though these benefits depend on
a level of quality regarding material, geometry, and surface finish where significant challenges still
remain [1]. However, these technologies already allow the manufacture of a wide range of prototypes
as well as functional components with complex and customized geometries, being able to obtain
products assembled in a single step and lighten weights through a topology optimization process [2].

Additive manufacturing is at the heart of strategic discussions by the European Factories
of the Future Research Association (EFFRA) because of its capabilities in personalized parts,
high manufacturing flexibility, and resource efficiency [3].

For this reason, development of this type of technology has experienced a great increase since it
was introduced in the market, leading to a set of manufacturing process families that are alternative to
subtractive manufacturing or formative manufacturing. However, the need to convert the model into
Standard Triangle Language or STL format (mesh of triangles) and the subsequent slicing to obtain
the G-code, simplifies the geometry losing resolution in most cases, especially for circular or small
parts. This causes improbable geometric deviations, as well as a characteristic roughness associated
with layer stacking. Additionally, there is still a lack of information, communication, standardization,
and consequent development of these processes [4–6].

One of the most widespread processes, due to its versatility and low cost, is fused deposition
modelling (FDM) [7,8]. Fused deposition modelling grows almost 20% in profit each year in industries
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such as automotive or aeronautics [9]. This method generally uses thermoplastic polymers. Despite
being one of the most used AM processes, it is not completely industrialized yet. This is due to the
large number of parameters that govern the process, as well as the lack of standardization, studies,
and communication [9].

Fused deposition modelling is a process that selectively dispenses a thermoplastic polymer
through a nozzle. There are specific challenges for this and other additive manufacturing processes,
among which are the lack of standardization adapted to each technology and surface quality.
In addition, the European Union wants to allow only the consumption of recyclable plastics and
eliminate residues of this type of material. For this reason, poly(lactic acid) (PLA) can replace
other more used materials, like acrylonitrile butadiene styrene (ABS). Poly(lactic) acid is a natural
polymer, derived from renewable sources such as starch, a large carbohydrate that plants synthesize
during photosynthesis.

Poly(lactic acid) has played a central role in the replacement of fossil-based polymers for certain
applications by being a completely aliphatic polymer.

Furthermore, PLA is a more printable material and has mechanical properties significantly higher
than most other plastics except some kinds of polycarbonate, nylon, and composite blends [10,11].
However, this plastic is little studied in relation to the FDM process, despite its great potential because
it is renewable, compostable, and biocompatible [12–14].

Even though, there are studies that indicate that the working temperature is one of the most
important parameters to obtain good quality and accuracy of the PLA parts, by way of other
materials [2,15]. Another characteristic barely evaluated is the influence of different pigmentations,
whose properties established by the manufacturer are the same regardless of color. This characteristic
influences some aspects of the parts according to previous investigations [16].

Likewise, this material is sensitive to humidity, so that environmental conditions may be important
in PLA manufacturing. This means that the place where PLA is manufactured has a significant impact
on the results, unless the methods are standardized.

Given the importance of the lack of standardization and the influence of the parameters of the
material, this paper aims to study some of the final characteristics of the parts obtained with FDM.
PLA is used, a biostable material, to take into account the environmental component. In addition,
it seeks to increase the component of sustainability without using adhesives for the printing platform,
as well as reducing the cost of energy without using heating on the platform. Therefore, the object of
this work is the study of the relation of certain studied parameters and environmental non studied
parameters with the final quality of the manufactured parts. In this way, the behavior of PLA is
analyzed when strategic aspects, such as the environmental humidity of the place where it is stored,
the working temperature, and the pigmentation of the material have been modified.

2. Materials and Methods

A methodology for studying some manufacturing features is proposed relying on two different
tests in order to obtain results that diminish the defects or improve the final characteristics of the
manufactured parts by FDM.

These two tests have two types of test pieces: hexahedral specimens (30 mm cube) and
monolayer specimens. Each trial follows a process divided into three stages, as shown in Figure 1.
Hexahedral samples were created in order to measure dimensional deviations more easily and reliably,
while monolayers were manufactured for mechanical tests.

On the one hand, hexahedral samples’ infill was 100% rectilinear, 0◦ raster orientation, with 3 top
and bottom layers.

On the other hand, S-H. Anh et al. [17] have analyzed different possible trajectories for the
manufacture of monolayer specimens. Other more recent authors as C. Wendt et al. [6] determined
a specific geometry for monolayer samples’ dimensions and trajectories suitable for conducting studies
with tensile tests. These dimensions and trajectories are reflected in Figure 2.
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Figure 1. Flow chart of the experimental Procedure.

 

Figure 2. (a) Dimensions and trajectories used for monolayer samples [6]; (b) monolayer
cross-sectional mesostructure.

Poly (lactic acid), from the same manufacturer BQ, has been used to manufacture the specimens.
This material, has properties poorly defined by the manufacturer, Table 1. Specifications include
only a few specific ranges. In addition, the manufacturer gives the same characteristics regardless
of the selected color, and in this case, nothing is recommended about material storage. However,
more adjusted ranges about the characteristics of this material have been obtained in previous studies.
Nevertheless, the literature consulted shows different values depending on the manufacturer of the
material, and its pigmentation is usually not referred to.

Table 1. Characteristics of the poly(lactic acid) (PLA) according to the manufacturer.

Property Value

Tensile Strength 16–114 MPa
Elongation at Break 0.5–430%

Modulus of Elasticity 0.230–13.8 GPa
Melting Point 120–170 ◦C

Working Temperature 180–200 ◦C
Softening Point 45–120 ◦C

CubeX® Duo was used to manufacture all the samples, highlighting 0.25 mm layer thickness,
30 mm/s feed rate, and an acceleration of 1500 mm/s2 as constant parameters. A 1.75 mm filament
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diameter was printed with a 0.5 mm nozzle size. In addition, 0.5 mm of retraction at 15 mm/s speed
was used after ending a path. The print speed was low because no adhesives or heated platform were
used. These conditions were also chosen on the basis of previous studies [18]. The study variables of
this work are reflected in the Table 2. The Gcode was obtained with the software KISSlicer (1.6.3 version,
Trimaker, Buenos Aires, Argentina).

Table 2. Variables used in the manufacturing of hexahedron and monolayer samples.

Property Extrusion Temperature (◦C) Relative Humidity (%) Pigmentation

Hexahedral 180, 190, 200, 220, 240 ◦C - Pink, Green, Grey, Transparent
Monolayer 200, 220, 240 ◦C 16, 50, 98% Pink, Green, Grey, Transparent

The pigmentation of the filament is an influential factor. For this reason, four different colors
(pink, grey, green-transparent, and transparent) have been selected in order to determine if this
pigmentation modifies the final properties of the parts. Cubes were manufactured in a temperature
range between 180 and 240 ◦C, but for the monolayer specimens, it was between 200 and 240 ◦C, due to
their difficulty of adhesion to the build platform, owing to the non-use of adhesives and a larger fixing
surface than in manufacturing of the cubes (warping).

In relation to the cubic samples, the influence of this pigmentation and the extrusion temperature
in the dimensional tolerances and surface quality of the parts were studied. The hexahedral geometry
was chosen, since it has all its edges and faces equal, leaving the specimen with a single nominal
dimension, which facilitates its analysis.

In order to study the influence of the relative humidity on the results of the monolayer samples,
three extreme relative humidity values were used: dry, which corresponds with a relative humidity
of 16%; environmental humidity, which corresponds with a relative humidity of 50%; and humid
environment, which corresponds with a relative humidity of 98%. This humidity control was achieved
by ARL-0680 ESPEC climatic chamber (ESPEC, Osaka, Japan). The temperature of the chamber
remained constant at 25 ◦C. The material was stored in the climate chamber under the conditions
defined during a week prior to the manufacturing. Additionally, cubes were manufactured only with
material which was stocked in environmental humidity.

Both types of test specimens were subjected to a dimensional evaluation, as well as to an evaluation
of the surface quality in terms of roughness average (Ra). The dimensional study was done in terms of
deviations from the nominal value (Δd) of each of the main dimensions, where:

Δd = X(Δx + Δy + Δz) (1)

The difference between the two tests is that for the hexahedral specimens, the evaluation procedure
collected data that was later analyzed.

Additionally, deposited cross-sections of filaments extruded at different temperatures were
analyzed to establish the correlation between dimensional deviation and working temperature.

Conversely, the dimensional evaluation of the monolayer specimens serves as the basis for
the evaluation of the mechanical properties of the material. These dimensional deviations were
characterized using Optical Measures 3D Techniques, concretely Tesa Visio 300 (Tesa SE, Norderstedt,
Germany) was used. Also, a contact profilometer, Mahr Perthometer PGK 120 (Mahr GmbH, Göttingen,
Germany), was used for microgeometric characterization.

The universal testing machine Shimadzu® AG-X (Shimadzu, Kyoto, Japan) was used for
mechanical tests. These tensile tests were executed with a continuous testing velocity of 1 mm/s as
recommended in standardization for molding and extrusion plastics [19]. These tests were carried out
under conditions of temperature and humidity similar to those of service parts (25 ◦C and 50%).

Finally, all of the specimens were analyzed before and after the mechanical tests mentioned, to
assess by means of stereoscopic optical microscopy (SOM) and scanning electron microscopy (SEM)
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and support the study of the fracture type that appears in these samples according to their characteristic
pigmentations and storage conditions. The equipment used for the application of SOM was Nikon®

SMZ800 (Nikon, Chiyoda, Japan), and the EDAX EDS System (Mahwah, NJ, USA) was the equipment
used for SEM.

3. Results and Discussion

The low homogeneity of the material was verified due to the uncontrolled and arbitrary
appearance of the defects typical of this technology. Dissimilar results have been obtained for the same
material, under the same starting conditions and with the same path and parameters, which means
a low repeatability of the process. This low repetitiveness is associated with the appearance of defects
related to the FDM process. Some of them occur frequently and their type and severity are varied.
The most outstanding defects analyzed by other authors are: bubbles, cracks, warping, contamination,
discolorations, and incorrect binding [6,7].

In spite of this, these can be rectified by modifying some manufacturing parameters. The most
complex to solve is the low compaction due to air occlusion (bubbles) or insufficient overlap between
filaments that cause cavities.

The appearance of the bubbles will condition the results of both surface quality and tensile
strength. The manifestation of this defect, which at lower temperatures is almost non-existent, is due to
the fact that at high temperatures the material reaches the extruder nozzle practically liquid. According
to other authors, this is due to the fact that at higher temperatures the viscosity decreases [6,7,16].
The PLA, by the time it slides through the nozzle, produces friction with the walls which in turn
generates turbulence contributing to the air intake. This results in more bubbles, and therefore in
a greater dimensional deviation (Δd), roughness (Ra) and a lower tensile strength.

Moreover, by modifying only the extrusion temperature, the deposited section changes not only
the dimensions of the specimen but also causes air bubbles between layers. The dimensional values
in height (h) and width (l) of extruded filaments deposited at different temperatures are shown in
Figure 3. The total Δd can be related to the deviations observed in the section of the filament, since in
the final length of the deposited filament (3rd dimension), minor deviations related to the kinematics
of the machine have been observed exclusively.

 

Figure 3. Wire cross-section dimensions of fused deposition modelling (FDM) filament extruded and
deposited at different temperatures.

The dimensional determination of the hexahedral specimens was carried out. Figure 4 shows the
dimensional deviations (Δd) of the hexahedrons. In both, as the extrusion temperature (T) increases,

21



Materials 2018, 11, 1322

the pieces also increase in XY dimensions, moving away from the nominal size of 30 mm. On the
contrary, the height in the cubes tends to decrease as the manufacturing temperature increases. This is
because at higher temperatures the material becomes more fluid, and therefore expands freely by
decreasing the measurement on the z-axis.

 

-0.1

0.0

0.1

0.2

0.3

0.4

180 190 200 220 240

d 
(m

m
)

T (°C)

Pink Green Grey Transparent

Figure 4. Dimensional deviations in relation to the used temperatures and pigments.

The different pigments follow the same trend. Even so, some of them differ from the nominal
dimension more than others, even having conformed to the same temperature. This proves that the
pigmentation has a direct relation with the properties of the parts. Curiously, the lightest colors among
those studied, transparent and grey, were kept closer to the nominal measurement than the more
intense colors. This preliminary study of the pigments coincides with Aydemir et al. [16].

Moreover, the dimensional deviations were affected by the temperature. Normally, positive
deviations are obtained in xy and which increase when the temperature rises, while the layer height
decreases, and therefore the height of the complete solid. According to other authors, the material is
more fluid and can expand freely in the xy plane [18].

Other material whose pigmentation also lets the light pass is the green test sample. However,
this sample behaves very differently than the transparent specimen, so it can be deduced that the green
pigment has a very unequal influence on the material even though it has given them the property of
being translucent. Surely, if the translucent green material is compared with its opaque counterpart,
it would be seen that translucent green behaves much better against dimensional tolerances than
opaque [16]. But if compared to other materials with other pigments, whether opaque, translucent or
transparent, this color produces parts of worse dimensional quality.

This agrees with other authors who assert that the wettability or the ability to adhere and spread on
the surface of a solid is more pronounced in materials with translucent or transparent pigmentation [16].
This favors that the translucent materials stay closer to the nominal measures, because of their ability to
adhere to the already solidified layers, reducing the appearance of imperfections. The latter reaffirms
the need to standardize each material to be used industrially to avoid that something that is marketed
as a material are actually different materials with wide range of properties.

With all this, the dimensional deviations always have little dispersion which are easily solved by
redesigning the specimens by establishing a mathematical relationship of the results, or by undergoing
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a finishing process. However, the mechanical properties do not provide themselves equally to such
an advantage.

Nevertheless, surface quality is a major constraint in this manufacturing process [5].
The temperature in the range recommended by the manufacturer apparently does not affect the
mechanical properties. Conversely, some pigments can be used in a wider temperature range, as shown
in Figure 5. Transparent PLA is usually the material with the lowest value of roughness related to
other materials. This is because its viscosity is much greater, adapting the conditions to the formation
of a smoother and homogeneous surface, which, according to other authors [16], is caused by its lack
of pigment.
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Figure 5. Evolution of roughness average (Ra) as a function of temperature and different pigments.

Even so, the obtained values of roughness are too high for the vast majority of applications,
so that, for implantation in some industries, it would be necessary to use post-processing processes
that improve this characteristic of the parts.

The accumulation of defects favored the propagation of cracks in the mechanical tests. It also
prevented the test pieces from reaching their elastic limit. This accumulation of defects, mainly
bubbles, was aggravated by a higher relative humidity of the environment where the material was
stored. Table 3 shows that the storage conditions of the material are even more important than
temperature or pigmentation, and it is not often a subject of study [7].

Furthermore, there were some intervals of stresses and deformations of the PLA, regardless of
what were their initial conditions, considering between 350 and 900 N the maximum force that it can
withstand and between 1 and 4 mm its maximum elongation for all the tests.

Accordingly, the stress–strain curves of the specimens behaved in very similar way. The plastic
zone was practically negligible, and the reason why a fragile breakage was predicted. However,
since the beginning of the test, small premature fissures occurred throughout the whole piece that
made the process irreversible.

In addition, some samples had not been adjusted correctly to the jaws. These measures were
rejected in data analyses and corroborated the need to standardize or improve the current standard of
the tensile test analysis process for this particular manufacturing process.
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Table 3. Influence of storage conditions and operating temperature on the surface finish.

200 ◦C 220 ◦C 240 ◦C

16%

50%

98%

In relation to the crack of the samples, this occurred abruptly without strain hardening, indicating
that the failure was probably due to the discontinuity in the material and not because it exceeded
its limit.

Furthermore, comparing the data obtained by families of specimens (Figure 6), it can be seen that
specimens whose material was stored in an atmosphere with low relative humidity resisted higher
tensile forces. The equations that define the four regression planes corresponding to the tensile strength
(Tmax) as a function of the used interval of humidity (H) and temperature (T) coincide with (2–5),
(2-grey, 3-pink, 4-transparent, 5-green).

Tmax (T, H) = 3.191 + 0.188 x − 0.048 y (2)

Tmax (T, H) = 3.098 + 0.187 x − 0.011 y (3)

Tmax (T, H) = 3.196 + 0.181 x − 0.048 y (4)

Tmax (T, H) = 3.603 + 0.185 x − 0.171 y (5)

In addition, lower temperature usually created stronger specimens, even if the initial conditions
of the material were varied. This is the opposite of what happens with geometric deviations.

If the pigment was prioritized on the mechanical properties of the specimens, it should be noted
that those more translucent colors, such as green and transparent, resisted less tensile strength than
those characterized by their brightness and opacity.

As in the dimensional and surface quality evaluation, the pigment that gave the worst mechanical
properties to the PLA was green again. It is obvious that the pigment seriously modifies the properties
of the polymer, making it unsuitable for some applications. However, this should be further explored.

It can be seen that the relative humidity was the most relevant variable studied. This feature is
almost never studied in the literature [19]. Specimens whose material was stored in an atmosphere
with low relative humidity resisted higher tensile forces. This was due to the degradation that the
material undergoes by the action of water. Also, the high temperatures in the nozzle caused water
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boiling and this transforms into part bubbles. The accumulation of bubbles favored the propagation of
cracks in the mechanical tests.

Pink Material 

Grey Material 

Transparent Material 

Green Material 

Figure 6. Plot of tensile strength (Tmax) trends as function of variable temperature (T) and relative
humidity (H).

Furthermore, if the elongation of the samples was analyzed, it was observed that the samples
made with dry material had less elongation than environmental ones, as shown in Table 4. This resulted
in less tenacity or in a more fragile fracture as seen in Table 5.

However, although the transparent color was one of the least resistant, its elongation was greater
for the same increase in charge. Thus the absence of pigment returns to the PLA more plastic and
malleable, making it able to modify its molecular structure to relieve the internal tensions.

Table 4. Elongation of the samples according to their storage conditions.

16% 50% 98%

Transparent 2.215 3.295 2.015
Pink 2.312 2.478 2.186
Grey 2.417 2.588 1.972

Green 2.417 2.200 1.760

On the other hand, the specimens that were in the dry state, had a very similar value independently
of the color and the temperature. In this way, to store the PLA correctly in a cold and dry environment
to preserve its mechanical resistance, instead makes it more fragile.

In general, PLA fractures are fragile, an assertion that was true for all specimens tested. However,
the breakage varied considerably according to the conditions of the material.

Different sections of specimens made at 220 ◦C can be seen in Table 5. Although they were
manufactured with different initial conditions in the material, it can be seen the discontinuities
produced by the degradation of the material or by the appearance of defects linked to humidity.
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Material separation, which normally implies severing bonds on the atomic level, is called chain
scission. A factor that aids chain scission in PLA is that molecules are not stressed uniformly, because
it is an amorphous polymer.

The specimens formed with a material preserved in atmosphere with low relative humidity break
through several zones at the same time, so that most of the specimens explode when subjected to
the tensile test. This was because the characteristic bubbles were almost non-existent, but the ones
that appeared were located in very specific areas, so that the cracks began at the same time in very
distributed points. This was due to certain chain segments carrying a disproportionate amount of load
when stress was applied, which can be sufficient to exceed the bond strength. The fractures followed
a practically straight line, making a clean fracture without detaching small fragments of PLA.

On the other hand, the specimens made with the material stored under environmental conditions,
usually broke by a single place, characterized by an uneven fracture. This was because the fissure was
propagated by the defects that the material had spread throughout its entire section. Contrary to what
happens in dry specimens, small chips of material were released all over the contour of the fracture.

Finally, the specimens made with the material preserved in an atmosphere with high relative
humidity had a fracture very similar to the environmental specimens, but this crack was much
more pronounced. Therefore, the bubbles had a larger size and they were many more per unit area.
In addition, in this case, the crack was no longer always performed by a single place, but several may
have appeared along the length of the specimen.

It seems that the oxygen of the water, far from disappearing with increasing temperature of the
material, remained in its microstructure causing serious defects that would preclude its use in most
industries. In this case, it seems that fracture occurred by chain disentanglement, where molecules
separated from one another intact. By increasing the amount of bubbles and subjecting the sample to
traction, this defect lengthens until reaching the next closest. This causes that in the breakage there
is no distinction between the filaments. In addition, flow lines were observed for the more ductile
rupture than in the other cases.

Once again, it is clear the influence of humidity in PLA and the importance of good stocking prior
to its manufacture, independently of the parameters chosen for it.

4. Conclusions

Additive manufacturing technologies are a new step in the technological revolution towards a 4.0
industry that generates associated services with high added value. This means that there is a need for
improvement of these technologies in order to be able to implement them widely in the industry.

One of the necessary steps is the standardization and improvement of the existing regulations as
far as materials, processes, and evaluations are concerned. To this end, a methodology was developed
to carry out the study of certain characteristics of the material in the results of manufactured parts
using FDM technology.

The constant demand for material in this manufacturing process has led to the increase of filament
manufacturers, as well as their pigmentation in the market. In this sense, the precise nature of the
material will depend on each manufacturer, being unknown, since there are no standards in this regard.
For this reason, in each existing study in relation to FDM, the manufacturer is particularized, without
specifying in most cases the material color.

In order to approximate this study to the actual industrial context, in this case different specimens
have been made from the same base material, from the same manufacturer, stored in different
atmospheres, with different pigmentation, and they are extruded at different extrusion temperatures.
These three features or characteristics have been related to the results of the parts in terms of
dimensional deviations, surface quality, and tensile strength.

On the one hand, it is verified that the materials without pigmentation generally obtain
dimensional values closer to the nominal ones. This agrees with studies conducted by other
authors that use different manufacturers of filament. In addition, by increasing the extrusion
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temperature, the material becomes more fluid, which causes an increase in its fluidity and consequently
larger dimensional deviations. However, at higher temperatures, up to a maximum of 220 ◦C,
better mechanical strength is achieved.

On the other hand, the lack of pigmentation translates as a greater viscosity of the material,
which brings better surface quality to the parts. However, the surface quality of the parts obtained
by this technology is often insufficient for most industries, so it would be necessary to develop
a post-processing stage.

Finally, PLA is a polymer highly influenced by the environmental conditions in which it is stored.
This means that the relative humidity where the material is prior to its manufacture changes its
structure. In dry atmospheric conditions, the PLA becomes stronger but less tenacious. A more fragile
break is observed, the drier the storage environment.

However, the breakage occurs due to the appearance of defects and not the limit of the material.
For this reason, it is essential to achieve a control of the large number of parameters that govern the
process, starting with new proposals for standardization of both the material, composition, and storage,
as well as the procedures for manufacturing and analyzing the parts.
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Abstract: This paper presents a comparative study of the tensile mechanical behaviour of pieces
produced using the Fused Deposition Modelling (FDM) additive manufacturing technique with
respect to the two types of thermoplastic material most widely used in this technique: polylactide
(PLA) and acrylonitrile butadiene styrene (ABS). The aim of this study is to compare the effect of
layer height, infill density, and layer orientation on the mechanical performance of PLA and ABS test
specimens. The variables under study here are tensile yield stress, tensile strength, nominal strain
at break, and modulus of elasticity. The results obtained with ABS show a lower variability than
those obtained with PLA. In general, the infill percentage is the manufacturing parameter of greatest
influence on the results, although the effect is more noticeable in PLA than in ABS. The test specimens
manufactured using PLA perform more rigidly and they are found to have greater tensile strength
than ABS. The bond between layers in PLA turns out to be extremely strong and is, therefore, highly
suitable for use in additive technologies. The methodology proposed is a reference of interest in
studies involving the determination of mechanical properties of polymer materials manufactured
using these technologies.

Keywords: additive manufacturing; FDM; polylactide (PLA); acrylonitrile butadiene styrene (ABS);
tensile behaviour; layer height; infill density; layer orientation

1. Introduction

Additive manufacturing (AM) encompasses numerous technologies that allow for the construction
of three-dimensional parts by superimposing layers of material. These techniques have undergone
great development in recent years. The most widespread group of these is Material Extrusion
manufacturing. These processes have the great advantage of low equipment and material costs,
ease of use in laboratories and domestic environments, and the versatility to manufacture all kinds
of shapes with a wide range of materials, mainly plastics, in a short time. Additive manufacturing
enables the obtaining of extremely complex geometries in a single process, also with regard to interior
cavities, thus providing great freedom during the design stage [1]. On the other hand, the development
of new technologies and commercially available equipment for additive manufacturing using different
materials, such as metals [2] and composites, brings the pieces obtained ever closer to the optimum
values, not only with respect to performance in service, but also with respect to dimensional and
geometrical precision [3]. Furthermore, this type of processes also provides advantages and new
challenges [4] from the point of view of sustainability [5,6] and design optimisation [7,8]. Additive
manufacturing is constantly developing and talk is already afoot regarding advanced concepts such
as 4D printing, reflected by Momeni et al. in their 2017 review [9]. Its use is also being extended to
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applications in medicine [10] and even within the area of university teaching, as shown in studies such
as that carried out by García-Domínguez et al. [11].

The origin of the concept goes back to the 1980s with “Stereolithography” [12] and a whole host of
new techniques have been developed since then, as explained by Gibson et al. in their book released
in 2015 [13]. One of the categories or typologies acknowledged both in works undertaken by diverse
authors [12] and in the recent ISO 17296-2:2015 standard on Additive Manufacturing [14] is Material
Extrusion (Figure 1). This category encompasses processes in which the material, usually thermoplastic,
is selectively applied using a nozzle to form each layer. The most important commercial process is known
as Fused Deposition Modelling (FDM), which was patented by the founder of Stratasys over 20 years ago.
Another similar process, but one that is not subject to this patent, is Fused Filament Fabrication (FFF).

    
(a) (b) 

1. Structural supports 
2. Construction and lifting platform 
3. Heated nozzle 
4. Material dispenser 
5. Piece 

Figure 1. (a) A sketch of the material extrusion process; (b) An extruder sketch in an FDM/FFF (Fused
Deposition Modelling/ Fused Filament Fabrication) process.

When compared with conventional manufacturing processes, one of the main problems to be
tackled is that the traditional test procedures cannot always be applied to additive manufacturing
processes. As opposed to the traditional processing of polymers, layer-based production generates
parts with anisotropic properties and residual stresses. For this reason, standardised methods are
required that enable the linking of the properties of the material, the manufacturing parameters and
the design of the piece, which represents a major challenge. Given the emerging nature of some of the
technologies and their rapid development, the literature available in this area is not very extensive.
However, a number of works have recently been published devoted to the mechanical characterisation
of parts produced using FDM, such as that of Goh et al. [15], on reinforced thermoplastics; that of
Domingo et al. [16], on using polycarbonate as the material; that of Mohamed et al. [17], where the
effect of the process conditions on the temperature-dependent dynamic mechanical properties of
processed PC-ABS (polycarbonate-acrylonitrile butadiene styrene) parts by FDM was analysed;
that of Tymrak et al. [18], focusing on ABS and PLA (polylactide); and that of Chacón et al. [19],
which concentrates on studying the influence of the manufacturing parameters on the mechanical
properties of PLA parts, all of which show the interest of the scientific community to increase the
knowledge about this subject.

Standard ISO17296-3 [20] covers the main surface, geometrical and mechanically requirements
depending on the material (metal, plastic, or ceramic) and on the criticality ratings of the parts (highly
engineered parts, functional parts that are not safety critical and prototype pieces). It also indicates
the standards to be used to determine the principal quality characteristics and the corresponding
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test standards, not only for the starting material, but also for the pieces produced. In this respect,
the most appropriate test standard is indicated for determining the mechanical requirements of the
plastic pieces produced using additive manufacturing, with ISO 527-2 [21] being specified for the
tensile strength. It sets forth the tensile test conditions for rigid and semi-rigid extruded plastics,
which is the closest example to the pieces that form the objective of this study. For its part, standard
ISO/ASTM 52921-13 [22] specifies the nomenclature and terms associated with coordinate systems
and testing methodologies for additive manufacturing. Additionally, on the other hand, standard
ASTM D638-14 [23] establishes a test method for determining the tensile properties of reinforced and
unreinforced plastics. The problem with all of these guidelines is that they refer to test procedures
that still do not include specific considerations for AM. This lack of specific regulation with respect
to additive manufacturing represents a serious problem as it makes it difficult to establish valid
comparisons between machines, materials, and models that make it possible to predict the properties
of the final pieces and establish design guidelines.

In this respect, Forster [24] collates the existing procedures for the testing of polymers and analyses
their viability for additive manufacturing processes. The aforementioned standards ISO 527 [21] and
ASTM D638-14 [23] can be consulted for the profiling of tensile properties. These standards are
recognised as being valid for additive manufacturing processes, although amendments might be
required with respect to the post-processing of the test specimens in order to meet the demands of the
standard (surface finish or dimensional requirements) or their applicability might be limited as they
do not meet the material isotropy requirements [25]. Although the methods for isotropic materials can
be applied, this would lead to the results obtained being more uncertain and it will not be possible to
equate the properties obtained for the material with those of the specific piece.

As claimed by Tymrak et al. [18], in order for FDM printed parts to be useful for engineering
applications, the mechanical properties of parts produced by this technique must be known. Forster
identifies a number of geometrical variables of the deposition of material with an influence on the
mechanical properties of the piece, such as raster angle, the height and width of the layer, the space
between extruded filaments, the combination of variables (space between extruded filaments, layer width
and height or deposition velocity) that might increase the overlap between filaments, or the orientation of
the piece during manufacture (which can affect the transfer of load between filaments and layer interfaces).

There are previous studies that have analysed the influence of some of these parameters for
certain materials. Many of these focus on the influence of raster angle [26], a parameter of the process
that significantly affects the anisotropy and strength of the pieces. According to the study undertaken
by Rodríguez et al. [27], this parameter causes variations in Young’s modulus between 11% and 37%.
The majority of these works show that the parts are stronger when the lines are oriented in the load
direction for tensile tests [28–30], mixed angles for flexion [28,31], and orthogonal to the yield load [32].
The higher the raster angle, the lower the tensile properties of the material [27,28], with these reaching
a minimum of around 50◦ [33].

The mechanical strength of a piece produced using AM is always lower than that of the original
material or that of injection moulded pieces [34]. However, 80% of an injection moulded piece’s strength
can be achieved by orienting the lines in the direction of the load [35]. Fernández-Vicente et al. [36]
carried out a study that analyses the influence of the pattern and infill percentage, with the conclusion
being that the influence of the different print patterns produces a variation of at least 5% in the
maximum tensile strength, meaning that the performance is similar. On the other hand, the density of
the infill is a decisive factor in tensile strength; the combination of a rectilinear pattern and a 100% infill
provides the greatest tensile strength with a value of 36.4 MPa and a difference of less than 1% with
respect to the filament (ABS).

Regarding the influence of the space between filaments, the presence of cavities and sharp
corners increases the stress within the piece, which may cause failure [21]. In general, minimising the
space between the filaments increases the contact area between them and lead to a stronger fusion
interface. The material extrusion processes depend on the temperature gradients between contiguous
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filaments as these enable the thermoplastic polymers to form a solid fusion interface. Different studies
set out to establish manufacturing guidelines related to the deposition speed and temperature and
the temperature of the chamber which enable the production of stronger joints and, consequently,
improved mechanical properties [32,37]. These type of studies enables the manufacturing parameters,
the design of the parts and the final properties to be linked. Narrowing the width of the lines extruded
reduces the residual stress in the filament and can increase the diffusion length. However, this would
require more passes to create the piece, which increases the residual stress caused by the contraction of
the polymer during cooling and, furthermore, the successive changes of nozzle speed have negative
consequences in the diffusion [28].

With respect to manufacturing direction, Riddick et al. [29] combined orientations xz, yz, and xy
with various raster angles (0◦, 0◦/90◦, and 90◦) and found that orientation xz had the highest modulus
of elasticity, (E = 2.67 GPa) and the greatest tensile strength (15.26 MPa). Other authors have verified
that the strength is increased by maximising the alignment of the layers in the load direction [31].

On the other hand, the manufacture of pieces using FDM/FFF processes is subject to numerous
variables dependent upon thermophysical and/or chemical phenomena that are going to result in pieces
with different characteristics depending on the method used along with the parameters of the process.
One of these important phenomena is the inter-molecular diffusion between layers and/or dissimilar
materials that influences the interfacial bonding strength, as explained in the work by Yin et al. [38]
where inter-molecular diffusion theory based on heat transfer is developed and the influence of
processing parameters on bonding strength has been investigated. A significant improvement in layer
adhesion and a more isotropic part was obtained by Levenhagen and Dadmun [39] by developing
a process in which bimodal blends of the same polymer with different molecular weight were used.
Another interesting approach is the one presented by Ravi et al. [40], consisting of the development of a
pre-deposition heating method to heat the region of an existing layer before the new layer is deposited;
thus, the temperature at the inter-layer interface increases, improving the interpenetrating diffusion,
leading to a better bond strength. Particularly for polymer-fibre composites but not limited to, other
aspects including void formation, blockage due to filler inclusion and/or poor adhesion of fibres and
matrix must be addressed in the close future, as stated by Parandoush and Lin in their work from
2017 [41]. The complexity of these processes due to the high number of parameters involved and their
interdependencies requires multidisciplinary research [42]. Something that further complicates the
analysis of the mechanical performance of these pieces is that they are normally fragile and fracture
easily due to interlaminar failure caused by manufacturing defects that are difficult to control [15].
The nature of these phenomena is very complex, as they are also affected by the influence of related
environmental and process conditions; for example, if the process is performed within a controlled
atmosphere, the existence (or the lack thereof) of a heated bed and/or the heat transmission process
affects the thermal gradients of the workpiece, particularly between layers.

Our study is focused on analysing more global trends for a wide range of parameters, including
the most used values in the practice, independently of the equipment. The main interest of these
parameters is that they can be accurately defined as they are strictly “manufacturing parameters” and
they can be reproduced in all the FDM equipment independently of the technology used so that they
can be reproducible for third parts in different application fields.

This paper sets out to establish a relationship between the manufacturing parameters and the
mechanical properties of the piece by using the test procedures set forth in the existing standards on
plastics for the polymer materials most used in FDM techniques: acrylonitrile styrene butadiene (ABS)
and polylactide (PLA). These, together with nylon, polyethylene (PET, PETG), polycarbonate (PC),
and thermoplastic elastomers (TPE) are commonly used for prototyping design and the creation of
low-performance parts. This comparative study will enable us to know more about the mechanical
performance of ABS and PLA pieces manufactured using FDM in terms of the main manufacturing
parameters: the influence of layer height, the percentage of infill and the orientation of the object
during manufacture.
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2. Materials and Methods

2.1. Materials and Equipment

This paper analyses the mechanical performance of pieces manufactured using PLA and ABS,
the most commonly used materials in material extrusion 3D printing technologies. PLA is a
biodegradable polymer derived from lactic acid. The main advantage of this material is how easy
it is to use in 3D printing and the good results it delivers. It requires a lower extrusion temperature
than ABS, it does not suffer significant distortions during printing and it adheres well to the platform,
which means it does not require a heated base. Neither does it give off a bad smell or toxic vapours
during printing. It must not be used for parts that have to withstand high temperatures because PLA
tends to warp at over 60 ◦C. ABS is a thermoplastic that is extremely resistant to impact, abrasion,
and chemical elements. In 3D printing, it is the most used material after PLA. Its good mechanical
properties, resistance to temperature, low price, moderate flexibility, long service life and range of
melting temperatures make this material an excellent option for manufacturing all manner of parts
using FDM technologies, above all, parts that have to withstand cyclical loads and temperature changes.
However, it is not suitable for all applications as it presents problems of contraction and warping
during printing, tends to peel away from the platform, and tends to give off toxic gases. Table 1 shows
the data provided by the manufacturer for the filaments of the two materials used. As can be seen,
PLA is more rigid and has a greater tensile strength while ABS is more ductile. However, the impact
strength of ABS is far greater (320 J/m against 220 J/m (Notched Izod Impact)), one of the main
properties that differentiates it from other plastics.

Table 1. The mechanical tensile properties of the filaments employed according to the manufacturer.

Material
(Manufacturer)

Colour
Tensile Strength

(MPa)
Nominal Strain

at Break (%)
Modulus of

Elasticity (GPa)
Density
(g/cm3)

PLA (BQ) Yellow 51 6 3.5 1.25
ABS (PrintedDreams) Blue 41–45 20 2.1 1.05

The additive manufacturing equipment to be used is the Prusa I3 Aluminium printer (Prague,
Czech Republic) (Figure 2a), which employs FFF technology. The Cura software (Ultimaker, Geldermalsen,
the Netherlands) is used to export the three-dimensional models of the samples to G-code. The main
technical characteristics of the FDM printer are defined in Table 2. The tests are carried out using a
HOYTOM HM-D 100 kN model universal testing machine (Leioa, Spain) (Figure 2b).

 
(a) (b) 

Figure 2. The equipment: (a) a Prusa i3 printer; (b) a HOYTOM HM-D 100kN Universal
testing machine.
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Table 2. The technical characteristics of the FDM equipment.

Characteristic Value

Maximum printing volume (mm3) 215 (x) × 210 (y) × 180 (z)
Firmware Marlin

Nozzle diameter (mm) 0.4
Resolution (mm) 0.1

Maximum printing velocity (mm/s) 80
Maximum displacement velocity (mm/s) 120

2.2. Mechanical Properties of FDM Filaments

Mechanical tests were carried out on filaments of the two materials in their raw state to compare
the data with those obtained by the manufacturer. Two filaments of every material (ABS 1, ABS 2,
PLA 1, and PLA 2) were tested by the authors (Figure 3) and the average values of the main mechanical
parameters (tensile strength, nominal strain at break, modulus of elasticity) were compared with those
provided by the manufacturer (Table 1) and presented in Table 3; in this case, the manufacturers did not
specify how these properties were determined, but standardized specimens of thermoplastic materials
for tensile testing are traditionally manufactured by injection moulding or machined. In this work,
we want to check how accurate the results from those obtained by the manufacturer by traditional
processes by applying tensile tests directly to filaments as they are the starting material for an FDM
process. There are no specific standards for this kind of testing due to the novelty of the FDM technique,
where pieces are obtained after depositing the filament during a layer by layer operation. The filaments
are provided as solid wires of diameter 1.75 mm in coils and the tests were carried out directly by
applying tensile forces to filaments of 165 mm in length.

Figure 3. The tensile tests of the filaments.

The mechanical properties derived from the tests are shown in Table 3.

36



Materials 2018, 11, 1333

Table 3. The comparison of mechanical properties (laboratory vs. manufacturer).

Material

Average
Tensile

Strength
(MPa)

Manufacturer
Tensile

Strength
(MPa)

Difference
(%)

Average
Nominal
Strain at

Break (%)

Manufacturer
Nominal
Strain at

Break (%)

Difference
(%)

Average
Modulus of

Elasticity
(GPa)

Manufacturer
Modulus of

Elasticity
(MPa)

Difference
(%)

PLA 55.80 51.0 +9.4 12.75 6 +112.5 1.94 3.5 −44.6
ABS 42.35 42.5 −0.4 19.58 20 −2.1 1.49 2.1 −29.0

As it can be seen, the data obtained for the ABS and the PLA from tensile tests of the filaments are
only qualitatively congruent with those provided by the manufacturer; the data that show a higher
degree of coincidence are those associated with mechanical tensile strength, particularly results for
ABS, that present a very similar value (0.4%); significant differences are found for the other two
parameters recorded (nominal strain at break and modulus of elasticity), especially in the case of the
material PLA, where differences of 112.5% and 44.6% have been obtained, respectively. This can be due
to differences between the procedures followed, as explained before; however, the tensile strengths
seem to have a better coincidence among results.

2.3. Design of Manufacturing Parameters and Case Studies

The mechanical characteristics of the pieces produced using AM are very much dependent upon
the manufacturing parameters. Figure 4 includes a diagram of the most relevant of those parameters.

Figure 4. The geometrical parameters with a direct influence on the mechanical properties of pieces
manufactured using FDM.

This paper will study the influence of layer height, the percentage of infill, and construction
orientation of the test specimen on the mechanical tensile properties of the two materials as these are
the three most influential parameters. One of the main objectives is to check how much the mechanical
performance improves when the percentage of the infill is increased, which is why two values (20% and
50%) have been included in the study. By considering one or the other infill value, the volume ratio of
material changes due to the variation of the infill density which applies different sizes of cell patterns.
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On the other hand, the thickness of the piece’s shell remains constant, with a value of 0.8 mm. Layer
height is a parameter that influences manufacturing time; the precision of details and the finish are
significantly improved by using finer layers. However, this study sets out to also analyse the influence
of this parameter on mechanical strength. To do so, two layer heights, 0.1 mm and 0.2 mm, will be
used. Finally, a comparison will be made to discover how much the mechanical strength varies with
respect to the orientation of the piece during its construction. This is a fundamental factor due to the
anisotropy conferred upon the piece by the layering manufacturing process. Both in the case of using
orientation 1 and in that of using orientation 2, the layers are parallel to the stress, but the orientation
of the infill raster varies with respect to the tensile force. Furthermore, in this case, it is necessary to use
supports, and this causes a certain degree of roughness on the overhanging surface when removing
them, but the results are acceptable for test purposes. In the case of orientation 3, layering in a direction
perpendicular to the stress should result in a reduction of mechanical strength. A summary of the
parameters whose influence on mechanical performance is going to be analysed is presented in Table 4.

Table 4. The definition of case studies for a layer width of 0.4 mm, a printing velocity of 60 mm/min
(30 mm/min on wall and bases), a line-type wall pattern, and infill patterns of 45◦ and 135◦.

Case Layer Height (mm) Infill (%) Manufacturing Orientation

Case 1 (Reference) 0.1 20
Orientation 1Case 2 0.2 20

Case 3 0.1 50

Case 4 0.1 20 Orientation 2

Case 5 0.1 20 Orientation 3

Finally, the rest of the parameters are specifically defined for each material in Table 5.

Table 5. The remaining manufacturing parameters specified for each material.

Material
Fusor Temp.

(◦C)
Base Temp.

(◦C)
Wall Vel./Infill

(mm/s)
Layer Width

(mm)
Adhesion

Plat.
Vent.
Layer

Dist./Vel. Retraction
(mm/mm/s)

Wall/Infill Pattern
and Angle (◦)

ABS 235 80
60/30 0.4

YES (8 mm)
100% 6/25

Lines/grid
(45, 135)PLA 200 50 NO

2.4. Experimental Procedure and Geometrical Dimensions of Test Specimens

The test procedure that is going to be followed is explained in a previous work [43] and uses the
type I general usage test specimen as per ASTM 638-14 [23] (Figure 5, above), as explained in detail in
that study. It also includes the principal difficulties encountered during the testing of plastic material
specimens obtained using FDM and the fact that the test specimen breaks prematurely due to the
concentration of stresses, which have also been reported by other authors, such as Wendt et al. [44].
The ASTM 638-14 standard, indicated by Dizon et al. [45], is the most used for this type of mechanical
characterisation. The specimen is fixed by the clamps, aligning its longitudinal axis with the axis of the
test machine. The wedges should be tightened enough to avoid the specimen to slide without causing
it to collapse. The HOWIN software is used to control the test, to set the input parameters and to
gather the values obtained. The speed of the test should be 5 mm/min according to the ASTM D638-14
standard (the minimum value of those established in the standard that causes the break between
0.5–5 min).

According to the ASTM 638-14 standard, the nominal tensile stresses must be used, that is,
the tensile load carried by the test specimen at any given moment per unit area of the minimum
original cross section. Since this standard is used for determining the tensile properties of solid plastics
obtained for traditional processes, the minimum original cross section is computed by multiplying the
thickness of the sample and the width of the narrow section.
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Two identical test specimens of each type are going to be manufactured and, in the event of the
results varying significantly, a third test shall be carried out. The elongations will refer to the variation
of the distance between grips and not to the variation of the benchmark length measured using an
extensometer, indicated in standard ISO 527-1:2012 [46], which recommends the use of the nominal
distortion when extensometers are not used. Finally, a velocity of 5 mm/min is going to be set in
accordance with that established in the ASTM standard, so that the rupture occurs between 0.5 and
5 mins. Figure 5 shows examples of the PLA and ABS test specimens used in the tests arranged by case.

The Geometry of the test specimens according to ASTM 638-14 

PLA test specimens

ABS test specimens 

(a) (b) (c) (d) (e) 

Figure 5. The test specimens manufactured using PLA and ABS. (a) Case 1; (b) Case 2; (c) Case 3;
(d) Case 4; (e) Case 5.

The variables to be studied are tensile yield stress (Rp), mechanical tensile strength (Rm), nominal
strain at break (εt), and the modulus of elasticity (Et).

3. Results

3.1. Mechanical Behaviour of the PLA Parts

Figure 6 shows the PLA test specimens after the test, with a specimen of each type being included.
Although all of them fracture in the narrow area, it can be seen that some do so outside the limits of
the benchmark length. This is one of the difficulties experienced during the laboratory tests described
in a previous study [35].

In the first two cases, a rupture with an irregular breakage line can be observed. This is due to the
layers being oriented in the direction of the stress and the raster angle of the infill being 45◦. In the
third case (50% infill), the test specimen behaves almost as though it were solid, as can be observed
in its transversal cross-section. In the fourth case (orientation 2), the line of fracture occurs along a
line perpendicular to the stress and located at a point where the infill joins with the walls. In the last
case (orientation 3), the fracture occurs as a result of the layers separating because they were built up
perpendicular to the stress due to the construction orientation.
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Figure 6. The PLA test specimens tested (one of each type).

The graphs in Figure 7 show the test results for the different parameters. To help analyse these
data more clearly, a graph is provided showing the test data for each type of test specimen grouped
together along with the properties of the filament (Figure 7f). In each case, the results showing the
intermediate values of each series have been chosen.

(a) (b) 

 
(c) (d) 

Figure 7. Cont.
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(e) (f) 

Figure 7. The stress–strain curves (PLA). (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5;
(f) the comparison of the results with the intermediate values of each series of test specimens.

The corresponding mechanical properties of the PLA test specimens have been calculated based
on the information gathered during the tests. The data corresponding to the yield stress, tensile
strength, nominal strain at break, and the modulus of elasticity are shown in Table 6.

Table 6. The mechanical properties of PLA test specimens and the variation with respect to the
benchmark case (Case 1).

Case
Et (GPa)

Mean (St. Dev.)
εt (%)

Mean (St. Dev.)
Rp (MPa)

Mean (St. Dev.)
Rm (MPa)

Mean (St. Dev.)

Case 1 1.000 (0.02) 4.20 (0.30) 38.43 (0.68) 38.47 (0.74)
Case 2 0.987 (0.03) ∼= 4.07 (0.50) ∼= 33.13 (1.19) − 34.37 (2.08) −
Case 3 1.343 (0.08) ++ 5.47 (0.32) ++ 46.53 (2.27) ++ 48.87 (0.64) ++
Case 4 0.760 (0.11) − 4.70 (0.72) + 29.03 (0.70) −− 30.10 (0.56) −−
Case 5 0.735 (0.02) − 3.77 (0.21) −− 27.63 (1.85) −− 27.63 (1.85) −−

∼= (similar to the benchmark case), + (higher than the benchmark case), ++ (much higher than the benchmark case),
− (lower than the benchmark case), −− (much lower than the benchmark case).

Firstly, by comparing the results with respect to the benchmark case (Case 1), it is found that,
indeed, the variation of the manufacturing parameters causes a variation in the tensile behaviour of
the PLA test specimen, with its general performance being on the fragile side compared with that of
the filament, which presents a high degree of ductility.

The slope of the elastic area (and, consequently, Young’s modulus) remains practically unmodified
by the change in layer height (Case 2), while it clearly diminishes when the manufacturing orientation
is modified (Cases 4 and 5), and rises on the infill percentage being increased (Case 3).

The nominal strain at break (and, therefore, the ductility) clearly increases in those cases with
a higher infill percentage (Case 3) and also with orientation 2 (Case 4), while it is reduced with
manufacturing orientation 3 (Case 5) and remains more or less invariable with the increase of layer
height (Case 2).

In all the cases, Young’s modulus and the nominal strain at break are lower than in the filament.
The mechanical strength rises with the increase of infill percentage (Case 3) with respect to the

initial conditions (Case 1). Meanwhile, a reduction thereof is observed in the cases of increased layer
height (Case 2) and variation of the construction orientation (Cases 4 and 5), with this reduction being
especially noteworthy in the case of orientation 3 (Case 5), as was to be expected.

Finally, the yield stress presents a performance similar to the tensile strength, bearing in mind
that they practically coincide in many cases given the generally fragile performance of the PLA
test specimens.
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Considering mechanical strength to be the parameter of greatest interest due to its greater
repeatability across laboratories and to its importance as a mechanical property from the design
and functionality point of view for certain applications, Table 7 shows the percentage variation of the
average mechanical strength in terms of the parameters used and the variation with respect to the
material of the filament (data provided by the manufacturer).

Table 7. The comparison of the mechanical properties of PLA test specimens with those of the filament.

Case Mean Rm (MPa) Difference to Case 1 (Benchmark) Difference to Filament

Case 1 38.47 − −25%
Case 2 34.37 −11% −33%
Case 3 48.87 +27% −4%
Case 4 30.10 −22% −41%
Case 5 27.63 −28% −46%

These data reveal that increasing the infill up to 50% (Case 3) greatly improves the mechanical
strength (27%) as this makes the part more solid and reduces the number of cavities (its weight
increases by 16%). The increase of layer height (Case 2) causes the maximum tensile strength to fall
by 11%. Although this effect is less pronounced than that of varying the infill and the manufacturing
orientation, it can be seen that finer layers lead to better results as far as both the finish and mechanical
properties are concerned. With respect to the manufacturing orientations, orientation 2 (Case 4),
with the layers in a direction parallel to the stress, but perpendicular to those of orientation 1, reduces
the mechanical tensile strength by 22% (Figure 8a). On observing the fractured part (Figure 8b), it can
be seen that this behaviour might be due to the different orientation of the infill with respect to the
direction of the stress, which is what causes the part to rupture at the point where the infill joins
the wall.

 

 

 

 

 

 
(a) (b) (c) 

Figure 8. The detail of the infill and fracture surface in terms of orientation. (a) Orientation 1;
(b) Orientation 2; (c) Orientation 3.

In the case of orientation 3 (Case 5), the overlap of layers perpendicular to the direction of the
tensile stress causes the tensile strength to fall by 28%. This reduction of strength caused by varying the
manufacturing orientation is due to the anisotropy of the pieces manufactured in the layers. In Case 5,
this orientation causes the stress to revert to the interface between the layers, namely the weakest area
of the pieces produced using additive manufacturing (Figure 8c).

In the table, it can also be seen that with the best of the combinations of parameters (Case 3)
it is possible to achieve a strength that is only 4% less than that specified for the filament by
the manufacturer.
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3.2. Mechanical Behaviour of the ABS Pieces

Figure 9 shows the ABS test specimens after the test, with a specimen of each type being included.
It can be observed that all the test specimens rupture where they are narrowest (some of them outside
the benchmark length) except the one manufactured with orientation 3 (layers perpendicular to the
stress), which ruptured with an extremely low stress due to a separation of layers in the area of the
agreed radius.

Figure 9. The ABS test specimens tested (one of each type).

In Cases 1 and 2, a rupture with a jagged line can be observed. This is due to the layers being
oriented in the direction of the stress and the raster angle of the infill being 45◦ (Figure 10a). In Case 3,
given that it has 50% of infill, the test specimen is almost solid, which is why the distortion is more
uniform (Figure 10b). In Case 4, the fracture occurs along lines perpendicular due to the stress and
located at the points where the infill joins the walls (Figure 10c). In Case 5, the fracture occurs at
low distortions as a result of the separation of layers because, due to the construction orientation
these build up perpendicular to the stress, which causes the test specimen to break prematurely as the
interface between the layers in this material is extremely weak (Figure 10d).

  
(a) (b) 

  
(c) (d) 

Figure 10. The fracture cross-section. (a) Case 1; (b) Case 3; (c) Case 4; (d) Case 5.
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The graphs of Figure 11 show the results of the tests with the different parameters for the test
specimens manufactured using ABS, where a lower variability in the results than in the case of the
PLA test specimens can be observed.

  
(a) (b) 

  
(c) (d) 

 
(e) (f) 

Figure 11. The stress–strain curves (ABS). (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5;
(f) The comparison of the results with the intermediate values of each series of test specimens.

The data corresponding to the yield stress, tensile strength, nominal strain at break, and modulus
of elasticity are shown in Table 8.

Table 8. The mechanical properties of the ABS test specimens and variation with respect to the
benchmark case (Case 1).

Case
Et (GPa)

Mean (St. Dev.)
εt (%)

Mean (St. Dev.)
Rp (MPa)

Mean (St. Dev.)
Rm (MPa)

Mean (St. Dev.)

Case 1 0.650 (0.01) 5.10 (0.00) 25.60 (0.00) 26.40 (0.28)
Case 2 0.732 (0.02) + 4.75 (0.07) − 23.45 (0.35) − 24.40 (0.28) −
Case 3 0.943 (0.11) ++ 5.15 (0.21) ∼= 31.95 (0.07) ++ 33.05 (0.21) ++
Case 4 0.600 (0.03) ∼= 4.80 (0.00) ∼= 23.60 (1.27) − 24.85 (0.64) −
Case 5 − 0.75 (0.35) −− 3.15 (1.77) −− 3.15 (1.77) −−

∼= (similar to the benchmark case), + (higher than the benchmark case), ++ (much higher than the benchmark case),
− (lower than the benchmark case), −− (much lower than the benchmark case).
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It can be seen how the change of manufacturing parameters also causes a variation in the tensile
performance of the ABS test specimens.

The slope of the elastic area (stiffness) remains almost the same when orientation 2 is used
(Case 4), while said incline (and, therefore, Young’s modulus) increases significantly with an infill of
50% (Case 3), and less noticeably with an increase in layer height (Case 2). As regards orientation
3 (Case 5), the test specimen breaks so quickly that it is hardly possible to draw conclusions as to its
tensile performance except for the fact that its deformation capacity is practically nil.

The nominal strain at break is slightly affected by layer height (Case 2), nor by the change to
orientation 2 (Case 4) or by the increased percentage of infill (Case 3). However, the strain at the break
diminishes significantly with respect to Case 1 when orientation 3 is used (Case 5).

In all the cases, Young’s modulus and strain at break are lower than in the filament, as would
occur in the case of PLA.

On the other hand, with the exception of the cases of vertical orientation (Case 5) and the increase
of the infill (Case 3), the differences with regards to mechanical strength are not too pronounced in all
the other cases. Both the use of thicker layers (Case 2) and the change of the layer orientation to keep
them parallel to the stress (Case 4) reduce the maximum strength, but only slightly. Increasing the
infill to 50% (Case 3), with the resulting 18.5% rise in weight, causes the tensile strength to increase by
25.19%, while orienting the layers perpendicularly to the stress (Case 5) causes the premature rupture
of the test specimen with a strength reduction of 88.07% (Table 9). Another interesting fact shown by
the table is that with the different combinations of parameters, the best results that can be obtained are
22% worse than those of the filament.

Table 9. The comparison of the mechanical properties of ABS test specimens with those of the filament.

Case (ABS) Mean Rm (MPa) Difference to Case 1 (Benchmark) Difference to Filament

Case 1 26.40 − −38%
Case 2 24.40 −7.57% −43%
Case 3 33.05 +25.19% −22%
Case 4 24.85 −5.87% −42%
Case 5 3.15 −88.07% −93%

The change of infill results in a more solid test specimen and a reduction of cavities, once again
result in an increase of mechanical strength. As regards layer orientation, if this is perpendicular to
the stress, it causes the strain to revert to the interface between layers, namely the weakest area in the
pieces obtained using additive manufacturing and especially in the case of ABS. The weakness of this
interface can be seen in the graph, which shows that the piece breaks under a far lower strain than the
pieces manufactured using other orientations due to layer separation.

3.3. Comparative Analysis

In the stress-strain graph of Figure 12, the tensile performance of both materials is shown together
to facilitate the comparative analysis.

 
(a) (b) 

Figure 12. Cont.
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(c) (d) 

 
(e) 

Figure 12. The comparison of the stress–strain curves for both materials. (a) Filaments vs. Reference
case, (b) Reference case vs. + layer height, (c) Reference case vs. + infill density, (d) Reference case vs.
layer orientation 2, (e) Reference case vs. layer orientation 3.

The variability of the results can be compared for both materials through Tables 6 and 8 through
the standard deviation. The variability of the modulus of elasticity is very similar for PLA and ABS,
although, in general, it can be stated that results with ABS showed a lower variability than in the
case of PLA. To help quantify the effect of the manufacturing parameters, Figure 13 shows the data
corresponding to the modulus of elasticity, nominal strain at break, yield stress, and tensile strength
obtained following the tests for the 5 cases analysed.

  
(a) (b) 

 
(c) (d) 

Figure 13. The comparison of mechanical properties for PLA and ABS. (a) Modulus of elasticity;
(b) Nominal strain at break; (c) Yield stress; (d) Tensile strength.
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Both figures show that the test specimens manufactured using PLA generally present a more
rigid performance associated with the higher values of Young’s modulus found, in line with the values
obtained for the filament. The influence of the manufacturing parameters presents a similar trend for
both materials.

As far as the strain at break values obtained are concerned, it can be said that there is no clear
trend given that, for example, in Cases 1 and 2, a greater ductility is obtained for ABS, while in Cases
3 and 5 the PLA’s ductility is clearly higher, with very similar values being obtained for both materials
in Case 4.

On the other hand, in light of the values obtained, the pieces manufactured using PLA have a
greater tensile strength than their ABS counterparts, just as would occur with the filament. Furthermore,
the change of parameters has less of an influence on mechanical strength in the case of ABS, with the
exception being Case 5, where the reduction of mechanical strength is more significant. Figure 13d
shows that PLA undergoes more significant reductions of maximum strength than ABS when layer
height is increased (Case 2) and transversal orientation is used (Case 4). Under all circumstances,
the infill percentage (Case 3) is the factor with the greatest influence on the results. The performance of
the tensile yield stress is identical to that of the maximum strength.

Finally, the differences with respect to the starting material and the decrease of mechanical
strength in the case of orienting the layers perpendicular to the stress (Case 5) are less in the PLA,
which would appear to indicate a significantly stronger bond of the layers in this material (Table 10).

Table 10. The comparison of mechanical strength with the benchmark case and the filament.

Material Case 1 Case 2 Case 3 Case 4 Case 5

PLA 38.47 34.37 48.87 30.10 27.63
Difference to Case 1 − −11% +27% −22% −28%

Difference to filament −25% −33% −4% −41% −46%
ABS 26.40 24.40 33.05 24.85 3.15

Difference to Case 1 − −8% +25% −6% −88%
Difference to filament −38% −43% −22% −42% −93%

Based on this data, it can be observed that increasing the infill up to 50% (Case 3) causes a marked
increase in mechanical strength, with this being of a similar magnitude in both materials (27% PLA +
16% weight and 25% ABS + 18% weight). This is because the piece is more solid and has fewer cavities.

As has already been explained, the layer height effect (Case 2) is more significant with PLA as it
causes an 11% reduction in tensile strength, whereas in the case of ABS this is only 8%. It can thus be
seen that finer layers lead to better results not only where the finish is concerned, but also in mechanical
properties, although the effect is more noticeable in the PLA than in the ABS.

As far as the manufacturing orientations are concerned, orienting the layers in the direction
parallel to the stress, but perpendicular to Case 1 (Case 4), greatly reduces tensile strength in PLA,
(−22%) while its effect is not remarkable in ABS (−6%).

In the case of vertical orientation (Case 5), the overlapping of layers perpendicular to the direction
of the tensile force reduces tensile strength by 28% in PLA, a much lower figure than in the case of
ABS, which fractures prematurely (with an 88% reduction of maximum strength) due to its weak bond
between layers.

The variations with respect to the filament lead to the conclusion that the material which
undergoes a lower reduction of its mechanical properties during the additive manufacturing process
is PLA (a mere 25% as against the 38% of ABS under benchmark conditions), which would appear
to indicate the bond it achieves between layers is better than that of ABS, thus, making it an ideal
thermoplastic for use in FFF/FDM technologies.

Finally, in Table 10 it can be observed that with the best combination of parameters it is possible to
achieve a strength of only 4% less than that specified by the manufacturer for the PLA material, namely,
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figures that are far better than those returned by ABS (−22%). This indicates that the bond between
layers in this material is far better than in ABS, at least with the manufacturing parameters used in this
study, and that with an optimum combination of parameters (a 100% infill, the alignment of layers
in the direction of the stress, a layer height of 0.1 mm, and optimum raster and pattern, temperature
and velocity parameters), it could be possible to achieve strength results very similar to those of the
starting filament or injection or compression moulded pieces.

4. Conclusions and Future Work

This work has studied the influence of the principal manufacturing parameters of an FDM
process on the mechanical properties of the two thermoplastic materials most widely used in this
type of additive technique: ABS and PLA. These parameters are infill percentage, layer height and
manufacturing orientation. The results with ABS show a lower variability than in the case of PLA.

Generally speaking, the pieces manufactured with PLA behave more rigidly than in the case
of ABS, just as with the starting material, with the influence of the manufacturing parameters being
very similar for both materials. However, there is no clear trend regarding the influence of the
manufacturing parameters on the strain at fracture values obtained, unlike the starting material,
where the ABS showed a higher degree of ductility than the PLA.

Regarding ABS, the mechanical strength results barely vary with respect to layer height
(the maximum strength only falls by 7.57% when the layer height is increased from 0.1 to 0.2 mm) and
when using another orientation in which the layers remain parallel to the stress (a reduction of tensile
strength by an average of 5.87%). However, increasing the infill up to 50% (with an 18.5% weight
increase) causes the tensile strength to rise by 25.19% given that the test specimen is more solid and the
cavities are smaller. On the other hand, the vertical orientation of the layers perpendicular to the stress
causes the premature rupture of the test specimen with a strength reduction of 88.07%. This is due to
the strain reverting to the interface between layers, namely, the weakest area in the pieces obtained
using additive manufacturing, especially in the case of ABS.

Another interesting point to emerge from this study is that, with the different combinations of
parameters chosen, the best results that can be obtained are 22% worse than those of the starting
material. This, combined with the lack of strength of the test specimens whose layers are oriented
perpendicularly to the stress, confirms that the ABS pieces manufactured using this technology and
these parameters show an extremely weak bond compared with the strength of the material.

In the case of PLA, the increased layer height causes the tensile strength to diminish by 11%,
which is notably greater than in the case of ABS, which is why it can be concluded that finer layers lead
to better results not only where finish is concerned, but also in mechanical properties, although the
effect is more noticeable in the PLA than in the ABS. On the other hand, it can be seen that increasing
the infill up to 50% (with a 16% rise in weight), greatly improves mechanical strength (27%), which is
very similar to that of ABS (25.19%).

With respect to the manufacturing orientations of the layers in a direction parallel to the stress,
but perpendicular to those of the initial orientation, the tensile strength is reduced by 22%, far and
above that of ABS (5.87%). This behaviour can be attributed to the different orientation of the infill
with respect to the direction of the stress, which is what causes the part to fracture at the point where
the infill joins the wall.

The orientation with the overlapping of layers perpendicular to the tensile force the reduces
maximum tensile strength by 28%, a much lower figure than in the case of ABS, which fractured
prematurely (with an 88.07% reduction of the maximum strength) due to its weak bond between layers.

Regarding PLA it can be concluded that, with the best of the combinations of parameters a
strength of only 4% less than that specified by the manufacturer for the material can be achieved,
which is far better than that returned by the ABS (−22%). This indicates that the bond between layers
in this material turns out to be extremely strong and is, therefore, highly suitable for use in additive
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technologies given that with an optimum combination of parameters it is possible to achieve strength
results very similar to those provided by injection or compression moulded pieces.

In general, the infill percentage is the factor of greatest influence in the results. The performance
of the yield stress is identical to that of the maximum strength.

The methodology proposed is a reference of interest in studies involving the determination
of mechanical properties of polymer materials manufactured using these technologies. Specifically
speaking, these results can be extremely useful for the selection of suitable materials and parameters
in FDM design and manufacturing processes.

The inclusion of other factors of interest such as the direction of the raster and manufacturing
speed, as well as the influence of the interaction of these factors on the results, is proposed as a line of
work for the future. Additionally, the influence of other advanced parameters that are closely related
to more specific thermophysical and/or chemical phenomena (the local temperature of the filament
during deposition, the molecular diffusion at the polymer interface, and the deposition pressure/force,
among others) will be also addressed in future studies; this kind of analysis will require specialised
equipment in most of the cases due to its complex nature.
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Abstract: The present paper shows an experimental study on additive manufacturing for obtaining
samples of polylactic acid (PLA). The process used for manufacturing these samples was fused
deposition modeling (FDM). Little attention to the surface quality obtained in additive manufacturing
processes has been paid by the research community. So, this paper aims at filling this gap. The goal
of the study is the recognition of critical factors in FDM processes for reducing surface roughness.
Two different types of experiments were carried out to analyze five printing parameters. The results
were analyzed by means of Analysis of Variance, graphical methods, and non-parametric tests using
Spearman’s ρ and Kendall’s τ correlation coefficients. The results showed how layer height and
wall thickness are the most important factors for controlling surface roughness, while printing path,
printing speed, and temperature showed no clear influence on surface roughness.

Keywords: 3D printing; additive manufacturing; ANOVA; correlation coefficients; fused deposition
modeling; non-parametric tests; surface roughness

1. Introduction

1.1. Additive Manufacturing

Currently, the manufacturing industry is a sector highly globalized with a constant need for
productivity gains and innovation. In this regard, additive manufacturing (AM) is considered to
be one of the latest manufacturing revolutions and a future leading edge technology [1]. Additive
manufacturing is entering the market to meet the demand of custom parts of complex geometry and
reduce investment in tooling. Nowadays, this manufacturing process is still considered as a promising
technology and is studied extensively in order to assess its viability in commercial applications such as
electronics (resistors and sensors), optical (antennas), medical (artificial hip joints, bone structures, and
tissue scaffolds), automotive, communication, and aerospace industries (engines, turbines, and thermal
insulation coatings) [2]. Despite the great improvements that have been made in recent years, additive
manufacturing still has some limitations. For instance, Oropalloand Piegl [3] identified ten challenges
that should be conveniently studied and solved in coming years, such as shape optimization, design
for 3D printing, or pre- and post-processing.

Additive manufacturing is characterized by the manufacture of pieces from a CAD model
through the accumulation and joining of layers for obtaining the desired physical model. Recently,
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ASTM International defined a body of terms for additive manufacturing [4]. The different types of
processes can be classified depending on [5]: (a) raw material (liquid, powder or solid); and (b) the
kind of physical joint between the material. Currently, there are available several processes such
as Stereolithography (SLA) [6], Selective Laser Sintering/Melting (SLS/SLM) [7], Laminated Object
Manufacturing (LOM) [8], and Fused Deposition Modeling (FDM) [9,10].

The selection of the additive manufacturing process must take into account the pros and cons
of each of the technologies. For instance, the FDM process is simple, which makes it a suitable
candidate for being chosen by general users. Its main advantages are [10–13]: low machinery cost,
no expensive tooling is necessary, broad range of materials, high durability of the components,
acceptable dimensional accuracy, and not being time consuming. But, the process also has some
disadvantages, such as low mechanical strength, difficulty to obtain thin walls, and poor surface
quality. Polymers are widely used as the main base material in FDM processes. Typical materials
include PLA [14] and ABS [15], but composite materials are also being adopted for manufacturing
complex components. For instance, Fe-nylon6 composite wires were compared to ABS solutions,
concluding that the composite materials are highly wear resistant [16].Polypropylene reinforced with
glass-fiber wasstudied, showing adequate mechanical properties for small series of parts [17].

Although FDM processes have significant industrial value for manufacturing complex
components, there is a need tocarry out proper research focused on prominent aspects such as surface
roughness and performance optimization. The performance of the manufactured parts depends
upon a large number of process factors, such as the type of material and process parameters, so it is
quite difficult to obtain an ideal FDM process that fulfils all the requirements, particularly producing
products of high surface quality.

1.2. Surface Quality in FDM Processes

In additive manufacturing, in general, pre-processing and post-processing activities should be
carried out [3]. However, the quality of the parts is not adequate when compared to other mature
manufacturing processes, such as machining. One of the main problems for obtaining good surface
quality in additive manufacturing is the staircase effect. According to Strano et al. [18], usually manual
post-processing operations are needed for obtaining adequate surface roughness because complex
geometries compromise the advantages of additive manufacturing. Pandey et al. [19] analyzed the
staircase effect that generates “chordal error” between an original surface of a CAD model and the
corresponding triangle in the tessellated model. The authors concluded that the tessellation and
slicing during the manufacturing process are two sources of surface inaccuracies that must be taken
into account.

Various studies have been specifically carried out on FDM process parameters, discussing
their effect on outputs, such as mechanical properties, and surface topography and quality [20–22].
For instance, Altan et al. [14] studied the effect of process parameters on surface roughness and the
tensile strength on polylactic acid (PLA) samples. The samples were fabricated as per the ASTM
standards and a Taguchi L16 experimental design, using three parameters: layer thickness, deposition
head velocity, and nozzle temperature. The authors concluded that the layer thickness and deposition
head velocity are dominant factors on surface roughness.

Campbell et al. [23] investigated surface roughness for different materials. The authors found
that, in the case of ABS material, when using layer thickness of 0.253 mm, the surface roughness values
for FDM processes ranged between 9 μm and 40 μm. Recently, Akande et al. [24] analyzed the optimal
process parameters for obtaining good surface finish and dimensional accuracy. The authors employed
a layer height of 0.25 and 0.5 mm, varying the filling density and speed of deposition, identifying that
the surface roughness for PLA material ranged between 2.46 μm and 22.48 μm. Altan et al. [14] used
layer thickness between 0.1 mm and 0.4 mm to create PLA samples using a FDM process. The surface
roughness obtained varied within the range of 9.102 to 10.275 μm.
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From previous scientific records, it has been identified that the performance of the FDM process
extensively depends upon its process parameters and their levels. However, the number of publications
dealing with the identification of critical factors and the optimization of the manufacturing process
depending on adequate selection of factors and levels is still limited, particularly when it comes to
surface roughness.

The optimization of the process parameters used for printing is an adequate strategy for improving
part performance in terms of surface finish. So, the present paper addresses the study of surface
roughness for FDM pieces, which has not been studied in detail in the literature. The paper shows
an experimental study on fused deposition modeling, analyzing the quality of the parts after varying
a set of printing parameters: layer height, wall thickness, printing speed, temperature, and printing
path using both statistical and graphical methods.

2. Materials and Methods

2.1. Materials

The 3D printer used was a WITBOX printer (Figure 1) by BQ manufacturer (Madrid, Spain)
using FDM technology. It is equipped with 0.4 mm diameter nozzle and glass cold base, A4-size
(297 × 210 mm). The recommended printing speed is 50 mm/s and the maximum is 80 mm/s.
The own-design extruder has a blower for cooling printed objects. The software used and recommended
by the WITBOX printer manufacturer is Ultimaker Cura Software 3.2.1., which allows using STL and
G-Code standards.

 

Figure 1. WITBOX printer and PLA filament.

Polylactic acid (PLA) (Smart Materials 3D, Alcalá la Real, Spain) has been used as base material
(Table 1). The company that provided the material was Smart Materials 3D. It does not incorporate
recycled or recovered material. It is fully stabilized and it has a diameter of 1.75 mm with a variability
of ±0.03 mm in diameter. Besides, no warping is expected.

Table 1. Material properties.

Chemical Name Composition Density (g/cm3)
Printing

Temperature (◦C)
Diameter (mm)

Polylactic Acid PLA (Polylactide Resin) 99% CAS:
9051-89-2 1.24 220 ± 20 1.75 ± 0.03

Surface roughness was measured using a handheld Mitutoyo Surftest SJ-210 (Mitutoyo, Kawasaki,
Japan) profilometer (Figure 2a) with sampling length of 2.5 mm and measuring speed of 0.5 mm/s.
With this technology, cylindrical samples such as those shown in Figure 2b were measured.
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(a) (b) 

Figure 2. (a) Surface roughness measurement setup (b) Printed samples for experiment 1.

2.2. Experimental Plan

In additive manufacturing, there are several factors that could influence surface roughness,
such as [25–28]:

• Material extrusion: temperature, viscosity, density, type of material, and mechanical properties.
• Chamber: temperature, pressure, vibrations, position of the platform, position of the extruder,

system coordinates, and heat evacuation.
• Extruder: speed, angle of inclination, diameter of extrusion, vibration, and acceleration.
• Deposition characteristics: building direction, wall thickness, layer height, orientation, external

geometry, and speed.

Due to the high number of factors, a selection of factors to carry out a more economical and
practical study was made. The experimental investigation was divided into two stages. The first
stage was designed as a screening stage [29] to identify the most critical printing factors for surface
roughness. The second stage was performed in order to increase the knowledge of the printing factors
based on the results of the first stage.

All printed samples had dimensions of 30 mm in diameter and 40 mm in height. The first analysis
was done to study the influence of layer height, wall thickness, printing speed, and temperature
(material). These factors were varied using two levels: minimum and maximum. So, eight tests
were performed by means of a fractional factorial design of four factors with two levels. Fractional
factorial designs allow carrying out experimental studies with limited number of experiments and,
thus, reducing cost and time.

For layer height, values of 0.15 and 0.25 mm were chosen. The first one is the minimum
recommended by the predefined options of the Cura software. The second one is a higher value,
which was selected expecting an increase in surface roughness as it was identified in the literature.
For printing speed, a value of 40 mm/s was selected; a speed lower than that recommended by
the printer manufacturer, and a value of 80 mm/s, the maximum recommended. For temperature,
a maximum value lower than the one recommended by the PLA filament manufacturer (240 ◦C) was
selected, i.e., 225 ◦C and, as minimum value, 195 ◦C was selected that lies slightly below the minimum
recommended (200 ◦C). Finally, values of 1 and 3 mm were selected for wall thickness, considering
that wall thickness should be higher than two times the size of the nozzle extruder (0.4 mm), according
to Noorani [30]. The experimental factors, along their symbols, units, and levels are listed in Table 2.

Factors and levels for experiment 1 allow generating an experimental plan to carry out
experiment 1, as shown in Table 3. The experimental plan was made in a random order to guarantee
that the observations or errors are independently distributed random variables [29].
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Table 2. Experimental factors for experiment 1.

Factor Symbol Units Levels

Layer height LH mm 0.15, 0.25
Printing speed PS mm/s 40, 80
Temperature T ◦C 195, 225

Wall thickness WT mm 1, 3

Table 3. Experimental plan for experiment 1.

Test LH (mm) PS (mm/s) T (◦C) WT (mm)

1 0.25 40 195 3
2 0.15 40 225 3
3 0.15 80 195 3
4 0.25 80 195 1
5 0.15 40 195 1
6 0.25 80 225 3
7 0.15 80 225 1
8 0.25 40 225 1

The second analysis was done to specifically study the influence of wall thickness and its relation
to the printing path: zig-zag, concentric, and grid. These tests were performed using the parameters
used in the first stage to obtain one of the best surface roughness, so the lowest layer height was
chosen (0.15 mm), but it was decided to also have a reduced printing time (estimated printing time of
47 min), so the printing speed of 80 mm/s was selected. Moreover, temperature of 225 ◦C was chosen.
So, two factors were analyzed in this stage, using three levels for printing strategy and five for wall
thickness. For printing path, concentric, zig-zag, and grid were selected. The experimental factors,
along with their symbols, units, and levels are listed in Table 4.

Table 4. Experimental factors for experiment 2.

Factor Symbol Units Levels

Layer height LH mm 0.15
Printing speed PS mm/s 80
Temperature T ◦C 225
Printing path PP - Concentric, zig-zag, grid
Wall thickness WT mm 0.50, 0.75, 1.00, 1.25, 1.50

The experiment was done using a full factorial design and the experimental tests were performed
in a random order as shown in Table 5.

Table 5. Experimental plan for experiment 2.

Test LH (mm) PS (mm/s) T (◦C) PP WT (mm)

1 0.15 80 225 Zig-zag 0.5
2 0.15 80 225 Grid 0.75
3 0.15 80 225 Zig-zag 1.5
4 0.15 80 225 Concentric 0.75
5 0.15 80 225 Concentric 1
6 0.15 80 225 Zig-zag 1
7 0.15 80 225 Grid 0.5
8 0.15 80 225 Concentric 1.5
9 0.15 80 225 Zig-zag 0.75
10 0.15 80 225 Concentric 1.25
11 0.15 80 225 Grid 1
12 0.15 80 225 Grid 1.5
13 0.15 80 225 Concentric 0.5
14 0.15 80 225 Zig-zag 1.25
15 0.15 80 225 Grid 1.25
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2.3. Surface Roughness Evaluation

Surface roughness was evaluated in terms of the arithmetic average of the roughness profile (Ra).
Six surface roughness measurements were taken in each sample. The samples were divided into two
sections: bottom (printing start) and top (printing end) sections. In addition, three generatrices were
drawn on the surface. No measurement was done in the section where the zipper effect generated
by the layer change can be seen. The measurements of Ra1, Ra2, and Ra3 were taken at the top in the
generatrices in a clockwise direction. The measurements of Ra4, Ra5, and Ra6 were taken at the bottom
in the generatrices in a counter clockwise direction (Figure 3). Therefore, 48 and 90 measurements were
obtained for experiment 1 and 2, respectively. Finally, with the six surface roughness measurements,
the average roughness was calculated for each sample.

Figure 3. Details of the measurement procedure.

3. Results and Discussion

3.1. Surface Roughness Results

The surface roughness results obtained, their mean values and standard deviation (SD), in terms
of Ra, are listed in Tables 6 and 7 for experiment 1 and 2, respectively.

Table 6. Experimental surface roughness results for experiment 1.

Test
Ra1

(μm)
Ra2

(μm)
Ra3

(μm)
Ra4

(μm)
Ra5

(μm)
Ra6

(μm)
Ra

(μm)
SD

(μm)

1 26.045 20.202 23.188 23.284 19.558 24.358 22.773 2.474
2 20.473 20.497 20.565 17.776 18.318 22.525 20.026 1.728
3 17.937 18.46 21.145 17.205 18.182 21.051 18.997 1.680
4 19.756 17.258 21.908 18.732 19.511 20.347 19.585 1.559
5 16.066 15.252 15.338 14.842 15.239 15.524 15.377 0.405
6 25.138 24.092 25.052 19.995 20.064 22.725 22.844 2.348
7 18.252 16.929 17.705 14.073 15.709 16.697 16.561 1.499
8 23.226 23.809 23.547 21.582 19.814 22.063 22.340 1.512

Table 7. Experimental surface roughness results for experiment 2.

Test
Ra1

(μm)
Ra2

(μm)
Ra3

(μm)
Ra4

(μm)
Ra5

(μm)
Ra6

(μm)
Ra

(μm)
SD

(μm)

1 12.761 14.304 13.034 12.87 16.46 12.586 13.669 1.499
2 15.695 16.514 13.67 15.371 16.64 16.431 15.720 1.123
3 19.471 21.602 22.279 19.625 20.775 20.536 20.715 1.096
4 16.733 18.797 14.103 13.592 17.96 14.047 15.872 2.250
5 16.108 16.705 15.439 15.04 15.91 13.965 15.528 0.955
6 16.082 18.292 16.925 14.068 14.827 14.734 15.821 1.590
7 11.591 13.259 14.995 11.947 19.792 14.446 14.338 2.987
8 18.971 19.016 20.688 19.352 20.013 18.499 19.423 0.797
9 16.789 16.559 16.638 14.482 16.302 15.181 15.992 0.939
10 16.39 17.199 19.007 16.626 18.918 16.354 17.416 1.236
11 17.142 14.435 14.746 16.892 17.001 16.796 16.169 1.232
12 16.283 16.893 18.545 16.305 17.521 17.145 17.115 0.849
13 10.698 12.158 12.455 11.721 18.122 11.319 12.746 2.706
14 18.357 19.093 19.091 17.274 20.99 17.999 18.801 1.275
15 18.175 18.1 20.777 16.035 15.569 16.799 17.576 1.891
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From the tables, it is possible to see how the values of surface roughness are high compared to
other conventional manufacturing processes, such as machining. In all cases, the values are higher
than 12 μm. Moreover, the results present high variability depending on the measuring point for all
the tests. This variability makes it difficult to obtain conclusions on surface roughness depending on
the measuring location (bottom and top). No clear trends can be found depending on the location.
The standard deviation calculated for all tests show clearly this performance. It is important to see how
the ranges obtained for the mean values are also high. So, for experiment 1, the values varied between
15.377 μm and 22.844 μm and, for experiment 2, they varied between 12.746 μm and 20.715 μm.
Mean values for experiment 1 and experiment 2 were 19.813 and 16.460 μm, respectively. These results
are used for selecting a layer height of 0.15 mm for experiment 2, expecting that the surface roughness
in experiment 2 would be similar to that obtained in experiment 1.

3.2. Identification of Critical Factors

Statistical methods are adequate tools for identifying influential factors in datasets such as those
obtained for surface roughness. Thus, Analysis of Variance (ANOVA) is performed for both experiment
1 and 2. The results are listed in Tables 8 and 9 for experiment 1 and 2, respectively.

Table 8. Analysis of variance for experiment 1.

Source of Variation Df Sum sq Mean sq F Value Pr (>F)

LH 1 34.366 34.366 41.3466 0.007625
PS 1 0.799 0.799 0.9619 0.399039
T 1 3.174 3.174 3.8186 0.145684

WT 1 14.518 14.518 17.4669 0.024956
Residuals 3 2.494 0.831

Total 7 55.351

Table 9. Analysis of variance for experiment 2.

Source of Variation Df Sum sq Mean sq F Value Pr (>F)

PP 2 2.184 1.0918 1.2238 0.3438
WT 4 54.192 13.5480 15.1850 8.139 × 10−4

Residuals 8 7.138 0.8922
Total 14 63.514

The normality of the residuals is checked using the Shapiro–Wilk test. Normality is verified by the
calculated statistics and p-values: 0.86373 (W statistic) and 0.1308 (p-value), and 0.95369 (W statistic),
and 0.5844 (p-value) for experiment 1 and 2, respectively. In both cases, the p-values are lower than the
statistic, so no departure from normality was identified.

Considering that p-values lower than 0.05 are related to influential sources of variation,
from Table 8, it is possible to recognize that layer height and wall thickness are influential factors on
surface roughness. In particular, layer height has the lowest value. In addition, printing speed and
temperature can be considered as nonsignificant factors for surface roughness. When analyzing the
results listed in Table 9, only wall thickness is a significant source of variation, with printing path
being nonsignificant.

3.3. Correlations between Surface Roughness and the Analyzed Factors

In the previous section, the influential factors on surface roughness: layer height and wall
thickness in experiment 1, and wall thickness in experiment 2, were identified. To evaluate the
influence of these factors on surface roughness, graphical methods for identifying trends and additional
statistical analysis for checking correlations were used. Based on the ANOVA results, the results of
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experiment 1 are plotted in Figure 4. In the figure, the tests are grouped by layer height. In the figure,
it is possible to see clearly how the surface roughness obtained for the layer height of 0.15 mm is lower
than the one obtained for the layer height of 0.25 mm. This result agrees well with the conventional
knowledge on surface roughness obtained in additive manufacturing processes [18,31]. Moreover,
it is possible to see how the lowest surface roughness was obtained for the tests that used the lowest
layer height and wall thickness (e_5 and e_7).

Figure 4. Surface roughness results of experiment 1 grouped by layer height.

When grouping the results by wall thickness and plotting them, it is possible to appreciate how
wall thickness has a clear influence on surface roughness. Again, obviously, the results for the wall
thickness of 1 mm and layer height of 0.15 mm (e_5 and e_7) are those that produced the lowest
surface roughness.

Similar results to those obtained in Figure 5 were obtained when grouping the results of
experiment 2 by wall thickness. In this case, the influence of the printing path (strategy) is negligible.
In general, an increasing trend can be seen when wall thickness is increased, as seen in Figure 6.
According to our best knowledge, the influence of wall thickness on surface roughness has not been
previously studied in detail in the literature. In addition, a clear relation was not found between
printing path strategy and wall thickness, though this relation should be studied in detail for lower
values of wall thickness.
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Figure 5. Surface roughness results of experiment 1 grouped by wall thickness.

Figure 6. Surface roughness results of experiment 2 grouped by wall thickness.

From the previous results, it is clear that both layer height and wall thickness have an important
influence on surface roughness. However, the influence of the printing speed and temperature is not
clear in the figures, as it was identified using the ANOVA results.

In order to confirm the influence of the different factors on surface roughness, an analysis based
on the use of non-parametric tests was carried out. In this sense, Spearman’s ρ and Kendall’s τ

correlation coefficients are calculated as done by Carou et al. [32]. These two tests are useful to identify
monotonic relationships, being resistant to the effect of outliers [33]. Moreover, it is important to note
that these tests do not assume a specific parametric model or specific distributions for the data [34].
The two coefficients can be calculated using Equations (1) and (2) for the Spearman’s ρ and Kendall’s τ,
respectively [33,34].

ρ =
∑n

i=1
(

RXi − Ryi
)− n(n + 1)2/2

n(n2 − 1)/2
(1)
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τ =
P − M

n(n − 1)/2
(2)

nis the number of pairs (xi, yi); Rxiand Ryi the ranks of x and y, respectively; and P and M,
the numbers of pluses and minuses, respectively. R Softwarewasused for calculating the coefficients
for the different factors: layer height, printing path, printing speed, temperature, and wall thickness
versus surface roughness based on the results listed in Tables 6 and 7. The results obtained are shown
in Table 8. The correlation coefficients can vary from −1 (perfect negative association) to +1 (perfect
positive association). When there is no correlation, the coefficient gets a value of 0 [33]. In the table,
the correlation coefficients are listed along with their p-values.

In Table 10, similarly to the ANOVA results, it is possible to see how only layer height and wall
thickness resulted as significant factors when computing the coefficients. Therefore, it is possible
to state that no clear relation exists between surface roughness and printing path, printing speed,
and temperature. Besides, the calculated coefficients for these relations are close to 0 (in all cases,
lower than 0.3273268).

Table 10. Correlation coefficients for experiment 1 and 2 versus the analyzed factors.

Experiment 1 Experiment 2

Spearman’s ρ-
p-value

Kendall’s τ-
p-value

Spearman’s ρ-
p-value

Kendall’s τ-
p-value

Layer height 0.7637626
0.0274 *

0.6614378
0.04331 * - -

Printing speed −0.1091089
0.797

−0.09449112
0.7728 - -

Temperature 0.3273268
0.4287

0.2834734
0.3865 - -

Wall thickness 0.5455447
0.1619

0.4724556
0.1489

0.8946933
6.729 × 10−6 *

0.7612299
0.0001789 *

Printing path - - 0.1322876
0.6384

0.1014185
0.6345

Note: * significant factor considering p-value < 0.05.

Regarding layer height and wall thickness, the coefficients have positive values.
So, when increasing these two factors, higher values of surface roughness are expected. Although
their values are not very close to +1, they show a monotonic correlation with values ranging from
0.47 to 0.90 for both Spearman’s ρ and Kendall’s τ coefficients. The results show small differences
between the values obtained for these two coefficients. However, a bigger difference was found when
comparing the results of experiment 1 and 2. In this case, it should be noted that only 8 experiments
were carried out in experiment 1, while 15 experiments were carried out in experiment 2. So, the dataset
of experiment 2 should be considered as more reliable for identifying monotonic relations. In fact,
the calculated coefficients for experiment 2 show a clear correlation between surface roughness and
wall thickness with p-value below 0.05 and values for the correlation coefficients very close to +1,
while the p-value in the case of experiment 1 was not below 0.05.

Finally, from the graphical analysis and the statistical analysis using ANOVA and non-parametric
tests, a general recommendation can be drawn. So, it is highlighted that when surface roughness
is a critical requirement in additive manufacturing, particularly using FDM processes, layer height
and wall thickness should be fixed at lower values. It seems clear that layer height should be as
low as possible to minimize the staircase effect. However, further research should be carriedout
for wall thickness to understand whether it is possible to reduce its value to a minimum or not,
considering issues such as the size of the nozzle extruder and even printing path strategies that could
have a negative impact when the wall thickness is too small.
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4. Conclusions and Future Work

The present study shows an experimental investigation on surface roughness obtained in additive
manufacturing processes. Fused Deposition Modeling (FDM) technology was specifically analyzed
when manufacturing PLA samples. Several manufacturing parameters (layer height, printing path,
printing speed, temperature, and wall thickness) were varied and the results analyzed by means of
graphical and statistical analysis. The main conclusions of the investigation include the following:

• The quality of the manufactured parts depends greatly on the selection of the printing parameters.
In particular, previous results that indicate that the layer height is a critical factor were validated
using Analysis of Variance. But, in addition, it was found that wall thickness has an important
influence on the results, which was given less attention by researchers.

• Some parameters seem to have no clear influence on the results, specifically, printing path, printing
speed, and temperature. However, it should be noted that only three printing strategies were
analyzed in the present study: grid, concentric, and zig-zag.

• By using Spearman’s ρ and Kendall’s τ correlation coefficients, the influence of layer height and
wall thickness on the results was verified, especially, for experiment 2, obtaining correlation
coefficients very close to +1 with p-values lower than 0.05.

• The effect of the layer height and wall thickness on surface roughness is to worsen the quality of
the surface when one of these parameters is increased or when both are increased.

• As criteria for improving surface quality in FDM manufacturing processes, it is recommended to
use reduced values of layer height, diminishing the importance of the staircase effect and also
wall thickness that is generally selected based on the size of the nozzle extruder.

The results obtained in the present preliminary study will help establish new lines for future
work. For instance, the influence of the material on the results should be considered; particularly the
influence of the material (PLA) provided by different manufacturers should be conveniently analyzed.
The use of larger datasets and higher ranges for the critical factors for verifying the results would be
recommended in new experimental studies. Finally, a comprehensive analysis of the influence of wall
thickness should be carried out.
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Abstract: The use of the Laser Metal Deposition (LMD) technology as a manufacturing and repairing
technique in industrial sectors like the die and mold and aerospace is increasing within the last
decades. Research carried out in the field of LMD process situates argon as the most usual inert
gas, followed by nitrogen. Some leading companies have started to use helium and argon as carrier
and shielding gas, respectively. There is therefore a pressing need to know how the use of different
gases may affect the LMD process due there being a lack of knowledge with regard to gas mixtures.
The aim of the present work is to evaluate the influence of a mixture of argon and helium on the LMD
process by analyzing single tracks of deposited material. For this purpose, special attention is paid to
the melt pool temperature, as well as to the characterization of the deposited clads. The increment
of helium concentration in the gases of the LMD processes based on argon will have three effects.
The first one is a slight reduction of the height of the clads. Second, an increase of the temperature of
the melt pool. Last, smaller wet angles are obtained for higher helium concentrations.

Keywords: LMD; laser metal deposition; shielding gas; argon; helium; additive manufacturing;
Inconel 718; melt pool temperature

1. Introduction

Laser Metal Deposition (LMD) is an Additive Manufacturing (AM) technology that consists
on the deposition of material layers that are melted by a laser source. This process belongs to the
Directed Energy Deposition (DED) technology group and enables working with a very wide range
of metal materials. The filler material to be deposited is usually supplied in the form of powder
and is conducted through a nozzle into the melt pool, which has been created on a substrate surface
by a laser beam. In this process, the powder is melted and deposited by creating a new layer of
material. Subsequent layers generate geometries, enabling the addition of features to existing parts or
the manufacturing of new ones [1].

The entire process is carried out employing two different gas flows: a shielding gas, whose function
is the generation of a protective atmosphere so that oxidation reactions are avoided, and a carrier gas
that is used to transport the powder through the entire circuit and nozzle to the melt pool. The use of
these two different gas flows has direct consequences on the process. Firstly, similar to other welding
processes, the shielding gas is necessary to protect the deposited material from oxidation [2]. It represents
the largest gas flow used and it has a direct impact on the quality of the deposited material, mainly in
the porosity generation, but this phenomenon can be easily avoided by parameters modification [3,4].
Secondly, the carrier gas drags the powder from the powder feeder to the nozzle and into the melt pool.
This gas flow accelerates and injects the powder particles at the nozzle exit. The interaction of both,
carrier and shielding gas, with the powder and the atmosphere determines the powder distribution in the
focal point of the nozzle. This powder distribution is a key factor for the LMD process efficiency [5,6].
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Bibliography of LMD process situates argon as the most common gas (both for protective and drag gas),
followed by nitrogen. This is due to the fact that nitrogen is mostly unreactive and more economical than
argon, but does not always protect the process from chemical reactions, since nitrogen reacts with Ti, Nb,
and V [7].

The use of the LMD technology as a manufacturing and repairing technique in industrial fields,
like the die and mold and aerospace industry, is increasing within the last years. In these industrial
sectors, the process is specially focused on different steel alloys, nickel superalloys [8,9] and titanium
alloys. Steels are usually alloyed with vanadium, nickel superalloys, like Inconel 718 or Inconel 625,
have titanium and niobium in its chemical composition and one of most typical titanium alloys is
Ti6Al4V, which contains both titanium and vanadium. Thus, in these cases nitrogen should not be
used as shielding or dragging gas on LMD process.

There are many similarities between the LMD process and Laser Beam Welding in terms of
shielding gases. In fact, both use the same heat source and materials must be protected from chemical
reactions with a shielding gas. Different research work carried out in the field of Laser Beam Welding
states that the use of argon with high densities of energy can lead to plasma formation due to the lower
ionization energy of argon compared to other gases, like helium [10]. This plasma formation creates
a shield that blocks the laser beam [11], thus reducing the energy that finally reaches the workpiece.
On the one hand, the depth of the welds using an argon-helium mixture is comparable to those that
are achieved with a pure argon flow. On the other hand, the width is bigger when the argon-helium
mixture is used [10].

As previously mentioned, argon and not nitrogen is usually employed for LMD. In fact,
machine tool builders working with LMD process, like DMG MORI (DMG MORI, Bielefeld, Germany),
Trumpf (TRUMPF GmbH + Co., KG, Ditzingen, Germany), or MAZAK (Yamazaki Mazak Corporation,
Oguchi, Japan), among others, usually recommend the use of argon despite its high price in order
to avoid the risk of unwanted reactions in the process. However, some of these leading companies
have started to use helium and argon as carrier and shielding gas, respectively. This is due to a fluid
dynamical issue: helium’s density is lower than argon’s, so when the helium flow crosses the argon one,
turbulences are reduced, and a more stable gas flow is achieved at the substrate. This phenomenon helps
to improve the powder concentration and protective gas concentration at the melt-pool, hence simplifying
the nozzle design.

Therefore, there is a necessity to know how the use of different gases may affect the LMD process.
From the literature review, it is noted that some research has been realized focusing on the use of
argon or nitrogen individually, with the argon case the most documented. However, there is a lack of
information about the influence that helium or gas mixtures may have on the LMD process.

The aim of the present work is to evaluate the effect of a mixture of argon and helium on the LMD
process by analyzing single tracks of Ni based alloy Inconel 718. The height, width, and depth of the
clads, along with the temperature of the process, are measured for the different gas mixtures employed.

2. Materials and Methods

The selected material for this work is a nickel-based superalloy, Inconel 718. This material
is commonly used in the aerospace industry for turbine and other structures where temperatures
can be higher than 600 ◦C. It is probably one of the most typical materials used in LMD process.
Thus, substrate material is an Inconel 718 alloy and powder material is an Oerlikon MetcoClad 718
(Oerlikon, Freienbach, Switzerland), which has been used as the filler material. Both share the same
chemical composition within certain compositional limits, as shown in Tables 1 and 2. Powder particle
size distribution is shown in Table 3, in order to enable other fellow researchers to replicate the
same tests.
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Table 1. Chemical composition (wt %) of the Inconel 718 substrate [12].

Ni Cr
Cb + Ta

(Nb + Ta)
Cb (Nb) Mo Ti Al Co Mn

52.50 18.40 5.08 5.08 3.04 1.03 0.54 0.33 0.24

Si C Cu B Ta P S Fe

0.11 0.052 0.05 0.005 <0.05 0.006 <0.002 BAL

Table 2. Chemical composition (wt %) of the MetcoClad 718 powder [13].

Cr Mo Nb Fe Ti Si Mn C B Ni

19.00 3.00 5.00 18.00 1.00 0.20 0.08 0.05 0.005 BAL

Table 3. Particle size, which follows a Rosin-Rammler distribution.

Minimum Size (μm) Mean Size (μm) Maximum Size (μm) Spread Parameter Number of Diameters

50 90 135 4.2 10

All of the tests that are described within this work were carried out on a laser processing cell, Kondia
Aktinos 500 (Kondia, Elgoibar, Spain), rebuilt from a conventional milling center. It has three linear plus
two rotary axes for a total of five-axis cinematics, and a work volume of 700 × 360 × 380 mm3. The laser
source is a Rofin FL010 (ROFIN-SINAR, Bergkirchen, Germany), a Yb:YAG fiber laser of 1 kW of maximum
power and 1070 nm wavelength. An optical multi-mode fiber is used to guide the laser beam to the
processing cell and an optical lens focuses it at 200 mm, thus creating a circular spot of 1.6 mm of diameter,
approximately. In addition, the powder feeder employed is a Sulzer Metco Twin 10-C (Oerlikon Metco,
Pfäffikon, Switzerland), which can be used with argon, nitrogen, and other gases, like helium. The powder
is injected by means of a self-developed coaxial nozzle EHU/Coax 2015 (UPV/EHU, Bilbao, Spain) [5].

The gases that were used during the experimental tests, supplied by Praxair (Praxair, Inc., Danbury,
USA), are (1) Argon, with a purity of 99.998%, (2) Helistar 25, whose composition is argon 75% and
helium 25%, and (3) Helistar 50, which is a half argon and half helium mixture [14–16]. The same
gases were supplied both as shielding and as carrier gas, in order to avoid mixing and knowing the
precise composition.

Two different experiments were designed. One was intended to measure the melt pool temperature
and its cooling time. The second one aimed to characterize the deposited tracks by measuring their height,
width, dilution depth, and wet angle, along with the temperature of the process. The temperature was
measured by means of a digital two-color pyrometer with an IGAR 12-LO (LumaSense Technologies, Inc.,
Santa Clara, CA, USA) optic fiber [17], which was focused on the same point as the laser beam. The use
of this kind of technique instead of a standard one-color pyrometer is because the measurement of a
two-color pyrometer is independent of the emissivity in a wide range of temperature and it is unaffected
by fume or powder in this case.

2.1. Melt Pool Temperature Measurement and Cooling Time

The tests were realized on a 10 mm thickness substrate in order to avoid considerable thermal
affection. Previously, the test specimens were cleaned and prepared so that a homogeneous surface
was attained. The k-factor (also known as emissivity slope) of the two-color pyrometer was calibrated
with a similar substrate of equal dimensions and characteristics heated in a furnace (Helmut ROHDE
GmbH, Prutting, Germany) up to 1423 K and then measured with a thermocouple type K. The laser
was set at the focal distance of the nozzle with the dragging and shielding gas flows on, while a laser
power of 250 W was used to heat the surface for 1 s, so that the melting point was reached.
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Once the laser power was off, the measurement of the temperature continued until the pyrometer
stopped registering any signal intensity from the substrate. The time between measurements was set
to 16 ms, as it showed stability and compromise with immediate measurements. The three different
gases (Argon, Helistar 25 and Helistar 50) were tested with four repetitions of the measurement for
each of them. The Figure 1 shows the experimental setup.

Nozzle

Substrate

Melt pool

2-Color
Pyrometer

Gases 
entrances

Generated
atmosphere

Figure 1. Experimental setup.

2.2. Laser Metal Deposition Experiments

The same substrate preparation for these experiments were carried out. For the data record and
subsequent analysis, three tracks were deposited with pure argon, so that they could be used as the
reference tracks. The process parameters were also set with reference values, in order to test the
different gases with the same conditions. The parameters were selected from previous works in order
to avoid cracks and porosity, and they are shown in Table 4.

Table 4. Laser Metal Deposition (LMD) experiments process parameters.

Reference
Power

(W)
Feed Rate

(mm·min−1)
Spot Diameter

(mm)
Powder Mass Flow

(g·min−1)
Shielding Gas Flow

(L·min−1)
Dragging Gas Flow

(L·min−1)

[1] 400 500 1.6 8.0 12.0 4.5
[2] 600 500 1.6 8.0 12.0 4.5
[3] 800 500 1.6 8.0 12.0 4.5

Once the reference tests were carried out, the same process parameters were used for testing the
two gas mixtures, Helistar 25 and Helistar 50, with 25% and 50% of helium concentration, respectively.
The measurement of the temperature was taken by following the laser spot, so that the pyrometer
was always coincident with the melt pool. Once the experimental tests were finished, the different
tracks were cut in a wet abrasive cut-off machine with a corundum cut-off wheel bonded with rubber
and then etched with Kalling’s reagent 2. The cross sections were analyzed by means of a confocal
microscope Leica DCM 3D (Leica Microsystems GmbH, Wetzlar, Germany). For the cross section
characterization, four main parameters were measured (See Figure 2), including height, width, depth of
dilution, and wet angle [18,19].
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Clad Bead

width

height

Substrate

wet angle
depth of material 

dilution

Figure 2. Clad cross section parameters.

3. Results

3.1. Analysis of the Melt Pool Temperature and Cooling Time

A preliminary analysis of the temperature indicates that measurements taken before the first
500 to 800 ms are very unstable. This is due to the different phenomena occurred during the rapid
rise of the temperature that mislead the pyrometer sensor. For this reason, the time while the laser
was radiating the substrate was set to one second. The results show the same order of magnitude of
temperature for the three studied gases.

Figure 3 shows the measurement results. The pyrometer has a minimum temperature range of
823 K on display, and a maximum of 2773 K, and it was calibrated before the experiments.
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Figure 3. Temperature [K] vs. time [s].

In all cases, temperature reaches a mean value of approximately 2420 K at the time of 1 s, and it
takes approximately 130 ms (131 ms for Argon 99.998%, 130 ms for Helistar 25, and 138 ms for Helistar
50) from that point to reach a temperature below 823 K approximately. These results imply that,
when working with low laser power (such as 250 W), there is no significant difference between the
mixtures that were studied.

3.2. Analysis of the Laser Metal Deposition Experiments

Along these tests, the influence of different gas mixtures on the LMD process was analyzed for three
different laser powers: 400, 600, and 800 W. The following figures illustrate the experimental tests and the
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resulting tracks for the different gas mixture. The morphology of the clads is represented and measured,
followed by a table with average values of each of the three repetitions of the experimental tests.

3.2.1. Experimental Tests with 400 W

Table 5 shows that, for the same energy density value, width, dilution depth and height of the
track decrease as the concentration of helium grows. The results show very similar height, width,
and dilution in all cases. Wet angle presents also differences between the tests, but the main variation
is for the Helistar 50.

Table 5. Measurements for different gases at 400 W.

Argon 99.998% Ar 75% He 25% Ar 50% He 50%

   

   

Regarding the wet angles, the optimal values should not exceed 65◦. In this case, the parameter
combination of 400 W laser power and selected powder mass flow is not adequate to obtain optimum
wet angles.

Due to possible variations in the measurements of the clads, the experimental tests were repeated
three times. Average values of the measurements are presented in Table 6 with average absolute
deviation around the mean (MAD) value in brackets.

Table 6. Summary of results for experimental tests at 400 W. (absolute deviation around the mean
(MAD) in brackets).

Gas Mixture
Height
(mm)

Width
(mm)

Depth
(mm)

Wet Angle
(◦)

Argon 99.998% 0.69 (0.040) 1.15 (0.018) 0.16 (0.013) 89 (1.0)
Ar 75% He 25% 0.63 (0.020) 1.10 (0.014) 0.13 (0.023) 88 (1.5)
Ar 50% He 50% 0.60 (0.029) 1.06 (0.009) 0.10 (0.009) 78 (1.0)

3.2.2. Experimental Tests at 600 W

Continuing with the same methodology, tests with a laser power of 600 W are presented in Table 7.
There are significant increments in width due to the higher power, but not in height, which mainly
depend on the powder mass flow. For this laser power, the width of the different clads hardly variates
among gas mixtures as well as the depth of material dilution. However, the variation of the height as a
result of the use of different gases is more significant, and, again, a greater variation is observed for the
highest helium concentration tests (Helistar 50).
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Table 7. Measurements for different gases at 600 W.

Argon 99.998% Ar 75% He 25% Ar 50% He 50%

   

   

Table 7 shows also a reduction of wet angles of the clads due to the higher laser power. However,
significant differences of wet angle are observed for clads made with each gas mixture. The higher the
helium concentration, the smaller the wet angle of the clad.

Again, a repetition of the tests was made in order to consider the possible variations. The results
with average values are presented in Table 8. As it can be observed, height, width, and dilution depth
values are practically constant, regardless of the gas composition. However, the wet angles vary
considerably for the different gas mixtures.

Table 8. Summary of results for experimental tests at 600 W.

Gas Mixture
Height
(mm)

Width
(mm)

Depth
(mm)

Wet Angle
(◦)

Argon 99.998% 0.75 (0.009) 1.48 (0.015) 0.18 (0.004) 81 (1.2)
Ar 75% He 25% 0.70 (0.016) 1.49 (0.009) 0.17 (0.008) 73 (1.0)
Ar 50% He 50% 0.66 (0.009) 1.51 (0.010) 0.15 (0.009) 60 (0.8)

3.2.3. Experimental Tests at 800 W

Tests results for 800 W laser power are shown in Table 9. Because of power increment, the width
and dilution are higher than those obtained in the 400 W and 600 W tests.

Table 9. Measurements for different gases at 800 W.

Argon 99.998% Ar 75% He 25% Ar 50% He 50%
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Similarly to the previous experiments, the highest variation between the clads is in height,
whereas the dilution depth and width remain almost invariable.

Because of a higher laser power, the wet angle is smaller than previous tests with lower laser
power. In addition, the wet angle changes for different gas compositions, as it can be observed in
Table 9. The wet angle reduction is the most significant variation when using different gases, while the
rest of measurements present similar values.

The experimental tests once again are repeated to obtain more information and to analyze the
possible variation on the geometry of the clad. Table 10 shows these results as mean values of the
measurements. As it was stated before, the more significant effect of the different gases use is the wet
angle variation, and this variation is more considerable for higher helium concentrations.

Table 10. Summary of results for experimental tests at 800 W.

Gas Mixture
Height
(mm)

Width
(mm)

Depth
(mm)

Wet Angle
(◦)

Argon 99.998% 0.79 (0.014) 1.87 (0.013) 0.25 (0.010) 73 (1.0)
Ar 75% He 25% 0.73 (0.009) 1.82 (0.015) 0.26 (0.008) 67 (1.2)
Ar 50% He 50% 0.65 (0.020) 1.84 (0.010) 0.23 (0.006) 53 (0.8)

3.2.4. Temperature Analysis

In addition to the geometry analysis, the temperature of the process was registered via pyrometry
and Table 11 shows the outputs of these measurements.

In all cases, the utilization of helium in the process results in higher temperature. When pure
argon was used, mean temperatures of 1938 K, 1991 K, and 2121 K were reached for laser powers
of 400 W, 600 W, and 800 W, respectively. Meanwhile, when Helistar 25 (Ar 75% and He 25%) and
Helistar 50 (Ar 50% and He 50%) was employed, temperatures with average values of 2093 K and 2097
K where measured, respectively, at 400 W. However, increasing the amount of helium in the mixture
did not result in a higher temperature.

Table 11. Summary of results for experimental tests at 400 W, 600 W, and 800 W.

Argon 99.998% Helistar 25 Helistar 50

1000
1400
1800
2200

0,0 1,0 2,0 3,0 4,0 5,0

400 W[K]

[s]

1000
1400
1800
2200
2600

0,0 1,0 2,0 3,0 4,0 5,0

400 W[K]

[s]

1000
1400
1800
2200
2600

0,0 1,0 2,0 3,0 4,0 5,0

400 W[K]

[s]

1000
1400
1800
2200

0,0 1,0 2,0 3,0 4,0 5,0

600 W[K]

[s]

1000
1400
1800
2200
2600

0,0 1,0 2,0 3,0 4,0 5,0

600 W[K]

[s]

1000
1400
1800
2200
2600

0,0 1,0 2,0 3,0 4,0 5,0

600 W[K]

[s]

1000
1400
1800
2200

0,0 1,0 2,0 3,0 4,0 5,0

800 W[K]

[s]

1000
1400
1800
2200
2600

0,0 1,0 2,0 3,0 4,0 5,0

800 W[K]

[s]

1000
1400
1800
2200
2600

0,0 1,0 2,0 3,0 4,0 5,0

800 W[K]

[s]
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4. Discussion

As it has been observed in the previous tests, the helium content of the gas affects the geometry of
the deposited clad. The comparison between the tests that were realized with argon and those with
Helistar 50, shows height value differences of 70 μm, 90 μm, and 140 μm for laser power values of
400 W, 600 W, and 800 W, respectively. These height variations are slightly lower when Helistar 25 is
used. With regard to width and depth values, the differences do not exceed 30 μm for dilution depth
and 50 μm for width, and no clear tendency is appreciated. Moreover, the wet angle seems to have
a correlation with the helium concentration of the gas, changing the shape of the clad geometry by
smoothing the slope. The wet angle decreases when the helium proportion is increased and variation
values up to 21 degrees are registered.

The melt pool temperature variation is other factor, which is strongly influenced by the gas
mixture. With argon, variations of almost 200 K were registered from a 400 W to 800 W laser power.
However, the same differences of laser power do not show significant variations of the temperature
when gases with presence of helium are used, merely of 20 K approximately.

As Andreas Patschger and Rolf Wester et al. state [6,7], the ionization energy of the gas is
important due to the formation of plasma in the laser beam way. In this case, argon is more susceptible
of forming ionized gas because of its lower ionization energy value, which is near to the 64% of the
helium’s one. In addition, the heat conductivity of these two gases are very different, being helium’s
(0.151 W·m−1·K−1) near 40 times higher than argon’s thermal conductivity (0.018 W·m−1·K−1).

Plasma works as an isolation for the laser beam and higher heat conductivities allow for the heat
that is radiated to be fed back to the process. The variation of the temperature for the different gases
can be explained with these two phenomena. For a high energy density process, the use of argon
contributes to plasma formation, and thus, the isolation of part of the energy provided by the laser.
On the other hand, helium is able to work with higher energy densities without promoting plasma
formation and contributing to feeding back heat to the process due to its greater thermal conductivity.

5. Conclusions

The present work studies the influence of the gas composition on the LMD process. Three different
gas compositions have been tested: Ar 99.99%, Ar 75%-He 25%, and Ar 50%-He 50%. Up to 150 microns,
differences in height are observed between Ar 99.99% and Ar 50%-He 50% concentration gases. The higher
the helium presence in the mixture, the smaller the height of the clad. The rest of the geometry
characteristics remain virtually stable with a variation of less than 60 microns for extreme cases.

The most significant variation on the shape of clads is the wet angle. This parameter variates
within a wide range with the helium concentration, decreasing its value while the presence of this gas
goes in augment. Variations of 10 to 20 degrees are observed between the use of pure argon and a
mixture with 50% of helium. In addition, the temperature of the melt pool is also influenced by the
presence of helium when it is combined with high energy densities.

Conclusions of the present research work can be summarized in the following way:

1. Helium and argon process gases have different effects on LMD. Its influence is not negligible and
must be taken into account.

2. The increment of helium concentration in the gases of the LMD processes based on argon will have
three effects. The first one is a slight reduction of the height of the clads. Second, an increase of the
temperature of the melt pool. Last, smaller wet angles are obtained for higher helium concentrations.

3. However, some variations can be neglected due to its small values, like width and dilution depth,
since helium concentration seems to have no special influence on these parameters.
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Abstract: Most of the studies in three-dimensional (3D) bioprinting have been traditionally based on
printing a single bioink. Addressing the complexity of organ and tissue engineering, however, will
require combining multiple building and sacrificial biomaterials and several cells types in a single
biofabrication session. This is a significant challenge, and, to tackle that, we must focus on the complex
relationships between the printing parameters and the print resolution. In this paper, we study the
influence of the main parameters driven multi-material 3D bioprinting and we present a method to
calibrate these systems and control the print resolution accurately. Firstly, poloxamer hydrogels were
extruded using a desktop 3D printer modified to incorporate four microextrusion-based bioprinting
(MEBB) printheads. The printed hydrogels provided us the particular range of printing parameters
(mainly printing pressure, deposition speed, and nozzle z-offset) to assure the correct calibration of
the multi-material 3D bioprinter. Using the printheads, we demonstrated the excellent performance
of the calibrated system extruding different fluorescent bioinks. Representative multi-material
structures were printed in both poloxamer and cell-laden gelatin-alginate bioinks in a single session
corroborating the capabilities of our system and the calibration method. Cell viability was not
significantly affected by any of the changes proposed. We conclude that our proposal has enormous
potential to help with advancing in the creation of complex 3D constructs and vascular networks for
tissue engineering.

Keywords: additive manufacturing; synthetic polymer; bioprinting; multi-material microextrusion;
bioink

1. Introduction

The rise of three-dimensional (3D) printing in the last three decades has permitted the arrival of
a new manufacturing technology called 3D bioprinting for organ and tissue engineering (TE) [1–4].
This technology aims to deposit multiple biomaterials, growth factors, and living cells with precise
control over their compositions, spatial distribution and architecture [5]. Since the appearance of
the first bioprinting studies in 2003 introduced by Wilson and Boland [6], the field has experienced
a growing interest by the scientific community in the last decade. The rapid increase in the number of
related publications provides evidence of this tendency (Figure 1).

Today, allograft organ transplantation is still the only therapy effective against organ failures, but
relatively simple implantable tissue constructs have been printed and successfully transplanted into
animal models [7]. These works bring great hope for those patients who are looking for alternatives
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to the organ transplantation methods. Looking forward, the challenge remains of how to reproduce
the complex cellular organization and micro-environment of an entire solid organ. This is still well
beyond the capabilities of currently available bioprinting technologies [8].

Figure 1. Evolution of bioprinting and 3D printing publications measured by the number of
Google Scholar hits. The keywords utilized for the searching included: “3D printing” OR “additive
manufacturing”, “3D printing” and “tissue engineering” and “bioprinting”.

Three main bioprinting technologies have been developed: inkjet-, laser- and microextrusion-based
bioprinting (MEBB) systems. Each of them has been utilized in several biological applications,
offering different features in terms of cell viability, deposition speed, print resolution, scalability,
cost or materials compatibility [9]. MEBB is the most extended technology because of its versatility
and fast deposition of a wide range of bioinks, which enables the rapid generation of large-scale
constructs [10–12]. Although excessive printing pressures could reduce cell viability, it is an excellent
method for depositing high cell densities in several candidate bioinks [13]. The bioinks can be
defined as formulation of biomaterials, biological molecules and cells processed using bioprinting
technologies [14,15]. Most of the studies in 3D bioprinting have traditionally been limited to the use
of one or two bioinks at one time, which is perhaps an oversimplification that limits the structural,
material and biological potential of this technology [16].

Employing multiple building and sacrificial biomaterials and cells types in a single biofabrication
session seems to be the right way of addressing the complexity of organ engineering and producing
outstanding advances in the field [17–19]. Multi-material bioprinters have recently been developed
by several research groups [7,11,12,20–22]. These bioprinting systems normally incorporate up to
three or four printheads to perform multi-material extrusion like the open-source solution utilized by
the authors in this study. To the best of our knowledge, advances in multi-material bioprinting will
enable researchers to integrate intricate perfusable channels inside of complex shape constructs, and
create constructs with several different cell densities, among other advantages. A more detailed study
in multi-material bioprinting [8], using stem-cell-laden bioinks, alongside a network of reinforcing
poly(ε-caprolactone) (PCL), led to the biofabrication of so-called developmentally inspired templates
of bone tissue microfibers.

All of this cannot be accomplished without answering fundamental questions such as the ideal
properties of the bioinks and the relationships between the bioprinting process parameters and the
print resolution and fidelity [13]. In the case of MEBB, some previous research studies have correlated
bioprinting parameters and printed outcomes. Wang et al. showed that optimized printing parameters
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such as bioink concentration, nozzle speed and extrusion rate produced poly(lactic-co-glycolic acid)
(PLGA) scaffolds [23]. Mixtures of Gel-Alg were investigated by He and his coworkers to find the
optimal values of air pressure, feed rate, and layer height to assure proper printing quality [13].
Suntornnond et al. used poloxamers to develop a mathematical model to correlate print resolution
with process parameters [24]. Similarly, a prediction model was obtained by Trachtenberg et al. to
determine the suitability of poly-propylene fumarate for MEBB [25] while Ting et al. examined the
effect of PLGA composition and printing parameter on print resolution [26]. However, today, there
is no a definite method to calibrate multi-material 3D bioprinters as well as to determine their final
print resolution. Understanding how parameters such as printing speed and nozzle height affect the
print resolution is vital not only for the shape of the printed constructs but also for their mechanical
properties. When encapsulating cells, selecting the optimal printing parameters will reduce the adverse
effect of the viscoelastic stresses on the cell viability [27,28].

In this paper, we advance in the development of the multi-material 3D bioprinting by proposing
a method that analyzes the influence of the main printing parameters and accurately controls the print
resolution. We anticipate that a significant increase on printing speed and quality of the constructs
using the multi-material bioprinter is due to the use of an automatic calibration system. Poloxamer 407
(P407) hydrogels with different fluorescent inks were printed into different complex constructs for
finding the optimal printing parameters. This allowed us to emulate the bioprinting of four materials,
but, at the same time, also remove other secondary factors such as excessive swelling or temperature
dependence. The proposed method was also tested printing a mixture of gelatin-alginate (Gel-Alg),
a more cell-friendly bioink. Cell-laden Gel-Alg and P407-based bioinks were printed in a single session.
After printing, cell viability of stem cells embedded in the Gel-Alg was analyzed to verify the effects of
the calibration. The results demonstrated that our proposal has huge potential to help in creating large
multi-material 3D constructs and potential vascular networks for tissue engineering.

2. Materials and Methods

2.1. Bioprinting System Incorporating Four Printheads

The experiments were performed using a desktop open-source 3D printer Witbox 2 (BQ, Madrid,
Spain) modified for extruding hydrogels at 24 ◦C (Figure 2a). The mechanical resolution of the 3D
printer is up to 20 μm according to the manufacturer’s specifications. The Witbox 2 movements
follow a Cartesian dimensional coordinate system, in which the printheads are moving across the
xy horizontal plane while the printing platform only moves vertically (z-axis). The Witbox 2 was
modified by substituting the standard fused deposition modeling nozzle in the x-carriage for four
pneumatic-based MEBB printheads (Figure 2b,c). The four printheads’ movements are controlled using
open-source Rumba electronics (Reprap Universal Mega Board with Allegro driver; RepRapDiscount,
Hong Kong, China).

The printing pressure of the four printheads can be independently adjusted using individual air
pressure regulators (ARP20K-N01BG-1Z; SMC, Tokyo, Japan). Hydrogel deposition in each printhead
is controlled by opening and closing the solenoid valve (VT307-6DZ1-01F-Q; SMC, Tokyo, Japan)
connected to the metal-oxide-semiconductor field-effect transistor (MOSFET) terminals of the Rumba
controller board.
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Figure 2. (a,b) general and detailed view of the modified Witbox 2 3D printer with four bioprinting
printheads; (c) 3D CAD design of the 3D printer x-carriage; (d) 5 mL syringe barrels loaded with dyed
P407 hydrogels.

2.2. G-Code Generation and Printing Software

The software employed to control the modified bioprinter and the bioprinting process was
comprised of several tools. First of all, a modification of Marlin firmware (v1.1) was loaded into the 3D
printer main board [29]. The modified firmware allowed us to manage and coordinate all the activities
of the 3D printer, including the movement of the four printheads and the deposition of the bioinks.

A computer-aided design (CAD) software (SolidWorks; Dassault Systems, v2016) was utilized to
create the 3D models for bioprinting and generate the final stereolithography (STL) files. The open-
source slicing software Slic3r (v1.2.9) [30] was utilized for G-code generation. Slic3r is mainly
utilized in FDM and therefore it is not designed to operate pneumatic printheads. For that reason,
custom post-processing Perl scripts were required to transform the original G-Code to the particular
characteristics of the multi-material 3D bioprinter used. The four printheads moved according to G-code
instructions, depositing biomaterials where they were initially programmed. Finally, the G-code was
sent to the bioprinter using Repetier-Host (v1.6.2) software [31], which was also in charge of monitoring
the bioprinting process.

2.3. Multi-Material Bioprinting Procedure and Calibration

Figure 3 describes the procedure to prepare a 3D model for the multi-material bioprinting process.
This procedure starts opening the STL files containing the original geometry with the slicing software.
In case a multi-material printing process is desired, several STL files should be generated, each of them
assigned to the particular printhead that will print that part of the geometry. The assigning operation
is performed in Slic3r using the “Settings” button. Each STL file will be displayed in a list on the
left-hand side of the window and assigned to a specific printhead (Figure 4a).

When several printheads are assigned, the 3D model visualization will appear with a different
color for each printhead (Figure 4). If only one printhead is utilized, a single STL will be required.
Once the printing settings are introduced (deposition speed, infill pattern, number of perimeters, etc.),
the G-code is generated and sent to the 3D printer through the Repetier-Host.

xy offsets of the 3D printer utilized were configured according to Figure 5a. When using multiple
printheads, the original offset coordinates of the first printhead (P1) are set to zero (x = 0, y = 0).
Then, the xy offset coordinates of every additional printhead must be determined with respect to
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the coordinates of P1. Every offset must be entered in the slicing software to compensate for the
misalignments between the printheads. Depending on the particular printer used and the configuration
of its printheads, the values of the offset coordinates can be very different.

 

Figure 3. Flowchart of the procedure for the G-code generation and the interaction with the 3D
bioprinter interface.

 

Figure 4. Multi-material printheads assignment using Slic3r software. (a) porous structure with four
layers stacked, each one assigned to a different printhead; (b) 3D model of a heart section composed of
four parts; (c) printhead trajectories calculated by the slicing software using a porous infill.

 

Figure 5. Schematic representation of the (a) xy-offsets and the (b) z-offset of four printheads P1/P4.

81



Materials 2018, 11, 1402

z-offset between various printheads also represents a crucial point for multi-material calibration
(Figure 5b). A z-homing push button was installed in the 3D multi-material bioprinter to perform the
automatic calibration of the z-offsets. This configuration allows us to use nozzles of different types and
heights. In addition, this automatic system reduces drastically the time required to start the printing
process because there is no necessity to perform any manual adjustment and the whole calibration
process is done at once.

2.4. Hydrogel Preparation

Poloxamer 407 (P407, Pluronic® F127; Sigma-Aldrich, Madrid, Spain) was prepared at 40 wt % by
weighing the quantity of polymer required and mixing in cold Milli-Q water at 4 ◦C. P407 powder
was added gradually to MilliQ water to facilitate the dilution and stirred vigorously for 3 h using
a magnetic stirrer at 4 ◦C. Once the solution was homogenized, it was centrifuged and stored overnight
at 4 ◦C to remove air bubbles. P407 prepared solutions were always stored at 4 ◦C until further use.

Gelatin from porcine skin (G1890; Sigma-Aldrich) and sodium alginate from brown algae (A0682;
Sigma-Aldrich) were dissolved in phosphate buffered saline (PBS) without salts at 10 wt % and 4 wt %
respectively. A solution of 5%Gel-2%Alg was prepared by blending. The pH of the solution was
adjusted to 7.2–7.4. Solutions were mixed using vortex and centrifuged at 1000 rpm for 1 min to
remove air bubbles.

Four different fluorescent dyes (see clear differences in fluorescence under UV light at the
Figure 2d) were utilized to improve the visualization of P407 and Gel-Alg (except in the case of
using cells to avoid cytotoxicity) bioinks: orange (1:100; IFWB-33; Risk Reactor, Santa Ana, USA), clear
blue (1:500; IFWB-C0; Risk Reactor), yellow-green (1:1000; IFWB-C8; Risk Reactor) and red (1:1000;
IFWB-C7; Risk Reactor).

2.5. Cell Isolation and Culture

Human adipose derived mesenchymal stem cells (hASCs) were isolated from lipoaspirates of
young healthy donors undergoing aesthetic surgery (from 18 to 35 years-old), following written
informed consent and Research Ethical Board approval by Clinica Isabel Moreno and Hospital General
Foundation, Valencia, Spain. Donors were previously screened for Human Immunodeficiency Virus
(HIV), hepatitis C and other infectious diseases. hASCs were expanded following the protocol
described by Escobedo-Lucea et al. [32] and harvested with Tryple® (Invitrogen, Carlsbad, NM,
USA) at 85% confluence.

2.6. Bioprinting Cell-Laden Constructs Using Gel-Alg Blends

hASCs were mixed with the bioink (cell density of 106 cells/mL) by gentle pipetting to create
a homogeneous suspension that was transferred into a 5 mL Luer-lock syringe (Nordson EFD, Alfafar,
Spain) and closed with a piston (SmoothFlow; Nordson EFD). Extrusion was performed under
controlled air pressure. The cell-laden bioinks were deposited into class slides through a 25G tapered
nozzle (Nordson EFD) at a printing speed of 15 mm s−1. The 3D-printed constructs were finally
crosslinked in 3 wt % calcium chloride (CaCl2; Wako, Tokyo, Japan) for 6 min and then washed three
times with phosphate buffer (PBS) and replaced with growth medium, Dulbecco’s modified Eagle’s
medium (DMEM, Invitrogen) supplemented with 6% human serum.

2.7. Cell Viability Assay

Cell viability in the printed constructs was assessed by live/dead assay (R37601; Life Technologies,
Carlsbad, NM, USA) according to manufacturer’s instructions. Briefly, after printing, and crosslinking,
samples were washed three times with PBS, stained with live green (A) (Calcium-AM; 0.5 μL/mL)
and dead red (B) (ethidium homodimer; 2 μL/mL), and incubated for 15 min at RT. Fluorescence
images of printed samples were captured 1 h and 24 h after deposition under confocal microscope
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(Olympus FV1200, Olympus, Tokyo, Japan). Data are representative of the printed samples of four
layers stacked images.

2.8. Calibration Models for the Multi-Material Bioprinting Process

Two main calibration models were proposed to adjust the four printheads’ xy positions with
respect to each other and define the optimal printing pressure. These models aim to determine the
printability and final print resolution in multi-material bioprinting systems. The proposed calibration
3D models were designed using the CAD modeling software SolidWorks (Dassault Systems, v2016),
and exported as STL files. A detailed description and justification of the calibration models are given
in the following paragraphs:

• xy-offset pattern (calibration model 1): straight lines were printed in the x and y directions using
two different printheads (Figure 6a). xy offsets of the four printheads were calculated with regard
to the first printhead (P1). For that reason, half of the straight lines were printed using P1 and the
other half were printed using a different printhead (P2, P3 or P4).

• Zigzag path (calibration model 2): a continuous zigzag was printed using each printhead in other
to determine the correct printing pressure and speed (Figure 6b). An increasing distance of 20 μm
was separated between all of the lines (Δd) with a separation between lines ranging from 200 μm
to 500 μm. The optimal printing pressure was determined when all the printed lines did not
overlap and were printed forming continuous strands.

 

Figure 6. Schematic illustration of the calibration models xy-offset pattern (a) and printing pressure
dependent zigzag path (b) where the distance d0 = 200 μm, and the variation Δd = 20 μm.

Both calibration models were printed using 40 wt % P407 on 50 × 75 × 1 mm glass slides (Corning
Inc., New York, NY, USA). The P407 was loaded into 3 mL and 5 mL syringe barrels (Nordson EFD) at
4 ◦C and extruded at 24 ◦C. xy-offset calibration model was printed using tapered nozzles with three
different inner diameters: 200 μm (27G; Nordson EFD), 250 μm (25G; Nordson EFD) and 330 μm (23G;
Nordson EFD). The calibration model 2 was printed in a range of pressures from 12 psi to 20 psi and
speed from 5 mm s−1 to 25 mm s−1 using a 27G tapered nozzle.

2.9. Printing Performance Metrics

Printing accuracy was assessed utilizing the measurement of specific distances in printed
calibration models using ImageJ (NIH, Bethesda, MD, USA) [33]. Printed models were photographed
right after the printing process to prevent drying of the samples and potential deformations.

All of the micro-photographs of samples and additional videos of the printing process were taken
using a digital single-lens reflex (DSLR) camera (EOS 700D; Canon, Tokyo, Japan), placed on a firm
tripod and under controlled lighting conditions. Images of printed samples’ heights were taken using
a USB microscope camera (KKmoon 500×; Digital microscope, Shenzhen, China).
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3. Results and Discussion

3.1. Efficient Calibration for Multi-Material Bioprinting

Bioink P407 was used in the 3D bioprinter calibration, and the evaluation of the printing process.
This bioink was selected because of its stable nature, exceptional printability, adequate viscosity,
and low swelling [22,34]. Note that the P407 allows for evaluating the capabilities of any bioprinter
minimizing the influence of material properties and other secondary factors involved. All of the
properties mentioned facilitated the creation of complex architectures and their subsequent evaluation.

First, calibration model 1 was printed to perform a quick visual calibration of the xy offsets
in the four printheads utilized (Figure 7a–d). Calibration errors or deviations in both x and y axes
were measured simultaneously using the printed strand patterns of both axes (Figure 7c). After
printing, the patterns allowed the alignment of the printheads P2, P3, and P4 with respect to P1.
We considered either positive or negative misalignments in a range between 100 μm and 500 μm.
For instance, Figure 7b,d show clear x-axis misalignments of +200 μm and −500 μm, respectively. Once
the deviations are visually identified, the correction values can be introduced in the slicing software,
and the new G-code will correct the position of the printhead nozzles.

Figure 7. Images of the printed xy-offset pattern calibration model between P1 and P2. (a) perfect
alignment between P1 and P2; (b) +200 μm x-offset of P2 respect P1; (c) overall picture of x and y
calibration models printed at the same time; (d) −500 μm x-offset of P2 respect P1; (e) alignment
accuracy in x and y axes measured for three different nozzle sizes (200 μm, 250 μm, and 330 μm); scale
bars: 2 mm.

The results of the xy alignment for three different nozzles are shown in Figure 7e. The increase of
the nozzle diameter produced a decrease in the alignment accuracies of both directions. These results
can be explained by the much thicker printed lines produced when using bigger nozzles. The same
observations, the smaller the nozzle diameter, the higher the line with resolution, were reported by
Suntornnond et al. evaluating pluronic F127 [24]. Therefore, it is preferable to perform the 3D printer
calibration with the smaller nozzle available. The light blue area indicates the limits for the 200 μm
nozzle in the x and y directions, which obtained the best results of the three nozzles. The maximum
alignment errors obtained for this nozzle were in a range from −23 μm to 18 μm in the x direction and
from −20 μm to 22 μm in the y direction. These values are sufficiently low and guarantee that the
alignment accuracy is at least of a similar order of magnitude to the mechanical resolution of the 3D
printer (20 μm).
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The layer-by-layer approach characteristic of additive manufacturing (AM) makes the thickness
of the printed layers became the primary factor defining the print resolution along the z-axis. When
the nozzle is too far from the platform, the printed layers will not adhere to the surface, creating
discontinuous strands, and the next layer will not be deposited adequately (Figure 8a). On the other
hand, if the tip is too close to the platform, it might lead to a clogging of the nozzle or a discontinuous
printing. In some research works, the 3D models are sliced into layers with a slicing height equal
to 70% or 80% of the inner needle diameter [26,35]. A lower layer height will result in fewer errors
between the layers, but longer printing times. Herein, we found that using a slicing height equal to the
nozzle diameter was beneficial when determining the effective deposition rate. Therefore, establishing
the right distance between the nozzle and the printing bed for the first layer is of vital importance for
avoiding further deposition problems.

 

Figure 8. (a) scheme of the possible defects in the first layer calibration: nozzle too far from printing
platform and nozzle too close to printing platform; (b) images of the zigzag path calibration models printed
at a deposition speed of 15 mm s−1 for various printing pressures; scale bar: 1 mm; (c) quantification of
the number of filled spaces between strands in the calibration model 2 varying printing pressure and
deposition speed (green: good; orange: normal; red: bad; x: discontinuous printing).

The second calibration model or zigzag-path model was useful for determining the printing
pressure needed to produce strands of the desired diameter. The variation of the printing pressure in
Figure 8b for a fixed deposition speed of 15 mm s−1 produced strand widths of different dimensions.
As expected, an excessive printing pressure and a low deposition speed produced dramatically wider
strands that can eventually overlap (Figure 8c).

3.2. Print Resolution in Multi-Material Bioprinting

Extruded hydrogels usually result in spreading or diffusion from the initial shape as a consequence
of standing their weight and their slow gelation rates [13]. In addition, the printed strands are never
cylindrical, even if we use hollow cylinder-shaped nozzles. For these reasons, we decided to evaluate
the print resolution of printed P407 filaments by two dimensions: width and height. We measured
these two variables (Figure 9a,b) for different values of printing pressure and deposition speed to
identify the optimal printing setup.

We observe that pressure and speed are strongly correlated while working at intermediate
pressures (14–20 psi). However, the pressure is probably a more critical factor than deposition speed,
especially for the height of the filaments printed (Figure 9a). This is consistent with previous studies
on shear thinning hydrogels as the one performed by Trachtenberg et al. printing poly(propylene
fumarate) (PPF) [25]. They determined that fiber height and width decreased with increasing deposition
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speed and decreasing pressure. In addition, they also showed the higher effect of pressure with respect
to speed and that the interaction of both factors (pressure and speed) is of great importance.

Figure 9. Impact of the printing pressure and deposition speed when creating rectilinear filaments.
Quantification of the height (a) and width (b) of the printed filaments using 40 wt % P407 and a 27G
tapered nozzle. Data represents the mean and standard deviation of six different samples (n = 6);
(c–h) Representative photographs of different filaments printed at a constant pressure of 16 psi on
a cover glass while reducing the deposition speed from 30 mm s−1 to 5 mm s−1); scale bar: 500 μm.

When printing at very low pressures (12 psi), there was a limitation in the deposition speed
(around 8 mm s−1) for creating continuous filaments, much lower value than the 25 mm s−1 achieved
at the pressure of 16 psi. Discontinuous strands were usually generated when printing at higher
deposition speed (Figure 9c).

In general, strand width should be almost always greater than height when keeping constant
the value of the thickness layer (200 μm) because the nozzle tends to flatten the printed samples.
We hypothesized that optimal printing configuration would be that the filaments show similar height
and width values with a low swelling ratio. Figure 9a,b demonstrated that these conditions were
achieved for printing pressures of 16 psi and 18 psi, and deposition speeds of around 21 mm s−1 and
25 mm s−1, respectively. Using these parameters and 27G nozzles, the height and width of the strands
were very similar: (i) for 16psi was around 202 μm and 230 μm; and (ii) for 18 psi, the height–width
values were 219 μm and 238 μm, respectively. Finally, we would like to highlight that very high
pressure (20 psi) was a synonym of nonlinear response with too much bioink deposition and diffusion.
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3.3. Multi-Material Bioprinting of Complex Scaffolds and 3D Constructs

After the four printheads were calibrated in x, y, and z axes and the appropriate setup was found,
representative complex structures were printed to demonstrate the goodness of our proposed method.
Different bioinks were printed per each layer to study the accumulated misalignments that produce
heterogeneous patterns in the lattice scaffolds, and consequently the further reduction of the porosity.

Firstly, porous lattice structures composed of one bioink per layer were printed using two
printheads (two fluorescent bioinks). The lattice structures were printed using infill percentages
ranging from 10% to 35%. Low and medium infill percentages produced homogeneous patterns across
the xy plane (Figure 10a–d) because of the successful calibration method. Nevertheless, the higher the
infill percentage, the less homogeneous the pattern is. In that case (Figure 10e,f), there was a difference
between the theoretical pore area designed and the total pore area printed. The printed pore area was
smaller than the theoretical one, similar to what He et al. reported [13].

After printing the first layer, the second layer became a weight load to the first layer at the
intersection. In addition, and as explained by [13], the radial diffusion of the upper hydrogel layer on
the lower one at the intersections produced a radial narrowing of the pore. As a result, we obtained
more rectangular-shaped pores than squared ones. These observations were more evident when the
infill density was between 25% and 35% (Figure 10d–f). The limiting higher infill percentage seems to
be 30%, with only a few overlapping areas observed. Therefore, we demonstrated that conducting
an accurate calibration process is a guarantee of the integrity of the structures created layer-by-layer.

 

Figure 10. General and detailed views of porous lattice structures printed with two bioinks and
two printheads. Each bioink was used in a different layer. The G-code was generated using the slicing
software with the infill percentages: 10% (a), 15% (b), 20% (c), 25% (d), 30% (e) and 35% (f). The printing
pressure and speed utilized in all the cases were 16 psi and 15 mm s−1, respectively; scale bars: 2 mm
(general views) and 500 μm (detailed views).

More complex lattice structures with fluorescent bioinks were printed using the four printheads
mounted in the bioprinter. Diagonal and rectilinear patterns (Figure 11a–d) were stacked successfully
into two different multi-material scaffolds (Figure 11g,k). The step by step stacking of the layers
is depicted in Figure 11e–g,i–k. As in the previous scaffolds, the fidelity at the central part of the
structures was better than that at the edges. The lack of accuracy near the edges was due to the
accumulation of material in the region where the lines change their angles, similar to the mistakes
reported by He et al. for single material extrusion [13]. Looking at the intersection point of the diagonal
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structure (Figure 11h), we observed that the printheads in charge of dispensing blue and red hydrogels
were slightly deviated in the +x coordinate (according to Figure 7b). This effect was probably the
leading cause of the small dissimilarities in shape observed at the empty triangular areas. These
differences were consistent with the geometry tolerances of the structures due to the alignment errors
in the x-direction reported in the previous sections. In summary, both multi-material structures were
printed successfully due to the automatic calibration system used.

 

Figure 11. Pictures of a complex porous structures printed using four printheads with parallel and
diagonal rectilinear patterns. Each fluorescent bioink was deposited in a different layer (a–d) with
a total of four layers stacked (e–g,i–k). Detailed view of the diagonal (h) and perpendicular lattice
structures (l); scale bars: 1 mm.

Regarding the rectilinear scaffold, the structure was created without overlapping areas (Figure 11i).
The diffusion of the upper layer toward the lower one was due to the gravity being more evident
than in the previous structure (Figure 11l). This effect is mainly related to the higher infill density
(or smaller pore area). Through the successful printing of these two complex scaffolds, the proposed
calibration methodology for multi-material bioprinting was verified. We believe that this approach
will allow precise control of the deposition of various hydrogels and cell types for the fabrication of
more biomimetic tissue structures.

Another CAD computer model (Figure 12a), which entails greater complexity compared to the
previous structures (Figures 10 and 11), and thereby more calibration requirements, was printed using
four fluorescent bioinks (Figure 12b). The model is a lattice structure formed by parallel rectilinear
strands, each one with its particular bioink color (Figure 12c). We checked the existence of overlaps or
empty spaces between the strands as a sign of an erroneous calibration across the xy axes. The overlaps
with excessive material accumulated tended to break the continuity of the strands of the next layer
(Figure 12e), whereas the errors in the calibration process produced distinct gaps between the parallel
strands (see the blue filament in Figure 12d). On the other hand, if the xy offsets of the four printheads
were correctly determined, the strands were printed without being merged as shown in Figure 12f.
Note that the slicing of the 3D models took into account the swelling ratio of the hydrogel P407
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(Figure 12a). This ratio was estimated at 100 μm per strand. Therefore, the initial diameter in the
computing model needed to be 200 μm to obtain printed strands of 300 μm without overlapping.
We conclude that the structures printed are an excellent example of correct calibration cases.

 

Figure 12. Pictures of a complex porous structure printed using four printheads and rectilinear patterns.
The four printheads deposited dyed P407 in the same layer with a total of two layers stacked. General
view of the CAD design (a) and printed porous structure (b); (c) general view of the first layer;
(d) detailed view of printheads misalignments on the y-axis; (e) detailed view of strands diffusion in
the second layer; (f) detailed view of the porous structure printed correctly. Scale bars: 1 mm.

Kang et al. [7] proved the immense potential of these kinds of lattice constructs (Figure 12b)
to produce mandible bone and ear-shaped cartilage using cell-laden bioinks side-by-side with PCL
to ensure the mechanical strength of the printed constructs. In this paper, we followed a similar
approach regarding the MEBB system with four printheads but avoiding the proprietary nature of
their multi-material bioprinter. Similar geometries with several bioinks printed right next to the
other using parallel rectilinear strands (Figure 12c) but not in a lattice construct were fabricated
by Lui et al. [12]. However, their approach incorporates an array of bioink reservoirs routed to
a single printhead instead of our multiple and separate printheads. An advantage of the Lui et al.
system is that it can eject the bioinks in individually or simultaneously, but it is limited to the use of
a single nozzle, which restricts the ability to print hydrogels with very different viscosities. Other
multi-material bioprinters such as the 3D-Bioplotter (EnvisionTEC, Gladbeck, Germany) incorporates
a mechanism designed to exchange the printheads, which gives flexibility but increases the cost and
complexity. Multiple bioinks can be printed in the same 3D model, but increasing the total printing
time significantly. Although commercially available 3D bioprinters from EnvisionTEC and RegenHU
can assure mechanical resolutions up to 1 μm and 5 μm, respectively, we demonstrated that our system
with limited mechanical precision also produced complex structures with enough accuracy for tissue
engineering applications [16,25,26,35,36].

Another CAD model to show the potential of a well-calibrated multi-material 3D bioprinter for
generating complex structures is depicted in Figure 13. The model represents a human heart section
where each of the parts consisted of a single perimeter and a porous infill at 15% printed in two layers.
All of the printing trajectories, either for the perimeter or the porous infill (Figure 4b,c), were generated
automatically by the slicing software, which greatly facilitated the printing process. We proceed with
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the following printing sequence: orange (P1), blue (P2), green (P3) and red (P4), but this ordering can
be easily changed.

 

Figure 13. Complex multi-material printing of model that represents a human heart section. The model
is composed of heterogeneous bioinks to demonstrate the multi-material capabilities of our system.
(a–d) printing of the main parts of the heart section separately; (e) combination of the multiple parts
using the four bioinks in a complex structure; scale bars: 5 mm.

The CAD model of the heart section has curvilinear geometries that create complex trajectories
than previous models (Figure 12) based on straight lines. These geometries increased the number of
print errors detected. For instance, blue (Figure 13c) and green (Figure 13d) bioinks overlaid the thin
middle sections of the heart printed of orange bioink (Figure 13b). Better calibration procedures might
avoid these defects by incorporating the effect of the bioink swelling during CAD models generation.
Liu et al. printed a very similar geometry of the human heart section using their multi-material platform
described before [12]. We obtained similar results with our constructs showing good demarcation
among adjacent materials.

Cell-laden Gel-Alg and P407 bioinks were printed in a single session creating multi-material
constructs (Figure 14). Gel-Alg represents a more challenging material regarding printability when
compared to P407. Consequently, the printed strands were not straight and the openings were irregular,
reducing the pore area (Figure 14a). Other authors also reported complications when printing Gel-Alg
mixes. Paxton et al. attributed the weak printability to the lower yield stress point of Gel-Alg
blends [35]. Despite this, we were capable of calibrating the bioprinter and obtaining the proper
printing parameters to create complex constructs from the CAD models in a single multi-material
session (Figure 14b–d). High cell viability in the bioprinted Gel-Alg constructs (Figure 15a) was
also ensured at 1 h and 24 h post-printing (Figure 15b,c). These observations demonstrated that our
calibration method using P407 was helpful in adjusting some printing parameters to specific values
that did not reduce cell viability after bioprinting cells with another hydrogel, Gel-Alg blends.
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Figure 14. Complex multi-material structures printed. Gel-Alg and P407 bioinks were printed using
25G and 27G tapered nozzles, respectively. (a) general view of a 2-layer porous lattice structures printed
with Gel-Alg (left, green for printhead 1 and blue for printhead 2) and P407 (right, green for printhead
3 and red for printhead 4) bioinks; (b) general view of circular lattice structure with the inner circle
printed in Gel-Alg (green for printhead 1 and blue for printhead 2), and the outer circle printed in P407
(green for printhead 3 and red for printhead 4); general (c) and side view (d) of an 8-layer porous lattice
with alternating layers of Gel-Alg and P407. Sequence of colors: Gel-Alg (orange), Gel-Alg (blue), P407
(green) and P407 (red); scale bars: 2 mm.

 

Figure 15. (a) general view of 2-layer porous lattice structure printed with Gel-Alg bioinks and two
printheads. Each bioink was utilized for a different layer using a 25 G nozzle (scale bar: 2 mm).
(b,c) Representative confocal images of cell viability assay of printed hASCs using the same Gel-Alg
mixture and printing parameters than that of (a) but without fluorescence inks at 1 h (b) and 24 h
(c) post-printing (scale bars: 200 μm).

3.4. Multi-Material Printing of Complex 3D Vascular Networks

Several tests were performed to produce pillars (vertical strands) and hanging bridges between
them using P407, similar to the fugitive structures printed by Kolesky et al. that mimic vascular
networks [22]. It should be pointed out that the constructs presented in this section were printed
using only 40wt % P407 hydrogels colored with different dyes. This does not diminish the widespread
of the solution proposed for multi-material bioprinting. Pillars were printed moving the printhead
on the z-axis and keeping constant the xy-coordinates. When printing one pillar, and prior to the
printhead movement in the z-direction, the tip of the nozzle was placed at 200 μm from the glass slide
and the solenoid valve was opened a waiting time of 500 ms. Within this time, the P407 started to
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flow and permitted to deposit an excess of material in the base of the pillar, in order to give it more
stability (Figure 16d). If no waiting time was utilized, a weaker pillar base was produced, decreasing
the structure stability. Once the nozzle extruded the pillar moving to the desired height, an additional
waiting time of 1 s was considered to allow the column to stabilize. After that, the nozzle was raised at
a fast speed (25 mm s−1), a distance 2 mm higher than the pillar height to improve its verticality. There
was a limit in the column heights that could be achieved without losing verticality.

 

Figure 16. (a,b) complex vascular 3D networks printed in P407; (c) evaluation of the stability of 3D
printed vertical pillars for a fixed height of 8 mm. Printing pressure ranging from 13 psi to 17 psi and
deposition speeds ranging from 0.5 mm s−1 to 4 mm s−1. The data inside the figure represents the mean
of pillars diameter (in μm) of six different samples (n = 6); (d) side view of 3D printed 4 mm height
pillars; (e) vascular structure printed at two different heights (2 mm and 5 mm) with interconnected
bridges; scale bars: 1 mm.

Different printing pressures (13 psi to 17 psi) and deposition speeds (0.5 mm s−1 to 4 mm s−1)
were tested, producing pillars with different diameters and stability (Figure 16c). A constant pillar
height of 8 mm was set for all the vertical pillars printed with a 27G nozzle. As expected, the lower the
speed and the higher the pressure, the larger the diameter of the pillars extruded. Regardless of the
pressure and the speed utilized, pillars with diameters above 814 μm always remained stable while
pillars with diameters between 678 μm and 762 μm tended to bend slightly losing their verticality.
Above these diameters, pillars collapsed utterly touching the glass slide.

Regarding the hanging bridges between the pillars, the deposition speed on the xy-plane and
the distance between pillars have a direct influence on the straightness of the bridge (Figure 16a).
To generate continuous straight strands (Figure 16b,e), pillars were spaced up to 4 mm while the
deposition speed was set at 7.5 mm s−1. When faster deposition speeds were utilized for the bridges,
the pillars tended to collapse by the impact of the deposited strands. In general, the samples printed
demonstrated excellent results for maximum heights of 8 mm to 10 mm.

If different materials or even the same material but in different concentrations are used to print
this type of vascular 3D networks, it would be first necessary to evaluate the stability of the vertical
pillars for different process parameters, as shown in this section (Figure 16c). Then, the next step
would be to find the optimal deposition speed for the hanging bridges. These types of constructs
were tested by Ribeiro et al. [36] printing poloxamer-poly(ethylene glycol) (PEG) blends at different
concentrations (poloxamer/PEG: 30%, 29/1%, 28/2%, 27/3%, 26/4% and 20%.). They found that
higher concentration of P047 led to a decrease in bridge sagging, which coincides with our observations
at higher concentrations of poloxamer.
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We agree with He et al. [13] that the ideal multi-material 3D bioprinter for tissue engineering
applications should be high throughput, ease of use, with excellent print resolution, and capability
of dispensing multiple bioinks with different viscosities. Even if some of the commercially available
bioprinters incorporate all these specifications, the authors would like to stand up for the open-source
bioprinters. This equipment can provide all discussed advantages plus avoiding the proprietary nature
of the commercial ones. Indeed, our open-source 3D printing platform was capable of achieving
high accuracy and cell viability in multi-material bioprinting with a relatively lower cost than other
commercial units.

3.5. Limitations of the Calibration Method in the Multi-Material Bioprinting Proposed

From a mechanical perspective, the calibration of the four printheads depends on the P1 printhead
stability, and errors on the P1 are propagated to the other printheads. Similarly, a proper leveling
of the printing platform is essential for a successful calibration of the z-offset, which becomes even
more significant when printing large 3D models. Another limitation of our calibration method is the
intrinsic xy-offset tolerance that depends on the predefined separation of the printed lines of the pattern
proposed called calibration model 1. We assume that our results could dramatically change when
printing with very different nozzle diameters or even depending on the material when swelling after
printing and the strands’ straightness are not the ideal ones. Moreover, different human errors could
cause incorrect choices in the visual identification of the best-aligned pair of strands. Potential users
must consider all the tolerances and mistakes mentioned when determining the final print accuracy
of their equipment. Concerning the structures printed, critical locations such as sharp corners still
need more effort to identify the proper changes in the printing pressure and deposition speed to avoid
an excessive accumulation of materials in those areas.

4. Conclusions

The use of multiple cell types and biomaterials is essential to recapitulate the architecture,
mechanical strength, and complexity of human tissues. In 3D bioprinting, maintaining the print
resolution along the layer-by-layer manufacturing process offers greater stability when creating thick
self-supporting tissue constructs. We presented a non-expensive and useful calibration method
applicable to multi-material 3D bioprinting. The particular multi-material 3D bioprinter herein used
was a desktop 3D printer modified to incorporate four independent MEBB printheads.

The base bioink employed for calibration due to its remarkable stability was P407 hydrogel mixed
with four fluorescent dyes. Our calibration procedure is exportable to any bioprinting system, but it is
strongly recommended to use an automatic z offset system to reduce the configuration time drastically.
Parameters such as the printing pressure, deposition speed, nozzle height, and nozzle diameter were
evaluated from the experimental results to obtain the optimal printing conditions.

Multi-material constructs were printed in different combinations of P407 and Gel-Alg bioinks. In
addition, complex multi-material 3D models and intricate vascular networks were created assessing the
final accuracy and printing precision of the bioprinting platform. Cell viability after printing cell-laden
Gel-Alg bioinks was also verified with successful results. Future works will explore the creation of
more complex tissue constructs with different biomaterials and cell types. Other technologies such
as drop-on-demand bioprinting could also benefit from the method proposed. Future works could
consider the use of different bioprinting technologies to demonstrate the potential and universality of
the proposed multi-material calibration method.
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Abstract: One of the main limiting factors for a widespread industrial use of the Selective Laser
Melting Process it its lack of productivity, which restricts the use of this technology just for high
added-value components. Typically, the thickness of the metallic powder that is used lies on the
scale of micrometers. The use of a layer up to one millimeter would be necessarily associated to a
dramatic increase of productivity. Nevertheless, when the layer thickness increases, the complexity of
consolidation phenomena makes the process difficult to be governed. The present work proposes a
3D finite element thermo-coupled model to study the evolution from the metallic powder to the final
consolidated material, analyzing specifically the movements and loads of the melt pool, and defining
the behavior of some critical thermophysical properties as a function of temperature and the phase of
the material. This model uses advanced numerical tools such as the Arbitrary Lagrangean–Eulerian
formulation and the Automatic Remeshing technique. A series of experiments have been carried
out, using a high thickness powder layer, allowing for a deeper understanding of the consolidation
phenomena and providing a reference to compare the results of the numerical calculations.

Keywords: Selective Laser Melting; thermo fluidic; phase change; consolidation; Arbitrary
Lagrangean–Eulerian Method; metallic powder

1. Introduction

In the Selective Laser Melting Process (SLM), the objective, in an industrial context, is to
manufacture continuous solid components layer by layer. It uses a laser beam to consolidate the
metallic powder at each of the steps in the growth of the workpiece [1]. The layer-by-laser philosophy
of production theoretically eliminates the geometrical complexity of the part as a restriction for the
manufacturing process. This circumstance provides the additive manufacturing technologies with
large advantages to face geometrically complicated designs and a high flexible demand, in comparison
with conventional techniques [2].

As is well known, productivity is one of the main limiting factors for a wide use of the additive
manufacturing technologies [3], restricting their industrial application to only high added value parts,
such as aeronautical parts [4] or medical implants [5].

The use of high thickness powder layers in the SLM process can contribute to improve productivity
by reducing the number of steps for a given height of the desired component. There are multiple
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works, of theoretical or experimental nature, where the thickness of the powder layer and the diameter
of the laser beam lies on the microscale. In reference [6], a layer of 30 μm is used to carry out an
experimental parametrization of the process. Reference [7] calculates the evolution of the temperature
during the SLM process considering a beam diameter of several tens of microns. If the thickness of the
layer is turned into a scale ranging from several hundred microns up to 1 mm, and, the laser beam
is adjusted to a diameter of several mm, the productivity of the process necessarily experiences a
dramatic increase.

Although the relation between the size of the powder layer and the beam diameter with the
productivity is extremely clear, there is neither significant research nor industrial usage of large beams
and thicknesses for the SLM process. It can be associated with the more complex behavior of the
melt pool, when a larger amount of material is involved, which makes the process more difficult to
be governed.

Although most of the relevant phenomena in the consolidation of the material are present with
small bed thicknesses, such as limited diffusivity associated to poor particle contact, phase changes,
and, for the liquid metal, gradients of surface tension associated with Marangoni convection, or even
recoil pressure; in the case of large thicknesses these factors strongly influence the size and shape of the
melt pool leading to a relatively high degree of curvature of the geometry of the consolidated material.

There are different approaches to study the consolidation of the material during the SLM process.
The work of [8], highlights very important aspects of the consolidation, such as the evolution of
the material throughout several phases, powder, liquid and solid. The relevance of considering the
evolution of the melt pool, with explicit use of the fluidic properties of the liquid metal, such as
dynamic viscosity or surface tension, is emphasized. However, the use of a discrete particle model
forces the representation of the domain to be at the scale of the metallic particles (several microns) and
makes it difficult, from a computational point of view, to project the behavior of the melt pool on the
final dimension of the consolidated material in a real process.

A totally different approach is carried out on the models based on the activation of layers of
finite elements when they are reached by the laser beam, reproducing in this way the manufacturing
of the part layer by laser [9]. These models depart from the final design of the part that is going to
be manufactured, study the evolution of the temperature, and, in some cases, estimate the residual
stresses in the bulk of consolidated material. No analysis of the phase change or the melt pool is
performed. While this approach can provide interesting results, at little computational cost, associated
to processes with a very low layer thickness, where the movements of the melt pool are very small, in
the case of normal or high thickness of the powder bed, the simulation cannot depart from the final
design of the part since, in these cases, the final shape of the consolidated material cannot be predicted
with only thermal or mechanical stress considerations. For instance, in reference [10], it can be seen
that the initial powder has given rise, as a consequence of the SLM process, to a drop-like profile in the
cross section of the consolidated material. It can only be due to the surface tension when the metal was
in liquid state.

The present work proposes the use of a coupled thermo-fluidic model in the frame of a moving
mesh, in combination with experimental test of the process with a powder bed of 1 mm thickness.
When a large thickness of the powder bed is considered, there is such an amount of liquid metal
submitted to the effect of the surface tension that the differences between the original flat domain
representing the powder bed and the arising droplet forces the domain not only to move but also
to recursively experience re-meshing. The droplet formation process happens in a time scale of
milliseconds. The model considers the evolution of the material during the different phases, powder,
liquid and solid, associating some critical thermo-physical properties, such as thermal conductivity,
dynamic viscosity or surface tension, with the temperature and the phase of the material, making
specific considerations to describe phase change. The concatenation of the thermo-fluidic properties to
describe two different phase changes, powder to liquid and liquid to solid, must be adapted to the
characteristics of each process in particular. Sigmoid functions are proposed to describe the evolution
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of the thermo-physical properties during the different states of the matter. The use of this explicit
formulation for the phase change introduces an innovative way of dealing with it, which does not
have high computational requirements. The application of the finite element method on domains
representing the powder bed and the substrate, makes the study of the consolidation happen at a
scale where the final macroscopic dimensions of the material can be predicted, thus favoring, in
this way, its application to real industrial situations. The so-called Arbitrary Lagrangean–Eulerian
formulation [11] is used to allow the movement of the mesh to be performed, which, along with some
specific numerical tools, like Automatic Remeshing techniques, enables the movements of the melt
pool to be fully represented. A series of experimental tests was carried out using a 1 mm thickness
powder bed. These tests were used, in the first place, to understand some critical aspects associated
to the use of large thicknesses. Finally, theoretical and experimental cross sections were compared,
showing a good degree of agreement.

2. Materials and Methods

The AISI 316L has been chosen as working material. This election has its basis on the wide
use of this kind of steel in those fields where the additive manufacturing technologies have the
maximum potential of application [12]. The AISI 316 steel offers high mechanical resistance, good
corrosion behavior, and, of interest for medical applications, good biocompatibility properties [13].
The combination of these characteristics of the material with the capability of additive manufacturing
to manufacture very complex geometries, made to measure in some cases, make of high interest the
use of powders of AISI 316L and understanding its behavior in the selective laser melting process.

The commercial powder METCO MetcoClad™ 316L-SI has been used to carry out the real tests.
The dominating spherical shape of its particles and its granulometric size distribution, facilitate the
development of theoretical hypotheses to adjust the thermo-physical properties in the modelling.
Table 1 shows the main characteristics of the commercial powder used.

Table 1. Composition and particle size distribution of the MetcoClad™ 316L-SI powder.

Composition
(%wt)

Fe Ni Cr Mo Si Mn C Others

Balance 12.0 17.0 2.5 2.3 1.0 0.03 ≤0.05

Particles size
(μm)

Nominal Range – (%) > 106 44 < (%) < 106 (%) < 44
44–106 – 5 90 5

2.1. Constitutive Equations and Its Implications on the Modeling

2.1.1. Absorption Coefficient of the Metal Powder

When the laser beam hits the metallic powder, part of the electromagnetic radiation is absorbed
leading to an elevation of the temperature in the interaction area. During the time in which the powder
is heated but not having experienced melting yet, that part of the radiation that is reflected from a
given particle may impact on one of the surrounding ones, which, in turn, will behave in the same
way absorbing part of the radiation and reflecting the remaining. The repetition of this process among
adjacent particles (see Figure 1) leads to a higher overall absorption coefficient, especially, if compared
with the situation of a laser beam irradiating a flat surface where the reflected radiation escapes from
the material.

The total absorption, AT, can be characterized by the addition of the radiation absorbed by each
particle Ai plus the effect of the reflected radiation on each particle, when it impacts on the surrounding
ones, as the product of the reflection coefficient of the first one Ri by the respective absorption coefficient
corresponding to the particle which receives this reflection Ai+1. According to the Fresnel Equations
from the electromagnetic theory [14], the absorption coefficient of radiation when it impacts on the
surface of a conducive media depends on the kind of polarization of the radiation, its wavelength, the
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optical properties of the material (complex refraction index) and the angle of incidence between the
propagation direction of the radiation and the normal vector of the irradiated surface, θ. While most
of the indicated variables can be fixed for a given process configuration, and the complex refraction
index of the material for the process wavelength can be taken from [15], the incidence angle of the laser
radiation on each particle is a random variable, whose value can vary between 0 and π/2 rad. Since
there is no reason to consider any value of the defined range as the most likely, this uncertainty can be
solved by taking the average absorption coefficient from all the values of the range, A(θ0

π/2). In this
way Ai+1 = Ai = A(θ0

π/2). Additionally, not all radiation reflected from a given particle is trapped by
the surrounding ones, and it can be released definitely from the bulk of powder. This phenomenon
can be described by a coefficient to retain radiation within the bulk of powder, η, which can be related
with the thickness of it, h. Like this, the multiple reflection process can be described mathematically by
a series, as Equation (1):

AT = A(θ0
π/2) + η(h)R(θ0

π/2)A(θ0
π/2) + η(h)2R2(θ0

π/2)A(θ0
π/2) + η(h)3R3(θ0

π/2)A(θ0
π/2) + . . . (1)

Equation (1) corresponds to a convergent series that can be expressed by a general term as
Equation (2):

AT =
A(θ0

π/2)

1 − η(h)R(θ0
π/2)

(2)

 

Figure 1. Illustration of the way in which the radiation reflected from a given particle may impact on
the surrounding ones, in a multiple reflection process, resulting in a high absorption of the radiation
supplied by the laser beam.

2.1.2. Thermo-Fluidic Coupling

Once the energy from the laser source has been absorbed by the powder, its temperature quickly
increases. At the beginning, the short contact surface of the particles limits thermal diffusivity and
the melting of the powder occurs just in the proximities of the laser-powder interaction zone. Once
the liquid has been formed, the heat diffusion and wettability conditions improve, and the melt pool
spreads beyond the limits of the interaction area [16]. The first phase change that takes places happens,
therefore, for that part of the powder that becomes liquid, and the subsequent phase change will
happen with the solidification of that liquid to form a consolidated solid. Both transitions, powder
to liquid and liquid to solid, are driven by the thermal cycle imposed by the scanning of the laser
source (fast heating and fast cooling respectively), although, each of them takes places under specific
circumstances. The material which experiences melting during the heating stage evolves from being
disaggregated particles with very low cohesion force among them and no continuous surface (each
particle has its own one), to a continuous medium where exists friction among molecules characterized
by the dynamic viscosity of the liquid metal, and, at the surface, cohesive forces associated to the
surface tension of the liquid. The shape of the melt pool is configured, therefore, by the combined
effect of the own weight of the melt pool (hydrostatic pressure), the influence of dynamic viscosity and
surface tension. This combination of loads leads, as will be seen with the experimental and numerical
results, to a geometry of the melt pool tending to acquire drop shape.
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The solidification of the liquid, during the cooling stage, takes place by the increase of the cohesive
forces among molecules of the material during the consolidation phenomena. In this way, the shape
acquired by the melt pool tends to be maintained despite the disappearing of the effect of the balance
between the surface tension and the hydrostatic pressure.

Figure 2 schematically represents the traversing of the laser beam across a given section for
different temperatures, T, in order to illustrate the preceding ideas. The final height of the consolidated
material, as well as its drop shape are the consequence of several physics phenomena. In the first place,
the poor thermal conductivity of the powder makes the energy supplied by the laser beam concentrate
intensely around the laser-powder interaction area. It makes that in that region the melting point is
exceeded, not only by the powder and substrate which are strictly under the laser beam, but also by
the powder around it. It makes that, in the end, the volume submitted to melting is larger than just the
volume of powder strictly under the laser beam. Once the volume of heated powder becomes liquid,
its surface tension forces it to evolve form a volume with the shape of a rectangle in the powder be to a
taller drop of liquid metal, whose height is dependent mainly of the time that the material evolves
in liquid state. Additionally, given the low amount of energy needed to melt isolated particles, those
of them around the melt pool are wetted by it and consequently melted, being incorporated into the
melt pool, contributing significantly to the amount of liquid material. The concentration of energy
under the laser-powder interaction area must also allow for melting the substrate to ensure a proper
adhesion of the consolidated material to it. If the melting of the substrate does not happen, the melt
pool does not penetrate it, and, although a consolidated ribbon might be formed, it is not welded to
the substrate. During the melting of the powder, the air contained initially in the pours is released,
making the density of the domains increase. Again, during the cooling of the material some effect of
shrinkage happens, which is also reflected in the evolution of density. This effect during cooling is also
considered in Figure 2.

Figure 2. Illustrative representation of the consolidation of the material during the traversing of a given
cross section by the laser beam.

The thermal part of the calculations is governed by the heat conduction equation in a fluidic
media, Equation (3);

ρCp
∂T
∂t

+ ρCpu·∇T = ∇(κ∇T) + Q. (3)
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In Equation (3) the term Q represents any volumetric energy exchange that takes places in the
studied bulk material. In this context, the latent heat of the phase changes and the metallurgical
transformations are the inputs for that term. Equation (4) introduces the laser source as a surface
boundary condition:

− n·(−κ∇T) = Qb (4)

In Equation (4) Qb represents the irradiance of the laser beam.
The fluidic evolution of the melt pool, when the material is in liquid state, is governed by the

Navier–Stokes equation, as Equation (5) indicates:

ρ
∂u
∂t

= ∇[−pI + μ∇u + μ(∇u)T ] + ρgz (5)

In Equation (5), the last term, ρgz, includes the weight of the liquid as a load in the balance of
forces. ρ is the density of the material, g is the gravity constant and z is the height under the surface of
the fluid. The tangential force at the surface of the fluid Ft because of the surface tension σ is described
by Equation (6):

−∇σ + σ(∇·n)− pextn = n·Ft. (6)

In Equation (6) the term pext includes the effect of the external pressure (the atmospheric pressure
at room temperature) on the surface of the fluid.

Figure 3 shows a flux diagram of the thermo-fluidic coupling. It happens, therefore, due to the
phase and temperature dependence of some critical properties of the matter, such as dynamic viscosity,
μ, surface tension, σ, and density, ρ. The specific capability, Cp, and thermal conductivity, κ, which are
associated exclusively with the thermal balance, also show phase and temperature dependence. For
numerical purposes, a variable to identify the phase of the matter is defined, Ψ (Phase Variable), its
value is set to 1 if the material has exceeded the melting point, and 0, if it has never happened up to
the analyzed instant.

Figure 3. Flux diagram of the constitutive equations, boundary conditions and initial conditions of the
thermo-fluidic coupling.

Figure 3 shows the coupling between the thermal calculations associated to the heat conduction
equation and the laser beam irradiance Qb as a surface boundary condition (block to the left) with
the fluidic calculations by means of the Navier–Stokes equations submitted to surface tension, σ, and
the external pressure, Pext, at the boundaries of the domain (block to the right) [17]. The top block in
Figure 3 contains the initial conditions with the process parameters included. Some of them, such as the
power of the laser P, the beam diameter ø (a Gaussian beam is considered), the scanning speed of the
laser V, the heat capability Cp and thermal conductivity κ are associated with the thermal calculations.
Other properties, such as dynamic viscosity μ and surface tension σ, participate only in the fluidic
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calculations. In the case of density of the material, ρ, it influences the thermal balance since thermal
diffusivity χ is obtained by Equation (7):

χ =
κ

ρCp
(7)

and density also appears in the Navier–Stokes Equation. The velocity field of the domain, u, represents
the three spatial components of the speed of any point of the domain. At the beginning it is set to zero,
since there is no movement of the particles in the bulk of powder. On the one hand, the motion of the
fluid affects the thermal balance; on the other hand, it is the main output of the fluidic calculations.
It allows for determining the movement of the fluid, and therefore, the evolution of its geometry. At the
first step of calculation, the properties of the material derive from the initial temperature, T0, and initial
phase, Ψ = 0, since the material has not experienced melting yet. The effective thermo-fluidic coupling
is driven, as is implicit in Figure 3, by the thermal cycle, and therefore, by the heat calculations. Once
the initial step has been taken, the rising of the temperature determines the turning of the affected
points as Ψ = 1 (the material has molten in these points). The temperature and phase dependence of
dynamic viscosity and surface tension regulate, in turn, the flowing of it, associated to the heating,
and, at the same time, the evolution of density, from the low apparent density of the powder to the
higher density of the fluid, is able to represent the releasing of the interstitial air of the powder, and
the appearance of the liquid as a continuum medium.

During the cooling stage, the use of phase-dependent thermo-fluidic properties, along with the
phase variable, Ψ, determines if the material must cool, either, as unmolten powder or as a rigid solid.

The theoretical basis for the consolidation of the material has been established: the driving force
to turn the powder into liquid is the thermal cycle associated with thermo-fluidic properties dependent
on the temperature and the phase of the matter. This dependence also determines the phenomena
during cooling, giving rise to a rigid solid in those regions where the melting point has been exceeded.
In this context two, challenges arise for the modelling work. From a physics point of view, the behavior
of the thermo-fluidic properties must be adjusted considering the requirements of temperature and
phase dependence. From the numerical point of view, the distinction between molten and unmolten
region by means of a discrete variable, Ψ, has to be implemented on the frame of a moving mesh,
capable of representing the movement of the melt pool.

2.1.3. Numerical Tools to Carry Out the Thermo-Fluidic Coupling

The main goal of the thermo-fluidic approach is the calculation of the shape acquired by the liquid
material under the effect of the surface tension, gradient of the surface tension, the hydrostatic pressure,
the variations of dynamic viscosity and density, as well as maintaining that complex shape during the
solidification of the material. It has some important implications for the numerical calculations.

Figure 2 in the previous section illustrates the cross section of a drop formation during the
scanning of the laser beam. It can be seen that, starting from a flat contour representing the powder
bed, the domain has to evolve to a convex contour several times higher than the original thickness of
the powder bed.

The Arbitrary Lagrangean–Eulerian formulation of the Finite Element Method [11] is able to deal
with the movement of the mesh and can be used to adapt it to the deformation imposed by the fluidic
loads. The basis of this numerical methodology lies in the use of different coordinate systems to have a
reference of the movement of the mesh. While the Eulerian part of the calculation uses a fixed reference
system, the Lagrangean part uses a reference system associated with the points of the material which
moves with them.

Nevertheless, the motion capability of the nodes of the mesh is not enough to represent high
complex geometries. The movement of the nodes of a given element with different directions may
lead to it having a high level of distortion.

According to the general theory of the Finite Element Method [18], a high degree of distortion of
the elements negatively affects the accuracy of the calculations and may lead to the impossibility of
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performing the convergence of the solution. It happens due to the fact that the values of the analyzed
function are calculated, in the interior of each element, by interpolating the values of the nodes. If the
aspect ratio of the element is too high, the result of that interpolation is wrong.

The use of the Automatic Remeshing technique allows the problem of the distortion of the
elements to be managed. It is a feature directly available in the software used for the simulations;
COMSOL MultiphysicsTM. In this way, the distortion is calculated internally by the program as a
positive dimensionless number for each element. The value of this number for an undistorted element
is 0. It can rise and, even descend, following the geometrical evolution of the element. When the
distortion of any element reaches a critical value, the calculations are stopped, and a new mesh is
built on the basis of the deformed geometry at the current simulation step. Figure 4 illustrates the
simulation of the formation of a drop as a consequence of the melting of the powder. The initial mesh
(left) resembles the flatness of the bed of powder. From that moment the simulation proceeds and
the droplet appears progressively (center). At a given instant the distortion reaches the maximum
permitted value. In that instant the numerical calculation stops, and a new mesh is automatically built
by the program (right), if not exactly equal to the deformed geometry, optimized according to the
algorithms of the program, and the initial user-defined mesh size.

 

Figure 4. Process of an Automatic Remeshing. Departing from the initial mesh (left), the drop
formation starts (center), and, when a high value of distortion in any element is reached, a new mesh
is built, based on the deformed geometry (right).

The maximum value of the distortion at which a new mesh has to be done is user-defined. The
procedure to adjust this value starts by attempting to carry out the simulation without limiting the
distortion of the elements. The simulation finds problems in making the solution converge with
a value of distortion about 20, and the calculations can no longer carry on. From this evidence it
may be thought that by limiting the distortion to a very low value the convergence of the solution is
guaranteed. Nevertheless, low values of distortion, such as 1–2, may be quickly reached and forced
to stop and resume the simulation very frequently, with the associated wastes of time and memory.
Considering the aforementioned restrictions, a maximum value of 5 has been used as a criterion to
proceed with the automatic remeshing.

2.2. Thermo-Physical Properties for the Thermo-Fluidic Coupling

Thermal conductivity shows a high phase-dependent behavior. [19] highlights the influence of
the limited contact surface among the particles or the powder bed as a limiting factor for the heat to
diffuse. In the work referred to, where the AISI 316L steel is considered, the thermal conductivity of
the powder at room temperature is significantly shorter than the conductivity of the same material
in solid state. The present work proposes the use of different temperature functions depending on
the absolute maximum temperature reached for each region of the domain. If a given region has
reached, at any time, a temperature corresponding to a melting condition, its phase variable is set to,
Ψ = 1. It determines that its cooling happens by a function different from the one during the heating,
which, instead of returning to the initial conductivity of the powder, evolves along the conductivity
corresponding to the cooling of the solid, considering, even, the different solid state metallurgical
phases, if it is the case. Figure 5 shows the temperature and phase dependence of thermal conductivity.
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Figure 5. Temperature and phase dependence of thermal conductivity.

An important feature of the proposed behavior is the transition between either, powder to liquid
or liquid to solid. It considers conditions far from the thermodynamic equilibrium associated to the
high speed of the heating induced by the laser in the material, and the subsequent cooling, which
is something considered in some references for the case of high power laser treatments [20]. In this
way, the change of state, instead of being quasi-instantaneous, as for a situation of equilibrium,
takes place along a temperature interval following a sigmoid behavior. It is reflected on the
thermo-physical properties.

Density, considering the same hypotheses as for thermal conductivity, shows an intuitive
behavior. It evolves from the apparent density corresponding to the powder of metal, to the density
corresponding to the metal liquid. During the cooling, those regions which have molten, use the
evolution of density with temperature corresponding to a solid. Figure 6 illustrates the phase and
temperature dependence of density.

 

Figure 6. Temperature and phase dependence of density.

Dynamic viscosity plays a crucial role in the evolution of the shape of the material treated. The
value of the dynamic viscosity of a liquid steel can be found in [16]. It can be maintained constant
along the liquid state. Dynamic viscosity can also be used to emulate the behavior of a solid during the
cooling of the material. By associating the dynamic viscosity at room temperature with a value high
enough, the shape acquired by the melt pool during the time that the material is in liquid state, can
be maintained when it cools. This methodology is proposed by [21] for the keyhole welding process,
where a value of 100 Pa·s is considered to be enough to reproduce the behavior of the solid metal. The
value of dynamic viscosity to represent the behavior of the powder of metal is the variable surrounded
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by a higher level of uncertainty. In this work it has been estimated by considering the size and the
dimensions of the droplet formed. The formation of it takes place in a volume where the droplet
is surrounded by powder. Several experiments have been carried out by using a powder bed with
a relatively high thickness of 1 mm. The objective of using such a large layer lies in investigating
whether a big volume of powder tends to limit somehow the capability of the melt pool to acquire a
free shape. If this is not the case, it can be concluded that powder presents no significant wear for the
development of the melt pool, and, therefore, its dynamic viscosity is negligible. The fundamentals
of this analysis lie in the comparison of it with the re-melting test where a laser beam is applied on a
solid metallic plate [22]. When this is done, despite the material reaching the liquid state, no droplet
formation happens. It can be associated with the limitations that the solid metal surrounding the melt
pool imposes on the free movement of it.

Figure 7 contains the image of the cross section of several ribbons obtained after the scanning of
the laser beam on a powder layer of 1 mm. In all the cases the power of the laser beam was 4000 W
and the scanning speed of 400 mm/s, 600 mm/s and 800 mm/s.

 

Figure 7. Cross sections of the consolidated material made with a layer of 1 mm of powder with 4000 W,
400 mm/s (left), 600 mm/s (center) and 800 mm/s (right).

From the results in Figure 8 it can be assumed that the powder around the melt pool, despite
having a high thickness, it has not prevented the liquid material from adopting the corresponding
drop shape. Consequently, the dynamic viscosity of the metallic powder is considered negligible
in comparison with the value of the liquid. Figure 8 contains the proposed phase and temperature
functions for dynamic viscosity.

Figure 8. Phase and temperature dependency of dynamic viscosity.

Finally, the surface tension is the last variable that is introduced as critical for the definition of the
shape of the melt pool. In the liquid state it shows dependence with temperature as line function with
negative slope. The particular value for the working material is reported by [8]. The consideration
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of this dependence with temperature in the liquid state plays a crucial role in the definition of the
melt pool shape, since it is related to the so-called Marangoni Convection. Under the influence of this
phenomenon, the liquid metal flows from the regions with low surface tension to the regions where
the surfaced tension is higher. In the case of the metal powder, since there is no continuous surface, it
can be considered that the surface tension shows a negligible value. For the case of the solid metal the
attribution of a value for the surface tension makes no sense. The material is going to be frozen under
the effect of a high value of dynamic viscosity and no tangential effects on its surfaces can affect the
shape of it.

Conclusively, the important aspects of the surface tension are the transition of the material from
powder to liquid, and the temperature dependence of it in the liquid state. Figure 9 shows the phase
and temperature evolution of the surface tension. Reference [23] highlights the influence of the surface
tension in the Selective Laser Melting Process by the effect of the capillarity force on the melt pool.

Figure 9. Phase and temperature dependency of the surface tension.

2.3. Typical Output from the Simulation Process

As a result of the modeling process, involving the thermofluidic coupling and the phase and
temperature dependency of the of the thermo-physical properties, the development of a consolidated
ribbon is obtained. Figure 10 presents the consolidated ribbon obtained during the interaction time of
the laser beam, τ (τ = Ø/V) for a process speed of 600 mm/min and a beam power of 1800 W with a
beam diameter of 3 mm. The simulation during the interaction time allows for representing the effect
of the full traversing of the laser beam for a given point and analyzing the characteristic dimensions of
it, within manageable computation times. The model is also prepared to take into account the recoil
pressure [24], although, provisionally it has not been considered for the proposed tests, given the
relatively moderated heating conditions and the large amount of material involved.

 

Figure 10. Ribbon formed during the interaction time of the laser beam.
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Figure 11 shows the way in which the results of the simulation are exploited, by comparing the
height and width of the cross section predicted by the simulation with the experimental ones.

Figure 11. Theoretical (left) and experimental (right) cross sections.

The next section carries out some representative comparisons between theoretical and
experimental results for some tests carried out with typical sets of process parameters.

3. Results

The main goal of the proposed model is the prediction of the shape and dimensions of the cross
section of the consolidated material. The progress of the process, in terms of the advance in the
direction in which the part is being grown, is determined by the final height of the cross section.
In addition, the heat conduction conditions for the consolidation process of the successive layers
depend on the geometry of the previously consolidated material, which configures the paths for the
diffusion of the heat.

All the tests were made on a substrate layer of 1000 μm, with a gaussian laser beam with a
diameter of 3 mm. The laser equipment was a fiber IPG laser with 6 kW of maximum output power
releasing radiation with a wavelength of 900 nm.

Three different tests have been carried out. The corresponding conditions of power and scanning
speed are shown in Table 2.

Table 2. Conditions of the tests to compare the theoretical with the experimental results.

Test Number Laser Power (W) Scanning Speed (mm/min)

1 1000 400
2 2000 600
3 3000 800

Figure 12 shows the cross section predicted by simulation (left) and the real result obtained in the
experimental test number 1 (right). It can be seen that the theoretical calculation has been capable of
predicting the height of the consolidated material, as well as the general shape of the area. In both the
theoretical and the experimental cross section, the maximum height of the consolidated material, from
the reference line of the substrate, lies around 1400 μm (note that the cross section displayed from the
theoretical results starts at the level of the substrate, while in the experimental case the dilution under
the substrate is shown). In the same way, the width of the cross section at the level of the line of the
substrate is of about 2800 μm. The biggest discrepancies between the theoretical and the experimental
cross sections appear at the sides of it, at the level of the substrate. It may be associated to dynamic
viscosity attributed to the solid in the numerical simulation which predicts a slightly higher level of
consistence for the consolidated material than in reality. No contrast of the amount of dilution of the
consolidated material into the substrate is highlighted in the numerical simulation, which must be
predicted by means of metallurgical consideration from the thermal cycle and will be considered in
future developments of the model.
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Figure 12. Theoretical (left) and experimental (right) cross sections corresponding to test 1. Note that
in the case of the experimental one the dilution under the substrate is shown while the theoretical one
represents exclusively the external part of the consolidated material, from the top of the substrate.

Figure 13 shows the theoretical (left) and experimental (right) cross sections corresponding to
test 2.

Figure 13. Theoretical (left) and experimental (right) cross sections corresponding to test 2.

In Figure 13 it can be seen again, from the cross section of the experimental test, that the high
thickness of the layer of metallic powder has given rise to a high dilution of the consolidated material
into the substrate. Considering the dimensions of the external part of it, the simulation has been
capable of predicting its maximum height and width.

Figure 14 represents the theoretical (left) and experimental (right) results for test 3. Once again,
the general external dimensions predicted by the simulation match with an acceptable level of accuracy
the dimensions of the experimental cross section. In this case, the use of the highest scanning speed
has led to a shorter height of the consolidated material.
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Figure 14. Theoretical (left) and experimental (right) cross sections corresponding to test 3.

4. Discussion

The use of temperature and phase-dependent thermo-physical properties has allowed an accurate
prediction of the dimensions of the cross section. While the influence of the exclusively thermal
properties, such as the thermal conductivity, cannot be directly analyzed; the proposed modelling for
the surface tension and the dynamic viscosity is accurate enough to make the output of the simulation
approach the experimental results.

From the experimental-theoretical comparison some ideas can be extracted. While the general
dimensions of the cross sections can be satisfactorily predicted by the theoretical calculations in terms
of height and width, the shape of it, at the level of the contact with the substrate is affected, in the
theoretical calculations, by some effect of adhesion that makes the transition from the consolidated
material to the substrate smoother than in the real case. It may be associated with the theoretical
evolution of the dynamic viscosity which, when it is representing the behavior of the solid, tends to
slightly overestimate the adhesion phenomena. Both, numerical calculations and experimental tests
highlight the influence of the large thickness of the powder bed in the transformation experienced
by the material, evolving from a flat layer of powder to a taller ribbon whose cross section has the
shape of a drop. In other papers where a much shorter layer of thickness is considered, this evolution
of the material during the drop formation is less evident. Reference [25] is capable of estimating the
shape of the melt pool in the SLM process of nanocomposites just by means of thermal calculation. It is
possible due to the subtle motion of the liquid metal derived from the small thickness of the powder
bed. References [26–28] present different SLM process with applications in various fields. The powder
bed is not lager than 50 μm in any of the cases. The comparison of the melt pool in the figures of that
papers with Figures 12–14 of the present study highlights the influence of the thickness of the powder
bed in the shape and size of the consolidated material, justifying the use of a thermo-fluidic approach.

From a strictly experimental point of view, the use of a high thickness powder layer is associated
to a high degree of dilution of the consolidated material into the substrate. It can be related with the
greater amount of material which is melted because of the large thickness of the layer and the size
and big power of the laser beam. The inclusion of metallurgical considerations in new versions of
the model will focus on calculating the magnitude of the dilution. The aggressiveness of the process
parameters used in the present study in comparison with studies with a shorter powder layer can be
checked considering the process parameters in the tests of references [29,30].

The relation of the process parameters from the experimental tests with the dimensions of the melt
pool, as a function of the thermo-fluidic properties of the material, provides a deep understanding of
the physics involved in the consolidation process. In test 1, despite having a relatively low value of laser
power, 1000 W, the large interaction time associated to the relatively low process speed, 400 mm/min,
has permitted an efficient absorption of the energy to be achieved. In Section 2.1.1 the high efficiency of
the powder to absorb radiation was shown. Additionally, in Section 2.2, the poor thermal conductivity
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of the powder was indicated; it favors the concentration of the heat around the laser-powder interaction
area. The combination of a large interaction time with an efficient absorption and concentration of
the laser power has led to a melt pool of relatively large dimensions. The hypothesis of considering
the powder around the melt pool as a fluid with very low friction (very low dynamic viscosity), can
be accepted from the result of this test: the spherical shape of the cross section indicates that the melt
pool has not found appreciable resistance to move under the effect of surface tension. No signs of
porous in the cross section, which suggests that the density of the material has evolved from the value
corresponding to the powder to the value of the solid during the consolidation process.

Test 2 presents a more aggressive combination of process parameters than test 1. The higher level
of power, 2000 W, has allowed a larger amount of energy to traverse the powder to the substrate,
which, in combination with an intermediate level of process speed, 600 mm/min, has favored a deeper
penetration of the melt pool into the substrate. Once again, the low friction of the powder around the
melt pool has allowed the external part of it acquire spherical shape. The high degree of symmetry of
this contour reinforces the idea of the very limited restriction of the powder to the movement of the
melt pool, as considered in the thermo-fluidic coupled model.

In the case of test 3, the use of the most aggressive combination of process parameters highlights
the importance of the dynamic effects during the consolidation phenomenon. Despite having the
largest level of power, 3000 W, the shorter interaction time has limited both the process of drop
formation and the penetration of the melt pool into the substrate. The shape of the external part of the
melt pool presents a profile which is not as close to a sphere as the profile of the previous tests: the
limited interaction time has led to the cooling of the material before it has been capable of finishing
its evolution to a spherical profile. In addition, the heating and cooling processes, happening more
quickly than in the previous tests, limits the time of the molecules of the material to move from their
equilibrium positions, restricting any diffusion process which might occur as a consequence of the
thermal cycle.

The numerical aspects of the theoretical model have allowed the convergence of the calculations
to be achieved. The mesh deformed under the effect of the loads affecting the fluid, and automatically
re-meshed when the distortion of the elements reached the user-defined maximum permitted value.

5. Conclusions

The thermo-fluidic coupling has been revealed as a valid tool to evaluate the behavior of the
material in its evolution from powder to liquid and from liquid to solid. The dimensions of the cross
section predicted by the simulations matched the experimental results with an acceptable level of
accuracy. It reinforces the idea of phase and temperature-dependent thermo-physical properties to
understand the behavior of the material during the different stages that it experiences in the Selective
Laser Melting Process.

The use of the finite element method in combination with advanced numerical tools has allowed
realistic domains with large dimensions to be used, thus favoring, in this way, the study or real
processes at an industrial scale, surpassing the capabilities of conventional models with domains at
the microscale level.

The governability of the process with a large thickness powder bed has been revealed to be
possible, since the simulations have been capable of estimating the dimensions of the cross section
resulting from a particular combination of process parameters. Specific consideration about the amount
of dilution associated with large powder beds are necessary. Future works dealing with metallurgical
aspects of the process will be carried out.
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Abstract: Open-source 3D printers mean objects can be quickly and efficiently produced. However,
design and fabrication parameters need to be optimized to set up the correct printing procedure;
a procedure in which the characteristics of the printing materials selected for use can also influence
the process. This work focuses on optimizing the printing process of the open-source 3D extruder
machine RepRap, which is used to manufacture poly(ε-caprolactone) (PCL) scaffolds for cell culture
applications. PCL is a biocompatible polymer that is free of toxic dye and has been used to fabricate
scaffolds, i.e., solid structures suitable for 3D cancer cell cultures. Scaffold cell culture has been
described as enhancing cancer stem cell (CSC) populations related to tumor chemoresistance and/or
their recurrence after chemotherapy. A RepRap BCN3D+ printer and 3 mm PCL wire were used to
fabricate circular scaffolds. Design and fabrication parameters were first determined with SolidWorks
and Slic3r software and subsequently optimized following a novel sequential flowchart. In the
flowchart described here, the parameters were gradually optimized step by step, by taking several
measurable variables of the resulting scaffolds into consideration to guarantee high-quality printing.
Three deposition angles (45◦, 60◦ and 90◦) were fabricated and tested. MCF-7 breast carcinoma cells
and NIH/3T3 murine fibroblasts were used to assess scaffold adequacy for 3D cell cultures. The 60◦

scaffolds were found to be suitable for the purpose. Therefore, PCL scaffolds fabricated via the
flowchart optimization with a RepRap 3D printer could be used for 3D cell cultures and may boost
CSCs to study new therapeutic treatments for this malignant population. Moreover, the flowchart
defined here could represent a standard procedure for non-engineers (i.e., mainly physicians) when
manufacturing new culture systems is required.

Keywords: scaffold; PCL; RepRap; fused filament fabrication; three-dimensional; cell culture

1. Introduction

Scaffolds are solid structures usually made of a polymeric material that is used for a wide
range of applications. They provide a necessary support for three-dimensional (3D) cell growth,
thanks to their biocompatibility and biodegradability [1], and are extremely useful in in vitro 3D cell
cultures. Traditional cell culture is applied to two-dimensional (2D) models on flat surfaces, but this
methodology is not representative of the cells’ physiological environment and usually confers them
with less malignancy. The literature has reported that 3D cell culture with scaffolds can increase the
cancer stem cell (CSC) population [2–4]. CSCs correspond to a small population within the tumor
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which is resistant to chemotherapy and capable of dividing to form the tumor again after treatment
(this is known as recurrence or metastasis) [5,6]. Since this malignant subpopulation represents a small
percentage within the tumor, the population expansion and enrichment described would help in their
study and promote further development of therapeutic strategies.

Additive manufacturing (AM) technologies have arisen as a novel set of tools with which to
fabricate scaffolds [5,7]. In particular, 3D printers based on fused filament fabrication (FFF) technology
are one of the most accessible and simplest options [8]. They are open-source, low-cost machines
which usually use thermoplastic materials [9,10] and can easily be modified to improve the quality of
the printed 3D products [11]. A variety of biocompatible polymers can be used for scaffold production
with FFF. Poly-L-lactic acid (PLA) is a biodegradable thermoplastic aliphatic polyester that has great
potential in clinics thanks to its biocompatibility and restorability. Consequently, it is widely used
in tissue engineering [12]. Poly(ε-caprolactone) (PCL; Figure 1) is also a biodegradable polyester
proven to be biocompatible and toxic-dye-free, but it has a slower degradation rate and different
mechanical and physical features. For instance, PCL has a lower melting point (60 ◦C), reflecting its
lower hydrogen bonding and polarity which determine its chemical and molecular behavior. Moreover,
PCL does not have any isomers so there are no variances in the melting temperature and biological
degradation. Due to these characteristics, its use in tissue engineering, drug delivery, and cell cultures
is increasing [2,3,6,13,14]. PCL can be also used as copolymers, such as PCL-collagen and PCL-gelatin,
and in combination with other polymers, for example PLA or PEG [13,15].

Figure 1. Poly(ε-caprolactone) chemical structure.

As scaffold production with 3D printers is a new area, greater effort should be made to determine
the optimal parameters for the process [1,6,9]. The processing parameters in question are closely
related to the properties of the polymer chosen and the subsequent application intended for the
scaffold(s). First, the design parameters determine the architecture of the scaffold and can comprise
the filament diameter, the distance between filaments, and the deposition angle [16]. They can also
be modified depending on the desired design and application of the scaffold. Second, fabrication
parameters control the printing process. These parameters include the extruder and bed temperature,
deposition velocity, and layer height, and are closely linked to the material of the polymer and the
environment [9,17].

When scaffolds are produced for tissue engineering or regenerative medicine, controlling features,
such as pore size, pore shape, or mechanical strength, is mandatory [9,18]. Although there are some
studies into the 3D printing of scaffolds based on fused deposition modeling (FDM) [19,20] very few
analyze the effects the architecture of the scaffold may have on cell proliferation, and none develop
schematic procedures or methods aimed at retaining any knowledge gained. Grémare et al., [21]
studied the physicochemical and biological properties of PLA scaffolds produced by 3D printing
(FFF). The authors studied four different square pore sizes (0, 150, 200, and 250 um). Results showed
that scaffold pore size had negligible effects on their mechanical properties. After three and seven
days of human bone marrow stromal cell (HBMSC) culture being applied, the scaffolds exhibited
excellent viability and homogeneous distribution regardless of the pore size. Hutmancher et al. [22]
studied the mechanical and cell culture response of PCL scaffolds using 61 ± 1% porosity and two
matrix architectures. Results showed that five-angle scaffolds had significantly lower stiffness under
compression loading than those with a three-angle pattern. Data also revealed that in terms of cell
proliferation, while a scaffold with a 0/60/120◦ lay-down pattern had a higher proliferation rate in
the first 2 weeks, the scaffolds with a 0/72/144/36/108◦ lay-down overtook the three-angle matrix
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architecture in Weeks 3 and 4. Recently, Rabionet et al. [23] analyzed the effects of tubular scaffold
architecture on cell proliferation for vascular applications. Results showed the strong influence the 3D
process parameters have on the scaffold architecture and, subsequently, cell proliferation. Narrow pores
produced lower cell proliferation due to the lower oxygen and nutrient exchange.

As the literature has reported, cell proliferation onto a scaffold depends on the material,
the architecture, and cell kinetics. Whenever physicians need to work with cells, they require the
best scaffolding features to obtain ideal cell culture results. In fact, the main problem was that
scaffolds did not provide the same results for different lines of cells when the cells are cultured.
When working with cells, physicians have different purposes and goals. For instance, they may
want to enrich or treat the cells or to determine the impact a drug is having/has had on the cells.
While identical scaffold features do not provide the same results, the cell line does. In fact, each cell
line works better with different scaffold features. For this reason, this work aims to optimize the
design features and the selection of the manufacturing process parameters when the open-source 3D
extruder machine RepRap is utilized. This methodology focuses on manufacturing PCL scaffolds
suitable for 3D cancer cell cultures and CSCs expansion as a first step before expanding to other cell
lines. Both design and fabrication parameters have been optimized by following a specific flowchart
step by step, and checking a measurable variable. In addition, preliminary in vitro experiments were
performed to study the impact the scaffold design and fabrication have on the efficiency physicians
require from the 3D cell culture and the scaffolds produced. Therefore, a sample application for
the mass production of PCL scaffolds using a low-cost machine could be used to improve cancer
stem cell research. The flowchart developed here provides a novel methodology to adjust process
parameters to print micrometric scaffolds suitable for three-dimensional cell culture because, as is
demonstrated, each cell line required different scaffold features. Hence, an optimization diagram could
represent a common procedure which could be used by non-engineering professionals when a 3D
cell culture protocol has to be established de novo. Physicians working with 3D cell cultures usually
need some kind of rules or guidelines to follow to set up the cell culture. This paper’s contribution is
the methodology required to set up the 3D printing technology for a new line of cell culture by first
defining the design characteristics and then the parameter selection for the manufacturing process.
This paper does not contribute to the knowledge about PCLs or the 3D printing machine itself, but
instead provides a methodology for physicians. The contribution is the method and steps to follow
when scaffolds need to be manufactured for a new cell line.

2. Experimental Setup

2.1. Material

A 3 mm poly(ε-caprollactone) (PCL) wire (Perstorp, Malmö, Sweden) with a density of
1145 Kg/m3 and a molecular weight of 80,000 g/mol, was used to fabricate circular scaffolds 19 mm in
diameter (Corning Life Sciences, New York, NY, USA). PCL is a biodegradable polyester with a low
melting point (60 ◦C) and a glass transition of about −60 ◦C.

2.2. Three-Dimensional Printer Machine

An open-source and modular RepRap BCN 3D+ printer (CIM, Barcelona, Spain) was used to
produce three-dimensional scaffolds (Figure 2). This printer was selected because of its capacity to
allow a user to optimize its parameters as they see fit. It uses fused filament fabrication (FFF). First,
the filament was unwound from a roll of wire and supplied to the extruder. Then, the material was
extruded through the nozzle using different temperatures depending on the value being tested. Finally,
the printed filament was deposited onto a heated platform (also known as a bed).
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Figure 2. RepRap BCN 3D+ printer with a 3 mm PCL wire.

2.3. Scaffold Design and Additive Manufacturing

SolidWorks (Waltham, Massachusetts, Estats Units) was the computer-aided design (CAD)
software chosen for the scaffolds’ design. The stereolithography (STL) file formats the designs that were
transferred to the computer-aided manufacturing (CAM) software Slic3r to establish the fabrication
parameters. This software, while maintaining the SolidWorks design, generated G-code files which
can control and regulate the machine to obtain the correctly-printed scaffolds. Scaffold design features
were selected based on other research work focused on tissue engineering which had similar goals to
this work, i.e., cell enrichment or treatment, or drug delivery applicability. The features are described
in Table 1. Previous screening experiments were carried out to adjust the range of the scaffold
design features.

Table 1. Process parameters used for PCL scaffold printing.

Parameters Tested Values Measurable Variable

Fabrication
parameters

Extruder temperature 65, 70, 75, 80, 85, and 90 ◦C Printed filament diameter

Bed temperature 25, 30, 33, 35, and 37 ◦C 1-Material adhesion (Y/N)
2-First layer height

Deposition velocity 10, 20, and 30 mm/s Printed filament diameter
Layer height 0.28 and 0.3 mm Printing quality (absence of blobs)

Design
parameters

Filament diameter 0.175, 0.3, and 0.5 mm
1-Adhesion of contiguous

filaments (Y/N)
2-Printed filament diameter

Distance between
filaments 0.5, 0.7, and 1 mm 1-Real distance between filaments

2-Smallest pore option
Deposition angle 90◦, 45◦, and 60◦ Pore angles

2.4. Process Parameter Optimization

The fabrication parameters and design feature values used for the experimental setup are shown
in Table 1. A wide range of characteristics and parameter values were selected from the literature as
the screening values with which to start. A wide range of processing parameters were selected based
on the research work focused on tissue engineering with similar goals to ours, i.e., the enrichment
or treatment of cells of the applicability for drug delivery. Thus, previous screening experiments
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were carried out to adjust the range of the processing parameters for the scaffolds. By following
a sequential flowchart (Figure 3), the optimal tested value to be selected for each parameter was
determined. Optimization was first performed using a generic geometrical form. A fixed circular
scaffold design was used as the control pattern: 0.4 mm in diameter and layer height extruded filament,
1 mm distance between filaments, 90◦ deposition angle, 19 mm in diameter scaffold, and eight scaffold
layers. As optimization progressed, design feature values were replaced by the optimal ones, resulting
in a final scaffold design suitable for three-dimensional cancer cell culture. Furthermore, the cancer
cell culture is now more like real physiological conditions, including an enrichment of the CSCs’
subpopulation. Each step on the flowchart presented in Figure 3 included parameter testing and a
physical scaffold variable measurement to assess the quality of the printing. Thus, optimal parameter
values were sequentially determined and considering the final application as the optimal function
to be reached. Physical variables, such as printed filament diameter, first layer height, and real
distance between filaments, were measured using an inverted optical microscope (Nikon, Tokyo,
Japan). Printed structures, as well as a nanometric ruler, were placed on the stage. Binomial variables
(material adhesion, adhesion of contiguous filaments, printing quality such as the absence of blobs etc.)
were assessed by sight. Finally, the cell efficiency of the different deposition angles was evaluated
through a three-dimensional breast cancer cell culture to validate the parameters selected. Breast CSCs
were used because their expansion would represent a new opportunity to develop new treatments
against cancer stem features related to cancer relapse and metastasis.

2.5. Cell Line

MCF-7 breast carcinoma cells (ATCC® HTB-22™) and NIH/3T3 murine fibroblasts cell lines
(ATCC® CRL-1658™) were obtained from the American Type Culture Collection (ATCC, Rockville,
MD, USA). MCF-7 and NIH/3T3 cells were cultured in DMEM (Dulbecco’s Modified Eagle’s Medium)
(Gibco, Walthman, MA, USA) supplemented with 10% fetal bovine serum, 1% L-glutamine (which
means 2 mM L-glutamine), 1% sodium pyruvate (which means 1 mM sodium pyruvate), 50 U/mL
penicillin and 50 μg/mL streptomycin (HyClone, Logan, UT, USA). Cells were maintained at 37 ◦C
and in a 5% CO2 atmosphere.

2.6. Scaffold Sterilization

Scaffolds were sterilized following a previously-described methodology [2,24]. Meshes were
submerged in a 70% ethanol/water solution overnight, washed with PBS (Gibco, Walthman, MA,
USA), and finally exposed to UV light for 30 min. Only the top side was irradiated because PCL has
a semi-transparent behavior when exposed to UV wavelengths [25]. This sterilization method was
followed to avoid any changes in the stents’ final properties [18].

2.7. Three-Dimensional Cell Culture in Scaffolds

Scaffolds were designed by considering their subsequent use in regular 12-well cell culture
microplates. First, cells were detached from the original cell culture microplate and counted using
the trypan blue dye method. As viable cells possess an intact membrane, trypan blue cannot
penetrate them, but as dead cells have an altered membrane the dye can penetrate them. Therefore,
trypan blue was added in a cell sample and cell viability was counted using a Neubauber Chamber
(Marienfeld-Superior, Lauda-Königshofen, Germany) and an inverted optical microscope. A total
of 100,000 cells (MCF-7) or 40,000 (NIH/3T3) in 250 μL cell suspension were placed onto the center
of the scaffolds’ surface to allow cell attachment. After 3 h of incubation, 1.5 mL of fresh medium
was added to cover the scaffold and the cells were incubated for 72 h. Then, the scaffold was placed
in a new well to quantify only the cells attached. It was washed with PBS and 1 mL of trypsin was
added. After incubation, 2.5 mL of fresh medium was added, and the cell suspension was collected
and centrifuged at 1500 rpm for 5 min. Finally, the supernatant was discarded, and the cells were
re-suspended and counted.
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2.8. Statistical Analysis

Results were collected from at least six independent experiments. All data are expressed as
mean ± standard error (SE). Data were analyzed by Student’s t test.
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NO 

STEP 2: IF RL > DL  INCREASE Tª ELSE IF RL < DL  REDUCE Tª 

STEP 1: IF RCA > DCA  REDUCE Tª ELSE IF RCA < DCA  INCREASE Tª 
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INCREASE OF Tª PRODUCE DECREASE ON SCAFFOLD PORE 

INCREASE OF SPEED PRODUCE REDUCTION ON PRECISION 

LEGEND 

Tª: Temperature 

RF: REAL FILAMENT WIDTH OBTAINED AFTER PRINTING 

DF: DESIRED FILAMENT WIDTH DESIGNED IN CAD 

RL: REAL LAYER HEIGHT OBTAINED AFTER PRINTING 

DL: DESIRED LAYER HEIGHT DESIGNED IN CAD 

RCA: REAL CELL ADHESION OBTAINED 

DCA: DESIRED CELL ADHESION 

Figure 3. Flowchart of process parameter optimization. Every parameter consists of the values tested
and, on the right, the corresponding measurable variable for new cell cultures. Fabrication parameters
are in the left column and design parameters in the right.
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3. Results: Scaffolds Production

Following the method developed, experimental work was first carried out to find the best way to
produce scaffolds which can sustain cell cultures. Sequential work was done to set scaffold design
features and manufacturing process parameters.

3.1. Optimization of Process Parameters

Processing parameters were optimized to achieve high quality scaffold printing for cell culture
application. Thus, different physical scaffold variables were measured to ensure the correct fit between
the computer design and the printed scaffold. The processing parameters included both fabrication and
design parameters as shown in the “Experimental Setup” section (Table 1). Processing parameters were
chosen according to the literature and the state-of-art [9,11,16,17]. However, the process optimization
methodology explained here, based on a sequential flowchart (Figure 3), is both innovative and unique.

Experiments were initially carried out with a generic scaffold design (see Section 2.4 “Methods”)
to set the fabrication parameters and then adjusted to the design parameters required to produce
the scaffolds.

Fabrication parameters (extruder and bed temperature, deposition velocity, and layer height)
were introduced with Slic3r software. These parameters are related to the characteristics of the
polymeric material (mainly PCL) and the printing process. However, different values were tested for
the parameters (by checking the measurable variable mentioned in Table 1) in order to meet scaffold
manufacturing requirements.

Once the polymeric material and its fabrication parameters had been characterized and set, design
features were subsequently established using the SolidWorks 3D software. Parameters, such as filament
diameter, distance between filaments, and deposition angle, were tested. These are related to the
three-dimensional design of the scaffold and the effect they have on the cancer cell culture.

First, to determine the optimal fabrication parameters, a fixed scaffold design was established
as a control pattern: 90◦ deposition angle, 0.4 mm in diameter filament and 1 mm distance between
filaments. This enabled us to do printings with the same design, but different fabrication parameters,
to find the optimal ones. Later, as the design parameters were optimized, they were replaced.

Following the flowchart defined in Figure 3, all the parameters were characterized and selected
sequentially to obtain the appropriate setup for producing 3D-printed scaffolds. The optimization of
each process parameter is described in the following sections.

3.2. Extruder Temperature

Poly(ε-caprolactone) was chosen as the polymer to work with because of its compatibility with cell
cultures. PCL has a low melting point (60 ◦C). To achieve enough malleability and considering there is
some heat dissipation, higher temperatures were also tested to find the optimal value (Table 1). A fixed
scaffold design described in the Methods section was printed. Then, the printed filament diameter was
measured as a physical variable. Low extruder temperatures (65–80 ◦C) could not melt the material
enough, thus the amount of the extruded material was low. As a consequence, the printed filament
diameter was smaller than the one designed (0.4 mm). High temperatures (90 ◦C) melt the polymer
excessively and also increase the diameter of the filament due to flattening and some blobs being
produced. Therefore, the optimal extruder temperature was established at 85 ◦C. The printed filament
diameter was 0.39 ± 0.05 mm.

3.3. Bed Temperature

To set the optimal bed temperature, a generic geometrical scaffold design was printed, and two
different measurable variables were evaluated. Material adhesion was assessed as a binomial variable
(yes/no), firstly testing the lowest temperature (25 ◦C, Table 1). If the printed material had not
adhered enough to the surface (no), another printing was performed, this time with a higher bed
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temperature. Once the material had adhered to the surface (yes), the first layer height was then
measured. Bed temperatures ranging from 25 to 33 ◦C gave a non-adherent first layer scaffold.
In addition, much higher temperatures (37 ◦C) melt the material excessively, flattening the filament
and decreasing the height of the first layer (lower than the 0.4 mm designed one). A 35 ◦C bed
temperature was considered optimal as this allowed first layer adhesion and the filaments were not
flattened. Their first layer height was 0.37 ± 0.07 mm.

3.4. Deposition Velocity

The goal with this parameter was to find a high deposition velocity without forgetting the quality
of the printed scaffold. The printed filament diameter was chosen as the tangible variable with which to
analyze the impact this parameter has on the scaffold. The optimal deposition velocity was established
as being 10 mm/s. The filament diameter was 0.42 ± 0.05 mm. When the speed was faster (20 and
30 mm/s) the material did not have enough time to deposit itself on the surface, resulting in smaller
filament diameter or sometimes even discontinuous filament production.

3.5. Filament Diameter

At this point, the diameter of the printed filament deposited on the collector was analyzed.
Extrusion and deposition velocity can exert a direct influence on fiber morphology. Therefore, once
he manufacturing velocity had been fixed, the diameter of the extruded filament was evaluated next.
Three different design filament diameters were tested: 0.175, 0.3, and 0.5 mm. To ensure the filaments
remained tangent along the vertical axis, the printer’s layer height was adjusted to each design filament
diameter. Diameters that were too large caused the adhesion of two contiguous filaments, favored by
their proximity and elevated temperature. For this reason, the first variable studied was the possible
adhesion of contiguous filaments, such as a binomial variable (yes/no). Thus, only the values that
did not cause the adhesion of two filaments in the same layer were selected to continue the analysis
(0.175 and 0.3 mm). The second measured variable was the printed filament diameter. A design
diameter of 0.175 mm caused erratic printing because the amount of material was too low to form a
linear filament. The final value tested, 0.3 mm, was found to be optimal as it gave a printed filament
diameter of 0.31 ± 0.02 mm. The established filament diameter value also determined the thickness of
each layer. The scaffolds were manufactured with eight layers, so the final thickness of the scaffolds
was 2.4 mm.

3.6. Layer Height

Layer height is defined as the distance between two connected layers along the Z axis. Since all
layers are designed and printed on top of each other, this parameter was determined by the printed
filament diameter. For this reason, the filament diameter, although being a design parameter,
was established before finishing, optimizing the fabrication parameters (Figure 3). In some cases,
the deposited material tends to flatten out and so the printed height is lower. At that point, two different
values were analyzed: 0.3 mm (the whole filament diameter) and 0.28 mm (because of a certain
flattening) and the quality of the printing recorded (absence of blobs). In this case, 0.3 mm was found
to be the optimal layer height for our design as flattening, due to high temperatures, did not occur.
When evaluating smaller established heights, the printing process produced blobs.

The absence of filament flattening may be attributed to the relatively low extruder temperature
used, (85 ◦C, see Section 2.1) which can be considered low compared with other biocompatible
polymers used in 3D printing, such as PLA [9,12].

3.7. Distance between Filaments

This is a key parameter because it affects the pore size of the scaffold [9]. This design parameter
consists of the shortest distance between the axis of two filaments located within the same layer.
We were interested in achieving small pore sizes, thus, we focused on the testing small distances (0.5,
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0.7, 1 mm). Nevertheless, small distances between filaments may be problematic if two contiguous
filaments join. For this reason, the real distance between filaments was measured to take into account
whether this value matched that of the one expected (designed).

Distances of 0.7 and 1 mm gave no filament joining, so real distances were higher than 0.
Within these values, the smallest value was chosen (0.7 mm). Taking into account this parameter and
the optimal filament diameter previously established, the distance between the outer parts of two
contiguous filaments was, consequently, 0.4 mm (Figure 4).

 

Figure 4. Distances between two contiguous filaments. Axis (0.7 mm) and outer distance (0.4 mm) are
represented. Filament diameter was fixed at 0.3 mm.

3.8. Deposition Angle

Once all previous parameters were optimized, three different scaffolds with different deposition
angles were designed and manufactured, thus obtaining different pore characteristics, which may
influence cell attachment and growth (Table 2). As high-quality printings for all three designs were
achieved, it was agreed to test the adequacy for 3D cell culture with all three designs.

An MCF-7 breast carcinoma cell line was used to preliminarily evaluate scaffold ability in terms
of three-dimensional cell culture. MCF-7 cells were seeded onto scaffolds and cultivated for 72 h. Then,
attached cells were trypsinized and counted. No cells were counted on the 90◦ scaffolds. Under an
optical microscope, no cells were observed on the filament, but rather attached at the bottom of the
microplate well (Figure 5a), which is in agreement with cell counting. Scaffolds of 45◦ showed a
subtle cell adhesion of 3.52 ± 1.16% when compared with the 2D control. We subsequently tested
60◦ scaffolds, which showed an increased cell adhesion of 26.50 ± 10.98%. In both cases, cells were
previously observed at the well bottom and attached to the scaffold filaments, with the last ones are
indicated by white arrows (Figure 5b,c, respectively).

123



Materials 2018, 11, 1427

Table 2. Scaffold designs with different deposition angles: 90◦, 45◦, and 60◦.

Deposition Angles Pore Shape Area Plan View

90◦ Square 0.16 mm2

 

45◦
Six variable forms

(triangles and
irregular polygons)

1.98 × 10−4 to 0.13 mm2

 

60◦ Equilateral triangle 0.1256 mm2

 

  

  

Figure 5. Optical microscope images of MCF-7 cells seeded on the scaffolds. In 90◦ scaffolds, cells were
attached at the bottom of the well (A). In 45◦ and 60◦ scaffolds, cells were attached both on the scaffold
and at the well (B,C, respectively). (D) MCF-7 cells in 2D culture. White arrows on the images indicate
cells adhered to PCL filaments. Scale bars represent 100 μm.

Then, scaffolds were also evaluated through fibroblast cell cultures. Murine NIH/3T3 fibroblasts
were seeded onto the three designs during 72 h and cell proliferation was assessed. In this case,
fibroblasts adhered to all three scaffold models (Figure 6), with the highest cell proliferation value
being found on the 90◦ design (56.30 ± 5.03% compared to the 2D control). The other two architectures
exhibited slightly smaller values. For instance, 60◦ scaffolds presented a 49.52 ± 5.62% cell growth and
45◦ models, 39.11 ± 8.12%, compared to the monolayer culture.
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Figure 6. Optical microscope images of NIH/3T3 cells seeded on the scaffolds. Cells were attached
on scaffolds of 90◦ (A), 60◦ (B), and 45◦ (C). (D) NIH/3T3 cells in a 2D culture. White arrows on the
images indicate cells adhered to PCL filaments. Scale bars represent 100 μm.

3.9. Optimal Process Parameters Values

After the optimization experiments and basic cell culture tests had been completed, the optimal
processing parameters for PCL scaffold printing were established (see Table 3) once the methodology
had been applied to set each optimal parameter for cell cultures and for future experiments with CSCs
culture enrichment using PCL scaffolds.

Table 3. Optimal processing parameter values to be used for PCL scaffold printing.

Title Parameters Optimal Values

Manufacturing parameters

Extruder temperature 85 ◦C
Bed temperature 35 ◦C

Deposition velocity 10 mm/s
Layer height 0.3 mm

Design parameters
Filament diameter 0.3 mm

Distance between filaments 0.7 mm

Deposition angle 60◦ (MCF-7 breast cancer cells)
90◦ (NIH/3T3 murine fibroblasts)

4. Discussion

In this work, a methodology to optimize the processing parameters for PCL scaffold production
using a RepRap 3D printer has been developed. By using an optimization flowchart, PCL scaffolds
suitable for cell culture were manufactured (Figure 3). The optimal processing parameters determined
are closely related to those defined in other studies using the same technology and material.
Domingos et al., (2013) set up an 80 ◦C printing temperature, 10 mm/s velocity, an approximately
0.3 mm filament diameter and a layer height of 0.28 mm [15]. A previous study by the same research
group used an extrusion temperature of 70 ◦C and a speed of 8 mm/s [1]. These small variations
support the idea of using a single, common methodology (Figure 3) to optimize the processing
parameters. Compared with previous work in the literature, the flowchart provided here makes it
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easier to adjust scaffold design features and processing parameters according to cell line characteristics.
Several case studies were run to validate the flowchart depicted in Figure 3. Results show how
cell culture is improved by using scaffolds which allow cell cultures to be created in 3D conditions
and optimized based on the cells’ features. In addition, process parameters were also evaluated
using cell culture experiments. All scaffold culture experiments presented sterility resulting from the
sterilization procedure described here. Both 60◦ and 45◦ scaffolds showed adequate design parameters
for the MCF-7 cell cultures. In particular, the 60◦ scaffold design displayed the highest percentage of
cell attachment, and exhibited good biocompatibility for the MCF-7 breast cancer cells. In contrast,
the NIH/3T3 fibroblast cells presented a more homogeneous growth along the three scaffold designs.
However, the 90◦ scaffold showed the highest cell proliferation value. Therefore, different kinds of cells
may prefer different scaffold architectures, further demonstrating the need of a common procedure
to find the optimal values. Moreover, a tumor and a non-tumor cell line were tested, showing the
flexibility of the flowchart described here.

Three-dimensional cell culture on scaffolds may also be improved by other fabrication-
independent parameters such as polarity of cell culture plates, culture media and time [26], as well as
different cell culture types, including a dynamic model [27]. This optimization will be the focus of
further studies as we attempt to improve cell attachment percentages. Furthermore, CSC population
enrichment by cell culture on scaffolds will be evaluated using different approaches.

To date, most of the work related to scaffold production focuses on optimizing design features
and forgets about improving fabrication parameters [1,9,16]. In this work, a flowchart to optimize the
parameters of the whole process has been proposed (Figure 3) to help with their selection. In addition,
this methodology may be further used to set up scaffold manufacturing (both the design features
and the fabrication parameters) when using a RepRap 3D printer or any other AM technologies
and/or materials.

5. Conclusions

In this work, the design features and fabrication parameters of scaffolds and the RepRap
3D printer were optimized to produce PCL scaffolds suitable for three-dimensional cell cultures.
The optimization was performed following a detailed and unidirectional flowchart, thus providing
some procedural guidelines with great potential for other popular manufacturing technologies and
materials. The contribution of this paper is for scaffolds made with PCL materials. However,
this experiment was only carried out to validate the methodology developed as a valuable method
for future cell cultures. Often, physicians work with 2D cell cultures, but, as seen here, 3D cell
cultures appear to be good method of improving cell culture enrichment. Furthermore, as the design
features and manufacturing parameters need to be set for the different cell lines used each time, this
methodology will help physicians and other operators to do just that.

Moreover, the scaffolds produced were proven to allow cell attachment and cell growth.
The 60◦ scaffold design mainly worked for the MCF-7 cells and the 90◦ for the NIH/3T3 fibroblasts.
Three-dimensional cell cultures with PCL scaffolds fabricated with a 3D printer offer both researchers
and clinics a set of novel applications for the future. The flowchart developed represents a new tool
with which to quickly manufacture scaffolds for a wide range of applications, including cell cultures
and tissue engineering. For instance, the use of 3D cell cultures can boost CSC populations to study
new therapeutic treatment.
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Abstract: Additive manufacturing (AM) technologies are appropriate manufacturing technologies
to produce low rotation products of high added value. Products in the spare parts business usually
have discontinuous demand levels of reduced numbers of parts. Indeed, spare parts inventories
handle myriad of products that require big immobilized investments while having an intrinsic risk
of no-use (for example due to obsolescence or spoilage). Based on these issues, the present work
analyses the fundamental cost factors in a real case study of a company dedicated to the supply of
spare parts for fluid conduction systems. Real inventory data is assessed to determine the product
taxonomy and its associated costs. A representative product of the stock is analyzed in detail on
original manufacturing costs, in AM costs and then redesigned with topological optimization to
reduce the AM cost levels (via design for additive manufacturing). A general equation for cost
assessment is formulated. Given the specific data collected from the company, the parameters in
this general equation are calculated. Finally, the general equation and the product cost reduction
achieved are used to explore the potential economic impact of the use of AM technologies in the cost
levels of manufacturing and stocking of spare part products.

Keywords: additive manufacturing; design; topological optimization; cost; stock; spare parts;
free-form filament fabrication (FFF)

1. Introduction

1.1. AM as an Enhancer of Potential Cost Reductions in the Context of Companies with Large Inventories

Companies providing supplies of spare parts are usually obliged to hold large sets of stocks.
These inventory parts cause many issues to the companies, in the form of costs, warehouse space and
logistic implications. Additive manufacturing (AM) technologies are perceived as a very powerful
tool to address mass product customization, delocalized production and short series manufacturing,
by maneuvering in relatively low levels of cost and short delivery periods for short series of products.
This means that AM technologies could change the way that the companies supplying spare parts
organize their business.

However, there is a lack of detailed studies on how the AM technologies impact the cost levels
of inventories held by companies. The common case studies focus on the improvement and switch
in production methods for very specific selected parts that, of course, yield major potential results.
However in effect, all these studies lack of contextualization on the form of the relevance of those
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case studies for the overall results in the company. Issues such as (i) the representativeness of the
modified parts of the overall set of products, (ii) the cost impact of the part once sold in the overall
of the company performance or (iii) the importance of the part studied in the business area of the
company are usually not analyzed in detail. This means that the results cannot be extrapolated from
the engineering case to the business case or, in the cases it be done, that normally the extrapolation is
of relatively low economic impact.

Therefore, the present work addresses the whole matter, providing an engineering case study
of a relevant part applied to a relevant business area. This article assesses the technical feasibility of
implementing AM technologies in the manufacturing of spare parts. In particular, the assessment
is applied to a case that it is representative of the taxonomy of a relevant company for spare parts
providing in the fluid conduction systems sector. It undertakes the AM production process for
the initial (conventional) design and evaluates the cost levels in comparison with the conventional
manufacturing technologies. Furthermore, it performs a redesign of the case study part by means
of topological optimization, validating the results both by means of computer aided and physical
material testing methods.

Moreover, the study case contains the study of the context characteristics and consequences of the
engineering case. It enunciates a frame for cost modelling that can be extended to other companies
for further comparison and analysis, it analyzes the cost factors for the parts in the inventory and it
finally produces an estimation of the possible impact of the utilization of AM over the cost levels of
manufacturing and stocking of spare part products.

This work does not address the design of a new inventory policy in the sense of the number of
units to be held. Instead, the present work analyses the possible cost reduction while maintaining
the same quantities of stock parts. In this manner, the purpose of the present study is to quantify,
the potential impact of the application of AM technologies to the supply inventory parts in a relevant
context in a realistic manner (not optimistic or pessimistic). The significance of the work relates to the
fact that this refers to a real engineering case study with relevant data, that could be used in future
references for benchmarking the state of the art as the frame and methodology can be replicable with
different products and technologies.

1.2. Research Background and Motivations

1.2.1. Additive Manufacturing: Production and Design

AM technologies, also commonly referred as 3D printing technologies, comprise numerous
different techniques concerned with the materialization of three-dimensional digital models as
physical objects, without the need of molds or special tooling. All these techniques have a process
in common—that the material is added and consolidated layer by layer, which is the reason why
many authors refer to them as additive layered manufacturing technologies. This specific manner
of construction consolidation yields a specific directional material behavior effect in the direction in
which the layers are added (usually taken as ‘z’ direction, and so named as ‘z-effect’), thus making the
parts to adopt an anisotropic behavior being usually the ‘z’ direction the one yielding the least traction
capabilities compared to the other directions ‘x’ and ‘y’.

AM technologies can certainly be classified by two different criteria, i.e., depending on the physical
solution in the systems for (i) material incorporation and for (ii) energy incorporation. Usual material
incorporation procedures include feeding the raw material from a point (0d), from a line (1d), of an
entire layer (2d) or in a bed (3d). Usual energy incorporation procedures include applying it to the
raw material in a single point (0d), within a line (1d) or within a plane (2d). Very recent approaches in
holographic patterning is opening new possibilities for the application in (3d) [1]. The classification in
the AM systems is crucial as it determines the materials that can be processed, the characteristics of the
parts that can be obtained and the cost levels of each specific technology.
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Generally speaking, AM technologies make possible to manufacture functional parts with
complex design geometries, offering the possibility to optimize the mechanical properties of a part
while minimizing the weight and so the energy required in their manufacturing [2]. To this regard,
the topological optimization techniques deal with the material distribution within a part domain,
where material density can be increased or reduced therefore changing the rigidity of each specific
domain [3], and even materializing a continuous density graduation.

One particular set of AM technologies that has widespread since the expiration of many patent
protections (during 2005–2010) is the fused filament fabrication technologies (FFF). In FFF, the material
is incorporated in the part from an extrusion head, being this an application of both (i) and (ii) as
a point (0d). FFF processing has relatively low-cost levels of hardware and materials, as well as a
huge list of possible materials to be processed [4]. During the last years, industry and academia
have researched and developed solutions that cover industrial needs and that are capable to address
market niches, and so its use has spread and the penetration in working environments has deepened.
These facts position very well the FFF technologies to be utilized as means for production in short runs
of delocalized production.

The mechanical properties of the parts manufactured via FFF depend on different parameters such
as the internal structure, the orientation in the construction platform and the generation of printing
paths [5]. Because of its nature, parts manufactured by FFF technologies have an intrinsic danger of
delamination between construction levels, which mean that the construction direction must consider
the different working modes that the part will have. Because of the so-called z-effect, introduced
above, FFF technologies are far from achieving isotropic parts and its mechanical properties differ
from the different construction planes [6]. In the literature, this has been extensively assessed and
quantified, especially in computer aided engineering and under static loading conditions. Furthermore,
some studies have been conducted to assess the behavior of printed parts under dynamical loads;
yielding results more adjusted to the real physical performance of the parts [7].

Moreover, the transition of conventional manufacturing technologies to AM procedures imply
many added challenges in the fields of design and materials use for each specific AM technology [8].
Again, there is a very important need for the topological optimization of the parts, which is key
for decreasing the costs of the parts, the environmental impact as well as the material usage.
This optimization process must be addressed during the design stages of the parts. It requires a
detailed study of the working conditions considered for the part and it is normally undertaken by
setting an objective function with the constraints of: Material properties, geometrical characteristics,
design domain, loads, and supports. The optimization itself is performed by means of computing,
iterating solutions between different models. However, it is necessary to allow some human design
input to conduct certain aspects of optimization, which is the reason why it is so needed to have tools
that allow to ease the free-form design [9]. The overall result of the design for additive manufacturing
(DfAM) methods are three-dimensional models redesigned, normally with complex structures and
capable to be manufactured by a specific AM technology.

Quantifying the impact of the possible substitution of a conventional manufacturing technology
for an AM technology is an open technological challenge that needs to involve both technical
knowledge (product optimization) and economic analysis (costing policies). The recent times have
been of a high increase in the sales of desktop manufacturing systems—the units believed to be
already sold in 2017 nearly double the figures of two years earlier, reaching over 528,952 units
worldwide [10], so technologies such as FFF are now more available than ever to industrial companies.
Now the challenge is to explore up to which point the current technology can reach relevant
product materialization.

1.2.2. Cost Modelling of Additive Manufacturing Technologies

The manufacturing costs levels of manufacturing AM technologies can be characterized relating
it to three different factors: (i) Part weight, (ii) part dimensions, and (iii) construction time.
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Part weight (i) is a common improvement claim for AM from conventional manufacturing
technologies. This is because AM technologies only consolidate the material that would be a slice of
the product. The material not used can be reutilized, thus saving raw material. However, the reality
is that the material consumption to be accounted is higher in some AM methods. For example,
in bed technologies, such as selective laser sintering (SLS) there are limits on the number of
recirculation’s of material in the bed, so further material consumption must be considered. Fruthermore,
some deposition technologies, such as FFF, require printing supports (normally in the form of a
honeycomb) to manufacture some of the parts, that will also be a scrap material rate.

Concerning (ii) and (iii), some industrialists prefer to treat them autonomously and some combine
them in the elaboration of product’s quotations. The reason is that the main factor for the cost in the
volume of the part is the ‘z’ direction of the part when set in the machine for 3D printing. Moving
the 3D printer head in the ‘X’-‘Y’ plane can be very fast, but the maximum amount of time is spent
when moving head and bed relatively over the ‘Z’ direction. Some authors have studied in detail the
consolidation parameters, for example in selective laser melting [11], at all levels: Track, layer, and 3D
object. The so-called ‘hierarchical approach’ facilitates the obtention of high-quality high-density parts.
In this context, some industrialists prefer having construction time (iii) as a separate cost factor to
integrate better the setting-up and post-production costs while others handle them in combination to
have easier cost models.

With this rationale it is clear to see that, in AM technologies, complexity does not affect the final
manufacturing cost of the part. Because of this, it is significant to undertake DfAM analysis before
performing the manufacturing process, so to minimize the manufacturing cost levels.

In previous works of the authors [12], the costs configuration of the AM production technologies
has been formulated in function of: Machinery costs, materials costs, energy consumption costs and
labor costs. Implicit in these terms there are the factors of mass, ‘z’ dimension and construction times.
Some other costs models [13] differentiate the well-structured direct production costs (labour, materials,
equipment, etc.) from the ill-structured production costs (construction failures, transportation,
inventory, etc.).

Having revised all this, in the present study, the Hopkinson and Dickens method [14] has been
selected as the reference framework for manufacturing costs calculation. This method calculates
the costs by splitting assumes that the energy consumption costs of the machines are negligible
(assuming less than 1% of the final cost). Furthermore, the present work tries to broaden the work
scope to the costs of manufacturing plus the costs caused by its stockage. Concerning this, some authors
have prepared product lifecycle models for the spare parts sector [15], as it keeps being an active
working topic.

1.2.3. Cost Modelling and Issues of Holding Stock Parts

The evaluation of the inventory cost is a field widely addressed in the literature because of its
many implications in the product supply chain. The economic order quantity (EOQ) is the more
extended model used by the authors [16]. EOQ is a model that addresses how much product to order,
taking into consideration the ordering costs and the holding costs. The ordering costs include some cost
elements such as labor and other indirect office costs that enable to process the order. The holding cost
includes the costs of storage, insurance, spoilage and others. The cost of capital is usually considered
in the holding cost calculation [17] although some authors advocate for maintaining it as a separate
cost factor.

Traditionally in the EOQ model, the holding costs are modeled in function of the average number
of units per order. This term represents the stock cost [18,19]. Some authors introduce variations in
this model, while others [20] consider two parts of a holding cost; i.e., one depending on the average
number of units per order and another one depending of sudden increases in cost such as renting or
renovating a warehouse for keeping extra units of product.
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The inventory policies for controlling and maintaining optimal inventory levels study the balance
between expenditure in ordering costs and in holding costs. This is the reason why it is necessary to
develop and select the most effective inventory model yielding the optimum inventory framework
minimizing its cost. Some authors [21] have assessed different models, such as lot for lot, EOQ,
period order quantity (POQ), least unit cost, least total cost, least period cost, and the Wagner-Whitin
model. After the assessment, this last model yielded the best results for the least total annual
inventory cost.

In the frame of EOQ theory a cost model with arbitrary function is also developed [22]. In this
case, the time-depending holding cost is introduced, in order to take into account the higher money
effort for keeping fresh some perishable goods. Some other authors develop more complicated
frameworks [23], incorporating the demand modelling as distribution functions [24], addressing the
shortage implications in the ordering [25] and solving optimization problems using metaheuristics [18],
genetic algorithms and multicriteria analysis [26].

Based on the literature review, there is a clear industrial need to be addressed in the present work,
concerning the usual industrial parameters for decision taking; namely: Costs of labor, regional costs,
and the time dimension. In the models reviewed, labor and regional costs are normally merged into
the holding costs calculation. Therefore, there is a need to separate the accountability of such costs to
compare the product costs when locating the supply chain in different geographical facilities.

1.2.4. Case Studies and Implementation of AM Technologies to Industry Parts

Case study research (CSR) is a very suitable methodology for undertaking assessments in both the
fields of engineering technology and production administration, which has been gaining importance
over many different disciplines during the last years [27]. Compared to pure experimentation, which is
probably the most common engineering approach, CSR can handle with the propositions on ‘how’ and
‘why’ of contemporary data without having to control behavioral events [28].

The study cases of application of AM technologies to product manufacturing in the recent
literature have commonly addressed metal AM applications, and are characteristics of the companies
that manufacture and sell AM equipment [29]. Some pure research experimentation approaches are
capable of assessing in more detail the conditions and optimal parameters form parts obtention [30].
However, these very comprehensive studies focus on the technical product optimization that can be
achieved, and do not assess whether the products improved have a defining impact on the company
which produces them at its overall level. The reality is that, at the present time, most of the products
optimized in such case studies are parts that are only product prototypes that are not in the main
product core range of the firms. Alternatively, in some cases that the products are in the core activities
of the companies, some parts fail to be economically relevant in the broader perspective.

The case study formulations can be prepared in single-case designs or multiple-case designs [28].
The results obtained in the engineering case are extrapolated and the impact is evaluated at the
company level. Due to the nature of the case study, there has been a very comprehensive process to
select the unit of analysis to make sure that the results can be extrapolated to the effect in the size of
a company.

2. Materials and Methods

The presented case study methodology is grounded in the real circumstances of Unistral Recambios,
a company that belongs to the Fluidra group, which accounted for a total price list cost of spare parts
held in the inventory books over 15 M€ in 2017 (considered the year of the study). In such example,
the large volume of references does not allow to treat all the cases one by one. In the present work,
the decision taken has been to formulate a case study with a holistic (single unit of analysis) single-case
design. The results obtained in the engineering case are extrapolated and the impact is evaluated at
the company level.
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Due to the nature of the case study, there has been a very comprehensive process to select the
unit of analysis to make sure that the results can be extrapolated to the effect in the size of a company.
This selection of the unit of analysis (segmentation and taxonomy) has been conducted in the phase
of Study definition. In parallel to the study definition, there has been constructed the framework
construction for costs evaluation.

The core of the study development has been performed in the engineering case, assessing a
product relevant from the global set. The final phase is the analysis of the Impact of the optimization
level achieved and the discussion of the possible extrapolation to the potential impact in both company
and sector levels. From these, further achievable impact could be explored by the extension of the
analysis to other product fractions and/or with the introduction of changes in the inventory policies of
the company.

The overall flow diagram of the methodology undertaken in the study is presented in Figure 1.

Figure 1. Flow diagram of the present study methodology.

2.1. Inventory Case Study: Spare Parts for Fluid Conduction Systems

In a first exploratory analysis of the data obtained from enterprise resources planning software
(ERP) utilized by the company. There are 9072 references which can be object of study, and that can be
categorized as follows:

• Kits: Sets of different parts; which can be composed, for example, of a plastic part, a sealing
gasket, and screws.

• Plastics: Plastic parts mainly manufacturing by injection molding, blowing or machining processes.
• Chemicals: Chemical substances such as chlorine, acids, and bases.
• Electrical: Including motors, electrical cables, and connectors, among others.
• Mechanical: Standard mechanical elements such as screws, mechanical seals, washers, etc.
• Elastomers: Comprising elements based on elastomeric materials, mainly sealing gaskets,

and membranes.
• Filtration: Including filter beds, membranes, and filter cartridges.
• Measurement: Including sensors and devices for temperature measuring, alkalinity, and active

oxygen, among others.
• Others: Including items purchased by external suppliers or standard plastic elements, such as

junction boxes.

From this product aggregation, the category of ‘Plastics’ account for 2735 product references,
that represent a 30.3% of the total number of articles considered. These are the specific targeted parts
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focused in the present study, as most of them could in fact be manufactured by plastic AM technologies,
despite being originally designed to be manufactured by other means.

In these selected plastic product references, the next step in the methodology consists on
evaluating the relative demand and rotation of each product reference. Therefore, the study analyses
both the distribution of the orders and the average lot size of each of them.

Firstly, it has been studied the number of orders received for each of the references. For this reason,
a Pareto-type analysis has been made showing the distribution of the number of orders of each product
or reference within the category ‘Plastics’ (see Figure 2). During the study year, the 2735 product
references were called in a total of 99,009 independent orders.

Figure 2. Pareto distribution A-B-C of the orders received for all references within the category ‘Plastics’.
Elaborated by the authors from Unistral Recambios data.

The Pareto analysis divides the orders received in the category ‘Plastics’ within three population
levels ‘A’, ‘B’ and ‘C’. The ‘A’ sector comprises the products that represent the 80% of orders expressed
in number of units. The ‘B’ sector comprises the products that represent a supplementary 15% of
the orders and, finally, the ‘C’ sector includes the products that represent the 5% of the remaining
orders. The specific data for this analysis is shown in Table 1. In this table it is also shown the
maximum, average and minimum numbers of orders for the references classified in each sector. As a
preliminary conclusion, the 166 references categorized in Sector A have continuous levels of demand,
which can continue to be produced by conventional manufacturing means that lead to economies
of scale. On the contrary, the references in the sectors B and C are potentially good candidates to be
analyzed in the present study as they add up total of 2569 part references (93.9% of the products in the
‘Plastics’ category) with discontinuous levels of demand (29.9 orders/year in average for Sector B and
2.4 orders/year in average for sector C).
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Table 1. Pareto distribution A-B-C of all references. Elaborated by the authors from thanks to the data
facilitated by Unistral Recambios data.

References and Orders in eEach Pareto Sector Sector A Sector B Sector C

Total number of references in the sector 166 513 2056
Maximum number of orders for a part in the sector 3078 80 9
Average number of orders for a part in the sector 477.5 29.9 2.4

Minimum number of orders for a part in the sector 80 10 0

Secondly, it is important to quantify the real rotation of the products; i.e., how many of each of
the parts are ordered in their (possible) different orders. As stated earlier, these figures can be obtained
by analyzing the average number of parts served in each of the orders for every part. Concerning to
this, Figure 3 depicts the actual rotation of the products.

Figure 3 shows a very clear distribution for a company dedicated to the spare parts supply.
In effect, the quantity of parts ordered in average in an independent order is relatively small. This fact,
combined with what was demonstrated in Figure 2, shows how most of the parts receive relatively
low numbers of orders containing relatively low numbers of units of products in each order. Only few
products receive recurrent large orders. In fact, the plastic parts that do have large recurring orders
are commonly small plastic bags and small foam spacers with manufacturing costs that normally fall
below 0.0002 €/unit, having a limited impact in the inventory costs. Furthermore, some 142 product
references accounted for zero orders in the study year.

Figure 3. 3D quantification of the rotation of the products. For each part, a plot in X and Y is configured
with the number of orders received and the average number of units sold in each order within the
categories ‘Plastics’. Elaborated by the authors from Unistral Recambios data.

More specific information on the distribution of the number of units in an independent order
can be found in Table 2. In particular, having an average number of units in an order of 78.9 parts,
in fact 75% of the orders are of 15 parts or less. Therefore, in this sector, the real industrial interest for
manufacturing solutions is to respond to the orders of small batches of products.
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Table 2. Distribution of the number of units demanded in each independent order.

Total Number
of Orders

Max. no. of
Units in an Order

Average no. of
Units in an Order

Min. no. of
Units in an Order

Max. no. of Units in an
Order on Percentile 25

Max. no. of Units in an
Order on Percentile 50

Max. no. of Units in an
Order on Percentile 75

99,009 118,893 78.9 1 1 4 15

From the mass distribution perspective of the analyzed parts, it can be produced an analogous
study which is shown in Table 3. For the 2735 references analyzed in the ‘Plastics’ category,
some weighty parts increase the overall average weight of a part to 2.179 kg. However, 75% of
the references weight are of 1.005 kg or less. Clearly, the majority of the parts within the category have
small masses.

Table 3. Distribution of the mass in the product references.

Total Number
of References

Max. Part
Weight (kg)

Av. Part
weight (kg)

Min. Part
Weight (kg)

Part Weight on
Percentile 25

Part Weight on
Percentile 50

Part Weight on
Percentile 75

2735 25 2.179 1.0 × 10−12 0.252 0.655 1.005

As a summary, the taxonomy analysis undertaken in the present exploration yields that the
prototype part in the ‘Plastics’ category, for this company in this sector:

1. Received 80 or less orders in the study year, so it has a discontinuous level of demand (receives
less than five orders per week),

2. The ordered quantities were very low. Being conservative, most products demand fall below 2400
of total units in the period (which would imply, for example, 80 independent orders of 30 parts of
the same product), so do not justify manufacturing in long runs, and

3. The mass of each part is below 1 kg of weight, so it is sensible to be manufactured by means of
AM technologies.

Therefore, the case study will focus on the parts that fulfil these conditions and will be referred as
the fraction ‘α’ of the inventory.

2.2. Total Inventory Manufacturing Costs

In order to quantify the costs in its context, it can be formalized the total inventory manufacturing
cost (TIMC), which can be calculated by making the addition for all parts in the inventory of its number
and manufacturing cost, as formalized in Equation (1):

TIMC = ∑i=n
i=1 ∑j=m

j=1

(
Qj

i ·C
j
MANi

)
, (1)

where:

• (TIMC) is the global aggregate total inventory manufacturing cost
• (i) is a part in the inventory
• (j) is an order manufactured and hold in the inventory

• (Qj
i) is the number of repetitions of product ‘i’ in the order ‘j’

• (Cj
MANi) is the manufacturing cost of product ‘i’ in the order ‘j’

In particular, TIMCα can be used to refer the Total Inventory Manufacturing Cost (TIMC)
of a subset of products ‘α’, in particular those belonging to the filtering undertaken with the
‘Plastics’ category.
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2.3. Costing Model for Injection Molding Parts

In the present study, the calculation of the costs for manufacturing a part utilizing injection
molding technologies is performed as indicated in Equation (2):

CIM = CE + CTOL + CL + CMAT, (2)

where:

• (CE) is the equipment cost per part, calculated as a ratio of the utilization time of the equipment
for the manufacturing of a part, considering the equipment depreciation, the energy average
consumption and the maintenance associated

• (CTOL) is the tooling cost per part, calculated as a division of the total tooling costs by the total
number of parts manufactured

• (CL) is the labor cost per part, calculated as a multiplication of the time dedicated by a worker to
a part by the labor hourly cost

• (CMAT) is the material cost per part, calculated as a multiplication of the product mass by the
material cost per weight unit

In this costing model, CE and CL are function of the processing time required, and CMAT is
function of the material weight utilized.

2.4. Costing Model for Additive Manufactured Parts via Fused Filament Fabrication

In the present study, the calculation of the costs for manufacturing a part utilizing AM technologies
is performed as indicated in Equation (3):

CAM = CE + CL + CMAT, (3)

where:

• (CE) is the equipment cost per part, calculated as a ratio of the utilization time of the equipment
for the manufacturing of a part, considering the equipment depreciation and the maintenance
associated cost. In AM, the product physical dimensions (volume) affects the processing time; so,
it is implicit in this cost factor. The energy average consumption is neglected following the model
in Section 2.

• (CL) is the labor cost per part, calculated as a multiplication of the time dedicated by a worker to
a part by the labor hourly cost

• (CMAT) is the material cost per part, calculated as a multiplication of the product mass by the
material cost per weight unit

In this costing model, again, CE and CL are function of the processing time required, and CMAT is
function of the material weight utilized.

2.5. Costing Model for Parts in Stock

In the present study, the calculation of the costs generated for a stocked part is make as indicated
in Equation (4):

Cs = CMAN + CTRA + CH + CMGT, (4)

where:

• (CMAN) is the cost of manufacturing of a part, calculated as in previous sections, depending on
the manufacturing technology utilized

• (CTRA) is the cost of the transportation incurred when moving the part from the production unit
to the warehousing facility
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• (CH) is the cost of holding stocked the part, considering the physical space cost in the warehouse
and other derived costs such as the insurance cost for the part

• (CMGT) is the cost of managing the stocked part, considering the labor in warehousing and
surveillance and other derived costs such as the software license costs for the part

In this costing model, CMAN, CTRA, CH and CMGT are function of the processing time required, of
the material weight and of the physical dimensions of the part. For this reason, Cs can be expressed as
shown in Equation (5):

Cs =
(
Kt

MAN ·tMAN + Km
MAN ·m + Kv

MAN ·v
)
+
(
Kt

TRA·tTRA + Km
TRA·m + Kv

TRA·v
)

+
(
Kt

H ·tH + ·Km
H ·m + Kv

H ·v
)
+
(
Kt

MGT ·tMGT + ·Km
MGT ·m + Kv

MGT ·v
) (5)

where:

• (Ki) are the constants associated to the different cost factors
• (ti) are the processing times for each part of the process (manufacturing, transportation,

holding and management
• (v) is the envelope volume for a part, calculated by multiplying the maximum dimensions in the

three cartesian directions (X·Y·Z).

This cost modelling framework is interesting for global companies as it enables a comparison
of different manufacturing and inventory costs incurred in different locations, as far as the labor
costs, the land costs and the logistic chains are quantified; as well as the processing times required,
material weight and physical dimensions of the parts.

If a designer can reduce the mass and the manufacturing processing times of a product,
without modifying any of the rest of factors, the variation of Cs for a single part in the stock can
be calculated as shown in Equation (6):

ΔCs =
(
Kt

MAN ·ΔtMAN + Km
MAN ·Δm + Km

TRA·Δm + Km
H ·Δm + Km

MGT ·Δm
)
, (6)

where:
ΔtMAN = tConventional process

MAN + tD f AM process
MAN , (7)

Δm = mConventional product + mD f AM product, (8)

Or, grouping the terms of Equation (7), as shown in Equation (10):

ΔCs =
(
Kt

MAN ·ΔtMAN + Km
MAN ·Δm

)
+ (Km

TRA + Km
H + Km

MGT)·Δm (9)

Which, in the aggregation of all the changes in Cs for all the parts in the stock, can be calculated
as expressed in Equation (11):

∑i=n
i=1 ΔCsi = ∑i=n

i=1 ΔCMANi + ∑i=n
i=1 (K

m
TRA + Km

H + Km
MGT)·Δmi. (10)

Or, in terms of the TIMC, as expressed in Equation (12):

∑i=n
i=1 ΔCsi = (TIMCConv. proc.

α ·δ) + (Km
TRA + Km

H + Km
MGT)·mConv. proc.

total α ·γ. (11)

where:

• (α) is the target group for the switch to AM processes; i.e., ‘Plastics’
• (δ) is the average cost reduction in manufacturing of the parts achieved for the target group (α)

• (mConv. proc.
total α ) is the original total mass of the target group for the switch to AM processes;

i.e.,: ‘Plastics’
• (γ) is the average mass reduction in the parts achieved for the target group (α)
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3. Results

The product object of the case study in the present work is a real case articulated in the fluid
handling industry. To be consistent in the analysis and following to the product segmentation
undertaken in Section 2.1, it has been chosen a relatively common product (weighting less than
1 kg), demanded on a relatively low number of orders (less than 42 orders) and in relatively short series
(less than 2400 units per order in average). The product is redesigned, and the costs are assessed in the
conventional manufacturing process and in an AM technology (FFF) both for the original part design
and for its redesign. The reduction in the manufacturing costs are then used to infer the reduction of
overall inventory costs that could be achieved through the introduction of AM.

3.1. Case Study (Spare Part for Fluid Handling): Product Definition

3.1.1. Product Specifications

The overall product is a flow regulation system for fluids (an automatic valve), which contain
many different parts. A pneumatic piston acts on the actuator (green) which is connected to the
membrane (black) by means of a metal insert in form of a pin. The support (red) is responsible for
aligning the actuator with the membrane so that it can restrict the flow and separate the pneumatic
system from the hydraulic system. Finally, the body of the valve (dark gray) is responsible for the
conduction of the fluid (see Figure 4). The system is fixed with stainless steel screws that go through
all the parts until reaching the pneumatic piston.

In this case, the part to be studied is the support of the automatic valve. The need is to manufacture
2000 units of supports to fully supply the customer.

The technical specifications of the support require the use of materials with good mechanical and
thermal properties. For this reason, technical polyamide (PA666) also used in the automotive industry,
is the material selected for manufacturing the part. It is a strong, ductile and easy to print material.
The filament for the present study (Novamid® ID1070), was supplied by Nexeo Solutions, suppliers of
the material used.

Figure 4. Automatic valve section, in red the part to be redesigned and assessed (support).
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3.1.2. Original Product Costs (Molding)

The case study for this inventory part starts with the costs assessment considering that this part
was originally designed to be manufactured by injection molding technologies. All the economic
treatment is handled in Euros as the company in the case study has its headquarters in the Barcelona
region (Spain).

As it can be seen in Table 4, the cost analysis reaches a minimum total cost per part of 1.71 €, in the
case of a total production volume of 275,940 parts per year over a 10 years’ production period. In the
case of manufacturing only the 2000 units to supply the demand in the considered order, the total cost
per part is of 21.61 €.

Table 4. Injection molding costs assessment for the original product at a maximum production rates
and at an order level of 2000 units.

Injection Molding Manufacturing Cost Per Part

Operation data

Production rate per hour (h−1) 35 35
Hours per year in operation (h) 7884 7884

Production volume total (per year) 275,940 2000

Cost of Equipment
Machine and ancillary equipment (€) 400,000 400,000

Equipment depreciation cost per year (€) 40,000 40,000
Machine maintenance cost per year (€) 8000 8000

Total machine cost per year (€) 48,000 48,000
Total machine cost during the time of operation (€) 48,000 347.9

(CE) Machine cost per part (€) 0.17 0.17

Cost of Tooling
Mold cost (€) 40,000 40,000

(CT) Mold cost per part (€) 0.14 20

Cost of Labor
Machine operator cost per hour (€) 17 17
Post-processing time per part (min) 0.5 0.5

(CL) Labor cost per part (€) 0.14 0.14

Cost of Material
Material per part (kg) 0.862 0.862

Build material cost per kg (€) 1.5 1.5
(CMAT) Material cost per part (€) 1.293 1.293

(CIM) Total cost per part (€) 1.75 21.61

3.1.3. Original Product Costs (AM)

As a starting point approximation, the 3D printing costs of the case study part (support) are
analyzed without carrying out any type of structural redesign. The printer used for the present study
is an FFF machine from the manufacturer “BCN3D” (Sigma model) that has the impact on the cost of
the part accounted in Table 5. With this calculation method, the total cost per part when manufactured
via AM technologies is of 40.06 € with independency of the number of units to be manufactured.
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Table 5. Additive manufacturing (AM) costs assessment for the original product.

Additive Manufacturing Cost Per Part (Original Design)

Operation data
Number of parts manufactured per platform 2

Platform build time (h) 143
Hours per year in operation (h) 7884

Production volume total (per year) 110

Cost of Equipment
Machine and ancillary equipment (€) 2100

Equipment depreciation cost per year (€) 262.5
Machine maintenance cost per year (€) 100

Total machine cost per year (€) 362.5
(CE) Machine cost per part (€) 3.29

Cost of Labor
Machine operator cost per hour (€) 17

Set-up time to control machine (min) 5
Post-processing time per part (min) 3

(CL) Labor cost per part (€) 1.13

Cost of Material
Material per part (kg) 0.862

Build material cost per kg (€) 41.35
(CMAT) Material cost per part (€) 35.64

(CAM) Total cost per part (€) 40.06

The operation data presented in Table 5 has been calculated with the BCN3D CURA software,
including the number of parts per platform in the present case-2-, and the platform build time—143 h.
CURA also calculates the amount of material used in the construction, given a determined level of
infill; which in the present case accounts for 862 g per part.

The relevant printing parameters utilized by the BCN3D CURA software (Version 2.0,
BCN3DTechnologies, Barcelona, Spain) to calculate the cited output, which will be needed for the cost
calculations are the following:

� Nozzle diameter: 0.4 mm
� Diameter of the filament: 2.85 mm
� Print speed: 80 mm/s
� Layer height: 0.1 mm
� Wall thickness: 0.8 mm
� Platform adhesion: Brim
� Extrusion temperature: 230 ◦C
� Temperature of the hot bed: 100 ◦C

BCN3D CURA software graphical interface is capable of representing the parts in 3D located in
the construction platform as they will be obtained once the parts manufacturing is completed. For the
manufacturing of the case study part, it is chosen to place the parts laying on its bigger flat surface.
The BCN3D CURA graphical simulation is shown in Figure 5.
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Figure 5. BCN3D CURA software platform simulation the case study part (support) in the original
design model.

3.2. Case Study (Spare Part for Fluid Handling): Product Redesign and Virtual Validation

3.2.1. Preliminary Infill Study

As a starting point in the product redesign it is interesting to evaluate the effect of the reduction
of the infill percentage of the part. Providing that the external features of the case study part remain
the same, the same model can be printed with a different internal structure (filler or infill). The infill
modification as a percentage is a very powerful approach, due to its easiness, to reduce the amount
of material needed while maintaining the necessary stress resistance of the parts. In many cases,
the filling of the part does not need to be 75% to 100%. A 25% fill can also provide enough strength
and saves time and print material.

Also, in FFF, very solid parts can yield to warping and deformations due to the cooling process of
the part. This deformation or warping can be reduced either through good adhesion to the construction
platform or also through the printing configuration. In particular, it can be significantly reduced if a
less dense structure is used.

One of the best approaches for tuning the infill level is to test it live by printing a part. Figure 6
shows a couple of 3D printed repetitions of the case study part. The part in the left was manufactured
with an infill level of 25%, while the one in the right was manufactured with an infill level of 75%.
Only with this infill percentage reduction, a significant change in the shape of the part the material is
reached. In particular, for the printed tests, the shape distortion is reduced between 5 and 7 mm in the
four lower edges of the part. Furthermore, a significant cost reduction is observed as the printing time
is reduced by a 30%.

These exploratory results can be utilized as preliminary quantitative figures for a starting point of
the specific product improvement. Based on these, the product redesign, in form of DfAM, should be
explored in detail undertaking the complete topological optimization and analysis.
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Figure 6. Case study printed parts: (a) Support manufactured with an infill percentage of 25%;
(b) support manufactured with an infill percentage of 75%.

3.2.2. Product Redesign and Virtual Validation

The computer aided design (CAE) analysis starts with the definition of the constraints imposed
by the components in the context of the system. As such, the first element to be considered for the
simulation is the gold membrane that exerts a pressure on the surroundings of the housing of the
support (see Figure 7a). The central part of the membrane also exerts pressure, but only when there
is water pressure inside, for this reason it is presented in the study of loads. The material of the
membrane is EPDM rubber (ethylene propylene diene monomer rubber), a rubber derivative with
6 mm thickness and a modulus of elasticity of 10 MPa.

The support object of the case study in the simulation is shown in Figure 7a represented in blue
color. However, for the redesign and simulation means, the support is divided into two domains.
The outer shell or skin, for aesthetic reasons, should remain as it is in the original design, but the
interior of the support can be modified. Therefore, as presented in Figure 7b the part is divided into the
design domain (interior, in red) and the non-design domain (housing or skin, in blue) with a thickness
of 2 mm.

Figure 7. Case study part: Support (in blue) and membrane (in gold). (a) Support and membrane; (b)
design domain (red) and non-design domain (blue).

Secondly, the study of the supporting surfaces of the part is addressed. The biggest surface of
part is in direct contact with the base of the metallic piston and therefore, there must be included a
surface restriction (see Figure 8a). As for the screws, which joins the body with the piston, it restricts
movement in the X, Y and Z directions (see Figure 8b). In the center of the part there is a through
housing where the rod and the actuator pass through the support until they encounter the membrane.
The loads on the sides of the housing are not considered in this case study, assuming the actuator next
to the stem will not contact with the walls around it.
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Figure 8. Case study part (support, in blue) and membrane (in yellow): (a) Surface (red) including a
restriction; and (b) four screw fasteners support (yellow), which are the points at where the model does
not allow any physical displacement over any of the cartesian directions (X-Y-Z).

The third step is to identify the loads in the model and two extreme conditions have been defined:
Valve totally open, and valve totally closed. In the first condition, the pneumatic actuator is resting,
and the membrane passes the flow through the interior of the body at a nominal pressure of 10 bar
(PN10). In this case, the pressure acts on both sides of the support (see Figure 9a). In the second
condition, the pneumatic actuator applies force on the membrane stepping on the body and preventing
the passage of the flow inside. In this case, the pressure acts only on one of the faces (See Figure 9b).

The body and the support are assembled by means of screws with a tightening of 6 Nm, in both
cases a pressure of 1 MPa of compression has been applied on the membrane that corresponds to a
deformation of 0.6 mm in its dimensions. The Novamid® ID1070 material (which is the filament used in
the manufacturing of the present case study) was characterized for the two most common printing
patterns (0-90 and 45-45) for the X-Y printing plane (see Table 6).

Figure 9. Case study part (support, in blue) with load in the conditions of: (a) Valve totally open;
and (b) valve totally closed.

Table 6. Mechanical properties of Novamid® ID1070.

Parameters E [MPa] ε [%] σ [MPa]

0-90 X-Y 1,714 ± 103.83 7.21 ± 2.97 44.85 ± 2.62
45-45 X-Y 2,124 ± 80.05 14.89 ± 6.97 50.14 ± 1.86

From this material characterization, the virtual testing has been executed assuming a linear
simulation and utilizing the least favorable values for the material properties that are presented
in Table 7 (X-Y print at 0-90). A safety factor of 30 has been considered in the voltage factor for
the simulation.
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Table 7. Mechanical properties imposed in the virtual testing conditions.

Parameters E (MPa) σ (MPa)

0–90 X–Y 1600 42

Once the model is ready, the first simulation run is used to evaluate the behavior of the initial
totally solid (100% level of infill) model of the part. With the simulation results it is possible to
quantify to the material deformation (as presented in Figure 10a) as well as the Von Mises stress values
(as presented in Figure 10b), providing detailed information on the different model areas.

Figure 10. Case study part (support): (a) Displacements of the material for the solid model; and (b)
Von Mises stress for the solid model.

In particular, the maximum displacement results are 0.031 mm obtained at the top of two of the
sides of the part. The maximum stress of Von Mises is estimated around fixations with a value of
3.02 MPa (see Figures 10b and 11a).

Figure 11. Case study part (support): (a) Von Mises stress focused on fixations; and (b) results of
topological optimization.

These values obtained in the simulation indicate that the model is oversized and that there is room
for material optimization. In this case, the objective of the topological assessment is to propose material
to remove in those points where the interaction of the loads is low, and/or no displacements occur.
In this manner, the objective function is set to maximize the rigidity of the model, taking into account
the restrictions and supports. The results of the topological optimization are presented in Figure 11b.

The results obtained in the analysis indicate the areas where it is necessary to have a greater density
of material so that the part is functional according the specified mechanical requirements. Due to
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the asymmetry in the load results, the proposed design in this case is not completely symmetrical.
However, to make sure that the part would meet the solicitations in any of the possible mounting
dispositions, the denser side has been mirrored to the opposite side of the initial plane of symmetry of
the part. Once the redesigned model is completed, a new simulation is run to evaluate the level of
displacements and stress. The results are presented in Figure 12a,b.

Figure 12. CAE of the case study part (support): (a) Displacement results in the optimized design,
and (b) Von Mises stress result in the optimized design.

In the redesigned product, the maximum displacements meet are of 0.138 mm, which are
considered acceptable within the normal operation limits. Furthermore, the maximum stress (mostly
due to compression efforts) is of 26.2 MPa, falling on the safe operating area.

3.2.3. Manufacturing Specifications for the Product Redesign

To achieve the desired dimensions in the printed part, thermal contractions must be considered.
For this, it is necessary to over-scale the three-dimensional model, increasing the volume in a proportion
of a certain value. This value is dependent on the printing conditions, but in general, for Novamid®

ID1070 1.02, a 2% of increase in dimensions can be used. In this way, it is possible to correct the
deformation contraction effect by ensuring the correct dimensions after printing (see Figure 13).

Figure 13. Original model (left). Corrected model (right).

Novamid® ID1070 is printable with FFF machines whose extrusion nozzle head with temperature
ranges between 220–245 ◦C. The most usual printing temperature is 230 ◦C, achieving the homogeneous
melting of the material at temperatures above 225 ◦C. The optimum mechanical properties are observed
at temperatures between 225–245 ◦C.

The Novamid® ID series is a range of high performance filaments for extreme resistance and
ductility. These properties are closely related to the level of crystallization of the material. In order to
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achieve performance similar to the standard injection molding of PA6, the high level of crystallinity in
the material has been maintained. Because of this increased crystallinity, using the optimum printing
conditions is necessary.

To print the new models, it was used with the BCN3D Technologies Sigma 3D with the same
printing values for the parameters of nozzle diameter, filament diameter, print speed, layer height,
extrusion temperature and temperature of the hot bed than in the initial printing. The infill parameters
are set at 100% in this new trial of manufacturing. The reason is that once the part has undergone the
topological optimization, the material allocation needs to match the computer aided design.

Concerning the adhesion of the printing part to the construction plate, the accumulation of
stresses due to contractions during printing can cause the separation of the printing substrate. To this
regard, adhesion can be increased by chemical bonding or mechanical bonding. To achieve a correct
adhesion in the hot bed, an adhesive promoter (Dimafix®) was used, also adding an edge to increase
the contact surface.

3.2.4. Physical Functional Validation of the Redesigned Printed Part

After the virtual Computer aided engineering testing, the printed parts have been functionally
validated in a specific test bench at the company Fluidra.

The test bench consists on a small circuit composed by a compressor that introduces pressurized
atmospheric air into an accumulator that is presented in Figure 14. A pressure regulator set at 10 bar
allows the air flow through a normally closed solenoid, which commands the piston that lifts the
membrane. As presented previously in Section 3.1.1, the movement of the membrane (opening and
closing) allows and stops the flow of liquid through the main body of the valve. Therefore, the support
analyzed in the present case study is mounted between the piston and the main body of the valve.
The solenoid valve is controlled by a square signal, with short cycles of five seconds with voltage and
five seconds without voltage. According to the established protocol, the study part (support) must
meet the same minimum operating life as the minimum membrane life, which is set at 5000 cycles.

Figure 14. Schematics of the testing set for the pneumatic valve according to the protocol at the Fluidra
group. Contains the solenoid valve, the piston and the compressor.

For the validation of the present study, three printed samples were tested during 5500 cycles to
check the resistance of the support in accelerated operation. All three sample parts were able to be

148



Materials 2018, 11, 1429

mounted correctly, fitting in size and not having dimensional or tolerance problems. Furthermore,
the three parts worked correctly showing no damage or defect in their geometry. The physical bench
set is depicted in Figure 15.

Figure 15. Physical testing of the printed part. It can be seen how the command circuit is mounted on
a main fluid circuit. (a) Detailed view of the support mounted under the pneumatic piston. On top,
the solenoid valve. (b) General overview of the fluid testing set, containing the compressor, valves,
piston and the case study support.

4. Discussion

4.1. Cost Comparison between Additive Manufacturing Designs and Other Relevant Manufacturing
Approaches

A cost study has been carried out another time with the new design to compare the results with
the original design and the cost of manufacturing it by plastic injection (see Table 8).

Table 8. AM costs assessment for the redesigned product.

Additive Manufacturing Cost Per Part (Original and Redesigned Parts)

Operation data
Number of parts manufactured per platform 2 2

Platform build time (h) 143 84
Hours per year in operation (h) 7884 7884

Production volume total (per year) 110 188

Cost of Equipment
Machine and ancillary equipment (€) 2100 2100

Equipment depreciation cost per year (€) 262.5 262.5
Machine maintenance cost per year (€) 100 100

Total machine cost per year (€) 362.5 362.5
(CE) Machine cost per part (€) 3.29 1.93
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Table 8. Cont.

Cost of Labor
Machine operator cost per hour (€) 17 17

Set-up time to control machine (min) 5 5
Post-processing time per part (min) 3 3

(CL) Labor cost per part (€) 1.13 1.13

Cost of Material
Material per part (kg) 0.862 0.237

Build material cost per kg (€) 41.35 41.35
(CMAT) Material cost per part (€) 35.64 9.8

(CAM) Total cost per part (€) 40.06 12.86

If both designs are compared in terms of manufacturing times, a significant reduction can be
observed and consequently production increases by a 41.4% per year. In addition, the reduction of the
material used decreases by 72.5% compared to the original design. These factors directly impact part
cost, decreasing up to 67.9%. Again, this cost is independent of the number of units manufactured.
As seen before, injection molding reaches figures much lower of cost per part, providing that the
number units to be manufactured is very high.

Figure 16 summarizes the cost levels of the three production strategies. Given the order level
of 2000 units, the AM redesigned geometry is the production strategy that delivers the minimum
manufacturing cost (12.86 € per part). The cutting production volumes between the different production
strategies yield the different decision points. In the original AM design, AM production was the
best preferred option for orders of 1045 parts or below, at a cost of 40.06 € per part. Otherwise,
Injection molding would be the best desired strategy. In the part redesigned for AM, AM production is
the best preferred option for orders of 3605 parts or below. For larger order figures, injection molding
remains as the best production strategy.

Figure 16. Graphical comparison of the levels of manufacturing costs of the injection molding and
AM strategies.
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Figure 16 is thus the synthesis of the levels of cost for the current state of the art in AM and
molding technologies. Providing that AM cheaper materials and faster AM machines can be developed,
the horizontal cost lines for AM are expected to keep decreasing over time.

At the present time, the inventory taxonomy described in Section 2 shows that for inventory parts,
normal ordering levels are very low. It has been found that it is very unlikely to require more than
2400 repetitions of a part in a year. Therefore, the zone of interest of the graph is below 2400 product
units. From this selection, Figure 16 shows that substitution of manufacturing technologies—from
conventional to AM—has economic sense only if DfAM is undertaken.

4.2. Potential Impact in the Inventory Cost

Following to the product filtering conducted in Section 2.1, the figures of the overall inventory
parts considered in the present study yield a TIMCConv. proc.

α calculated as formalised in Equation (1)
of 1,350,670 €.

Then, in the case study, it has been possible to achieve a reduction in manufacturing costs per part
of a 67.9% (δ) thanks to a reduction in the material utilised of an 72.5% in mass (γ) and a reduction
on the processing time of manufacturing of a 41.4%. These percentages of reduction are aligned with
the company previous experience and, according to the industrialists, can be considered a realistic
average reference (not too optimistic or pessimistic).

Furthermore, given the company’s data, it is possible to calculate the factors ‘K’ needed in
Equation (6) to calculate de change in costs (ΔCsi) of the products analysed. The values of the cited
constants can be found in Table 9.

Table 9. (Ki) constants associated to the different cost factors, calculated for the 2017 inventory figures
at Unistral Recambios.

(Ki) Constants Values Units

Kt
MAN 0.4504 €/h

Km
MAN 1 €/kg

Km
TRA 0.0333 €/kg
Km

H 0.0556 €/kg
Km

MGT 0.0222 €/kg

With these figures and considering that the original total mass of the target group for the switch
to AM processes; i.e., fraction ‘α’ of the ‘Plastics’ category (mConv. proc.

total α ) is of 220,514 kg, the potential
impact to the inventory associated costs can be found by utilizing Equation (12) as follows:

∑i=n
i=1 ΔCsi = TIMCConv. proc.

α ·(−0.679) + (0.0333 + 0.0556 + 0.0222)·mConv. proc.
total α ·

(−0.725) = −934, 868.56,
(12)

The overall reduction in costs is huge for the fraction ‘α’ of the product category of ‘Plastics’.
Indeed, it represents a reduction of a 69.22% of its Cs. Knowing that the entire TIMC of all the product
categories ascended to 6,861,642 €, the possible cost reduction associated to the stocks change in
manufacturing of fraction ‘α’ of 934,868.59 €, represents a 13.62% decrease in the inventory costs.
This data yields a brief estimator of what can be feasible to achieve when switching from conventional
manufacturing to AM technologies in the sector of the spare parts for fluid conduction systems.

4.3. Considerations on Further Achievable Impact in the Inventory Cost

As some considerations on the study and its hypotheses, it is important to mention that the
present work completes a case study calculating a feasible cost reduction of a part—considered
representative of the group, to estimate the impact that this exercise could have when extended to
a relevant share of its product range (fraction ‘α’). This estimation is performed on the context of
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switching from conventional manufacturing technologies—injection molding in the part analyzed—to
AM technologies. Therefore, the study might be extended by selecting other parts in the inventory
manufactured with different conventional technologies and so applying the methodology to yield
additional cost reductions.

Also, the application of AM technologies could help achieving shorter delivery times; which could
be incorporated in the study to quantify more precisely the cost reduction effects. So far,
the implications that this would effectively have in the supply chain is out of the scope of the
present study. Furthermore, as the batch size can be reduced to any figure, once switching to AM
processes, the company might choose to modify the stocks level of the subset of products, this bringing
further implications on possible savings. Moreover, some further plastic parts could be identified
and redesigned from the category ‘Kits’, that could yield additional cost reductions on the overall
stock cost.

These considerations on side-effects have not been analyzed in the present study to maintain a
conservative savings quantity estimation. Future research may target the study of different inventory
policies for the parts of the company, starting from the costing models formulated in the present article.

5. Conclusions

The present study articulates and utilizes a methodology and a cost frame for assessing the
potential impact of a switch in the production technologies from conventional strategies to AM
strategies. The methodology consists on a taxonomy product analysis, the engineering case study
analysis, the discussion of the results and the extrapolation of the findings to the potential impact in
the company overall.

The taxonomy analysis is undertaken in detail to (i) select a relevant product for the case study
analysis, as well as to (ii) quantify the hierarchical and economic parts catalog of the company.
The engineering case study analysis covers the analysis of the product manufacturing both in the
conventional process and in the AM process. The latter is evaluated in the manufacturing of the
original design and of a specific product redesign implementing DfAM techniques. Being a single-case
design with a single unit of analysis, the engineering case study has been screened to make sure of its
validity and reliability in the context of a real engineering case from a company.

The cost frame articulated formalizes a method for calculating the impact of a product modification
based on the TIMC and of several factors affecting the inventory costs, which are divided into
manufacturing costs, transportation costs, holding costs, and management costs. The factors affecting
the costs are dependent on basic cost generators; namely: Processing time, material weight,
and material dimensions.

The engineering case study part selected is a support for an automatic valve that it is required in
a volume of 2000 parts. Following the taxonomy analysis performed, it is considered a representative
part of the inventory in terms of weight and demand. The original design, weighting 0.862 kg has been
assessed in its costs of manufacturing. Then, topological optimization has been undertaken reaching a
weight of 0.237 kg without modifying the external shape. The DfAM has been validated experimentally
both in virtual and physical conditions. This enormous reduction in mass has led to cost reductions in
terms of material and processing times. The estimation within the category analyzed yields that a cost
reduction of 69.22% of the manufacturing costs of ‘Plastics’ parts could be achieved. When considering
this impact in the company overall, it is found that a reduction of 13.69% of inventory costs could be
feasible to obtain.

The methodology and the cost frame in the article are applied to a company dedicated to the
provision of spare parts for fluid conduction systems. However, both methodology and cost frame
could be applied to any other industrial company. The specific figure of the reduction of a 13.62% in
the inventory costs can be extrapolated to other companies operating in similar contexts. In addition,
analogous analysis could be done assessing different product fractions to incorporate AM technologies
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to other product categories. For example, it could be used in the category of ‘Kits’ for AM plastic
technologies or in other categories for example with metal technologies.

Concerning the cost frame, the factors affecting the inventory costs have been specifically split
into the presented division to ease the treatment of the effect of costs of the use of materials, technology,
regional locations and human factor. Therefore, the same kind of study that has served to evaluate a
topological optimization that has led to savings in different cost factors (volume and weight), could be
undertaken with the same cost frame model for a change on the regional change in location affecting
the product value chain from manufacturing to inventory.
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Abstract: One of the challenges in additive manufacturing (AM) of metallic materials is to obtain
workpieces free of defects with excellent physical, mechanical, and metallurgical properties. In wire
and arc additive manufacturing (WAAM) the influences of process conditions on thermal history,
microstructure and resultant mechanical and surface properties of parts must be analyzed. In this
work, 3D metallic parts of mild steel wire (American Welding Society-AWS ER70S-6) are built with
a WAAM process by depositing layers of material on a substrate of a S235 JR steel sheet of 3 mm
thickness under different process conditions, using as welding process the gas metal arc welding
(GMAW) with cold metal transfer (CMT) technology, combined with a positioning system such
as a computer numerical controlled (CNC) milling machine. Considering the hardness profiles,
the estimated ultimate tensile strengths (UTS) derived from the hardness measurements and the
microstructure findings, it can be concluded that the most favorable process conditions are the ones
provided by CMT, with homogeneous hardness profiles, good mechanical strengths in accordance
to conditions defined by standard, and without formation of a decohesionated external layer; CMT
Continuous is the optimal option as the mechanical properties are better than single CMT.

Keywords: additive manufacturing; WAAM; GMAW; cold metal transfer; hardness; mechanical
properties; thermal input; microstructure

1. Introduction

One of the challenges in Additive Manufacturing (AM) of metallic materials is to obtain
workpieces free of defects and with excellent physical, mechanical and metallurgical properties [1] to
satisfy the strict requirements of engineering applications. Obtaining such mechanical requirements is
a hard task, especially in parts fabricated as the result of layer by layer addition of the material. AM of
metallic materials involves different techniques (powder bed fusion, binder jetting, sheet lamination,
and directed energy deposition) and metals generally must be weldable and castable to be successfully
processed in AM [2]. Till now, there have been only a limited number of commercial alloys used in
AM [3], so there is a need to increase the number of alloys to be processed by AM techniques in order to
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widen the application fields. Most of the current commercial metallic materials for AM are steels [4–7],
aluminum [8], and titanium alloys [9,10].

Wire and arc additive manufacturing (WAAM) is a wire-feed AM process and one of the most
promising techniques for producing larger components with moderate complexity and relative low
costs compared to other AM techniques for metals [11]. WAAM processes have a promising future.
Designs are already being made using this technique in different fields where WAAM is performing
very well; some of them are lightweight aerospace components (landing gear parts, wing ribs or
stiffeners) [12], wind tunnel models [13], bridges [14] and/or complex constructive features (such as
the dragon bench in the manufacture of furniture), that could not be made with conventional processes
such as casting, or computer numerical controlled (CNC) milling, among others [15].

WAAM processes generally involve high residual stresses due to high deposition rates and heat
inputs [16]. The influences of process conditions (for example, energy input, wire-feed rate [17],
welding speed and/or deposition pattern [18]) on thermal history, microstructure and resultant
mechanical and surface properties of parts need to be analyzed [16] as there is not enough knowledge
in the scientific community yet.

As explained in the work by Ge et al. [4], during WAAM processes, the added layers of
material suffer a complicated thermal history that includes, among others, melting, fast cooling,
solidification, and/or partial remelting, that greatly influence the final properties of the parts produced
by these techniques.

A recent study about the microstructure is the one from Wang et al. [19], where mechanical
properties of thin-walled parts of the die steel H13 were also analyzed, showing that the tensile
properties were anisotropic but could become isotropic after 830 ◦C of heat treatment (annealing) for 4 h.
Yan et al. [20] studied the effect of temperature gradient, solidification velocity, and alloy composition
on grain morphology in AM of metallic materials. In the overview article of Herzog et al. [21], special
attention was paid in analyzing AM specific grain structures, resulting from the complex thermal
cycle and high cooling rates. Kok et al. [22] highlighted that anisotropy and heterogeneity in the
mechanical properties of metallic AM parts are mainly due to the anisotropy and heterogeneity of
the microstructure and material properties. Another work investigating the relationship between the
microstructure and mechanical properties of the titanium alloy Ti-6Al-4V fabricated by the WAAM
process is reported by Wang et al. [23].

On the other hand, in the work from Szost et al. [24], porosity, microstructure, and micro hardness
of Al-6.3%Cu samples fabricated by WAAM were investigated considering cold metal transfer (CMT)
variants, pulsed CMT, and advanced CMT. A very interesting paper from Cong et al. [25] explores in
depth the influence of the arc mode for different CMT variants (CMT, CMT pulse, CMT advanced,
and CMT pulse advanced) on the porosity of an aluminum alloy fabricated by WAAM. In this work,
CMT pulse advanced showed excellent performance in controlling porosity, being the most suitable
variant for depositing aluminum alloys. Other defects such as lack of fusion, have been also analyzed
by the same authors in their work of 2018 [26] for maraging steel.

Mechanical properties obtained by WAAM, including hardness, are also a promising field of
study as shown in works from Horgar et al. [27], where AA5183 aluminum alloy wire was deposited
on an AA6082-T6 plate as substrate. Wu et al. [28] investigated the influence of the molten pool size
on the microstructure and mechanical properties of pieces of Ti-6Al-4V alloy, whereas Lewandowski
and Seifi [29] presented a review of mechanical properties for the most common alloys used in AM of
metals (Ti-6Al-4V, TiAl, stainless steel, Inconel 625/718, and Al-Si-10Mg).

Micro-geometrical properties such as roughness are also being investigated, as in the case of
manufacturing of multi-layer single-pass thin-walled parts [30] and in the work of Li et al. [31].

Arrizubieta et al. [32] presented a novel manufacturing technique combining laser metal
deposition, laser beam machining, and laser polishing processes for the manufacturing of a complex
Inconel 718 part, resulting in a cleaner technique as conventional machining operations were eliminated.
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Another interesting work showing a suitable full-dimension sustainability life cycle assessment
framework of parts produced by AM is the one presented by Ma et al. [33].

As we can see, due to the great variety of dimensions and parameters involved and their
interdependencies [34], AM processes require multidisciplinary research, and many investigation
lines are already open to reach a deeper knowledge about these technologies. In the present work,
three-dimensional (3D) metallic parts of mild steel wire (AWS ER70S-6) are built with a WAAM process
by depositing beads of weld metal layer by layer on a substrate of a S235 JR steel sheet of 3 mm
thickness, using as the welding process gas metal arc welding (GMAW) [35] with Cold Metal Transfer
technology [36], combined with a positioning system such as a CNC milling machine [37]. The paper
will show some interesting results based on hardness measurements, along with complementary
values of tensile strength at the working area and microstructure information.

2. Materials and Methods

2.1. Materials for WAAM process

Experiments have been carried out on a substrate of a S235JR steel sheet of 3 mm thickness,
150 mm long and 100 mm wide. This substrate has two main functions: as a support for the deposited
metal and as a heat dissipation system for the heat generated during the process by conduction transfer
through the aluminum work table.

The wire material (AWS ER70S-6) is a 0.8 mm diameter mild steel wire with a copper coating
supplied on a 15 kg coil. This steel is commonly used in a lot of applications related to construction
work, pipes, shafts, car bodies, tanks, steel castings or forgings, and general shop fabrications.

The properties of the base material (substrate) and the deposited material are shown in Table 1.
The density of both materials is approximately the same, while the mechanical properties are better for
the case of the deposited material.

Table 1. Properties of the substrate and the welding wire.

Mechanical Properties S235 JR AWS ER70S-6

Density (kg/m3) 7800 7833
Yield point (MPa) 235 420

UTS (MPa) 370–510 500–640

Chemical composition of welding wire is shown in Table 2.

Table 2. Chemical composition of welding wire.

Element C Mn S Ni V Cr Cu Si P Mo

wt% 0.06–0.15 1.40–1.85 0.035 max 0.15 max 0.03 max 0.15 0.50 0.80–1.15 0.025 0.15 max

The results of the process depend on the protecting gas. It has been used a mixture composed
of CO2 (15%) and Argon (85%) that led to the stability of the process, improvement in the surface
finishing quality, and a reduction of the splatters. It has been observed that the welding drops are
smaller with the reduction of the amount of CO2.

2.2. WAAM Equipment

The WAAM equipment is composed of two different systems (Figure 1), as described in detail in
a previous work [38]:

• Welding system: cold metal transfer technology, patented by Fronius®, was used as welding
process with a Fronius TPS 4000 CMT R machine (Fronius International GmbH, Wels, Austria).
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In this technology the intensity and voltage control is made during the deposition. By virtue of
this principle, the temperature of welding temperature is reduced and the wire movement is
optimized. As a result of this, the quality of weld beads is better than using conventional GMAW
welding [39].

• Positioning system. The control of the movement in an easy way was made by a BF 30 Vario
Optimum CNC milling machine (Optimum Maschinen Germany GmbH, Hallstadt, Germany).
It has been adapted by fixing the welding torch to the milling head in the Z axis, while the X-Y
table of the CNC system enables the deposition of a layer in the fixed Z level. To deposit the next
layer, the Z axis elevates the torch and makes the deposition in the next Z level.

As shown in Figure 1, an auxiliary working table has been developed in order to isolate electrically
both systems as well as to cool the working area.

 

Figure 1. Setup of the integrated WAAM system in the positioning table.

2.3. Fabrication of Samples by WAAM

As explained in a previous work [38], in WAAM processes, the final product is manufactured by
melting a wire using an electric arc (Figure 2). The deposition of the material rate is much higher with
respect to other metallic additive manufacturing methods. In addition, higher working speeds allow
higher workload and a significantly lower price than with other methods [40].

(a) (b) 

Figure 2. Examples of geometries obtained by WAAM: (a) Piece obtained by continuous trajectory and
complex geometry in x-y direction; (b) Piece obtained by continuous trajectory and growing geometry
in z direction.

In this work, a set of WAAM samples have been manufactured under different process conditions,
considering the parameters with more influence in the mechanical properties of WAAM parts:
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• WAAM process:

◦ Metal inert gas (MIG)
◦ CMT
◦ CMT Advanced polarity −5 (CMT Adv. pol. −5)
◦ CMT Advanced polarity 0 (CMT Adv. pol. 0)
◦ CMT Advanced polarity (CMT Adv. pol. +5)
◦ CMT continuous trajectory (CMT Cont.)

• Welding speed (constant = 400 mm/min)
• Deposition speed (constant = 2.5 m/min)
• Arc voltage (constant = 9.2 V)
• Current intensity (50 A, 66 A, 70 A, 78 A)
• Layer step (1.0 mm, 1.5 mm)

Different WAAM processes have been also applied to analyze the influence of using a conventional
MIG process, a MIG process with CMT, and a MIG process with CMT advanced and different
current polarities.

Cold metal transfer welding (CMT) is based on a MIG welding process but modified by a
short-circuiting transfer process, firstly developed by Fronius Austria in 2004 [36]. CMT provides a
controlled method of material deposition and low thermal input by incorporating an innovative wire
feed system coupled with high-speed digital control [41]. With CMT, the arc only introduces any heat
for a very brief period during the arc-burning phase and the arc remains stable, then CMT can be used
everywhere and in every position [42].

The CMT advanced is an evolution of the previous process and it obtains a lower thermal input
during welding with respect to the original CMT process thanks to the possibility of polarity change.
This produces the reversal of the direction of the plasma jet several times per second leading to 35–40%
lower thermal inputs [43]. The reversal of polarity takes place in the short-circuit phase so that this
welding process guarantees the high stability expected from cold welding [44]. Thermal input is
usually calculated based on the Equation (1):

TI =
V·I·μ

welding speed
(1)

where TI is the thermal input in J/mm, V is the arc voltage in volts (V), I is the process intensity in
Amperes (A), μ is the thermal efficiency that is a constant coefficient based upon the welding process
used; finally, the welding speed is provided in mm/s.

The samples and the definition of the parameters used are presented in Table 3, including the
calculation of thermal input.

Table 3. Definition of parameters used for each sample and results.

Nº Process
Intensity

(A)

Thermal
Input * 1

(J/mm)

Welding
Speed

(mm/min)

Deposition
Speed

(m/min)

Wall
Thickness

(mm)

Layer
Step
(mm)

Total
Height
(mm)

Layer
Height
(mm)

1 MIG 50 55.19 400 2.5 3.8 1.0 27.0 0.90
2 CMT 50 35.87 400 2.5 3.7 1.0 30.7 1.02
3 CMT Adv. pol. 0 70 50.22 400 2.5 4.2 1.0 20.2 1.44
4 CMT Adv. pol. 0 70 50.22 400 2.5 5.5 1.5 35.5 0.92
5 CMT Adv. pol. −5 66 47.36 400 2.5 4.5 1.5 41.2 1.07
6 CMT Adv. pol. +5 78 55.97 400 2.5 6.6 1.5 33.4 0.80
7 CMT Cont. 50 35.87 400 2.5 3.1 1.0 30.5 1.02

1 Note 1*: thermal input has been calculated based on the power (V·I) provided by the equipment, the welding
speed and the thermal efficiency coefficients, typically μ (MIG) = 0.8, and μ (CMT) = 0.52 considering a 35% of lower
thermal efficiency compared to MIG process [43].
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Manufacturing of samples nº 1 to 6 is presented in Figure 3, where the substrate where they have
been built is also shown.

(a) (b) 

Figure 3. Manufacturing of samples nº 1 to 6: (a) Top view; (b) Lateral view.

Subsequently, the samples were removed from the substrate; an example of the final pieces
obtained is shown in Figure 4a, with sample nº 4. Samples nº 2 and 7 share the same WAAM
parameters; however, sample nº 7 differs from sample nº 2 in the way the wire is deposited. In order to
provide a continuity during the deposition process, and to avoid edge effects, sample nº 7 has been
obtained using a continuous tool path, as shown in Figure 4b (CMT continuous trajectory). Final
sample after removing it from the substrate is also presented in this figure.

(a) 

(b) 

Figure 4. Location of the cross-section analyzed and the position of the substrate: (a) Samples nº 1
to 6, showing the location of the cross-section analyzed with sample nº 4; (b) Tool path during the
deposition process in sample nº 7 and the final sample obtained.
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2.4. Brinell Hardness Tests

Brinell Hardness Tests and Measurement of the Ball Prints

Brinell hardness tests have been developed [45] using a ball indenter of ϕ2.5 mm and a test force
of 612.9 N. The ball prints imprinted at the surface of the seven samples are presented in Figure 5.
A set of 5 points have been imprinted at the cross-sections analyzed, as explained in Figure 4a,b.
These surfaces have been previously polished to obtain a smooth condition and free from oxides and
lubricants. The numbering of the points increases from the location of the substrate (see yellow arrow
in Figure 4a,b). The aim is to obtain a hardness profile for each sample to compare the observed
behavior depending on the manufacturing parameters used in each case.

Figure 5. Brinell hardness tests applied to WAAM samples and identification of indentation points.

The measurement device to determine experimentally the print diameter is a profile projector
TESA VISIO (TESA SA, Renens, Switzerland). Two indentation diameters measured at 90◦ have been
obtained for each sample allowing to calculate a mean diameter of the indentation.

The Brinell hardness is proportional to the quotient obtained by dividing the test force by the
surface area of the indentation left in the surface after removal of the test force.

The dispersion among measurements can be quantified using the reproducibility limit, R, which
is calculated as shown in Equation (2) [46]:

R =
dmax − dmin

〈d〉 (2)

where dmax and dmin are the largest and smallest diameters and 〈d〉 is the mean of measured diameters.

2.5. Determination of Mechanical Strength

Hardness is usually defined as resistance to permanent indentation. This testing provides a
measurement of the material strength through its resistance to scratching. Thus, the possibility to

161



Materials 2018, 11, 1449

predict tensile strength based on values of materials hardness is often used. Equation (3) provides the
general relationship between hardness and tensile strength:

UTS = k·H (3)

where UTS is the ultimate tensile strength in MPa, H the hardness in a known scale and k is a coefficient.
Several standards provide a correlation between hardness and tensile strength in steels using tables,
charts, and coefficients of calculation, some of them are ASTM A370 [47], ISO 18265 [46], SAE J417 [48],
being the ASTM standard the most consolidated and used.

2.6. Equipment and Measurement of Microstructure

Microstructural analysis has been performed using the following equipment from the center for
nanoscale materials (CNM) of the Argonne National Laboratory: a high resolution and high vacuum,
scanning electronic microscopy Hitachi S-4700-II (Hitachi, Krefeld, Germany)—equipped with electron
dispersive spectroscopy (EDS) detector Bruker XFlash 6160 (Bruker, Billerica-MA, USA). The testing
conditions were 10 keV and 10 mA.

3. Results

3.1. Evaluation of Hardness Profiles

As the WAAM process is layer-based, the most critical area is the one located at the overlapping
of the two layers, or as close as possible to it. For this reason, we have chosen the positions of the
indentations (ID), making sure that for each sample we have most of the points located at these critical
areas. In Appendix A, the position of the points for every sample is shown. As we can see, most of the
indentations are located following this criterion.

Table 4 provides the mean values of Brinell hardness along with the thermal input and the
calculation of reproducibility limit (R) according to Equation (2), using the diameters of indentations.

Table 4. Process, Brinell hardness, and R values.

Sample nº Process
Thermal

Input (J/mm)
Brinell Hardness

(Mean Value)
〈d〉 dmax dmin R

1 MIG 55.19 172.89 0.729 0.731 0.7285 0.003
2 CMT 35.87 142.14 0.790 0.809 0.759 0.064
3 CMT Adv. pol. 0 50.22 159.03 0.761 0.790 0.725 0.086
4 CMT Adv. pol. 0 50.22 153.00 0.778 0.799 0.759 0.051
5 CMT Adv. pol. −5 47.36 154.49 0.773 0.789 0.759 0.038
6 CMT Adv. pol. +5 55.97 148.84 0.792 0.815 0.771 0.056
7 CMT Cont. 35.87 152.67 0.772 0.784 0.765 0.025

Conventional MIG (sample 1) process provides the biggest thermal input and hardness along
with the minimum R value (0.003). The CMT process (samples 2 and 7) with the lowest thermal
inputs, provides an adequate dispersion among values, exhibited by their R values (0.064 and 0.025,
respectively). Hardness values in samples 3 to 6 (CMT advanced) do not seem to follow a pattern
dependent on thermal input, but hardness and thermal inputs adopt intermediate values.

The hardness profiles are presented in Figure 6 along with the average values. A homogenous
hardness profile is desirable as this means that the mechanical properties obtained by the WAAM
process are appropriate and the in-service behavior of the parts is expected to be better than with the
non-homogeneous ones.

As we can see in Figure 6h, according to the standard deviations of the hardness values, samples 3
and 6 present the least homogenous hardness profile, whereas samples 1 and 7 are the best ones.
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(a) (b) 

 

(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 6. Brinell hardness profiles for the WAAM samples: (a) Sample nº 1, MIG (conventional);
(b) Sample nº 2, CMT process; (c) Sample nº 3, CMT Adv. pol. 0; (d) Sample nº 4, CMT Adv. pol. 0;
(e) Sample nº 5, CMT Adv. pol. −5; (f) Sample nº 6, CMT Adv. pol. +5; (g) Sample nº 7, CMT; (h) Mean
hardness values with standard deviations and thermal inputs.

3.2. Evaluation of Mechanical Strength

Using the hardness measurements, estimated ultimate tensile strengths (UTS) have been calculated
and provided in Table 5.

163



Materials 2018, 11, 1449

Table 5. Estimation of Ultimate Tensile Strength values based on ASTM A370 [47].

UTS (MPa) Correlation per Indentation (ID) According to Figure 6.

Process

ID MIG CMT
CMT Adv.

pol. 0
CMT Adv.

pol. 0
CMT Adv.

pol. −5
CMT Adv.

pol. +5
CMT-Cont.

1 573.33 479.99 516.38 498.34 498.39 467.42 528.44
2 583.30 473.06 499.98 483.64 562.20 465.82 505.24
3 587.47 468.90 495.17 488.64 497.70 534.68 499.66
4 589.84 477.92 561.66 541.73 495.74 490.68 501.99
5 572.46 454.32 590.94 558.59 537.12 544.38 498.00

Mean 581.28 470.84 532.82 514.19 518.23 500.59 506.67

As it was previously mentioned, the welding wire is an ER70S-6 type, described by the american
society of mechanical engineers ASME SFA 5.18 standard [49], which indicates some recommended
base materials to be welded using this type of welding wire; these are SA-36 [50], equivalent to S235JR,
SA-285 [51], SA-515 [52], and SA-516 [53]. Table 6 exhibits the specified range of UTS for these materials.
These values are used to help analyze the ultimate tensile strength (UTS) calculated using the hardness
measurement performed in the 7 samples.

Table 6. Ultimate Tensile Strength of typical base materials welded with ER70S-6 according to SFA 5.18 [49].

Base Material Specification UTS (MPa)

SA-36 (equivalent to S235JR) 400–550
SA-285 310–515
SA-515 415–485
SA-516 380–485

3.3. Microstructure Findings

Microstructural analysis of each sample has been performed using a high-resolution scanning
electronic microscopy at the center for nanoscale materials (CNM) of Argonne National Laboratory.
Figure 7a provides an image of the surface along the deposition direction in Sample nº 1 (MIG
conventional); a decohesionated layer in the upper edge is observed in this sample (a zoom of this area
is presented in Figure 7b, showing the microstructure more in detail). Appendix B shows the surface of
deposited material along the thickness for samples nº 2 to 7, where no decohesionated layer is found.

 

(a) 

 

(b) 

 

Decohesionated 

layer 

Figure 7. Scanning electronic microscopy (SEM) at the surface in Sample nº 1 (MIG conventional).
(a) Decohesionated layer found; (b) Layer SEM image at 20 μm of scale.
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Table 7 provides the compositional microanalysis of this layer observed in sample nº 1.

Table 7. Microanalysis of decohesionated external layer observed in Sample 1 (MIG conventional process).

Element Mn C O Si Cu Fe

wt% 1.58 7.59 1.79 0.83 0.44 87.77

The external layer of sample 1 (MIG process) seems to be formed by Fe3C (6.67% C) and probably
other complex carbides made up of some of the rest of the elements oxidized but present in the normal
weight percentage according to the composition provided by the manufacturer (Mn 1.40–1.85%,
Si 0.80–1.15%, Cu < 0.5%). In addition, in the process magnetite (Fe3O4) seems to be also present.
Anyway, the external layer is a pernicious effect that could be avoided using the CMT process, as it is
possible to see through the figure in Appendix B.

The presence of a decohesion layer implies poor surface properties; according to the analysis
carried out, this layer comprises the formation of carbides (which are typically hard and brittle
compounds) and oxides, which give the surface a poor surface finish and low resistance to external
chemical and mechanical agents; therefore, these types of layers are not desirable and should
be avoided.

Additionally, micrographs at the interface between layers have been obtained to zoom into this
area at the microstructural level (Figure 8). No special findings are found at this level.

Figure 8. SEM Micrographs at interface between layers in Sample nº 1 (MIG conventional).

4. Discussion

As indicated, a homogenous hardness profile is desirable as this means that the mechanical
properties obtained by the WAAM process lead to better in-service behavior of parts than with
non-homogeneous ones.
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The most homogeneous profiles are obtained in samples numbers 1, 2, and 7 (in sample 2 the
measurement of point 5 has been obviated as the print is too close to the surface). Homogeneous profiles
for MIG procedure (sample 1) were also obtained in the work by Wang et al. [19]. Samples 2 and 7
present lower values of hardness than sample 1 (Table 4); this can be explained as the CMT process
applies lower thermal inputs compared to the conventional MIG process and therefore, the sample 1
experience greater sub-cooling from the melting state and then, a microstructure of finer grains is
expected. Bigger grain sizes at the microstructure lead to lower hardness values as grains limits
contribute to block the movement of material dislocations.

Slight differences between sample 2 (CMT) and 7 (CMT Cont.) are due to the effect of the
continuous path applied in sample 7 that, for the same thermal input due to the same process
parameters, implies an accumulation of heat at the zone due to lower heat transmission and
consequently, induces a higher thermal input than the one computed and, as explained before, this
leads to a higher hardness value in sample 7.

Samples fabricated by CMT Advanced processes have a pronounced decreasing trend of the
hardness profile, showing the highest values closer to the substrate (see Figure 6c–f). This is due to
the chilling effect of the substrate that generates a higher cooling rate and therefore, the sub-cooling
effect from the melting state is higher in this zone [5]. The results are in good agreement with the
ones presented by Liberini et al. in their work from 2017 [54]; where an increase of hardness is also
found close to the free surface as a result of the thermal chilling due to contact with the air at room
temperature. In this work [54], the authors also stated that the cooling curve is the factor that most
influences the final microstructure and that no important differences between the samples are obtained
from different process parameters. With CMT Advanced, the mean hardness values are very similar
for samples 3 to 6, and the thermal inputs as well.

The most inhomogeneous profiles are obtained in samples 5 and 6, where some peaks are observed.
In these two cases a polarity of 5 and +5, respectively, is applied during the process, and the intensity
applied is also different in both cases (66 and 78 A, respectively). However, regardless the different
conditions, the mean hardness values are close between them and to the ones obtained with polarity 0.
In general, we can conclude that the CMT Advanced process does not show a better performance of the
process regarding the homogeneity of the hardness profile of the parts and the mechanical properties.

Indentation points are located at the overlapping area (or as close as possible) of the two layers,
the most critical area for an additive manufacturing process. No significant influence of the position
of the indentation points on the hardness values is observed at this level of analysis, being these
results are in good agreement with those obtained by other authors using a similar methodology,
such as Xu et al. [4]. Micrographs at the interface between layers did not show special findings at the
microstructural level. Additional research will be conducted in future works in order to analyze locally
the behavior between layers, combining higher resolution hardness tests and metallographic analysis
in this area.

As WAAM is a layer-by-layer manufacturing process that uses a welding wire that melts on a
previously welded substrate, it is important to ensure that the requirements of weldability, such as the
mechanical properties of a material that are joined using the welding wire, are well suited. Using the
recommendations provided by the Kobe Welding Handbook [55], the base material should present a
minimum UTS between 400–480 MPa. Therefore, considering the requirements indicated in Table 6,
in this evaluation, a range between 400 and 550 is considered suitable. Values higher than 550 MPa
could lead to the appearance of hardness peaks between layers, which are not recommended as they
do not guarantee the homogeneity of the mechanical behavior. This supposes that the estimated UTS
at the surface of sample 1 (MIG conventional process), equal to 581.28 MPa, is greater than the upper
limit that the new substrate should exhibit. The remaining mean values (samples 2 to 7) are between
400 and 550 MPa, nevertheless some specific values are above the upper limit (550 MPa) in samples 3
to 5. Thus, it can be concluded that CMT process (samples 2 and 7) and CMT Adv. pol. +5 (sample 6)
provides the most adequate UTS values.
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In addition, the microstructural analysis of each sample (1 to 7) has been performed using
high-resolution scanning electronic microscopy. Homogeneity has been observed in the transition
between layers in all samples. Nevertheless, a decohesionated layer in the upper edge is observed in
sample 1 (MIG conventional). The external layer is a pernicious effect that can be avoided using the
CMT process.

In agreement with other authors, there are no significant differences between the samples
processed with different process parameters when using a particular WAAM process [16,54].

5. Conclusions and Future Work

After discussing the main results, Table 8 shows a summary of the best process conditions
considered in this work.

Table 8. Summary of the best process conditions according to homogeneous hardness profiles and
mean values, the estimated ultimate tensile strengths (UTS) derived from hardness measurements,
and the absence of the decohesionated layer at the surface found at microstructural level.

Sample nº Process

Most
Homogeneous

Hardness Profiles
(Figure 6a–g)

Highest Values of
Mean Hardness

(Figure 6h)

Best Estimated
UTS [55]
(Table 5)

Absence of
Decohesionated

Layer at the Surface
(Figure A2)

1 MIG X X
2 CMT X X X
3 CMT Adv pol. 0 X
4 CMT Adv pol. 0 X

5 CMT Adv pol.
−5 X

6 CMT Adv pol. +5 X
7 CMT Cont. X X X

Taking into account the hardness profiles and mean values, the estimated UTS derived from
the hardness measurements and the microstructure findings, it can be concluded that the best
process conditions are the ones provided by simple CMT, with homogeneous hardness profiles,
good mechanical strengths in accordance to conditions defined by standard, and without formation of
a decohesionated external layer; CMT Continuous is the optimal option as the mechanical properties
are better than with single CMT (Figure 6h and Table 5).

In this study, we have been interested in defining global trends of the hardness at a macroscopic
level for common values of manufacturing parameters to obtain results with a broad level of generality
from an applicative point of view, of interest for users of these technologies. As there is still an
important lack of information about the influence of the microstructure in the behavior of parts
obtained by additive manufacturing processes in general, and in WAAM in particular, future work will
be focused on developing an in-depth analysis about this promising topic, drawing special attention
to the microstructure between layers, which is the most critical area in AM parts, and using higher
resolution tests.
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Appendix A. Position of the Indentations

In Figure A1 the position of the indentation points for every sample is shown. Images of points
located more clearly between layers are highlighted with red frame.

Sp. 
Nº 1 

     
 ID1 ID2 ID3 ID4 ID5 
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 ID1 ID2 ID3 ID4 ID5 
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Figure A1. Brinell hardness tests applied to WAAM samples and identification of indentation points;
images with red frame showing points located more clearly between layers.
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Appendix B. Scanning Electronic Microscopy (SEM) to Detect Decohesionated Layer in the
Upper Edge of the Surface

Figure A2 shows the surface of deposited material along the thickness for samples nº 2 to 7.
The resin embedding the sample has not to be confused with the formation of the decohesionated layer
that was only found in Sample nº1, using MIG conventional without CMT.

(a) Sample nº 2 (CMT) (b) Sample nº 3 (CMT Adv. pol. 0)

(c) Sample nº 4 (CMT Adv. pol. 0) (d) Sample nº 5 (CMT Adv. pol. 5)

(e) Sample nº 6 (CMT Adv. pol. +5) (f) Sample nº 7 (CMT)

Figure A2. SEM images showing no decohesionated layer formation in the upper edge of the surface.
(a) Sample nº 2, CMT process; (b) Sample nº 3, CMT Adv. pol. 0; (c) Sample nº 4, CMT Adv. pol. 0;
(d) Sample nº 5, CMT Adv. pol. −5; (e) Sample nº 6, CMT Adv. pol. +5; (f) Sample nº 7, CMT Cont.
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Abstract: In this paper, we developed a method of fabricating polymer microstructures at
various angles on a single substrate via synchrotron X-ray lithography coupled with simple
dimensional transformations. Earlier efforts to create various three-dimensional (3D) features on
flat substrates focused on the exposure technology, material properties, and light sources. A few
research groups have sought to create microstructures on curved substrates. We created tilted
microstructures of various angles by simply deforming the substrate from 3D to two-dimensional
(2D). The microstructural inclination angles changed depending on the angles of the support at
particular positions. We used convex, concave, and S-shaped supports to fabricate microstructures
with high aspect ratios (1:11) and high inclination angles (to 79◦). The method is simple and can be
extended to various 3D microstructural applications; for example, the fabrication of microarrays for
optical components, and tilted micro/nanochannels for biological applications.

Keywords: Synchrotron X-rays; lithography; curved substrate; microstructures

1. Introduction

Synchrotron X-ray lithography (XRL) uses a hard X-ray source to fabricate nano/microstructures
of various shapes [1,2]. Synchrotron XRL has been used to create high aspect ratio structures with
good sidewall roughness; synchrotron X-rays are highly collimated, pass through thick polymers
and other plastic materials, and exhibit high flux and intensity, the pattern accuracy of XRL is very
high. Synchrotron XRL was first developed to fabricate uranium-separation nozzles, and several
other applications have been found since. For example, synchrotron XRL has been used to fabricate
high-density magnetic dot arrays [3], a vertical stepper [4], and micromechanical components [5].

Ultraviolet (UV) light is employed in conventional photolithography. The photomask pattern is
copied to photoresist (PR) with various ratios, and a two-dimensional (2D) microstructure is formed
on a flat substrate. Various techniques are used to create three-dimensional (3D) features on 2D
substrates. Micro stereo lithography [6], 3D printing [7], oblique lithography [8], PR reflow [9],
backside exposure lithography [10], grayscale lithography [11], nanoimprint lithography [12,13],
nanosphere lithography [14], colloidal lithography [15], block copolymer lithography [16], and e-beam
lithography [17] all allow extensive shaping. However, it is complicated to fabricate the desired
structures using these techniques.
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In 2011, Jongho et al. prepared copper microstructures on curved substrates via optical soft
lithography and metal electroplating [18]. The microstructures had high aspect ratios, throughput was
good, cost was low, and reproducibility was high.

Microcontact printing using cylindrical polydimethylsiloxane (PDMS) stamps has since been
reported [19]. However, it was not possible to create various angles on a single substrate by flattening
the curved substrates bearing the microstructures.

Here, we develop a method by which to fabricate tilted microstructures of various angles and
shapes on a single substrate using synchrotron XRL. Synchrotron X-rays are highly collimated;
they pass through polymers (because of their short wavelength). Such a unique feature of hard
X-rays allows the fabrication of microstructures on curved substrates. The fabrication technique
on curved substrates could be applied to the fabrication of precision optical elements [20] and the
micromachining of ultraprecise molds on curved or cylindrical structures.

2. Materials and Methods

2.1. Experimental Setup

The experiment was conducted at the 9D (X-ray nano/micromachining [XNMM]) beamline [21]
of the Pohang Light Source (PLS) using a polychromatic X-ray beam (Figure 1) emitted from an electron
storage ring. Unlike conventional UV lithography, it is possible to impart dimensional changes to the
X-ray mask to create gaps between the mask and the sample, thus improving technical performance.

Figure 1. Schematic of synchrotron X-ray lithography. MR, mirror; Be, beryllium.

The energy of the linearly accelerated electrons is 3 GeV, and the current moving around the
storage ring is 400 mA (Table 1). The 9D beamline uses a bending magnet to direct the X-rays into
the lithography chamber. The horizontal divergence of the beam source from the bending magnet is
about 8 mrad (Table 1). As the distance from the magnet to the sample is about 20 m, the beam width
is about 16 cm, which is sufficient for a four-inch wafer process. X-rays emitted from the magnet pass
through two mirrors and the Be windows before finally reaching the lithography chamber. The mirrors
are inserted in the beam path to remove high-energy emissions [22]. The Be windows isolate the
vacuum and experimental zones, and are surrounded by He (an inert, non-toxic noble gas). The He
gas prevents Be window oxidation. The experimental chamber is also filled with He because the gas
exhibits good X-ray transmittance, and flux degradation is minimal. Another effect of He atmosphere
is that He atmosphere promotes heat dissipation by convection in the chamber, since He has high heat
capacity. The sample stage of the experimental chamber moves vertically to provide homogeneous
X-ray exposure distribution. The beam width covers the entire sample in the horizontal direction,
but the vertical beam dimension is only about 1 cm; thus, the sample stage must move vertically to
cover the entire sample (Figure S1).
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Table 1. Specifications of the Pohang Light Source 9D nano/micromachining beamline.

Specification 9D Beamline

Electron energy 3 GeV 1

Beam current 400 mA
Horizontal beam span 8 mrad

Vertical beam span 0.34 mrad
Beam size at sample 100 mm (H) × 10 mm (V)

1 http://pal.postech.ac.kr.

2.2. Fabrication of a Flexible X-Ray Mask

Synchrotron XRL was used to create microstructures of various angles via simple dimensional
transformations. Especially when using a curved substrate, the mask must be sufficiently flexible to
adhere to the PR.

Figure 2 shows the fabrication of the flexible X-ray mask. The first step was the deposition of a
gold layer on the polyimide (PI) film/silicon (Si) wafer (Figure 2a). The PI film was laminated onto the
Si wafer using dry film resist (DFR) as adhesive. The PI film/Si wafer was chemically prepared and
oxygen plasma-cleaned; the film was chemically resistant and thermostable. After cleaning and surface
treatment, a 20-nm chrome layer and an 100-nm gold layer were then deposited. The chrome layer
served to adhere the PI and the gold. A 100-nm gold seed layer for electroplating is then deposited.
The second step in mask formation is shown in Figure 2b. The PR on the PI film is formed via UV
photolithography. To create the PR, the PR (SU-8 3010; MicroChem, Westborough, MA, USA) was
spin-coated onto the gold layer at 1,000 rpm for 30 s, and the sample was heated for 8 min at 95 ◦C (the
soft bake). When all of the wrinkles had been removed, the PR was covered by the chrome mask and
exposed to 15 mW of UV for 12 s (total energy: 175 mJ/cm2), followed by post-exposure baking (PEB)
at 65 ◦C for 1 min and 95 ◦C for 23 min, rendering the latent PR pattern visible.

Figure 2. Fabrication of a flexible X-ray mask. (a) A gold layer on the polyimide (PI) film and silicon
(Si) wafer; (b) Mask patterns on the gold layer after photolithography; (c) An electroplated gold (Au)
layer between the mask patterns; (d) The completed flexible X-ray mask after separation from the Si
wafer substrate. DFR, dry film resist.

The next step was the developmental process, after which only the pattern remains; other areas
were chemically removed to expose the bottom gold surface, which acts as a seed layer for gold
deposition during electroplating. Plasma ashing was used to remove residual PR. Electroplating
(to form the masking pattern) was then performed (Figure 2c) using a customized electrochemical
cell. The electrolyte solution was a gold preparation (SP Gold 2000; CNC Tech., Seoul, Korea).
The gold substrate (the cathode) was covered with electroplating tape except in the patterned SU-8
area. DC current density of 1 mA/cm2 was delivered to an area of 2600 mm2 at 50 ◦C with mild
agitation. The electroplating time was calculated using the experimental data, and was about 3 h
at an electroplating rate of 4 μm/h, affording a final gold thickness of 12 μm. Then, the substrate
was thoroughly rinsed with distilled water. Finally, the electroplated gold structures were detached
(Figure 2d).
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Optical microscopy confirmed that the SU-8 PR remained adherent to the substrate during mask
fabrication. We created seven different patterns: four rows of lines with 20-μm, 50-μm, 100-μm,
200-μm, and 800-μm gaps between them; and rectangular, star, and circle patterns, as shown in
Figure 3. Optical microscopy showed that the pattern edges were neatly formed, not only for
relatively simple circles but also for (irregular) stars. We encountered no stress-induced gold peeling
during electroplating.

Figure 3. Flexible X-ray masks. (a) Picture of fabricated X-ray mask with various patterns including.
(b) lines, (c) stars, (d) circles, (e) squares.

2.3. Fabrication of Microstructures of Various Angles

In this research, PR SU-8, the material used for the microstructures, was micropatterned onto a
flexible substrate, forming structures >100 μm in height. In fact, the PR exhibited excellent substrate
adhesion, even when forming structures of height >3 mm via dry-chip casting [23]. Therefore, SU-8 is
optimal for producing tall structures with various angles and shapes.

2.3.1. Spin-Coating

After fabricating the mask, the SU-8 was first spin-coated onto a flat structure. Although spraying
and roller-coating, dip-coating, and extrusion-coating methods are available, spin-coating is most
commonly used to form flat PR layers. The height of the final structure was about 75% of the thickness
of the PR. The micropatterned structure was supported by a flexible PI film. The PI film (5 cm × 4 cm)
was prepared via chemical and plasma cleaning, followed by surface treatment, as described for mask
fabrication. PR (SU-8 2075; MicroChem) was spin-coated at 1000 rpm to a thickness of about 120 μm
(Figure 4a), followed by heating (soft bake) to remove the solvent and cure the PR. The soft bake was
performed at 65 ◦C for 8 min and 95 ◦C for 45 min. Wrinkles could have formed if the heating had
been inadequate, resulting in surface distortion on contact with the mask, and thus the creation of
dents on removal of the mask. In addition, the development time would have been extended. Then,
the flexible X-ray mask was attached on top of the PR (Figure 4b) using an intermediate 30-μm PI film
to prevent sticking.

Figure 4. Cont.
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Figure 4. Fabrication of microstructures of various angles. (a) Spin-coating of photoresist (PR) onto a PI
film. (b) The flexible PR X-ray mask. (c) The flexible structure wrapped on a curved substrate. (d) X-ray
exposure of the curved structure. (e) Microstructures on a curved substrate. (f) Microstructures tilted
at various angles.

2.3.2. X-Ray Exposure

The PR with the flexible X-ray mask was attached to a semicircular column by a lead sheet
(Figure 4c), and then attached to a sample stage in the experimental chamber. Cooling lines were run
under the sample stage. Heat control is important; heat generated by X-rays may deform the PR layer
or create bubbles. After placing the sample in the stage, the chamber was evacuated and helium gas
was injected. The X-ray beam dimensions were about 10 cm horizontally and 1 cm vertically. The stage
had a reciprocating vertical motion to cover the entire field of view (FoV) of the sample (Figure 4d).
The vertical scan speed was 2 cm/s and the total scan range was 7 cm. The dose delivered to the
PR was about 90 J/cm3. After X-ray exposure, the PI/ PR construct was removed from the curved
support, and PEB was performed at 65 ◦C for 5 min and 95 ◦C for 10 min. Irradiated, negative X-ray
PRs form strong acids, and the affected areas become cross-linked during PEB. The brittleness and
ductility of the photopolymer during exposure and PEB are influenced by the sensitivity of the PR to
X-rays, X-ray intensity, exposure time, temperature, and PEB time; all must be controlled to ensure
appropriate microstructural stiffness and adhesion to the flexible substrate.

2.3.3. Development

After PEB, the PR/PI film was immersed in SU-8 developer for about 15 min. During development,
the area exposed to the X-ray remains, and the area that is not exposed is removed (Figure 4e). As the
substrate is flexible, it can be flattened, and the structures then exhibit various tilt angles depending on
their distances from the center (Figure 4f).

3. Results

3.1. Fabricated Polymer Microstructures of Various Shapes on a Flexible Substrate.

Representative examples of the tilted microstructures are shown in Figure 5. Figure 5e–h are
optical images acquired in top–down view; the shapes include lines, circles, stars, and squares. As the
microstructural material is a polymer, the microstructures are transparent to visible light, allowing
the morphology of the bottom substrate to be observed (red arrows in Figure 5a–d). The bottoms
of the microstructures are dark (green arrows in Figure 5a–d). The four microstructures are shown
from the side via scanning electron microscopy (SEM) in Figure 5e–h. The width of the line pattern
microstructure is 50 μm; the length is 5 mm, the height is about 200 μm, the hypotenuse is about
560 μm, and the tilt angle is about 69◦. The aspect ratio of the tilted line structure is about 1:11.
As the pattern is narrow, long, and highly tilted, the structure is vulnerable to external forces. Especially,
during development, the developer solution must be circulated to remove non-crosslinked SU-8 PR.
If stirring is too strong, the structure will collapse. If stirring is too weak, some polymer will remain
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near the bottom, i.e., under the tilted structure (blue arrow in Figure 5e). In Figure 5a, residual
polymer is present in the dark area (blue arrow). The radius of the smaller circular microstructure is
100 μm; the height is about 240 μm, the hypotenuse is 840 μm, and the tilt angle is about 73◦. We also
fabricated square-patterned microstructures with a tilting angle of 54◦. The height of the structure was
about 300 μm, the length of a side was about 200 μm, and the hypotenuse was 510 μm. Interestingly,
we observed that star-patterned microstructures had the highest tilting angles, as shown in Figure 5h.
The area of the star pattern was about 45 μm2, the height of the microstructure was about 100 μm,
the hypotenuse was 510 μm, and the tilting angle was about 79◦.

Figure 5. Fabricated polymer microstructures of various shapes on a flexible substrate. Optical
microscopic images of various patterns (from the top) including (a) lines, (b) circles, (c) stars, (d)
squares. Scanning electron microscopy (SEM) images of various patterns (side views): (e) lines, (f)
circles, (g) stars, (h) squares. Scale bars, (a–d) 400 μm, (e–h) 200 μm.

3.2. Fabricated Polymer Microstructures of Various Angles on a Flexible Substrate

As shown in Figure 6, the polymer microstructure was fabricated on a single substrate with a single
synchrotron X-ray exposure. The key to this development was that the tilt angle of the microstructures
changed with the support structure. While the sample was irradiated with X-rays, the angle between
the X-rays and the substrate of the microstructure determined the tilt angle of the microstructures.
As shown in Figure 6a, when the exposure was performed with the PR attached to a convex
support, the microstructures formed perpendicularly to the horizontal plane. When the substrate was
flattened after separating the bent substrate from the convex support, the inclination angles of the
microstructures were determined during exposure. For convex supports, the microstructures were
inclined inwards at a greater angle as the position moved away from the center. Figure 6a shows a
panoramic view of the tilted microstructures on a single substrate with tilt angles of 65◦, 55◦, and 45◦ as
a representative data set. As shown in Figure 6a, the line, circle, and star microstructures had constant
slopes at specific positions. For concave supports, the microstructures were inclined outwards at a
greater angle as the position moved away from the center, as shown in Figure 6b. S-shaped supports
were also used to fabricate microstructures on flexible substrates, as shown in Figure 6c. The S-shaped
supports had two properties. The microstructures sloped inwards and outwards on the convex and
concave supports, respectively.

One problem with the supports was that when a flexible X-ray mask was attached to the PR for
exposure, some areas of the PR were pushed down when forces were applied to the flexible X-ray mask.
In particular, it was difficult to attach the PR with a flexible X-ray mask on an S-shaped support because
of its complicated structure. During the attachment, some deformation and damage occurred, and the
height of the tilted microstructures varied at different positions. If slight deformation and damage
occurred during attachment, the height of the tilted microstructures varied at different locations,
as shown in Figure 6c.
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Figure 6. SEM images of microstructures fabricated on the (a) convex support, (b) concave support,
(c) S-shaped support.

We selected the line structure on the convex support to compare between the structures on the
mask and the actual structures after the last processing step. The substrate of the tilted microstructures
was attached to an aluminum block (Figure 7a). The block was placed on the stage of the stereo
microscope (Stemi 2000-C, Carl Zeiss, Jena, Germany) with the lateral side up. The side images of
the structures were recorded using a charge-coupled device (CCD) camera (Retiga 4000R; QImaging,
Surrey, BC, Canada). A total of 39 angles were observed along a single row. The slanted angles
were measured using the angle tool in the ImageJ software package (NIH, Bethesda, MD, USA).
The measured angle was proportional to the position of the structure (Figure 7b). However, the distance
from the center and the angle of the micropattern did not coincide exactly. The slopes from the
experimental results were slightly higher than the calculated values due to detachment between the
aluminum (AL) support and PI substrate. According to the angle measurement (Table S1), there was a
gap in the center part, between the PI substrate and the support (Figure S3). When we placed the RP
with the PI and mask on the Al support by hand, there was a slight air gap between the PI film and the
Al support at the center.

Figure 7. Angle measurement of the tiled microstructures. The structures were observed by a stereo
microscope with a charge-coupled device (CCD) camera. (a) Experimental setup, (b) Calculated angle
vs. measured angle.
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4. Discussion

4.1. Interactions between the Beam Source and Materials

The mask on top of the PR layer blocked the X-rays selectively via gold patterned on a PI substrate;
the PI film acted as a structural support that was transparent to X-rays.

The micropatterns on the mask were made of SU-8 PR, which is transparent to X-rays.
The background was a thick gold layer that absorbs X-rays; the SU-8 micropatterned area was
selectively excluded from electroplating. The ratios of X-rays passing through gold and PI are shown
in Figure 8a.

The flux of the beam on the mask was calculated by reference to the characteristics of the beam
source, as shown in Figure 8b. Such analysis reveals not only the interactions between the electrons
and the surrounding materials, but also the required gold thickness. We obtained a wide range of
X-ray energies from the bending magnet, i.e., from a few volts to tens of kilo-electron volts (thus
of both high and low energy). However, high-energy photons are detrimental, penetrating to the
bottom of the PR and then scattering inappropriately into adjacent areas during X-ray exposure [22].
The schematic of Figure 8c shows a cross-section of the X-ray exposure in the lithography chamber.
Such backscattered photons compromise structural accuracy and pattern/substrate adhesion. Also,
backscattered photons that strike the edges of the structure damage those edges. Another problem
associated with high-energy photons is secondary radiation. As photons pass through the PR, electrons
emitted after photon absorption hit the walls under the gold mask (Figure 8c), thus degrading the wall.
Therefore, mirrors were used to eliminate the high-energy photons with energies over 7 keV.

Figure 8. Experimental conditions for synchrotron X-ray lithography (XRL). (a) X-ray transmittance of
the polyimide (PI) film and Au. (b) X-ray flux calculations before the beam entered the lithography
chamber. (c) Schematic diagram of the exposure in the lithography chamber. PR, photoresist; MR,
mirror; Be Win, beryllium window.

We calculated the thickness of the gold layer by calculating the X-ray flux and then estimating
the dose incident on the PR numerically. The thickness of the gold was selected to minimize the
transmission energy and was proportional to the product of the transmittance and the flux. The flux
ejected from the linear accelerator fell by 66% after passing through the two Be windows (Figure 8b).
The following equation [24] was used to calculate the number of transmitted X-rays (STP):

STP = SM × exp(−μPxP) (1)

where xP is the depth, SM is the X-ray energy spectrum of the PR, and μP is the absorption coefficient.
The bottom doses should be about 90 J to promote cross-linking conditions. The thickness of the gold
layer was calculated to be 10 μm. Thus, the SU-8 thickness must be >10 μm. The thickness was thus
set to 12 μm, which was about 120% of the target thickness, with some margin.
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4.2. The Utility of the Fabricated Structures in Real Applications

Again, we electroplated the microstructures with gold to make a mold for replicating the structure
(Figure S4). We conducted a simple feasibility test to determine whether this mold can be used to
fabricate microarrays for optical components, and tilted microchannels for many industrial applications.
Further, the proposed development could also be applied to the manufacture of flexible electronics.

4.3. Limitations of the Fabrication Process

In the process described in Figure 4, both the substrate and the mask were bent. Due to the
synchrotron beam being parallel across the entire FoV, there were deviations in the geometry over the
whole FoV. There was a masking effect that resulted in a decreased structural width and increased
structural height at the edge of the FoV. For 45◦ inclined structures, structures with a width of less than
12 μm were no longer illuminated by X-rays that did not partly pass through the gold absorber, thus
reducing the dose absorbed by the resist. Theoretically, it is not possible to fabricate microstructures
with critical dimensions less than the height of the mask pattern. The structures in this research were
from tens of microns to a few hundred microns in height, so this effect was not obvious. This was
not visible in the optical micrograph pictures of structures with a width of several 100 μm (Figure S2).
However, it was of major relevance for the fabrication of structures smaller than the height of the mask
pattern (12 μm).

The process can be modified to overcome this hindrance. For instance, the mask can be flat,
and there can be a gap between the mask and the PR. In this case, the distance between the structures
needs to be calculated exactly to achieve the desired pitch on the bending structure. In this research,
we focused on providing a proof of concept and demonstrating the feasibility of using a simple
dimensional transformation to produce polymer microstructures of various angles and shapes on a
single substrate.

5. Conclusion

In this paper, we proposed a method of fabricating polymer microstructures with various angles
on a single substrate by a simple dimensional transformation using synchrotron X-ray lithography.
In the past, various techniques have been attempted to obtain various features on a 2D substrate,
focusing on the exposure technology, material properties, and light source. Few research groups have
attempted to create microstructures on 3D substrates. In this research, by the simple dimensional
transformation of the substrate, we created tilted microstructures at various angles. Due to the high
collimation of the synchrotron X-rays, microstructures with high aspect ratios could be realized
simultaneously. The inclination angle of the microstructure changed depending on the support
structure, which was at a constant inclination at each specific position. Three different-shaped supports:
convex, concave, and S-shaped, were used to fabricate the microstructures. The microstructures had
high aspect ratios of 1 to 11 for the line-shaped structures, and high inclination angles of 80◦ for the
star-shaped structures. Further, the inclination angle of the microstructure can also be controlled by
adjusting the degree of bending of the flexible substrate.

The developed method is simple, but can be extended to various microstructure applications.
As a typical application, this technology can be applied to microarrays for optical components,
and tilted micro/nanochannels for biological applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/11/8/1460/
s1, Figure S1: Experimental chamber, Figure S2: Photograph of the microstructure, Figure S3: Schematics of
attachment of PI film on the Al support, Figure S4: Fabrication process of the electroplated mold. Table S1.
Sampled measured angle, measured position of the microstructures, and the calculated position.
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Abstract: The term additive manufacturing (AM) groups together a set of technologies with similar
characteristics forming part of the Fourth Industrial Revolution. AM is being developed globally,
as evidenced by the standards published by and the agreements between the ISO and the ASTM
in 2013. The purpose of this paper is to anticipate the main changes that will occur in AM by
2030 as forecast by more than 100 Spanish experts through Delphi prospection performed in 2018.
In this way, the areas, aspects, and business models with the greatest probabilities of occurrence
are obtained. The need for technical experts with specific knowledge and skills requires changes to
current training syllabuses. Such changes will enable students to have the profiles foreseen in these
job trends. The encouragement of STEAM (Science, Technology, Engineering, Arts, and Mathematics)
training through the introduction of AM in study plans may be an appropriate alternative. Finally, the
consequences of the Fourth Industrial Revolution for the employment market and on jobs, particularly
in Spain, are set out and the latest Spanish Research, Development, and Innovation (R&D + I) plans
are summarized as the framework for the possible implementation and development of AM.

Keywords: additive manufacturing; delphi prospection; 3D printing; education; employment

1. Introduction

“Additive Manufacturing is a process for joining materials to manufacture objects starting from 3D
model data, generally layer by layer, as opposed to manufacturing methods based on the elimination
of material and shaping” according to the definition given in the ISO/ASTM 52900: 2015 standard [1];
therefore, the term “additive manufacturing” (AM) groups together a set of technologies with similar
characteristics in terms of manufacturing forms with the ability to generate parts starting from a
digital design and without using additional tools, generally by applying material one layer after
another [2]. What is currently known as additive manufacturing has been referred to by different
names since the 1980s, such as Rapid Prototyping (RP), Rapid Manufacturing (RM), 3D Printing,
Rapid Tooling, Generative Manufacturing, eManufacturing, Constructive Manufacturing, Additive
Layer Manufacturing (ALM), Direct Manufacturing, Direct Digital Manufacture (DDM), Freeform
Fabrication (FFF), and Solid Freeform Fabrication (SFF), among others.

AM is not a single technology but a multitude of different technologies [3–5] forming part of what
has been called the Fourth Industrial Revolution [6] and currently undergoing great development,
some in the research phase and others sufficiently mature to be used in the manufacturing of finished
products, i.e., products ready to be used [7,8]. AM is being developed globally as attested to by the
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standardization activities [9–12], the agreements between the ISO and the ASTM in 2013 [13], and the
standards published by both the ISO [1,14–18] and by AENOR [19], indicating the importance of these
technologies and the intention of standardization bodies to organize them in view of their tremendous
potential. Current standards provide a classification of seven “process categories”. The ISO has still
not published any specific standards on technologies and, although it is working on this, the difficulty
is easy to understand, since some of the said technologies are still in the development phase and
have not yet achieved maturity [20]. In different ways AM will transform manufacturing processes
as we currently know them. Changes in supply chains and logistics [21], in business models [22],
in the resulting products (embedded electronics, multiple materials simultaneously, one-off parts, short
runs, previously impossible geometries). Also changes in the sustainability of manufacturing [21–23]
and the behavior of the users (now converted into designers and producers or “prosumers”, i.e.,
a combination of both customer and supplier [5,24]), Will also change productwarranties [25]. Finally
AM may imply major changes for the economy [4], society, and industry of the future [26].

The purpose of this paper is to anticipate the main changes that will arise in AM by 2030 as
forecast by more than 100 Spanish experts through a Delphi prospection [27–32] conducted in 2018.
The conclusions of the survey enable a likely development situation for these technologies to be
sketched in for 2030, obtaining conclusions about the aspects or areas with the greatest likelihood
of growth and development. The results confirm that Spanish experts believe AM will be a reality
in manufacturing settings, optimizing processes and improving the sustainability of manufacturing,
but that it will also take place in homes. The predominance of certain groups of technologies over
others is posited. The strengths of AM and the challenges—not only technical—to be overcome are
classified. The need for competent personnel with specific skills and know-how within this timeframe
and the track record of experiments performed regarding teaching combined with AM [5,33–39]
enable the advantages of including AM in syllabuses to be set out from primary education through to
university-level courses.

2. Methodology of the Study

AM is a suite of disruptive technologies [40,41] that are transforming or complementing the
world of manufacturing. The speed of their development and their latest applications in the most
innovative sectors (vehicle manufacturer, aeronautics, and medicine) in opposition to the different
levels of development between the various technologies and how this may affect different marketing
areas raise the underlying question of this paper: How do Spanish experts believe that AM will
develop over the decade ahead?

In consequence, the year 2030 was chosen as the time horizon as this was understood to be a
sufficiently close period of time to enable the experts to make projections with solid criteria and also
sufficiently far away for them to be able to suggest and implement conclusions that could be inferred
from the results of the Delphi study (for example, suggestions regarding training).

In order to carry out a prospection on the future, it was decided to use the Delphi method,
a procedure backed by its use in numerous scientific prospections and particularly useful when no
objective information is available or in the face of situations of uncertainty [32,42–45]. According to
Landeta [46], the main features of this method are anonymity, controlled interaction and feedback,
group response, and the heterogeneity of participants.

This methodology consists of drawing up a survey around the problem formulated and sending
it to a group of selected experts (round one). The results of the prospection are obtained using the
set of responses as a whole. The same survey is then sent out again to experts who participated in
the first round so that they can respond for a second time, but they are informed on this occasion
of the overall results obtained in round one. Thus, participants can evaluate how close/far away
each of their assessments are with respect to the average assessment of the population consulted and
reconsider the response in round two, either by sending in the same option that they chose in round
one (confirmation of the initial opinion) or else accepting the option of the average of the population as
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their own (changing their initial response to accept the group average) or bringing their initial response
closer to the group response but without coinciding with it (influence of the group on individual
response). The responses obtained generate a new set of consultation results with greater convergence
in the responses. The Delphi methodology does not limit the number of iterations that could be
applied but in the case we are concerned with, two rounds have been conducted, after which the
results presented here were drawn up.

Once the methodology to be used in the consultation had been pinned down, the work on drafting
the questionnaire and the choice of experts began according to the four main phases in the Delphi
process [47] as shown in Figure 1.

Formulation of 
the problem 

Election of 
experts 

Execution of the 
Delphi prospection 

Development of 
future scenarios 

Figure 1. Main phases in the Delphi process.

The target population for the survey is made up of researchers and lecturers in areas related to
manufacturing engineering and materials engineering. The heterogeneity required is achieved by
bringing in experts from all over Spain, with different responsibilities in a variety of geographical areas.

In order to facilitate contributions and to be able to achieve a relevant level of response, it was
decided to limit the form, format, and extension of the consultation. The conditions agreed by the
authors were as follows:

Consultations must be brief, concise, and set out without any additional explanation or
clarification notes. The drafting of the survey must be straightforward. Concision in responding
to the form was considered a key factor in order to be able to obtain a good level of response. The form
was designed in such a way that the responses could be given with a single action by participants,
without the experts keying in any data or values, for example, by clicking with a mouse. In order to
unify the responses, the evaluation of each question had to be qualitative, rather than quantitative
(the transformation of qualitative results to quantitative values was done by the research team after
compiling all the individual questionnaires). The options available to participants were always an
even number, in order to prevent the existence of a central option that might provide comfort for an
uncommitted choice. It was agreed that the number of possible answers would be four, giving the
experts the option to choose how much they were in favor of the future projection presented: not at
all, partly, mostly, or fully. The consultation had to be kept short, enabling an expert to complete it in
less than five minutes. For this reason, it was agreed that the survey would present between 15 and
20 scenarios. In the end, the survey was sent out with 21 questions.

In the study, participants had to respond to the questionnaire individually, without knowing the
answers given by the rest of the participants. Group data were shared with all experts only after round
one was completed. The experts then decided whether or not the group response influenced them
in their subsequent assessment. It was decided not to use the real-time application introduced by
Gordon and Pease in 2006 [48] in which participants in a prospection could see the responses of the
group of those who had responded previously, so that this information could influence their response
(even in round one) [49]. Figure 2 provides a graphic outline of the steps in the process followed by
the Delphi prospection.
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Simplification 
21 scenarios 

Round 1 
21 scenarios 

Preparation  
of results 

Round 2 
21 scenarios 

Conclusions of the study Preparation  
of results 

Responses 
from experts 

Responses 
from experts 

Formulation 
67 scenarios 

Figure 2. Main steps in the prospection process.

The tool selected for presenting and sending out the consultation was Google Forms [50] because,
in addition to being free of charge, it enabled the results to be sent to Excel immediately, thus facilitating
the subsequent processing of the results. Email was used for communicating information [51].

2.1. Progress of the Main Stages in the Study

2.1.1. Formulation of the Problem

As indicated above, the survey comprises 21 scenarios, the result of an effort in summarizing by
the research team which initially started with 67 questions including various aspects and perspectives
at first considered relevant [52]. The formulation of the survey covers the most significant aspects
of the initial compilation and is divided into three distinct blocks: The first contains questions about
the market, business models, supply chain, new products, services and applications, specific training,
certification, intellectual property, and warranties. The second block attempts to view the process
categories that will be used in 2030 depending on the manufacturing models. The third block focuses
on the possible manufacturing technologies that will prevail, and on the strengths and weaknesses
of AM.

These 21 scenarios were tested and adjusted by the research team as specified in detail in
Tables 1–3.

Table 1. Delphi scenarios for 2030. Block 1 of questions.

No. Block 1 Scope

1 In 2030, it will be possible to manufacture parts in more
than 50% of homes in industrialized countries

Business model:
Domestic/specialist store/large

factory

2
In 2030, more than 50% of products will be manufactured
in specialist stores with specialized personnel close to
consumers (much like photocopiers in their day)

3

In 2030, more than 50% of products will be manufactured
in factories where AM is included among their
manufacturing processes as just another group of
technologies

4 In 2030, more than 70% of prototypes will be
manufactured using AM technologies

Development of real sectors in the
market/changes in manufacturing

5 In 2030, more than 50% of tools will be manufactured
using AM technologies

6 In 2030, more than 50% of global production will be done
using AM technologies

7 In 2030, lathes will not be used for manufacturing

8
In 2030, AM processes will be monitored in real time
Sensors and production control devices will be integrated
and widespread in AM

Quality assurance and part
inspection

9 In 2030, there will be a new market niche for customized
production runs that can only be manufactured using AM
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Table 1. Cont.

No. Block 1 Scope

10 In 2030, users will obtain the digital formats of the parts to
be manufactured from one (or more) databases

Supply chain and distribution

11 In 2030, digital formats will be free of charge and freely
available

12

In 2030, more than 50% of manufacturing will be
delocalized or distributed. Production will take place at
points close to the consumer and the distribution sector
(supply chain) will have changed to service this new kind
of manufacturing

13
In 2030, more than 75% of AM processes and technologies
will be classified, its production characteristics
documented and standardized

Degree of AM
maturity/qualification of

personnel/legal
14 In 2030, specific training and qualification will be needed

to produce using AM

15
In 2030, there will be a procedure for issuing a warranty
for unique parts (personalized) manufactured using AM
technologies

16
In 2030, AM will have contributed to the sustainability of
manufacturing (manufacturing will be less polluting than
at present)

Sustainability

Table 2. Delphi scenarios for 2030. Block 2 of questions.

No. Block 2 Scope

17 In 2030, the techniques extensively used for “DOMESTIC
Manufacturing” will be

Process categories

Photopolymerization in tanks or vats
Material extrusion
Material projection
Powder bed fusion

Agglutinant projection
Localized energy deposition

Sheet lamination
Other

18 In 2030, the techniques extensively used for “HYBRID
Manufacturing” will be

Process categories

Photopolymerization in tanks or vats
Material extrusion
Material projection
Powder bed fusion

Agglutinant projection
Localized energy deposition

Sheet lamination
Other

Table 3. Delphi scenarios for 2030. Block 3 of questions.

No. Block 3 Scope

19
Choose the 3 technologies that, in your opinion, will prevail

over others on the market in 2030 (i.e., will be most used).
Which 3 technologies will outlive the others?

Technologies

Stereolithography (SLA)
Fused deposition modelling (FDM)

Selective Laser Sintering (SLS)
Selective Laser Modelling (SLM)
Direct Metal Deposition (DMD)

Laminated Object Manufacturing (LOM)
Other
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Table 3. Cont.

No. Block 3 Scope

20 Indicate the 3 factors you consider most relevant for AM to
“impose itself” on other manufacturing methods in 2030

Strengths

Democratization of manufacturing
Freedom of designers. Flexibility for design changes

Reduction in product development cycles and time to market
Lower tooling costs

Shorter production runs. Customized or one-off production
Lower raw material costs (less waste)

Reduction in transportation and distribution costs and times
Reductions in storage: Of raw materials and finished products

Contribution to environmental sustainability
Other

21 Indicate the 3 key factors you think must be resolved for AM to
“take off” by 2030

Weaknesses

The technical limitation for achieving the properties required in
the end product

The certification of parts and finished products
Changes in the way of thinking when designing parts

Industrial property rights, taxation, and the safety of the
products manufactured

The needs for training of AM equipment operators
The cost of raw materials, machinery, and/or transportation

Limitations on the volume and/or speed of manufacture
The need for post-processing

The integration of AM into current manufacturing methods
Other

2.1.2. Selection of Experts

The experts invited to take part in the study are mostly Spaniards and belong to universities,
technological centers, or institutions related to manufacturing engineering and/or materials
engineering, basically lecturers and researchers. The participation of the experts, classified according
to their geographical location, is shown in Figure 3. A high concentration in Madrid is appreciated due
to the large number of experts consulted in the universities of its geographical area.

 

Figure 3. Participation of experts, graphic view based on the location of their centers or universities.

Of those who finally decided to complete both rounds of the survey, 21% are women. In total,
they represent 31 centers and universities from 15 different regions of Spain.
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2.1.3. Execution of the Delphi Prospection

The questions were posed following a different structure depending on the block that they belong
to. In the first block it was possible to assess the position of the experts’ proximity to the scenario
proposed on a scale of 1 to 4 from “not at all” (total disagreement) to “fully” (total agreement). Only
one of the four options could be chosen. In the second block, the questions were posed using a matrix,
as it was intended to assess which AM process category (as defined in ISO standard 017296-2: 2015 [16])
will adapt more to the two different extreme types of manufacturing: home-based manufacturing
and hybrid manufacturing. In the third block, it was necessary to choose three options from those
proposed, with the expert being allowed to add another one if considered appropriate.

3. Results and Discussion

The results obtained are set out in the following three subsections. Comments and questions
raised by the said results are also included.

3.1. Results of Block 1

In the first block of questions, a consensus of 50% or more was reached in 15 of the
16 scenarios proposed.

It should be highlighted that there was more than 70% of coincidence in the responses
received, indicating clear agreement among participants. Of these, 77% felt that conventional lathe
manufacturing will not cease to be used in the timeframe considered (2030). This question was intended
to find out whether, in view of the developments and trends in AM, the experts felt that by this time
a radical change would have taken place in manufacturing methods with respect to how items are
manufactured at the moment, using the lathe-turning process as the most representative. A majority
response in the affirmative would indicate the need for drastic changes in the training of students,
so that those completing their studies in 2030 would be prepared for the radical transformation in
manufacturing techniques suggested by the hypothetical response. Since the response has mostly
been one of disagreement, it is inferred that current syllabuses must continue to include traditional
manufacturing methods and that the changes necessary in view of the progress in manufacturing
methods can be sequential.

It is also interesting that only 7% of survey interviewees felt that more than 50% of production
would take place using AM technologies in 2030. In total, 94% believe that this situation will not
arise or will occur only on an occasional basis, strengthening the idea that AM will end up being
integrated into the current manufacturing systems without disruption (except perhaps in highly
localized niches such as medicine where new and very advantageous opportunities arise with the
personalization of prostheses and organs, for example [53,54]). The panorama set out is perfectly
compatible with the manufacture of very short runs or single items, perhaps customized for the user.
In fact, 63% of the experts felt that this niche of personalized items will be an inherent characteristic of
AM technologies and that AM will be the exclusive means for their manufacture. AM techniques can,
of course, be applied to personalized manufacture without any increases in cost (except in the design
part), time, or effort, implying an immense differentiating advantage.

Of the participants, 54% fully agree with the statement that “In 2030, more than 50% of products
will be manufactured at factories where AM is included among the manufacturing processes as just
another group of technologies”.

The responses mentioned above indicate that the future manufacturing model will include AM as
another group of available technologies, for use whenever convenient or efficient for the processes,
which will be combined and used by those responsible for manufacturing to produce as efficiently as
possible. In this model, AM technologies will be integrated and used in factories just like any other
current technology.
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It is also indicative that 89% of experts believe that domestic manufacture of parts will be an
occasional or majority reality by 2030, but there is dispersion regarding the opinion that more than
50% of households in the industrialized countries will own this technology (perhaps because of the
technical requirements needed? Because of the lack of guarantee for the items manufactured? Due to
the scant application they foresee? Because their use in households at the moment is mostly among
amateurs?). According to the results obtained from the survey carried out to the experts, the least
likely marketing model is that of a specialist store close to consumers, which may recall the model of
high-street photocopying and printing centers that were so successful in the 1990s and where the work
would be carried out, or at least advice provided, by a specialist technician.

One of the main challenges for the future development of a market for one-off or customized
parts manufacturing is being able to give a warranty for their manufacture. How can a warranty be
issued regarding a part with a unique design? Any design change with respect to a standard part may
affect its aesthetics, functionality, features (its resistance or conductivity, for example), or any other
aspect of the product. How can this problem be dealt with in a generalized manner? Responding to
this question is key for the customized manufacturing niche to be able to grow. A 76% majority of
participants believe that these issues will be resolved by 2030.

In addition, 71% of those surveyed state that AM technologies will for the most part be classified
and standardized by 2030. For this to happen, the current panorama needs to be clarified: technologies
need to be developed and documented prior to their subsequent standardization. The standardization
of AM is currently underway, partly due to the dizzying advances in techniques, materials, uses, and
other characteristics of these technologies. The current standardization status is advancing according
to the work carried out by the ISO TC 261 Technical Committee [55].

How will the application of AM technologies affect the sustainability of manufacturing in 2030?
Will it help to increase sustainability of made-to-order manufacturing by lowering levels of raw
material and stocks in storage, or reducing the consumption of fuel for transportation because items
are manufactured closer to their end users? On the other hand, will the manufacture of single parts or
small runs mean that the energy synergies of serial manufacturing will be lost and more energy will be
consumed? Of the responses, 78% indicate that AM will contribute mostly or fully to the sustainability
of manufacturing. Obviously, this paper is not sufficiently extensive to be able to delve deeper into
this issue, but this is a very interesting aspect for possible future research [56,57].

Each AM technology requires specific qualifications although, taken together, they all share a
preparation in digital design techniques. If specific qualifications are going to be required in 2030 as
almost 90% of participants believe either mostly (62%) or fully (27%), it is necessary for universities
and technical training centers to apply changes to their syllabuses. These changes must begin as soon
as possible so that the technical experts are ready by 2030. The definition of the changes required to
current syllabuses is, of course, outside the scope of this study, although the skills that will be necessary
in the new digital period are suggested in the last part of the document.

Of the experts, 69% believe that AM will be used occasionally to manufacture tools in contrast
with 58% of them who believe that more than 70% of prototypes will be manufactured using AM
technology 2030. This is an interesting differentiation from which it may be inferred that the immediacy
of AM is seen as a clear advantage for prototyping, preliminary models, use in marketing, etc.

By 2030, the tools and control devices capable of monitoring and overseeing real-time production
using AM techniques will have been developed. In total, 90% (61% + 29%) of interviewees believe
mostly or fully that this will be a reality. Monitoring of processes simultaneously with manufacture
rather than after manufacture is complete is one of the challenges currently facing AM for use as a
standard manufacturing technique. Control is currently possible but it takes place after the part has
been finished, requiring the post hoc rejection of any not meeting specifications (with the evident loss of
resources). Real-time monitoring has the advantage of increasing the degree of specification-compliant
manufacturing. The experts consulted mostly believe that this integration will arise in 2030, indicating
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that the development of control techniques and sensors are fields with extensive future scope
for development.

With respect to the supply chain, 60% of interviewees feel that the distribution of designs for
AM will in general be done digitally, using one or more databases. Of the experts, 23% believe that
this will be a reality. In other words, there is a consensus among the experts that designs will mostly
be acquired from a digital market accessed by users. This confirms the theory in some publications
stating that there will be two markets: one for the marketing of digital designs and another for the
marketing of manufactured items. Some of these theories maintain that production values will become
digital, as has already happened in other sectors (telephony and Internet). That is to say, the value
of the product will lie more in its digital part (design, in this case) than in the physical manufacture
of the product itself; therefore, the “value” of the design (the digital purchase) will be far higher
than that of physical manufacture, which will end up being a “utility”. Another question arises in
connection with this one: we wanted to know whether the experts felt that that digital market would
be freely accessible (following the current trend for collaborative models) or whether payment would
be required (thus monetising part of the supply chain). Most of the interviewees feel that the design
market will be a pay-to-use market and will only occasionally be free of charge (or collaborative).
The following questions arise immediately: Who will control this market? Large manufacturing
corporations, the manufacturers of AM technology, or the users designing the models? Or perhaps it
will be none of these and only large digital platforms such as Google or Amazon will be capable of
reaching users?

Regarding the supply chain last questions, 61% responded that the distribution sector is going to
undergo a transformation towards delocalization as confirmed in the work by Sray et al. [58]. Of the
experts, 55% mostly feel that “more than 50% of manufacturing will be delocalized or distributed” and
6% believe that that scenario will be a reality. This question explores the possible changes that may
arise in the distribution sector. A large part of centralized mass manufacturing models corresponds to
product logistics and distribution. Manufacturing close to where assumption takes place would alter
the weighting of the different segments in the production chain. Distribution, currently the key to mass
production systems, may lose its relative importance in future, probably giving rise to a transformation
in order to serve users differently than at present.

The numerical values for the results obtained are shown in Figure 4.

Figure 4. Results of Block 1 questions (%).

3.2. Results of Block 2

As mentioned above, the two questions included in this block tried to glimpse the process
categories (according to the classification in the ISO 17296-2 standard [16]) that will apply in each of
the two extreme manufacturing models: domestic manufacture and hybrid manufacture (in factories).

According to the participants consulted, domestic “printers” based on “material extrusion” AM
technologies are most likely to be implemented in homes.
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However, “material projection” and “localized energy deposition“ technologies (76% including
both “mostly” and “fully”) followed by extrusion technologies are those believed by experts to be in
most widespread use in hybrid manufacture by 2030 (in use just like any other technology in factories).
Sheet lamination and photopolymerization technologies will be used less in manufacturing centers,
according to these results.

The numerical values for the results obtained are shown in Figure 5.

 

Figure 5. Results of Block 2 questions (%).

3.3. Results of Block 3

In this set of questions, we were trying to consult opinions about which technologies will lead the
field in 2030, and also discover the three strengths of AM and the three most important challenges to
be resolved.

According to the specialists, the technologies that will prevail over others in the market in 2030
are fused deposition modelling (FDM), selective laser sintering (SLS), and selective laser modelling
(SLM), as shown in Table 4.

Table 4. Results on technologies. Block 3 (%).

AM Technologies Prevalence

Fused Deposition Modelling (FDM) 29%
Selective Laser Sintering (SLS) 25%

Selective Laser Modelling (SLM) 25%
Direct Metal Deposition (DMD) 12%

Laminated Object Modelling (LOM) 2%
Stereolithography (SLA) 6%

Others 1%

The results indicate that the most relevant factors for the development of AM are related to
the product itself and to production and market factors, as shown in Table 5. Design freedom gives
the possibility to manufacture products with as-yet-impossible geometries. In addition, flexibility
in design changes gives the ability to create different products with the same base, thus generating
infinite possibilities for personalization, adaptation, etc. Secondly, the experts are of the opinion that
being able to produce short manufacturing runs or one-off items (personalization) is a determining
factor for AM to take off. Personalized manufacturing is a unique feature of AM technologies that
does not make the process more expensive, except in the digital part, since each item requires its own
design which will not be reused. Lastly, the reduction in development time and time to market is the
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third most voted characteristic. This quality enables items produced with AM technologies to be used
for the verification of a product’s operation on the market with possible savings in terms of time and
cost with respect to current procedures, a matter of great value for developers and promoters.

Table 5. Results on the strengths of AM. Block 3 (%).

Factors for the Development of AM Prevalence

Freedom of designers. Flexibility for design changes 28%
Shorter production runs. Customized or one-off production 25%

Reduction in product development cycles and time to market 21%
Reduction in transportation and distribution costs and times 6%

Democratization of manufacturing 5%
Lower tooling costs 5%

Reductions in storage: of raw materials and finished products 5%
Lower raw material costs (less waste) 3%

Contribution to environmental sustainability 2%
Others 0%

The technical limitation for achieving the properties required in the end product stands out
among the other challenges to be overcome. Anisotropy [59] and the control of physical properties
(such as resistance to traction, size verification, or the surface finish), of chemical properties, or of any
other kind of property required in the product are clearly an essential current limitation for the use
of AM technologies beyond one-off developments or highly specific market niches. In addition to
the improvement in the control of products’ properties, the experts believe that there is currently a
limitation on the manufacturing process (a limitation on manufacturing volume, mainly due to
the manufacturing equipment, production speed, or a combination of both factors). The latest
developments from equipment manufacturers try to resolve the speed limitation by placing multiple
heads that work simultaneously. Lastly, the certification and warranty of parts and finished products
is the third important challenge receiving the most votes from the participants interviewed, as shown
in Table 6. It is useless to manufacture the desired part to the required specifications and at a suitable
speed if, at the end of the day, it is impossible to certify what has been produced. Certification is one of
the constraints currently found in sectors like aeronautics [60].

Table 6. Results on AM weaknesses. Block 3 (%).

AM Weaknesses Prevalence

The technical limitation for achieving the properties required in the end product 28%
Limitations on the volume and/or speed of manufacture 21%

The certification of parts and finished products 19%
The integration of AM into current manufacturing methods 10%
The cost of raw materials, machinery, and/or transportation 7%

Changes in the way of thinking when designing parts 6%
The need for post-processing 4%

Industrial property rights, taxation, and the safety of the products
manufactured 3%

The needs for training of AM equipment operators 1%
Others 1%
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4. Implications for Education and Design of Training Programs

Several studies have been published on the development and/or implementation status of AM
in different countries—USA (Minnesota) [61], Finland [62,63], South Africa [64,65], Germany [66],
Mexico [67], India [68], UK [69], China and USA [70]—analyzing a number of aspects, an indication of
the importance of these technologies.

The prospect of using information and communication technologies (ICTs) and massive
automation (which might include, among others, the use of AM, smart software, robotics, drones,
Artificial Intelligence (AI), or Big Data) ushers in the need for specialists to carry out the necessary
research in order to overcome current challenges as well as technicians able to lead the technologies
to a suitable level of maturity for them to be used on the market and, in particular, in the
manufacturing industry.

In order to have human capital available with skills in these fields of optimization and ICTs, it is
necessary to design a national-level training plan starting from basic education (primary schools) all
the way up to university degrees, particularly in engineering [71]. The training needed is directly
related to STEAM (Science, Technology, Engineering, Arts, and Mathematics) and ICTs.

The inclusion of the use of AM in current syllabuses is necessary if the opinions of Spanish experts
turn out to be true and, in 2030, technicians with specific qualifications for AM manufacturing are
going to be needed.

Education must provide the knowledge and skills for future professionals to be able to work in
the future market, within the framework of the Fourth Industrial Revolution. Future technicians will
be required to have cognitive competence in order to deal with a changing technological environment
(mathematics, logic, data processing, project management). In addition, they will need to have
noncognitive skills [72] (critical thinking, teamwork, achievement of goals, interpersonal relationship
skills, or troubleshooting abilities [73]), bearing in mind that jobs requiring noncognitive skills will be
the last to be replaced by automated processes and therefore will be among the most valued. The skills
mentioned above should be transmitted through education, although some of these are difficult to
measure and evaluate using conventional testing [74].

AM technologies require the use of different academic disciplines such as material sciences,
machinery design, fluid mechanics, heat transfer, computing, statistics, graphic design, etc. These
disciplines can be treated as and when practical manufacturing is developed, in order to help with their
acquisition or a deeper understanding depending on the prior training of the students in question [34].

A number of different experiments have shown that the use of AM in educational processes
speeds up the training and makes it more interesting, bringing education closer to the real world. Some
experiments in the use of AM technologies in training at different levels of education and in multiple
countries have provided an overview of their usefulness and the knowledge and skills developed
through these practices.

There are several actions and experiments reported in the literature documenting the advantages
of introducing AM into training, both for schools [33,75–78] and for universities [36,37,39,79],
for teachers [38], national plans [69,80], and even in libraries [35]. These experiments have shown
that, in addition to the disciplines mentioned inherent to manufacturing, participants also develop
other nontechnical skills such as teamwork and collaboration, creativity, flexibility vis-à-vis changes,
communication skills, handling of changing information, concentration, planning, perseverance,
and self-control.

Although there is evidence that training through AM is very useful, the experiences documented
to date have been carried out by professors or researchers using their own methodology. There is as
yet no specific textbook or methodology for implementing this kind of training [5], yet, nonetheless,
the conclusions of the practical activities documented show a positive result.
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5. Implications and Consequences for Employment

The emergence of technologies in society, new consumer behavior, and the birth of new business
models form the pillars of what is known as the Fourth Industrial Revolution [6,81,82].

AM is a group of technologies of great importance within the generic framework of the Fourth
Industrial Revolution, since on the one hand it moves within the ICTs, but on the other it is clearly a
productive resource that is largely alternative to the more traditional manufacturing processes (such as
it emerges from the prospective study of the previous section), even to those processes with higher
levels of automation. Therefore, in the field of future employment and its expectations, the increasing
use of AM technologies will contribute to enhancing the strategic nature of ICTs and highly automated
manufacturing, representing a niche for employment framed in both ICTs and in highly automated
advanced manufacturing processes.

Technological transformation will affect employment and the welfare state in a manner that will
not be homogeneous across industries, occupations, and countries [83–89]. Numerous authors defend
the direct correlation between an increase in automation and the level of unemployment based on
the idea that robots will increasingly be able to carry out tasks currently allocated to humans [88] as
their dexterity increases, becoming more efficient and requiring no rest. The truth is that the Fourth
Industrial Revolution is full of uncertainties; not only with regard to employment levels but also the
quality and variety of the same, and also with respect to a variety of aspects such as business models,
in-demand professions, displaced occupations, and those others that will emerge to offer new services,
earned income, and legislation, to mention a few.

5.1. New Professions and the Disappearance of Some Current Occupations

Smart software, robotics, Big Data, Artificial Intelligence (AI), drones, and Additive Manufacturing
(AM) will displace certain activities and professions and will lead to the development of other, new
professions that do not currently exist [90,91]. The risk of job losses in Spain over the next 10–12 years
as a result of automation (jobs with at least a 70% probability of being replaced by machines) is
estimated at 12% according to the study The Risk of Automation for Jobs in OECD Countries [92],
published in May 2018. According to BBVA Research published in March, 2018 [86], this figure is 36%.
This result is based on a 2016 study by Frey and Osborne [88] which classified 702 different professions
in the United States according to their chances of being substituted as a result of automation.

Several authors [92] put the results of the study by Frey and Osborne into context [88], arguing
that although the rate of technological development is exponential (one of the characteristics of the
Fourth Industrial Revolution), integration of such technology in society and industry does not depend
exclusively on technological development factors but must be considered more holistically to take into
account the political and social context of each country and must also consider the human factor; that
is, new technologies that are developed will be taken on by society not upon their development but
once society is ready for them.

Quantitative values help us understand the significance of this issue and which prevention
measures are essential. By considering the automation probabilities obtained by Frey and Osborne [88]
and applying them to the active population classified by economic activity in the first quarter of 2018
in Spain published by the National Statistics Institute [93], we find that 1,750,000 persons are employed
in jobs with a high probability of automation (those with a probability above 70% of being replaced by
machines), and only 1,550,000 are at a low risk of automation (with a lower than 30% probability of
being ousted by machines). This information can be seen in Table 7 and is displayed graphically in
Figure 6.
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5.2. Digital Divide

One of the consequences of automation will be that new, as-yet-undefined jobs related to
technology will emerge. These occupations will require specific training and skills that not all the
population will have access to. Jobs with higher qualification requirements will be increasingly better
paid and jobs with low qualification requirements will be increasingly worse paid. In all of these,
routine tasks may be automated. This may give rise to the displacement in the outsourcing of routine
tasks, which are currently outsourced to countries with lower wages and which, in the future, may
be outsourced to machines and robots [6]. This situation gives rise to what is known as the “digital
divide” between workers in the digital market and those outside it. We can think of it as a society
with separate “castes” as a result of a highly polarized labor market (which is very dangerous for
social stability).

Figure 6. Probability of the distribution of the occupied population in Spain according to the level of
automation. A Agriculture, farming, forestry, and fisheries; B Extractive industries; C Manufacturing
industry; D Energy supply (electricity, gas, steam, and air conditioning); E Water supply and treatment,
waste management; F Construction; G Wholesale and retail trade, motor industry; H Transport and
storage; I Hotel and catering trade; J Information and communications; K Financial and insurance
activities; L Real estate activities; M Professional, scientific, and technical activities; N Clerical
activities and ancillary services; O Public Administration and defence, Social Security; P Education;
Q Healthcare activities and social services; R Artistic, leisure, and entertainment activities; S Other
services; T Domestic service activities in households.

As Frey and Osborne established [88], if we separate the labor market into three segments—highly
paid, highly technological jobs (or with “human” requirements); average jobs (not very technological
and not very routine work) with average pay; and highly routine work with very low wages—then
those in the middle tier are the most prone to being replaced by automation as the cost/benefit ratio
will be more profitable (sales, administration, transport, service, productive or manufacturing tasks).
The first group requires high qualifications or characteristics that are difficult to automate and are
related to human behavior (programmers, specialists in digital security, designers, psychologists,
doctors, artists, teachers, judges, etc.); wages for the last group will be so low that the investment
required in automation will not be worthwhile (maid services, delivery persons, farming harvesters).

Unlike previous industrial revolutions, even nonroutine jobs which are not currently considered
as being open to being robotized will be open to being robotized in this so-called Fourth Industrial
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Revolution. This change will take place as the skills required are developed, such as sensorization,
artificial intelligence, and massive storage in a super-reduced space (for instance, self-driving vehicles).

In order to carry out this training at all levels, including at business level, policies must be put
in place to foster research development in all areas (university, business, individual, institutes of
technology) and to promote reindustrialization to compensate for the loss in relevance of industry in
favor of services in developed economies [94–96]. In short, implementing an effective employment
policy [97]. It seems necessary to generate a structure that suitably fosters labor reintegration and
lifelong training and guarantees equal opportunities [98–101]. In particular, the reintegration into the
labor market of workers who missed the technological train and whose “digital divide” widens every
day will require specific support and training to return to paid employment.

5.3. Labor Market

The labor market will change (and is changing) both in geolocation and in regulation.
Globalization allows companies not to have boundaries. This has an effect not only on multinationals
with headquarters in different countries [102]. Small and medium enterprises will also be global—many
already are—since their services may be hired over the Internet.

Employees will work in a global market, leading to labor and trade union regulations that are no
longer national in scope. There will be no territorial limits. Industrial relations will be ultraflexible
in regard to both jobs and competences, and highly diversified: new regulations will be required
to regulate this added staff flexibility (workforce on demand). Our grandparents worked for one
company all of their lives; it is now normal to work for 3 to 7 companies in the course of a career; our
children will simultaneously work for 7 different companies, probably carrying out different tasks.
Companies will try to hire talented staff (Digital Talent) regardless of their place of birth.

The ties to a job or to a single company will weaken until they disappear, there will be constant
changes in activity and/or employment, and many employees will not be required to go to work in
an office. Employment will be a mixture between a paid job and self-employment [103]. This model
is called the gig economy, collaborative economy [104], or freelance economy, using the Internet as
a platform [105]. By way of example, we may consider the Uber model; namely, short-lasting jobs
for specific tasks. Highly qualified professionals will work independently for several companies,
organize their own time, and develop the skills needed to participate in multiple work teams [106]. In
the gig economy, everyone is their own boss, setting their own working times (earnings permitting);
however, workers are neither paid employees nor self-employed workers. Social protection for these
workers must be developed accordingly. Workers will adjust to market requirements and, similarly,
legislation must change to follow these labor models [96]. One of the possibilities is evolving towards
“flexicurity”, which considers “the protection of flexible employment contracts and training and
reintegration policies” [6], a model that Scandinavian countries have already developed.

Flexibility to carry out different jobs will be a valued skill, which leads to the need for continuous
and permanent training throughout a worker’s professional life, affording them the quality of
adaptation in such a way that education in the 21st century should be “teaching to learn”. “Education
is closely linked to technological change: it isn’t only shaping the inventors of the present and future
but is providing the entire population with the tools required to adapt to and make the most of new
technologies” [74,107].

In order to mitigate the effects that the Fourth Industrial Revolution may have, public
administrations should draw up and publish in advance a plan to eliminate institutional barriers and
foster infrastructures minimizing any negative impacts on the labor market.

Investment in human capital (a production factor that depends not only on quantity but also on
quality, the level of training, and productivity of persons involved in a productive process) will be an
increasingly determining factor for economic growth [108].
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To this end, teaching centers and universities must foster a more extensive and tighter
collaboration between University and Business, especially in Spain where university research is not
easily transferred to companies, which in turn leads to a low impact of financing in private research.

5.4. Investment in Technological R&D + I (Research, Development, and Innovation) in Spain

The development of AM and its use in manufacturing depend on culminating several research,
development, and innovation processes. R&D + I investment in each country is a benchmark for the
support given by government policy to fostering economic growth and productivity, and is understood
as the basis for progress and social wellbeing in that country.

Below is a summary of the main plans and policies related to R&D + I in Spain.
In response to the Europe 2020 Strategy [109], Spain amended its “National Science and

Technology Strategy” (2007–2015) [110] by passing the “National Innovation Strategy” (E2i) in 2010,
with five priority axes [111].

In 2012, the “National Strategy for Science and Technology and Innovation 2013–2020” [112]
replaced the earlier plans in reaction to the fall in R&D financing in Spain (changing the upwards
trend of previous decades), partly as a result of the economic crisis, and after verifying that the results
obtained by the two former plans had not reached the objectives set out.

The “National Plan for Scientific and Technical Research and Innovation 2017–2020” [113] is the
instrument used by the General State Administration to implement the scope of objectives set out by
the Europe 2020 strategy and the Spanish Strategy. This Plan only includes financial aid allocated to
R&D and is made up of four State Programs (similar to the “National Plan for Scientific and Technical
Research and Innovation 2013–2016” [114].)

The trend seen in the main indicators reflects the state of R&D in Spain. These indicators can
be consulted on the FECYT website (Indicators of the Spanish System for Science, Technology and
Innovation. 2017 Edition) [115].

6. Conclusions

The term AM groups together a suite of technologies undergoing development and framed
within the so-called Fourth Industrial Revolution. The results of a Delphi prospection carried out with
over 100 Spanish experts have highlighted that AM will be included within existing manufacturing
processes and will change various aspects of manufacturing: From the business models and the
distribution chain to the concept of client and supplier. The likeliest panorama in 2030, according to
the responses from experts, includes the integration of AM as more efficient and more sustainable
processes in factories and the domestic use of these technologies. The predictions indicate that many
processes will be developed and classified in AM, and that certification and standardization will be
a reality. AM will grow most in the prototype market, occasionally in the tools market, and will be
of practically exclusive use in customized manufacture. AM has certain features that will boost its
take-off, such as the possibility of shorter production runs, the capacity to manufacture parts with
geometries that are impossible using current methods, flexibility with respect to design changes, or the
prospect of generating unique items. For this to happen, AM has to overcome certain challenges, such
as ensuring the quality of each phase of the production process (so that the properties of the products
obtained in this way can be certified), the lack of homogeneity in product properties, or the limitation
of current AM machines with regard to manufacturing volume or production speed. The groups
of AM technologies that will be in greatest use in domestic manufacturing models and in factory
manufacturing are specified. The manufacturing business model may change. The designs for parts
will be housed in digital databases that will mostly be available on a pay-for-use basis, according to
our interviewees. The distribution chain will be changed as and when changes arise in the size and
location of production centers.

The result of the study considers a future in which AM is developed and integrated into
manufacturing processes. For this transformation to be successful, it will be necessary to have
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competent technicians available and adequately trained to cope with the changes that will arise.
The skills and know-how needed for this are still pending definition, development, and offering
at universities and training centers. One of the possibilities is the use of AM itself as a training
tool, through which not only is a knowledge of the many areas needed for the achievement of
manufacturing communicated, but the students also develop noncognitive skills such as teamwork,
change management, or the acceptance of errors, which will be highly appreciated in that new context.
The use of AM also provides practical training that motivates and challenges students.

The use of AM, alongside other digital techniques such as smart software, robotics, Big Data, and
Artificial Intelligence (AI), is part of the Fourth Industrial Revolution. This Revolution will entail a
change in the job market, polarizing professions and occupations depending on whether or not they
use these technologies. Some professions will disappear and others, as yet unknown, will become
essential. Permanent training and the inclusion of STEAM as part of educational plans are presented
as options to minimize these effects.
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SLS Selective Laser Sintering
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Abstract: In biology and neuroscience courses, brain anatomy is usually explained using Magnetic
Resonance (MR) images or histological sections of different orientations. These can show the most
important macroscopic areas in an animals’ brain. However, this method is neither dynamic nor
intuitive. In this work, an anatomical 3D printed rat brain with educative purposes is presented.
Hand manipulation of the structure, facilitated by the scale up of its dimensions, and the ability
to dismantle the “brain” into some of its constituent parts, facilitates the understanding of the 3D
organization of the nervous system. This is an alternative method for teaching students in general
and biologists in particular the rat brain anatomy. The 3D printed rat brain has been developed with
eight parts, which correspond to the most important divisions of the brain. Each part has been fitted
with interconnections, facilitating assembling and disassembling as required. These solid parts were
smoothed out, modified and manufactured through 3D printing techniques with poly(lactic acid) (PLA).
This work presents a methodology that could be expanded to almost any field of clinical and pre-clinical
research, and moreover it avoids the need for dissecting animals to teach brain anatomy.

Keywords: brain; rapid prototyping; atlas; rat; magnetic resonance imaging; educative model

1. Introduction

The use of animals for scientific or educational purposes presents a great moral dilemma for
current society. Although social progress leads to greater empathy towards animals, it is true that
experimentation with them has allowed a large advance in the neuroscience field. This type of
experimentation has helped the study of brain diseases and their causes, which would not have
been possible otherwise according to current knowledge. However, nowadays, it is possible to study
the brain without harming animals thanks to neuroimaging technologies.

Neuroimaging technologies, such as Computed Tomography (CT) and Magnetic Resonance
Imaging (MRI), are indispensable tools for the diagnosis and treatment of central nervous system
diseases [1–6]. Even though MRI and CT techniques collect three-dimensional (3D) data, clinicians
typically view these data on two-dimensional (2D) screens. 2D representations limit our appreciation of
complex structures, such as brain convolutions, and 2D displays of these models on computer screens
prevent us from interacting with a model of the physical brain. Furthermore, appreciating complex
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3D spatial relationships in a 2D screen requires a strong foundational understanding of anatomy and
mental 3D visualization skills [7].

A tangible physical model based on MR images or digital templates would permit biologists,
neuroscientists and students to complement information obtained by 2D and virtual 3D imaging.
Furthermore, physical 3D models could be more advantageous for clinical education than
computer-based 3D models [7–9]. Therefore, high-resolution multiscale and multimodal 3D models
of the brain can be seen as essential tools to understand its complex structural and organization [10].
A commercial rat brain model called “C29 Rat Brain Comparative Anatomy” (3B Scientific GmbH,
Hamburg, Germany) exists for educational purposes, but it is not detailed enough for scientific purposes.

The most widely used MRI template of a rat brain is that developed by Schwarz et al., [11]. It is
co-registered with the stereotaxic co-ordinates of the Paxinos and Watson (1982) digital atlas [12].
The template set provides anatomical images as well as tissue class probability maps for brain
parenchyma and CerebroSpinal Fluid (CSF). The use of this template paves the way for the use
of standard fMRI software for tissue segmentation of rat brain data. This enables the atlas structure
and the stereotaxic coordinates that correspond to a feature within a statistical map to be interactively
reported, which facilitates the localization of functional effects. Furthermore, voxels, which are
within selected brain structures, can be combined to define anatomically based 3D volumes of interest
(VOIs) [11]. The use of standard functional Magnetic Resonance Imaging (fMRI) software for tissue
segmentation of rat brain data is facilitated by the use of this template.

3D printing is rapidly becoming a source of novel biomedical applications, as well as a
cost-effective mean of producing customized 3D objects [13–16], for example, printing organic
tissue [17] or developing scaffolds for tissue engineering [18]. However, some of the most complex
applications use high-end industrial printers that are too expensive for educative purposes or even
for research centers with limited funds. Nonetheless, the progression of open source platforms has
increased the capabilities and popularity of desktop 3D printers.

In this work, we describe a step-by-step, end-to-end easily replicable methodology to generate
and scale a 3D printed model of a rat brain with the most important macroscopic regions. It is based
on an MRI template of the rat brain co-localized with the Paxinos and Watson rat brain atlas, combined
with 3D computer-aided design (CAD) tools and 3D prototyping technologies to obtain a didactic
3D printed brain. Furthermore, each 3D printed region of the brain is designed to be easily attached
to or detached from the other parts. This model could have a big impact on the way biologists and
neuroscientists teach in the future. It makes more “tangible” the understanding of the relevant areas of
the brain for teaching, while reduces the use of experimental animals for these purposes. In addition,
the methodology can be extrapolated to different regions of the brain or even to other body regions.

2. Materials and Methods

The methodology presented in this paper consists of the following steps to generate 3D objects
from clinical or pre-clinical: (i) selection of the data; (ii) segmentation of the region of interest (ROI);
(iii) transformation of the data from 2D ROIs to a 3D triangular mesh; (iv) editing the 3D mesh (to clean
uneven areas, add support structures, etc.); (v) transferring the data to 3D printer software in order to
create printing coordinates; and (vi) sending it to production (Figure 1).

2.1. Data Selection: The Eight Most Relevant Macroscopic Areas in the Rat Brain

The first step in creating 3D printed models from a digital atlas is the selection of the regions of
interest. The image data choice is important; low-resolution images can result in a discrepancy between
the generated model and actual anatomy. In this particular case, a stereotaxic MRI template set for the
rat brain with tissue class distribution maps made by Schwarz et al., [11] and co-registered anatomical
atlas “The Rat Brain in Stereotaxic Coordinates” from Paxinos and Watson (1982) [12], was chosen.
This document shows sagittal and coronal cuts throughout the brain of a specimen rat. The atlas
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partially contains all the encephalon of a rat, but the brain is the main part which appears in the MRI
atlas. However, the whole cerebellum, the medulla and the olfactory bulb are not included in the atlas.

Figure 1. This figure shows the pipeline of the process from a CT or MRI set of images to a physical
3D printed model. First, images from a CT or MRI scanner (A1) are colocalized with a stereotaxic
template (A2). Next, these images are clustered in Matlab SPM (B) to create the Voxels of Interest (VOI).
With this set of images, a 3D reconstruction is created in Amira 3D software (C). Then, the 3D surface,
which was created in Amira, is opened in a 3D design tool, e.g. Unigraphics NX, (D) where 3D surfaces
are converted into 3D solid bodies. These solid bodies are provided with joins and connectors to add
detachable properties to the 3D printed body. Once this process is complete, the manufacturing process
starts (E). This consists of transforming the 3D body into a physical set of coordinates, which the 3D
printer can interpret. In this case, a Prusa i3 MK2 3D printer with Cura software was used (F).

The MRI template that was used is the one presented in [11]. Briefly, this template was created
from multi-slice T2-weighted images of a rat brain acquired using a RARE sequence on a Bruker
Avance 4.7-T MR scanner (Billerica, MA, USA) with the following acquisition parameters: RARE factor
8, matrix 256 × 256; FOV 40 mm, slice thickness 1 mm, 32 contiguous coronal slices; TReff = 5500 ms;
TEeff = 76 ms. A 72-mm birdcage resonator was used for RF transmission and the Bruker quadrature
FRat Brain_ coil was used for RF reception. The images were acquired in the coronal plane, centered
8 mm caudal from the posterior edge of the olfactory bulb [11]. Each region is marked with a different
gray intensity. In total, 466 brain regions were clustered into 38 sub-regions and grouped into eight
regions with the participation of an experienced neurobiologist. These parts correspond to the eight
pieces of the printed rat brain that is presented in this paper (Table 1).
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Table 1. Regions clustering.

Regions Sub-Regions

Cortex Parietal Association, Cortex Retrosplenial, Cortex Temporal Association, Corpus
Neocortex Cortex Sensory, Cortex Motor, Cortex Insular, Cortex Frontal Association,

Cortex Orbitofrontal, Cortex Medial Prefrontal, Cortex Cingulate, Collosum

Archicortex Hippocampus, Cortex Entorhinal Piriform

Paleocortex Olfactory Nuclei, Olfactory Tubercle

Basal Ganglia Globus Pallidus, Amygdala, Diagonal Band, IPAC, BNST, Caudate Putamen,
Ventral Pallidum, Substantia Innominata, Caudate Putamen

Basal telencephalon Septum, Accumbens

Diencephalon Hypothalamus, Thalamus, Medial Geniculate, Zona Incerta

Midbrain Raphe, Mesencephalic Region, Substantia Nigra, Periaqueductal Grey, Superior
Colliculus, Interpeduncular Nucleus, VTA (Ventral Tegmental Area)

Metencephalon Pons

To visualize and choose the desired areas from the stereotaxic MRI template set, a specific software
was needed. In this case, Statistical Parametric Mapping 12 (SPM12) [19], which is designed as a
MATLAB (The Mathworks Inc., Natick, MA, USA) toolbox, was chosen (Figure 2), because it is the most
suitable and open source software available for the this purpose [20,21]. SPM is an academic software
toolkit for the analysis of functional imaging data for users familiar with the underlying statistical,
mathematical and image processing concepts. SPM12 can be also executed on GNU/Octave [22],
which is an Open-Source alternative to Matlab. Once the areas were chosen in the atlas and identified
in the MRI template set, they were grouped in SPM and saved in different files in NIFTI format (.nii).

Figure 2. Statistical Parametrical Mapping toolbox. The image represents a slice of the employed
digital atlas, whereas the specific coordinates are shown in SPM 12.

2.2. Three-Dimensional Reconstruction of the Desired Areas

Once all the macroscopic areas were chosen, a way to represent them in a 3D view was needed.
AmiraTM (Thermo ScientificTM, Waltham, MA, USA) software was selected for 3D visualization and
analysis. Amira is a powerful software tool capable of dealing with life science data from computed
tomography, microscopy, MRI, and many other imaging modalities. Mango (UT Health, Houston,
TX, USA) is an Open-Source alternative to Amira that can be use to the same purpouse.

Figure 3 shows the chosen regions using Amira. Through the functionality “Labeling”, it was
possible to group all the Regions of Interest (ROI) from each slice of the dataset. Once the labeling
process was complete, and using the functionality “SurfaceGen”, all the labeled areas on each slice were
transformed into a surfaced 3D body (facet body).
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Figure 3. Data labeling in Amira 3D software. A set of slices is displayed, which belong to the Neocortex
region, from the selected dataset. This functionality selects in each of the slices the regions with the
same gray level.

This body was exported as an OBJ file, which is an extended open source format. The OBJ file
format is a simple data-format that represents 3D geometry. It gives the position of each vertex,
the vertex normals, and the faces that make each polygon defined as a list of vertices, and texture
vertices. However, this format has a drawback: it is not easily editable because it only represents the
surface of the 3D body with the necessary number of triangles. It does not represent the 3D object as
3D solid body. This means that Boolean 3D operations (e.g., add, subtract, and intersect) cannot be
easily applied. In our specific case, it was necessary to edit the geometry of the resulting 3D facetted
body, because the objective was to create an easily detachable 3D brain.

2.3. Transforming the Facet Body into an Editable Solid Body

To create a 3D brain with interlocking plastic parts, it was necessary to edit the facet bodies
that were previously generated, and then to add fastener joins. This process was performed with
Unigraphics NX 11 (Siemens, Munich, Germany). This software, widely used in the industry, enables
design, structural analysis, simulations and image study, among other things. Through a program of
this type, it is possible to create 2D and 3D designs from scratch, or to modify files from other sources.
FreeCAD (Blender Foundation, Amsterdam, The Netherlands) can be used as Open-Source alternative
to Unigraphics NX. Using these features, the OBJ files were imported and analyzed as a convergent
body. Then, each analyzed part was converted into an editable 3D solid body. However, as shown in
Figure 4A, the resulting shape is not as smooth as could be expected. These uneven surfaces are due
to the low resolution of the template. To correct this, a constrained smoothing process was applied
to each of the eight macroscopic regions. There are two methods of smoothing the surface of the 3D
object. One, which is less computationally demanding, is using Amira 3D, but it has some drawbacks,
as shown in Figure 4B. This method creates a well-smoothed body, but it suppresses relevant details of
the region.

The other method is more computationally demanding and involves a tool of Unigraphics NX called
“surface smoothing”, which allows smoothing of the surfaces without losing the relevant morphology of the
region. This second method was chosen for all bodies that were extracted from the template.

To create the joins for each component, the ideal position of the join was studied for each part.
According to the part dimension, the position of the join was determined as an extrusion (male) or
a depression (female). Then, each join was added to the corresponding part in Unigraphics NX by
converting the join and the part into a unique 3D solid body.
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Figure 4. Smoothing process applied on the Basal Ganglia: (A) Basal ganglia before being smoothed;
(B) smoothing process with Amira 3D software; and (C) smoothing process with Unigraphics NX.

The joins were added with a 5% tolerance to facilitate attach and detach parts after being 3D
printed. As shown in Figure 5, each join was created in a specific place and as specific shape to facilitate
an interconnection between the parts. The Archicortex was further divided into two parts to make it
easy to assemble and disassemble the inner parts of the brain.

Figure 5. Interconnecting joins. Figure shows the interconnecting joins among three parts of the
brain 3D model. It is possible to appreciate that the Neocortex, as well as the Paleocortex, has two
depressions. These depressions fit perfectly with the protuberances on the top of the Archicortex.

2.4. Rapid Prototyping

Rapid prototyping can be defined as an approach or methodology used to quickly manufacture
physical models using 3D CAD data. Rapid prototyping has also been referred to as solid free form,
computer-automated or layered manufacturing. Rapid prototyping has its obvious use as a truly 3D
method for visualization and better haptic interaction.

Nowadays, 3D home printers have become more accessible than industrial 3D printers, and this
has increased the number of “Do It Yourself” (DIY) projects that are underway. The most affordable and
common type of rapid prototyping is Fused Deposition Modelling (FDM) technology, also known as
Fused Filament Fabrication (FFF). There are other types of rapid prototyping, such as Stereolithography
(SLA) or Selective Laser Sintering (SLS) [23], which are more accurate and detailed but which cost
more [24]. FDM technology prints an object one layer at a time by extruding heated plastic through a
nozzle, while moving around a flat hot surface (hot bed).

A Prusa i3 MK2 with a precision of 50 microns per layer height, and a printing surface of 10,500 cm3

(25 × 21 × 20 cm or 9.84 × 8.3 × 8 in) was used to print all of the parts. With these manufacturing
constraints and the modified solid models with the joins, a scale of four times the actual size (4:1) was
chosen in the printing software Ultimaker Cura (Ultimaker B.V., Geldermalsen, The Netherlands).
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3. Results

The final 3D printed model of the rat brain (Figure 6) is composed of the eight smoothed parts,
all parts of which fit together perfectly. The scaled measures of each part are shown in Table 2.
In addition, an external container was made to accommodate the eight regions.

Figure 6. Final 3D model (disassembled) of the rat template.

This container was designed using the external contour of the brain in the template. It was then
enlarged a little (4.2:1) to facilitate the accommodation of the other parts. In addition, the cover was
divided in two to make it possible to open, as shown in Figure 7. Figure 6 shows the whole-brain
model disassembled, all eight parts and the container that encloses them. Figure 7 shows that all of the
parts fits perfectly together.

Table 2. Measurements on X, Y, and Z axes of each part, total assembly without container and total
assembly with container.

Part X (mm) Y (mm) Z (mm) Part X (mm) Y (mm) Z (mm)

Neocortex 59.60 28.94 54.40 Midbrain 26.72 24.90 15.10
Archicortex1 28.58 30.19 50.38 Metencephalon 26.43 12.48 6.02
Archicortex2 32.08 30.19 50.38 Bottom Cover 69.54 30.08 131.73
Paleocortex 24.00 17.94 18.69 Upper Cover 69.07 39.04 132.66

Basal ganglia 51.01 25.98 34.83 Small Cover 64.46 13.73 49.60
Basal

Telencephalon 22.83 18.45 15.84
Total without

cover 59.60 38.37 57.60

Diencephalon 33.02 24.35 30.35 Total with cover 69.54 52.34 132.66

Figure 7. Final 3D model of the rat template.
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In terms of material for the printing process, poly(lactic acid) (PLA) was chosen. This material is a
thermoplastic polymer that is made from renewable resources. It melts at 160 degrees Celsius and it is
less rigid than Acrylonitrile Butadiene Styrene (ABS), another commonly used material in 3D printing.
This is important for the 3D model because it makes the printed parts more elastic and shock-resistant.

4. Discussion

Rapid prototyping has grown beyond its initial use in industrial sectors, e.g., the automobile
industry, and today can be regarded as one of the most promising techniques for use in medical imaging.
Although medical applications are relatively recent, their enormous potential has already been
demonstrated in several studies [25–27]. Rapid prototyping objects are useful for training surgeons, as
they allow surgical procedures to be simulated in a realistic manner. Even though medical research
has already benefitted from rapid prototyping [28,29] and efforts have been made in the development
of artificial organs and tissues [30,31], the traditional approach of teaching anatomy remains the
same. This approach focuses mainly on MRI, CT and dissections of reals animals, without taking into
consideration any variations and pathological changes. Currently, there is a well-known rat brain
model called “C29 Rat Brain Comparative Anatomy”, which aims for educative point of view, but is
not detailed enough for scientific purposes.

The 3D printed brain that is presented in this paper could serve as the medium for bringing
anatomical variations to pre-clinical studies in order to improve the understanding of anatomy [7]
while preserving animal lives. In addition, by using other materials to adapt transparency or rigidity,
certain aspects can be emphasized for the trainee and the student.

In the scientific domain, adding the cranium of the subject to the 3D model, we envision
applications of this approach in designing and probing brain implant prototypes, as recording
chambers, electric and/or optogenetic stimulation holders, and designing coils for transcranial
magnetic or direct current stimulation.

5. Conclusions

In this paper, a step-by-step, end-to-end easily replicable methodology to generate a 3D printed
model of a rat brain has been presented. It is based on an MRI template of the rat brain co-localized with
the Paxinos and Watson rat brain atlas, combined with 3D CAD tools and 3D prototyping technologies
to obtain a tangible 3D printed atlas of the rat brain. In addition, each 3D printed region is designed to
be easily attached or detached from the other parts. This model could have a big impact on the way
biologists and neuroscientists teach in the future. It makes more “tangible” the understanding of the
relevant areas of the rat brain for teaching, while reduces the use of experimental animals for these
purposes. In addition, the methodology can be extrapolated to different regions of the brain or even to
other body regions.

To obtain the necessary images to generate the 3D parts, a digital atlas, which was correlated with a
stereotaxic anatomical atlas, was used. With the participation of an experienced biologist, 466 structures
were extracted and clustered into eight different parts, which correspond to the eight pieces of the
printed rat brain that is presented in this paper. These parts are the Neocortex, the Archicortex,
the Paleocortex, the Basal Ganglia, the Basal Telencephalon, the Diencephalon, the Mesencephalon,
and the Metencephalons. Each part has joins to fasten together the different parts. In addition, a housing
formed by three additional pieces was created. This in turn performs the function of storing the rest
of the pieces and serves as a spatial orientation for the assembly of the brain. In further research,
a complete rat brain with 38 sub-regions will be developed.

This work presents a methodology that could be expanded to almost any field of clinical and
pre-clinical research, and moreover it avoids the need of dissect animals to teach anatomy. In addition,
all parts are available at http://dmoratal.webs.upv.es/research.html.
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Abbreviations

The following abbreviations are used in this manuscript:

NIFTI Neuroimaging Informatics Technology Initiative
OBJ File format is a simple data-format that represents 3D geometry alone
CAD Computer-Aided Design
FDM Fused Deposit Modeling
FFF Fused Filament Fabrication
SLS Selective Laser Sintering
SLA Stereolithography
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Abstract: 3D printed scaffolds can be used, for example, in medical applications for simulating body
tissues or for manufacturing prostheses. However, it is difficult to print porous structures of specific
porosity and pore size values with fused deposition modelling (FDM) technology. The present paper
provides a methodology to design porous structures to be printed. First, a model is defined with
some theoretical parallel planes, which are bounded within a geometrical figure, for example a disk.
Each plane has randomly distributed points on it. Then, the points are joined with lines. Finally,
the lines are given a certain volume and the structure is obtained. The porosity of the structure
depends on three geometrical variables: the distance between parallel layers, the number of columns
on each layer and the radius of the columns. In order to obtain mathematical models to relate the
variables with three responses, the porosity, the mean of pore diameter and the variance of pore
diameter of the structures, design of experiments with three-level factorial analysis was used. Finally,
multiobjective optimization was carried out by means of the desirability function method. In order
to favour fixation of the structures by osseointegration, porosity range between 0.5 and 0.75, mean
of pore size between 0.1 and 0.3 mm, and variance of pore size between 0.000 and 0.010 mm2 were
selected. Results showed that the optimal solution consists of a structure with a height between
layers of 0.72 mm, 3.65 points per mm2 and a radius of 0.15 mm. It was observed that, given fixed
height and radius values, the three responses decrease with the number of points per surface unit.
The increase of the radius of the columns implies the decrease of the porosity and of the mean of pore
size. The decrease of the height between layers leads to a sharper decrease of both the porosity and
the mean of pore size. In order to compare calculated and experimental values, scaffolds were printed
in polylactic acid (PLA) with FDM technology. Porosity and pore size were measured with X-ray
tomography. Average value of measured porosity was 0.594, while calculated porosity was 0.537.
Average value of measured mean of pore size was 0.372 mm, while calculated value was 0.434 mm.
Average value of variance of pore size was 0.048 mm2, higher than the calculated one of 0.008 mm2.
In addition, both round and elongated pores were observed in the printed structures. The current
methodology allows designing structures with different requirements for porosity and pore size.
In addition, it can be applied to other responses. It will be very useful in medical applications such as
the simulation of body tissues or the manufacture of prostheses.

Keywords: fused deposition modeling; 3D printing; scaffolds; porosity; pore size; multiobjective
optimization

1. Introduction

Many new applications have arisen as a result of recent advances in 3D printing techniques.
For example, printed parts are used for manufacturing space instrumentation, for both prototypes and
flying parts [1], for manufacturing cost-effective parts in the sports industry or for developing new
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protective structures for vehicles in the automotive industry [2]. 3D printing has many different medical
applications, such as bioprinting tissues and organs, building vascularized organs, the manufacture
of customized implants, prostheses and models for surgical preparation, among others [3]. Thus,
3D printed scaffolds can be employed as templates for initial cell attachment and tissue formation,
for example in bone tissue engineering [4]. They can also be used for fixing prostheses by means
of osseointegration. Scaffolds could be printed in different materials such as titanium, degradable
polymers and degradable ceramics [5,6]. Specifically, in FDM or fused deposition modelling technique a
material is melted through an extrusion head and deposited layer by layer [7]. Main advantages of FDM
technology are its easiness of use and the fact that it allows printing a wide range of materials, as long
as they can be extruded, for example plastic materials such as acrylonitrile butadiene styrene (ABS)
or polylactic acid (PLA). It is also more cost-effective than other additive manufacturing techniques,
and its lead times are short. However, it also has disadvantages. It does not provide high dimensional
precision, layer steps are usually observed on the part’s surface, causing the surfaces not to be smooth.
Besides, the use of and the use of scaffolds with biocompatible materials is difficult, because the
technology is limited to materials whose viscosity is sufficiently low that they can be extruded,
but high enough so that their shape is maintained after extrusion [8–10].

Regarding the design of 3D printed porous scaffolds that simulate tissues, some properties to
keep in mind are: surface area and interconnectivity, which are related to cell growth; permeability,
which governs nutrient transport; and mechanical strength, which assures support and protection,
among other properties.

One possibility to achieve required porosity is to use hierarchical scaffold design, creating libraries
of unit cells that can be joined to obtain scaffold structures. Hollister observed that increasing the
material volume of a certain structure increased elastic modulus and decreased permeability [11].
In the same line, Egan et al. defined four different types of scaffold structures, taking into account
either beam-based unit cells or truss-based unit cells. In addition, each structure could be created by
means of either continuous or hierarchical patterning. They found that, given a certain porosity value,
truss-based scaffolds have higher surface areas and lower elastic moduli than beam-based ones [12].
On the other hand, Arabnejad et al. presented a visualization method that allows understanding
the relationship among cell topology, pore size and porosity in stretch-dominated structures, such as
tetrahedron and octet trusses [13].

Another possibility to create structures with required porosity is use of topology optimization,
which consists of distributing material in regions having low and high material density respectively.
This is achieved by periodically repeating a unit cell, which is composed of areas with and without
material [14,15]. When applying topological optimization methods, several authors have carried
out multiobjective optimization of different properties in scaffolds. Lin et al. used an objective
function that assigned different weights to the two responses considered: porosity and stiffness.
The function was then maximized or minimized by numerical methods [16]. In a similar way, Guest
and Prévost [17], as well as Hollister and Lin [18] used topology optimization to maximize stiffness and
fluid permeability. Kang et al. used a homogenization-based topology optimization method to achieve
the required bulk modulus and isotropic diffusivity for a certain porosity value [19]. Other properties
of the structures, such as thermal conductivity [20], have been addressed. On the other hand, although
the increase in surface area of pores helps tissue growth, this growth is facilitated if concave surfaces
are used. In this direction, Egan et al. modelled scaffolds with curvature. They first fixed required
porosity to assure a certain permeability value, which is desirable for nutrient transport, and then
addressed the problem of mechanical strength of structures [21].

Different authors have tested the properties of FDM printed porous scaffolds. Regarding
mechanical properties, Habib et al. used finite element analysis and compressive strength tests [22].
Wang et al. printed scaffolds for vascularized bone tissues in different materials, in order to test
both their biomimetics and their strength [23]. Aw et al. tested the effect of printing parameters on
tensile strength of conductive acrylonitrile butadiene styrene/zinc oxide (CABS/ZnO) composites [24].
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Helguero et al. modelled artificial bones and printed them in acrylonitrile butadiene styrene (ABS).
They tested both anisotropy and compressive strength of the scaffolds [25]. As for porosity, Gregor et al.
printed PLA scaffolds and measured their porosity by means of X-ray microtomography [26].
Regarding surface finish, Townsend et al. listed most usual methods for measuring roughness
profiles (contact stylus), and surface topography (confocal microscopy, focus variation microscopy,
coherence scanning interferometry, chromatic confocal microscopy, conoscopic holography, atomic
force microscopy (AFM), and elastomeric sensors [27]). Krolczyk et al. compared the roughness
obtained in turning processes with that obtained in FDM processes [28]. They observed that the
machined surface had an anisotropic and periodic structure, while the printed surface had an
undirected structure. With the manufacturing conditions employed, the FDM process showed higher
roughness values than the turning process.

In the present paper, a model was developed to define the pore size and the porosity of porous
structures. Unlike other methods that are based on truss structures, the present model allows obtaining
irregular porous structures from random location of columns in the space, which leave voids among
them. Specifically, the structure was modelled with parallel planes joined by columns, with a certain
number of columns on each plane. The model was applied to a disk shape. Three variables were
defined: the distance between parallel planes, the number of base points for columns on each plane,
and the radius of each column. Next, dimensional analysis was used to reduce the number of process
variables to 2. Then, the requirements were defined for a specific application case: the use of a porous
structure in external layers of hemispherical hip prostheses. Subsequently, the design of experiments,
with three-level factorial analysis, was used to obtain mathematical models for porosity, mean of pore
size and variance of pore size as a function of dimensionless variables. They allowed multiobjective
optimization in order to determine the optimal values for the process parameters.

In order to compare experimental results to computationally calculated ones, samples were printed
with FDM technology, and total porosity, as well as pore size, was measured. X-ray tomography was
used to determine the total porosity of the printed structures by means of computation of plastic
volume and comparison with total volume of the printed shape.

The present study will help designing and manufacturing porous structures with specific
requirements regarding the porosity and pore size that favour osseointegration. The same methodology
can be used, however, to achieve other requirements of porous structures, such as mechanical strength
and/or nutrient transport.

2. Materials and Methods

2.1. Model for the Porous Structure

2.1.1. Model Definition

The printing process of a random porous structure, such as a trabecular one, presents some
difficulties: the walls in certain parts of the structure are too thin (Figure 1), there are some areas
with burrs, some parts of the structure have a high inclination angle that leads to the use of printing
structure supports, etc.

Such difficulties can be attributed to the fact that, when designing the structure, a completely
random distribution of points in space is used. Since distribution is random, connections between
different points in space can have any orientation. In the present paper, a proposed solution for
modelling porous structures is presented. It involves defining some theoretical parallel planes, each
one of them with several theoretical points that are randomly distributed. Once the points have been
created on the surfaces, it is necessary to connect them by means of theoretical lines. For doing this,
each point is connected to the three nearest points of the same plane or of the plane that is immediately
below. Thus, almost vertical lines will be created that will have a correct inclination angle for printing.
Figure 2 shows a scheme of the model applied to a disk shape.
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Figure 1. Trabecular structure with thin walls.

 

Figure 2. Structure obtained after applying the model to a disk shape.

The marching cubes algorithm allows lines and points to be given volume [29]. It is used in the
present paper to create columns of the structure from the theoretical lines. The structure obtained after
applying the model and the marching cubes algorithm to a disk shape is shown in Figure 3.

 

Figure 3. Structure obtained after applying the marching cubes algorithm to a disk shape.

Thus, there are three parameters to be controlled: distance between parallel planes H (mm),
number of points per surface unit on a certain plane N (points/mm2) (Figure 4a), and radius r of
columns that are created around the model lines (mm) (Figure 4b).

 

Figure 4. Parameters that define the porous structures: (a) parameters H and N, and (b) parameter r.
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With the aim of determining optimum values for parameters, it is necessary to find the relationship
between the three model parameters and the responses of porosity and pore size. To do so, a design of
experiments was used to obtain mathematical models and perform multiobjective optimization. Before
optimization, a reduction of the variables was applied so that each response considered depends on
two dimensionless variables.

2.1.2. Reduction of Variables

Dimensional analysis allows reducing number of variables in a certain system [30]. If the problem
depends on n dimensional variables, dimensional analysis reduces the problem to k dimensionless
variables, where reduction is n − k = 1, 2, 3, or 4 depending on the complexity of the system. One of the
most used techniques for reducing the number of variables is the Buckingham Pi theorem. This allows
obtaining dimensionless parameters that are a product of powers named Π1, Π2, Π3, etc. [31].

First part of the Pi theorem explains how to find reduction j Equation (1):

j = n − k (1)

where n is the number of variables of the problem and k is the number of dependent variables. From n
variables, k variables are chosen as basic and the rest are scale variables.

The second part of the Pi theorem shows that each dimensionless parameter is defined as the
product of the rest of variables with a proper exponent different than zero. In this way, all dimensionless
groups are independent. Each dimensionless parameter is related to the other ones by means of a
function Equation (2):

Π1 = g(Π2, Π3, Π4, . . .) (2)

where Π1 is a dimensionless variable, and Π2, Π3, Π4 are other variables.
In the present paper, three responses were analysed separately: porosity p (dimensionless), mean

of pore size M (length) and variance of pore size V (length2), with process variables H (length), N
(length-2) and r (length). Variable r was chosen as the scale variable.

For porosity, dimensionless parameters are described in Equations (3)–(5):

Π1 = (H[long1])
1·(r[long1])

−1
=

H
r
[dimensionless] (3)

Π2 = (N[long−2])
1·(r[long1])

2
= N·r2[dimensionless] (4)

Π3 = p[dimensionless] (5)

and the function to be found is presented in Equation (6):

Π3 = g(Π1, Π2) → p = g
(

H
r

, N·r2
)

(6)

Similar expressions were found for average value (M) and variance (V) of the probability density
function and of the pore diameters Equations (7) and (8):

M
r

= j
(

H
r

, N·r2
)

(7)

V
r2 = k

(
H
r

, N·r2
)

(8)

Thus, it was only necessary to perform experiments with two dimensionless factors, H/r and N·r2.
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2.1.3. Requirements of the Structure

The kind of porous structure that is defined in the present paper can be used, for example, to
replace or simulate bone trabecular tissue. At the macroscopic level, bones are formed by cortical and
trabecular compartments. Bone tissues have several functions, for example, support, protection,
mineral storage, and nutrient transport [32]. If a printed structure is to be fixed by means of
osseointegration, a certain degree of porosity is required. Two main factors governing the porous
external surface are the pore size and the porosity of the structure. According to Karageorgiou [33]
and Baino [34], optimum values of pore size were considered to range between 100 and 500 μm for a
trabecular structure. The mean porosity value of scaffolds is recommended to be between 50 and 75%
in volume. Although a certain variability of pore size, with small pores that improve cell attachment
and large pores that favour nutrient transport could be desirable in some cases [35], in the present
work only osseointegration was considered. For this reason, the variance of the pore size should take
the lowest possible value, in order to assure that the maximum number of pores would lie within
the interval. High connectivity between pores in the structures is also required, as porosity has to be
accessible; an interconnecting channel structure is needed to allow tissue to grow on it.

2.2. Design of Experiments

In order to determine the required values for the two model variables considered and to optimize
porosity, design of experiments was performed with simulated experiments. A full factorial design
was employed with two dimensionless factors: H/r, the distance between surfaces where points are
generated over a radius of generated volumes, and N·r2, the number of points per area unit. Three
levels were defined for each factor and three replicates were performed for each experiment (since
variability among replicates is high). In all, 3 × 32 = 27 runs were carried out. The radius of columns
remained constant in all experiments.

Levels for variables were selected according to previous tests. A summary of levels is presented
in Table 1.

Table 1. Levels of the factorial design.

Level 1 Level 2 Level 3

H/r 3.2 4.0 4.8
N·r2 0.054 0.072 0.090

Responses considered were porosity, mean of pore diameters (mm), and variance of pore diameters
(mm2), in order to consider both the mean and dispersion of the probability function of porosity.

In order to calculate theoretical porosity and distribution of pore diameters, a program created
by Dupuy et al. was used [36]. It is a MATLAB (MathWorks, Natick, MA, USA) script that, from a
binary 3D image, returns the function of cumulated porosity vs. pore diameter. In the present study,
a distribution of points in space was created with the program Rhinoceros 3D with the Grasshopper
plug-in (Robert McNeel & Associates, Seattle, WA, USA).

2.3. Multiobjective Optimization

Once the mathematical models had been obtained, it was necessary to choose values for the
parameters (N, H, r) that provided the required values for porosity, average pore size, and variance,
taking into account the requirements of the responses.

The desirability function method was employed for the multiobjective optimization of
responses [37]. It is based on defining desirability functions di(xi) for each response. The range
for the desirability function is [0, 1]. Value 0 is assigned to a situation that is undesirable and value 1 is
assigned to a completely desirable situation.
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The objective function to maximize is the geometric average of the group of desirability functions.
Taking into account different weights ki for each objective Equation (9):

D = ∑n
i=1 ki

√
n

∏
i=1

(di(xi))
ki (9)

where n is number of responses to be optimized at the same time, and ki defines the importance of
each desirability function inside the objective function.

There are three kinds of desirability functions depending on the optimization goal: maximizing,
minimizing, and target value desirability functions. As an example, in Equation (10) the maximization
function is defined:

di,max(xi) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0 xi ≤ L(
xi−L
U−L

)b
L < xi < U

1 U ≤ xi

(10)

where L is a lower limit value from which the function becomes undesirable (di = 0) and U is an upper
limit value from which the function is considered to be maximized (di = 1). Exponent b is a parameter
that models the shape of the central part of the desirability function. It can take any value within [0, ∞].
If b takes values [0, <1], the central part of the function will be concave, and a small increment of the
response from the unacceptable point leads to a great increment of di. If b takes a value of 1, the central
part of the function will be a straight line with constant slope. If b takes values [>1, ∞], the central part
of the curve will be convex, and, until a value that is very similar to the optimal one is obtained, the di

value will be almost zero.
Table 2 shows the selected values of parameters for optimization.

Table 2. Selected values of parameters for optimization.

Response
Type of Desirability

Function
Lower Value L Target Value T Upper Value U b

Porosity Of target value 0.500 0.625 0.750 1
Mean (mm) Of target value 0.100 0.300 0.500 1

Variance (mm2) Minimization 0.000 * 0.010 1

* means that a certain parameter was not used.

For porosity and mean of pore size, lower (L) and upper (U) values were selected, defining an
interval for each response. The average value of the interval was selected as target value (T).

For variance of pore size, lower value (L) was 0, since variance is to be minimized so that the
maximum number of pores is contained within the required interval for the pore size. The upper
value (U) was set at 0.01. It is supposed that pore size follows a normal distribution, in which 95.4%
of the population is included within the μ± 2·σ interval. By equalling the range of pore diameters
[0.100, 0.500] with the a.m. interval Equation (11), the maximal standard deviation σmax = 0.100 mm is
found, according to Equation (12). Thus, the maximal variance Variancemax is 0.010 mm2 according to
Equation (13):

[0.300 − 2·σmax, 0.300 + 2·σmax] mm = [0.100, 0.500] mm (11)

0.300 − 0.100
2

= 0.100 mm = σmax (12)

Variancemax = σmax
2 = 0.010 mm2 (13)

A MATLAB program was implemented in a discrete optimization of the objective function by
means of sweeping. The program generates mi equispaced values within an interval for each variable
(H, N, and r). Then, it checks if each point (combination of values for the different variables), meets
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the conditions defined in Table 1. Such conditions correspond to the space that is considered in
the regression.

Table 3 corresponds to the intervals for variables and the m-values used for each variable. The value
for m was selected so that the distance between contiguous values is lower than or equal to 0.005.

Table 3. Intervals for variables and m-values used for optimization.

Interval m

H (mm) [0.48, 2.00] 300
N (points/mm2) [0.30, 4.00] 740

r (mm) [0.15, 0.41] 200

Different solutions to be found will depend on the importance (ki) of each response. Specifically,
four different cases were analyzed:

- The first case involves giving the same importance to all responses.
- The second case consists in giving higher importance to porosity response over the rest of the

responses (kporosity = 5).

- The third case gives a higher importance to mean (kmean = 5).
- The fourth case consists in giving higher importance to variance (kvariance = 5)

2.4. Experimental Tests

Printing experiments were performed in order to determine the experimental porosity of the
samples. The techniques of fused filament fabrication (FFF) or fused deposition modelling (FDM) were
selected. Cura software was used for generating the g-code for printing.

Disk-shaped samples of 6 mm diameter and 3 mm height were designed. Selected parameters
for the structure were H = 0.72 mm, r = 0.15 mm, and N = 3.65 points/mm2 (according to results of
multiobjective optimization in Section 3.2).

Three specimens were printed in a dual-extruder Sigma printer from BCN3D. Due to the difficulty
to print the required columns of diameter 0.3 mm, the geometry of the disks was rescaled by a scaling
factor of five before printing (30 mm diameter and 15 mm height). The printing speed of the head was
set to 37 mm/s. The nozzle diameter was 0.2 mm, the layer height was 0.1 mm, and the infill was 40%.
The shell thickness was 0.4 mm.

The geometry of the samples was measured by means of X-ray tomography with Zeiss
Metrotom 800 equipment. From the geometry, it was possible to calculate the percentage of air
(porosity) and the percentage of plastic in the structure with VG Studio Max software. From the 3D
geometry, a cross-section was obtained at half the height of each specimen, where the width of pores
was measured.

3. Results

In the present section results about the design of the experiments, multiobjective optimization,
and experimental tests are presented.

3.1. Design of Experiments

Table 4 shows the results for the 27 different runs performed. The levels for the two factors
considered are presented in codified units. Results for porosity, the mean of the pore size, and the
variance of the pore size were simulated with a MATLAB program. Since the results of experiments
come from simulation, the order of the runs is indifferent, and a standard order was used for performing
the experiments.
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Table 4. Results of the porosity, the mean of the pore size, and the variance of the pore size.

Nr H/r N·r2 Porosity Mean (mm) Variance (mm2)

1 −1 −1 0.574 0.524 0.009

2 −1 0 0.491 0.439 0.009

3 −1 1 0.409 0.359 0.006

4 0 −1 0.599 0.549 0.012

5 0 0 0.537 0.450 0.011

6 0 1 0.472 0.378 0.005

7 1 −1 0.645 0.578 0.015

8 1 0 0.563 0.466 0.007

9 1 1 0.500 0.414 0.008

10 −1 −1 0.587 0.559 0.022

11 −1 0 0.473 0.414 0.008

12 −1 1 0.436 0.369 0.007

13 0 −1 0.635 0.547 0.008

14 0 0 0.552 0.482 0.012

15 0 1 0.484 0.401 0.008

16 1 −1 0.644 0.575 0.010

17 1 0 0.582 0.491 0.012

18 1 1 0.521 0.411 0.006

19 −1 −1 0.549 0.525 0.016

20 −1 0 0.477 0.447 0.010

21 −1 1 0.430 0.397 0.008

22 0 −1 0.621 0.542 0.009

23 0 0 0.516 0.439 0.006

24 0 1 0.462 0.376 0.006

25 1 −1 0.641 0.575 0.015

26 1 0 0.571 0.476 0.008

27 1 1 0.502 0.401 0.009

Data were analysed with Minitab 17 (Minitab, State College, PA, USA). Multiple linear regressions
were used to examine the mathematical models for the porosity, the mean of pore size, and the variance
of the pore size as a function of the two dimensionless factors considered. For all models, hypotheses
were formulated for the linearity, constant variance, normality, and independence of errors. All terms
having p-values higher than 5% were not included in the model.

Equation (14) corresponds to porosity in real units:

Porosity = 0.614 + 0.051
(

H
r

)
real

− 3.948(N·r2)real (14)

The R-adj coefficient is 95.89%.
The function for the mean pore size in real units is shown in Equation (15):

Mean = 0.929 + 0.024
(

H
r

)
real

− 11.336(N·r2)real + 47.222(N·r2)
2
real (15)
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The R-adj value is 96.29%.
Since variance does not follow a normal distribution pattern, the natural logarithm of variance

was analysed, which shows a normal distribution. Equation (16) corresponds to real units for l n
variance, while Equation (17) refers to variance:

ln (Variance) = −3.552 − 16.061(N·r2)real (16)

Variance = e−3.552−16.061(N·r2)real (17)

The R-adj coefficient is 44.14%.
Porosity depends on both H/R and N·r2, the mean pore size depends on the same variables and

on (N·r2)2, while variance depends only on N·r2.

3.2. Multiobjective Optimization

Table 5 shows a comparison of all solutions found.
It was observed that radius r = 0.15 mm, which is the minimum value considered, is to be selected

for all solutions. The recommended height found for all solutions is H = 0.72 mm. This value does not
correspond to any limit for variable H. Finally, N varies depending on the solution considered.

Since porosity should be 0.625, with mean pore size 0.300 mm and minimal variance, it is not
possible to achieve all objectives at the same time. As a result, depending on the importance given to
any response, different N values are found.

In Figure 5, curves for porosity are presented vs. N for different values of H and r. As a starting
point, the solution found in the multiobjective optimization for equivalent importance of all responses
was taken into account. It corresponds to the blue continuous line (H = 0.72 mm, r = 0.15 mm).
From this solution, either height H or radius r were varied.

Porosity decreases linearly with number of points per surface unit. A broad range of porosity
values can be achieved between 0.5 and 0.9 for the different combinations of H and r. For radius
r = 0.15 mm, the higher the distance between parallel layers H, the higher the porosity (continuous and
dashed lines). For radius r = 0.19 mm (dashed-dotted line in brown colour), the line shows a similar
slope than for radius r = 0.15 mm. However, for higher radius r = 0.23, a steeper slope is observed and
porosity decreases more sharply (dashed-dotted line in purple colour).

In Figure 6, curves for the mean of the pore size are presented vs. N for different values of H
and r.

The mean of the pore size decreases with the number of points with curves that exhibit asymptotic
behaviour. Thus, the minimum achievable mean of the pore size ranges between 0.3 and 0.55 for the
different conditions.

Figure 7 shows curves for the variance of the pore size (mm2) vs. N (points/mm2).
The higher the number of points per unit area, the lower the variance of the pore size. The same

variance values were calculated for all structures having r = 0.15 mm (the continuous curve is
superimposed with the dashed ones). As the radius increases, the variance decreases. For r = 0.23
(dashed-dotted line in purple) and high N values, the variance values close to zero were obtained.
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Figure 5. Porosity vs. N (points/mm2).

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

M
ea

n 
of

 p
or

e 
si

ze
 (m

m
)

N (Points/mm2)

r=0.15 mm, H=0.48 mm
r=0.15 mm, H=0.72 mm
r=0.15 mm, H=1.25 mm
r=0.15 mm, H=2.00 mm
r=0.19 mm, H=0.72 mm
r=0.23 mm, H=0.72 mm

Figure 6. Mean of pore size (mm) vs. N (points/mm2).

230



Materials 2018, 11, 1532

 

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

V
ar

ia
nc

e 
of

 p
or

e 
si

ze
 (m

m
2 )

N (Points/mm2)

r=0.15 mm, H=0.48 mm

r=0.15 mm, H=0.72 mm

r=0.15 mm, H=1.25 mm

r=0.15 mm, H=2.00 mm

r=0.19 mm, H=0.72 mm

r=0.23 mm, H=0.72 mm

Figure 7. Variance of pore size (mm) vs. N (points/mm2).

3.3. Experimental Tests

A picture of the printed sample, which is a rescaling of the designed scaffold by a scaling factor of
five, is presented in Figure 8. It corresponds to the optimal solution of multiobjective optimization,
with N = 3.65 points/mm2, r = 0.15 mm, and H = 0.72 mm.

 

Figure 8. Printed porous structure (rescaling of the designed scaffold by scaling factor of five).
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Some defects of the printed structure are observed. Small threads within pores are caused by
the fact that retraction or recoil movement of the filament to prevent dipping when it is not printing
did not work properly. In addition, surface finish shows stair-stepping defect due to layer-by-layer
construction, which is more which is more patent the higher the layer height used. The printing
process will be improved in further works.

As an example, Figure 9a depicts the measured geometry of specimen 1 with a cross-section at
the half height of the disk. Figure 9b corresponds to the geometry of the cross-section of specimen 1.
Both were obtained by means of X-ray tomography.

 
(a) (b) 

Figure 9. Cross-section of specimen 1: (a) 3D view, and (b) 2D view.

Both quite round pores and more elongated pores are observed, with a larger pore group and
a smaller pore group. This fact could be useful when both nutrient transport and osseointegration
are required [35]. The length of the largest elongated pore of rescaled printed specimen 1 is close to
5 mm (which corresponds to 1 mm in the designed specimen), which is a too high a value, and needs
to be reduced in further works. However, the width of the same pore of the rescaled printed specimen
is about 1.5 mm (0.3 mm in the designed specimen), which lies within the selected interval for the
pore size.

Measured porosity, measured mean of the pore size, and measured variance of the three specimens
are presented in Table 6.

Table 6. Measured porosity, mean of the pore size, and the variance of the pore size of the printed specimens.

Specimen Measured Porosity
Measured Mean of Pore

Size (mm)
Measured Variance of

Pore Size (mm2)

1 0.595 0.383 0.035
2 0.605 0.352 0.043
3 0.581 0.380 0.067

Average 0.594 0.372 0.048

The average value of the measured porosity for the three specimens was 0.594, showing good
agreement with the result from multiobjective optimization, 0.537. The average value of the mean of
the pore size was 0.372 mm, which is lower than the result from optimization, 0.434 mm. However, it is
close to the centre of the considered interval, 0.300 mm. Variance ranges from 0.035 mm2 to 0.067 mm2,
which is higher than target value of 0.010 mm2. Nevertheless, this result could be desirable, since
some variance of the pore size is required when both osseointegration and nutrient transport are
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required [35]. Thus, printed PLA structures comply with the requirements for porosity and the mean
of the pore size in trabecular structures.

4. Discussion

Unlike other methods for defining porous structures, which are based on truss structures, for
example with hierarchical scaffold design [11,12] or with topology optimization [16,17], in the present
paper a new method is presented that allows obtaining irregular porous structures from random
location of columns, which leave voids of different sizes among them. The structure is defined with
parallel planes having several points on each plane, and lines that join points from different planes
or from the same plane. This theoretical structure, which would be infinite, must be bounded in a
geometric figure, in this case a disk, although it could be applied to other types of figures such as
prisms, cubes, cylinders, etc. Afterwards, the lines are converted into columns of a certain radius with
help of the marching cubes algorithm [29]. Thus, the geometrical model is converted into a porous
structure. The planes can be designated as layers and the lines as columns. From the correct selection
of values for the independent variables of the system, it is possible to obtain structures with different
porosity and pore size. In this case, three variables were chosen, namely the distance between parallel
layers H, the number of points per area unit that generate columns on each layer, N, and the radius
of columns, r. In order to reduce number of variables involved in the problem, dimensional analysis
is applied [30]. In this case, radius of columns was used as the scale variable and two dimensionless
variables were obtained: H/r and N·r2.

Once the model depends on n-k dimensional variables (in this case n−k = 3 − 1 = 2 variables),
it is possible to apply design of experiments in order to determine the influence of variables on selected
responses. A full factorial design was selected, with three factors and three levels, with a total amount
of 27 runs. In this work, responses were porosity, the mean of the pore size, and the variance of the
pore size. Values for responses were calculated from simulated structures for each combination of
variables. From results of design of experiments, by means of multiobjective optimization it is possible
to select certain values for variables in order to achieve the required porosity and pore size values. Four
different cases were taken into account, depending on importance given to each response. In this study,
the desirability function method was employed, although other optimization methods are possible,
either generating methods (no-preference, a posteriori, ...) or preference-based methods (a priori,
interative, ...) [38].

In the present work, main objective of optimization is to assure fixation of the structure by means
of osseointegration. For this reason, target values were defined for both the porosity and the mean of
the pore size according to the bibliography, while the mean of the pore size is to be minimized so that
similar pores are obtained. However, in the future the methodology can be applied to other objectives,
for example, the strength of the structure and/or nutrient transport. As a general trend, the lower the
porosity, the higher the mechanical strength of a structure [39]. In case nutrient transport is considered
as a goal, then a certain value for the variance of the pore size is recommended. Smaller pores are
required with high surface/volume ratio in order to favour cell attachment before osseintegration and
larger pores are needed to help nutrient transport [35].

In order to test if it was possible to print designed structures, three specimens were printed in PLA
by means of FDM technology. Measured porosity of 0.594 was similar to the computationally-defined
value of 0.537. Measured mean pore size of 0.372 mm was lower than the simulated value of 0.434 mm.
Thus, the measured results for porosity and pore size are quite similar to the calculated ones, and
agree with the requirements, although unlike the designed structure, which has round pores, in
printed samples both round and elongated pores were observed. The experimental average value
of the variance of the pore size was higher than the calculated one, and this will be addressed in
further works.

Further research is required in order to improve the printing process of the scaffolds. Future trends
include using FDM techniques with a lower nozzle diameter (below 0.1 mm) in order to reduce the
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height of steps or controlling the flow in order to avoid filaments within the pores [40]. Other additive
manufacturing technologies, such as stereolithography (STL), having higher dimensional accuracy
than FDM, can also be employed [41].

5. Conclusions

In the present paper a new method for designing porous structures is presented. First, a geometric
model is defined that is based on parallel layers with several columns of a certain radius that join
them. The model can be applied to a certain shape, for example a disk. Then, by means of dimensional
analysis, number of variables is reduced. In this case, two dimensionless variables are used: H/r and
N·r2. Next, design of experiments allows obtaining mathematical models that relate process variables
to responses, in this case the porosity (dimensionless), the mean of the pore size (mm) and the variance
of the pore size (mm2) of the structures. Then, multiobjective optimization provides the values of the
variables that allow obtaining required values for the responses.

If the model is applied to a trabecular structure, in order to obtain target porosity of 0.625, target
mean of pore size of 0.300 mm and low variance of pore size, recommended values were found for
model variables: lowest radius of columns r = 0.15 mm and a medium value for height between parallel
surfaces of H = 0.72. The number of points ranges from N = 3.20 to 3.90 points/mm2 depending on the
importance given to each response. For example, if the three responses have the same importance,
N = 3.65 points/mm2 are recommended. Higher number of points is recommended when mean or
variance of pore size is more important than the rest of the variables. On the contrary, lower number of
points is recommended when porosity is more important than the rest of the variables. The porosity
and the mean of pore size obtained in experimental tests printed in polylactic acid (PLA), 0.594 and
0.372 mm respectively, were in good agreement with the simulated porosity and mean of pore size of
0.537 and 0.434 mm, respectively. Experimental variance of pore size is higher than the calculated one.

For fixed values of the distance between layers and of the radius of columns, the greater the
number of points on layers, the lower the calculated porosity and the mean of pore size. A larger
number of columns means there is less room for pores, leading to lower porosity, as well as shorter
distance among columns, with lower pore size. The variance of pore size also decreases with number
of points per surface unit. By varying the distance between layers, the radius of the columns and the
number of columns per unit area, structures with different porosity and pore size can be achieved.
The higher distance between layers is the higher porosity and mean of pore size. The higher the radius
of columns is the lower porosity and mean of pore size. Thus, the model will be very useful in defining
the required values for geometric variables, which will allow a certain degree of porosity and pore size
in porous structures to be obtained.

The main limitation of the methodology is that it only takes into account the porosity of the
structures that is required to achieve osseointegration, but not their mechanical properties (elastic
modulus, compressive strength) or their ability to transport nutrients (permeability, diffusivity).
Another limitation is that the structures are difficult to print with FDM technologies because of the low
diameter of columns which is only slightly higher than nozzle diameter employed. For this reason,
in the present work geometry was rescaled by a scaling factor of five prior to printing. Surface finish
presents the stair-stepping defect due to layer-by-layer deposition.

In future work, other requirements for structures, related to either mechanical strength or mass
transport, will be addressed. In addition, improvement of the FDM printing process is required in
order to obtain more accurate and smooth parts. For example, nozzle diameter can be reduced and
nozzle retraction can be controlled in order to minimise the stair-stepping effect and the presence of
threads within pores respectively.

Author Contributions: I.B.-C. conceptualized the research, wrote the original draft and reviewd it, A.B. performed
data analysis and calculated results, O.P.-R. defined the methodology.

Funding: This research was funded by Spanish Ministry of Economy, Industry, and Competitiveness grant
number DPI2016-80345R.

234



Materials 2018, 11, 1532

Acknowledgments: The authors thank Ramón Casado-López and Sergi Aymerich for their support with
experimental tests.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Rochus, P.; Plesseria, J.-Y.; Van Elsen, M.; Kruth, J.-P.; Carrus, R.; Dormal, T. New applications of rapid
prototyping and rapid manufacturing (RP/RM) technologies for space instrumentation. Acta Astronaut.
2007, 61, 352–359. [CrossRef]

2. Ngo, T.D.; Kashani, A.; Imbalzano, G.; Nguyen, K.T.Q.; Hui, D. Additive manufacturing (3D printing):
A review of materials, methods, applications and challenges. Compos. Part B Eng. 2018, 143, 172–196.
[CrossRef]

3. Ventola, C.L. Medical Applications for 3D Printing: Current and Projected Uses. Pharm. Ther. 2014, 39,
704–711.

4. Leukers, B.; Gülkan, H.; Irsen, S.H.; Milz, S.; Tille, C.; Schieker, M.; Seitz, H. Hydroxyapatite scaffolds for
bone tissue engineering made by 3D printing. J. Mater. Sci. Mater. Med. 2005, 16, 1121–1124. [CrossRef]
[PubMed]

5. Hollister, S.J.; Lin, C.Y.; Saito, E.; Lin, C.Y.; Schek, R.D.; Taboas, J.M.; Williams, J.M.; Partee, B.; Flanagan, C.L.;
Diggs, A.; et al. Engineering craniofacial scaffolds. Orthod. Craniofac. Res. 2005, 8, 162–173. [CrossRef]
[PubMed]

6. Klammert, U.; Vorndran, E.; Reuther, T.; Müller, F.A.; Zorn, K.; Gbureck, U. Low temperature fabrication
of magnesium phosphate cement scaffolds by 3D powder printing. J. Mater. Sci. Mater. Med. 2010, 21,
2947–2953. [CrossRef] [PubMed]

7. An, J.; Teoh, J.E.M.; Suntornnond, R.; Chua, C.K. Design and 3D Printing of Scaffolds and Tissues. Engineering
2015, 1, 261–268. [CrossRef]

8. Lipson, H.; Kurman, M. Fabricated: The New World of 3D Printing; Wiley and Sons: New York, NY, USA, 2013.
9. Gibson, I.; Rosen, D.; Stucker, B. Additive Manufacturing Technologie. Springer: New York, NY, USA, 2015.
10. Chia, H.N.; Wu, B.M. Recent advances in 3D printing of biomaterials. J. Biol. Eng. 2015, 9, 4. [CrossRef]

[PubMed]
11. Hollister, S.J. Porous scaffold design for tissue engineering. Nat. Mater. 2005, 4, 518–524. [CrossRef]

[PubMed]
12. Egan, P.F.; Ferguson, S.J.; Shea, K. Design of hierarchical three-dimensional printed scaffolds considering

mechanical and biological factors for bone tissue engineering. J. Mech. Des. N. Y. 2017, 139, 061401-7.
[CrossRef]

13. Arabnejad, S.; Burnett Johnston, R.; Pura, J.A.; Singh, B.; Tanzer, M.; Pasini, D. High-strength porous
biomaterials for bone replacement: A strategy to assess the interplay between cell morphology, mechanical
properties, bone ingrowth and manufacturing constraints. Acta Biomater. 2016, 30, 345–356. [CrossRef]
[PubMed]

14. Bendsøe, M.P.; Kikuchi, N. Generating optimal topologies in structural design using a homogenization
method. Comput. Methods Appl. Mech. Eng. 1988, 71, 197–224. [CrossRef]

15. Sigmund, O. Materials with prescribed constitutive parameters: An inverse homogenization problem. Int. J.
Solids Struct. 1994, 31, 2313–2329. [CrossRef]

16. Lin, C.Y.; Kikuchi, N.; Hollister, S.J. A novel method for biomaterial scaffold internal architecture design to
match bone elastic properties with desired porosity. J. Biomech. 2004, 37, 623–636. [CrossRef] [PubMed]

17. Guest, J.K.; Prévost, J.H. Optimizing multifunctional materials: Design of microstructures for maximized
stiffness and fluid permeability. Int. J. Solids Struct. 2006, 43, 7028–7047. [CrossRef]

18. Hollister, S.J.; Lin, C.Y. Computational design of tissue engineering scaffolds. Comput. Methods Appl.
Mech. Eng. 2007, 196, 2991–2998. [CrossRef]

19. Kang, H.; Lin, C.-Y.; Hollister, S.J. Topology optimization of three dimensional tissue engineering scaffold
architectures for prescribed bulk modulus and diffusivity. Struct. Multidiscip. Optim. 2010, 42, 633–644.
[CrossRef]

20. De Kruijf, N.; Zhou, S.; Li, Q.; Mai, Y.W. Topological design of structures and composite materials with
multiobjectives. Int. J. Solids Struct. 2007, 44, 7092–7109. [CrossRef]

235



Materials 2018, 11, 1532

21. Egan, P.F.; Shea, K.A.; Ferguson, S.J. Simulated tissue growth for 3D printed scaffolds. Biomech. Model.
Mechanobiol. 2018. [CrossRef] [PubMed]

22. Habib, F.N.; Nikzad, M.; Masood, S.H.; Saifullah, A.B.M. Design and Development of Scaffolds for Tissue
Engineering Using Three-Dimensional Printing for Bio-Based Applications. 3D Print. Addit. Manuf. 2016, 3,
119–127. [CrossRef]

23. Wang, M.O.; Vorwald, C.E.; Dreher, M.L.; Mott, E.J.; Cheng, M.-H.; Cinar, A.; Mehdizadeh, H.; Somo, S.;
Dean, D.; Brey, E.M.; et al. Evaluating 3D-Printed Biomaterials as Scaffolds for Vascularized Bone Tissue
Engineering. Adv Mater. 2015, 27, 138–144. [CrossRef] [PubMed]

24. Aw, Y.Y.; Yeoh, Ch.K.; Idris, M.A.; Teh, P.L.; Hamzah, K.A. Effect of printing parameters on tensile, dynamic
mechanical, and thermoelectric properties of FDM 3D printed CABS/ZnO composites. Materials 2018,
11, 466. [CrossRef] [PubMed]

25. Helguero, C.G.; Amaya, J.L.; Komatsu, D.E.; Pentyala, S.; Mustahsan, V.; Ramirez, E.A.; Kao, I. Trabecular
Scaffolds’ Mechanical Properties of Bone Reconstruction Using Biomimetic Implants. Procedia CIRP 2017, 65,
121–126. [CrossRef]

26. Gregor, A.; Filová, E.; Novák, M.; Kronek, J.; Chlup, H.; Buzgo, M.; Blahnová, V.; Lukášová, V.; Bartoš, M.;
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Abstract: One of the main criteria for the establishment of the performance of a forming
process by material removal is based on cutting tool wear. Wear is usually caused by different
mechanisms, however, only one is usually considered as predominant or the controller of the process.
This experimental research is focused on the application of Pin-on-Disc wear tests, in which the
tribological interference between UNS A92024-T3 Aluminum–Copper alloy and tungsten carbide
(WC–Co) has been studied. The main objective of this study is focused on the determination of the
predominant wear mechanisms involved in the process, as well as the characterization of the sliding
and friction effects by using SEM and Energy Dispersion Spectroscopy (EDS) techniques, as applied
to WC–Co (cutting tool material)/Al (workpiece material) which are widely used in the aerospace
industry. Performed analysis prove the appearance of abrasive wear mechanisms prior to adhesion.
This fact promotes adhesion mechanisms in several stages because of the surface quality deterioration,
presenting different alloy composition in the form of a Built-Up Layer (BUL)/Built-Up Edge (BUE).

Keywords: UNS A92024; WC–Co; wear mechanism; tribology; adhesion

1. Introduction

Light alloys, mainly aluminum and titanium, are commonly used in different manufacturing
fields especially because of their high performance—weight rate, their excellent physical-chemical
properties and their advantageous economic cost. In this context, the aluminum market has greatly
benefited thanks to its wide application in the aerospace industry, among others.

Continuous growth in the use of these alloys, and constant requirements to improve
the performance of their manufacturing processes follow an important tendency to gradually increase
the development of different research lines. The aim of these is to find the optimum conditions for the
forming procedures of aluminum alloys.

Material removal, or machining, is among the main applications of aluminum alloy forming
processes for aerospace applications. However, in the last decades machining processes have been
characterized by a reorientation towards less aggressive environmental processes by means of the
minimization or elimination of the use of cutting fluids in the cutting process. Under these conditions,
cutting tools show an intensification of their wear mechanisms, causing deviations on the initial design
specifications in the machined part [1,2]. For this reason, preserving the initial geometry of the cutting
tool as long as possible is essential to ensure final tolerances [3]. In this context, a preliminary study
of the tribological interference between the material being machined and tools is critical to maintain
a precise control of process parameters, obtaining higher performance ranges.
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In general terms, when aluminum alloys are machined by chip removal processes, the tool
wear process is mainly characterized by the appearance of secondary or indirect adhesion
mechanisms [4]. This wear mechanism is specifically based on the incorporation of the machined material
over two well-localized areas of the cutting tool: at the edge, giving rise to the Built-Up Edge (BUE); and at
the rake face, giving rise to a Built-Up Layer (BUL). Both types of material incorporation may modify the
initial cutting geometry, affecting the surface quality of the machined parts [5], as is mentioned previously,
and can be seen in the macrographs of Figure 1. In addition, the mechanical instability of the involved
effects tends to cause a friction process promoted by the chip, resulting in the lost of particles of the tool
surface, which constitutes the main wear effect [6].

Figure 1. Cutting tools affected by adhesive wear mechanism in the machining of Al alloys: (a) turning
insert tool; (b) detail of the adhered material thickness; (c) drilling tool; (d) milling tool for radial operations.

Tool wear mechanisms can be studied under lab conditions using Pin-on-Disk or Pin-on-Flat
tests [7–10] reducing the material cost and improving the environmental sustainability of the process.
However, only a few studies have been found which investigate the specific tribological pairing
of aluminum and tungsten carbide [11]. For this reason, the present work is focused on the study
of the wear mechanisms involved in the tribological friction and sliding conditions of the WC–Co
(tool material) and UNS A92024-T3 aluminum alloy. Pin-on-Disc test techniques were performed and
wear effects were analyzed by volume variation and SEM/Energy Dispersion Spectroscopy (EDS)
microscopy in order to obtain a deeper understanding for the detected wear phenomena.

2. Materials and Methods

Pin-on-Disc tribological tests (PoD) were carried out under dry conditions, using a MT/60/NI
Microtest Tribometer (Microtest S.A., Madrid, Spain) (motion diagram in Figure 2). The load (N) and
linear speed (Ls), track radius (R) and turning speed (ω) were constant, while sliding distance varied,
as is listed in Table 1. During the test development, the dynamometric response values, environmental
conditions, and temperatures were measured.

Table 1. Test Conditions.

Load (N) Sliding Speed (m/s) Sliding Distance (m)

10 1.0 10 100 200 300 400 500 600 700 800 900 1000
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Figure 2. Pin-on-Disc tribometer motion diagram.

Firstly, Al–Cu UNS A92024-T3 (Ra < 0.4 μm) samples of 90 × 90 mm2 and thicknesses between
1.6 and 2.0 mm were selected as discs. Their composition is shown in Table 2.

Table 2. Composition of aluminum–copper alloy (Weight %).

Cu Mg Mn Si Fe Zn Ti Cr Al

4.00 1.50 0.60 0.50 0.50 0.25 0.15 0.10 rest

Then, (WC-6%Co) carbide metal bars with 30 mm length (l) and 4 mm diameter (d) hemispherical
ends were used to simulate tool displacement (pins). The average and maximum Hertz contact
pressure for the tribological pair were calculated as 0.91 and 1.37 GPa, respectively.

Wear evaluation was carried out following the guidelines of the ASTM G99-04 standard,
expressing the friction effects in terms of material volume loss (mm3) as a function of the sliding length.
All samples were carefully cleaned using petroleum ether and alcohol (50%). The weight of the
aluminum probes were evaluated by a precision scale (Ohaus Pioneer PA214, Parsippany, NJ, USA)
before (P0) and after (PF) the development of the tribotests. The precision scale used in the weight
evaluation of the samples have a 0.0001 g resolution. This scale resolution is the recommended by the
ASTM G99 for the evaluation of results in Pin-on-Disc tribological tests.

In addition, visual inspection was carried out by optical microscopy techniques, using
a stereoscopic microscopy device (Nikon SMZ-800, Tokyo, Japan) with the aim of analyzing the
effects and consequences of the wear mechanisms involved in the process. The wear track was also
measured by a profilometer Taylor Hobson Form Talysurf Series 2 (Leicester, UK).

Specific areas of the carbide pins and aluminum discs were established to perform deeper
evaluation with a Scanning Electron Microscopy (SEM) and Energy Dispersion Spectroscopy
(EDS) microcompositional characterization, by using a FEI Quanta 200 (ThermoFisher Scientific,
Hillsboro, OR, USA) with EDAX Phoenix.

3. Results and Discussion

The friction coefficient behavior and wear mechanisms involved in the process were studied on
the contact surface of the carbide pins. The tribological wear effects were evaluated through volume
loss of aluminum discs as a function of sliding length. Additionally, a study on the tribological wear
behavior between empirical and theoretical models was carried out taking the Archard coefficient as
control parameter.
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3.1. Friction Coefficient Evaluation

The friction coefficient (μ) of the specimens shows specific behavior for different sliding lengths.
These phenomena may be mainly caused by the wear mechanisms involved in each stage of the friction
process. In this way, through analyzing the obtained values for the friction coefficient, three stages
were detected, with different behavior during the sliding course, Figure 3.

Figure 3. Friction coefficient and pin temperature as a function of sliding length for 1000 m.

The first stage is observed up to 200 m of sliding length, where the “stick-slip” phenomena
takes place. This effect is developed in the dynamic contact between both surfaces, resulting in
unstable movements along the sliding track. In the first friction instant, a significant increase in the
contact force and μ were caused by the detachment of initial asperities which come from the surface
material of the tribological pair. These asperities may cause specific roughness values, leading to
a smaller contact surface between the pin and the disc, resulting in higher contact pressures. The action
of high contact pressures on rough surfaces tend to remove soft asperities, favoring the detachment of
wear debris on the sliding track, and giving place to high amplitude in the friction coefficient values
and the appearance of the effects of abrasive wear mechanisms. In this aspect, an important increase of
amplitude values implies a growth in the instability during the initial length of the process, especially
because of the lack of uniformity of the circular trace, Figure 4.
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Figure 4. First stage sliding track with abrasive wear effects.

The increase in μ values is mainly caused by the movement of the pin over wear debris from initial
aluminum asperities, involving a quick growth of the temperature in the contact area. A combination
of friction and temperature conditions also favor adhesive phenomena from the aluminum particles to
carbide surface.

The next stage starts with a decrease in μ values and a stabilization of the pin temperature.
An important reduction in the oscillations amplitude of μ was also detected. This behavior is mainly
due to a growth of the adhesion layer of aluminum alloy formed from the slip track over the pin in
stratified sections. Under these conditions, adhesion of wear debris over the slip track and pin surface
induces the modification towards softer topographies between contact elements, resulting in a sliding
process where surfaces of the same material contact each other, Figure 5.

Figure 5. Second stage sliding track with abrasive wear effects.

In the last stage, the detachment is produced by aluminum adhered debris from the pin surface,
as a result of reaching an excessive critical volume. Under these conditions, the adhered layer becomes
unstable and may be removed as a consequence of the friction forces on the contact area. In this
way, the carbide surface is subjected to wear from the adhered aluminum layer, promoting the lost of
particles from the hemispheric surface. Because of this effect, we ar debris of aluminum and carbide
(harder than the disc) are deposited again over the sliding track. The material debris on the wear
trace results in an increase of the μ values and the temperature of the pin, Figure 6. During this
stage, the described effect is repeated as a continuous cyclic and dynamic behavior of adhesion wear
mechanisms, as is described in previous works [12].
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Figure 6. Third stage sliding track, with an adhered debris layer over the sliding way, and deposited
material in the outer edges of the track.

When the carbide pin’s surface is analyzed, the existence of three different sections subjected to
specific wear mechanisms are observed, Figure 7. In this aspect, similar wear effects are noticed from
the morphological adhesion behavior over all of the tested specimens.

Figure 7. SEM (100×) micrography of the Pin for test 500 m sliding distance. Detailed areas for the
adhesion and punctual Energy Dispersion Spectroscopy (EDS) of the different wear phenomena.

Section 1 is especially characterized by the existence of Al–Cu alloy worn particles. These particles
have been mechanically adhered to the hemispherical surface, giving place to abrasive wear
phenomena in the first instants of the tribological tests.

Section 2 is formed by the primary layer developed in the first instants of the tribological test.
EDS analysis shows that the composition of this layer is close to pure Al. According to previous
research [13], this adhesive mechanism is mainly associated with a thermomechanical effect.
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Section 3 is composed of the secondary layer, specifically described by a stratification
of wear debris which is adhered over the primary layer through mechanical effects due to
thermomechanical phenomena. Cu composition percentages near to 2.65% were observed.

3.2. Wear Effects Evaluation

The material volume loss was selected as the control parameter in order to study the sliding wear
effects on the aluminum specimens. In this way, we ight variations caused by the Pin-on-Disc test were
measured on test probes with different sliding length configurations. The material volume loss was
obtained by using the aluminum alloy density:

ΔV =
Δw
ρA

=
wF − w0

ρA
(1)

where wF is the weight of the tested samples, w0 is the weight of the samples before the sliding test,
and ρA is the UNSA92024 aluminum alloy density.

In order to simplify analysis considerations and following the indications of the ASTM G99
Standard [6], the wear volume loss was considered negligible for the harder material (WC–Co).
However, adhesive wear phenomena from the aluminum discs to carbide hemispherical pins have
been evaluated

Figure 8 shows the analysis of the volume variation for different samples as a function of sliding
length (Ld).

Figure 8. Volume variation vs. sliding length: (a) pin; (b) disc.

As was expected, a relevant increase in the values of volume lost for the aluminum discs was
detected as a function of sliding length, fitting to a linear behavior and confirming previous research
findings [7]. Regarding the pins, an estimation of the main wear mechanism was proposed. On the
basis of the results indicated in the Figure 3, an important growth tendency was detected for the
adhered material volume on the pins contact surface as a function of the sliding length. This fact
may corroborate the raised hypothesis about the importance of secondary adhesion mechanisms
in the analyzed tribological pair, detecting a progressive increase of the wear effects regarding the
interaction time.

The appearance in the first instants of several negative values in the variation of volume of the
pins should be noticed; this indicates the existence of a slight abrasive wear process prior to the
adhesive phenomena. In this respect, SEM confirmed this behavior (Figure 9).
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Figure 9. SEM (90×) micrography of the pin for test condition 900 m sliding distance. Detail of the
abrasion produced by particles drag (600×).

This wear effect was observed in the first instant of sliding tests, as has been commented
previously, in which the stick-slip phenomena takes place. The abrasive wear effect finishes when the
surface tension of the material breaks, stabilizing the forces involved in the process and allowing the
appearance of the first stage of adhesive mechanisms [14]. Furthermore, from the registered data in
the tests, the Archard wear ratio [15] was determined, using the following expression:

Ks = a·L−1
d (2)

where Ks is the Archard coefficient, Ld is the sliding distance and:

a =
ΔV·H
103·N (3)

where ΔV is the volume variation, and H is the softer material hardness [16].
The coefficient exposed in Equation (2) allowed us to carry out the marginal analysis of Archard

ratio as a function of the sliding length, taking special care of the fact that the proportionality coefficient
is not a constant value, where direct [ΔV, Ld] and indirect variables [H, N] are involved. In fact,
the initial hardness of the material may vary as the sliding distance increases, mainly because of
a superficial softening effect on the material, favored by the temperature increase in the contact area.

These considerations can differentiate the theoretical model from the real conditions. For this
reason, marginal studies can be carried out by the approximation of the experimental results to
an empirical model. In this way, a potential model has been selected, following the research lines with
a specific interest in material removal [17–20].

K′
s = a′ × Lb

d (4)

This equation can be linearity expressed by logarithmic expression:

logK′
s = log a′ + b × log Ld ↔ y = m × x + n (5)

The potential model is shown in Figure 10 as a function of sliding distance for the different Ks

coefficients obtained from empirical and theoretical models.
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Figure 10. Archard wear coefficient vs. sliding distance.

Comparing the Archard theoretical model (Ks) and empirical model (Ks’), a relevant difference
can be observed in the exponent which govern the sliding length. This disparity may be justified by
the existence of specific wear mechanisms that are not taken into account in the theoretical model.

Material hardness (H), normal load (N), and wear volume (ΔV) are considered constant in
this model. However, these components are direct or indirect variables of the process, making
a coefficient not constant.

In this way, the Ks values tendency obtained are located in the Archard range for compatible
and/or similar materials subjected to adhesive phenomena [21]. The first consideration may be
justified by the friction behavior between the aluminum disc and adhered particles from the alloy to
the carbide pins surface. The second one may be justified by the compatibility between Wolfram (W)
with Aluminum (Al). This compatibility can be evaluated by the Rabinowicz relation [22], showing
higher solubility values (>1%) and a high tendency towards adhesive mechanisms, Figure 11.

Figure 11. Partial reproduction of the Rabinowicz’s table (adapted from [22]).
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4. Conclusions

Wear mechanisms are the main responsible factors of cutting tool wear, being present on a wide
temperature range. The main mechanism for the tribological pair Al–Cu and WC/Co is secondary
adhesion, where the part material is removed and added to the cutting tool surface in the first step.
After that, it brings with it the cutting tool’s own particles, increasing the wear effects.

This work studied the tribological interference, simplifying to lab conditions (Pin-on-Disk) of
a machining process. This allowed us to isolate the wear due to continuous friction between the contact
pair, making it easy to characterize and to verify wear behavior.

The obtained results show an initial abrasion mechanism in the WC/Co pin, which is followed by
the secondary adhesion of the aluminum alloy.

This adhesion takes place in two different stages. Firstly, thermomechanical effects
(pre-fusion/adhesion) lead to the generation of a thin layer of pure aluminum, which comes from the
aluminum matrix. After that, other layers with a similar composition to the Al–Cu alloy are adhered in
a stratified way over the first one. This adhesion is due to mechanical effects. With the PoD tests it has
been verified that, for pressures close to the ones achieved in finishing machining, the Built-Up Edge
and Built-Up Layer effect can be studied for UNS A92024 alloy and WC–Co tribology pair. They are
the main wear mechanisms for this pair against abrasion or erosion.

Furthermore, the classical model for the evaluation of Archard wear coefficient do not provide
solid results, not taking into account variation of the process as it happens with the superficial hardness
of the disc or the orientation of the pin.
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Abstract: The Ti6Al4V alloy is included in the group of difficult-to-cut materials. Segmented chips
are generated for a wide range of cutting parameters. This kind of chip geometry leads to
the periodic variation of machining forces, tool vibrations, and work part-tolerance inaccuracies.
Therefore, the analysis of chip morphology and geometry becomes a fundamental machinability
criterion. However, few studies propose experimental parametric relationships that allow predicting
chip-geometry evolution as a function of cutting parameters. In this work, an experimental analysis of
the influence of cutting speed and feed rate on various chip-geometric parameters in dry machining
of the Ti6Al4V alloy was carried out. In addition, the chip morphology and chip microstructure
were studied. A clear dependence of certain chip-geometric parameters on the cutting parameters
studied was found. From the experimental data, several parametric relationships were developed.
These relationships were able to predict the evolution of different geometric parameters as a function
of cutting speed and feed, within the tested range of values. The differences between the proposed
models and the experimental data were also highlighted. These parametric equations allowed
quantifying the value of parameters in which the trend was clear.
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1. Introduction

Titanium alloys exhibit exceptional properties that make them a good choice for many industrial
applications, such as aeronautic, power-generation, or biomedical industries. Due to their low
density, very high strength-to-weight ratio (even higher than wrought aluminum alloys), and excellent
corrosion resistance at high temperatures, these alloys are widely used in structural parts of aircrafts
and components which work under extreme environmental conditions (turbine blades, combustion
chambers, etc.). In addition, their chemical inertness at room temperature is highly appreciated in the
manufacture of medical implants [1–3].

Depending on their crystalline structure, titanium alloys can be classified into two large groups:
(a) corrosion-resistant alloys (α), and (b) structural alloys (close α, α + β, and β alloys). Regarding the
aeronautical industry, structural alloys are the most common [4,5]. In particular, the Ti6Al4V (α + β)
alloy is within this last group, and represents 60% of the titanium used in this industry [6]. It is mainly
used in the construction of components for engines and structures, either alone or hybridized with
other materials such as carbon fiber reinforced polymer (CFRP) to form fiber metal laminate (FML)
structures (CFRP/Ti) [7].

Machining (mainly turning, milling, and drilling) is one of the most common formation processes
used in the manufacture of these structures [8]. Despite the good properties of the Ti6Al4V alloy, it is
included in the group of difficult-to-cut materials, due to several problems not yet solved [9]. On one
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hand, its low thermal conductivity avoids a fast evacuation of the heat generated in the cutting area.
As a result, the cutting temperature increases, so tool wear and tool life are negatively affected. On the
other hand, it shows high chemical reactivity above 500 ◦C. So, most tool materials are not suitable
for machining this alloy because of their chemical affinity, which results in fast tool wear [10,11].
Furthermore, this alloy exhibits a low elastic modulus, which results in higher workpiece deformation
and springback, inducing chattering and dimensional accuracy problems [12]. Finally, when machining
this alloy, segmented chips (saw-tooth chips or serrated chips) are generated at relatively low cutting
speeds. This chip geometry leads to the periodic variation of machining forces and tool vibrations,
which may cause tool fatigue, breakage, and workpiece tolerance inaccuracies [13–15].

Traditionally, Ti alloys are cut at low cutting speeds, using cutting fluids in order to reduce
the cutting temperature and to prevent tool wear. However, the use of these substances results in
environmental pollution and fluid-saving problems. Thereby, new alternative methods to replace
cutting fluids were developed [16]. Among them, dry machining minimizes the negative environmental
effects, thermal shock in discontinuous machining operations, and health risks for workers [17–19].
However, the total absence of cutting fluids causes quick tool wear and the degradation of workpiece
surface integrity [20,21]. Under these extreme conditions, the correct selection of cutting parameters
(feed, cutting speed, and cutting depth) is of crucial importance to improving the machining
performance from different points of view (environmental, economic, energy, and functional) [22].

Within this context, the analysis of chip morphology becomes a fundamental machinability
criterion. The chip morphology provides information about the cutting operation’s stability and the
material response (thermal, mechanical, etc.) [23,24]. As previously commented, the segmented chip
obtained while machining the Ti6Al4V alloy directly affects cutting forces, cutting temperature, tool
wear, and workpiece surface quality. In addition, machining this alloy produces a large amount of
continuous chips that must be evacuated and handled efficiently. This fact becomes a transcendental
problem in the one-shot dry drilling of stacked materials (composite–metal assemblies) [25]. Hence, a
correct understanding of cutting conditions, giving rise to an easier-to-handle chip, minimizing tool
wear, and improving the surface integrity of machined parts, is highly important [26].

A large number of studies can be found in the literature devoted to the analysis of chip morphology
and the chip-formation mechanism of the Ti6Al4V alloy. Nevertheless, this mechanism is not
completely understood [27]. There are two main theories which explain the formation of segmented
chips in this alloy: (a) thermoplastic deformation, and (b) fracture [8,28]. The first one supports that
segmented chips are the result of the formation of adiabatic shear bands within the primary shear zone,
caused by the predominance of thermal softening over strain hardening. The second theory explains
chip segmentation through crack initiation and propagation from the outer chip surface toward the
primary shear zone. Both theories are not mutually exclusive. Some authors suggest that the adiabatic
shear band is the precursor of crack initiation [29–32].

The study of chip geometry provides valuable information about the energy consumption
involved during machining, tool wear, and tool life, and the effect of machining on machined parts
(surface quality, geometric deviations, residual stress, etc.). Because of this, a significant amount of
research focuses on the analysis of several chip-geometric parameters (segment ratio, chip thickness,
segment width, shear angle, shrinkage factor, chip segment frequency, etc.) of the Ti6Al4V alloy, and
their evolution with cutting parameters [33,34].

Some studies analyzed chip geometry from an analytical point of view. Thus, several theoretical
models were formulated [35–37]. Notwithstanding, there are many interacting variables involved in
machining, and therefore, in the chip generation process. As a result, analytical studies are complex,
and they require the application of a set of simplifications which usually lead to inaccurate predictions
of various chip-geometric parameters [8,33,34]. Other studies used numerical models (finite element
method, FEM) to simulate the chip generation process [8,23,27,38–41]. These models can be interesting
as long as the constitutive laws of the material (tool and workpiece) are well defined. Regrettably, these
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constitutive laws are often incomplete. As a consequence, these models frequently overestimate or
underestimate certain chip-geometric parameters [27,33].

Longitudinal and transverse chip sections can also be experimentally observed using
metallographic techniques (hot mounting, polishing, and etching) combined with stereoscopic optical
microscopy (SOM) or scanning electron microscopy (SEM). The measurement of chip-geometric
parameters can be carried out using a digital-image-capture system and image-processing software.
In this regard, a lot of research that analyzes the influence of cutting parameters on chip geometry can
be found in the literature [3,10,31]. However, few studies propose experimental parametric models that
allow predicting the evolution of geometric parameters as a function of cutting parameters [20,22,42].

In this work, an experimental analysis of the influence of cutting speed and feed rate on various
chip-geometric parameters was carried out in dry machining of the Ti6Al4V alloy. In addition, the chip
morphology and chip microstructure were studied. From the experimental data, several parametric
models were developed. These models were able to predict the evolution of different geometric
parameters as a function of cutting speed and feed, within the range of values tested.

2. Materials and Methods

Table 1 shows the composition of the tested Ti6Al4V alloy. This composition was obtained using
arc atomic emission spectroscopy (AES).

Table 1. Composition of the machined alloy (wt.%).

Alloy C Fe N O Al V Ti

Part 0.08 0.164 0.05 0.05 5.47 4.09 Balance

Stereoscopic optical microscopy (SOM) techniques were used to observe the alloy microstructure
(Figure 1a). A bimodal structure (α/α + β), which is typical in this alloy, can be observed. The structure
was formed by a globular primary α phase (light color in the image) where aluminum was concentrated,
and a transformed β phase containing an acicular α phase (lamellar structure, dark color in the image),
where vanadium was concentrated (Figure 1b) [43,44]. The samples were polished prior to carrying
out SOM.

  
(a) (b) 

Figure 1. (a) Stereoscopic optical microscopy (SOM) images of the microstructure of the tested Ti6Al4V
alloy and (b) amplification and identification of α and β.

The experimental study was designed to evaluate the influence of cutting parameters on the
chip geometry of the Ti6Al4V alloy. For this purpose, a set of machining tests was carried out.
Various combinations of cutting parameters (cutting speed (vc), feed rate (f ), and cutting depth (ap))
were selected. A factor-by-factor study was applied, and their values are shown in Table 2. The range
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of values was chosen based on industrial requirements. It is necessary to point out that low values of
cutting speed were selected to prevent quick tool wear [4,9].

Table 2. Cutting parameters.

Feed Rate, f (mm/r) Cutting Speed, vc (m/min) Cutting Depth, ap (mm)

0.05
30
65

125
1

0.10
0.20
0.30

In order to guarantee the repeatability of the tests, 10 specimens were machined for each
combination of cutting parameters. Thereby, a total of 120 specimens were tested. All tests were
conducted in a parallel lathe, and were performed dry, with the aim of using techniques with a low
environmental impact.

Turning tests were carried out in an orthogonal configuration to minimize the influence of
geometric variables, which could make the process more difficult to characterize (Figure 2) [27].

   
(a) (b) (c) 

(d) 

 
(e) 

Figure 2. (a) Orthogonal cutting disposition; (b) initial machining instance; (c) sample for several
cutting tests; (d) test sample design (mm); (e) relief zone design.
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A combination of the tool insert, TCMT 16T308-F1, and the tool holder, STGCL 2020K16, provided
geometrical features very close to an orthogonal configuration (Figure 2a,b). The tool used had WC-Co
inserts coated with TiCN/Al2O3 [2,3]. A new tool was used for each cutting test in order to maintain
the same initial conditions.

Specimens were designed with a tailored geometry to maintain orthogonal conditions across the
tests, and to achieve different ranges of cutting speed and feed rate. Different grooving operations
were carried out on a billet (L = 170 mm, D = 105 mm) to achieve a tubular geometry (Figure 2c).
Specimens were formed by two crowns, corresponding to the two diameters machined previously
(C1 and C2, Figure 2d). Each crown was machined with a specific thickness equal to ap. B1 represents
the work section at a 10-mm distance, equivalent to the total cut magnitude that corresponds to a
certain combination of cutting parameters. Additionally, a relief zone was established, eliminating a
sector of the crowns (Figure 2e), to ensure that the spindle reached a permanent regime. A 96-mm-long
cylinder (on the left) was implemented to ensure correct fastening.

The chip generation process was monitored online using a digital camera. The chip samples were
collected, photographed, stored, and codified after machining for further observations. Metallographic
techniques were used to prepare the chip samples for observation (offline). The chip samples
(longitudinal and transverse sections) were embedded in epoxy resin, before being polished and
chemically etched (Kroll’s reagent, 50 mL of H2O + 2 mL of HF + 5 mL of HNO3) to facilitate
the observation.

An inverted metallurgical microscope (EPIHOT 280 NIKON, Tokyo, Japan) was used to observe
the chip specimens. The SOM images were obtained using a CF Infinity Optical System (1.5× to 400×).
Chip measurements were carried out using a digital-image-processing software (Omnimet BUEHLER,
Lake Bluff, IL, USA).

Figure 3 shows the geometric parameters measured on the longitudinal and transverse chip
sections, where hp is the height of the peaks, hv is the height of the valleys, S is the segment width,
θ’ is the complementary shear angle on the longitudinal section, and b and A are the chip width and
area, respectively, on the transverse section (measured along the adiabatic shear band). To obtain b,
a perpendicular line was drawn to the farthest point, starting from the base of a line approximately
parallel to the chip edge.

  
(a) (b) 

Figure 3. (a) Longitudinal and (b) transverse chip section measurements.

The shear angle, θ, can be indirectly obtained through its complementary angle, θ’ (Figure 3), as
presented in Equation (1).

θ =
π

2
− θ′ (1)
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Likewise, the shrinkage factor (ζ), the segment ratio (Gs), and the equivalent chip thickness (tc)
can be calculated with Equations (2)–(4), respectively, where γ is the rake angle on the tool, assuming
a constant volume and plane-strain hypothesis [22,33,34].

ζ =
sin θ

cos(θ − γ)
(2)

Gs =
hp − hv

hp
(3)

tc = hv +
hp − hv

2
(4)

A total of five samples were analyzed, measuring each parameter three times, resulting in a total
of 15 measurements for each combination of cutting parameters. The results for the various geometric
parameters analyzed were expressed as the average value of these measurements.

3. Results and Discussion

3.1. Chip Morphology and Microstructure

Figure 4 shows the evolution of the chip morphology as a function of the cutting parameters, vc

and f. In general, the chip morphology is segmented and remains continuous across a wide range of vc

and f studied. Thus, the obtained chip is very difficult to evacuate and handle. This is a consequence,
on one hand, of the high plasticity levels of this alloy, which makes it difficult to attain its shear limit.
On the other hand, its low thermal conductivity results in thermal softening, which compensates for
strain hardening and makes the chip more difficult to break [10,28,30,31].

 vc (m/min) 
f (mm/r) 30 65 125 

0.05 

   

0.10 

   

0.20 

   

Figure 4. Cont.

254



Materials 2018, 11, 1260

0.30 

   

Figure 4. Evolution of the chip morphology as a function of cutting speed (vc) and feed rate (f ).

This fact becomes more noticeable when vc was increased and f was reduced. In the lowest
feed-rate range (0.05–0.10 mm/r), the chip morphology was continuously helical (Figure 5a) and
showed a strong tendency toward forming chip nests for 0.05 mm/r. However, the chips tended to
be tubular and more fragmented for the highest feed-rate range (0.20–0.30 mm/r) combined with
low cutting speeds (30–65 m/min) (Figure 5b). For these values, the cutting forces were higher and
the thermal-softening effects were lower; therefore, chip breaking was easier to achieve. From a
machinability point of view based on chip control, the best results came from the highest values of feed
rate and cutting speed. However, if other machinability criteria are taken into account, such as tool
wear, cutting forces, superficial quality of parts, or temperature (not analyzed in this study), the results
may present the opposite trend.

  
(a) (b) 

Figure 5. Chip morphology for (a) vc = 30 m/min, f = 0.05 mm/r, and (b) vc = 30 m/min, f = 0.30
mm/r.

Figure 6 shows the SOM images of the longitudinal and transverse chip sections as a function of
vc and f. From a qualitative point of view, a higher segmentation level was observed in the longitudinal
section when vc was increased. This increment was enhanced by the feed-rate action. A higher vc

results in an increase in cutting temperature; thus, the aforementioned thermal-softening effect is
increased, and the chip is easier to deform. An increase in feed rate implies higher removal rates and
cutting forces. As a consequence, the effect of cutting speed is maximized [33]. Therefore, this fact was
less noticeable in the low range of feed rates used (0.05–0.10 mm/r). These observations were later
quantified using measurements of the chip segment ratio (Gs). Regarding the transverse chip section,
no significant changes were observed in the chip width (b) as a function of vc or f. Obviously, the
transverse section’s area (A) increased proportionally to the feed rate.
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 f (mm/r) 
vc (m/min) 0.30 0.20 0.10 0.05 

30     

    

65     

    

125     

    

Figure 6. SOM images of the longitudinal (20×, 0.1 mm of each segment) and transverse (10×, 0.25 mm
of each segment) chip sections.

When the chip microstructure (Figure 7) was compared with the stock microstructure before
machining (Figure 1), grain deformation can be observed in the whole section [4,9]. In addition,
two different grain alignments can be noted.

 

Figure 7. Grain deformation within the chip microstructure (vc = 125 m/min, f = 0.10 mm/r).
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Firstly, there was an alignment in the direction of the adiabatic shear band (primary deformation
area, A in Figure 7), due to an intense plastic deformation in this narrow zone [4,45]. This fact was more
noticeable when vc increased, and a more refined grain structure was obtained (Figure 8). The influence
of feed rate was more apparent at higher values of cutting speed. The phenomenon of crack initiation
and propagation could be observed for high feed rates (0.20–0.30 mm/r), even when high values of
cutting speed were applied (Figure 9).

  
(a) (b) 

Figure 8. Chip microstructure (40×) for f = 0.10 mm/r: (a) vc = 30 m/min, and (b) vc = 125 m/min.

(a) (b) 

Figure 9. Chip microstructure (20×) at vc = 125 m/min: (a) f = 0.20 mm/r, and (b) f = 0.30 mm/r.

Secondly, an alignment of the grain structure with the main cutting direction was observed, along
a very thin layer on the contact surface between the chip and the face of the tool rake (B in Figure 7).
This layer, the so-called white layer, was also present in the sub-machined surface of the part, and gave
rise to a strain hardening of the machined surface, potentially reducing the alloy’s machinability [2].
This effect was more intense when vc and f were increased.

3.2. Geometric Parameters

Figure 10 shows the experimental mean values obtained for hp and hv as a function of the cutting
parameters, vc and f. An almost linear increase with feed rate could be observed for both parameters.
This general trend was normal due to the direct proportionality between chip thickness and feed rate.
Regarding vc, a higher influence on hp was shown for the lowest range of f considered. Specifically, for
f = 0.10 mm/r, hp showed an increasing trend with vc (Figure 11). However, for the higher range of f
(0.20–0.30 mm/r), the highest values of hp were observed at vc = 30 m/min. Moreover, no significant
changes in hv were noted as a function of vc, except for f = 0.05 mm/r, where slightly higher values
were observed when vc decreased. An opposite trend was obtained for f = 0.30 mm/r.
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(a) (b) 

Figure 10. (a) Heights of peaks (hp) and (b) valleys (hv) as a function of vc and f.

(a) (b) 

Figure 11. Chip SOM images (100×) for f = 0.05 mm/r: (a) vc = 30 m/min, and (b) vc = 125 m/min.

These observations were complemented by the calculations of the segment ratio (Gs, Equation (3))
and the equivalent chip thickness (tc, Equation (4)). Their evolutions with vc and f are shown
in Figure 12.

 
(a) (b) 

Figure 12. (a) Segment ratio (Gs) and (b) equivalent chip thickness (tc) as a function of vc and f.

Obviously, tc showed the same trend as that observed for hp (Figure 12b) as a consequence of
the fact that hv tended to remain more or less constant with cutting parameters. With regards to Gs,
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the influence of cutting speed was higher for the lowest range of feed rate considered, 0.05–0.10 mm/r
(Figure 12a). In this range, the segment ratio tended to increase with vc. Notwithstanding, Gs tended
to remain constant with f, except at vc = 30 m/min, where Gs increased when f varied from 0.05 to
0.10 mm/r. A different trend was observed for the highest range of f analyzed (0.20–0.30 mm/r).
In this case, Gs tended to remain approximately constant with f. In addition, the influence of vc was
less noticeable at 65 and 125 m/min, and the highest Gs values corresponded to vc = 30 m/min. In fact,
Gs strongly increased at vc = 30 m/min, and decreased at vc = 125 m/min when f varied from 0.10 to
0.20 mm/r.

These observations may indicate that vc was the most influential parameter when a low f was
used. As a result, thermal softening was the segmentation mechanism that prevailed within this range.
By contrast, f became more relevant at higher values (0.20–0.30 mm/r). As a result, the mechanism of
crack initiation and propagation was more noticeable. Therefore, this mechanism was enhanced by the
combination of a low cutting speed and a high feed rate. These observations are in good agreement
with previous works [3,4,8,10,33].

Figure 13 shows the evolutions of the shear angle (θ) and the segment width (S) with cutting
parameters. The shear angle oscillated from 35◦ to 44◦; as such, it complied with Stabler’s theory
for orthogonal cutting [46]. Notwithstanding, no clear trends with vc and f could be observed in
the analyzed interval. Some authors found a general trend of increasing θ for low ranges of cutting
speed (0–40 m/min). However, scattered results were found between 40 and 140 m/min [33], in good
agreement with the results exposed in this work. Thus, these results are within the normal variation of
the measurement process.

Regarding segment width (S), this parameter showed a general trend of increase with f. On the
other hand, S decreased with vc. This trend was more noticeable for the highest values of f used
(0.20–0.30 mm/r). This fact can be explained taking into account that an increase in cutting speed
results in an increase in cutting temperature. Because of the low thermal conductivity of the Ti6Al4V
alloy, the primary shear zone becomes more adiabatic, and the appearance of adiabatic shear bands is
favored. Thus, the segmentation frequency is increased [4,9,33].

 
(a) (b) 

Figure 13. (a) Shear angle (θ) and (b) segment width (S) as a function of vc and f.

Figure 14 shows two different geometric parameters of the transverse chip section and their
evolutions with vc and f : the chip width (b; Figure 14a) and the chip transverse area (A; (Figure 14b).
A general trend of remaining constant was observed for b, regardless of changes in vc and f. Its value
was very close to the theoretical value (ap = 1 mm). As a result, the hypothesis of constant volume and
plain strain during machining could be assumed.

As seen in Figure 14b, the chip transverse area (A) tended to increase with f, and it was
independent of vc. Its value was measured along the adiabatic shear band. Therefore, A was very
close to the product of hv and b. Its value only showed more dispersion for f = 0.30 mm/r. A possible
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explanation is that the transverse area was less homogenous for 0.30 mm/r, and, as a result, more
difficult to measure (Figure 6).

 
(a) (b) 

Figure 14. (a) Chip width (bv) and (b) chip transverse area (A) as a function of vc and f.

The shrinkage factor (ζ) provides important information about the chip’s total strain, the chip’s
springback, and the consumed energy in the chip’s plastic deformation, among others [20,42].
The hypothesis of plain strain and constant volume allows calculating the shrinkage factor (ζ) via
Equation (2), where γ = 7◦ and θ is the experimentally obtained shear angle. In addition, ζ can
be calculated with Equation (5), using the theoretical chip thickness before machining (t0) and the
equivalent chip thickness (tc). For the selected machining configuration (κr = 90◦, main cutting edge
angle), t0 was equal to f. Figure 15a,b show the evolution of ζ as a function of vc and f, calculated with
Equations (2) and (5), respectively.

ζ =
t0

tc
(5)

 
(a) (b) 

Figure 15. Shrinkage factor (ζ) as a function of vc and f, calculated via (a) Equation (5), and (b) via
Equation (2).

In the first case (Figure 15a) ζ varied from 0.72 to 0.88. In the second case (Figure 15b) ζ varied
from 0.64 to 0.87. In both cases, there was no a clear trend of increase or decrease with vc or f. In general,
the lowest values were obtained at vc = 30 m/min, although some singularities could be observed for
f = 0.10 mm/r (Figure 15a). Thus, low cutting speeds resulted in higher deformation rates.
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3.3. Parametric Relantioships

As mentioned in the introduction, the prediction of chip morphology before machining is of
crucial importance [2,8]. In this research, various parametric relationships were developed from the
experimental data. These relationships allow predicting the evolution of chip-geometric parameters as
a function of the cutting parameters analyzed, vc and f. To establish a global model was not intended,
due to the large number of variables which influence the process, in addition to the cutting parameters.
However, obtaining simpler models for a direct industrial application was interesting [42].

These relationships were obtained for the parameters with a strong dependence on cutting
parameters (hp, hv, tc, Gs, S, and A), and for those that showed a weaker dependence (θ and ζ).
Obviously, no relationship was obtained for b, given its strong trend of remaining practically constant.

To achieve this objective, various mathematical models were tested. Among them, a potential
model, as shown in Equation (6), exhibited the best fit to the experimental data for all geometric
parameters (GP) studied.

GP = K·vx
c · f y (6)

In Equation (6), K, x, and y are constants. Table 3 provides the results for the constants for each
geometric parameter (GP) after fitting this model to the experimental data. An additional column was
added, with the adjusted coefficient of determination (R2).

Table 3. Model coefficients.

Geometric Parameter (GP) K x y R2

Height of peak (hp) 1.38 0.02 1.01 0.98
Height of valley (hv) 1.20 −0.05 0.98 0.97
Chip thickness (tc) 1.29 −0.01 0.99 0.98
Segment ratio (Gs) 0.15 0.24 0.17 0.52
Segment width (S) 0.87 −0.10 1.16 0.94
Transverse area (A) 0.94 0.02 0.95 0.92

Shear angle (θ) 28.43 0.06 −0.03 0.67
Shrinkage factor (ζ) 0.77 0.15 0.02 0.61

As can be seen in Table 3, hp, hv, tc, S, and A showed a good fit to the proposed model (R2 values
between 0.92 and 0.98). The model coefficients for these geometric parameters indicated a strong
influence of f, with the y coefficient almost linear. Because of the lower value of x, the influence of vc

was almost negligible. This fact is in good agreement with the experimental observations.
With regards to Gs, θ, and ζ, the model exhibited a lower fit (R2 values between 0.52 and 0.67).

Figure 16 contrasts the experimental data and the proposed model for these parameters.
As observed in Figure 16a, the Gs model showed a good fit at vc = 65 m/min, regardless of

changes in f. However, this model underestimated Gs at vc = 30 m/min, and overestimated it at
vc = 125 m/min in the lower range of f studied (0.05–0.10 mm/r). An opposite trend was observed for
higher f (0.10–0.20 mm/r). Regarding θ (Figure 16b) the model showed, in general, a good adjustment
at vc = 30 and 125 m/min. At vc = 65 m/min, it seemed to overestimate it for f = 0.05 and 0.30 mm/r.
Finally, because there was no clear tendency of ζ with cutting parameters, the model was only useful
to show an average trend (very close to ζ = 0.8, and almost equal to K = 0.77 in the model) within the
studied vc and f intervals (Figure 16c).
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(a) (b) 

(c) 

Figure 16. Comparisons between the experimental data and the proposed model for (a) Gs, (b) θ,
and (c) ζ.

4. Conclusions

In this work, an experimental analysis of the influence of cutting speed and feed rate on chip
morphology and geometry was carried out, during the dry machining of a Ti6Al4V alloy.

In general, the chip morphology was segmented, and it remained continuous across wide ranges
of vc and f. This was a consequence of the high plasticity levels of this alloy and its low thermal
conductivity. This fact became more noticeable when vc was increased and f was reduced. From a
qualitative point of view, a higher segmentation level was observed in the chip’s longitudinal section
when vc was increased. This increase was enhanced by f.

Regarding chip microstructure, a grain deformation was observed in the whole section.
In addition, two different grain alignments were noticed within two different areas: the adiabatic shear
band and the contact surface between the chip and the face of the tool rake. Both alignments were
more noticeable when vc was increased.

Various chip-geometric parameters (longitudinal and transverse chip sections) were measured,
and their evolutions with vc and f were studied.

An almost linear increase with f was observed in the height of peaks (hp), the height of valleys
(hv), the equivalent chip thickness (tc), and the area on the transverse section (A). This general trend
was expected, due to the direct proportionality between chip thickness and f. Regarding vc, a higher
influence on hp was observed in the lowest range of f considered. No significant changes in hv were
noted as a function of vc. The equivalent chip thickness (tc) showed a similar trend to that observed for
hp, because hv tended to remain more or less constant with cutting parameters.
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The segment ratio (Gs) showed a general trend of increasing with vc. This trend was stronger for
the lowest range of f. The feed rate showed a lesser influence on this parameter. The segment width
(S) exhibited a general trend of increasing with f, and of decreasing with vc. This trend was more
noticeable for the highest values of f. The shear angle (θ) oscillated from 35◦ to 44◦. Notwithstanding,
no clear trends with vc and f were found. A general trend of remaining constant was observed for
chip width (b), regardless of changes in vc and f. As a result, the hypothesis of constant volume and
plain strain during machining could be assumed. The shrinkage factor (ζ) varied from 0.64 to 0.88.
No clear trends for this parameter were found as a function of vc or f. Notwithstanding, the lowest
values were obtained, in general, at the lowest value of vc. Thus, low cutting speeds resulted in higher
deformation rates.

Various parametric relationships were developed from the experimental data. These relationships
allowed predicting the evolution of the chip-geometric parameters as a function of the cutting
parameters. Several mathematical models were tested, and the potential model exhibited the best fit.
The geometric parameters, hp, hv, tc, S, and A, showed a good fit to the proposed model. This model
exhibited a weaker fit for Gs, θ, and ζ.

It is necessary to point out that all these observations are only valid within the tested range of
cutting parameters.
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Abstract: Turning of light alloys as aluminum-based UNS A92024-T3 is broadly implemented in
the manufacture of critical aircraft parts, so ensuring a good functional performance of these pieces
is essential. Moreover, operational conditions of these pieces include saline environments where
corrosion processes are present. In this paper, a methodology for the evaluation of the functional
performance in turned pieces is proposed. Specimens affected and not affected by corrosion are
compared. In addition, performance in service through tensile stress tests of these parts is considered.
The results show that turning improves the functional performance of UNS A92024-T3 alloy and that
corrosion can enhance the mechanical properties of this alloy.

Keywords: turning; UNS A92024-T3; corrosion; surface integrity; Ra; residual stress; functional
performance; ultimate tensile strength

1. Introduction

The evaluation of the performance of a manufacturing process is a complex task that can be better
approached when four fundamental and complementary points of view are recognized: economical,
energetic, environmental, and functional. In this context, the global process performance has been
defined as the center of gravity of a tetrahedron defined by setting these four elements in its apexes [1].

In particular, the aeronautical industry considers high-performance manufacturing, even at
the cost of a loss in economic performance, provided the process is enhanced from the energetic,
environmental and especially, functional points of view [2–4]. Functionality can be understood as the
state of health of the workpiece [5]. Therefore, the workpiece functionality is described as its ability to
meet quality standards in order to fulfill the required performance in service.

For example, the critical components of an aircraft must be manufactured under high specifications
of dimensional accuracy, surface finishing, and mechanical properties. In particular, the turning
of aluminum alloy pieces by removing cutting fluids increases its environmental performance.
This implies a loss of surface integrity that compromises safety and therefore functionality [1,6–8],
as dry turning is a very aggressive process that enables tool wear or more specifically, secondary
adhesion. This kind of wear involves the addition of machined material to the edge and to the rake face
of the tool, giving rise to the so-called built-up edge (BUE) and built-up layer (BUL), respectively [9].

Additionally, functional properties of manufactured elements can be changed by the action
of its environment. This action can be more or less intense depending on the surface state of the
manufactured element. Therefore, in the case of saline environments, corrosion depends on the surface
finishing of the worked elements [10] and, consequently, on the manufacturing process. In these cases,
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the influence of the corrosion damage on the surface properties of the workpieces must be taken
into account [11]. This is the case of different structural elements of aircrafts, especially transoceanic
ones. All considered, in order to approach conditions of the actual service, it is necessary to research
the influence of manufacturing process on mechanicals properties in conjunction with a corrosion
environment. However, to our knowledge, there are no studies in the current literature that consider
the salinity effect and its relationship with the machining process and the functional performance of
the workpiece. For this reason, this paper analyses the influence of turning processes in the surface
integrity of UNS A92024-T3 alloys, before and after corrosion by a saline atmosphere. More specifically,
the ultimate tensile strength (UTS) is measured as a reference parameter to assess the functional
performance of the material under corrosion.

2. Materials and Methods

An experimental methodology was designed to achieve the proposed goal (Figure 1).

 

Figure 1. Experimental methodology scheme.

Al-Cu alloy UNS A92024-T3 specimens (composition in Table 1 [12]) were machined using a CNC
lathe Eclipse from Alecop (Mondragón, Spain) (Figure 1). Specimens were designed according to ISO
6892-1:2016 (Figure 2a) [13]. The entire machining process was performed in absence of cooling fluids,
therefore improving environmental performances.

Table 1. Composition of aluminum-copper alloy UNS A92024 (% weight).

Cu Mg Mn Si Fe Zn Ti Cr Al

4.0 1.5 0.6 0.5 0.5 0.25 0.15 0.10 Rest
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Blocks of 32 specimens—divided in two equal sets of 16 pieces—were dry machined for this study.
Workpieces for Set I were only dry turned before being tensile tested, while samples for Set II were
exposed to corrosion after being dry turned and before being tensile tested.

Machining procedure of all specimens involved a roughing process using a cutting speed (Vc) of
80 m/min, a feed rate (f ) of 0.03 mm/min and a cutting depth (d) of 0.50 mm as cutting parameters.
The finishing pass of the sample surfaces were carried out in dry conditions and using a new tool for
each machined specimen with the cutting parameters shown in Table 2.

The cutting tools used were neutral interchangeable insert (WC-Co) with commercial reference
SECO, ref. DCMT 070208-F2 HX (Seco Tools AB, Fagersta, Sweden).

The surface microgeometry of the samples was evaluated through the average surface roughness
parameter (Ra) according to the standard ISO 4288:1996 [14]. Four profiles were acquired in four
equidistant generatrices for each sample using a Mahr Perthometer M1 profilometer (Mahr GmbH,
Göttingen, Germany). Each specimen Ra was calculated as the mean value of the four Ra of the
measured profiles.

Table 2. Cutting parameters performed in machining test for a total of 16 experiments.

Vc (m/min) f (mm/r) d (mm)

40 0.02 0.50
60 0.05 0.50
80 0.10 0.50

100 0.20 0.50

Next, Set II was exposed to corrosion by immersion in a 10-L solution of distilled and
deionized water and NaCl (3.5%) for 72 h at 296.15 K (Figure 2b) following standard ASTM
NACE/ASTMG31-12a [15]. Water evaporation was controlled every day.

After each corrosive treatment, the workpieces were cleaned with distilled water in a similar way
to overseas aircrafts.

Finally, in order to obtain the UTS, both sets underwent a tensile test with a Shimadzu Autograph
AG-X (50 kN) tensile-compression machine (Shimadzu, Kyoto, Japan) for a precision within 1%.
The crosshead velocity was u = 14.5 mm/min for all tests and the standard ISO 6892-1:2016 was used.

 
(a)  

(b) 

Figure 2. (a) Specimen dimensions according to standard UNE-EN ISO 6892-1:2016. (b) Set II samples
during a corrosion test by immersion.

On the other hand, residual stress measurements were carried out by blind hole drilling,
following the ASTM E837-13a standard [16], using a RS-200 equipment from Vishay (Raleigh, North
Carolina, USA) (Figure 3) [17,18]. For this purpose, CEA-13-062UM strain gages (Vishay Precision
Group—Micro-Measurements, Raleigh, NC, USA) were used in this study. This method was conducted
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on bigger specimens with a radius of 50 mm as demonstrator, as blind hole drilling is not suitable for
the 3.81 mm radii of curvature specimens. These samples followed the same turning and corrosion
procedures as the original set of 32 specimens for reproducibility.

(a) (b) (c) 

Figure 3. (a) Residual stress measurement of noncorroded specimen. (b) Specimen corroded
after 72 h in solution of distilled and deionized water and NaCl (3.5%). (c) Set up of measures in
corroded specimen.

Because residual stress in machined workpieces varies with depth from the specimen surface,
the integral method was used to transform strains into stresses. Measurements had a probability
bound of 90%.

3. Results and Discussion

As the time of machining is very short—ranging from 8.51 s for the shortest combination of
cutting speed and feed rate to 212.74 s for the largest—no microstructural changes on the tool were
expected [9,19–21]. However, the temperature can be high enough for softening the Al matrix and
developing primary BUL. Figure 4 shows Stereoscopic Optical Microscopy (SOM) images of tools after
machining under two different cutting parameters and a scheme of tool wear by secondary adhesion.

BUL was developed onto the rake face of the tool and its size was bigger when cutting speed
increased (Figure 4a,c). Primary BUL was formed in the first 5 to 10 s of machining, and it was formed
by pure aluminum (Figure 4e (1)) [9]. Tool changes facilitated the mechanical adhesion of the machined
alloy, giving rise to BUE (Figure 4b,d). BUE was formed by the alloy material and it grew to a critical
size (Figure 4e (2)) [1,9]. When the temperature was sufficiently high, BUE softened and extruded
onto the rake face, giving rise to a secondary BUL (Figure 4e (3)) [1,9]. The temperature in the cutting
region was higher for increasing cutting speeds [7]. This explains the aforementioned BUL thickness.
According to that, a lower BUE thickness was detected when lower cutting speed was applied. On the
other hand, a higher feed involved a higher lateral chip compression, facilitating BUL through the
increase of temperature caused by the relaxation process after deformation [22].
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

1 mm 

1 mm 

1 mm 

1 mm 

Figure 4. Comparison of built-up layer (BUL) and built-up edge (BUE) for different cases. (a,b) Vc = 100
m/min, f = 0.2 mm/r. (c,d) Vc = 40 m/min, f = 0.05 mm/r. (e) Scheme of the BUL and BUE formation.

From geometric considerations, Ra depends directly on f and the edge position angle of the tool
for horizontal turning processes [1,9]. The BUE development diminished this angle and, consequently,
the height of the peaks in the profile reduced and smoothened, thereby decreasing Ra (Figure 5a).
This shows that the effect of the tool wear seems to be responsible for a decrease in Ra in certain sets of
parameters. Secondary adhesion is a dynamic process, that is to say, the morphology of the tool can
change at any time (Figure 5a). In this sense, when BUE was extruded, the height of peaks increased
and so did Ra (Figure 5b) [1,9].
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Figure 5. Effect of tool wear by secondary adhesion in the workpiece roughness profile for a horizontal
dry turning process.

According to this, the extreme value of Ra found in (Vc, f ) = (60, 0.05) can be explained (Figure 6).
On the other hand, despite dry turning significantly shortening the tool life, it may have a positive effect
on the microgeometrical properties of the specimen, at least in a controlled length of machining [23].
In fact, surface integrity got worse as feed increased for every tested cutting speed, as expected
(Figure 6). These results are in good agreement with previous studies [19,24].

Figure 6. Evolution of Ra/f for all the cutting speeds studied. Error bars show the statistical
standard deviation.
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Figure 7 shows how the UTS increased with the feed rate for each tested specimen.

Figure 7. Changes in UTS/f for all the analyzed cutting speeds. Set I, noncorroded specimens
(continuous lines). Set II, corroded specimens (dotted lines).

We can observe that the machining process enhanced the tensile strength for all the studied cases.
In fact, the standardized value of UTS for UNS A92024-T3 lies between 440 and 450 N/mm2 [12,25,26].
Although the UTS variation is less than 4% of the reference value for this alloy, it is worth noting that the
best results are achieved for higher feed conditions. Our findings show that higher Ra results in higher
UTS. This can suggest that physicochemical properties of the material prevail over microgeometrical
properties for surface integrity functional performance [27–29].

As expected, higher feed rates resulted in higher compressive stresses in the surface of the
specimens (Figure 8) [29–32]. However, the stress distribution was not homogeneous. The region
between 0.1 to 0.9 mm was under compression, while tensile stresses were located in the first 0.1 mm
of the surface where the corrosion process took place. In fact, corrosion of Al-Cu alloys in aerated
NaCl solutions is complex. As a first step, the Cu of anodic intermetallics is dissolved, changing their
character to a cathodic behavior. The rest of intermetallics are cathodic to the Al matrix and therefore
OH− is produced in the surrounding of those intermetallics. As a result, the metal matrix is dissolved
by alkaline action, provoking them to fall. This process is known as Localized Alkaline Corrosion
(LAC), and it does not promote the presence of cracks onto the alloy surface [11,33]. At macroscopic
scale, a preferential attack cannot be seen. Moreover, different mechanisms are responsible for the
deterioration [33], although the final results are homogeneously distributed onto the surface. Therefore,
no pitting is developed on the specimen surfaces (Figure 9). For this reason, corrosion only affects
the first layers of material, removing the tensile stress region and therefore enhancing the functional
performance by a significant increase in the UTS for each workpiece, (Figure 7).
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Figure 8 shows the behavior of the axial residual stress with depth in the material surface.
Axial residual stresses must be taken into account because they contribute to the stress carried out
by the tensile tests. Furthermore, microgeometrical defects are disposed perpendicularly to the
tensile strength, so any compressive stress will tend to close surface defects, improving the functional
performance [29,34]. In addition, the level of compressive residual stress increases with feed for
noncorroded specimens, strengthening the compressive residual stress that the unmachined material
originally supports [30–32]. By contrast, for decreasing feeds, compressive residual stresses are
lower than that of the unmachined specimens. This is to say, functional performance is improved at
higher feeds.

 
(a) (b) 

Figure 8. Evolution of axial residual stress/depth after machining for the cutting parameters indicated
in noncorroded and corroded specimens. (a) Vc = 80 mm/min, (b) Vc = 100 mm/min. Two feed rates
shown in both cases, f = 0.02 mm/r and f = 0.2 mm/r.

In summary, corrosion removed the tensile stress region at the surface of the workpieces,
improving the functional performance. However, an accurate control of the corrosion process is
needed because the corrosive process can have an impact in the intermetallic loss, these particles being
responsible for the alloy strength [33].

(a) (b) 

Figure 9. (a) General image of corroded specimen (Vc = 60 m/min, f = 0.2 mm/r). (b) Detail (×72) of
the corroded surface.
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4. Conclusions

A novel approach to study the influence of turning processes in the UTS performance after
corrosion of the UNS A92024-T3 alloy has been carried out. From analysis of the results, the conclusions
can be summarized as follows:

1. Machining process can improve the tensile strength of horizontal dry turned samples of
aeronautical alloy UNS A92024-T3. In this limited context, functional performance is favored by
machining. Physicochemical properties are responsible for improving the mechanical properties
and hence the functional performance.

2. Generally speaking, the UTS increases with the feed. Thus, there is no predominant influence
of the microgeometrical properties acquired after machining over the UTS. In this sense, tensile
residual stress taking place on the surface after machining is not large enough to generate
a decrease of UTS value.

3. The compressive residual stress after machining is responsible for the best results of UTS.
Furthermore, as the feed increases, the compressive residual stress increases too, thereby
improving the value of compressive residual stress of the unmachined material. Thus, the
higher the compressive residual stress, the higher the UTS value.

4. The results of the test of tensile stress after corrosion show a generalized improvement of the UTS
value. The corrosion process removes the first layers of material. These layers, as shown in the
results, carry a tensile residual stress and are softer than the unmachined material.
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Abstract: The aeronautics industry’s competitiveness has led to the need to increase productivity
with one shot drilling (OSD) systems capable of drilling stacks of dissimilar materials (fibre/metal
laminates, FML) in order to reduce riveting times. Among the materials that constitute the current
aeronautical models, composite materials and aluminium (Al) and titanium (Ti) alloys stand out.
These one-pass machining techniques produce high-quality holes, especially when all the elements
that have to be joined are made of the same material. This work has followed a conventional OSD
strategy and the same cutting conditions applied to CFRP (carbo-fibre-reinforced polymer), Al and
CFRP/Al stacked sheets to know the wear mechanisms produced. With this purpose, results were
obtained by using current specific techniques, such as microstructural analysis, monitoring of the
shear forces and analysis of macrogeometric deviations. It has been determined that when these
drilling techniques are applied under the same cutting conditions to stacks of materials of a different
nature, the results of the wear mechanisms acting on the tool differ from those obtained when
machining each material separately. This article presents a comparison between the effects of tool
wear during dry drilling of CFRP and UNS A97075 plates separately and when machined as stacks.

Keywords: wear; drilling; machining; dry drilling; stack; FML; CFRP; UNS A97075

1. Introduction

The aeronautical sector has always been a benchmark in research, development and innovation.
This has been motivated by the intense competitiveness that exists within the sector, generating
a continuous need to improve functional, environmental and energetic efficiency in the processes,
guaranteeing quality and seeking a direct impact on economic performance [1].

The first challenge the aerospace industry faces in its fourth revolution is to automate processes
that nowadays include the extensive use of manual labour, especially in relevant operations such as
assembly operations [2].

Among the different joining methods available in the industry, riveting is still most often used,
regardless of the materials involved in the assembly. This joining process requires a previous drilling
operation. OSD techniques can produce high-quality holes, especially in cases where all the elements
to be joined are made of the same material [3,4].

In the construction of the latest aircraft models, the excellent characteristics of the carbon-fibre-
reinforced thermoset matrix composites (CFRP) have formed a balance with the current light metal
alloys (aluminium alloys 2XXX and 7XXX and titanium alloys Ti6Al4V) [3–6]. These structures are
known as fibre/metal laminates (FML). The present study focuses on comparisons when facing
drilling stacks of diverse types of material, resulting in a very different situation from machining them
separately [7].
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This case requires us to study the wear mechanisms that affect the tool during the drilling process
of composite material stacks with metal alloys, relating them to the final quality of the drill in order to
improve the performance of the process. Although some authors use optical techniques to quantify
wear, these techniques do not offer a continuous record of wear and tear, and are difficult to integrate
into the company’s intelligent systems. It has become necessary to monitor continuous variables
directly related to tool wear during drilling, such as axial force [7]. This will favour the virtual
integration of the company, being one of the main paradigms pursued in industry 4.0. The techniques
used to carry out the analysis include microstructural analysis, monitoring of the shear forces and
analysis of macrogeometric deviations.

1.1. Tool Wear Mechanisms in CFRP Drilling

The conventional drilling process of CFRP involves continuous interaction between the tool and
two types of materials. One is more plastic (matrix) and easily meltable at low temperatures, which can
cause its thermal fixation to the tool. The other one, of higher hardness, is discontinuous in the matrix
such as carbon fibre (CF); it is easily breakable and its particles (interacting with the edge, the release
face and the evacuation channel of the drill bit) act in an abrasive way (Figure 1).

 

Figure 1. Evacuation of the composite material by dry OSD.

The abrasive action occurs in two different ways:

1. Direct. The particles of CF impact at high speed on the tool, producing a microblasting effect
that reduces the cutting angle and the rigidity of the tool. When this action is combined with the
cutting effect at the closest areas to the edge, dents can occur in the tool material, resulting in
chipping or in a loss of sharpness of the tool material, also known as rounding [8–10].

2. Indirect. Once impacted over the tool, the dragged material causes its own removal in the
direction of evacuation, which may develop longitudinal traces that accumulate tensile stresses.
These reduce the tool resistance to compression and may cause its premature failure [11–13].

1.2. Tool Wear Mechanisms in Aluminium Drilling

The main wear mechanism during the machining of aluminium alloys is adhesion. When the
material that has to be machined comes into contact with the tool surface, it creates bonding forces
much stronger than the mechanical strength of the materials in contact, resulting in the transfer of
particles from one surface to another [14]. This type of wear can occur in two ways:

1. Primary or direct adhesion. The particles of the tool are adhered to the chip being welded by the
action of the forces developed in the tool–material interchange. In this case, when the yield stress
of the chip is higher than the breakage limit of the adhered particles, these are pulled out of the
tool and transported by the chip. This event can also promote abrasion on the release side due to
the friction caused by these particles [15–17].
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2. Secondary or indirect adhesion. This occurs when the machined material is incorporated into the
tool, modifying its initial conditions. Depending on where it is located in the cutting tool, it is
called [17]:

- Adhesion on the cutting edge or raised edge (BUE—built-up edge).
- Adhesion on the release side (BUL—built-up layer).

This phenomenon involves modifications in the properties of the cutting edge, with successive
layers of machined, welded and hardened material becoming part of the edge. As mentioned before,
wear is a dynamic mechanism, so the filler edge or BUE can be detached and regenerated, slowly
removing material from the tool and causing primary or direct adhesion [17].

The friction of the chip with the tool within a certain temperature range increases the affinity
between the materials of the tool and the piece, which promotes wear by adhesion. This situation is
usually mitigated by high cutting temperatures [16].

Continuous action of primary and secondary adhesion causes premature wear of the cutting tool,
causing geometrical variations that affect both surface finishing and dimensional and geometrical
tolerances (Figure 2).

 

Figure 2. Influence of adhesive wear on the surface, dimensional and geometric quality of the borehole.

2. Materials and Methods

2.1. Materials

The materials used were presented in 210 × 210 mm2 sheets with thicknesses of 4.5 mm for CFRP
and 4.86 mm for UNS A97075-T6 (UNS A97075). Figure 3 shows the different configurations. These
materials have been selected for their importance in commercial airships.

The CFRP composite was made using unidirectional prepregs supplied by Hexcel Composite
Company (Stamford, Connecticut, United States) referenced under HEXPLY M21/34%/194/T800S-24K
(resin/resin content by weight (%)/fibre weight (gsm)/fibre type). The mechanical properties of
the prepregs are density 1.28 g/cc, flexural yield strength 147 MPa, flexural modulus 3.50 GPa,
flexural strain at yield 5%, glass transition temperature 185 ◦C. The lay-up sequence of the CFRP was
(0/90/45/-45/45/-45)S so as to get a quasi-isotropic laminate. Aluminium alloy UNS A97075-T6
(composition Al 88.78%, Cu 1.87%, Mg 2.62%, Mn 0.08%, Zn 6.03%, Ti 0.11%, other 0.02%) was used on
the other sheet. The properties of the aluminium alloy are: density 2.81 g/cc, ultimate tensile strength
524 MPa, yield tensile strength 462 MPa, elongation at break 11%, modulus of elasticity 71.7 GPa.
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(a) (b) (c) 

Figure 3. Characteristics and configuration of test materials: (a) CFRP; (b) UNS A97075 and (c) stacked
CFRP/UNS A97075.

2.2. Tools

The chosen tool was a helical model from WC-Co without coating, being selected considering
the materials that compose the stacks to be drilled, their thickness, the required qualities and cutting
conditions. It has a double-angled tip; the section closest to the centre corresponds to the largest tip
angle (140◦) and the projection of the outer edges provides a tighter angle (118◦) (Figure 4).

 

DC LU DCON SIG PL OAL LF LCF 
mm mm mm  mm mm mm mm 

7.92 25.00 8.00 
118.00 
140.00 

1.20 80.00 78.80 30.00 

Helix Angle 
29.82  

Material 
Hard Metal Substrate, uncoated 

Figure 4. Characteristics of the drill bit used.

2.3. Equipment Used for the Operation and Evaluation of Drills

The selected OSD strategy has been the conventional dry type, applied separately to the CFRP
and Al plank and the CFRP/Al stack. The stack configuration was CFRP/Al as it is the established
machining sequence in the aerospace industry. This sequence aims to minimize the defects produced in
the internal faces during the application of one-way assembly (OWA) techniques. The use of lubrication
has not been considered, as we are looking to develop an environmentally friendly drilling process.
The joining method has been defined in order to avoid possible failures caused by displacements of
the plates that compose the stack.

The set values for the cutting parameters have been defined on the basis of other studies and
real application cases, and are indicated in Table 1. Two tests were carried out using a Kondia Five
400 5-axis machining centre (Elgoibar, Guipuzcoa, Spain), controlled by a Heidenhain iTNC530 control
system (Traunreut, Bavaria, Germany).

Table 1. Tested cutting conditions.

Diameter (mm) Cutting Speed (m/min) Feed Speed (mm/min) Holes (n) Lubrication

7.92 145 250 25 Dry
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Microstructural analysis has been developed using scanning electron microscopy (SEM,)
techniques. The compositional analysis of the materials and the cutting tool were carried out by
means of EDS (energy-dispersive spectrometry) techniques with analytical capacity. The equipment
used for the application of SEM and EDS techniques was the EDAX EDS System (Mahwah, NJ, USA).

For monitoring the shear forces, a dynamometer table model KITSLER© 9255B (Fx, Fy, Fz and
Mz) (Kistler Holding AG, Winterthur, Zürich, Switzerland) was used. This instrument is connected
to a computer that transfers the obtained data to the computer using Labview software (National
Instruments, 2014, Austin, TX, USA) for processing. The sampling rate is 1000 Hz.

One of the analysis parameters studied within the macrogeometric deviations was the dimensional
tolerance of the hole diameters. This measurement was carried out with a Mitutoyo three-contact
internal micrometre (Mitutoyo Corporation, Kawasaki-shi, Kanagawa, Japan) with a measuring range
of 6–8 mm, an accuracy of 0.001 mm and a measurement uncertainty of 2 μm. A total of three were
measured sizes at different heights and angles per hole in each material.

3. Results and Discussion

3.1. Tool Wear during CFRP Drilling

Through the observation of different images obtained by SEM, abrasion was ratified as the main
wear mechanism as a consequence of the continuous cutting action of carbon fibre (CF) [11–13]. Its
geometric effects along the tool were visible when the tool surface’s own marks disappear (Figure 5a).
Other consequences found were erosion of the cutting edges (Figure 5b) and the tool tip (Figure 5c),
and the appearance of marks along the periphery of the drill bit (Figure 5d).

  
(a) (b) 

  
(c) (d) 

Figure 5. Location of drill wear by the abrasive action of carbon fibres: (a) main edge; (b) primary and
secondary edge union; (c) tool tip; (d) peripheral face.

The continuous action of the carbon fibre on the cutting edge of the tool caused its irregularity as
a consequence of abrasion [8–10] (Figure 6).

The incipient fusion of the epoxy matrix may cause its dispersed adhesion over the tool. Adhered
elements in the tool can incorporate particles or small pieces of CF that interfere with machining,
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especially when located in chip evacuation channels. A considerable amount of adhered material
(Figure 7) was observed, which could be a signal of further deterioration of the matrix in the walls
of the drilled material. The absence of resin is the cause of the problematic loss of the fibres junction,
with a consequent decrease in the quality of the hole.

 

Figure 6. Detail of irregularities in the cutting edge of the tool.

(a) (b) 

2 mm 500x 2 mm 50x 

Figure 7. Accumulation of carbon fibre adhered to the tool: (a) face rake; (b) the area next to the guide
surface of the tool.

3.2. Tool Wear in Conventional Drilling UNS A97075

During conventional drilling of the aluminium alloy UNS A97075, the interaction between the
workpiece and the tool caused a large helical chip (Figure 8), which makes machining difficult [2].
The zinc (Zn) contained in the UNS A97075 alloy provides a high degree of plasticity, making breakage
difficult due to its ductility [3].

 

Figure 8. Chip evacuation during dry drilling of alloy UNS A97075.
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The secondary adhesion of the aluminium alloy on the tool was the main wear mechanism
detected. This was favoured by the absence of refrigeration and lubrication, as happened in this case.
Thus, in the first stage, the aluminium matrix was melted down and welded onto the tool surface,
forming a pure Al layer and giving rise to the primary BUL (Figure 9a). This circumstance provided
the conditions for the mechanical adhesion of the alloy, mainly in the areas of the edge, resulting in
a built-up edge (BUE) that grew to a critical size at which it began to extrude, giving rise to a secondary
BUL that was deposited as a second layer over the primary BUL [4–6,17].

The location of the BUE is usually over boundary edge zones, but the BUL, during the drilling,
may extend to areas outside the rake face, such as the chip evacuation channel, seriously hampering
the quality of the process (Figure 9b).

  
(a) (b) 

500 m 350x 2 mm 50x 

Figure 9. Wear by bonding mechanisms (BUL–BUE) on the tool after conventional drilling of the
aluminium alloy UNS A97075: (a) Main cutting edge; (b) evacuation channel.

The raised friction in the piece–tool–chip interactions during cutting resulted in an elevation of
the process temperature, increasing the affinity between the tool material and the aluminium, and
intensifying the plasticity of the alloy, which facilitated this type of wear [7–9]. This process caused
higher adhesion of the aluminium over the rake face, as in the regrowth of the cutting edges (Figure 10).

 

Figure 10. Increased bond wear with the number of holes.

The analysis of the cutting edges showed irregularities. These were produced by the dynamic
phenomenon of primary adhesion, which, with the detachment of the BUE and its new generation,
slowly removes material from the tool (Figure 11a). At the same time, this action can cause abrasive
wear on the tool surface or affect the quality of the surface generated on the workpiece itself (Figure 11b).
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(a)  

(b) 

500 m 200x 500x 100 m 

Figure 11. (a) Primary adhesion mechanism; (b) geometric irregularities observed in the cutting edges.

3.3. Tool Wear in Conventional Stack Drilling CFRP/UNS A97075

When drilling stacks of CFRP/UNS A97075, the drill bit comes into contact with two materials at
the same time and acts on them with similar parameters.

Observation of the tools showed how adhesion was the main type of wear in the conventional
drilling of this stack. During machining, the rake face was subjected to increased pressure and
temperature [18,19], hence helping in the formation of an adhesive layer in the contact zone between
the tool and the workpiece [14,20]. Adhesion wear was caused by the mechanical removal of the tool
material when the adhesive junctions were broken. The effects of the abrasion wear mechanism were
attenuated by the adhered material (Figure 12).

  
(a) (b) 

  
(c) (d) 

Figure 12. Wear located on the tool after conventional drilling of the CFRP/UNS A97075 stack: (a) Flute
(BUL); (b) cutting lip (BUE y BUL); (c) tool tip; (d) joining of primary and secondary cutting edges (BUL).

It was seen how the adhered material was composed of both aluminium alloy and carbon fibre
particles. This caused a geometric change in the tool, affecting the final quality of the hole [20–22] but
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also its mechanical characteristics, since the incorporation of the Al–CFRP mixture was abrasive to the
material that had to be machined (Figure 13).

This blend of aluminium and CF seemed to facilitate chip adhesion along the tool during dry
drilling of CFRP/ UNS A97075, as shown in Figure 14.

One method to decrease wear during the drilling process is to reduce the temperature. This can
be done by the use of lower cutting speeds and higher feed rates and the use of advanced techniques
(vibration-assisted drilling, strategies with minimum quantity lubricant (MQL) and cryogenic machining,
for instance).

 
(a) 

 

 
(b) 

300x 100 m 

500 m 

Figure 13. (a) Composition analysis of the BUE and release side after dry drilling of the stack CFRP/UNS
A97075; (b) details of the BUE with carbon nanotube adhered to aluminium.

 

Figure 14. Chip removal during stacking drilling CFRP/UNS A97075 using conventional technology.

3.4. Driven Force in CFRP, UNS A97075 and CFRP/UNS A97075 Stacks

Figure 15a shows the values of the thrust force with regard to the height of the tool in CFRP plate,
while Figure 15b shows the results obtained in UNS A97075 plate. In the first case (CFRP), the force
when the tool is fully embedded in the material was increased by the number of holes drilled, from
approximately 40 N to 100 N. This might be due to the rounding of the cutting edge by the abrasive
action of the fibre. The force level remained significantly lower than the aluminium alloy with the
same number of holes drilled. In this second case, the force remains almost constant after 25 holes.
Adhesion wear does not appear to be significant.

Evolution of the values of thrust forces regarding to the feed rate of the tool in the stack is shown
in Figure 16. The axial load values were increased in both materials with the number of holes.
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(a) (b) 

Figure 15. (a) Axial force with respect to the time applied to the drilling of CFRP plate; (b) axial force
with respect to the time applied to the drilling of UNS A97075 plate.

Figure 16. Axial force respecting the time applied to the drilling of CFRP/UNS A97075 stack.

A potential model was used to represent tool wear, as suggested by different studies [4,7,23]:

Fz = KNm (1)

where Fz is the axial force, K is a constant depending on the geometry of the tool and the properties of
the material being machined, N is the number of holes, and m measures the degree of wear of the tool.

The axial force values and their models for the same number of holes are shown in Figure 17.
The mean axial drilling forces in CFRP separately go from 39.44 N to 106.72 N, with deviations from
7.5 N to 12.78 N. The mean axial drilling forces in Al separately go from 136.96 N to 141.44 N, with
deviations from 8.12 N to 11.36 N. The mean axial drilling forces in CFRP in stack go from 44.94 N to
111.15 N, with deviations from 7.26 N to 11.44 N. The mean axial drilling forces in Al stack drilling

288



Materials 2018, 11, 1276

range from 148.95 N to 197 N, with deviations from 7.2 N to 11.59 N. The force values during stack
machining were similar to those for CFRP plank separately, but were highly increased by the number
of holes in comparison to the Al plank. This might be caused by the increased friction due to the
adhesion of Al and CF, which resulted in an elevation of the process temperature. This increased
the affinity between the tool material and the aluminium and intensified the plasticity of the alloy,
favouring the generation of BUE [7–9]. The wear of the drill bit seems to be more influenced by the
adhesion wear of the Al than by the abrasion of the CFRP.

y = 38.819x0.300 y = 42.541x0.286 y = 137.754x0.005 y = 141.724x0.083

0

50
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200
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0 5 10 15 20 25

z (
N

)
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CFRP CFRP (Stack) UNS A97075 UNS A97075 (Stack)

Figure 17. Axial load versus number of holes for CFRP and Al alloy plates alone and CFRP/UNS
A97075 stack.

3.5. Hole Quality in Drilling: Diameter

Figure 18 shows the evolution of the hole diameter with the number of holes measured on both
materials when machined separately or in a stack. The mean diameters in the separate CFRP drilling
range from 7.95 to 7.94 mm, with deviations from 0.001 to 0.002 mm N. The mean diameters in the
separate Al drilling range from 7.98 to 7.99 mm, with deviations from 0.002 to 0.014 mm. The average
diameters in the drilling of CFRP in stack go from 7.93 to 7.97 mm, with deviations from 0.001 to
0.003 mm. The average diameters in the Al stack drilling range from 7.95 to 7.97 mm, with deviations
from 0.001 to 0.012 mm. There were discrepancies in the diameter between the CFRP and UNS A97075
plates, with the lowest and most stable values being the CFRP ones. The general trend of CFRP drilling
is that the diameter decreases with the number of holes, which can be attributed to the progressive
loss of material in the tool due to the abrasion effect of CF, while the diameter of the hole in the plate
of UNS A97075 is the opposite, attributed to the adhesion effect of the cut material produced.

When machining the stack, there was a variation in the diameter of the holes compared to
machining the same material separately. The CFRP inlet could cause a deterioration in the hole in this
material in the evacuation of Al that can be attributed mainly to the abrasion on the surface of the hole
caused by the rotation of the aluminium chip next to the drill bit. On the contrary, in UNS A97075
the variation in the diameter of the holes was reduced, possibly as a result of the negative synergies
produced by the CFRP and the UNS A97075 on the tool. The discrepancy between the diameters
could also be related to the different temperatures developed during drilling. As a result, thermal
deformations in the planks may vary and lead to different diameters.
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Figure 18. Evolution of hole diameter with number of holes.

4. Conclusions

This paper reports a comparison of the wear mechanisms produced during the dry drilling of
CFRP and UNS A97075 planks separately and when machined as stacks.

Tool wear combines the effects of CFRP and UNS A97075 alloy machining. In CFRP drilling,
the fundamental wear is the abrasion by impact and/or drag of the carbon fibre particles removed
during the process. However, adhesion is detected by incipient fusion of the epoxy matrix, which in
turn incorporates CF particles. This makes chip evacuation difficult, especially when combined with
drilling of the metal alloy.

In the drilling of alloy UNS A97075, the wear mechanism includes different stages. The secondary
adhesion of the aluminium alloy on the tool is the main wear mechanism detected. In the first stage,
the aluminium matrix is melted and welded onto the tool surface, forming a pure Al layer. This creates
the primary BUL, which facilitates the mechanical adhesion of the alloy, mainly in the areas of the
edge and making up a BUE that grows to a critical size, from which it begins to extrude. This leads to
a secondary BUL, deposited as a second layer over the primary BUL.

The interaction of CFRP and Al materials when drilled together is reflected by the comparison
of wear when drilled separately. Bond wear seems to predominate over abrasion of the tool surface.
The BUE generated on the edge of the tool contains CF fragments that seem to facilitate the adhesion
of aluminium and reduce the diameter differences in the drilling of materials.
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Abstract: The emergence of multitasking machines in the machine tool sector presents new
opportunities for the machining of large size gears and short production series in these machines.
However, the possibility of using standard tools in conventional machines for gears machining
represents a technological challenge from the point of view of workpiece quality. Machining
conditions in order to achieve both dimensional and surface quality requirements need to be
determined. With these considerations in mind, computer numerical control (CNC) methods to
provide useful tools for gear processing are studied. Thus, a model for the prediction of surface
roughness obtained on the teeth surface of a machined spiral bevel gear in a multiprocess machine is
presented. Machining strategies and optimal machining parameters were studied, and the roughness
model is validated for 3 + 2 axes and 5 continuous axes machining strategies.

Keywords: gear manufacturing; roughness model; multitasking machines/multiprocess machines

1. Introduction

Large size spiral bevel gears are frequently used in applications [1,2] that require smooth and
silent high-power transmission. This is the case for equipment dedicated to thermal energy generation,
ship propulsion systems, wind turbines or power transmission in the aeronautical sector, among many
others. Nowadays, there is a continuous demand for energy, and consequently, there has been an
increase in the amount of equipment dedicated to energy generation and its components, such as
large sized spiral gear. Traditionally, these types of gears have been manufactured with specific gear
cutting machines. There are different methods for traditional gear cutting, for example, some of the
most commonly used are: (1) gear hobbing with perimeter cut (Gleason) [3]; (2) continuous generation
by spiral hobbing with perimeter cut (Cyclo-Palloid from Klingelnberg and Oerlikon) [4]; and (3)
continuous generation by spiral hobbing with conic type cut (Palloid from Klingelnberg) [5].

However, the eruption in the market of multitasking or multiprocess machines [6], and the
continuous improvement experienced in the area of numerical controls and CAM software, has led
to the appearance of a suitable medium for the manufacturing of these complex geometric elements
in general purpose machines and with standard tools [7,8]. This type of technology is especially
interesting for the manufacture of high module gears (4–12 mm), where it is not so common to find
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specific gear cutting machines as in the case of lower value modules. The use of standard tools is
also an advantage given the reduction in both cost and delivery times, which are parameters of vital
importance in production. Special tools for gear manufacturing are also available [9], thus providing
flexible alternatives for producing small or medium batches of large bevel gears using a five-axis
machine and a disk tool cutting method. This methodology also allows the manufacture of gears
of varied geometries, for example, straight gears, helical gears, double helical gear, bevel gears and
hypoid gears. The manufacture of gears in multitasking machines [10–17] is seen as an increasingly
widespread solution, especially given their high flexibility [18]. Four-axis [19] and 5-axis [20,21]
CNC machining can be performed for spiral bevel gears manufacturing. Some of the advantages
of this method include an increase in the versatility of the manufacturing process, both in terms of
typology and size, allowing the realization of arbitrary modifications of the different gear teeth. Surface
quality and the structure of the materials are also important for gear life, as studied in [21]. In order to
guarantee the quality of the manufactured components and gear contact [22–26], the machining process
of the gear surfaces requires special attention. Surface morphology [27] will determine machining
strategies, making it possible to machine gear sculptured surfaces [9], classified as developable ruled
surfaces [28], with flank milling strategies [29,30].

On the other hand, gears, and more specifically spiral bevel gears (bevel gears with helical teeth),
are geometrically complex components. Once the feasibility of manufacturing these components in
multi-axis general-purpose machines has been demonstrated, it is necessary to evaluate whether the
number of the machines axes involved in the machining strategy influence the resulting gear surface
quality. Since the transmission of movement and power between different axes is the main function of
this type of gears, there is a greater contact surface between the pinion and gear compared to a pair
of straight bevel gears. Due to the helix angle, spiral gears work in a gradual way, operating with
greater smoothness and more silently, allowing work at higher speed ranges. However, this type of
gear presents a greater sensitivity to contact errors than other types of gears.

Therefore, in order to ensure good gear contact, the surface roughness parameter is a parameter to
be considered and studied in the manufacture of spiral bevel gears by multi-process machines. Optimal
surface roughness values ensure good contact [31], which is translated into the correct transmission
of both movement and power, increasing the useful life of the element. It is worth mentioning that
both excessive surface roughness and polished surfaces are harmful for gear contact. On one hand,
gear rough surfaces influence component life, and, on the other hand, gear polished surfaces hinder
proper lubrication.

In this work, a predictive model of surface roughness for spiral bevel gears manufactured
by multiprocess machines with ball end mills was developed and validated. The model estimates
surface topography for each gear surface based on parameters such as tool inclination and orientation,
the geometrical cutting parameters, and mill feed and speed values. The gear machining finishing
process is optimized by the simulation of different machining conditions. Thus, it is not necessary
to perform trial and error tests, which results in cost and time savings. This optimized process also
adjusts cutting parameters depending on the required surface quality, without having to machine a
greater number of passes than strictly necessary. This also reduces machining time and tool life.

2. Spiral Bevel Gears Manufacturing Process in Multitasking Machines

The gear manufacturing process consists of several stages. First, the geometry of the component,
which directly influences the subsequent manufacturing stages, is defined.

2.1. Design

There are different options for the design of gear geometry [32–34]: Standard CAD/CAM
software (CatiaV5, Siemens NX12), specific gear design module inside standard CAD/CAM software
(GearTrax module for Solid Edge, SolidWorks and Inventor), specific CAD/CAM software (EUKLID),
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software developed by machine tool manufacturers (gear MILL from DMG-MORI, GearPro from Mag),
and, software developed by tool manufacturers (InvoMilling and Up-Gear Technology from Sandvik).

In this particular case, the “3d spiral bevel gear software” was used for the design of the gear
geometry. The main reason for choosing this software was the reduced cost of the license in comparison
to other software. Specifically, this program allows the design of the spiral bevel geometry, with the
option to choose between Gleason and Klingelnberg manufacturing methods.

A spiral bevel gear geometry was selected (Table 1) according to the Gleason method, since it
is the most used method. The objective was to choose a complex and large dimension geometry to
validate the capacity of general purpose multiprocessing machines for gear manufacturing.

Table 1. Spiral bevel gear geometry and parameters.

Spiral Bevel Gearing Design and Parameters

Gear heel pitch diameter (Dp) 200 mm
Gear outside diameter (De) 207.6 mm

Teeth number (Z) 25
Spiral angle (β) 35◦

Face angle 59.5◦
Pressure angle (α) 20◦

The selected material is a commonly used steel for manufacturing gears, F-1550 (18CrMo4)
(C 0.186%, Si 0.259%, Mn 0.805%, P 0.011%, S 0.028%, Cr 1.071%, Mo 0.155%), and it reaches values up
to 47 HRC (Rockwell Scale of Hardness, part C).

First, geometric parameters were introduced into the design software (module, gear ratio,
gear direction, teeth number, pressure angle, etc.). With this information, the software generated
the geometry of one of the teeth, from which the three-dimensional gear was generated.

2.2. Manufacturing

Once the geometry was obtained and analyzed, the machining strategies were designed. In this
case, the CAM software used was NX10 from Siemens.

2.3. Equipment—Multiprocess Machine

A multi-process machine ZVH38/L1600 (Figure 1) from Ibarmia (Azkoitia, Spain) was used for
gear manufacturing. The machine includes turning and milling capabilities by the integration of
3 linear axes (X, Y, Z) in a mobile column and 2 rotary axes, one of them in a rotating head (B) and
the other in a rotary table (C). The main advantage of multitasking machines is that the number of
machines and setups required for workpiece manufacturing are reduced and often limited to one.

 

Figure 1. Ibarmia ZVH45/L1600 ADD + PROCESS kinematic.

2.4. Machining Strategies

Machining strategies were programmed with Siemens® NX manufacturing module. First of all,
the roughing operation was programmed with the aim of reducing machining time, chip thickness and
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cutting forces [18] as much as possible and obtaining a near to net shape geometry. As can be seen in
Table 2, the roughing operation (Figure 2) consisted of two different steps. First, a cavity mill strategy
was performed, and then, a variable contour strategy was used in order to obtain a near to net shape
geometry for finishing strategies. In R-I a frontal mill was used and in R-II a conical mill.

Table 2. Roughing strategy.

Roughing Strategy Teeth Number Tool

R-I Cavity mill (3 + 1-axis)
Follow periphery 1–25 Frontal mill

Ø4 mm

R-II Variable contour (5-axis)
Stream line 1–25 Conical mill

Ø3 mm

 

Figure 2. R-I (a) and R-II (b) roughing strategies.

For finishing operations (Table 3), different strategies and conditions were tested for the gear
teeth. Different radial depths and cut patterns (zig and zig-zag) were evaluated, for both 5 continuous
axes (F-II) machining operations and 3 + 2 axes (F-I) machining. In the latter machining operation
(3 + 2), the tool axis is fixed and perpendicular to the head of each tooth, as can be seen in Figure 3.
Machining conditions were S = 11,900 rpm and F = 400 mm/min.

Table 3. Finishing strategies.

Finishing Strategy Teeth Number Tool

F-I

Surface area + Relative vector (3 + 2 axes)
Cut pattern:
ZIG (1–6) ZIG/ZAG(7–12)
(Scallop 0.01–0.02–0.03 mm)

1–12 Conical mill
Ø3 mm
8◦ Taper Ball nose TiAlN
Number of flutes3
Helix angle 45◦

F-II

Surface area + Relative vector (5 axes)
Cut pattern:
ZIG (13–18) ZIG/ZAG(19–25)
(Scallop 0.01–0.02–0.03 mm)

13–25

 

Figure 3. Finishing strategies. F-I (a) 3 + 2 finishing strategy. F-II (b) 5 continuous axes finishing strategy.
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2.5. Machining

Finally, the gear was machined. After the roughing and finishing operations, the resultant gear is
shown in Figure 4. Machined strategies were R-I (cavity mill) for teeth 1–25 and R-II (variable contour)
after R-I and for teeth 1–25. For the finishing strategies: F-I for teeth 1–12, and F-II for teeth 13–25.

 

Figure 4. Roughing strategies result (a); Finishing strategies result (b).

3. Predictive Model of Topography on Gear Flank

The developed model estimates the gear teeth surface topography depending on machining
parameters such as tool inclination and orientation, cutting geometric parameters and tool feed and
speed values. The model was tested for two different finishing operations; a 5 continuous axes
machining operation and a 3 + 2 axes machining operation in order to determine the influence of the
machining number of axes on the surface finish.

The model follows the following steps:

1. Interdental gap points and trajectories representation (Figure 5). In this first step, for each
interpolation point the model obtains from the machining program (CL data): the tool tip point
position (xj, yj, zj) and the tool axis orientation defined by a direction vector (uj, vj, wj) in the
workpiece reference system XYZ.
Milling trajectories can be obtained by means of the coordinates of successive tool tip points.
Figure 5a shows the tool tip point positions obtained from the machining program of an
interdental gap. In Figure 5b, the milling trajectories are represented. In the next steps, milling
trajectories are evaluated after the elimination of initial and final noncutting movements, as shown
in Figure 6a.

Figure 5. Interdental gap points (a) and trajectories (b) representation.

2. Simulation area definition (Figure 6). Secondly, as can be seen in Figure 6a, five simulation areas
are defined (in black) in the feed direction. Each of these simulation areas is defined by 6 points
in the feed direction and about 30 points in the direction perpendicular to the feed direction.
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The dimension of the simulation area depends on the programmer’s criteria. The reference
trajectory for the study is defined in magenta, corresponding to the one located in the middle of
the simulation area. As an example, Figure 6b shows the milling trajectories followed by the tool
tip in one of the simulation areas considered in Figure 6a. Black points in each milling trajectory
represent the interpolation points given by the machining program for the selected simulation
area. Next, the surface topography generated in each simulation area is predicted. In order to
achieve this, a local reference system OWXWYWZW is defined for each simulation area (Step 4).
First, the positions of the tool center point (C) in the selected simulation area are deduced in
Step 3.

Figure 6. Simulation area (a) and reference trajectory points (b) for the study definition.

3. Tool center position determination (Figure 7). In order to obtain the coordinates of the tool
center point (C) (Figure 7f), tool tip point coordinates (xj, yj, zj) and tool axis direction vector
(uj, vj, wj) given in the machining program and the ball end mill, radius R needs to be taken into
account. First, the line passing through the point (xj, yj, zj) and parallel to the vector (uj, vj, wj) is
considered by means of the following equation:

x − xj

uj
=

y − yj

vj
=

z − zj

wj
(1)

Next, taking into account that the tool center point (C) is located at a distance equal to the tool
radius R from the tool tip point of coordinates (xj, yj, zj), the coordinates (x, y, z) of the tool center point
must fulfill this equation: √(

x − xj
)2

+
(

y − yj

)2
+
(
z − zj

)2
= R (2)

Therefore, in order to obtain the coordinates (x, y, z) of the tool center point when the tool tip
point is located at a point of coordinates (xj, yj, zj) and tool axis vector is (uj, vj, wj), Equations (1) and
(2) must be solved for x, y and z.

The red points shown in Figure 7a represent the positions of the tool center point (C) for the
simulation area shown in Figure 6b. The surface generated by the positions of the tool center point
approximates to a surface parallel to the tool tip point positions.
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Figure 7. Tool center points (red) in relation to tool tip points (black) and to tool axis orientation and
local reference system OWXWYWZW attached to workpiece (gear tooth). (a) Tool center points position;
(b) M point definition; (c) Reference trajectory; (d) Tool tip and center point positions; (e) Reference for
the prediction of the topography generated in the surface of gear teeth; (f) Ball end mill geometry.

4. Definition of workpiece local coordinate system. In order to predict the surface topography
generated in each simulation area, a local coordinate system OWXWYWZW attached to the
workpiece (gear tooth surface) is defined. The definition of this local coordinate system for
each simulation area is based on the tool tip point positions and the tool axis orientations given in
the machining program for the reference milling trajectory shown in magenta in Figures 6 and 7.
The origin OW and the axis ZW are the elements of this system that are obtained first. In order to
achieve this, a set of auxiliary elements (a point M and two unit vectors û and q̂) is considered.
Firstly, two interpolation points, named A and B, which are located in the center of the reference
trajectory (Figure 7b) are selected. The middle point D of the linear interpolation between points
A and B is considered. The coordinates (xD, yD, zD) of point D are calculated as a function of the
coordinates (xA, yA, zA) and (xB, yB, zB) of points A and B:

xD =
xA + xB

2
; yD =

yA + yB
2

; zD =
zA+zB

2
(3)

Taking into account the tool axis orientation when the tool tip goes from point A to point B,
the position of the tool center point when the tool tip point is located at point D can be calculated
through Equations (1) and (2). Therefore, this position defined in this paper as point M (Figure 7b),
with coordinates (xM, yM, zM), can be obtained from the resolution of the following equations:

xM−xD
uAB

=
yM−yD

vAB
=

zM−zD
wAB

(4)

√
(xM−xD)

2 + (yM−yD)
2 + (zM−zD)

2 = R (5)
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where (uAB, vAB, wAB) is the direction vector of tool axis, given by the machining program, when the
tool tip goes from point A to point B. The point M is calculated for each simulation area and employed
for the definition of the local system attached to each simulation area. In this paper, it is assumed that
axis ZW of the local system passes through this point M.

Next, the vector defining the direction of axis ZW is calculated by considering two unit vectors.
A unit vector û = (ux, uy, uz) parallel to the tool linear motion direction between points A and B is
defined as:

û =
p

|p| where p = (xB−xA, yB−yA, zB−zA) (6)

A second unit vector q̂ = (qx, qy, qz) that takes into account the direction at point M of the middle
points of the milling trajectories selected in the simulation area is also defined (Figure 7c). Once the
unit vectors û and q̂ are obtained, a unit vector ŵ = (wx, wy, wz) perpendicular to û and q̂ is defined as
follows:

û = û × q̂ (7)

This vector ŵ is assumed to coincide with the direction of axis ZW (Figure 7d). In addition, in
order to define the position of the origin OW, it is assumed that this point is located at a distance R from
the point M. Therefore, taking into account that point OW is also located on a line passing through
point M and parallel to vector ŵ, the coordinates (xOw, yOw, zOw) of point OW are obtained by solving
these equations:

xOw−xM
wx

=
yOw−yM

wy
=

zOw−zM
wz

(8)

√
(xOw−xM)2 + (yOw−yM)2 + (zOw−zM)2 = R (9)

Once the origin OW and the axis ZW have been obtained, axes XW and YW are defined. The axis XW
is assumed to have the same direction as the unit vector û (Figure 7d). Therefore, the axis XW coincides
with the feed direction of the tool between points A and B. Finally, the axis YW is perpendicular to axes
XW and ZW. The direction of axis YW is defined by a unit vector v̂ = (vx, vy, vz) calculated as the cross
product between vectors ŵ and û:

v̂ = ŵ × û (10)

Figure 7e shows an equivalent representation of Figure 7d. In Figure 7e, the local system
OWXWYWZW is taken as a reference for the prediction of the topography generated in the surface of
gear teeth. The surface topography will be simulated in a rectangular area defined along axes XW
and YW, as shown in Figure 7e. In order to model the surface roughness, the equations expressing
the trajectories of tool cutting edges in this local system are deduced in Step 6 as a function of the
ball end mill geometry (Step 5), the tool axis orientation and the milling trajectories followed by the
tool in the simulation area. Firstly, the coordinates of points defining the milling trajectories and
the direction vector of tool axis orientations expressed in the workpiece system XYZ (given by the
machining program and obtained in Step 1) must be transformed into the local system OWXWYWZW.

In order to express the coordinates of a point in the local system OWXWYWZW from its coordinates
in the workpiece system XYZ, a homogeneous transformation matrix T is defined as a function of the
unit vectors û, v̂ and ŵ and the coordinates of the origin OW in the system XYZ. The coordinates (xj, yj,
zj) of the tool tip point positions given in the machining program can be expressed in the local system
OWXWYWZW, (xj

W, yj
W, zj

W), as:

⎡
⎢⎢⎢⎣

xj
yj
zj
1

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

ux vx wx xOw
uy vy wy yOw
uz vz wz zOw
0 0 0 1

⎤
⎥⎥⎥⎦
⎡
⎢⎢⎢⎣

xW
j

yW
j

zW
j
1

⎤
⎥⎥⎥⎦ = T

⎡
⎢⎢⎢⎣

xW
j

yW
j

zW
j
1

⎤
⎥⎥⎥⎦ →

⎡
⎢⎢⎢⎣

xW
j

yW
j

zW
j
1

⎤
⎥⎥⎥⎦ = T−1

⎡
⎢⎢⎢⎣

xj
yj
zj
1

⎤
⎥⎥⎥⎦ (11)
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Similarly, a direction vector (uj, vj, wj) given in the machining program can be expressed in the
local system OWXWYWZW, (uj

W, vj
W, wj

W) by means of a matrix T1 depending on the unit vectors û, v̂

and ŵ

⎡
⎢⎢⎢⎣

uj
vj
wj
1

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

ux vx wx 0
uy vy wy 0
uz vz wz 0
0 0 0 1

⎤
⎥⎥⎥⎦
⎡
⎢⎢⎢⎣

uW
j

vW
j

wW
j

1

⎤
⎥⎥⎥⎦ = T1

⎡
⎢⎢⎢⎣

uW
j

vW
j

wW
j

1

⎤
⎥⎥⎥⎦ →

⎡
⎢⎢⎢⎣

uW
j

vW
j

wW
j

1

⎤
⎥⎥⎥⎦ = T1

−1

⎡
⎢⎢⎢⎣

uj
vj
wj
1

⎤
⎥⎥⎥⎦ (12)

Once the tool tip point positions and the tool axis orientations are expressed in the local system
OWXWYWZW, the equations for the cutting edge trajectory are deduced. In order to achieve this,
the geometry of the tool cutting edges is first modeled.

5. Tool geometric modelization (Figure 8). The roughness model is developed for a ball end mill
geometry, whose behavior resembles that of a conical tool that only cuts with the spherical area of
the tool tip for gear teeth finishing trajectories. Figure 8a shows schematically the 3D geometry of
a ball end mill of radius R and helix angle i0. For simplicity, only one of the edges is represented
in the figure (Figure 8b), but the developed model is generalized for a Nt edge mill. It is assumed
that the cutting edge represented in this figure represents one of the edges of the milling cutter,
which is referred to as a k edge, where k = 1, 2, ..., Nt. To define the position of a point located on
the edge k, a reference system OTXTYTZT attached to the ball end mill is defined:

� The reference system origin OT is located on the tool tip being coincident with the tool axis
� The axis ZT corresponds to the tool axis
� The axis XT is radial and tangent to edge 1 projection in the plane containing point OT

and perpendicular to ZT axis
� The axis YT is perpendicular to axes XT and YT forming a right-handed system.

The position angle ϕk of cutting edge k with respect to axis XT can be expressed as:

ϕk =
2π
Nt

(k − 1) (13)

 

a) b)

Figure 8. Ball end mill geometry (a) and k edge geometry definition (b).
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The position of a cutting edge point P(i, k), located at a height zi on the edge k, can be written
in the tool reference system OTXTYTZT as a function of (a) the radius Ri and the position angle βi of
cutting edge point at height zi and (b) the position angle ϕk of edge k as follows:

xT
P(i,k) = Ri· cos(β i + ϕk

)
(14)

yT
P(i,k) = Ri· sin(β i + ϕk) (15)

zT
P(i,k) = zi (16)

where, from ball end mill geometry, the radius Ri and the position angle βi are:

Ri =

√
2Rzi − (zi)

2 (17)

βi = zi·tan(i0)/R (18)

Next, the equations of trajectories followed by cutting edge points are deduced.

6. Tool axis orientation and points trajectories determination (Figures 9 and 10). In this step,
the trajectory followed by any cutting edge point in a five-axis milling operation is expressed
as a function of cutting parameters, tool axis orientation and milling trajectories defined in the
machining program. The cutting parameters are the feed value (F) in mm/min and the spindle
speed (S) in rpm. Therefore, the tool feed in mm per revolution can be calculated as:

f
(mm

rev

)
=

F(mm/min)
S(rpm)

(19)

In order to define the cutting trajectories, as an example, the linear motion shown in Figure 7e,
when the tool tip point goes from a point O to a point I in a milling trajectory of the simulation area,
is considered. The procedure presented below is carried out in every section of the milling trajectories
located inside the simulation area.

From the machining program, the coordinates (xO, yO, zO) and (xI, yI, zI) of points O and I and
the direction vector (uOI, vOI, wOI) of tool axis orientation during this linear motion can be known.
By means of the matrices given by Equations (11) and (12), the coordinates (xO

W, yO
W, zO

W) and (xI
W,

yI
W, zI

W) of these points and the direction vector (uOI
W, vOI

W, wOI
W) can be expressed in the local

system OWXWYWZW attached to each simulation area.
Taking into account the feed direction of the ball end mill along the linear motion between points

O and I, feed values fx, fy and fz along axes XW, YW and ZW can be defined. In order to achieve this,
a unit vector r̂ = (rx, ry, rz) that considers the tool feed direction between points O and I, is defined as a
function of their coordinates:

r̂ =
q

|q| where q =
(

xW
I −xW

O , yW
I −yW

O , zW
I −zW

O

)
(20)

The components fx, fy and fz of the tool feed can be expressed as:

fx = f rx (21)

fy = f ry (22)

fz = f rz (23)
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By means of feed values fx, fy and fz, the position of the tool tip point along the linear displacement
between points O and I is expressed as a function of the tool rotation angle α in radians. In Figure 9,
it is assumed that the tool tip point is located at a point O1 whose coordinates are:

xW
O1 = xW

O + f x
α

2π
(24)

yW
O1 = yW

O + f y
α

2π
(25)

zW
O1 = zW

O + f z
α

2π
(26)

where the tool rotation angle α goes from 0 to αI-αO, being αI and αO, the tool rotation angles when the
tool tip point is located at points I and O, respectively.

 XW YW

ZW 

Tool rotating 

axis 

O1 

X1 
Y1 

γ 

β 

Trajectory point O defined in machining 
program, with coordinates xO

W, yO
W, zO

W  

Z1 

Tool axis projection on X1Y1 plane 

C 

OW 

R 

Feed direction 

Figure 9. 5-axis milling scheme with tool tilt angle β and lead angle γ.

In order to simplify the deduction of cutting edge trajectories, the tool axis orientation is defined
in this step by means of two angles, which are represented in Figure 9: a tilt angle β and a lead angle γ.

� The tilt angle β is defined as the angle between the tool rotating axis and the axis Z1, which is
parallel to axis ZW.

� The lead angle γ is the angle between the projection of the tool rotating axis into plane X1Y1

(which is parallel to plane XWYW) with respect to axis XW direction.

These angles β and γ can be written as function of the tool axis direction vector (uOI
W, vOI

W, wOI
W):

β = acos(w W
OI

)
(27)

γ = a tan(− vW
OI

uW
OI
) (28)

In order to obtain the equations expressing the trajectory of cutting edge points in the local system
OWXWYWZW from their coordinates in the tool system OTXTYTZT, three auxiliary systems O1X1Y1Z1,
O2X2Y2Z2 and O3X3Y3Z3, shown in Figure 10, are defined as a function of:

• The current position of the tool tip point given by the coordinates of point O1 (Figure 9).
A translation of system O1X1Y1Z1 with respect to system OWXWYWZW (Figure 10a) is considered.
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The system O1X1Y1Z1 is shifted in XW, YW and ZW by distances xO1
W, yO1

W and zO1
W respectively.

The homogeneous transformation matrix TW1(fx, fy, fz, α) of this translation in XW, YW and ZW is:

TW1
(

fx, fy, fz, α
)
=

⎡
⎢⎢⎢⎣

1 0 0 xW
O1

0 1 0 yW
O1

0 0 1 zW
O1

0 0 0 1

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

1 0 0 xW
O + f xα/(2π)

0 1 0 yW
O + f yα/(2π)

0 0 1 zW
O + f zα/(2π)

0 0 0 1

⎤
⎥⎥⎥⎦ (29)

• The lead angle γ (Figure 10b). The system O2X2Y2Z2 is rotated by an angle γ about axis Z1 in
clockwise direction. The homogeneous transformation matrix T12(γ) of this rotation about Z1-axis is:

T12(γ) =

⎡
⎢⎢⎢⎣

cos(γ) sin(γ) 0 0
− sin(γ) cos(γ) 0 0

0 0 1 0
0 0 0 1

⎤
⎥⎥⎥⎦ (30)

• The tilt angle β (Figure 10c). The system O3X3Y3Z3 is rotated by an angle β about axis Y2 in a
clockwise direction. The homogeneous transformation matrix T23(β) of this rotation about Y2-axis is:

T23(β) =

⎡
⎢⎢⎢⎣

cos(β) 0 sin(β) 0
0 1 0 0

− sin(β) 0 cos(β) 0
0 0 0 1

⎤
⎥⎥⎥⎦ (31)

• The rotation angle α (Figure 10d). The tool system OTXTYTZT is rotated by an angle α about axis
Z3 in clockwise direction. The homogeneous transformation matrix T3T(α) of this rotation about
Z3-axis is:

T3T(α) =

⎡
⎢⎢⎢⎣

cos(α + αO) sin(α + αO) 0 0
− sin(α + αO) cos(α + αO) 0 0

0 0 1 0
0 0 0 1

⎤
⎥⎥⎥⎦ (32)

where αO is the tool rotation angle when the tool tip point is located at point O.

Finally, the trajectory of any cutting edge point P(i, k) located at a height zi on the edge k, as shown
in Figure 8, is expressed in the system OWXWYWZW of the gear tooth (Figure 9) as a function of the
previous transformation matrices TW1(fx, fy, fz, α), T12(γ), T23(β) and T3T(α) and the coordinates of the
cutting edge point P(i, k) in the tool system OTXTYTZT (Equations (14)–(16) in Step 5):

⎡
⎢⎢⎢⎢⎣

xW
P(i,k)

yW
P(i,k)

zW
P(i,k)
1

⎤
⎥⎥⎥⎥⎦ = TW1

(
fx, f y, f z, α

)
·T12(γ)·T23(β)·T3T(α)·

⎡
⎢⎢⎢⎢⎣

xT
P(i,k)

yT
P(i,k)

zT
P(i,k)
1

⎤
⎥⎥⎥⎥⎦ (33)

Once the cutting edge trajectories are obtained, surface topographies generated in each simulation
area are obtained through the procedure described in Step 7.

304



Materials 2018, 11, 1301

  
 (a) 

fx 2  

Y1 YW 

O1 

ZW 

yP
1  

yP
W 

xP
W 

yO
W 

xO
W 

fy 2
 

P 

X1 Z1 

XW xP
1  

Feed direction → 

O 

Y1 

 (b) 

Projection of tool axis 
on plane X1Y1 

Y2 

P 

X1 

X2 

O1≡O2 

Z1≡Z2 
γ 

γ 

xP
1  

xP
2  

yP
1  

yP
2  

   (c) 

Z2 Z3≡Tool axis ZT 

X2 

X3 

C 

Y3≡Y2 
O3≡O2 

P 

R 

β 

β 

xP
3  

zP
2  

zP
3  

xP
2  

 (d) 

YT 

XT 
Z3≡ZT 

O3≡OT 

 

 

 

 

X3 

Y3 

P 

xP
T 

xP
3  

yP
3  

yP
T 

Figure 10. Definition of auxiliary systems O1X1Y1Z1 (a,b; O2X2Y2Z2 (c) and O3X3Y3Z3 (d).

7. Surface topographies determination (Figure 11). The surface topography in the gear teeth is
obtained from successive point positions of cutting edge points located on the Nt edges with the
tool rotating movement. The surface topography is simulated in a rectangular area defined along
axes XW and YW, as shown in Figure 7e. This area is divided into a discrete number of planes
perpendicular to axes XW and YW. For each plane, taking into account the trajectories of cutting
edge points given by Equation (33), the model predicts the area swept by the tool cutting edges
during the tool rotation and feed motion. The profile generated at each plane is obtained from
the lowest positions of marks left by cutting edge points. By considering the profiles generated in
those planes, the 3D surface topography in the rectangular area can be predicted. This allows the
profiles generated along axes XW and YW to be analyzed. As an example, Figure 11 shows the
surface topography predicted for the simulation area selected in Figure 6b. In Figure 11a, a 3D
representation of the predicted surface topography is shown. When the 2D profiles generated at
two planes (YW = 0 and XW = 0) are considered (Figure 11b,c), it can be observed that profiles
are not only composed of roughness marks left by tool cutting edges. In Figure 11b, the straight
sections defining the tool trajectory (red line) can be observed. In Figure 11c, the form of the
gear tooth surface can also be observed. In order to analyze the surface roughness, the effect of
tool trajectory in each milling pass is removed for each profile predicted along YW-axis. As a
consequence, roughness profiles (in black) are obtained. In Figure 11c, the form of the gear
surface is also removed from the predicted profile and the roughness profile in black is obtained.
In Figure 11d, the predicted surface roughness without the influence of the milling trajectory is
shown. It can be observed that the step over between milling passes has a significant influence
on the topography and the roughness peak-to-valley values. However, for this case, the effect of
tool feed on roughness is less.
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Figure 11. 3D simulated surface topography (a); roughness profiles (b,c) and surface roughness (d):
ball end mill with 3 mm diameter and Nt = 3 cutting edges and feed value f = 0.18 mm/rev.

4. Model Validation Results

In order to validate the surface roughness predictive model explained in the previous section,
measured roughness after gear machining, and model predicted roughness, were compared.

4.1. Gear Roughness Measurement

For measuring gear surface roughness (Ra and Rz) (Table 4), confocal tridimensional Leica® DMC
3D and contact profilometer Taylor Hobson® Form Taylorsurf were used for the 3D and 2D roughness
measurement, respectively.

Table 4. Roughness measured results for gear teeth after finishing strategies.

Teeth Number Machining Strategy Scallops (mm)
Measured Roughness Values

Ra (μm) Rz (μm)

1 3 + 2 AXES ZIG 0.01
1.68 8.642 3 + 2 AXES ZIG 0.01

3 3 + 2 AXES ZIG 0.02
2.72 13.034 3 + 2 AXES ZIG 0.02

5 3 + 2 AXES ZIG 0.03
4.66 20.836 3 + 2 AXES ZIG 0.03

7 3 + 2 AXES ZIG-ZAG 0.01
1.91 10.128 3 + 2 AXES ZIG-ZAG 0.01

9 3 + 2 AXES ZIG-ZAG 0.02
2.71 15.4310 3 + 2 AXES ZIG-ZAG 0.02

11 3 + 2 AXES ZIG-ZAG 0.03
4.83 22.2012 3 + 2 AXES ZIG-ZAG 0.03
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Table 4. Cont.

Teeth Number Machining Strategy Scallops (mm)
Measured Roughness Values

Ra (μm) Rz (μm)

13 5 AXES ZIG 0.01
1.34 7.7814 5 AXES ZIG 0.01

15 5 AXES ZIG 0.02
2.62 13.4416 5 AXES ZIG 0.02

17 5 AXES ZIG 0.03
4.58 19.6318 5 AXES ZIG 0.03

19 5 AXES ZIG-ZAG 0.01
4.24 20.0320 5 AXES ZIG-ZAG 0.01

21 5 AXES ZIG-ZAG 0.02
6.86 31.6222 5 AXES ZIG-ZAG 0.02

23 5 AXES ZIG-ZAG 0.02

24 5 AXES ZIG-ZAG 0.03
7.68 35.6325 5 AXES ZIG-ZAG 0.03

As it is mentioned in Section 3, the developed model predicts surface roughness in 5 different
gear tooth zones. Nevertheless, surface roughness is only measured in two zones, always avoiding
tooth edges (zones 1 and 5) and coinciding with the intermediate tooth zone. This fact must be taken
into consideration when comparing predicted and measured roughness values. Therefore, for model
validation, measured roughness values were compared to predicted values from zones 2–4.

4.2. Gear Roughness Prediction

The developed roughness model analyses 5 gear tooth zones and predicts surface roughness and
generates surface topography and roughness profiles in each of these 5 zones. Thanks to this, different
roughness profiles are predicted along tool feed direction XW. They are simulated for different tool
edges number (Nt) and feed values (f ) as can be seen in Figures 10 and 11.

In Table 5, roughness values for each gear tooth flank depending on machining type, cutting
patterns and programmed scallop height are shown. These values also depend on tooth flank (concave
or convex), and on the analyzed zone (1–5). In Table 5, the first of the rows corresponds to the concave
flanks and the second to convex ones.

In this case, taking into account that the selected gear design method corresponds to the Gleason
method, the roughness values (Ra and Rz) are slightly different in the 5 analyzed zones. This is a
consequence of the Gleason method, which generates a gear with a variable gearing height. For this
reason, in the areas closest to the outer diameter, the obtained roughness values are higher.

The shape of the roughness profiles is a consequence of the straight sections between two points
of the machining program (interpolation points) that define tool trajectory. The distance between the
different interpolation points within the same path is approximately 0.56 mm.

In the left-side figures (Figures 12 and 13), the straight sections defined by machining G1 (linear
movement) are represented by a red line. The blue color represents the roughness profile. As can be
seen, the roughness profile depends on the tool edge number (Nt) and programmed tool feed value (f ).
In the right-side figures (Figures 12 and 13), the form associated to workpiece component is eliminated,
and for each roughness profile, both the arithmetic mean roughness parameter (Ra) and the average
roughness parameter (Rz) are obtained.
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Figure 12. Predicted roughness profiles for different feed values and for the same tool.

Table 5. Roughness predicted results for gear teeth.

Teeth N◦ Machining Strategy Scallop
(mm)

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5

Ra
(μm)

Rz
(μm)

Ra
(μm)

Rz
(μm)

Ra
(μm)

Rz
(μm)

Ra
(μm)

Rz
(μm)

Ra
(μm)

Rz
(μm)

1, 2 3 + 2
AXES

ZIG 0.01
1.2 5.19 1.39 5.74 1.56 6.6 1.73 7.31 1.85 7.66
2.1 9 1.89 8.68 1.65 7.92 1.41 6.92 1.18 6.72

3, 4 3 + 2
AXES

ZIG 0.02
2.44 10.43 2.8 11.75 3.27 13.5 3.49 15.38 3.89 16.42
4.33 18.71 3.82 16.37 3.39 14.47 2.88 13.15 2.36 11.1

5, 6 3 + 2
AXES

ZIG 0.03
3.72 16.39 4.31 18.6 4.93 20.16 5.42 22.35 5.7 24.45
5.96 26.13 5.57 23.29 4.71 20.94 3.97 17.4 3.28 14.62

7, 8 3 + 2
AXES

ZIG-ZAG 0.01
1.19 5.16 1.35 5.77 1.65 9.29 1.66 7.07 1.83 7.75
2.2 9.58 1.93 8.63 8.63 7.89 1.46 7.3 1.19 6.2

9, 10 3 + 2
AXES

ZIG-ZAG 0.02
2.28 9.8 2.63 11.44 11.44 14.38 3.34 17.21 3.47 15.01
4.32 18.36 3.86 16.5 16.5 14.43 2.9 12.7 2.36 10.53

11, 12 3 + 2
AXES

ZIG-ZAG 0.03
3.41 14.75 3.96 16.95 16.95 19.71 5.07 20.07 5.35 19.98
6.17 27.68 5.58 24.67 24.67 21.78 4.15 18.08 3.32 14.68

13, 14 5 AXES ZIG 0.01
1.11 4.63 1.3 5.35 1.48 5.97 1.62 6.67 1.82 7.34
2.3 9.68 2.19 8.93 1.93 8.21 1.68 7.42 1.46 6.52

15, 16 5 AXES ZIG 0.02
2.25 9.2 2.59 10.52 2.95 11.93 3.32 13.39 3.6 14.66
4.92 19.95 4.51 18.28 4.06 16.59 3.54 15.13 3.15 13.45

17, 18 5 AXES ZIG 0.03
3.43 14.42 4.05 16.66 4.6 18.75 5.3 21.1 5.49 22.9
7.16 29.17 6.56 26.78 5.84 25.04 1.58 23.39 4.89 20.33

19, 20 5 AXES ZIG-ZAG 0.01
1.06 4.61 1.24 5.5 1.41 6.23 1.58 6.59 1.72 7.12
2.5 9.61 2.22 8.63 2.02 7.67 1.92 7.35 1.59 6.37

21, 22, 23 5 AXES ZIG-ZAG 0.02
2.22 8.34 2.47 9.59 2.86 11.05 3.25 12.44 3.43 13.34
5.16 20.07 4.61 17.6 4.25 16.78 3.77 15.46 3.36 13.91

24, 25 5 AXES ZIG-ZAG 0.03
3.2 11.76 3.71 13.62 4.27 16.91 4.87 19.54 5.37 20.01
7.35 30.22 6.72 27.63 5.91 25.06 5.5 22.63 4.76 19.97
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Figure 13. Predicted roughness profiles for tools with different edge numbers and working with
different feed values.

4.3. Gear Roughness Predictive Model Validation

Figure 14 shows a comparison, for the same gear tooth, between the profile generated after gear
measurement (after the machining process) and the profile generated by the developed roughness
predictive model. The variations shown in some roughness profiles peaks correspond to the trajectory
when interpolating between the different interpolation points that make up the same machining path.

Figure 14. Roughness comparison of predictive model vs. measured roughness.
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5. Discussion

The obtained roughness results, which determine gear quality, agree with cited works related
to gear manufacturing in CNC machines, and, indicate improved surface quality and process
versatility. Moreover, more detailed results are added in this work for optimal machining strategies
and predicting roughness.

There are several aspects to mention in relation to machining strategies, cutting parameters
and roughness results. On one hand, for 3 + 2 axis machining, for both zig and zig-zag strategies,
the obtained Ra and Rz values are slightly different for the zig strategy. The tool works down milling
and machining time is increased due to non-cutting movements. Machining time is almost doubled.
For 5 continuous axis machining, obtained results show differences that need to be taken into account.
For zig cutting patterns, obtained roughness values for Ra and Rz are considerably lower than the
ones obtained for zig-zag cutting patterns, about 50% lower. If both, 3 + 2 axis and 5 continuous
axis machining are compared, better surface roughness values were obtained for 5 continuous axis
machining with zig cutting pattern. On the contrary, the worst surface roughness results are obtained
for 5 continuous axis machining with zig-zag cutting pattern. In relation to programmed stepovers,
when programmed stepovers are reduced and the tool works up milling, the tool tends to go back to
already machined path increasing roughness values. This is called ‘rail effect’ and is a consequence
of tool deflection, which could explain why surface roughness values are higher for those machining
trajectories with zig-zag cutting patterns.

The surface roughness prediction model was also used to analyze 5 axes and 3 + 2 axes machining
strategies behavior. In the 3 + 2 axes machining case, the roughness values obtained from concave
and convex gear flanks were similar. Instead, in the 5 continuous axis machining case, obtained
surface roughness values were higher in convex gear flanks. Thanks to the developed roughness
model, this problem can be corrected by changing the tool axis attack angle in the machining surface
in order to improve surface roughness. Indirectly, the model also detects the so-called ‘rail effect’
previously mentioned, that is, the obtained roughness values almost doubled. The presented model
also determined the influence of cutting parameters such as tool feed values (mm/rev) and tool
edge number. Thus, it can be concluded, that for a higher tool edge number (maintaining tool
feed values), the obtained roughness results were significantly lower. Clearly there is a direct link
between programmed feed values and obtained roughness results. The results showed that a small
increase in the feed value has a significant effect on the final surface quality obtained. After roughness
values analysis in the tool feed direction and comparing these with those generated in the direction
perpendicular to it, it is clear that the roughness due to the application of the different stepovers,
for the same feed value programmed, is always higher. This makes it a more restrictive parameter,
which is why it is measured in each of the different machined flanks.

6. Conclusions

In recent years, technological advances have enabled gear manufacturing in general purpose
machines. This is a feasible process that is less limited to gear size and geometry than traditional
technologies. The machining of gears in multitasking machines is presented here as a real application
for this type of technology due to its flexibility, size and the variety of geometries that can be machined
in this type of machine. It can be concluded that the presented roughness predictive model fulfills
its function, making it possible to predict and control the cutting strategies and parameters to obtain
the required surface finish. The use of standard tools for the machining of gears requires less time
for tool supply, provides a greater variety range and competitive time and costs. In addition, it is
possible to exchange tools between different machines. Specific gear manufacturing machines require
‘blank’ material for gear manufacturing. On the contrary, general purpose machines with multitasking
technology enable the entire gear machining in a single machine and take a single reference in
the workpiece. This ensures tight execution times and the required quality consecution. Therefore,
the presented study has demonstrated that although spiral bevel gears geometry is a complex geometry,
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it is possible to machine it with 3 + 2 machining axes kinematics. The rotary axis can be positioned
and fixed from the beginning for a more robust process. The obtained surface roughness values
are acceptable in this case. Moreover, 3 + 2 machining is cheaper because less interpolated axes are
required. Also, 3 + 2 axes programming is not as challenging as 5 axes programming. This work
validates the developed surface topography model for a ball mill. There is concordance between
experimentally obtained values and theoretical values obtained by the model. Moreover, the obtained
values for different programmed stepovers maintain the same tendency. Topographical simulation
becomes an essential tool after the programming of each of the finishing strategies because it optimizes
machining results without resorting to the trial and error method. Thus, costs and time is reduced,
which is desirable under current market conditions.
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Abstract: Drilling is one of the most common machining operations in the aeronautic and aerospace
industries. For assembling parts, a large number of holes are usually drilled into the parts so that they
can be joined later by rivets. As these holes are subjected to fatigue cycles, they have to be checked
regularly for maintenance or repair, since small cracks or damage in its contour can quickly cause
breakage of the part, which can have dangerous consequences. This paper focuses on finding the
best combinations of cutting parameters to perform repair and maintenance operations of holes in
stacked hybrid magnesium–titanium–magnesium components in an efficient, timely, and sustainable
(without lubricants or coolants) manner, under dry drilling conditions. For the machining trials,
experiments were designed and completed. A product of a full factorial 23 and a block of two factors
(3 × 2) was used with surface roughness as the response variable measured as the mean roughness
average. Analysis of variance (ANOVA) was used to examine the results. A set of optimized tool and
cutting conditions is presented for performing dry drilling repair operations.

Keywords: hybrid components stack; titanium; magnesium; repair and maintenance operations;
drilling; dry machining; roughness average (Ra); ANOVA

1. Introduction

Reduction in energy consumption is a constant demand in various industries, such as aeronautic,
aerospace, and automotive, due to economic and environmental reasons. However, as energy
consumption is closely linked to weight, one method to reduce energy consumption is to use lighter
components composed of light alloys, such as titanium (Ti), aluminium (Al), and/or magnesium (Mg),
all of which have an excellent weight/mechanical properties ratio.

The parts used in the aforementioned industries have to be rigid, strong, and light. In addition,
they have to meet high precision and quality standards. As such, the production of these light alloys
has been extensively studied [1–33]. Their repair and maintenance has also been thoroughly studied.
Given their uniqueness and high cost, replacement parts are often not available when they have to be
maintained or repaired [34–49].

The development of new alloys or polymers that increase the number of applications may
be expensive but not always achievable. Sometimes, even when a material exists, it struggles to
simultaneously satisfy all the necessary properties for concrete application using the material alone.
Then, the combination of two or more materials is an alternative for producing hybrid components
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whose properties satisfy the requirements in areas not covered by the individual components
separately [50–58]. Different combinations of materials and technologies have been studied in order to
improve their properties [50–70], so the use of hybrid structures is becoming more common.

The complexity of aeronautic and aerospace parts means that most have to be mechanized until
achieving their final geometry. Then, using hybrid components, machining together several materials
simultaneously is necessary. Drilling is one of the most usual machining operations in these industrial
sectors, since it is used to create a large number of holes for assembling the parts. As these holes
are subjected to fatigue cycles, every so often they must be checked for their maintenance since
small cracks or damage in its contour can quickly degenerate into the breakage of the piece. Given
the nature of these environments, breakages can have serious consequences. Due to the cost and
complexity of these types of pieces, replacement parts are not maintained in stock to be used for repair
or maintenance [3,36,49].

Performing machining operations in complex geometries of hybrid components or stacks is
a significant challenge in terms of accuracy and quality, especially when the combined materials are
magnesium and titanium. Magnesium is the lighter metal and has good mechanical properties that
make magnesium alloys attractive for applications in industries where weight is crucial. Titanium is in
demand due to its physical, chemical, and thermal properties. However, both materials present some
problems. Magnesium is easily ignited by the heat generated during the machining process. The low
thermal conductivity of titanium increases risk of tool wear, its low modulus means that parts move
away from the cutting tool during machining, and its high chemical reactivity and low hardness tend
to produce cracks in the cutting tools [71–73].

For solving these problems, different compatible and environmentally sustainable lubricants and
coolants have been developed [26,38–40,45,74]. However, more research is needed because machining
hybrid components causes an increase in the instability of the process due to the different cutting
characteristics of the different materials. Many investigations have been reported for the simultaneous
machining of materials in the search for optimal combinations of cutting conditions, tools, and cooling
systems [56,57,75–89].

This paper focuses on drilling processes, and especially on finding the best combinations of
cutting conditions and type of tools to perform hole repair and maintenance operations with dry
machining on hybrid stacks of Mg–Ti–Mg in the shortest time and most sustainable method possible.

The magnesium–titanium–magnesium stack (Figure 1) was predrilled to simulate repair
operations in hybrid components that are assembled with rivets. The two parts of magnesium were
considered the base of the stack and the titanium was considered the insert.

  
(a) (b) 

Figure 1. Hybrid magnesium–titanium–magnesium stack for (a) drilling and (b) hole repair trials [56,57].
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When a rivet hole is damaged, it has to be drilled to a larger diameter and an oversized rivet has
to be assembled. This repair process is widely used in aeronautics and has to be performed with care
as cracks in the structure can produce catastrophic consequences.

In this work, the surface roughness on the inside the holes was obtained by drilling the hybrid
stacks. The stacks were composed of a magnesium alloy and titanium alloy to determine if it is
possible to efficiently and sustainably repair or maintain aeronautic and aerospace industry parts
with very strict surface finish requirements. To achieve this goal, a design of experiments (DOE) was
defined for the drilling trials and the surface roughness measurements. The design selected was the
product of a full factorial 23 and a block of two factors (3 × 2), whose possible influential cutting
parameter factors were feed rate, f, cutting speed, V, and tool coating type, T. The location factors in
terms of measuring the surface roughness included location on the specimen, LRS, and location on
the insert, LRI. The obtained results were analyzed via analysis of variance (ANOVA), which helped
establish a ranking of the parameter combinations based on the surface roughness achieved in the
machining trials and helped determine the optimum combination of factors for performing these types
of operations.

2. Materials and Methods

We followed the guidelines provided by Montgomery [87]. First, in the planning stage, factors,
levels, ranges, and response variables were determined (Table 1). Then, the design of experiments
(DOE) was performed. The design was elected according to the fixed resources and objectives. In this
case, the goal was to analyze the variability in the surface roughness inside the holes obtained by
drilling of hybrid stacks composed of UNS M11917 magnesium alloy and UNS R56400 titanium alloy
(Table 2). The design selected was the product of a full factorial 23 and a block of two factors (3 × 2;
LRI × LRS) with a total of 48 experimental runs, as can be observed in Table 2. In this table, each line
represents two experimental runs, one for each level of the LRI factor.

Next, the machining trials were completed. To execute the drilling trials, it was first necessary to
establish the protocols both for the cutting conditions to be used and for registering the obtained data.
Then, it was necessary to prepare the workpieces with the specimens of the hybrid stacks, the tools,
and the machine tool, introducing the cutting conditions selected. Next, the machining operations
were performed, and finally, we photographed and recorded videos of all the trials for further analysis
once the process was finished.

Then, we measured the response variable. Surface roughness was selected as the response
variable, measured as the roughness average (Ra) [88]. Once the data were obtained, we performed
a statistical analysis. The variability of the average roughness values, Ra, was modelled using
ANOVA, identifying both the influential factors and interactions among them on surface roughness.
In addition, an exploratory data analysis was performed to obtain a clear graphical view of the
key aspects in terms of the distribution of the influential factors on the surface finish of hybrid
magnesium–titanium–magnesium stacks. The relationships between pairs of influential factors were
illustrated and analyzed. After the statistical analysis of the results, some conclusions were established.

Table 1. Factors and levels.

Factor Level

Feed rate, f (mm/min) f1, f2
Cutting speed, V (m/min) V1, V2

Tool coating type, T T1, T2
Location with respect to the specimen, LRS LRS1, LRS2

Location with respect to the insert, LRI LRI1, LRI2, LRI3
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Table 2. Experimental design: product of a full factorial 23 and a block of two factors 3 × 2.

T V (m/min) f (mm/min) LRI LRS

T1 V1 f2 LRI2 LRS1 LRS2
T1 V1 f2 LRI1 LRS1 LRS2
T1 V1 f2 LRI3 LRS1 LRS2
T1 V1 f1 LRI3 LRS1 LRS2
T1 V1 f1 LRI2 LRS1 LRS2
T1 V1 f1 LRI1 LRS1 LRS2
T1 V2 f1 LRI2 LRS1 LRS2
T1 V2 f1 LRI1 LRS1 LRS2
T1 V2 f1 LRI3 LRS1 LRS2
T2 V1 f1 LRI3 LRS1 LRS2
T2 V1 f1 LRI2 LRS1 LRS2
T2 V1 f1 LRI1 LRS1 LRS2
T2 V2 f2 LRI3 LRS1 LRS2
T2 V2 f2 LRI2 LRS1 LRS2
T2 V2 f2 LRI1 LRS1 LRS2
T1 V2 f2 LRI3 LRS1 LRS2
T1 V2 f2 LRI1 LRS1 LRS2
T1 V2 f2 LRI2 LRS1 LRS2
T2 V1 f2 LRI1 LRS1 LRS2
T2 V1 f2 LRI2 LRS1 LRS2
T2 V1 f2 LRI3 LRS1 LRS2
T2 V2 f1 LRI1 LRS1 LRS2
T2 V2 f1 LRI2 LRS1 LRS2
T2 V2 f1 LRI3 LRS1 LRS2

3. Trials

This work focused on the manufacturing process of drilling and on repair operations of
holes used to join parts of different materials by means of rivets. Materials, cutting tools, cutting
conditions, and measurement locations were established as influential factors on the variability in
surface roughness.

3.1. Specimens: Materials and Geometries

The materials used in the manufacture of the workpieces for hole repair drilling operations
included magnesium alloy UNS M11917 and titanium alloy UNS R56400, whose compositions are
outlined in Table 3. In the absence of standards, national or international, in relation to the design
and manufacture of test pieces, we decided to use 50 × 50 × 15 mm parallelepipeds (Figure 2) [57].
The hybrid component stacks were composed of a total of three pieces or parallelepipeds called
specimens: two of magnesium alloy and one of titanium alloy. The two UNS M11917 magnesium alloy
specimens were called the base and the UNS R56400 titanium alloy specimen, located between the two
magnesium pieces, was called the insert; this is similar to previous works involving other processes
and other materials analyzed. The specimens were positioned one above the other to differentiate the
measurements when collecting data. The three parallelepipeds or specimens were mechanically fixed
together so that it was possible to disassemble and measure the surface roughness inside the machined
holes with relative ease. In order to simulate repair and maintenance operations, a test piece was
predrilled with a number of holes in accordance with the requirements for the planned experiments.
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Table 3. Chemical compositions of materials used for manufacturing specimens.

UNS M11917 (AZ91D) UNS R56400 (Ti-6Al-4V)

Al 8.30–9.70% Al 5.5–6.75%
Cu ≤ 0.03% C ≤ 0.08%
Fe ≤ 0.005% H ≤ 0.015%

Mg 90% Fe ≤ 0.4%
Mn ≥ 0.13% N ≤ 0.03%
Ni ≤ 0.002% O ≤ 0.2%

Si ≤ 0.1% Ti 87.725–91%
Zn 0.35–1% Zn 3.5–4.5%

  
(a) (b) 

Figure 2. (a) Design of the geometry of each of the three parts of the workpiece; (b) Predrilled workpiece
used during the trials to simulate hole repair operations on hybrid stacks [56,57].

3.2. Tools

Two types of tools were selected for drilling operations with the same geometry (Figure 3a) but
with different coatings (Figure 3b) (GARANT, Hoffmann Iberia Quality Tools S.L., San Fernando de
Henares, Madrid, Spain). We selected tools made of High-Speed Steel (HSS CO): two-flute twist drills
with 130◦ point angle and in two different qualities, A11240 and A11253. A11240 is recommended
for titanium, steel, and stainless steel, whereas A11253 is coated with titanium nitride (TiN) and
recommended for steel, stainless steel, titanium, aluminium alloys, and copper alloys. This selection
allows us to use the tools in the largest number of trials involving different material combinations,
considering that this work is inside a wider project that involves different machining processes (turning,
milling, drilling), materials (steel, aluminium, titanium, and magnesium), tools, and workpieces of
several types, shapes, and sizes.

 
 

(a) (b) 

Figure 3. (a) Drill tool geometry and dimensions; (b) Materials and uses of the tools: A11240 is
composed of High-Speed Steel and recommended for titanium, steel, and stainless steel and A11253 is
composed of High-Speed Steel coated with titanium nitride and recommended for steel, stainless steel,
titanium, aluminium alloys, and copper alloys [64].
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3.3. Cutting Parameters

The trials were carried out in a Tongtai TMV510 machining center (Tongtai Machine & Tool Co.,
Luzhu Dist, Kaohsiung City, Taiwan) equipped with a Fanuc Control Numeric Computer (CNC) (FANUC
Iberia, Castelldefels, Barcelona, Spain) (Figure 4) under dry conditions. The values usually used during
repair and maintenance operations were selected for the factor levels of feed rate, f : 50 mm/min and
100 mm/min; cutting speed, V: 20 m/min and 25 m/min; and depth of cut, d: 0.25 mm.

 

Figure 4. Tongtai TMV510 machining center equipped with a Fanuc Control Numeric Computer
(CNC).

3.4. Measurement Locations

The measurements of the surface roughness were recorded using a Mitutoyo Surftest SJ 401
roughness tester (Mitutoyo America Corporation, Aurora, IL, USA) (Figure 5a). From Table 1,
the measurement locations along with the specimen and the insert were used as influential factors
(Figure 5b). These factors are LRS for the specimen and LRI for the insert. For the LRS, two values
were chosen: LRS1, the roughness at the beginning of the hole, and LRS2, the roughness at the end of
the hole along the feeding direction. Specifically, LRS1 was recorded within the first 7 mm of the hole
and LRS2 was recorded within the last 7 mm of the hole (Figure 5c). For the LRI, three levels were
established according to the drilling direction: LRI1, the roughness before the insert (first specimen),
which is the roughness inside the holes of the first magnesium piece; LRI2, the roughness on the
insert (second specimen), which is the roughness inside the holes of the titanium piece; and LRI3,
the roughness after the insert, which is the roughness inside the holes of the second magnesium piece
(third specimen).
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(a) (b) (c) 

Figure 5. (a) Mitutoyo Surftest SJ 401 roughness tester; (b) location of the measurements of LRS and
LRI along the feeding direction, inside each hole; and (c) detail of the specific measurement locations in
the holes of each specimen.

3.5. Factors and Levels Selected

The values selected for the levels of factors analyzed in this study are shown in Table 4. The depth
of cut, d, was recorded at 25 mm and was equal in all tests. This value was selected to simulate repair
and maintenance operations in which it is necessary to adhere to the tolerance dimensions established
during the design of the parts.

Table 4. Factor and level values.

Factor Level Value

Feed rate, f, (mm/min) 50/100
Cutting speed, V, (m/min) 20/25

Type of tool, T A1 1253/A1 1240
Location with respect to the specimen, LRS Beginning of the specimen, end of the specimen

Location with respect to the insert, LRI Before the insert, on the insert, after the insert

4. Results, Analysis, and Discussion

4.1. Results

The surface roughness in terms of the roughness average, Ra, was measured after performing all
the drilling trials inside all the holes and in the different locations established in Table 4, following
the direction and locations shown in Figure 5b,c for each hole. The results obtained for the 48 Ra
experimental values are outlined in the last two columns of Table 5.

We firstly assessed the initial obtained results to determine any trend and to compare the findings
with those obtained in previous works in which the materials were studied separately or along with
other materials. The Ra mean values in the three measured zones are provided in Table 6.

The values obtained in this work aligned with those in other previous works about titanium
using a similar feed rate, cutting speed, or point angle [81,89–91], as well as with those obtained
when drilling magnesium matrix composites [83]. For optimizing magnesium alloys during drilling
operations, other point angles are suitable; however, similar surface roughness values were obtained
in this work [92].
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Table 5. Roughness average Ra (μm) obtained during the experiments.

T V (m/mnin) f (mm/min) LRI
Ra (μm)

LRS1 LRS2

A11253 20 100 LRI2 1.28 3.09
A11253 20 100 LRI1 0.36 1.73
A11253 20 100 LRI3 1.52 2.28
A11253 20 50 LRI3 1.91 6.28
A11253 20 50 LRI2 0.74 1.46
A11253 20 50 LRI1 1.23 0.31
A11253 25 50 LRI2 0.86 0.89
A11253 25 50 LRI1 0.10 0.87
A11253 25 50 LRI3 0.78 1.09
A11240 20 50 LRI3 0.64 1.94
A11240 20 50 LRI2 0.86 1.13
A11240 20 50 LRI1 1.73 1.54
A11240 25 100 LRI3 0.83 1.43
A11240 25 100 LRI2 0.80 0.85
A11240 25 100 LRI1 1.59 0.77
A11253 25 100 LRI3 1.81 1.79
A11253 25 100 LRI1 1.73 0.37
A11253 25 100 LRI2 1.60 1.03
A11240 20 100 LRI1 0.68 0.45
A11240 20 100 LRI2 1.11 0.87
A11240 20 100 LRI3 0.61 1.28
A11240 25 50 LRI1 2.62 1.65
A11240 25 50 LRI2 1.19 1.34
A11240 25 50 LRI3 1.63 1.78

Table 6. Ra (μm) mean values in the three measured zones versus the feed rate, f, and the cutting speed, V.

Ra (μm)
f (mm/min) V (m/min)

50 100 20 25

RaLRI1 1.26 0.96 1.00 1.21
RaLRI2 1.06 1.33 1.32 1.08
RaLRI3 2.01 1.44 2.06 1.39

4.2. Analysis and Discussion

In order to statistically analyze the experimental Ra data collected (Table 5), a fixed effects ANOVA
was performed to examine the interactions up to second order and excluding an effect each time.
The selection criteria of the significant effects in the ANOVA after each iteration were as follows [93]:
in each new ANOVA, the effect with a higher p-value (which was therefore less statistically significant)
was excluded; the backward algorithm finishes when all the effects that remain in the ANOVA have
a p-value lower than 0.05.

The final outcome of this iterative ANOVA algorithm over the experimental Ra data did not
lead to any conclusive result. For that reason, a logarithmic transformation of the experimental Ra
data was performed. Such a transformation allows maintaining the order of the original Ra data
while smoothing the impact of the outliers. The outcome of the first iteration of the ANOVA over the
transformed Ra data—over the Ra Naperian logarithm lnRa—is provided in Table 7. A second iteration
for the ANOVA was then completed for the effects contained in the table, excluding the LRI*V effect
which had a maximum p-value of 0.828.
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Table 7. Outcome of the first iteration for the ANOVA over Ra Naperian logarithm.

Effect DF Sum of Squares Mean Square F-Value Pr > F

LRI 2 2.426 1.213 3.77 0.036
T 1 0.007 0.007 0.02 0.823

T*LRI 2 3.041 1.521 4.73 0.017
f 1 0.021 0.021 0.06 0.802

LRI*f 2 0.225 0.112 0.35 0.708
T*f 1 2.206 2.206 6.86 0.014
LRS 1 0.492 0.492 1.53 0.227

LRI*LRS 2 0.886 0.443 1.38 0.270
T*LRS 1 0.177 0.177 0.55 0.465
f*LRS 1 0.214 0.214 0.67 0.422

V 1 0.092 0.092 0.29 0.597
LRI*V 2 0.122 0.061 0.19 0.828
T*V 1 1.565 1.565 4.86 0.036
f*V 1 0.211 0.211 0.65 0.425

V*LRS 1 0.429 0.429 1.33 0.259
Error 27 8.686 0.322
Total 47 20.800

DF: Degrees of Freedom.

The final result of the backward algorithm for the last iteration is displayed in Table 8. In this
table, all the p-values are lower than 0.05, so the three effects in the first column of this table can be
considered statistically significant. Therefore, as a consequence of the ANOVA, we concluded that the
interaction between type of tool and the location with respect to the insert T*LRI, the location with
respect to the insert LRI, and the interaction between type of tool and feed rate T*f are the three effects
among the 15 analyzed with a significant statistical influence on the surface finish of the machining on
the dry drilling stack, composed of magnesium alloy UNS M11917 and titanium alloy UNS R56400.
For example, the LRS effect, which measures the roughness differences between the beginning and
end of the specimen along the feeding direction, did not have a statistically significant influence on the
surface finish because this effect was not included in the outcome of the last iteration for the ANOVA
summarized in Table 8.

Table 8. Outcome of the last iteration for the ANOVA over Ra Naperian logarithm.

Effect DF Sum of Squares Mean Square F-Value Pr > F

T*f 1 2.206 2.206 7.06 0.011
LRI 2 2.426 1.213 3.88 0.028

T*LRI 2 3.041 1.521 4.87 0.013
Error 42 13.127 0.313
Total 47 20.800

DF: Degrees of Freedom.

Considering the variability in the surface roughness of the magnesium–titanium–magnesium
drilling stacks explained by the statistically significant effects obtained from the ANOVA,
the percentage of variability attributed to each effect is shown in the pictogram in Figure 6.
The contribution of each effect was obtained as the ratio of the sum of squares of the effect to the sum
of squares due to the model. For example, the percentage of variability attributed to the T*f effect is
the ratio of 2.206 to 7.673 (%). That is, 39.63% of the variability is due to the T*LRI effect, 31.63% of the
variability is due to the LRI effect, and the remaining 28.73% of the variability is due to the T*f effect.
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Figure 6. Distribution of the percentage of variability attributed to each effect over the variability
explained by the ANOVA model.

The distribution of the Naperian logarithm of the surface roughness of the drilling process
(lnRa) with respect to the three levels of the measurement location on the insert (LRI) is depicted in
Figure 7. As shown in the figure, small differences existed between lnRa before and after the insert.
The dispersion is observably greater for small values before the insert.

 

Figure 7. Distribution of the Naperian logarithm of the surface roughness (lnRa) for each of the three
levels of measurement location on the insert (LRI).

On the other hand, when assessing statistically significant interactions, considering the behavior
of the interaction between type of tool and the location with respect to the insert T*LRI, the A1 1253
tool produced better results in terms of roughness before the insert and worse after the insert. This did
not occur with the A1 1240 tool, which had a few differences. This behavior is illustrated in Figure 8.
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Location with respect to the insert LRI 

Figure 8. lnRa interaction between type of tool and the location with respect to the insert T*LRI.

With respect to the interaction between type of tool and feed rate T*f (Figure 9), an increase in the
advance of f generated a reduction in the roughness for the A1 1240 tool, whereas for the A1 1253 tool,
the opposite occurred. The figure clearly demonstrates the T*f interaction.

Figure 9. lnRa interaction between type of tool and feed rate T*f.

The variability in the logarithm of the surface roughness lnRa of dry drilling magnesium–titanium–
magnesium stacks was modelled from the ANOVA using Equation (1). In this equation, μ is a constant
term to adjust the mean; αi, βαji, and βγjk represent the effects of the levels of the location with respect
to the insert, the interaction of the type of tool with the measurement location with respect to the insert,
and the interaction of the type of tool with the feed rate, respectively; and εijk is the error term.

lnRaijk = μ + αi + βαji + βγjk + εijk (1)

The estimations of the parameters of the model in Equation (1) are listed in the third column of
Table 9. The table also includes an indicator of the parameter estimation errors (the standard deviation)
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in the fourth column. The fifth column collects the t-statistic values, and the sixth column provides the
statistical significances of the parameter estimations.

Table 9. Parameter estimations of the model in Equation (1).

Parameter Designation Estimation Standard Error t-Value Pr > |t|

Intercept μ 0.7862 0.2336 3.37 0.0017
A1 1253*50 (mm/min) βγ11 −0.3873 0.2336 −1.66 0.1052
A1 1253*100 (mm/min) βγ12 0 . . .
A1 1240*50 (mm/min) βγ21 −0.4004 0.3304 −1.21 0.2326

A1 1240*100 (mm/min) βγ22 −0.8706 0.3304 −2.64 0.0119
Before the insert α1 −1.1333 0.2861 −3.96 0.0003

On the insert α2 −0.3820 0.2861 −1.34 0.1894
After the insert α3 0 . . .

A1 1253*Before the insert βα11 0 . . .
A1 1253*On the insert βα12 0 . . .

A1 1253*After the insert βα13 0 . . .
A1 1240*Before the insert βα21 1.1654 0.4046 2.88 0.0064

A1 1240*On the insert βα22 0.2335 0.4046 0.58 0.5671
A1 1240*After the insert βα23 0 . . .

The parameter estimations included in Table 9 allowed us to obtain the residuals of the model in
Equation (2), which provides the differences between the observed values and the estimated values
of lnRa. Analyzing these residuals, the model hypotheses were checked. Figure 10 shows that the
residuals follow a normal law, so the hypothesis is supported. This hypothesis can be contrasted by
different tests, such as normality on residuals, as shown in Table 10.

 
 

(a) (b)

Figure 10. Checking the hypothesis of normality for the residuals: (a) histogram of residuals and (b)
Probability–Probability plot for residuals.

Table 10. Tests for normality on residuals.

Test for Normality Statistic p-Value

Shapiro–Wilk W 0.977919 Pr < W 0.4952
Kolmogorov–Smirnov D 0.0900 Pr > D >0.150

Figure 11a shows that the residuals satisfy the homoscedasticity hypothesis and Figure 11b shows
that the existence of nonrandomized patterns in the residuals was not observed.
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(a) (b) 

Figure 11. (a) Checking the homoscedasticity hypothesis for residuals; (b) Checking the nonexistence
of special patterns on residuals.

Once the hypotheses of the model in Equation (1) were checked, we confirmed that the variability
in the surface roughness Ra of dry drilling stacks composed of magnesium alloy UNS M11917 and
titanium alloy UNS R56400 could be statistically modelled by Equation (2).

Raijk = exp (μ + αi + βαji + βγjk + εijk) (2)

From modelling the surface roughness Ra described in Equation (2), and considering the parameter
estimations in Table 9, the predicted values for surface roughness of the drilling machining were
computed for the various combinations of the levels of the statistically significant effects in the surface
finish of the dry drilling stacks. The values of the predicted roughness of these combinations are listed
in increasing order in Table 11. The second predicted roughness, denoted with an asterisk (*) and
included in the last column of the table, contains the predicted Ra values using only the parameters
with a statistical significance at the p < 0.05 level. Considering this second roughness prediction (*),
the combinations of the levels of statistically significant effects were classified into four roughness
classes, as shown in the last column of Table 11.

Table 11. Predicted roughness of the level combinations of significant effects on dry drilling.

LRI T f (mm/min)
lnRa Predicted
αi + βαji + βγjk

Ra Predicted (μm)
exp (αi + βαji + βγjk)

Ra Predicted * (μm)
exp (αi

* + βαji
* + βγjk

*)

Before insert A1 1253 50 −0.734 0.48
0.71 (Class I)Before insert A1 1253 100 −0.347 0.71

On insert A1 1240 100 −0.233 0.79
0.92 (Class II)After insert A1 1240 100 −0.084 0.92

Before insert A1 1240 100 −0.052 0.95 0.95 (Class III)

On insert A1 1253 50 0.017 1.02

2.20 (Class IV)

On insert A1 1240 50 0.237 1.27
After insert A1 1240 50 0.386 1.47
After insert A1 1253 50 0.399 1.49
On insert A1 1253 100 0.404 1.50

Before insert A1 1240 50 0.418 1.52
After insert A1 1253 100 0.786 2.20

Focusing on this classification, the best combinations of the levels of parameters that achieved
a lower predicted roughness value (a better surface finish) during the dry drilling process on a stack
composed of magnesium alloy UNS M11917 and titanium alloy UNS R56400 included the A1
1240 cutting tool with a feed rate of 100 mm/min. Appropriate levels of surface finish should be
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achieved by these drilling conditions: a predicted roughness of 0.92 μm on the insert and after the
insert (in the second class), and a predicted roughness of 0.95 μm before the insert (in the third class).
A mean roughness Ra under 1 μm could be achieved in all the stack superficial areas.

These types of light alloys are usually employed in the aeronautical industry and in this
industrial sector, the values for the surface roughness specifications of Ra usually lie between
0.8 μm and 1.6 μm [91]. As such, roughness values Ra under 1 μm clearly satisfy the surface finish
requirements. Notably, the quality improvement in the surface finish was achieved with higher feed
rates, which promoted a decrease in machining time and, consequently, a decrease in costs, enabling
the efficient optimization of the surface quality.

4.3. Technological Point of View

To apply the results obtained in this study, analyzing them from a technological point of view
was necessary. Thus, as most components in the aeronautical and aerospace sectors are complex and
have strict dimensional and surface quality requirements (within the range of 0.8 μ < Ra < 1.6 μm [94]),
their manufacturing is usually expensive and pieces are not stocked for repair or maintenance purposes.
Therefore, parts have to be repaired or maintained as soon as possible to restore the plane or the aircraft
to its functional conditions.

In this study, the best results were obtained for the following combinations of cutting parameters:
f = 100 mm/min, V = 25, and T = A1 1240 m/min; and f = 50 mm/min, V = 25, and T = A1 1253 m/min.
The surface roughness achieved in the holes of the different materials and locations in the stack were
all within the range usually required in the aeronautical industry [94]. Between the two combinations,
the first was better due to the feed rate value being higher so the repair operation can be finished in
a shorter time, thereby reducing costs associated with the operation. Additionally, these real results
are in accordance with the results of the ranking of the cutting condition combinations based on the
estimated values of Ra.

Performing all tests under dry conditions is important not only from an economic point of view
but an environmental viewpoint as well. Not using any additional lubricant or coolant provides cost
savings and allows for more sustainable repair and maintenance operations.

5. Conclusions

In this paper, we examined a drilling process on a stack formed by two UNS M11917 magnesium
alloy bases and one UNS R56400 titanium alloy insert in an experimental study. The interaction
between the type of tool and the measurement location on the insert influences the inner surface of the
holes. The best type of tool for the drilling repair operations was determined to be the A1 1240, which
was especially efficient for higher values of feed rate (100 mm/min) and cutting speed (25 m/min).
The surface roughness obtained in the inner of the holes was independent of material and location
considered, and the values fell within the usual acceptable range in the aeronautical sector. The surface
roughness increased as the tool advanced through the stack, especially after the insert. However,
the differences observed along each component in the stack, at both the beginning and the end of the
component, were not statistically significant. The repair operations performed with drilling can be
sustainably completed, as was proven in this study, which was completed under dry conditions.
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Abstract: Although there are many machining studies of carbon and glass fiber reinforced plastics,
delamination and tool wear of basalt fiber reinforced plastics (BFRP) in edge trimming has not yet
studied. This paper presents an end milling study of BFRP fabricated by resin transfer molding
(RTM), to evaluate delamination types at the top layer of the machined edge with different cutting
conditions (cutting speed, feed rate and depth of cut) and fiber volume fraction (40% and 60%).
This work quantifies delamination types, using a parameter Sd/L, that evaluates the delamination
area (Sd) and the length (L), taking into account tool position in the yarn and movement of yarns
during RTM process, which show the random nature of delamination. Delamination was present
in all materials with 60% of fiber volume. High values of tool wear did not permit to machine the
material due to an excessive delamination. Type II delamination was the most usual delamination
type and depth of cut has influence on this type of delamination.

Keywords: basalt fiber reinforced plastic (BFRP); delamination; edge trimming; tool wear

1. Introduction

Nowadays, aeronautical and automotive manufacturers use fiber reinforced composites,
because of their properties of light weight and high strength [1]. In many cases, these composites are
manufactured using processes such as resin transfer molding (RTM), vacuum infusion, prepegs, etc.
Nevertheless, a machining process step is necessary after curing to meet the required tolerances and
final shape of the part [2] or to allow the union of different components. Edge trimming and drilling
are the most extended machining processes [3].

Machining damage is unavoidable due to the high mechanical resistance of the fibers,
which causes excessive tool wear and poor surface finish [4]. In edge trimming, delamination of
the top and/or the bottom layer of the composite, due to the axial tool force generated by the helix
inclination angle of the milling tool is another important factor that affects dimensional precision
and mechanical performance of parts. Delamination occurs because the fiber is not restrained by the
outside in the top layer, and the tool bends the fibers outward and deflect them away from the plane
of the laminate. Types of delamination can be classified into three groups (I, II and III) [5]. Type I
delamination characterizes areas where the surface fibers have been broken some distance inward
from the trimmed edge. Type II delamination takes into account uncut fibers that protrude from the
trimmed edge. Type I/II is a combination of the two previous types. Type III delamination describes
fibers parallel to the machining surface.
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Studies on delamination are focused on drilling and milling (slot milling and edge trimming).
Main factors that affect delamination are the tool wear, determined by the machining conditions,
tool geometry, and volume and orientation of fiber in the composite material [6,7].

In drilling, a study based on digital image analysis defines different factors to evaluate
delamination [8]. Firstly, delamination factor (Fd = Dmax/Do) is calculated as the ratio of the
maximum diameter of the delamination zone (Dmax) to the drill diameter (Do). Secondly, the adjusted
delamination factor (Fd) represents the conventional delamination factor (Fd) plus the damage area
contribution. Some authors have used this delamination factor to evaluate spindle speed, feed rate
and the point angle in delamination of carbon fiber reinforced plastics (CFRP) with response surface
methodology [9] generating a second order regression model. With high spindle speed and low feed
rate, delamination reduces at the entrance of the hole.

In milling works, there are mainly two different processes studied: slot milling and edge trimming.
In slot milling, recent studies evaluate the occurrence and propagation of delamination in CFRP [10]
concluding that delamination is influenced by fiber orientation and tool wear. On the other hand,
the undulation of the woven yarn provokes different types of delamination: fiber protrusion and
surface damage [11]. Cutting conditions (spindle speed, feed rate and depth of cut) and number of end
milling flutes are evaluated to minimize delamination (delamination factor Fd) and surface roughness
using neural network and genetic algorithm in glass fiber reinforced plastics (GFRP). As conclusion,
Fd increases with feed rate and decreases with spindle speed [12].

In edge trimming, surface delamination is random [13]. Damage caused by delamination in edge
trimming of CFRP using burr tools can be quantified in terms of delamination depth and frequency of
occurrence per length, taking into account feed rate, cutting speed and tool wear [13]. Delamination
increases when feed rate and machining length increase and the spindle speed decrease [14].

Most studies that approach fiber reinforced composites machining are focalized in glass and
carbon fibers, however, there are almost no studies with basalt fiber reinforced plastic (BFRP) [15].
Basalt is a natural mineral with good properties, with a similar mechanical behavior that carbon
fiber [16]. BFRP process manufacturing is similar to GFRP, without additives and with a lower amount
of energy [17,18].

In this paper, a plain weave basalt fiber reinforced plastic is milling with edge trimming in
order to study delamination. Cutting conditions (cutting speed, feed per tooth and depth of cut)
and fiber volume fraction are varying, as tool wear is evaluated. Tool selection takes into account
a commercial tool suitable for edge trimming, with a high productivity due to a long tool life for chosen
cutting parameters and with a high cutting length. This work studies and quantifies delamination
types depending on the position that the tool hits the yarn, and stablishes parameters to compare
different experiments.

2. Materials and Methods

Basalt fiber reinforce plastic (BFRP) laminates used in this study were manufactured using
RTM process. The material was a rectangular (420 mm × 260 mm) bidirectional panel with plies of
plain weave basalt fibers impregnated with an epoxy resin (Prime 20 LV Gurit, Switzerland). Fiber
orientation was 90◦. Figure 1 shows the laminate and its top layer. In the top layer, it is possible to see
different zones, depending on the quantity of resin and the position of the fibers. The thickness of the
material was 3.4 mm. Step between yarns was 3 mm, which represents a limit for Xd (Figure 2), Xd
being the distance of the warp yarn from the trimmed edge until the next dip below the crossing fill
yarn [11].

Edge trimming operation (down milling) was conducted using a Kondia B-500 milling machine
(Kondia, Elgoibar, Spain), with a spindle power of 6 KW and a maximum rotation speed of 6000 rpm.
A Mitsubishi Materials milling tool holder of diameter 25 mm (AXD4000R252SA25SA Mitsubishi
Materials, Japan), with two exchangeable uncoated carbide cutting inserts (XDGX175008PDFR-GL
TF15 Mitsubishi Materials, Japan) was used for machining.
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Clamps were used in the milling machine to avoid vibrations and displacement of the laminate,
leaving the minimum cantilevered possible. A film bag involving machining zone was used to avoid
dust (Figure 3).

(a) (b) 

Figure 1. (a) Bidirectional panel; (b) Top layer laminate.

 

Figure 2. Xd Schema.

(a) 

 
(b) (c) 

Figure 3. (a) Fixture with clamps; (b) Film bag; (c) Down milling schema.

Cutting conditions (cutting speed, feed per tooth and depth of cut) and material characteristics
(fiber volume fraction) were considered to study delamination, taking into account the flank wear of
the tool. The Taguchi’s method for four variables at two-levels was used to elaborate the design of
experiments. Table 1 shows the variables studied and their levels.
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Table 1. Variables and levels.

Level
Cutting Speed Vc

(m/min)
Feed per Tooth Fz

(mm)
Depth of Cut ap

(mm)
Fiber Volume Fv

(%)

1 300 0.1 0.5 40
2 470 0.4 1.5 60

In this paper, a L8 orthogonal array was selected for determining combinations of factor levels to
use for each experimental case. Table 2 shows the values of the parameters for each experiment using
an L8 orthogonal array. Due to the time consumed for each experiment, a full factorial design was not
used, in order to reduce the number of experiments. No replicas were done, because of the random
nature of delamination.

Table 2. Experimental parameters.

Test
Cutting Speed Vc

(m/min)
Feed per Tooth Fz

(mm)
Depth of Cut ap

(mm)
Fiber Volume Fv

(%)

1 470 0.1 0.5 60
2 470 0.4 1.5 60
3 300 0.1 1.5 60
4 300 0.4 0.5 60
5 470 0.1 1.5 40
6 470 0.4 0.5 40
7 300 0.1 0.5 40
8 300 0.4 1.5 40

In every experiment, a tool with new inserts machined without coolant for 80 min.
Different stopping times (30, 55, and 80 min), or cutting times (Tc), were made to measure delamination
and flank wear (Vb) in both cutting inserts. Measuring of delamination and flank wear are carried out
recording and analyzing images of the laminate material and the clearance face of the tool, respectively.
An Olympus SZ61 microscope (Olympus, Japan) and image processing software (Olympus stream
software, GIMP 2.8) with pixel calibration was used to measure delamination and flank wear. In flank
wear, measurements were repeated two times in every insert and a maximum value was chosen for
every experiment.

3. Results and Discussion

3.1. Types of Delamination

In the experimental results obtained in this study, laminates with a 40% of fiber in volume do not
present delamination (Figure 4a), because the resin restrains the fiber in the top layer. Laminate with
a 60% of fiber in volume presents delamination (Figure 4b) at the top surface.

  
(a) (b) 

Figure 4. (a) Fv 40% without delamination; (b) Fv 60% with high delamination.

Delamination can be classified in three Types (I, II and III) [5], as shown in Figure 5.
For each delamination type, the maximum value (Vmax) and the surface occupied (Sd) were

measured (Figure 6). Only Vmax has been measured by some authors [11,13], but not Sd (surface
damage or surface protrusion).
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(a) (b) (c) 

(d) (e) (f) 

Figure 5. (a) Top layer without delamination (Fv 40%); (b) Surface damage (Type I); (c) Fiber protrusion
(Type II); (d) Types I and II delamination; (e) Type III delamination; (f) All delamination Types.

Figure 6. Surface damage and fiber protrusion measurement.

Table 3 shows values of tool wear and surface damage (Type I) for each stop. Table 4 shows
values of tool wear and fiber protrusion (Types II and III) for each stop. A length of 80 mm was
measured and the value of “% L” represents the percentage of this length with delamination. In most
experiments “% L” occupied for delamination is important, but values of Sd are maintained low,
so they are acceptable. Values for Sd and Vmax were expected to increase as cutting time and tool
wear increase as well. Nevertheless, some values decrease instead of increase. It is due to the random
nature of delamination and the tool position when it hits the yarn. This will be explained in more
detail in Section 3.3.

In Experiment 2, cutting conditions were the worst (high cutting speed, high feed rate and
high depth of cut) and flank wear increased very highly and no cutting was possible after 30 min.
This experiment only shows values at 5, 10 and 30 min. High tool wear depends on high cutting speed
and high feed per tooth [13].

In Type I delamination, Vmax value is less than yarn size, and the highest values are with large
feed per tooth. In Type II delamination, in most cases, Vmax values are larger than depth of cut (ap).
This can be explained because, originally, the fill yarn has a sine wave form and after cutting the yarn
is stretched (Figure 7), according to other studies [14].
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Table 3. Surface damage values (Type I).

Test Vc Fz ap Fv % Tc (min) Vb (mm)
Type I

Sd (mm2) % L Vmax (mm)

1 470 0.1 0.5 60
30 0.049 3.80 41% 0.30
55 0.057 7.48 69% 0.61
80 0.072 6.43 58% 0.74

2 470 0.4 1.5 60
5 0.211 21.68 95% 0.96
10 0.232 30.11 99% 2.29
30 0.247 30.79 94% 2.28

3 300 0.1 1.5 60
30 0.032 6.46 45% 0.68
55 0.047 9.26 73% 0.81
80 0.073 9.36 95% 0.49

4 300 0.4 0.5 60
30 0.041 13.65 65% 1.83
55 0.048 10.03 53% 1.43
80 0.063 11.14 81% 1.14

Table 4. Fiber protrusion values (Types II and III).

Test Vc Fz ap Fv %
Tc

(min)
Vb

(mm)

Type II Type III Total II and III

Sd (mm2) % L Vmax Sd (mm2) % L Sd (mm2) % L

1 470 0.1 0.5 60
30 0.049 6.35 41% 0.614 0 0% 6.35 41%
55 0.057 10.44 42% 0.611 5.89 43% 16.33 85%
80 0.072 4.12 35% 0.655 4.94 38% 9.06 73%

2 470 0.4 1.5 60
5 0.211 92.17 48% 2.110 14.29 52% 106.46 100%

10 0.232 43.04 45% 2.584 29.41 54% 72.45 99%
30 0.247 41.21 39% 2.468 17.77 55% 58.98 94%

3 300 0.1 1.5 60
30 0.032 10.64 72% 1.487 0 0% 10.64 72%
55 0.047 10.66 70% 0.993 5.00 22% 15.66 92%
80 0.073 25.07 68% 2.104 2.59 30% 27.66 98%

4 300 0.4 0.5 60
30 0.041 14.34 55% 1.201 6.01 20% 20.35 75%
55 0.048 5.35 40% 0.715 1.84 16% 7.19 56%
80 0.063 10.66 55% 0.634 6.85 32% 17.51 87%

(a) (b) 

Figure 7. (a) Depth of cut (ap) before machining; (b) Vmax and ap after machining.

When ap is less than yarn size, Type I delamination can be larger than Type II.
In Experiment 3 at 80 min and in Experiment 4 at 30 min, values of Vmax were very high because

Type II and III delamination were superimposed. In these experiments, Types I and III were lower
than Type II, being Type II the most critical delamination.

3.2. Relation between Fiber Orientation and Fiber Position in Laminate Respect to Machining Direction

Delamination measurement is needed to justify the phenomenon that occurs when machining
a plain weave sample. Relation between fiber orientation and position in the laminate to machining
direction is an important parameter. Position fiber refers to the point where tool hits the width of the
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yarn. Two different kinds of delamination can be found: uniform and sine wave form. On the trimmed
edge, delamination is uniform if the machining direction is aligned with fiber orientation. Delamination
can be low or high, depending on the position the tool hits the yarn (Figure 8). Low delamination
occurs when tool trajectory is into the space between yarns, while higher delamination occurs if the
tool trajectory passes in the center of the yarn.

  
(a) (b) 

Figure 8. (a) Low uniform delamination; (b) High uniform delamination.

Sine wave form is appreciated when machining direction is slightly inclined (α◦) in respect to
the fiber orientation (Figure 9), due to movement in the yarns during RTM process or tool position
during machining.

Figure 9. Sine wave effect.

Figure 10 shows values of Sd for every fill yarn, and the wave effect described previously can
be appreciated. Red numbers show deformation in the plain weave and yellow maximums and
minimums. Depending on the inclination of the cutting path to the yarn, the amplitude of the sine
wave varies.

 

Figure 10. Sine wave effect.
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3.3. Definition of Sd/L Parameter to Compare Delamination Values

To compare delamination types among experiments a delamination parameter (Sd/L) is needed.
In this parameter, a length (L) of 80 mm is evaluated, as well as the measured area of each type of
delamination (as shown in Tables 3 and 4). This parameter is similar to the one used to measure Ra in
surface roughness. Table 5 shows Sd/L parameter, with cutting length (CL) and Xd measured.

Table 5. Sd/L parameter.

Test Vc Fz ap Tc Vb CL (m)
Sd/L (mm) Xd (mm) Trend

Type II
TypeI II III II + III Left Right

1 470 0.1 0.5
30 0.049 35.9 0.05 0.08 0.00 0.08 1.88 1.8 Sd ↓
55 0.057 65.8 0.09 0.13 0.07 0.20 0.91 0.94 uniform
80 0.072 95.7 0.08 0.05 0.06 0.11 1.17 2.74 Sd ↓

2 470 0.4 1.5
5 0.211 23.9 0.27 1.15 0.18 1.33 - - -
10 0.232 47.9 0.38 0.54 0.37 0.91 - - -
30 0.247 143.6 0.38 0.52 0.22 0.74 - - -

3 300 0.1 1.5
30 0.032 22.9 0.08 0.13 0.00 0.13 0.9 0.95 uniform
55 0.047 42.0 0.12 0.13 0.06 0.20 1.1 1.16 Sd ↓
80 0.073 61.1 0.12 0.31 0.03 0.35 2.1 1.5 Sd ↑

4 300 0.4 0.5
30 0.041 91.7 0.17 0.18 0.08 0.25 2.11 2.3 uniform
55 0.048 168.1 0.13 0.07 0.02 0.09 2.35 1.57 Sd ↓
80 0.063 244.5 0.14 0.13 0.09 0.22 2.71 1.93 Sd ↓

Xd measurement is difficult. It can only be measured in the edges of the laminate (left Xd and
right Xd). These values allow the calculation of the machining path of the tool on the yarn. Theoretical
values of Xd did not coincide with observed values in every fill yarn along the length of the laminate,
because plain weave form fibers move and deform in the mold during the RTM process because of
injection pressure and plain weave manipulation. Due to this, expected area (Sd) value in Type II
delamination did not coincide with the measured value.

A qualitative trend can be observed, distinguished between, if the cutting tool path was inclined or
not. If machining cutting (edge trimmed) advances to a yarn crossing, Sd decreases, and a value lower
than expected is obtained (Sd ↓). If machining cutting path advances to a yarn center Sd increases,
and a value higher than expected is obtained (Sd ↑). In every experiment, it can be explained why Sd
is different than expected (Figure 11).

If the yarn direction and cutting path are coincident, Sd values in Type II of delamination are
uniform (Figure 12) along the length, for instance Test 1 at 55 min, Test 3 at 30 min and Test 4 at 30 min.

Figure 11. Xd values and cutting path in Test 1 at 30 min.
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Figure 12. Xd values and cutting path in Test 1 at 55 min.

Figures 13 and 14 show experiments to appreciate movements of the weave plain during resin
transfer molding (RTM) process.

 

Figure 13. Xd values and cutting path in Test 1 at 80 min.

In every experiment, parameter Sd/L is represented by each delamination type (Figure 15).
Values of these parameters are similar in all experiments, except Experiment 2, because of the high
flank wear of the tool.

Results of Sd/L, taking into account values of Xd, are shown in Figure 16. For instance,
in Experiment 1 at 30 min and 80 min, trend for Sd is lower (Sd ↓) than the real value. For this
reason, the points of the graph are not increasing.

Figure 14. Xd values and cutting path in Test 3 at 80 min.
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(a) (b) 

  
(c) (d) 

Figure 15. (a) Sd/L values for Type I delamination; (b) Sd/L values for Type II delamination; (c) Sd/L
values for Type III delamination; (d) Sd/L values for Types II and III delamination.

 
(a) (b) 

 
(c) (d) 

Figure 16. (a) Sd/L in Experiment 1; (b) Sd/L in Experiment 2; (c) Sd/L in Experiment 3; (d) Sd/L in
Experiment 4.

3.4. Relation between Tool Wear and Delamination Parameters

High cutting conditions provokes high delamination and, in consequence, high tool wear,
avoiding machining. In Figure 17, flank wear is shown at Experiments 2 and 3, with Vb values
of 0.247 and 0.073 mm respectively.
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(a) (b) 

Figure 17. (a) Flank wear in Experiment 2; (b) Flank wear in Experiment 3.

In Experiments 1, 3 and 4, after machining 80 min, flank wear does not reach the maximum tool
wear to avoid machining, having a linear behavior and maintaining a low value (maximum flank wear
tool is 0.073 mm), allowing machining until 240 m. For this reason, delamination is low and very
similar in all experiments (Figures 18 and 19).

Figure 18. Sd/L respect Vb for surface damage (Type I).

Figure 19. Sd/L respect Vb for fiber protrusion (Types II and III).

4. Conclusions

This paper evaluates delamination in edge trimming of basalt fiber reinforced plastics (BFRP),
manufactured by resin transfer molding (RTM), varying cutting conditions (cutting speed, feed rate
and depth of cut) and fiber volume fraction. Cutting tool selection has been an important issue,
allowing machining large cutting lengths and maintaining a low flank wear.

Delamination appears in the top layer of the laminate with a high fiber volume fraction (60%).
If fiber volume is lower, resin layer at the top prevent delamination defect. In plain weave sample
machining, relation between fiber orientation and position in the laminate to machining direction
generate two different kinds of delamination: uniform and sine wave form.
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Three types of delamination (I, II and III) have been evaluated, increasing their values as cutting
speed and feed rate increases. Delamination values are maintaining in low values, allowing cutting
lengths until 240 m, except with high cutting conditions. In this case, cutting is not possible for a high
tool wear, which provokes high delamination.

Delamination prediction is not an easy task, because of its random nature. This is due to the
movement of fibers during the RTM process and the position of the trimmed edge to the yarns.
To explain delamination values of each type, a parameter relating surface areas and length (Sd/L) has
been evaluated, together with the distance of the warp yarn from the trimmed edge until the next dip
below the crossing fill yarn (Xd).

Type II delamination is the most usual. In Type II delamination the maximum value of
fiber protrusion is higher than depth of cut, because originally the fill yarn has a sine wave form
and after cutting the yarn is stretched. For this reason, depth of cut is an important variable in
delamination values.
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Abstract: In this study feature extraction of force signals detected during robot-assisted polishing
processes was carried out to estimate the surface roughness during the process. The purpose was
to collect significant features from the signal that allow the determination of the end point of the
polishing process based on surface roughness. For this objective, dry polishing turning tests were
performed on a Robot-Assisted Polishing (RAP) machine (STRECON NanoRAP 200) during three
polishing sessions, using the same polishing conditions. Along the tests, force signals were acquired
and offline surface roughness measurements were taken at the end of each polishing session. As a
main conclusion, it can be affirmed, regarding the force signal, that features extracted from both time
and frequency domains are valuable data for the estimation of surface roughness.

Keywords: robot-assisted polishing; force signal; surface roughness; end point detection

1. Introduction

These days, finishing processes such as polishing are not yet fully automated in manufacturing
industries. Traditionally, polishing has largely been a manual operation that is very labor-intensive,
highly skill-dependent, inefficient due to long processing times, high-cost, error-prone, and hazardous
due to abrasive dust [1]. For this reason, a considerable percent of the total time required for
manufacturing products such as dies, molds, machine tools, and optical components is spent on
the finishing operations, which account for approximately 30% to 50% of the manufacturing time [2,3].

Due to the fact that polishing is not performed by position control but by pressure control,
efforts towards automated polishing have mainly focused on the identification and the execution
of the motions involved in manual polishing techniques, performing under a desired contact force
exerted on the tool [4]. This is an important challenge in die polishing, especially for the manufacturing
of components with complex shapes and machine tools that contain freeform surfaces and functional
relevant edges.

The automated polishing systems developed until now can employ a conventional machine tool
structure or an articulated robot arm to hold the finishing tool. For both configurations, force control
methods have been designed and can be broadly classified as active and passive force controls.
Active force control systems measure and correct the force applied on the workpiece, independently of
the tool path, and passive control systems rely on compliance in the tool itself to maintain a nominal
contact force or rely on magnetic force to achieve this [1,5–7].

Also, the polishing tool-path has been controlled by the integration of intelligent network
systems, using multiple vision sensors to capture images of the polished surface as input collected
data [8]. Furthermore, tool-path planning methods based on contact mechanics have been designed
for automated polishing [9–11].
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Apart from the approaches made towards the tool-path planning for automated polishing
processes, there are other studies focused on endpoint detection; this occurs when a certain target
surface roughness value is reached, or it is required to replace the tool with another one with finer
grain size and/or implement other polishing conditions. As a result, the polishing sequence can be
improved. For this purpose, signals from different sensors have been employed to monitor the surface
roughness obtained by polishing. In this scheme, signals from AE, motor current, and light sensors
have been employed for the development of expert systems integrated with the data collected during
the polishing process [2,6,12].

In this study, feature extraction of force signals detected during robot-assisted polishing processes
was carried out to estimate the surface roughness during the process. The purpose was to collect
significant features from the signal that allow the determination of the end point of the polishing
process based on surface roughness. For this objective, dry polishing turning tests were performed on
a Robot-Assisted Polishing (RAP) machine (STRECON NanoRAP 200) during three polishing sessions,
using the same polishing conditions. During the tests, force signals were acquired and offline surface
roughness measurements were taken at the end of each polishing session.

2. Experimental Procedure

The experimental procedure of this study as follows.

2.1. Polishing Tests

The polishing tests were performed by a Robot-Assisted Polishing (RAP) system (STRECON
NanoRAP 200, Sønderborg, Denmark) fitted with a robotic arm in which interchangeable polishing
tools are mounted. Four cutting parameters can be set up by the integration of a control module in the
robotic arm: cutting speed, feed rate, the contact force between the tool and workpiece, and the tool
pulsation in the feed direction. Three sessions of polishing tests (60 polishing passes each one) were
carried out on a cylindrical probe of alloy steel (UNS G52986) with a length of 75 mm and diameter
of 30 mm (Figure 1). The same cutting parameters were employed for all polishing sessions: spindle
speed of 300 rpm, feed rate of 5 mm/s, tool pulsation in the feed direction of 500 pulses/min on
a length of 1 mm and a contact force of 9.8 N (movement indicated in Figure 1). The abrasive tool
selected has a grit number of 800, which corresponds to a grain size of approximately 11 μm from
Gesswein (MP800) according to the Commercial Standard CS271-65 [13].

 

Figure 1. Robot-Assisted Polishing (RAP) machine.

2.2. Acquisition of Force Signal during Polishing Tests

A gauge was employed to detect the force signal during the polishing tests. First of all,
a calibration process was made to establish a relationship between the voltage signal generated
on the gauge device and the corresponding force. Table 1 shows the different forces (N) used and
the voltage signal recorded. For the polishing tests, signal samples were taken with an interval time
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between acquisitions of, approximately, 0.93 s. That is, across the three polishing sessions (180 passes),
there was a total of 2790 acquisitions, with 16,384 data points for each acquisition. The sample rate
was set up for 50 kHz.

Table 1. Values of forces and the corresponding voltage signal generated during the calibration.

Forces (N) Voltage Signals (V)

0.0 0.00025
0.98 0.0035
1.96 0.0071
2.94 0.011
4.9 0.0185

6.86 0.0263

At this point, it is important to remark that the signal force plotted on the different figures along
the present paper is expressed in volts; the objective is to show a trend of the values of forces rather
than calculating their absolute values.

2.3. Surface Roughness Measurements

Five offline surface roughness measurements were taken on the workpiece (on one of its generatrix)
at the end of the each polishing session, using a roughness MahrSurf XD1 (Mahr, Göttingen, Germany)
tester equipped with a radius tip of 2 μm. The cut-off selected was 0.25 mm and the evaluation length
was 1.25 mm. In the measurement process, data (xi, zi) of the surface geometry workpiece were
registered for the determination of the arithmetical average roughness parameter, Ra. According to
ISO 4288 (ISO 4288, 1996) [14] standards, such a parameter is defined as the arithmetical average of
the absolute values of the deviations of the roughness profile, R, and is expressed mathematically by
means of Equation (1):

Ra =
1
lm

∫ lm

0
|z(x)|dx. (1)

2.4. Analysis of Force Data

Row force signal data arrays, each with 16,384 values, are stored and analyzed by Matlab software
(R2011b, Mathworks, Natick, MA, USA). Different features were calculated from both the time and
frequency domains. In the time domain, a preliminary analysis was made. Different statistical features
were calculated from the 2790 signal acquisitions and plotted for each feature. For those feature plots
in which a trend can be clearly observed, the average and variance were also determined for each
polishing session at the last three passes.

In the frequency domain, FFT (Fast Fourier Transform) power spectral graphics at different
polishing time were plotted. The objective is to select a range or ranges of frequencies in which the
amplitudes of certain peaks shown in their corresponding FFT power spectral plots may change
over time, just as the AE (Acoustic Emission) signal detected during polishing has been processed in
previous studies [15–17].

Once the range of frequencies was selected, the maximum amplitude was calculated from all the
force signal acquisitions registered. Afterwards, the average and variance were also calculated for each
polishing session at the last three passes.

Finally, an analysis of the features extracted from the time and frequency was carried out to
identify a possible trend and a correlation with the surface roughness.

3. Results and Discussion

The resultant Ra calculated for each polishing session, together with the surface roughness
measured before polishing, is represented in the Figure 2.
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Figure 2. Ra versus polishing passes obtained at the end of each polishing session.

As was expected, Ra decreased with the number of passes. In a first step (1st polishing session)
the decrease is more accentuated due to the higher quantity of material removed in the first stage of
polishing. Hereafter, the analysis of the different features extracted from the force signal is shown
and discussed. At time domain, among all the statistical features calculated from the row force signal,
only average and variance follow a trend with polishing time, designated in this study as Faverage and
Fvariance. This can be observed in Figures 3 and 4.

Figure 3. Signal forces average (Faverage) during the three polishing sessions.

Figure 4. Signal forces variance (Fvariance) during the three polishing sessions.

Moreover, the fact that Ra hardly decreased during the last session (3rd polishing session),
from 0.068 to 0.061 μm, indicates that endpoint detection was almost reached. Also, this can be
expected as the force signal in the last session presents a periodical form that does not vary with time
(Figure 3).
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The trend followed by Faverage,a (Figure 5a) is the same as Ra; it decreases with the number of
passes, to a major extent, at the beginning of the process, which indicates that this parameter extracted
from the force signal could be used for the estimation of Ra during the polishing process. In addition,
as was previously pointed out, the quantity of material removed or metal removal rate (MRR) decreases
with the polishing passes. This parameter also has a direct relationship with the contact force according
to the following expression [18]:

MRR =
2kravgFs
Hw f A

, (2)

where k is a constant ravg, the average size of the grain tool, F the contact force, s, the rotational speed, f,
the feed rate, Hw, the workpiece hardness, and A the contact area between the tool and the workpiece.
In spite of the fact that, for all the polishing tests, a constant contact force was applied, contact force
and its variations detected along the tests, represented by the parameter Faverage,a, follow the same
trend that the Ra values obtained. Regarding the rest of the parameters calculated, Faverage,v, Fvariance,a

and Fvariance,v, it can be seen that their tendency is inversely proportional to Ra (Figures 5 and 6).

Figure 5. Signal: (a) arithmetical average and (b) variance, calculated from signal forces average versus
number polishing session.

Figure 6. (a) Arithmetical average and (b) variance, calculated from signal forces variance versus
number polishing session.

From the analysis on frequency domain, according to the peaks shown in the FFT power spectral
representations, the range selected was between 100 and 1000 Hz. Maximum amplitudes calculated
from each acquisition along the three polishing sessions are plotted in Figure 7.
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Figure 7. Maximum amplitudes of FFT power spectral of forces signal (100–1000 Hz).

Finally, the average of the amplitudes FFT power spectral was calculated for each polishing
session and shown in Figure 8. It can be seen that the relationship with Ra is inverse (see Figure 2)
and therefore, it can be considered a valuable parameter for the monitoring of the surface roughness.
Nevertheless, this dependency varied within the polishing session: during the 1st polishing session,
the parameter decreased with the number of passes and, during the other two sessions, the graphic
exhibits a maximum around the middle of the polishing session (Figure 7). Taking this into account,
the implementation of this parameter as input data to predict the surface roughness must be considered,
together with the number polishing passes.

Figure 8. Arithmetical average calculated from maximum amplitudes of FFT power spectral of forces
signal versus number of polishing session.

4. Conclusions

In this work, an evaluation of the signal forces detected during Robot-Assisted Polishing (RAP)
by a STRECON NanoRAP 200machine was studied. Dry polishing turning tests, under the same
cutting conditions, were performed on a cylindrical probe of alloy (UNS G52986) using a tool with a
grit number of 800. This semiautomatic polishing system allows the setting of not only conventional
polishing parameters such as cutting speed and feed rate, but also the contact force between the tool
and workpiece and the tool pulsation in the feed direction. It obtained the trends of different features
from the force signal and the surface roughness along the polishing processes to evaluate whether
the mentioned features are valuable data for the estimation of Ra. For this purpose, an analysis of the
force signal, in both the time and frequency domains, detected during the process was made with
the objective of finding a feature or features sensitive to the variations of the surface roughness (Ra)
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measured at the end of three polishing sessions. The main conclusions extracted from the results
obtained in this study can be summarized as follows:

- After 180 polishing passes under the polishing conditions used in this study, the endpoint
detection is almost reached; this is after 45 min of polishing under the cutting conditions employed
in this study.

- In spite of the fact that for the all the polishing tests a constant contact force between the tool and
the workpiece was applied, different features extracted from the signal force detected during the
process can be considered valuable data for the indirect evaluation of surface roughness.

- In the time domain, average and variance were calculated for each acquisition of force signal
and from these signals a feature per polishing session (average and variance) was extracted to
compare with the surface roughness, designated in this study by Faverage,a, Faverage,v, Fvariance,a

and Fvariance,v. This makes their relationship with the surface roughness, in the case of Faverage,a,
proportional, and in the case of Faverage,v, Fvariance,a and Fvariance,v, inversely proportional.

- In the frequency domain, within the range of frequencies between 100 and 1000 Hz a feature
was calculated. This is the maximum amplitude of the peak reached in the range of frequencies
for each acquisition of force signal. The average calculated per polishing session is inversely
proportional to the surface roughness, so it is a valuable feature for the estimation of Ra in
polishing processes.

- Finally, for future research it is proposed to collect valuable data from the force signal (concretely
average feature according to this study) during polishing processes, together with features
extracted from other sensors, to further develop polishing systems.
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Abstract: Carbon Fibre Reinforced Polymer (CFRP) composites are widely used in aerospace
applications that require severe quality parameters. To simplify the assembly operations and reduce
the associated costs, the current trend in industry is to optimize the drilling processes. However,
the machining of CFRP composites is very challenging compared with metals, and several defect
types can be generated by drilling. The emerging process of orbital drilling can greatly reduce the
defects associated with the traditional drilling of CFRP, but it is a more complex process requiring
careful process parameters selection and it does not allow for the complete elimination of the thrust
force responsible for delamination damage. As an alternative to traditional and orbital drilling,
this work presents a new hole making process, where the hole is realized by a combination of drilling
and peripheral milling performed using the same cutting tool following a novel tool path strategy.
An original tool design principle is proposed to realize a new drill-milling tool, made of a first drilling
and a subsequent milling portion. Two different tool configurations are experimentally tested to
evaluate the performance of the newly-conceived combined drill-milling process. This process is
quick and easy, and the experimental results show an improvement in the drilled hole quality.

Keywords: CFRP; hole making; dry machining; roughness

1. Introduction

Carbon fibre reinforced polymer (CFRP) composites are widely used in the aerospace industry.
In this sector, the prevalent machining process performed on CFRP components is drilling,
as mechanical joining by means of rivets or bolts represents the most common joining technique
for aircraft components. However, the drilling of CFRP is very challenging in comparison with the
drilling of metals, as the phenomena underlying the material removal for composite materials are
substantially different from those characteristic of metal machining [1]. The different properties of the
reinforcement and matrix phases make the material removal mechanism highly complex, because of the
heterogeneity and anisotropic behaviour of composites [1–3]. König [4] highlighted how the machining
of composite materials depends on the specific properties and relative content of the reinforcement
and matrix. Moreover, when machining fibre reinforced composite materials, fibre orientation plays
a fundamental role, affecting the mechanism of chip formation and the cut surface quality. During
the drilling process, because of the heterogeneous and anisotropic behaviour of the fibre reinforced
composites, different kinds of damage can be generated in the workpiece, such as delamination,
fibre pull-out, fibre breakage, matrix cracking, and thermal damage [5,6], which can affect the drilled
component service life. The most relevant damage induced during CFRP drilling is delamination [7,8],
which has been considered as the principal cause of notable reduction in the fatigue strength of
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composite components, cutting down the long-term performance of the CFRP parts. In particular,
delamination onset at the hole exit, also known as push-out delamination, is generated if the axial
load exerted on the workpiece during drilling exceeds a threshold value [9]. As demonstrated by
Davim and Reis [10], the delamination damage grows with increasing cutting speed and feed values.
As a matter of fact, a feed rate increase raises the thrust force, with consequent delamination damage
enlargement at the hole exit [11].

Moreover, tool geometry significantly affects the drilling induced damage [10,12]. Designing
new tools with a better performance in terms of cost, damage reduction, and hole quality is a key
factor for drilling process optimisation [12]. Piquet et al. [13] analysed the effects of drilling tool
geometry, comparing the results obtained with a traditional tool and a specially designed cutting tool.
Feito et al. [14] and Gaitonde et al. [15] demonstrated how the delamination increases with increasing
the point angle of the twist drill bit for high speed drilling of CFRP laminates. Saoudi et al. [16]
developed a model to predict the critical thrust force responsible for exit-ply delamination during
the drilling of multi-directional carbon fibre-reinforced plastic laminates with core drills made of
diamond grits. Cadorin et al. [17] studied the mechanisms of damage and tool wear in the drilling
of three-dimensional (3D) woven composite materials using diamond-coated carbide three lips twist
drills. Zitoune et al. [18] investigated the influence of the tool coating on temperature and tool wear
when drilling 3D woven composite materials using three types of cutting tools, one coated with a
diamond layer and the other two coated with different nano-composite multi-layers, showing that the
nature of the coating is a key factor affecting the temperature of machining.

To reduce the delamination and thermal damage defects generated when drilling composites,
a new process called orbital drilling (OD) has been proposed in the literature. This process is more
versatile than traditional drilling, as it allows for obtaining holes with different diameters without
replacing the tool. OD is a circular ramp machining process, consisting of milling with a discontinuous
peripheral cut and drilling with a continuous cut along the cutting-edge axis at the same time.
Hence, this technology involves the simultaneous movement along a circular path (X, Y) and an
axial advancement (Z) with a pre-determined step [19].

In OD, the orthogonal thrust exerted on the surface is very low, resulting in a superior hole
quality, especially in the case of the composite materials subject to delamination damage. This type
of machining process is particularly suitable for applications in the aeronautical field, as it allows
for a decrease of cutting forces and temperatures, which results in a reduction of polymer matrix
damage [20]. On the other hand, the main drawbacks related to OD concern the difficulties in selecting
the proper process parameters and the need to employ a three-axis machining centre to avoid vibration
problems. OD operations are carried out by portable and highly flexible machines, which tend to
exhibit severe chatter and forced vibrations that lead to a poor hole quality. Moreover, the thrust force
responsible for delamination is reduced but still not eliminated with OD [21]. As a matter of fact, while
in traditional drilling, the axial loading consists of a concentrated load at the centre of the last ply of
the laminate, in orbital drilling, the axial loading is determined by an eccentric distributed load, which
acts along the cutting-edge of the mill [20].

As an alternative to both traditional drilling and orbital drilling processes, this research work
proposes an innovative hole making process for CFRP components, where the hole is realised by a
combination of drilling and peripheral milling, carried out using the same cutting tool. The objective is
to further reduce the process-induced delamination damage in comparison with traditional and orbital
drilling. To perform the new combined drill-milling process, an innovative drill-milling tool was
developed. The main results of the experimental drill-milling tests on the CFRP composite laminates
are reported in this paper, showing encouraging results in terms of the hole surface finish. The new
drill-milling process is performed under dry conditions in a green technology perspective, offering
advantages because of the absence of cutting fluids and a lower environmental impact.
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2. Proposed Drill-Milling Process

In conventional drilling of fibre reinforced composite materials, in accordance with the model
of linear elastic fracture mechanics, the delamination onset at the hole exit, also known as push-out,
occurs if the axial load acting on the workpiece exceeds a threshold value [9,22]. The axial load
performs a work equal to the sum of the energy necessary to deform the last ply of the laminate and
the energy required to generate a new fracture surface [23].

For traditional drilling, the axial load evaluation generally refers to a concentrated load at the
centre of the last ply of the laminate, as studied in the delamination analysis by Hocheng et al. [9,24].
Instead, for orbital drilling, an energy criterion characterized by the application of an eccentric
distributed load, which acts along the cutting-edge of the mill, is adopted. This means that the thrust
force causing delamination is reduced but not eliminated, as reported in Figure 1a,b [20].

To fully eliminate the drilling-induced delamination, a different original technique for CFRP hole
making is proposed in this work, where the hole is realised by means of a combination of drilling and
peripheral milling processes. In Figure 1c, the two phases of the process are illustrated, namely: in the
first phase traditional drilling is employed to produce a hole with a smaller diameter than the final
hole, and then, in the second phase, the material around the first hole is removed by peripheral milling
until the final diameter is achieved. These two phases are sequentially combined in a single process
carried out using the same cutting tool.

  
(a) (b) 

(c) 

Figure 1. Representation of (a) traditional drilling; (b) orbital drilling [20] and (c) drill-milling processes.
The red arrows indicate the load.

To develop this technique, an innovative drill-milling tool was designed and realized,
and experimental cutting tests on CFRP laminates were performed to characterize the process. During
the machining tests, the thrust force and radial force signals were detected through a sensor system
to allow for the analysis of the cutting forces occurring during the process. Moreover, the produced
holes were characterised via metrological and roughness measurement procedures to evaluate the hole
quality in terms of size, roundness, and internal surface finish.

3. Materials and Methods

3.1. Preparation of the Specimen

The work-material employed for the drill-milling tests consisted of CFRP laminates composed
of 26 prepreg plies, made of CYCOM 977-2, Cytec Industries Inc., Woodland Park, NJ, USA epoxy
matrix, and Toray T300 unidirectional carbon fibres (Toray Industries, Inc., Tokyo, Japan), with stacking
sequence [±45/0/±45/90/±45/0/−45/90/45/90]s. The main mechanical properties of the single
unidirectional plies are reported in Table 1.
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Table 1. Main mechanical properties of the unidirectional plies.

Property Value

Young Modulus 0◦ 145 GPa
Tensile strength 0◦ 220 MPa

Young Modulus 90◦ 8.50 GPa
Tensile strength 90◦ 75 MPa

The nominal thickness of each CFRP laminate was 5 mm, and a thin fiberglass/epoxy ply
reinforced with 0◦/90◦ fabric was laid on the laminate front and back surfaces. In the aeronautical
sector, it is common practice to apply one or more lightweight fiberglass fabric plies on the front and
back surfaces of the laminate in order to limit the corrosion occurring as a result of the connection of
materials of a different nature. The laminates were fabricated according to the procedure employed in
the aeronautical industry, consisting of hand lay-up of prepreg plies, vacuum bag moulding, and curing
cycle in autoclave. The curing cycle was controlled through the use of sensors within the autoclave,
and it was performed according to the cycle suggested by the CYCOM 977–2 resin matrix producer.
Heating was carried out up to 177 ◦C with speed equal to 2 ◦C/min, then, the laminate was held at
177 ◦C for 2 h, and eventually, a natural cooling in autoclave was accomplished.

Because of the fabrication process, the bag side laminate surface was irregular compared to the
smooth mould side surface. To perform the drill-milling tests, specimens of 30 mm × 400 mm were
cut from the original CFRP laminates.

3.2. Equipment

The drill-milling tests were performed under dry conditions on a five-axis Cosmec Conquest 3200
NC machining centre (Poggibonsi, Siena, Italy), equipped with a sensor system to detect the cutting
force signals generated during the process (Figure 2). The signals of the thrust force, Fz, and radial
force, Fx, were detected by a Kistler (Kistler Group, Winterthur, Switzerland) three-axis stationary
dynamometer model 9257A, positioned under the workpiece fixture. The sensor system included a
Kistler charge amplifier model 5007, and a National Instruments data acquisition board model 9239
(Austin, TX, USA) that digitized the Fx and Fz signals at 10 kS/s.

 

Figure 2. Equipment employed for the experimental drill-milling tests.
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The radial force can be resolved into two components acting along the X and Y dynamometer
directions, respectively. As the process is symmetrical in the CFRP laminate plane, the values of
the radial forces were similar, so that it was decided to report only the values recorded along the
X direction.

All of the tests were carried out using ISO CNC programming. According to the new drill-milling
process, the first operation is the drilling of a pilot hole with a nominal diameter of 6 mm, followed
by a peripheral milling operation. Specifically, once the pilot hole is realised, the tool follows a spiral
milling path to increase the hole diameter by 0.10 mm per revolution, up to a hole diameter of 6.9 mm.
Finally, three boring revolutions at constant diameter are executed. The process phases are shown in
Figure 3.

In the experimental tests, the parameters selected for the drilling phase were chosen so as to limit
the drilling-induced delamination damage to an extent that is lower than the radius of the material
to be removed by the peripheral milling. In particular, the drilling speed was set to 10,000 rpm and
the axial feed to 375 mm/min, while the milling speed was set to 14,000 rpm and the axial feed to 375
mm/min.

The drill-milling tests were conducted on 60 consecutive holes to analyse the process behaviour
with a tool wear increase.

   

(a) (b) (c) 

Figure 3. Representation of the following (a) tool parts and process phases; (b) drilling and (c) milling.

3.3. Tool

Two drill-milling tools characterised by different geometries were developed and employed for
the experimental tests, to compare their performance. The characteristics and geometry of the two
tools are shown in Figure 4. The first tool, T1, is made of tungsten carbide (WC) and has a 6 mm
diameter and 100 mm length; the drilling portion is 8 mm long, with two cutting-edges, a 120◦ point
angle, and a 20◦ helix angle; and the milling portion is 18 mm long, with three flutes, a 15◦ helix angle,
a 10◦ rake angle, and a 7◦ clearance angle. The second tool, T2, is made of tungsten carbide (WC) and
has a 6 mm diameter and 100 mm length; the drilling portion is 8 mm long, with two cutting-edges, a
120◦ point angle, and a 20◦ helix angle; and the milling portion is 18 mm long, with five flutes, a 20◦

helix angle, a 10◦ rake angle, and a 7◦ clearance angle.
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Figure 4. Comparison of the two newly developed drill-milling tools and milling portion geometry
parameters (ha—helix angle; ra—rake angle; ca—clearance angle; Z—flutes number).

3.4. Dimensional Analysis

In the aeronautical sector, very tight tolerance ranges are applied to the hole diameters [25].
In order to characterize the new drill-milling process, the produced hole diameters were measured
with a digital calliper. The inner size of each hole was measured at a half laminate thickness along
four directions (0◦, ±45◦, and 90◦). The diameters were calculated as the arithmetic average of the
measured values.

3.5. Surface Finish

To characterize the hole surface finish, roughness measurements were carried out using a stylus
profilometer with tri-axial movement (Taylor–Hobson Form Talysurf-50, Taylor-Hobson, Leicester, UK)
by dragging it along the x-axis a probe with a diamond tip radius of 2 μm. The roughness evaluations
were performed through software code Ultra ver. 4.6.8, which allows for viewing and processing
the data.

To perform the measurements, the holes were sectioned; this was done every ten holes (number
1-10-20-30-40-50-60). The measurement length was 4 mm, with a probe travel speed of 0.5 mm/s,
and the roughness tests were carried out according to standard UNI ISO 4288-2000 [26], a Gaussian
filter with a 0.8 mm cut off was selected.

The roughness tests were performed three times for each hole, along three separate lines spaced
by 0.05 mm.

The drilling of the CFRP laminates results in a series of micro-fibre fractures, fibre pull-outs,
and matrix cracking; for this reason, the roughness parameter Ra (average) alone was not considered
sufficient, and roughness parameters Rz (maximum peak to valley height) and RPc (peaks per mm
count) were also evaluated [27].

4. Results and Discussion

4.1. Cutting Forces

The values and trends of the Fx and Fz cutting force signals were studied to analyse the cutting
forces that develop during the drill-milling process. It was observed that Fz is predominant in the first
phase (drilling process), while Fx is predominant in the second phase, where it is possible to observe
the characteristic sinusoidal pattern of the peripheral milling process. To perform signal smoothing,
the moving average method (with a window length of 200 samples, corresponding to 0.02 s) was
applied to the Fx and Fz signals, as reported in Figures 5 and 6, respectively. The goal of smoothing is
to facilitate the extraction of the maximum values of the force signals, without taking into consideration
high-frequency oscillations.
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Figure 5. Signal of radial force, Fx, in the drill-milling process for tool T2.

The Fx signals during the milling phase show a sinusoidal trajectory, where each sine wave
represents a complete revolution of the tool inside the work-material. The size increase of the hole
after each revolution is constant. The sine wave period increases, as the peripheral speed of the tool is
constant, while the path to complete the whole revolution increases, as the radius becomes greater after
each revolution. The volume of material removed also grows after, and during, each revolution as the
radius of curvature increases (Figure 7). Because the work-material thickness is constant, the volume
of material removed grows proportionally to the area increase, that is, with the square of the radius,
according to a non-linear correlation. Moreover, the same considerations allow for stating that the
amplitude of the sine wave also increases.

Figure 6. Signal of axial force, Fz, in the drill-milling process for tool T2.
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Figure 7. Scheme of the tool path during the drill-milling process. The removed material area increases
at each revolution.

From Figure 7, it can be observed that, after a complete revolution, at the same polar coordinate
of the previous revolution, the volume of material that the tool faces at the front cutting-edge is greater
than for the previous revolution. Table 2 shows the values of the area of material removed after each
revolution, calculated by means of a CAD software (Autocad 2017 version) tool.

Table 2. Area of material removed after each revolution.

Revolution Area of Material Removed (mm2)

1 0.46
2 0.86
3 0.88
4 0.90
5 0.93
6 0.96
7 1.00
8 1.04

The growth of the area that the tool must cut leads to an increase of forces during the milling
phase up to the eighth revolution, while the last revolution is characterized by a path that leads to the
closure of the spiral and to a decrease of the cutting forces.

Then, there are three boring revolutions during which the sinusoidal waves display a decreasing
amplitude, as shown in Figure 5, because the tool will follow the same path three times, removing less
material at each revolution.

Using the Pearson’s correlation coefficient, a strong correlation (>0.7) was found between the area
of the material removed and the maximum value of the force in the X direction achieved after each
spiral revolution. Specifically, a strong correlation was found for both tool T1 (0.86) and tool T2 (0.93).

Figures 8 and 9 show the maximum Fx and Fz cutting force values measured for all of the 60 holes
made during the experimental testing campaign with tools T1 and T2. In all of the cases, an increase of
both the Fx and Fz cutting forces with an increasing hole number, that is, with tool wear progression,
is visible. Moreover, it can be observed that, during the tests with tool T2, the recorded forces in both
the X and Z directions are higher than the ones recorded with tool T1. Using tool T1, the maximum
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thrust force, Fzmax, during the drilling phase is 201.27 N and the maximum radial force, Fxmax, during
the milling phase is 134.05 N (hole number 60). Using tool T2, the maximum thrust force, Fzmax, during
drilling is 188.41 N and the maximum radial force, Fxmax, during milling is 179.57 N (hole number
60). It was verified that the values of Fzmax are quite similar to those found in the literature [8,12] for a
traditional drilling process.

Figure 8. Maximum cutting force in the X direction, Fxmax, measured for tools T1 and T2.

Figure 9. Maximum cutting force in the Z direction, Fzmax, measured for tools T1 and T2.

4.2. Metrological Analysis

With regards to the hole size, generally, hole diameter decreases with an increasing number of
holes as a result of tool wear. Furthermore, this gradual decrease can be attributed also to the increase
of tool deflection due to the growth of radial cutting force [9].

This behaviour is confirmed by the measurements of the hole diameters, which always show a
decreasing trend of the measured values for 60 consecutive holes made with the same parameters and
tools, as shown in Figure 10. Diameter reduction is due to heavy tool wear during the drilling process,
which is also caused by the decision to employ uncoated WC tools. This decision was made to verify
the tool geometry and the cutting parameters independently of the tool material.

363



Materials 2018, 11, 1470

As shown in Figure 10, up until hole number 48, the tool T1 has a lower size reduction, whereas
from hole number 48, both tools behave in a similar way.

Figure 10. Hole diameter as a function of the number of holes.

With regards to the roundness of the CFRP holes, Figure 11 shows that the holes made by tool T1
keep their roundness up to hole number 30, and lose their roundness in one direction at hole number
60, whereas the holes made by tool T2 do not display any loss of roundness. Figures 12 and 13 show
holes number 1, number 30, and number 60 realized with tools T1 and T2, respectively. No presence
of uncut fibers was verified in the holes, even in the case of high tool wear, contrarily to what often
happens for traditional drilling [14,25]. This was true for both the T1 and T2 tools, as it can be observed
in Figures 12c and 13c.

 
(a) (b) 

Figure 11. Hole diameter (mm) measured in four directions for holes number 1, number 30, and
number 60, made by (a) tools T1 and (b) tool T2.
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(a) (b) (c) 

Figure 12. Pictures of (a) hole number 1, (b) hole number 30, and (c) hole number 60, made by tool T1.

 
(a) (b) (c) 

Figure 13. Pictures of (a) hole number 1, (b) hole number 30, and (c) hole number 60, made by tool T2.

4.3. Surface Roughness

Figure 14 reports the Ra values for tools T1 and T2, showing in both cases an increase with the
increasing hole number. The holes made with tool T2 have internal surface Ra values greater than those
made with tool T1. For the holes made with tool T1, the difference of Ra values between hole number
60 and number 1 is 2.96 μm, whereas for the holes made with tool T2, the difference of Ra values
between hole number 60 and number 1 is 4.62 μm. As identical cutting conditions were employed with
both tools, the Ra difference can be related to the different wear level of the tool cutting-edge [28,29].

Figure 14. Ra measured for every ten holes made by tool T1 and tool T2.

Figure 15 reports the Rz values measured for every ten holes made by both tool T1 and tool T2.
This roughness parameter demonstrates that, although the Ra values are slightly different, tool T1
responds with a better cut of the fibres. Taking into consideration hole number 1, the Rz values for the
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two tools differ by 13.92 μm, whereas for hole number 60, they differ by 21.07 μm, showing that tool
T2 generates a severer fibre pull-out phenomenon.

Figure 15. Rz measured for every ten holes made by tool T1 and tool T2.

Figure 16 reports the trend of the RPc parameter measured for every 10 holes. It can be observed
that the number of peaks per mm is not high for both tools (only peaks exceeding ±0.5 μm were
considered). This roughness parameter indicates that the surface finish of the hole is good, but there
are gaps due to the fibre pull-out phenomenon, as observed in the literature on CFRP drilling [30,31].

Figure 16. RPc measured for every ten holes made by tool T1 and tool T2.

5. Conclusions

This study presented an innovative hole-making process for CFRP laminates, where the hole is
generated by a combination of drilling and peripheral milling processes. To develop this technique,
innovative drill-milling tools were designed and realized, and experimental machining tests on CFRP
laminates were performed using two different tool configurations, T1 and T2. During the drill-milling
process, the thrust cutting force and the radial cutting force were detected through a sensor system
to analyse the cutting force behaviour. The holes made with the two cutting tool configurations
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employing identical cutting conditions were characterized in terms of size, roundness, and surface
finish. The following conclusions can be drawn from the obtained results:

• The maximum values of the thrust cutting force, Fzmax, occurring during the drilling phase are
consistent with those obtained in the experimental testing campaigns of traditional drilling.

• In terms of the cutting forces, the results obtained with tool T1 are better than those obtained with
tool T2, as lower forces were recorded.

• In both tools, a rapid reduction in the diameter of the hole was observed, due to speedy tool wear
growth, and also because the selected WC tools were uncoated.

• Tool T1 responded better in terms of a decrease in the hole diameter, and the use of a coated WC
tool could lead to further improvement; it was also observed that the roundness of the hole is
maintained with the increasing hole number.

• By comparing the measured roughness parameter values, the trends display a growing tendency
with an increasing hole number in all of the cases. Moreover, the Ra roughness values are similar
for both tools.

• The Rz roughness parameter values are better for tool T1. From this result, it can be inferred that
tool T1 induces a lower fibre pull-out phenomenon in the CFRP.

• The RPc roughness parameter values indicate that the number of peaks per mm inside the CFRP
is low, suggesting that the surface finish is good, except for the points where the voids caused by
the pull-out phenomenon appear.

Overall, this process represents an interesting opportunity to reduce the delamination damage
produced by traditional drilling and, although to a minor extent, by orbital drilling. The advantages of
this new hole-making process are represented by the ease of programming, the absence of coolants,
with benefits in terms of green technology, and the good surface finish, as shown by the roughness
measurements, with particular reference to the RPc parameter. As a future development, the use of
coated WC tools will be tested to further improve the surface finish in terms of all of the measured
roughness parameters. Moreover, different path strategies will be tested in order to verify the potential
benefits in terms of the hole quality and tool wear improvement.
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Abstract: The paper describes an experimental study developed on the AA7075 T651, which is
an aluminum alloy extensively used in the aeronautical industry. This work presents a double
approach of investigation where there is no literature about previous research. This includes the
analysis of the results obtained by the combination of mechanical and chemical actions on the
mechanical properties of this material. On the one hand, the combinations of relevant milling
parameters (feed rate, cutting speed) on flat samples (flat specimens have been selected by attempting
to reproduce with the most accurate way the geometry and the type of machining process known as
face milling is usually used in this manufacturing field). On the other hand, the stimulating effect
of the corrosion by salt spray on selected batches of specimens was machined in the previous stage.
Results from tensile tests performed on the whole of specimens allowed us to evaluate how the main
mechanical properties (yield strength, tensile strength, and elongation at break) have been affected
by the processes applied. Elongation at the break presents a reduction in an inverse order to feed
a rate increase (up to 24.5%) and this reduction is extended (additional 19.17%) in specimens under
corrosion conditions, which results in a greater fragility of the material.

Keywords: machining; mechanical properties; corrosion; aluminum; flat specimen; AA7075

1. Introduction

The aerospace industry requires materials with exceptional performance and long-term reliability.
In this sense, aluminum and its alloys is one of the materials used most commonly in this field. This is
thanks to some of its unique characteristics such as a high strength-to-weight, ease of fabrication,
or its relative low cost. There are several different types of aluminum used but the 7075 Al alloy
remains the baseline [1–3]. Part of this is due to its good balance of properties required for aerospace
applications. Additionally, it is possible to apply sequences of mechanical and thermal treatments
to produce annealed states as well as major combinations of characteristics through variations in
treatment conditions. Taking into account that AA7075 T651 is widely used in aeronautics, this alloy
will be the focus of this research.

Nowadays, advanced composites consisting of a combination of high-strength stiff fibers
embedded in a common matrix material [4] or titanium alloys are also widely being used in the
aerospace industry. Both compete with aluminum [5,6] but present manufacturing difficulties especially
in machining processes. Aluminum alloys can be machined rapidly and economically because of
their micro-constituents that have important effects on machining characteristics [7–9]. In this way,
numerous conventional machining processes can be performed on these materials (milling, drilling,
and turning) by taking into account the different geometric characteristics required in each process [10].
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Concretely, manufacturing of lightened plates of aluminum by face milling or profile milling is one of
the most applied machining processes. Therefore, in this project, this type of machining process will be
performed on the flat specimen to study in the attempt to reproduce as accurately as possible the way
in which aircraft structures are made of. We studied the influence of different dominant parameters of
this type of machining such as cutting speed, feed per tooth or cutting depth, fixing values of cutting
speed and depth of cut, and taking the feed rate as the parameter to establish a degree of freedom in
this experiment due to its significant influence on the roughness surface of the parts machined [11–15].
For this variable, a range of three values will be applied.

Traditionally, cutting fluids have been widely used in metalworking processes by providing
cooling and lubrication while also preventing corrosion and facilitating the ejection of cut metal.
However, their composition, usage, and disposal can negatively impact the environment and the
health of exposed individuals by making necessary their reduction and even their elimination [16–18].
Specifically, in aluminum machining, the mixture of chip and cutting fluid make more difficult a correct
recycling [19]. Other times, aluminum alloys are machined jointly with different types of materials such
as composites or polymers reinforced with carbon fiber, which do not have a satisfactory performance
with cutting fluids. Because of this, dry cutting is presented as an alternative to minimize or avoid
the use of cutting fluid [20–23]. However, dry machining demands more rigorous requirements in
machining operations and affects largely the surface finish [24].

Taking as a starting point the previous machining conditions, it is needed to define combinations of
cutting parameter values to improve the mechanical behavior of the material studied [25]. This premise
will define the first of the three stages of the present project.

Studies about AA7075 alloy hardly exists in literature, which is remarkable when considering
that this material is widely used in aeronautic components.

On the other hand, it is widely known that corrosion is a universal enemy whose presence
is inevitable in a productive process or any other. Corrosion can be defined as the chemical or
electrochemical reaction of a metal or alloy with its surrounding environment and with the consequent
deterioration of its properties [26,27]. One of the most obvious manifestations of corrosion is its direct
effect on the surface of the metal subject. This allows us to establish that this relationship provokes
a stimulant effect on the surface geometric imposed [28] and, therefore, has a greater influence on the
variation of the mechanical properties of the material subjected to a corrosive environment.

It is possible to distinguish between corrosion by oxidation of the metal with the formation of
metal cations and the dissolution of a metal in other metals or molten salts. There is a form of corrosion
in which two effects are superimposed: the first one is chemical or electrochemical, which constitutes
the corrosion itself, and the other one is mechanical. For example, the process of corrosion-erosion or
corrosion under tension. The basic corrosion reaction is defined by the transit of the metal or alloy
from its elementary form to the ionic or combined form (Equation (1)).

Me → Men+ + ne− (1)

n being the number of free electrons.
To complete the process, electrons must be fixed by affinity (an oxidant) by some substances that

are present in the medium in contact such as oxygen. The elemental metal through the corrosion
mechanism returns to the combined form by making oxides, sulfides, and more including the state in
which metals are usually found in nature and are thermodynamically more stable.

It is possible to classify corrosion processes using different criteria. For example, considering
the morphology of the attack, it could be described as uniform or localized (selective corrosion,
intergranular attacks, among others) [29,30]. However, the most interesting scientific classification
is based on the mechanism that produces this phenomenon. From this point of view, corrosion will
be produced electrochemically by electrochemical battery cells on the metallic surface and, therefore,
does not produce the same effect on the whole metallic surface due to the cathodic regions not
being attacked. This type of corrosion appears when metal materials are in contact with electrolytic
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conductivity media specifically with water, salt solutions, or the simple humidity of the atmosphere
and soils. The other fundamental type of corrosion occurs in conditions of absence of humidity on the
complete metal surface at high temperatures.

The phenomenon of stress corrosion cracking is typical of alloys including passive ones.
This phenomenon is characterized by the appearance of cracks that advance in an approximately
normal direction with respect to the application of tension [31,32]. Stress corrosion cracking results
from the conjoint action of three components.

(a) Material under tensions higher than a defined threshold, whether applied or residual.
(b) Material susceptible to cracking, determined by the composition of the alloy, its microstructure or

its grain size.
(c) Material in contact with a specific aggressive environment for it.

Regarding the first condition, it is important to emphasize that tension cannot only be applied
when the alloy is part of a structural element but can be a residual tension arising from its forming
process or its thermal history.

Previously described in this project, electrochemical corrosion under wet and saline environment
has mainly been reproduced. Nevertheless, it also is possible to consider the stress corrosion cracking
phenomenon, which could be implicated because of the notch effect. In our study, the notch effect in
the sample will depend on the different levels of machining obtained by means of the variation of the
milling parameters.

Machining conditions imposed on specimen batches and the corrosive environment subsequently
applied to them allow us to analyze the influence of the ones on the mechanical properties of the
material studied. Sometimes corrosion and machining working jointly can cause weakness and fragility
of the material, which are able to result in a reduction of its tensile strength [33,34] and yield strength
as well as a decrease in its percentage of elongation.

2. Materials and Methods

Because of the high interest within the aeronautic scope in the use of light alloys especially
aluminum ones, this work is focused on the mechanical behavior analysis of one of the most important
alloys used in this field including the AA7075 T651 alloy (thermal treatment and tensile controlled of
1.5% to 3% (according to the manufacturer). It starts from the aluminum sheet 8 mm thick, EN AW7075
(AlZn5, 5MgCu) (Table 1). The choice of this thickness is conditioned by the fact that both faces of
the sheet are going to be machined under different cutting parameters by following the purpose of
doing the analysis of the influence of these machining conditions on samples subject to a corrosive
environment. Vibration effects from the machine operation on the work held to the table can produce
warps and waves. This situation obliges it to choose a particular initial thickness, according to the
last 4 mm thick. Samples are created by the top face and edge machining. Because the main goal
of this work is the study of the influence of the milling parameters on the corrosion effect on the
samples and the effect on their mechanical behavior, it is absolutely necessary to perform a controlled
material-removal process [8,12].

Table 1. AA7075 alloy composition.

% Si Fe Cu Mn Mg Cr Zn Ti Others Elements Al

Minimum - - 1.20 - 2.10 0.18 5.10 - Zr + Ti Total -
Maximum 0.40 0.50 2.00 0.30 2.90 0.28 6.10 0.20 0.25 0.15 rest

It has been used with the three axes milling machine Kondia K600 with CNC control FAGOR
8050. The rotating face milling cutter is a face mill STD B0 0302 of 63 mm external diameter with
a major cutting edge angle (or Entering angle) of 90◦ that holds six inserts STD ISO APKT 160408 B0
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0138 of K10/20 quality. The rotating edge milling cutter is an edge mill STD FP07 of ASP material
(high performance steel from the powder metallurgy process) and cutting length of 19 mm and an 8 mm
external diameter with 4 teeth or cutting edges.

Due to the requirements in standard UNE-EN ISO 6892-1:2017 (ISO 6892-1:2016) [35],
which regulates tensile tests, it has been considered the typical tensile flat specimen shown in Figure 1.

 
(a) (b) 

Figure 1. (a) Tensile specimen dimension; (b) Gage section and measurement distances.

Flat specimens will be used with dimensions as specified below by considering a proportional
flat specimen.

a0 = 4 mm, b0 = 20 mm, S0 = a0·b0

S0 = original cross sectional area
L0 = original gauge length
L0 = K· √S0, K = 5.65
L0 = 50 mm
Lc = paralell length
Lc ≥ Lo + 1.5· √S0

Lc = 80 mm
Lt = total length

Transition radius of 12 mm are defined between gauge and gripping sections.
This study analyzes the influence of machining parameters on the specimens subjected to corrosion

conditions. Milling machining has been selected as the machining operation to be carried out because
it is said to be an essential process in the aeronautical industry. The next step consists of establishing
the machining conditions that will be applied. The three primary input control parameters that will be
taken into account are: cutting speed (Vc), depth of cut (ap), and feed rate (F). The first two variable
values will be in accordance with the cutter tool geometry and they will remain constant. The feed
rate (F) will be the parameter to be modified. Three values chosen from the values range provided
by the manufacturer will be given. Consequently, three different study batches of specimens will be
generated. Following the supplier recommendations and the milling tool characteristics, the depth
of cut must be less than 7 mm in face milling and less than 19 mm in profile or edge milling. In this
experience, it is established that there will be 2 mm of the depth of cut in the face milling and 4 mm
in the other. Referring to cutting speed (Vc), due to the milling tools selected, the reference interval
will be a 200 to 700 m/mm range for face milling and a 100 to 150 m/mm range for edge milling
(manufacturer’s information). Then, by taking the lowest value of cutting speed from each range,
the spindle speed is determined (Equation (2)).

s (
rev
min

) =
Vc
( m

min
)·1000

(mm
m
)

π · D (mm)
(2)

Spindle speed in face milling (Equation (3)).

s =
200·1000

π · 63
= 1010.50 (3)
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Spindle speed in edge milling (Equation (4)).

s =
100·1000

π · 8
= 3978.86 (4)

where

s = revolution per minute of the cutter,
Vc = lineal cutting speed of the material in m/mm,
D = diameter of the cutter in mm

Feed rate comes from the next equation (Equation (5)).

F
(mm

min

)
= s
( rev

min

)
·Z (teeth)· f z

( mm
tooth

)
(5)

with

fz = movement per tooth of cutter in mm
Z = number of teeth of cutter

For feed per tooth, manufacturer recommendations indicate a range of 0.1 to 0.31 mm using the
face milling tool. Experiments will be conducted taking three feed per tooth levels: 0.1 mm, 0.2 mm,
and 0.3 mm. Therefore, considering these values on face machining, F1F, F2F, and F3F, identify the feed
rate established for batch 1, batch 2, and batch 3, respectively (Equations (6)–(8)).

F1F = 1010.50·6·0.1 = 606.30 (6)

F2F = 1010.50·6·0.2 = 1212.60 (7)

F3F = 1010.50·6·0.3 = 1818.90 (8)

By taking the previous three feed rate levels on profile or edge machining, F1E, F2E, and F3E are
defined below (Equations (9)–(11)).

F1E = 3978.86·4·0.06 = 954.93 (9)

F2E = 3978.86·4·0.065 = 1034.50 (10)

F3E = 3978.86·4·0.07 = 1114.08 (11)

Machining conditions are included in Table 2.

Table 2. Machining conditions.

Batch
Face Milling
Vc (m/min)

Face Milling
ap (mm)

Face Milling
FF (mm/min)

Edge Milling
Vc (m/min)

Edge Milling
ap (mm)

Edge Milling
FE (mm/min)

1 200 2 606.30 100 4 954.93
2 200 2 1212.60 100 4 1034.50
3 200 2 1818.90 100 4 1114.08

Figure 2 shows different finish surface levels depending on the cutting conditions, which includes
sample numbers 3, 8, and 12 from the batches 1, 2, and 3, respectively.

Once specimens have been machined under the cutting conditions defined in Table 2 from each
batch, one sample is defined as a “control sample” and the three others will be subjected to a salt
spray testing. It is widely used as a rapid method for evaluating material performance under highly
corrosive conditions.
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Figure 2. Machined samples from batches 1, 2, and 3 (scale bar in mm).

The aim of this experience is the evaluation of the influence of cutting parameters by using
corrosion as an enhancer medium on the mechanical behavior of aluminum alloys AA7075 T651.

Previously, the application of the corrosion test, the thickness, and width of each of the specimens
was measured at different points of the gauge length by calculating the average section of each
specimen in that zone.

Afterward, samples are exposed to salt fog or spray that is even distributed among the samples
inside a testing chamber. The salt spray (salt fog) chamber consists of a fog chamber, which is a salt
solution reservoir, a supply of suitably conditioned compressed air, one or more atomizing nozzles,
specimen supports, provision for heating the chamber, and necessary means of control. In this case,
the apparatus is HSN400 Heraeus Votsch. Samples have been suspended between 15◦ and 30◦ from
the vertical parallel to the principal direction of the flow of fog.

This practice provides a controlled corrosive environment by chloride solution to produce relative
corrosion in the specimens exposed in the test chamber. The salt fog testing conditions applied are:

- The salt solution is a solution of sodium chloride dissolved in distilled water with
(50 ± 5) g/L concentration

- The exposure zone of the salt spray chamber has been maintained at 35 ◦C ± 2 ◦C
- The pH of the salt solution is such that, when atomized to 35 ◦C, the collected solution will be in

a pH range between 6.5 to 7.2. The registered pH values have approached 6.5 and were measured
by pH test paper.

- Spraying has been controlled by the average collected speed of atomized solution in minimum
periods of 24 h. The spraying range in a horizontal manifold of 80 cm2 must be 1 to 2.5 mL/h.
The volumes collected every 24 h have come close to 50 mL. Lastly, the period of exposure reached
168 h.

At the end of the test, specimens have been carefully removed and dipped in distilled water to
remove salt and deposits from their surface and then they are immediately dried.

Once dried, they are wrapped in cellulose with desiccants. They will be kept in a watertight
compartment until the next step. Figure 3a–c show the effect of the corrosive process on the
samples tested.

Along with finished previous stages, the machined process, and the salt spray test, specimens
will be subjected to tensile tests. They will provide information about the strength or their
mechanical behavior.

The equipment used is a universal testing machine for tensile/compression/flexure 1 to 500 kN,
ME 405 SERVOSIS, controlled by PCD2K test software (version 1.2) [36] that will give a test report
with the required calculations and test results, data, and graphics. This testing machine works with
two load cells of which the 100 kN one will be used in this experiment.

Tensile tests are performed at a room temperature range between 10 ◦C and 35 ◦C (Figure 4).
The sample dimensions have been described before. They are proportional with gage length,
rectangular cross-sectional area, and soft transition radius connecting gage and gripping sections.
Elongation at the break will be evaluated by measuring the length increase between the initial marks
of the samples. The displacement speed of wedge grips is fixed in 1 mm/min [35].
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(a) 

 
(b) (c) 

Figure 3. (a–c) Subject and no subject to corrosion specimens (scale bar in mm).

 
(a) (b) (c) 

Figure 4. (a,b) Sample during the test; (c) Sample after the test (scale bar in mm).

The tensile force is recorded as a function of the increase in gage length. Such plots of the tensile
force versus tensile elongation would be normalized to the Stress-Strain curve.

- Engineering stress: σ = F
S0

where F is the tensile force and S0 is the initial cross-sectional area of
the gage section.

- Nominal engineering strain: εn = (Lu− L0)
L0

where L0 is the initial gage length and Lu is the
final one.

Taking this curve as a starting point, the value of the conventional elastic limit is determined
by applying a linear regression method to the registers of the proportional elastic zone of the curve.
Due to the need of a high goodness of fit of the data to the mathematical relationship, the correlation
coefficient, R2, will not be less than 0.999. Once this curve has been adjusted again to the estimated
deformation of 0.2%, the cut point of this new curve with the initial curve adjusted will provide the
value of the elastic limit corresponding to the material tested (σe) (Figure 5). Last instant of the tensile
test is delimited by tensile strength σR.
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Regarding the elongation at break, A, it will be calculated from the next expression.

A=
Lu− L0

L0
·100

with L0 = initial length and Lu = length after a break. Measuring Lu is especially critical because it
requires a careful approach to ensure the best contact between both parts. This distance has been
measured using a digital Vernier caliper of precision 0.01 mm.

Figure 5. Elastic limit in an adjusted curve.

3. Results and Discussion

Once the tensile tests have been done on both types of flat specimens considered, the denominated
“control samples” and ones that have been previously subjected to a corrosive environment (specifically
identified with the letter “C”) as well as the parameter values that characterize their mechanical
behavior, yield strength, tensile strength, and elongation are analyzed.

Table 3 presents the set of results obtained.

Table 3. Testing and measurement results.

Specimen Section (mm2) Yield Strength 0.2% σe (MPa) Tensile Strength σR (MPa) Elongation at Break A (%)

1C 80.80 498.50 557.75 11.18
2C 79.41 495.11 554.36 13.06
3 79.69 497.90 557.90 14.32

4C 82.16 481.94 548.30 8.18
5C 79.35 487.87 553.37 10.04
6C 80.72 492.02 553.73 9.72
7C 81.48 480.32 546.70 10.40
8 80.34 486.37 547.49 12.80

9C 82.76 481.65 542.09 10.74
10C 82.92 486.11 554.46 12.76
11C 80.81 483.39 536.72 11.12
12 80.24 488.20 556.63 11.50

From these results, it is possible to do comparative evaluations between the controlled parameters
on each specimen by considering the different variables on influence.

• Kind of specimen
• Corrosive action
• Milling machining conditions
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Due to the specimens’ dimensions, it is necessary to calculate not only the absolute values of the
mechanical parameters (elastic limit, tensile strength, and elongation at break) but the relative values
of these three parameters, according to each specimen cross section (S0). Thus, the next tables and
graphics show results from the evaluation of yield strength and yield strength/section relation (Table 4,
Figure 6), tensile strength and tensile strength/section relation (Table 5, Figure 7), elongation to break
and elongation at break/section relation (Table 6, Figure 8), and relation tensile strength/elongation at
break (Table 7, Figure 9).

Table 4. Yield strength and yield strength/section relation values per specimen and Medium values.

Specimen
Yield Strength Yield Strength/Section

(MPa) (MPa/mm2)

3 497.90 6.25
8 486.37 6.05

12 488.20 6.08
Medium value a (3, 8, 12) 490.82 6.13

Standard deviation 6.20 0.11
1C 498.50 6.17
2C 495.11 6.23
4C 481.94 5.87

Medium value b (1C, 2C, 4C) 491.85 6.09
Standard deviation 8.75 0.19

5C 487.87 6.15
6C 492.02 6.09
7C 480.32 5.89

Medium value c (5C, 6C, 7C) 486.74 6.05
Standard deviation 5.93 0.14

9C 481.65 5.82
10C 486.11 5.86
11C 483.39 5.98

Medium value d (9C, 10C, 11C) 483.72 5.89
Standard deviation 2.25 0.08

Corrosion total medium value (MVt = (MVb + MVc + MVd)/3) 487.43 6.01
Standard deviation 4.11 0.11

Figure 6. Yield strength vs. specimen and medium values.
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Table 5. Tensile strength and tensile strength/section relation values per specimen and medium values.

Specimen
Tensile Strength Tensile Strength/Section

(MPa) (MPa/mm2)

3 557.90 7.00
8 547.49 6.81
12 556.63 6.94

Medium Value a (3, 8, 12) 554.01 6.92
Standard deviation 5.68 0.10

1C 557.75 6.90
2C 554.36 6.98
4C 548.30 6.67

Medium value b (1C, 2C, 4C) 553.47 6.85
Standard deviation 4.79 0.16

5C 553.37 6.97
6C 553.73 6.86
7C 546.70 6.71

Medium value c (5C, 6C, 7C) 551.27 6.81
Standard deviation 3.96 0.13

9C 542.09 6.55
10C 554.46 6.67
11C 536.72 6.64

Medium value d (9C, 10C, 11C) 544.42 6.94
Standard deviation 9.10 0.06

Corrosion total medium value
549.72 6.77(MVt = (MVb + MVc + MVd)/3)

Standard deviation 4.72 0.07

Figure 7. Tensile strength vs. specimen and medium values.
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Table 6. Elongation at break and elongation at break/section relation values per specimen and
medium values.

Specimen
Elongation Elongation/Section

(%) (%/mm2)

3 14.32 0.18
8 12.80 0.16

12 11.50 0.14
Medium value a (3, 8, 12) 12.87 0.16

Standard deviation 1.41 0.02
1C 11.18 0.14
2C 13.06 0.16
4C 8.18 0.10

Medium value b (1C, 2C, 4C) 10.81 0.13
Standard deviation 2.46 0.03

5C 10.04 0.13
6C 9.72 0.12
7C 10.40 0.13

Medium value c (5C, 6C, 7C) 10.05 0.12
Standard deviation 0.34 0.01

9C 10.74 0.13
10C 12.76 0.15
11C 11.12 0.14

Medium value d (9C, 10C, 11C) 11.54 0.14
Standard deviation 1.07 0.01

Corrosion total medium value
10.80 0.13(MVt = (MVb + MVc + MVd)/3)

Standard deviation 0.75 0.01

Figure 8. Elongation vs. specimen and medium values.
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Table 7. Tensile strength/elongation relation values per specimen and medium values.

Specimen Tensile Strength/Elongation (MPa/%)

3 38.96
8 42.77

12 48.40
Medium value a (3, 8, 12) 43.38

Standard deviation 4.75
1C 49.89
2C 42.45
4C 67.03

Medium value b (1C, 2C, 4C) 53.12
Standard deviation 12.60

5C 55.12
6C 56.97
7C 52.57

Medium value c (5C, 6C, 7C) 54.88
Standard deviation 2.21

9C 50.47
10C 43.45
11C 48.27

Medium value d (9C, 10C, 11C) 47.40
Standard deviation 3.59

Corrosion total medium value
51.80(MVt = (MVb + MVc + MVd)/3)

Standard deviation 3.91

Figure 9. Tensile strength/elongation relation values and medium values.

Data shown in Tables 4–7 and Figures 6–9 express those results relative to specimens not
subjected to a corrosive environment (“control specimens”) and the three milling machined conditions
(specimens 3, 8, and 12). In addition, medium values have been calculated and identified as MVa
(medium value a). On the other side, Specimens 1C, 2C, and 4C belongs to batch 1 and they have
been exposed to salt fog. Its corresponding medium value is MVb. Specimens from batch 2 including
5C, 6C, and 7C have suffered a corrosive attack. In this case, it is assigned the medium value MVc.
The three next specimens include 9C, 10C, and 11C from batch 3 and under corrosive action present
a medium value identified by MVd. Eventually, the last column shows the medium value of the three
previous medium values from the batches of samples subjected to corrosion conditions that include
MVb, MVc, and MVd. This parameter, MVt, represents the total medium value corresponding to the
behavior of the studied variable.
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Establishing relations between the samples areas and the machining parameters considered allows
us to make a more accurate evaluation of how their mechanical behavior is affected by the machining
conditions. According to standard deviations included in Tables 4–7, the results show a reduced
dispersion when cross sections are taken into account. Tables 8 and 9 and Figures 10 and 11 show
the percentage variations of the elastic limit and the tensile strength. As shown, both percentages do
not exceed the 4.6% between extreme values from each batch. Concretely, the reduced difference that
both parameters present in batch 2 may indicate that, for this combination of machining parameters,
the variation of the micro-geometry does not significantly affect the mechanical properties considered
(tensile strength and elastic limit).

Table 8. Yield strength/section values per specimen and medium values vs. batch.

Batch
Yield Strength/Section

Specimen without Corrosion
(1) (MPa/mm2)

Yield Strength/Section
Medium Values with

Corrosion (2) (MPa/mm2)
(1)/(2) (%)

1 6.25 (specimen 3) 6.09 (MVb) 2.59
2 6.05 (specimen 8) 6.04 (MVc) 0.13
3 6.08 (specimen 12) 5.89 (MVd) 3.33

Extreme values variation (%) 3.21 3.43

 
Figure 10. Yield strength/Section vs. Batch.

Table 9. Tensile strength/Section values per specimen and Medium values vs. Batch.

Batch
Tensile Strength/Section

Specimen without
Corrosion (1) (MPa/mm2)

Tensile Strength/Section
Medium Values with

Corrosion (2) (MPa/mm2)
(1)/(2) (%)

1 7.00 (specimen 3) 6.85 (MVb) 2.17
2 6.81 (specimen 8) 6.85 (MVc) −0.48
3 6.94 (specimen 12) 6.63 (MVd) 4.69

Extreme values variation (%) 2.73 3.41

In the opposite, the elongation at break is strongly influenced by the machining process and the
activator effect of the corrosion on the surface roughness of each specimen (Table 10, Figure 12). In this
sense, the increasing roughness level dependent on the machining conditions (Ra1 < Ra2 < Ra3) prompts
a fragility increase and consequently a lesser percentage elongation. Likewise, a similar situation is
presented in specimens exposed to a corrosive environment and machined under cutting conditions
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identified as batch 1 and batch 2. In this case, not only is there a decrease on the percentage elongation
but that decrease is very significant. Furthermore, an important difference appears with the percentage
elongation of the “control specimen” being 33.97% in batch 1 and 27.60% in batch 2. These results
show how the Aluminum 7075 ductility can be affected by the machining conditions applied.

 
Figure 11. Tensile strength/Section vs. Batch.

Table 10. Elongation/Section values per specimen and Medium values vs. Batch.

Batch
Elongation/Section
Specimen without

Corrosion (1) (%/mm2)

Elongation/Section
Medium Values with

Corrosion (2) (%/mm2)
(1)/(2) (%)

1 0.18 (specimen 3) 0.13 MVb 33.97
2 0.16 (specimen 8) 0.12 MVc 27.60
3 0.14 (specimen 12) 0.14 MVd 2.06

Extreme values variation (%) 25.38 12.46

 

Figure 12. Elongation/Section vs. Batch.

However, batch 3 does not present the same behavior than batches described before. A similar
comparison between values from the “control specimen” and specimens under corrosion conditions
produces a result of 2.06%. The amount is especially insignificant compared to the results obtained
with batches 1 and 2. Analyzing these results, it can be deduced that the combination of cutting
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depth, feed per teeth, and cutting speed in batch 3 reduces strongly the stimulator effect of the
corrosion in relation to its fragility. These are not, nevertheless, the suitable machining conditions
because the higher increase of the feed per tooth produces a rise in surface roughness and a fall in the
percentage elongation.

Taking absolute values (without relation to cross sections), the conclusions deduced from the
study of each one of the parameters contemplated in the different conditions of the test reveals that,
in the case of the elastic limit, the similar behavior under different machining conditions and the
average value obtained from the specimens without a corrosive action is 490.82 MPa. Therefore, we can
establish this value as the elastic limit value of the material under study. For the samples subjected to
a corrosive attack, the evolution of the average values of the yield strength is such that the result from
batch 1, 491.85 MPa, is insignificant while it is demonstrated that a higher influence on the value of
the elastic limit for the samples from batches 2 and 3. It can be observed as a downward trend of this
evolution. The result is 486.74 MPa, which is the value of batch 2, and 483.72 MPa, which is the value
for batch 3. This tendency is evident in the total average from the set of specimens under corrosion.
This parameter (MVt) offers the value of 487.43 MPa.

Regarding the tensile strength, the evolution presents a similar aspect than the previous case.
The average value of samples 3, 8, and 12 is 554.01 MPa while those one from the batches 1, 2, and 3 are
553.47 MPa, 551.27 MPa, and 554.42 MPa, respectively, which offers an average value of 549.72 MPa.
It can be seen that a similar downward trend of the tensile strength occurs, according to the three
different machined conditions.

Referring to elongation at break, results evidence a greater difference of the behavior of the
samples subjected to corrosion tests. The summarized results according to the medium values obtained
are: Average value of elongation at break for, without corrosion, 12.87% (similar to usual values in
alloys of this type), specimens from corrosion tests and batch 1, 10.81%, batch 2, 10.05%, and batch 3,
11.54%, resulting in a total medium value of 10.80%. Overall, the decrease in the value of the percentage
of elongation is even greater than in the two previous parameters contemplated.

Due to the tensile strength and elongation at break having been obtained by procedures of
different empirical nature, mechanical testing in the first case and geometrical measurements in the
second one establish the level of reliability offered by the two methods employed based on a relation
that has been established between them with an eminently qualitative character. Since the reduction of
the values of elongation is greater than that presented by the tensile strength values about the set of
specimens subjected to corrosion, the medium values obtained for the considered relationship must be
higher in the three series studied under these conditions (43.38 of MVa, against values of 53.12 of MVb,
54.88 of MVc, 47.40 of MVd and, therefore, 51.80 of MVt).

4. Conclusions

This work is supposed to present a new approach in the study of the response of the AA7075 T651
alloy, which is widely used in the aeronautic industry, to different mechanical and chemical actions
such as milling machining and the corrosion process. In this sense, this work deals with a study field
where it hardly exists in the literature.

Considering typical processes used in aeronautics, dry face milling has been selected as the
machining operation to perform on the flat samples (different combinations by fixing cutting speed
and depth of cut and modifying the feed rate). The corrosive environment has been obtained by means
of a salt fog chamber.

Different specific combinations of geometrical and technological cutting parameters are applied
on flat specimens, which have been divided in two study groups. Samples belong to the second group
and have been additionally exposed to a corrosive environment.

Based on the results obtained, it can be clearly seen as a relevant influence of both processes.
On the one hand, whatever combination of milling parameters is applied, samples without a corrosion
effect show an insignificant variation of their mechanical property values (2.37% in tensile strength
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and 1.90% in yield strength). However, the elongation at break presents a great reduction (24.5%)
that varies inversely with the feed rate increase. Consequently, a higher feed rate results in a greater
fragility of the material.

On the other hand, analyzing specimens machined and subjected to corrosion, results reveal that
this phenomenon provokes a strong influence on the elongation at break. The elongation reduction
follows a similar tendency with respect to samples without corrosion, but these samples present
an evident greater fragility with an average elongation of 10.80% in comparison to the 12.87% of the
first ones. Therefore, it produced an additional significant reduction of the 19.17%.

It is necessary to point out that all these observations are only valid within the tested range of
milling parameters.
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Abstract: A new joining by forming process that combines lancing and shearing with sheet-bulk
compression is utilized to assemble thin-walled crash boxes utilized as energy absorbers. Process design
and fabrication of the new crash boxes are analyzed by finite elements and experimentation. Axial crush
tests were performed to compare the overall crashworthiness performance of the new crash boxes against
that of conventional crash boxes assembled by resistance spot-welding. Results show that the joining
process is a good alternative to resistance spot-welding because the new crash boxes can absorb the
same crushing energy, and because the new process helps to overcome typical manufacturing problems
of welding.

Keywords: crash boxes; joining by forming; resistance spot-welding; crashworthiness

1. Introduction

An energy absorber is an important element of a vehicle because it protects the lives of passengers
by managing the absorption of energy and collapse of its structure during an accident. One of the
strategies currently employed by vehicle manufacturers to meet the increasing requirements on safety
and the diminishing weight targets is the utilization of energy absorbers made of high-strength
materials in lightweight body structures. However, the search for more effective energy absorbers is
wider and includes new geometries and materials with the potential to enhance the crashworthiness
performance of the structures under different types of loading. These trends are comprehensively
discussed in two recently published state-of-the-art reviews on energy absorbers [1,2].

The search for new processes to manufacture energy absorbers has so far received little attention.
Most of the publications in the field make use of energy absorbers produced by conventional
extrusion [3,4] or by combination of forming and welding [5,6] (or, adhesive bonding) with or without
hydroforming [7]. However, the design of energy absorbers with higher performance and wider
applicability than the existing ones requires the development of new fabrication processes that allows
for a combination of dissimilar materials with different thicknesses and types of surface coatings,
as well as a combination of adhesives.

Joining by forming [8] can also be successfully utilized to fabricate efficient, low-cost, energy
absorbers. Lee et al. [9], for example, made use of self-piercing riveting to assemble thin-walled crash
boxes with double hat-shaped sections made from steel and aluminum formed panels. They analyzed
the overall crashworthiness performance and concluded that the energy absorbed by the self-piercing
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riveted crash boxes is higher than that of the adhesive-bonded. Gronostajski and Polak [10] utilized
two different clinching processes to assemble thin-walled crash boxes with double hat-shaped sections
made of steel formed panels and concluded that clinching can be successfully applied to fabricate
energy absorbers.

Table 1 summarizes the main advantages and disadvantages of the fabrication processes that are
commonly utilized to assemble crash boxes with top-hat and double-hat shaped sections made from
individual formed panels.

Table 1. Main characteristics of the fabrication processes that are commonly utilized to assemble
thin-walled crash boxes with top-hat or double-hat shaped sections.

Process
Resistance

Spot Welding
Adhesive
Bonding

Self-Piercing
Riveting

Clinching

Materials

Mostly steels.
Metallurgical
compatibility
necessary for

dissimilar metals

Engineering
materials

Engineering
materials with

reasonable ductility
and fracture
toughness

Engineering materials
with reasonable

ductility and
fracture toughness

Coatings
Thick metal and
organic coatings

are difficult

Coatings and
lubricants must be

cleaned

Organic coatings
and lubricants can

affect the
properties of the

joints

Organic coatings and
lubricants can affect

the properties of
the joints

Surface
preparation

None Caution
preparation None None

Consumables Electrodes Adhesives
Rivets

(coatings needed
for steel rivets)

None

Environmental
impact

Sparks, fumes,
and noise Chemicals Noise Noise

Aesthetics and
geometry

Indentation on both
sides. Damage of

coatings.
Distortion and

residual stresses due
to thermal cycle

None
Flush in one side

and protrusion on
the other side

Hole in one side and
large protrusion on the

other side

Performance
High shear strength

and medium
peel strength

Low shear and peel
strengths

High shear
strength and

medium
peel strength

Medium shear strength
and low peel strength

Productivity High Low
(long curing time) Intermediate

High
(no pre-

working required)

This paper is focused on the assembly of thin-walled crash boxes with double-hat shaped sections
made from individual formed panels. The aim and objective is to present a new fabrication process that
combines lancing of the tenons, in which specific areas of the panels are sheared and bent in a single
press operation (Figure 1a), shearing of the mortises, in which holes are cut out of the opposite panels
(Figure 1b), and sheet-bulk compression of the tenons during which the two panels are assembled by
means of “mortise-and-tenon” joints placed along the flanges (Figure 1c,d).

The new fabrication process draws from two previous investigations on joining by forming in
which “mortise-and-tenon” joints were successfully utilized to fix two sheets longitudinally in position
by sheet-bulk compression. The two sheets were joined either perpendicular [11] or parallel [12] to each
other. The reason behind the utilization of “mortise-and-tenon” joints as an alternative to resistance
spot-welded or adhesive bonded joints is because they offer the same advantages of self-piercing
riveted and clinched joints (refer to Table 1) without having the constraints related to organic coatings
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and lubricants. Moreover, the “mortise-and-tenon” joints have the ability to be easily combined with
adhesives in order to increase stiffness and are also capable of ensuring higher-peel strength than
self-piercing riveted and clinched joints due to the protrusion of the flat-shaped surface heads of the
tenons above the adjacent sheet panels, after compression.

   
(a) (b) (c) 

  
(d) (e) 

Figure 1. New fabrication process to assemble the individual formed panels of thin-walled crash boxes
with double-hat shaped sections: (a) lancing (shearing and bending) of the tenon; (b) shearing of the
mortise; (c) sheet-bulk compression of the tenon with a tapered punch; (d) mechanical locking by
sheet-bulk compression of the tenon with a flat punch; (e) cross-section of a “mortise-and-tenon” joint.
Note: the lancing in (a) is upside-down in order to replicate the press movement.

The main challenge of applying the “mortise-and-tenon” joint concept in the assembly of crash
boxes (Figure 1e) derives from the need to compress thin-walled formed panels in the direction
perpendicular to thickness. However, the authors solved the problem by introducing a novel two-stage
variant of the sheet-bulk compression process that makes uses of a tapered heading punch in the
first stage (Figure 1c), and a flat heading punch in the second stage (Figure 1d). The tapered heading
punch ensures a better balance of material displacement and diminishes the risk of buckling during
the initial compression of the panels. The flat heading punch ensures the mechanical locking of the
two individual panels.

The crash boxes assembled with the new proposed “mortise-and-tenon” joint concept are
subjected to static and dynamic axial crushing and its overall crashworthiness performance is compared
against that of resistance spot-welded. Results show that the new crash boxes are a good alternative to
those assembled by resistance spot-welding.

2. Materials and Methods

2.1. Mechanical Characterization

The new proposed joining by forming process can easily assemble thin-walled crash boxes with
individual panels made from dissimilar materials with different thicknesses. However, it was decided
to select a single high-strength low alloy steel (HSLA 340) with 1 mm thickness and 7 μm thickness
galvanized coating to ensure a fair comparison of the crashworthiness performance of the new crash
boxes against those assembled by resistance spot-welding.
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The mechanical characterization of the HSLA 340 steel was performed by means of stack
compression tests [13] due to its capability to characterize the material stress response up to the
large strains that were found in the compression of the flat-shaped surface heads of the tenons.
The stack compression tests were carried out at room temperature in a hydraulic testing machine
(Instron SATEC 1200 kN, Norwood, MA, USA) with a cross-head velocity of 10 mm/min and made
use of multi-layer cylinder test specimens that were assembled by piling up 10 circular disks with
10 mm diameter cut out from the supplied sheets by wire-electro discharge machining (wire-EDM).

2.2. Fabrication of the Crash Boxes

The thin-walled crash boxes with double hat-shaped sections were made from two individual
formed panels that were assembled by sheet-bulk compression with “mortise-and-tenon” joints placed
every 40 mm along their flanges. Table 2 provides the geometry of the crash boxes and a schematic
detail of the new proposed joining by forming process.

Conventional thin-walled crash boxes assembled by resistance spot welding were included in
the experimental work plan for reference purposes. The welding parameters were selected by finite
element modelling (refer to Section 3.2) and the joints consisted of around 5.4 mm diameter spots,
positioned similarly along the flange as the “mortise-and-tenon” joints.

Table 2. Geometry and parameters of the thin-wall crash boxes assembled by sheet-bulk compression
with “mortise-and-tenon” joints and by conventional resistance spot-welding.

Geometry Sheet-Bulk Compression Resistance Spot-Welding

Thickness t 1 mm Tenon width w 5 mm Electric current 7.8 kA

Flange a 24 mm Tenon length h 3.5–6 mm Time (distributed in two pulses) 320 ms

Top section b 36.6 mm Distance between joints d 40 mm Force 3.3 kN

Angle α 120 degrees Tapered punch angle β ~4◦ Resulting nugget diameter D 5.4 mm

Length l 160 mm Tapered punch length c 1.5 mm Distance between welds d 40 mm

a l

b
ß

 

 

2.3. Axial Crush Tests

The crash boxes were tested for quasi-static and dynamic axial crushing at room temperature.
The quasi-static crush tests were performed in the hydraulic testing machine (Instron SATEC 1200 kN) that
had been used in the mechanical characterization of the material. A cross-head velocity v = 10 mm/min was
utilized, and the tests were stopped after reaching a prescribed crushing distance of 55 mm (approximately
1/3 of the initial length of the crash boxes).

The dynamic crush tests were performed in a drop weight testing machine that was designed and
fabricated by the authors. The machine and its main components are schematically shown in Figure 2a.
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The mass M and drop height H of the falling ram can be adjusted up to maximum values of 250 kg
and 5 m, respectively.

  
(a) (b) 

Levering System 

Frame 

Carriage 

Columns 

Ram 

Tool 

Crash-box 

Load cell 

Figure 2. The drop weight testing machine: (a) schematic representation and identification of its main
components; (b) photograph of the tool utilized in the crush tests.

The tool utilized in the quasi-static and dynamic crush tests is shown in Figure 2b. The crash boxes
were placed centrally in the tool, without any further support and were subsequently compressed
between the top and bottom flat platens. The tool was instrumented with a load cell based on
traditional strain gauge technology in full wheatstone bridge with a capacity of 500 kN, a nominal
sensitivity of 1 mV/V, and an accuracy class of 0.7. The load cell was connected to a signal amplifier
unit (Vishay 2310B) and a personal computer data logging system based on a DAQ card (National
Instruments, PCI-6115, Austin, TX, USA). The displacement transducer is a commercial linear variable
differential transformer (Solartron LVDT AC15, Farnborough, UK). A special purpose LabView based
software was designed to acquire and store the experimental data from both the load cell and the
displacement transducer.

Table 3 gives a summary of the main operating conditions utilized in the quasi-static and the
dynamic axial crush tests.
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Table 3. Summary of the quasi-static and dynamic axial crush testing conditions.

Quasi-Static Axial Crush Tests

Equipment Hydraulic testing machine
Velocity v 10 mm/min (1.7 × 10−4 m/s)

Dynamic Axial Crush Tests

Equipment Drop weight testing machine
Ram mass M 82 kg

Upper tool moving mass Mt 45 kg
Height of the fall H 4 m

Efficiency η ~60%
Velocity vi 9.5 m/s

2.4. Finite Element Modelling

The assembly of the individual panels of the thin-walled crash boxes by means of sheet-bulk
compression with “mortise-and-tenon” joints was simulated with the finite element computer program
I-form. The computer program was developed by the authors and is based on the irreducible finite
element formulation,

Π =
∫
V

σ
.
εdV +

1
2

K
∫
V

.
ε

2
VdV −

∫
ST

TiuidS +
∫
S f

⎛
⎜⎝

|ur |∫
0

τf dur

⎞
⎟⎠dS, (1)

where, the symbol σ is the effective stress,
.
ε is the effective strain rate,

.
εV is the volumetric strain

rate, K is a large positive constant imposing the incompressibility of volume V, S is the surface under
consideration, Ti and ui are the surface tractions and velocities on surface ST , τf and ur are the friction
shear stress and the relative velocity on the contact interface S f between the material and tooling.
Further details on the computer program with special emphasis to contact and frictional sliding
between rigid and deformable objects are available in Reference [14].

The numerical simulation made use of two-dimensional plane strain deformation models and the
cross section of the tenons and mortises were discretized by means of approximately 1000 quadrilateral
elements. The tools were modelled as rigid objects and their geometries were discretized by means of
linear contact-friction elements.

The assembly of the individual panels of the thin-walled crash boxes by means of resistance
spot-welding was simulated with the commercial finite element computer program SORPAS [15],
which is based on an electro-thermo-mechanical formulation as described in details in [14]. The
mechanical formulation follows Equation (1). Solution of the electrical potential Φ is based on
integration of Laplace’s equation, which in variational form can be written as

∫
V

Φ,iδΦ,idV = 0, (2)

where subscripts indicate spatial derivatives. The current density, calculated from the derivative of
the potential and electrical resistivity, is used in the calculation of Joule heating during the welding
process. The following variational equation governs the thermal solution for the temperature field T,

∫
V

kT,iδT,idV +
∫
V

ρc
.
TδTdV −

∫
V

.
qδTdV −

∫
S

kT,ndS = 0 (3)

The first term is related to heat conduction through the conductivity k, and the second term is
related to the temperature rate

.
T with material properties being mass density ρ and heat capacity c.
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Joule heating and heating from plastic work are included in the heat generation rate per volume
.
q

in the third term. Finally, the last term includes heat generation and loss along surfaces stemming
from frictional heating, convection and radiation. The subscript in the last term refers to spatial
derivative along a surface normal. Further details like treatment of contact conditions are available
in Reference [14].

3. Results

3.1. Mechanical Characterization

The stress-strain curve of the HSLA 340 steel obtained from the stack compression tests is shown in
Figure 3. The enclosed photograph shows the multi-layer cylinder test specimens that were assembled
by piling up 10 circular disks before and after compression. The stress-strain curve is utilized in the
finite element simulation of the assembly of thin-walled crash boxes by sheet-bulk compression with
“mortise-and-tenon” joints.
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Figure 3. Stress-strain curve of the high-strength low alloy (HSLA) 340 steel obtained from stack
compression tests.

3.2. Finite Element Modelling and Experimentation of the Fabrication Process

The reference joining process was simulated by the commercial software SORPAS [15].
The simulation result is shown in Figure 4 in terms of process peak temperature and identification of
weld nugget. The simulation was based on the parameters given in Table 2. The simulation reveals a
weld nugget with a diameter of 5.4 mm across the interface and a proper penetration into both of the
two HSLA 340 sheets.

Figure 4. Distribution of simulated peak temperature in resistance spot-welding together with
identification of the weld nugget.
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The assembly of the thin-walled crash boxes by the novel sheet-bulk compression process with
“mortise-and-tenon” joints required the tenons to be cut and bent out of the panels by lancing
(Figure 1a), and subsequently compressed in the direction perpendicular to thickness (Figure 1c,d).
Figure 5a,b show the finite element computed distribution of effective strain in the tenons at the end of
the first sheet-bulk compression stage. Two different process operating conditions (Table 2) are shown:
a tenon with a free length h = 4.5 mm that is successfully compressed by a tapered heading punch
(Figure 5a) and a tenon with a free length h = 6 mm that fails by buckling (Figure 5b).

  
(a) 

  
(b) 

Figure 5. Assembling the individual formed panels of the thin-walled crash boxes: (a) effective strain
distribution at the end of the first stage of the sheet-bulk compression of a tenon with a free length
h = 4.5 mm; (b) effective strain distribution at the end of the first stage of the sheet-bulk compression
of a tenon with a free length h = 6 mm.

Successfully compressed tenons are needed for the second stage of the sheet-bulk compression,
during which a flat heading punch assembles the crash boxes by mechanically locking the individual
formed panels to each other.

Figure 6 shows finite element deformed meshes at different instants of the crash box assembly by
means of sheet-bulk compression with “mortise-and-tenon” joints. The case included in the figure
consists of a bent tenon with a free length h = 4.5 mm and corresponds to the working conditions that
were utilized to fabricate all the crash boxes with “mortise-and-tenon” joints that were subjected to the
axial crush tests.

As seen in Figure 6a,b, the tapered heading punch prevents the collapse by buckling at the early
stages of deformation. The flat heading punch (Figure 6c,d) produces the flat-shaped surface heads
(Figure 6e) that will lock the panels to each other and assemble the crash box.

Figure 7 shows the experimental and finite element computed evolution of the force with
displacement for the first and second stages of the sheet-bulk compression with “mortise-and-tenon”
joints. The agreement is good and allows estimating the energy required to perform the first and
second stages of the new proposed joining by forming process.
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(a) (b) 

 
 

(c) (d) 

 
(e) 

Figure 6. Fabrication of the crash boxes by sheet-bulk compression with “mortise-and-tenon” joints
(h = 4.5 mm): (a) finite element mesh at the beginning of the first stage; (b) computed finite element
mesh at the end of the first stage; (c) computed finite element mesh at the beginning of the second stage;
(d) computed finite element mesh at the end of the second stage; (e) crash box with a detail showing
the flat-shaped surface head of a compressed tenon.
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Figure 7. Experimental and numerical evolution of the force with displacement for the first and second
stages of the sheet-bulk compression of tenons with h = 4.5 mm.
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3.3. Axial Crush Tests

Figure 8a shows the force-displacement curves for the quasi-static axial crush tests of the
thin-walled crash boxes with double-hat section assembled by sheet-bulk compression with
“mortise-and-tenon” joints and by resistance spot-welding. As seen, the force increases steeply up to
a peak value where the first fold is formed (initiation of collapse). Then, the force decreases and the
subsequent folds, corresponding to the oscillations of the force-displacement curve, are triggered for
smaller local force peaks.

Figure 8b shows the force-displacement curves for the dynamic axial crush tests of the two types
of crash boxes. The tests were performed in the drop weight testing machine (Figure 2), which converts
the potential energy Ep at the beginning of the fall,

Ep = MgH, (4)

into an axial crush velocity vi at the impact by conservation of linear momentum between the mass M
of the falling ram and the mass Mt of the upper tool part containing the compression platen,

vi = ηM
√

2gH/Mt, (5)

In the above equation, g is the gravity acceleration and η is the efficiency, which accounts for
the air resistance, friction sliding along the columns and type of collision between the falling ram
and the upper tool part (Figure 2a). The mass M and the drop height H of the falling ram were
adjusted to deform the crash boxes by approximately 1/3 of their initial length with an impact velocity
vi � 16 m/s. Finally, it is worth noting that the impact velocity vi is progressively reduced to zero by
the absorption of energy.

As seen, the overall trend of the dynamic force-displacement curves is similar to that of the
quasi-static tests (Figure 8a) but the peak force to trigger collapse increases from 89 kN to 115 kN,
in case of the crash boxes assembled with “mortise-and-tenon” joints. Similar increase in the peak
force is obtained for the resistance spot-welding joints.

(a) 

0

20

40

60

80

100

120

140

0 10 20 30 40 50 60

Lo
ad

 [k
N

]

Displacement [mm]

Mortise-and-Tenon

Spot-Welded

Figure 8. Cont.
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Figure 8. Experimental evolution of the force with displacement for the axial crush tests of thin-walled
crash boxes with double-hat section assembled by sheet-bulk compression with “mortise-and-tenon”
joints and by resistance spot-welding: (a) quasi-static tests; (b) dynamic tests.

3.4. Alignment of the “Mortise-And-Tenon” Joints

The crashworthiness performance of the new crash boxes with “mortise-and-tenon” joints raises
the question of the alignment of the protrusions of the flat-shaped surface heads of the tenons above
the adjacent sheet panel, after compression. Should the flat-shaped surface heads be collinear or
perpendicular to the longitudinal axis of the crash box?

Experiments performed by the authors revealed that the flat-shaped surface heads must be
perpendicular to the longitudinal axis of the crash boxes because if they are collinear, they are easily
pulled-out during axial crushing, diminishing the overall performance of the crash box (Figure 9).

  
(a) (c) 

Figure 9. Cont.
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(b) (d) 

Figure 9. Thin-walled crash boxes with double-hat section assembled by sheet-bulk compression
with “mortise-and-tenon” joints after axial crushing: The flat-shaped surface heads of the tenons are
(a) collinear (front view), (b) collinear (side view), (c) perpendicular (front view), and (d) perpendicular
(side view) to the longitudinal axis of the crash box.

4. Discussion

The evolution of the force with displacement for the quasi-static and dynamic axial crush tests
performed with the two different types of crash boxes allow concluding that the new proposed
“mortise-and-tenon” joints can successfully replace resistance spot-welds. In fact, Figure 8 shows that
the overall trend of the force-displacement curves is similar with peak forces to trigger collapse being
higher in the dynamic crush tests. In case of the crash boxes assembled with “mortise-and-tenon” joints,
for example, the peak values increase from 89 kN to 115 kN when dynamic conditions are applied.

The energy E absorbed by the crash boxes during the axial crush tests are obtained from the areas
below the experimental force-displacement curves of Figure 8,

E =

δmax∫
0

Fdδ, (6)

where δmax = 55 mm is the maximum specified testing distance (refer to Figure 8).
The results are shown in Figure 10 and allow concluding that the new type of crash box can

absorb an overall level of energy similar to that of the resistance spot-welded crash boxes.
The maximum absorbed energy in the dynamic tests, is approximately 30% higher than in

the quasi-static tests. This increase of crashworthiness performance with velocity is attributed
to the strain-rate sensitivity of the HSLA 340 steel [16]. However, it is worth noting that the
maximum absorbed energy in the dynamic tests is approximately 25% smaller than the total energy
provided by the drop weight machine (3.2 kJ) because part of this energy is lost in the conversion
of linear momentum between the mass M of the falling ram and the mass Mt of the tool, in the
elastic deformation of the tool and of the drop weight testing machine, and in the vibration of its
different components.

Another result that is relevant from a manufacturing point of view is the total energy required to
fabricate a “mortise-and-tenon” joint and a resistance spot-welded joint. From the experimental and
numerical evolution of the force with displacement for the first and second stages of the sheet-bulk
compression of the tenons it may be concluded that approximately 7 J and 10 J will be needed to
accomplish both stages. Thus, by considering these values of energy as well as that required to perform

400



Materials 2018, 11, 1118

the lancing operation, it is concluded that the total amount of energy to fabricate a “mortise-and-tenon”
joint is a very small fraction of that required by a resistance spot-welded joint (Figure 11). This is
an important advantage of the new proposed type of crash boxes regarding environmental friendliness.
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Figure 10. Experimental evolution of the absorbed energy with displacement for the axial crush
tests of thin-walled crash boxes with double-hat section assembled by sheet-bulk compression with
“mortise-and-tenon” joints and by resistance spot-welding: (a) quasi-static tests; (b) dynamic tests.
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Figure 11. Energy required to produce “mortise-and-tenon” and resistance spot-weld joints. The energy
required by the mortise-and-tenon joint is referred to the vertical left axis whereas that of the resistance
spot-welded joint is referred to the vertical right axis.

5. Conclusions

The fabrication of crash boxes by sheet-bulk compression with “mortise-and-tenon” joints can
successfully replace conventional production processes based on resistance spot-welding. The crash
boxes with “mortise-and-tenon” joints can absorb the same amount of energy as those with resistance
spot-welding joints in quasi-static and dynamic axial crush tests. They can also avoid the problems
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caused by residual stresses in the resistance spot-welding of panels made from dissimilar materials
with different thicknesses.

The greater applicability of the new crash boxes comes with a disadvantage regarding productivity due
to the multi-stage characteristics of the proposed joining by forming process. However, this disadvantage
can be offset by the environmental friendliness resulting from the total required energy to assemble a crash
box by sheet-bulk compression with “mortise-and-tenon” joints being a very small fraction (1.3%) of that
required by resistance spot-welding.
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