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A Methodology for the Lightweight Design of Modern Transfer Machine Tools
Reprinted from: Machines 2018, 6, 2, doi:10.3390/machines6010002 . . . . . . . . . . . . . . . . . 109

vi



About the Editor

Angelos P. Markopoulos

Angelos P. Markopoulos is an Associate Professor at the School of Mechanical Engineering,

National Technical University of Athens, Greece. His research includes topics such as precision

and ultraprecision conventional and non-conventional machining processes with a special interest in

advanced manufacturing and Industry 4.0. Furthermore, he is an expert in manufacturing technology

modeling and simulation, including the finite element method, artificial intelligence, and molecular

dynamics. He is the author of more than 140 papers in journals, conferences, and book chapters on

the above-mentioned areas and a member of the editorial boards of several international journals.

vii





Preface to ”Precision Machining”

Material removal processes, conventional and non-conventional ones, are considered

exceptionally important manufacturing methods that are used for the production of mechanical

components. A key feature of these processes is their ability to produce final products with high

accuracy and of high quality. Conventional and non-conventional machining, as well as abrasive

processes, are vital for the production of high-quality components from many different materials

categories. Automotive, aerospace and medical industries are only some of the sectors that machined

components of high dimensional accuracy, exceptional properties, complex sizes and usually from

difficult-to-machine materials, are employed. The research in the refinement of machining or the

introduction of new features is ongoing and fast-growing. Precision machining on large scale

components but in the micro- and nano-regime as well, concentrate the interest of the researchers.

In the success of the research there are other aspects that need to be considered as the machine

tools design and control, cutting tools, metrology and quality control, manufacturing systems and

automation and of course modeling and simulation with various methods such as finite elements

method, molecular dynamics and soft computing.

This book aims at presenting recent advances and technologies in the aforementioned fields and

indicate the future trends for precision machining. More specifically, a work on laser machining that

allows the machining of complex geometries with high precision surface quality and productivity

in a wide range of materials is presented in [1]. A method is proposed that helps the machine

operator to select the optimal process parameters. An extensive experimental work is carried out,

where the average output power, the repetition rate and the scanning speed of laser engraving on

a steel plate at various combinations are studied and the effectiveness of the process through the

removed material layer thickness and the material removal rate is assessed. In the next study [2],

the experimental analysis of profile end-milling and more specifically the effect of cutter runout on

cutter vibration and, by extension, on how this affects the chip removal and, thereby, the workpiece

topomorphy, is presented. Various cutting conditions such as the cutting speed, feed rate, and

the axial depth of cut are considered and the effect of cutter runout is evaluated. The third work

[3], is dedicated to experimental studies on drilling with solid carbide tools workpieces of Al7075.

The effect of cutting speed, feed rate, diameter of the tool on the thrust force (Fz) and the cutting

torque (Mz) are evaluated and analyzed through response surface methodology (RSM) and analysis

of variance (ANOVA). The diameter of cut and the feed rate were found to be the factors of high

significance, while cutting speed did not considerably affect the Fz and Mz in the experiments that

were performed. In the next interesting work [4], a knurled interference fit, i.e., a machine part

connection made by a plastic joining, is examined. The combination of the friction and form fit,

which are responsible for torque transmission, results in a higher power density than conventional

connections. Experimental investigations on the shaft chamfer angle (100Cr6) and hub-diameter-ratio

(AlSi1MgMn) are performed and analytical approaches are developed for calculating the joining

force and maximal torque capacity. The presented calculation approach is an accurate tool for the

assessment of machine designs of the knurled interference fit and helps to save from time-extensive

tests. The work of Zhang et al. [5] pertains to annular polishing technology, which is an important

optical machining method for achieving a high-precision mirror surface on silicon carbide and aims

on avoiding the over-polishing of the specimen edge and thus prevent the deterioration of the surface

quality. At first an analytical investigation of the the kinematic coupling of multiple relative motions
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in the annular polishing process is considered. Subsequently, an analytical model that addresses

the principle of material removal at specimen edge based on the Preston equation and the rigid

body contact model is derived. Then finite element simulations and experiments, involving annular

polishing of silicon carbide (SiC), are performed, which jointly exhibit agreement with the derived

analytical material removal model.

Felhő and Kundrák [6] study the effect of increasing feed per tooth on the topography of

the surface in fly-cutting and in multi-point face milling. The study takes into account the axial

run-out of the inserts. Theoretical roughness values were modelled, the real values were tested in

experiments and in both cases the impact of the run-out of the cutting edges and the change of the

chip cross-section were also taken into account. Based on the performed experiments it can be stated

that the accuracy of the introduced roughness prediction method increases with the increase in feed,

and therefore the application of the method in the case of high-feed milling is particularly effective.

The next work [7] is an in-depth analysis of cutting procedure, which is a topic of particular interest

in manufacturing efficiency; in large-scale production, the effective use of production capacities

and the revenue-increasing capacity of production are key conditions of competitiveness. That is

why the analysis of time and material removal rate, which are in close relation to production, are

important in planning a machining procedure. Thus, three procedures applied in hard cutting are

compared on the basis of these parameters and a new parameter, the practical parameter of material

removal rate, is introduced. The results can give some useful indications about machining procedure

selection. The following study [8] is focused on the design and manufacturing of medical implants.

The methodology of designing and machining the femoral component of total knee replacement

using a 3-axis Computer Numerical Control (CNC) machine is presented, and then, the results of

the machining process, as well as the evaluation of implant surface quality, are discussed in detail.

Analysis of the results indicated the appropriate process conditions for each part of the implant

surface and led to the determination of optimum machining strategy for the finishing stage.

The double row tapered roller bearings and the manufacturing methods for producing the

windows found in bearing cages are the subject of [9]. On the dimensional precision of windows,

the clearance between punches and die, the work stroke length and the workpiece thickness could

are crucial factors. To evaluate their influence, experimental research was undertaken, considering

the height and the length of the cage window and the distance between the contact elements of

the cage. The next study [10] deals with the numerical and experimental characterization of the

structural behavior of a railroad switch machine. The results have been validated by means of an

ad-hoc designed experimental apparatus. The last work [11] deals with a modern design approach

via finite elements in the definition of the main structural elements (rotary table and working unit) of

an innovative family of transfer machine tools. Using the concepts of green design and manufacture,

as well as sustainable development thinking, the advantages derived from their application in this

specific field is highlighted. The design is conceived in a modular way, so that the final solution can

cover transfers from 4 to 15 working stations. The loading input forces for the analyses have been

evaluated experimentally via drilling operations carried out on a three-axis CNC unit. The definition

of the design force made it possible to accurately assess both the rotary table and the working units

installed in the machine.
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Abstract: Laser machining processes are a new entrant and a rapidly evolving type of non-conventional
machining process which allows the machining of complex geometries with high precision, surface
quality and productivity in a wide range of materials. Thus, the need for creating a method has
emerged that will help the laser machine operator to select the optimal process parameters. In this
study an experimental investigation of the effect of the process parameters on the effectiveness of the
laser engraving process was held. The examined process parameters were namely the average output
power, the repetition rate, and the scanning speed. For this purpose 126 experimental samples, with
various combinations of process parameters using a nanosecond Nd:YAG DMG MORI Lasertec 40
laser machine on a SAE 304 stainless steel plate were made. The measured criteria which evaluated the
effectiveness of the process were the removed material layer thickness and the material removal rate.

Keywords: laser engraving; laser machining; Nd:YAG laser

1. Introduction

The laser engraving process is a non-conventional, non-contact machining process which is rapidly
evolving due to its ability to perform high-precision machining of complex geometries on a wide
range of materials. The laser machining processes are gradually gaining ground over the conventional
machining processes because of the advantage that there is no contact between a cutting tool and
the workpiece. This means the elimination of problems like wear or failure of the cutting tools and
the need to replace them periodically, which increases the production cost. Additionally, the laser
machining processes facilitate the micromachining of complex geometries in workpieces with small
dimensions, which would be impossible in many cases with conventional machining due to limitations
from the accessibility and the minimum size of the cutting tool [1].

The basic working principle of the laser engraving process is that the laser beam machine generates
laser pulses which provide a large amount of focused heat energy in the workpiece in order to cause
the ablation of the material that has to be removed [2]. The manner and the amount of heat energy
delivered to the material by the laser beam pulses can be changed by changing the basic process
parameters, like the laser beam average power, the laser beam scanning speed, and the repetition rate
of the laser pulses [3,4].

The main purpose of this project is the experimental investigation of how the laser beam
machining process parameters (average output power, repetition rate, and scanning speed) affect
the laser engraving of SAE 304 Stainless Steel by checking the resultant depth and the material
removal rate. Laser machining processes are not as widespread as conventional ones because laser
technology is at an early stage if we think that its evolution began in the early 1960s. Nevertheless,
there are increasing number of research projects on laser machining providing solutions in tasks like
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the optimization of the generated surface quality, reducing energy consumption, increasing cutting
speed, the machining of new materials, etc. Below are some research projects on laser beam machining.

Leone et al. [5] carried out an experimental research project to find the process parameters that
play a decisive role in laser milling of aluminum oxide Al2O3 using a 30 W Q-switched Yb:YAG
fiber laser machine, to explain the way that process parameters affect the interaction between laser
beam and material, and to find the result of changing the process parameters on material removal
rate and the surface quality. Kochergin et al. [6] carried out an experimental study whose main
purpose was to examine the correlation between the process parameters of the laser machine and the
produced surface micro geometry. For the experiments a 50 W Fiber Laser machine with a 50 µm
laser spot diameter was used, and the tested materials were titanium BT1-0 and steel 12X18H10T.
The process parameters tasted in the experiments were the laser pulse power, the frequency of the
pulses and the pulses scanning speed. Angelastro et al. [7] conducted a study about investigating
how the process parameters and building strategy affect the result of direct metal laser deposition
of 227-F Colmonoy nickel alloy. They used a CO2 laser machine with a 0.3 mm laser spot diameter
and a 10 mm thick plate of AISI304 steel as substrate material. Their samples were characterized
in terms of roughness, adhesion, micro and macrostructure, porosity, microhardness and relative
density and they performed an Analysis of Variance (ANOVA) in order to investigate the influence
of the process parameters on the quality of the parts. Casalino et al. [8] performed an experimental
investigation and statistical optimization of the process parameters of the selective laser melting
process of the 18Ni300 maraging steel by using a Nd:YAG laser machine. They examined the hardness,
the mechanical strength, and the surface roughness of the samples and showed that those values are
correlated positively to the part density. Manninen et al. [9] investigated how the laser pulse length
affects laser engraving effectiveness of 304 stainless steel. They used a 20 W Ytterbium Fiber Laser for
the experiments. The only process parameter tested was the pulse duration in a range between 4 and
200 ns. The effectiveness of the laser engraving processes was checked by the following factors: high
material removal rate, good visual quality of the machined surface, and low material temperature
during the process.

2. Materials and Methods

2.1. Laser Engraving Process

In the laser engraving process a focused laser beam is scanned over the workpiece. The energy of
each laser pulse is absorbed by the workpiece and this heats the material, causing melting and finally
vaporizing to a gas [10,11]. The phase transition from solid to vapor is referred to as an ablation process.
As the evaporated material is ejected there is a material removal which finally gives the thickness of
the single removed layer. By removing multiple layers of material with a different scanning pattern for
each one, a 3D shaped surface structure can be produced [12].

Figure 1a presents a schematic illustration of the laser engraving process. The laser beam spot
scans the workpiece material surface in a specific, predefined way (scanning strategy) and laser beam
pulses are generated periodically, causing the ablation and the removal of the target material.

The material removal is affected by the characteristics of laser beam, the properties of
the workpiece and the way they both interact [13,14]. The workpiece properties depend on the material
and the geometry, with the most important being density, melting-vaporizing temperatures, specific
heat capacity, heat conductivity, latent heat of melting-evaporation, and absorptivity-reflectivity in
solid-melting states [15]. The laser beam can be characterized by the laser machine parameters, such as
laser type, wavelength, laser spot diameter, pulse duration, and the process parameters, such as
average output power P, repetition rate F and scanning speed V.

2
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Figure 1. Laser engraving process (a) Schematic illustration of the laser engraving process; and (b) engraving
depth of 14 successive laser beam pulses in a SAE304 stainless steel workpiece.

Figure 1b shows a picture of the removed material depth caused by 14 successive laser beam
pulses in a SAE304 stainless steel workpiece. The picture was taken using a ContourGT-K 3D Optical
Microscope. The engraving was performed with a DMG MORI Lasertec 40 machine with a nanosecond
Nd:YAG lamp, 1064 nm wavelength and 30 µm laser spot diameter. The process parameters were
average output power P = 3.5 W, repetition rate F = 20 kHz and scanning speed V = 500 mm/s.

2.2. Experimental Work

The main objective of this work is to investigate how the laser process parameters affect the removed
material layer thickness and the material removal rate in the laser engraving process of AISI 304 stainless
steel. For this purpose, experiments were carried out machining 4 mm × 4 mm square samples with
a constant number of removed layers (50) with a total of 126 combinations of the three process parameters:
average power P, repetition rate F, and scanning speed V. The experiments were performed using a DMG
MORI Lasertec 40 machine and a 5 mm thickness SAE 304 stainless steel plate was used as the workpiece
material. Figure 2a presents the exterior view of the machine while Figure 2b shows the table on which
the workpiece is seated and the mirrors which direct the laser beams.

3
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Figure 2. Laser engraving machine DMG MORI Lasertec 40 (a) Exterior view; and (b) interior view.

The process parameters were varied as follows: six levels for scanning speed V (200, 300, 400, 500,
600, 700 mm/s), seven levels for the repetition rate F (20, 30, 40, 50, 60, 70, 80 kHz), and three levels
for the average power P (8, 12, 16 W). The scanning strategy used on each layer was cross-hatching,
as shown in Figure 3. The track distance Td is the distance between two successive laser beam tracks,
and the hatching distance Hd is the distance between two successive laser beam pulses in the same
track. The track distance Td was set the same as the hatching distance Hd for the experiments and
calculated by the following equation [16]:

Hd =
V

F
, Td = Hd (1)

where: Hd is the hatching distance; V is the scanning speed; F is the repetition rate; Td is the track distance.

Figure 3. Laser beam scanning strategy.
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The overlap degree Od between two following laser pulses is a useful value. It shows how two
successive laser beam pulses overlap each other and can be calculated from the hatching distance Hd
and the laser spot diameter D by the following equation [16]:

Od =

(

1 −
Hd

D

)

% (2)

where Od is the overlap degree; Hd is the hatching distance; D is the spot diameter.
The removed material layer thickness Dz for each square sample was calculated by dividing

the whole square depth (measured using the laser machine probing system) by the number of layers
were performed (50 layers) as shown in the following equation [16]:

Dz =
Dzn

n
(3)

where Dz is the removed material layer thickness; Dzn is the whole square depth; n is the total number
of layers.

The material removal rate DV, the value that will determine the optimal processing parameters
can be calculated for each combination of process parameters, be the following equation:

DV = V ∗ Td ∗ Dz (4)

where DV is the material removal rate; V is the scanning speed; Td is the track distance; Dz is the
removed material layer thickness.

3. Results

Figure 4 shows the produced workpieces with the different process parameters that were used.

Figure 4. Experimental samples.

3.1. Layer Thickness Dz

A laser machine probing system was used to measure the depth Dzn. Then the removed material
layer thickness Dz was calculated for each sample using Equation (3). The results are shown in Figure 5.

5
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Figure 5. Removed material layer thickness Dz graphs.

Some conclusions can be drawn from the above graphs about the dependence of the removed
material layer thickness Dz on the tested process parameters: average power P, repetition rate F,
and scanning speed V. The maximum removed material layer thickness Dz is 19.4 µm and it is
observed for process parameters: average power P = 16 W, repetition rate F = 40 kHz, and scanning
speed V = 200 mm/s.

Independently of the applied average power P the maximum removed material layer thickness
Dz is observed for repetition rate F = 40 kHz and scanning speed V = 200 mm/s, and it is 7.8 µm for
P = 8 W, 12.9 µm for P = 12 W, and 19.4 µm for P = 16 W. As far as the average power P is concerned,
it is observed that increasing the average power P while keeping the repetition rate F and the scanning
speed V stable increases the removed material layer thickness Dz. As for the scanning speed V, it is
observed that decreasing the scanning speed V while keeping the repetition rate F stable increases
the removed material layer thickness Dz independently of the applied average power P. With regard to
the repetition rate F, three cases are distinguished, depending on the applied average power P. For the low
average power P = 8 W, the removed material layer thickness Dz maximizes at the repetition rate
F = 40 kHz independently of the scanning speed V. For the medium average power P = 12 W, maximizing
the removed material layer thickness Dz while keeping the scanning speed V stable requires a repetition
rate F in the range between 40 kHz and 60 kHz, starting with the value of F = 40 kHz for low scanning
speeds and reaching the value of F = 60 kHz for high scanning speeds. For the high average power
P = 16 W the same behavior is observed as for the medium average power but the repetition rate F range
at this time is between 40 kHz and 80 kHz, starting with the value of F = 40 kHz for low scanning speeds
and reaching the value of F = 80 kHz for high scanning speeds.

3.2. Material Removal Rate DV

The material removal rate DV of each square can be calculated using Equation (4). The results are
shown in Figure 6.

Some conclusions can be drawn from the above graphs about the effect of the tested process
parameters on the material removal rate DV. The maximum material removal rate DV is 0.0261 mm3/s
and it is observed for process parameters: average power P = 16 W, repetition rate F = 20 kHz,
and scanning speed V = 200 mm/s. Independently of the applied average power P, the maximum
material removal rate DV is observed for repetition rate F = 20 kHz. For P = 8 W DV is 0.0118 mm3/s
at scanning speed V = 600 mm/s, for P = 12 W it is 0.0172 mm3/s at scanning speed V = 700 mm/s,
and for P = 16 W it is 0.0261 mm3/s at scanning speed V = 200 mm/s. As far as the average power P
is concerned it is observed that increasing the average power P while keeping the repetition rate F
and the scanning speed V stable increases the material removal rate DV. As for the scanning speed
V, two cases are distinguished, depending on the applied average power P. At the low and medium
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average powers P = 8 W and P = 12 W, it is observed that increasing the scanning speed V while
keeping the repetition rate F stable increases the material removal rate DV. At the high average power
P = 16 W, for a repetition rate F in the range between 20 kHz and 40 kHz the material removal rate DV
increases by decreasing the scanning speed V, while for a repetition rate F in the range between 40 kHz
and 80 kHz the material removal rate DV increases by increasing the scanning speed V. With regards
to the repetition rate F it is observed that decreasing the repetition rate F while keeping the scanning
speed V stable increases the material removal rate DV. However, a differentiation presents itself in
the case of high average power P = 16 W for scanning speed V between 400 mm/s and 700 mm/s:
by decreasing the repetition rate F at the beginning, the material removal rate DV increases until it
reaches its maximum value for F = 40 kHz, and then a downward trend is observed.

Figure 6. Material removal rate DV graphs.

4. Discussion

The purpose of this paper was to investigate the effect of the main laser machining process
parameters (average output power, the repetition rate, and the scanning speed) on the effectiveness of
the process. For this reason, a set of 126 experimental samples with various combinations of process
parameters was made on a SAE304 stainless steel plate. The laser machine which was used was
DMG MORI Lasertec 40. For each experimental sample, the removed material layer thickness was
measured and the material removal rate was calculated; these were the criteria for the evaluation of
the effectiveness of the process.

From the analysis of the experimental results many conclusions have been drawn which were
analyzed in a previous section. In general, increasing the average output power P and decreasing
the scanning speed V results in increasing the removed material layer thickness Dz. Moreover, increasing
the average output power P, increasing the scanning speed V and decreasing the repetition rate F results
in increasing the material removal rate DV.
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Abstract: Profile end-milling processes are very susceptible to vibrations caused by cutter runout
especially when it comes to operations where the cutter diameter is ranging in few millimeters scale.
At the same time, the cutting conditions that are chosen for the milling process have a complementary
role on the excitation mechanisms that take place in the cutting area between the cutting tool and the
workpiece. Consequently, the study of milling processes in the case that a cutter runout exists is of
special interest. The subject of this paper is the experimental analysis of the effect of cutter runout
on cutter vibration and, by extension, how this affects the chip removal and, thereby, the workpiece
topomorphy. Based on cutting force measurements correlated with the workpiece topomorphy under
various cutting process parameters, such as the cutting speed, feed rate, and the axial cutting depth,
some useful results are extracted. Hence, the effect of vibration phenomena, caused by cutter runout,
on the workpiece topomorphy in end milling can be evaluated.

Keywords: end-milling; cutter runout; cutting force; workpiece topomorphy

1. Introduction

During the cutting process, it is very important to know, as precisely as possible, the relationship
between the vibration behavior of the machine tool-cutting tool-workpiece system and the cutting
conditions (cutting speed, feed rate and axial depth of cut) in order to achieve high workpiece surface
quality [1,2].

This is especially the case when it comes to the use of contemporary computer numerical control
(CNC) machine tools in micromachining processes [3], for which it is crucial to define a group of
optimal cutting conditions aiming at:

• ensuring dynamic stability [4,5] of the cutting process without side vibration phenomena [6] with
an unfavorable impact both on the workpiece surface quality and the cutting tool life;

• achieving efficient machine tool performance;
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• avoiding rapid development of cutting tool wear;

• reducing processing time and consequently production costs.

Finding an appropriate combination of process parameters has been such a challenging problem
that a great deal of research has been devoted to the topic. Generally, it is difficult to define optimal
cutting conditions to fit every cutting process. However, it is feasible to find out proper cutting
parameters for a specific combination of machine tool, cutting tool and workpiece material.

The aim of the paper is to investigate experimentally the effect of the tool runout both on the
cutting forces and the resulting workpiece surface. The paper follows a previous one [7], which was
dealing with the effect of vibration phenomena on the workpiece topomorphy in general. The current
research puts particular emphasis on the effect of vibrations caused by cutter runout on the workpiece
surface quality. This is even more important when it comes to micromachining [3,8,9].

Tool clamping is usually accompanied by cutter runout. Although the cutter runout may
be reduced by careful clamping performed by skilled machinists, a residual runout exists in the
micro scale.

In the case of a residual cutter runout, unequal cutting forces are developed on the tool flutes
during each cutter revolution. One of the flutes, where the eccentricity appears, undertakes the main
cutting work and, therefore, is over-loaded, whereas the other flutes remain under-loaded. Because of
that higher stresses are developed on the rake surface and the principal cutting edge of the particular
flute. Such a situation leads to early flute wear, which deteriorates the whole cutting process. Moreover,
the process is susceptible to becoming unstable [1].

Additionally, the effect of the cutter runout should be taken into consideration in order to secure
the surface quality in profile end milling [10]. In this case, the enhanced cutting forces induce tool
bending, thereby worsening the surface finish.

To investigate the effect of cutter runout on the cutting forces and the workpiece surface texture,
dedicated experiments were conducted evaluating the cutting forces and the workpiece surface
topomorphy. In particular, by means of experimental results, the cutting conditions which affect the
cutting process outcome were studied. In this sense, the purpose of this experimental study was to find
out the effect of the cutter runout on the cutting mechanism, on the tool vibration, and sequentially on
the workpiece surface quality.

2. Experimental Procedure

To measure the cutting forces, specific milling experiments were conducted on the 5-axis CNC
machining center DECKEL MAHO MH600C (DECKEL MAHO GmbH, Pfronten, Germany) shown
in Figure 1. Before the measurement of the cutting forces, the workpiece was roughened in order
to achieve the necessary flatness thus ensuring a constant depth of cut through the entire machined
surface. For the roughing process, under the usage of coolant, an end-mill cutting tool of 40 mm
diameter was selected.

The cutting tool used in the experiments was manufactured by the OSAWA Company (Osaka,
Japan) with type G2CS4, and is shown in Figure 2. It is a 4-flute end-mill cutter of 2 mm diameter.
The cutting tool material is micrograin carbide with multilayer physical vapor deposition (PVD) high
performance coating of 3500 HV hardness. Due to its excellent abrasion resistance and the fact that it can
withstand higher temperatures, this cutting tool is suitable for working with or without lubrication at
high cutting speeds. All experiments of the research were performed under dry machining conditions.

The cutting tool was mounted on the ISO40 Tool holder by the aim of a ER32 collet. By a typical
tool clamping procedure, the cutter was set up with a radial eccentricity leading to cutter runout of
7 µm. The resulted cutter runout was measured using a specific tool measurement device (DMG
Violinear) with 1 µm resolution. The result of the eccentric tool mounting is schematically explained in
Figure 3a.
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Figure 1. The experimental setup.

Figure 2. The cutting tool used in the experiments.

The cutting kinematics considering the cutter runout is depicted on the surface texture with a
varied waviness profile (Figure 3c). Specifically, the height of the waviness profile is increased as well
as the waviness length. The theoretical maximum roughness Rt of the roughness profile is expressed
by Equation (1) when the tool is ideally axisymmetric and, correspondingly, by Equation (2) in the case
that a tool eccentricity exists [11,12]. From these equations it can be clearly seen that an increase in
feed per tooth fz causes surface roughness growth, whereas an increase in tool diameter D, causes a
decline in surface roughness.

Rto =
D
2
−

√

D2 − f2
z

4
≃

f2
z

4 · D
(1)

Rte = R −
1
2
·

√

4R2 − f2
z − 2 · er · fz − e2

r ≃
(fz + er)

2

4 · D
(2)

It is also worth noticing that the surface roughness parameters in the above equations often vary
from the real surface roughness values, especially for low tool feed speed. One of the reasons of these
discrepancies are cutter displacements related to the cutter’s runout. Moreover, the tool’s vibrations
have an additional effect also.
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Figure 3. Representation of the workpiece waviness profile (c) due to tool radial eccentricity (a,b).

The parameter er depicted in Figure 3b denotes the radial displacement between the cutting edges
related to cutter runout. The cutter’s static runout is mainly due to the offset between the position
of the tool rotation axis and the spindle rotation axis. It is worth mentioning that in an end-milling
process this radial cutter runout affects only the wall surface of the machined workpiece.

The material of the workpieces used for the experiments was aluminum alloy of class 7075 T651
(AlZn5.5MgCu). In Figure 4 the metallographic microstructure is shown. In the micrograph there are
visible various phases granulation formed (Al-MgZn2, MgSi2, and phase contains Fe) in the Al matrix.
This material has very high strength and, therefore, is used widely in applications in aerospace and in
military industry.

In order to measure the cutting forces, metrological equipment was used, which consists of the
stationary dynamometer type KISTLER 9257B (Kistler Group, Winterthur, Switzerland), the charge
amplifier type KISTLER 5233A and an Analog/Digital converter of the National Instruments type NI
PCI-MIO-16E (National Instruments, Austin, TX, USA) which was connected to a computer.

The three cutting force components Fx, Fy and Fz were measured in real time, whereby Fx
component represents the feed force, Fy component represents the back force and Fz component
represents the main cutting force (Figure 1). The measurements were taken with the aid of the inbuilt
piezoelectric sensors. The output of the sensors is an electric charge (Q) linearly proportional to
the force acting to the sensor. The charge amplifier intensifies this charge into a normalized voltage
signal, which can then be digitized and acquired in the signal-processing system. The digital signals
are subjected to a further processing in order to be evaluated both in time and frequency domain.
The cutting parameters of the conducted experiments are shown in Table 1.

12
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Figure 4. Metallographic structure of the aluminum alloy used in the experiments.

Table 1. Cutting conditions.

Symbol Parameter (Units) Value

S Spindle Speed (rpm) 5500
Vc Cutting Speed (m/min) 34.5
f Feed Speed (mm/min) 220/440
fx Feed per tooth (mm/tooth) 0.01/0.02

axz Radial depth of cut (mm) 0.5
ae Axial depth of cut (mm) 0.2/0.4/0.6
D Cutter diameter (mm) 2

3. Experimental Results and Discussion

The cutting force components, after undergoing a low-pass filtering of 200 Hz, were recorded
within a time frame of 0.04 s by a sampling rate of 25,000 samples/s. In Figures 5 and 6, typical
measurement graphical interfaces are illustrated, showing the cutting parameters and the three cutting
force components both in the time and frequency domains.

From all measurements, it is obvious that there is a direct correlation between the feed rate and
the amplitude of the main cutting force (Fz) and the feed force (Fx). Regarding the passive force
component (Fy), it is negligible.

Furthermore, taking into account that the cutting force is proportional to the axial cutting depth,
it is confirmed that by working at higher material removal rates (MRR) more intense tool excitation is
expected, leading to vibration phenomena capable of affecting the workpiece surface quality.

The effect of the tool runout on the cutting force and thereby on the vibration phenomena is
clearly depicted in the Fast Fourier Transform (FFT) spectra of the cutting-force components. The tool
rotation frequency amounts to 91.67 s−1. From the cutting force spectra, we can see that only one
cutter flute contributes to the cutting process at this frequency. This is more evident for the main
cutting force (Fz) in relation to the feed force (Fx). Generally, the primer cutter flute located at the
offset direction of the tool undertakes the main cutting work and the next flutes have less material to
remove. This is demonstrated with the lower magnitude spectra peaks at 2×, 3× and 4× of the main
tool-rotation frequency.
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Figure 5. Cutting force components during milling process (feed rate 0.01 mm/tooth, axial depth of
cut 0.4 mm).

Figure 6. Cutting force components during milling process (feed rate 0.02 mm/tooth, axial depth of
cut 0.4 mm).

In manufacturing, it is important to verify the topomorphy of the final workpiece in order to
produce high-quality products. The influence of the cutting parameters in cutting processes and
the workpiece surface is evaluated through the workpiece topomorphy and the roughness profile.
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The combination of the cutting parameters has a direct impact on the cutting forces. This is due to the
modification of the cutting process kinematics. As a result, the cutting process dynamics changes and,
therefore, tool vibration excitations emerge.

In order to correlate the cutting parameters with the cutting force and thus the cutting dynamics
the workpiece topomorphy was studied. For the quantitative and qualitative assessment of both
workpiece topomorphy and the roughness profile, an optical profilometer of type VEECO NT1100
(Veeco, Tucson, AZ, USA) was used, which operates on the principle of white light interferometry.
The measurement resolution in the depth direction of the workpiece topomorphy (perpendicular to
the surface) amounted to less than 1 nanometer, while the resolution in the plane of the surface was
about 0.4 microns. The resolution of the scanned areas by the white light interferometer was about
1 mm2 (0.92 mm × 1.2 mm) for the ×10 magnification and 0.045 mm2 (0.1853 mm × 0.2436 mm) for the
×50 magnification, captured by a 0.3 Mpixel sensor. The measurements were taken on the floor as well
as on the wall of the machined surfaces. In Figure 7 the cutting tool paths in end milling are shown.

Figure 7. Cutting tool path and machined surfaces.

In Figure 8 the workpiece topomorphy and the roughness profile of the machined floor surface
for feedrate 0.01 mm/tooth under various axial cutting depths are presented. The cutting tool traces
are clearly depicted and according to the tool feedrate (0.04 mm/rev) the distance between two
successive traces is approximately equal to 40 µm. In the digitized roughness profile, which refers to
a length of 0.92 mm, a total of 23 tracks can be identified. This means that at every tool revolution
just only one cutter flute path was imprinted on the surface texture. Apparently, each cutting flute
takes part in the cutting process, but the eccentric one demonstrates higher force amplitude, which
means that the specific flute cuts much more material. The traces of lower depth generated by the
other flutes were removed because of the dominating flute path, leaving on the surface only one trace
per tool revolution. Additionally, the tool deflection yielded an “axial runout”, where the dominating
flute was touching the workpiece more than the others, thus generating the observed bottom marks.
Respectively, in Figure 9 the corresponding surface characteristics for feedrate 0.02 mm/tooth are
shown. In this case, as expected, the distance between the successive tool traces amounted to 80 µm.

Table 2 shows the results of the maximum roughness value Rt of the roughness profile concerning
the machined floor surface under three axial cutting depths. Each of the results represents the mean
value of Rt (Rt) for 10 profiles measured in the feed direction.

By increasing the axial cutting depth, the workpiece roughness becomes higher. At the same time
an enhancement of the tool feedrate results in an additional increment of the workpiece roughness.
This is expected since by increasing the volume of removed material the main cutting force increases
too, leading to cutting tool deflection, which yields higher roughness.
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Figure 8. Topomorphy (zoom ×10) and roughness profile of the workpiece floor surface for
0.01 mm/tooth feedrate and 0.2 mm (a) and 0.4 mm (b) axial cutting depth.

Figure 9. Topomorphy (zoom ×50) and roughness profile of the workpiece floor surface for
0.02 mm/tooth feedrate and 0.4 mm (a) and 0.6 mm (b) axial cutting depth.
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Table 2. Maximum roughness profile value Rt of the machined floor surface.

Axial Cutting Depth (mm)
Feedrate 0.01 mm/Tooth Feedrate 0.02 mm/Tooth

Roughness Profile Rt (µm)

0.2 1.68 -
0.4 2.18 2.78
0.6 - 3.13

In Figure 10 the topomorphy of the machined workpiece floor surface is presented in detail
(zoom ×50). It can be observed that waviness is formed on the workpiece surface inside the cutting
tool path (see figure detail). This waviness has occurred due to the tool vibration during the cutting
process. The tool was subjected to high vibrations, as a result of the relatively high cutting forces,
because of the tough cutting conditions of the specific experiment in relation to the others.

Figure 10. Workpiece topomorphy detail (zoom ×50) at the workpiece floor surface for tool feedrate of
0.02 mm/tooth and axial cutting depth of 0.6 mm.

In Figure 11, the workpiece topomorphy of the machined wall surface is illustrated for a tool
feedrate of 0.02 mm/tooth and axial cutting depth of 0.2, 0.4 and 0.6 mm. The cutting tool traces due
to the tool kinematics are shaped in the form of waves at each tool revolution. Observing the number
of the waves at the examined length, the cutting tool feedrate can be validated. That means that in a
length of about 0.9 mm, 11 waves appears with a wavelength of 80 µm, which is equal to the cutter feed
per revolution (0.08 mm/rev). This means that just one cutting edge per tool revolution dominates in
the cutting process because of the cutter runout effect. The waviness profile height depends on the
axial depth of cut because of the superimposed cutter declination and cutter runout.
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Figure 11. Workpiece topomorphy (zoom ×10) at the machined wall surface for tool feedrate of
0.02 mm/tooth.

4. Conclusions

In profile end-milling processes, the excitation mechanisms that take place in the cutting area
between the cutting tool and the workpiece need to be carefully studied in order to ascertain the factors
that affect the cutting operation. The present paper examines the effect of cutter runout on cutting
forces and, thereby, on the workpiece topomorphy in cases where cutting tools of a few millimeters
scale diameter are implemented in end-milling operations.

Specific experiments under various cutting conditions were conducted, whereby the cutting forces
were recorded and appropriately processed. The results revealed that the cutting forces increased with
the tool feedrate. Moreover, a rise of the axial cutting depth which resulted in a higher metal removal
rate can cause more intense tool excitation, thus leading to vibration phenomena capable of affecting
the workpiece surface finish.

In the case of the use of cutters with a residual runout, the topomorphy of the machined workpiece
surface was also investigated. Increasing the axial cutting depth led to a higher surface roughness.
Moreover, the surface roughness became worse with a higher tool feedrate. The experimental
results have revealed that a direct correlation between the cutting conditions and both the workpiece
topomorphy and the surface roughness exists.

In the case that a residual cutter runout is present, it has been verified that one cutting flute per
tool revolution mostly takes part in the cutting process. Furthermore, evaluation of the machined
workpiece topomorphy in end-milling process provides useful information about the effect of the
vibration phenomena caused by cutter runout. To this end, the findings of this research can serve as
useful suggestions for machinists who are confronting problems caused by tool runout.
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Abstract: In this research, experimental studies were based on drilling with solid carbide tools
and the material used was Al7075. The study primarily focused on investigating the effects of
machining parameters (cutting speed, feed rate, diameter of the tool) on the thrust force (Fz) and
the cutting torque (Mz) when drilling an Al7075 workpiece. The experimental data were analyzed
using the response surface methodology (RSM) with an aim to identify the significant factors on
the development of both the Fz and Mz. The application of the mathematical models provided
favorable results with an accuracy of 3.4% and 4.7%, for the Fz and the Mz, respectively. Analysis
of variance (ANOVA) was applied in order to examine the effectiveness of the model, and both
mathematical models were established and validated. The equations derived proved to be very
precise when a set of validation tests were executed. The importance of the factors’ influence over the
responses was also presented. Both the diameter of the cutting and the feed rate were found to be
the factors of high significance, while cutting speed did not affect considerably the Fz and Mz in the
experiments performed.

Keywords: Al7075; thrust force; cutting torque; response surface methodology

1. Introduction

A majority of products are directly or indirectly related to the metal cutting processes during their
production processes. From the most commonly used processes, such as milling, turning, tapping and
so forth, drilling constitutes the most commonly used. A significant number of holes are necessary for
the assembly of different parts in order to be connected each other and develop the product itself.

Many researchers have developed empirical methodologies based on statistics, which can be
used to learn the interactions between manufacturing factors. Response surface methodology (RSM)
is one of the most widely used. RSM is a collection of an empirical modeling approach for defining
the relationship between a set of manufacturing parameters and the responses. Different criteria are
used and the significance of these manufacturing parameters on the coupled responses are examined.
This methodology uses a number of techniques based on statistics, graphics, and mathematics, for both
improving and optimizing a manufacturing process. Kumar and Singh [1] used ANOVA to investigate
the material removal rate (MRR) and surface roughness of optical glass BK-7, which was drilled by a
rotary ultrasonic machine. A number of manufacturing parameter combinations were used in order
to effectively investigate the drilling process itself. The experimental process showed that the most
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influential factor was the feed rate, while the developed prediction models kept the error within 5%
at a 95% confidence level. RSM was used by Balaji et al. [2] on the drilling process of Ti-6Al-4V alloy.
Drilling parameters (i.e., spindle speed, helix angle, feed rate) were tested and the surface roughness,
flank wear, and acceleration of drill vibration velocity (ADVV) were measured. A multi-response
optimization was performed with a view to optimize the drilling parameters for minimizing the output
in each case (surface roughness, flank wear, ADVV). Similarly, Balaji et al. [3] investigated the effects
of helix angle, spindle speed, and feed rate on surface roughness, flank wear, and ADVV during the
drilling process of AISI 304 steel with twist drill tools. The significant parameters were retrieved based
on the RSM, while the optimum drilling parameters were identified based on a multi-response surface
optimization method.

Furthermore, Nanda et al. [4] used RSM to measure the responses, such as material removal
rate (MRR), surface roughness, and flaring diameter, with the three input parameters—pressure,
nozzle tip distance, and abrasive grain size—on a borosilicate-glass workpiece with zircon abrasives.
Boyacı et al. [5] developed a fuzzy mathematical model using a multi-response surface methodology
based on the drilling process of PVC samples in an upright drill. Cutting parameters, such as cutting
speed, feed rate, and material thickness, were tested for the minimization of surface roughness
and cutting forces. RSM was also used by Ramesh and Gopinath [6] during drilling of sisal-glass
fiber reinforced polymer composites to predict the influence of cutting parameters on thrust force.
The adequacy of the models was checked using the analysis of variance (ANOVA). The results showed
that the feed rate was the most influencing parameter on the thrust force, followed by the spindle
and the drill diameter. Jenarthanan et al. [7] developed a mathematical model in order to predict
how the input parameters (tool diameter, spindle speed, and feed rate) influence the output response
(delamination) in machining of the ARALL composite using different cutting conditions. RSM was used
for the analysis of the influences of entire individual input machining parameters on the delamination.

Rajamurugan et al. [8] developed empirical relationships to model thrust force in the drilling
of GFRP composites by a multifaceted drill bit. The empirical relationships were developed by the
response surface methodology, incorporating cutting parameters such as spindle speed (N), feed rate
(f), drill diameter (d), and fiber orientation angle (q). The result was that the developed model can
be effectively used to predict the thrust force in drilling of GFRP composites within the factors and
their limits of the study. Rajkumar et al. [9] used RSM to predict the input factors influencing the
delamination and thrust force on drilled surfaces of carbon-fiber reinforced polymer composite at
different cutting conditions with the chosen range of 95% confidence intervals. Ankalagi et al. [10]
used response surface methodology to analyze the machinability and hole quality characteristics in
the drilling of SA182 steel with an HSS drill. They investigated the effects of machining parameters,
such as cutting speed, feed rate, and point angle, on (a) thrust force, (b) specific cutting coefficient,
(c) surface roughness, and (d) circularity error. The experimental methodology showed that thrust
force, specific cutting coefficient, and surface roughness decrease with the increase in cutting speed,
whereas the circularity error increases with increased cutting speed and feed, on micro-EDM drilling
process parameters. Natarajan et al. [11] analyzed the effect of the manufacturing parameters (i.e., feed
rate, capacitance, voltage) on machining a stainless-steel shim with a tungsten electrode. In all cases,
the surface roughness, the MRR, and tool wear were measured. RSM helped the development of
statistical models for multi-response optimization, based on the desirability function with an aim
to determine the optimum manufacturing parameters. Finally, Kyratsis et al. [12] investigated the
relationship of three manufacturing parameters (diameter of the tools, cutting speed, feed rate) on the
cutting forces developed when drilling an Al7075 workpiece. The response surface methodology was
the main tool for establishing the appropriate mathematical prediction models.

This paper presents a study of the Al7075 drilling process when using solid carbide tools with
different diameters. A series of appropriately selected cutting speeds and feed rates were applied and
different mathematical models for the prediction of the thrust force (Fz) and the cutting torque (Mz)
were calculated. Analysis of variance (ANOVA) was used in order to validate the adequacy of the
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mathematical models and depict the significance of the manufacturing parameters. The novelty of
this work is the development of mathematical models that can be used with high levels of confidence
in order to predict the thrust force and torque expected during the drilling of Al7075, within a wide
range of cutting parameters (cutting speed 50~150 m/min, feed rate 0.15~0.25 mm/rev). The optimum
usage of cutting tools is something crucial for CNC users as it can affect the whole machining process.

2. Materials and Methods

2.1. Selection of Materials

Nowadays, the metal cutting process is a very important issue for the manufacturing sector.
Al7075 is an aluminum alloy having zinc as the main alloying element. Due to its excellent properties
(strength, density, thermal behavior), it is widely used in the manufacturing industry for vehicles.
In addition, it provides the sector of aviation with a lighter, stronger aluminum component, as well as
enabling safer, lighter, and more fuel-efficient vehicles. Furthermore, its ability to be highly polished
makes it suitable for the mold tool manufacturing industry. The aforementioned reasons have led a
number of researchers to focus their studies on these factors [13–15]. In this study, an Al7075 plate
(150 mm × 150 mm × 15 mm) was selected for performing the experimental work. The material’s
mechanical properties and chemical composition is depicted in Table 1.

Table 1. Mechanical properties and chemical composition of Al7075.

Mechanical Properties

Young’s Modulus Density Hardness, HV Yield Strength
Tensile

Strength
Thermal

Conductivity

72 GPa 2800 kg/m3 173 503 MPa 572 MPa 130 W/m-K

Chemical Composition

Elements Zn Mg Cu Cr Fe Si Mn Ti Al

Percentage 6 3 2 0.3 0.6 0.5 0.4 0.3 Balance

2.2. Response Surface Methodology

RSM is a popular method for deriving mathematical models of manufacturing systems, based
on the principles of statistics. The same method can be the basis for applying optimization as well.
The input parameters are identified together with their value ranges in the application under study.
Then, the experimental process is set. Finally, mathematical models are calculated for the responses
measured in each case. The effects of all input parameters and their interactions on the response
are analyzed and their importance is derived. Different statistical methodologies (i.e., analysis of
means and variances) are developed in order to establish the accuracy and adequacy of the derived
mathematical model.

2.3. Experimental Details

In this research, an Al7075 block was used as a stock material. A HAAS VF1 CNC machining
center was used to perform all the drilling tests. The machining center is able to perform with
continuous speed and feed control within its operational limits. During the tests, three cutting speeds
(V) and three feed rates (f ) were applied in combination with three cutting tools’ diameters (D). Table 2
depicts the factors used in this research together with their levels.
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Table 2. Machining factors and their levels.

Factors Notation
Levels

I II III

Cutting speed (m/min) V 50 100 150
Feed rate (mm/rev) f 0.15 0.2 0.25
Tool diameters (mm) D 8 10 12

A mechanical vise was used for clamping the workpiece and a Weldon clamping device with
high rigidity was used to clamp the drill. The type of cutting fluid was KOOLRite 2270 which was
provided by the delivery system near to the cutting tool. A Kistler dynamometer type 9123 (capable of
measuring four components at the same time) measured the thrust force (Fz) and torque (Mz) values in
each case of a set of twenty-seven experiments, which were executed by using 27 different (one tool
for each hole) non-through coolant solid carbide drill tools (Kennametal B041A, flute helix angle of
30 degrees). All the possible combinations of the manufacturing parameters were used (cutting speed,
feed rate, tool diameter). Figure 1 depicts the steps of the research conducted. The main shape of the
cutting tools and all the dimension details are illustrated in Figure 2.
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Figure 2. Cutting tool geometry details.

Figure 3 demonstrates a sample graph of the measurements of thrust force and cutting torque.
As mentioned, Kistler 9123 dynamometer has been used to measure the thrust force and cutting torque
during the drilling process. Dynoware software (type 2825D-02) was used in order to monitor and
record the values through a three-channel charge amplifier with a data acquisition system. During
the tests, the thrust force and cutting torque were displayed graphically on the computer monitor
and analyzed, enabling early error detection, and ensuring a steady state condition. As the sampling
rate was high (approximately 10 kHz), the mean value was used as the final data in order to secure
the value accuracy. The thrust force and cutting torque monitoring was developed as a means of
enhancing the process monitoring capabilities.
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Figure 3. Experimental value (mean value) of thrust force and torque for a step drill with tool diameter
of 8 mm, cutting speed of 50 m/min, and feed rate of 0.15 mm/rev.
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Figure 4 illustrates all the experimental values derived from the dynamometer. It is obvious from
the figure that when the diameter of the tool increases, both the Fz and Mz values increase. The same
happens in the case of the feed rate. As the feed rate values increase, the Fz and the Mz increase,
respectively. On the other hand, the different values of cutting speed do not noticeably affect their
value in both cases.
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3. Results

RSM was employed with a view to developing mathematical models for the Fz and the Mz in
terms of cutting speed, feed rate, and cutting tool diameters. Least square fitting was used with
the mathematical models in order to offer reliability. A full factorial strategy was applied and
twenty-seven drilling experiments were performed, and both the Fz and Mz were modelled separately
using polynomial mathematical models.

RSM-Based Predictive Models

The RSM is a precise tool used in order to examine the influence of a series of input variables
on the response, when studying a complex phenomenon. The analysis of variance (ANOVA) was
performed to check the adequacy and accuracy of the fitted models. MINITAB was used for the
statistical analysis. The models produced used least square fitting and provided reliable mathematical
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modeling. The 2nd order nonlinear model with linear, quadratic, and interactive terms is indicated by
the following equation:

Y = b0 + b1X1+b2X2 + b3X3 + b4X2
1 + b5X2

2 + b6X2
3 + b7X1X2 + b8X1X3 +b9X2X3 (1)

where:

Y is the response,

Xi stands for the coded values, and

bi stands for the model regression coefficients.

According to the experimental values derived from Kistler 9123 (Figure 2) and the aforementioned
mathematical model, the following equations were derived for the thrust force (in N) and the cutting
torque (in Nm) respectively:

Fz = −79 + 51.4D + 1.22V − 504 f − 2.65D2 − 0.0102V2 + 2038 f 2 + 0.128DV + 187D f + 0.07V f (N)

and

Mz = 1.51− 0.309D + 0.00236V + 1.06 f + 0.016D2 − 0.000037V2 − 12.5 f 2 + 0.000208DV + 1.33D f
+0.0213V f (Nm)

where:

D is the diameter of the tool in mm,

f is the feed rate in mm/rev, and

V is the cutting speed in m/min.

The adequacy of the models is secured at a 0.05 level of significance. The validity of the developed
models is proved by the use of ANOVA. The R-sq(adj) is very high in both cases (99.4% for the Fz and
98.9% for the Mz). In addition, when a 0.05 level of significance is used, the main contributors of the
models are those with a p-value less than 0.05. In the case of the Fz, these contributors are: D (p = 0.026),
V (p = 0.022), D2 (p = 0.017), V2 (p = 0.000), DxV (p = 0.000) and Dxf (p = 0.000), while in the case of the
Mz the main contributors are: D2 (p = 0.048), V2 (p = 0.007), Dxf (p = 0.000), Vxf (p = 0.023).

The validity of the models is also proved from the values of F and p. They indicate the significance
of the mathematical model. The quality of the entire mathematical model can be proved by the F value
which considers all the manufacturing parameters at a time. The p value depicts the probability of the
manufacturing parameters having insignificant effect on the response. A large F value signifies better fit
of the mathematical model with the acquired data from the experiments. The derived values of F-ratio
for the models of Fz and Mz (Tables 3 and 4) are calculated equal to 467.15 and 261.36, respectively.
They are both higher than the standard tabulated values. A mathematical model is considered reliable
when the F value is high and the p-value is low (below 0.05 at a 0.05 level of significance).

Figures 5 and 6 both depict the main effect and interaction plots for the Fz and Mz. In the
interaction plot the interaction between diameter of the tool versus the cutting speed, and diameter of
the tool versus the feed rate in all cases has been highlighted. As can be seen in Table 3, V2 (p = 0.000),
which implies that the square of the cutting speed affects the value of Fz and Mz. This is more obvious
when observing the main effect plots for Fz and Mz where the three means of the V depict a second
order shape, compared to the rest of the mean effects plots that form almost straight lines. The same
happens in the case of the cutting torque.
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Table 3. ANOVA table for Fz (thrust force).

Source Degree of Freedom Sum of Squares Mean Square f -Value p-Value

Regression 9 405,574 45,064 467.15 0.000
Residual Error 17 1640 96

Total 26 407,214
R-Sq(adj) = 99.4%

Predictor Parameter Estimate Coefficient Standard Error Coefficient t-Value p-Value

Constant −78.9 135.1 0.58 0.567
D 51.36 21.06 2.44 0.026
V 1.2224 0.4867 2.51 0.022
f −503.7 712.0 −0.71 0.489

D*D −2.651 1.002 −2.64 0.017
V*V −0.010202 0. −6.36 0.000
f*f 2038 1604 1.27 0.221

D*V 0.12850 0.02835 4.53 0.000
D*f 186.67 28.35 6.58 0.000
V*f 0.067 1.134 0.06 0.954

Table 4. ANOVA table for Mz (torque).

Source Degree of Freedom Sum of Squares
Mean

Square
f -Value p-Value

Regression 9 12.7870 1.4208 261.36 0.000
Residual Error 17 0.0924 0.0054

Total 26 12.8794
R-Sq(adj) = 98.9%

Predictor
Parameter Estimate

Coefficient
Standard Error

Coefficient
t-Value p-Value

Constant 1.505 1.014 1.48 0.156
D −0.3086 0.1581 −1.95 0.068
V 0.002357 0.003654 0.65 0.527
f 1.057 5.345 0.20 0.846

D*D 0.016014 0.007525 2.13 0.048
V*V −0.00003691 0.00001204 3.07 0.007
f*f −12.51 12.04 −1.04 0.313

D*V 0.0002075 0.0002128 0.97 0.343
D*f 1.3317 0.2128 6.26 0.000
V*f 0.021300 0.008514 2.50 0.023

Residual analysis was performed in order to test the models’ accuracy in both cases. The result
was that the residuals appear to be normally distributed. They follow the indicated straight lines
(almost linear pattern) while at the same time they are distributed almost symmetrically around the
zero residual value proving that the errors are normally distributed. For both cases, there is not
considerable variation of the observed values around the fitted line. The discrepancy of a particular
value from its predicted value is called the residual value. When the residuals around the regression
line are small, it means that the mathematical model is of high accuracy. All the scatter diagrams of the
Fz and Mz residual values versus the fitted values provide enough evidence that the residual values
are randomly distributed on both sides of the provided graph. The same is true for the residual values
versus the order that the experiments were conducted (Figure 7). There is no evidence of any particular
pattern in the residual values and, thus, the models proved their efficiency.
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That is the characteristic of well suited mathematical modeling and reliable data derived from the
equations provided. The derived mathematical models can be considered as very accurate and can be
used directly for predicting both the Fz and the Mz within the limits of the manufacturing parameters
used (diameter of tool, feed rate, cutting speed). The accuracy achieved is very high when comparing
the measured values and those calculated from the mathematical models (3.4% and 4.7%, respectively).

A set of experiments was conducted with a view to validate the given mathematical models for
the prediction of the Fz and Mz. Values of feed rate and cutting speed, within the range of experiments,
were randomly selected (V: 70 m/min, f : 0.2 mm/rev) and tested with the three different cutting
tools (D: 8-10-12 mm). The produced results can be considered satisfactory with less than 5.4%
variation (Table 5). Especially, for the thrust force derived with the values (D: 10 mm, V: 70 m/min,
f : 0.2 mm/rev), the variation was 0%.
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Table 5. Experimental confirmation.

Factors Fz (N) Mz (Nm)

D: 8 mm, V: 70 m/min
f : 0.2 mm/rev

Predicted 707 1.899

Exp. Result 692 1.855

Variation % 2.1% 2.4%
D: 10 mm, V: 70 m/min

f : 0.2 mm/rev
Predicted 875 2795

Exp. Result 875 2955

Variation % 0% −5.4%
D: 12 mm, V: 70 m/min

f : 0.2 mm/rev
Predicted 1060 4.129

Exp. Result 1057 4.041

Variation % 0.3% 2.2%
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4. Conclusions

The aim of this study was the generation of mathematical models for the prediction of the
thrust force (Fz) and cutting torque (Mz) related to the diameter of the drilling tool and other crucial
manufacturing parameters (feed rate, cutting speed) during the drilling process. Research shows
clearly that the prediction models sufficiently explain the relationship between the thrust force and
cutting torque with the independent variables. A full factorial experimental process was executed
under different conditions of the aforementioned parameters using an Al7075 workpiece and a full set
of solid carbide tools. Response surface methodology was used as the base for the prediction of both
the Fz and the Mz in a series of drilling operations with Al7075 as the material under investigation.
The developed models were considered as very accurate for the prediction of the Fz and Mz within the
range of the manufacturing parameters used. The outcomes proved that when using these models,
the accuracy achieved was 3.4% and 4.7%, respectively. People working with CNC machines very often
are faced with dilemmas about which cutting parameters are the most appropriate for the available
cutting tools in order to treat materials, such as aluminum alloy 7075, which is suitable for a variety
of specific applications in aerospace and chemical industries. Prediction of the thrust force and the
cutting torque can lead to higher productivity when selecting manufacturing parameters due to the
reduced wear effect on the drilling tool and the related energy consumption.
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Abstract: A knurled interference fit is a machine part connection made by a plastic joining, which
includes the advantages of commonly-used shaft-hub-connections. The combination of the friction
and form fit, which are responsible for torque transmission, results in a higher power density than
conventional connections. In this paper, parameter gaps are bridged with the aim of enhance
the design calculation of the knurled interference fit. Experimental investigations on the shaft
chamfer angle (100Cr6) and hub-diameter-ratio (AlSi1MgMn) were performed. The analytical
approaches are developed for calculating the joining force and maximal torque capacity by accounting
for experimentally investigated loss of load transmission at high hub-diameter-ratios and high
shaft chamfer angles. The presented calculation approach is an accurate tool for the assessment
of early machine designs of the knurled interference fit and helps to save from having to perform
time-extensive tests.

Keywords: knurled interference fit; shaft-hub-connection; joining by plastic forming; torque capacity;
joining force; drive train

1. Introduction

Turning drives are commonly used and important actuators in machines. Several principles for
transmitting rotatory drive torque through machine parts from the source of power to the output side
are established. Well-known principles are the key fit joint or the splined shaft fit, which belong to
the group of so-called “positive fits” or “form fits”. By contrast, the interference fit (“non-positive
fit” or “friction fit”), where an oversized cylindrical shaft is pressed into the undersized cylindrical
hub, transmits torque by joint pressure and is used in numerous applications, such as train axles.
Combining these two well-known joining methods enables assembly of a splined shaft and hub with
a cylindrical hole by axial plastic forming, bringing together the advantages of both principles and
increasing the maximal transmissible torque (Figure 1). This so-called knurled interference fit (KIF)
is fabricated by axial pressing the knurled shaft into a slightly undersized hole in the softer hub.
The plastic forming of the counter profile in the hub eliminates tolerance errors and guarantees a
homogenous force distribution over all tappets during operation. Furthermore, axial loads can be
transmitted by the groove pressure in the connection.
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The joining process of well-known interference push-in-connection can be estimated both
according to the German standard for calculating interference fit DIN 7190 [1] as well as numerical
methods from several investigations (e.g., [2,3]). In contrast to this investigation dealing global
elastic-plastic relations with low deformation degree, a KIF connection is formed mainly locally at
the contact groove with very high local deformation. Therefore the joining process of KIF cannot be
reproduced with the presented methods.

In contrast to the conventional interference fit, the groove pressure decreasing separation
frequency [4] in high-speed applications does not lead to transmission break down due to the form fit
of the tappets. The knurl profile is understood according to German standard DIN 82 [5].

Figure 1. (a) Fusing of principles for torque transmission; and (b) geometry of knurled interference fit
according to [5].

Equations describing this joint were recently published. Extensive recent overviews of past research
can be found in [6–8], where the joining process and torsional load capacity are investigated. Nonetheless,
the state of the knowledge is not sufficient for design of a universal KIF for a broad range of applications.
Additionally, the valid patents in Europe lack detailed instructions for design and scientific explanations.

Lätzer [6] recently described the influence of different geometric parameters on joining and
operating behavior, including important consequences of joining by cutting and forming. Fits joined
by forming with shaft chamfer angles (SCA) φ < 60◦ are able to transmit 40% more torque than fits
joined by cutting, where φ = 90◦. Additionally, an analytical approach for designing KIF based on
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operational state is introduced. Equations (1) and (2) shows Lätzer’s approach [6] for estimation of
necessary joining force and maximal transmittable torque:

Tτs = DS/2·t·lj·i·τS

(

ε
pl
KIF

)

(1)

FJ = Acontact·µ·p
(

ε
pl
KIF

)

·KQH (2)

With the exception of the hub-diameter-ratio (HDR), this formulation includes the geometry

parameters of KIF (Figure 1). The terms τS

(

ε
pl
KIF

)

and p
(

ε
pl
KIF

)

, the equivalent plastic strain and the

strain hardening, can be calculated by the Ludwik approach. Additionally, differentiation between the
cutting and forming joining methods is performed. The results of this study are valid only for thick
walled hubs of ductile aluminum material. The value of the hub-diameter ratio is the thickness rate of
the hub and can be calculated for steady hub outer diameters using Equation (3):

QH =
DiH

DoH
(3)

The interference Igeo is the difference between the shaft diameter DS and the hub diameter DiH:

Igeo = DS − DiH (4)

Bader investigated the self-cutting knurling shaft-hub-connection [9] and determined the
necessary hardness-ratio of the hub and shaft, which is calculated from different combinations of steel,
brass, and aluminum. The minimal hardness ratio was 1.8. Furthermore, the first applicable empirical
approaches were derived, but they lacked the universal validity for forming KIF.

Against this background, the central question that motivates the present research is the influence
of other parameters on the maximal transmittable torque of the knurled interference fit, such as the
hub thickness in combination with the shaft chamfer angle.

Further studies investigate forming KIF connections with different, and not standardized,
geometries and tappet orientations [8]. Similar increasing load capacity tendencies were recorded in
dependence of growing interference. Due to high influence of the different tappet geometry on the
plastic forming during joining process, the quantitative comparability is not possible. Additionally,
the shape development of the tappets is not introduced.

The lack of complete investigations on the influence of hub outside-diameter on joining and
torsional load force make this research necessary. The loss of stiffness of thin walled hubs will change
the maximal possible load capacity of the KIF. The validity condition of this statement is the failure of
the knurls.

First, experiments investigating joining and operating state are performed. The present analytical
approaches will then be extended.

Table 1 shows the parameters that influence joining forces and maximal transmittable torsional
load in the design of a KIF. The most important factors are the shaft diameter, the joining length, and
the geometric interference (Figure 1).
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Table 1. Parameters that influence knurled interference fits: ր represents a larger influence with an
increasing parameter; ց represents an opposed influence with an increasing parameter, ( ) represents a
hypothesized influence.

Parameter (Increasing) Symbol Influence on Maximal Joining Force Influence on Maximal Torque

Shaft diameter ր DS ր ր

Hub outer-diameter ր DoH (ր) (ր)
Joining length ր lj ր ր

Shaft chamfer angle (SCA) ր φ ց ց

Geometric interference ր Igeo ր ր

Hub-diameter ratio (HDR) ր QH (ց) (ց)

2. Materials and Methods

Investigations on hub outside-diameter are performed on specimens with flange geometries as
shown in Figure 2. The figured hub specimens are manufactured from rods of AlMgSi1, EN AW-6082,
with heat treatment T6. The shaft material is bearing steel 100Cr6. The basic shaft geometry is
manufactured in the untreated state. Subsequently, the knurling is fabricated on the specimen by
recursive axial forming. Finally, the specimen is hardened to a hardness of approximately 758 HV.
The resulting hardness ratio of joined specimens is 1:7 (Table 2).

Figure 2. (a) Aluminum hub, forging alloy AlMgSi1; (b) steel knurled shaft bearing steel 100Cr6; and
(c) experimental parameters.

Table 2. Material properties.

Yield Stress Rp0.02 in MPa Tensile Strength in MPa Rupture Strain in % Hardness

AlMgSi1 309 340 7.3 105 HV 10
100Cr6 2525 * 758 HV 1

* calculated from hardness [6].

Figure 2 shows the specimen geometry as well as the chosen parameter values for the present
study. The influence of different hub-diameter-ratios QH on joining forces and maximal torque capacity
differed by cutting and forming joining method is examined by varying the shaft chamfer angle φ for
each HDR.

The joining process is performed in a special guiding appliance that guarantees the coaxial
position of hub and shaft during the assembly in hydraulic press. The joining velocity vj was 0.5 mm/s
due to comparability within the presented literature. The surfaces were cleaned before a dry joining
process. The maximal joining force is derived from the gained force-stroke-signal.
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After a one-day rest period the assembled connection is tested in a hydraulic torsional test
bench, where the torque progression over the torque angle is measured until the failure of KIF occurs
(stress-controlled test). At this value, the maximal torque capacity is obtained.

Material properties (Table 2) were estimated in tensile testing according to ISO 6892 [10] for the
hub material AlMgSi1. In the case of the hardened steel shaft the hardness was measured according
to ISO 6507 [11] and the tensile strength was calculated according to [6]. All tests were performed at
room temperature.

3. Results

3.1. Experimental Results

Joining force plots shown in Figure 3a summarize the maximal forces of tested specimens. Every
point represents a mean value of two repetitions with a maximal standard deviation of maximally
3.4% (joining force) and 2.9% (torque), respectively. At the lower HDRs of QH = 0.65 and QH = 0.5,
the maximum joining force increases with decreasing SCA, peaking at α = 5◦. 12% lower values for
QH = 0.65 are observed at this point.

Figure 3. Results from hub-diameter ratio and shaft chamfer angle testing, (a) maximum joining force;
and (b) maximal torque capacity.

In contrast, the thin walled hub with QH = 0.83 shows a plateau at lower joining forces. While all
HDR forces are the same at α = 90◦, values diverge nonlinearly with decreasing SCA.

The forming process causes redirection of the axial force to a hub-expending radial force, which
results in higher groove pressure and higher joining forces than the cutting process for hubs with
higher wall thicknesses. In contrast, the thin walled hub does not show this effect due to high hub
expansion during joining and the related lower plastic deformation and shorter height of teeth in the
hub. The joining forces of forming KIF are about 20% lower than for cutting KIF.

Figure 3b shows the corresponding maximal torsional load, which is the load where the KIF
fails. Similar trends of joining force (Figure 3a) can be observed. Except for the thin-walled hub,
where the values at the plateau are lower, the forming connection also achieves a higher maximal
torque. The higher torque capacity of forming KIF is rationalized by strain hardening of the ductile
material AlMgSi1.

Additionally, the maximal torsional load of a thin walled KIF QH = 0.83 joined by cutting (α = 90◦) is
about 40% lower than KIF with QH = 0.5 and QH = 0.65. This difference can be explained by radial expansion
of the hub caused by the torque applied during testing. Enlargement of the hub inner diameter, caused by
the force split of the torque on the sloping side of the formed/cut knurling, leads to decreased contact area.
Interrelated reduction of the teeth shear area results in a smaller torque capacity for the hub with thin walls
with QH = 0.83.
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3.2. Analytical Approach for Calculation of Joining Force and Torque Capacity

The following description involves including the tested parameter in the available calculation
method, thereby expanding the approach of Lätzer.

The first set of analysis highlights the impact of HDR on the formation of the counter profile in
the hub. Figure 4 shows the different groove heights hgroove dependency on SCA and HDR. The green
area represents the neglected area in the field of thin hub and forming joining process. At this point,
the contact area is reduced as a result of radial hub expansion.

Figure 4. (a) Hub groove height formation after KIF joining; and (b) calculation areas for equivalent
plastic strain ε

pl
RPV .

When low radial forces are initiated in the cutting process, groove formation is due to material
removal resulting in equal groove heights (Figure 4a, yellow area).

Knurl forming on the thick hub, which is at lower HDR, leads to constant groove heights.
In contrast to the cutting process, the material undergoes strain hardening, which is calculated in

Equations (5) and (6) in the equivalent plastic strain term ε
pl
KIF.

The intersection of the described areas border the crossing parameter area, where the joining
processes are mixed.

In addition to Lätzer’s approach, the following equations are used for calculation of joining force
FJ and maximum torque Ttorque,max considering the tested parameters:

FJ = Acontact·µ·p
(

ε
pl
KIF

)

·KJ (5)

Ttorque,max =

(

DS

2
− hgroove(QH)

)

·lj·i·t·τS

(

ε
pl
KIF

)

·KT (6)

Here the coefficient of friction µ is determined by a standardized tube friction method from [12].

The groove pressure p
(

ε
pl
RPV

)

is calculated according to [6] to be equal to the flow stress k f

(

εpl
)

.

The modification to the original Lätzer approach [6] consists of new reference areas A0 and A1 for

calculation of equivalent plastic strain ε
pl
RPV , which is defined as:

ε
pl
KIF =

∣

∣

∣

∣

ln
(

A1

A0

)∣

∣

∣

∣

(7)

A0 = t·hgroove(QH) (8)
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A1 =
hknurl,sha f t·t

2
− (hknurl − hgroove(QH))

2 ∗ tan(α/2) (9)

The adjusted calculation of the areas A0 and A1 (Figure 4b) leads to a more accurate equivalent
plastic strain which allows the numerical modelling of flow stress with the Ludwik approach [13].
With varying hub thickness, counter profile geometry also has to be considered. According to Figure 4,
the required hub groove height hgroove(QH) can be established by:

hgroove(QH) =















Igeo
2 ; QH ≤ 0.65; ∀ϕ

Igeo
2 −

(

4
5 QH + 1

2

)

mm; 0, 85 > QH ≥ 0.65; ϕ < 15◦

Igeo
2 ; 0, 85 > QH > 0.55; ϕ > 60◦

(10)

The height of the knurl hknurl results from the groove angle and the pitch:

hknurl =
t

2·tan(α/2)
(11)

Furthermore, the contact area Acontact which influences the contact normal force is calculated by:

Acontact = i·lj·
2·hgroove(QH)

cos(∝ /2)
(12)

The influence of HDR and SCA is accounted for with the empirical-analytical functions KJ(QH , ϕ)

and KT(QH , ϕ), which include expansion of the hub and differentiate between the cutting and forming
processes:

KJ(QH , ϕ) = Cj1 + Cj2·QH + Cj3·ϕ + Cj4·Q2
H + Cj5·ϕ

2 + Cj6·QH ·ϕ

with Cj1 = 0.7759, Cj2 = 1.6146, Cj3 = −0.0102,
Cj4 = −2, 1717, Cj5 == −0.0000145, Cj6 = 0.00868

(13)

KT(QH , ϕ) =
CT1+CT2·QH+CT3·ϕ

1+CT4·QH+CT5·Q2
H+CT6·ϕ

with CT1 = 0.3017, CT2 = −0.1986, CT3 = 0.00158,
CT4 = −2.878, CT5 = 2.5396, CT6 = 0.003107

(14)

Figure 5 shows the cross-section curves for several HDR depending on SCA according to
Equations (13) and (14). Corresponding to the experimental results, a decrease of load can be registered
with decreasing SCA (cutting process) and increasing HDR (thin-walled hub).

Figure 5. Factors influencing joining force (a) and maximal torque (b).
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4. Discussion

As stated in the Introduction, the goal of the present research was to bridge knowledge gaps in
the parameter range of the knurled interference fit. Joining force, as well as torsional load tests, were
performed with varying hub-diameter ratios with the cutting and forming joining processes of shafts
and hubs.

To conclude the experimental results, the present study supports previous research in this area.
A similar influence of shaft chamfer angle was determined as found in [7,8]. As expected, including
the new parameters in the known analytical approaches led to calculation errors, which overestimated
the load capacity of KIF at higher HDR. Therefore, modifications of Lätzer’s approach were made
with the goal of minimizing calculation error. Considering the described points, Figure 6 shows a
comparison of experimental results between “Lätzer-original” und “Lätzer-modified”. Both show a
low the deviation of calculated joining force of maximal 7% in case of forming joining (experiments no.
1–6, Figure 6a). For cutting connections (ϕ = 90◦) deviations up to 38% of Lätzer-original” and 46%
of “Lätzer-modified” are possibly caused by the unknown strain hardening formation on the knurl
cutting tip during cutting process.

Figure 6. Comparison of joining force (a) and torque (b) calculations to experiments, DS = 30 mm,
α = 103◦, Igeo = t · 2⁄3, t = 1 mm, µ = 0.3.

The accuracy of the new calculation approach is apparent with increasing HDR, where deviation of
maximally 17% and −3% on average is reached (Figure 6b). In contrast, the “Lätzer-original” approach
reaches deviations up to 155% (experiment no. 7). Acceptable values for maximal transmitting torque
are achieved only for thick-walled hubs (experiment no. 1–3).

The described approach considers the specific specimen geometry. In practice different part
geometries can lead to different load capacity. Therefore, a numerical approach for calculation of KIF
is investigated additionally [14].

Furthermore, an axial load can be transmitted by the KIF connection due to remaining elastic
portion of radial forming of the hub. The transmittable axial loading can be calculated regarding the
axial strength described in [6]. The typical axial loads are about 30–45% of the joining force for cutting
process and 60–90% of the joining force for forming process depending on the geometric interference
of the KIF [6]. In dependency of rotational speed of the connection, the maximal transmittable force
can differ according to [4].
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5. Conclusions

Innovative design engineers often face novel problems, where missing knowledge leads to
underachieving the structure potential. The knurl interference fit has a long record of use in different
rotating applications, but the accurate calculation of possible transmittable torque is not fully known.

An example application can be found in modular structures where global structure should
stay ductile (lower risk of crack) and contact parts should keep high hardness (wear-resistance).
The connection of parts with these different properties are carried out by the KIF. As a result, increased
functional integration of the part design is reached.

The results in present paper have been very promising for solving advanced design questions
and minimizing experimental costs at the early construction phase of drive systems. Especially,
the influence of the strain hardening, which corresponds to an improved material strength, is presently
well described for aluminum hubs in dependence of different SCA and different HDR.

Future work concentrates on investigations with more material combinations, extending the
analytic approach for more geometry variations. Additionally, a numerical model is built with the goal
of investigating an expanded range of parameter. The validity of the present calculation approach for
different knurled shapes, such as trapeze or inner knurling, is currently being investigated.
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Abbreviations

Acontact contact area
A0 reference undeformed area
A1 deformed area between knurls
CJ joining force correction factor
CT torque correction factor
DS Shaft diameter
DiH Inner diameter of the hub
DoH Outer diameter of the hub
FJ joining force of KIF
HDR Hub-diameter-ratio
hknurl,sha f t shaft knurl height
hgroove formed groove height
i number of knurls
KQH correction factor according to LÄTZER

KJ correction factor for joining force
KT correction factor for maximal torque
KIF knurled interference fit
Igeo geometric interference
lj joining length
p contact pressure
SCR shaft chamfer angle
QH hub-diameter-ratio
t pitch
Tτs maximal transmittable torque
α groove angle

ε
pl
KIF plastic strain

τS shear blasting stress
ϕ shaft chamfer angle
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Abstract: Annular polishing technology is an important optical machining method for achieving
a high-precision mirror surface on silicon carbide. However, the inevitable over-polishing of
the specimen edge in annular polishing deteriorates achieved surface quality. In the present work,
we first analytically investigate the kinematic coupling of multiple relative motions in the annular
polishing process and subsequently derive an analytical model that addresses the principle of material
removal at specimen edge based on the Preston equation and the rigid body contact model. We then
perform finite element simulations and experiments involving annular polishing of silicon carbide
(SiC), which jointly exhibit agreement with the derived analytical model of material removal.

Keywords: silicon carbide; annular polishing; material removal; over-polishing; finite element

1. Introduction

Silicon carbide (SiC) is one of the preferred materials for manufacturing optical mirrors due to its
unique characteristics of low density, high strength, low thermal expansion, high thermal conductivity
and high chemical inertness [1,2]. According to the theory of total integrated scattering (TIS), the total
surface scattering of a mirror is closely related to its surface roughness. Specifically, with the increase of
surface roughness, the TIS rises sharply in conjunction with the decrease of reflectivity, which accordingly
results in the degradation of the imaging quality of the optical system [3]. Therefore, achieving
an ultra-smooth surface by optical machining methods is critical for the performance of SiC mirrors.
At present, annular polishing technology is one of the main methods that has been widely used to obtain
high-precision SiC mirrors [4–7].

The inevitable over-polishing of specimen edge that occurs during annular polishing significantly
deteriorates machined surface qualities, such as flatness. Additionally, a fundamental understanding of
material removal is required to minimize over-polishing. Material removal during the annular polishing
process is complex due to the kinematic coupling of multiple relative motions between the specimen and
polishing disc. At present, the Preston equation is widely used to describe the material removal process
in annular polishing. For instance, Ji et al. [8] investigated the relationship between surface quality and
polishing condition and consequently established the trajectory equation for a point on the single-side
polishing part relative to the polishing pad by the coordinate transformation method. Wenski et al. [9]
obtained improved non-uniformity for material removal at specimen edge by optimizing the trajectory of
the polishing machine. However, the Preston equation still needed to be refined. Nanz et al. [10,11] found,
through polishing experiments, that although the product of surface pressure of the specimen and its rotate

43



Machines 2018, 6, 15

speed is zero, the polishing removal rate is not zero due to chemistry action. Consequently, a compensation
parameter must be introduced to correct underestimation by the Preston equation and which fits well with
specific values in the experiments. Luo et al. [12] modified the Preston equation according to the results of
both experiments and theoretical calculations.

Although previous analytical and experimental studies have qualitatively analyzed average
material removal in the annular polishing process, there is limited work focusing on the over-polishing
of specimen edge. In particular, there is no model of a material removal equation that takes into account
the phenomenon of edge over-polishing, as the Preston equation only considers the average pressure
of the polishing process. Therefore, in the present work, we first analyze the kinematic coupling of
multiple relative motions between the specimen and polishing disc in the annular polishing process.
Subsequently, based on the Preston equation and the rigid body contact model, we derive an analytical
model that addresses the principle of material removal at specimen edge. Finally, finite element (FE)
simulations and experiments of annular polishing of SiC are performed to evaluate the accuracy and
efficiency of the derived analytical model.

2. Analytical Investigation of Annular Polishing

2.1. Kinematic Coupling of Motions

Figure 1a illustrates a typical annular polisher, which consists of a polishing disc, a carrier disc
and a swinging bracket. The specimen is pasted on the carrier disc with paraffin, which means that
the specimen has a synchronous speed with the carrier disc. The applied pressure is provided by
the weight of the carrier disc. Accordingly, Figure 1b illustrates the simplified motion diagram of
the annular polishing, which indicates that the kinematic coupling of relative motions includes the rotation
of the polishing disc and the rotation of the carrier disc. We note that the swinging of the carrier disc
leads to back and forth movements by the specimen, which consequently reduce the propensity of
over-polishing of specimen edge. Therefore, to magnify the over-polishing phenomenon, in the present
work the back and forth swinging motions are not considered in the kinematic coupling. As indicated in
Figure 1b, the speed of the carrier disc is ω and the speed of the polishing disc is δ. The distance from
the center of specimen O2 to point A on the carrier disc is r and the distance from the center of the
polishing disc O1 to the center of carrier disc O2 is R. The angle between the line segments AO2 and
O1O2 is θ. The speed at point A on the polishing disc relative to O1 is V1 and the speed at point A on
the specimen relative to O2 is V2, so the relative speed of the specimen and the polishing disc at point
A is V, which can be derived from Equation (1) [13]:

V(r, θ) = [R2δ2 + r2(δ − ω)2 + 2rRδ(δ − ω) cos θ]
1/2

(1)

Figure 1. Illustration of annular polishing. (a) Model of annular polisher; (b) motion analysis of
annular polishing.
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2.2. Preston Equation

Both material removal rate and surface quality of the specimen in the annular polishing process are
strongly affected by processing parameters, which have complex interactions. Preston et al. simplified
the Preston equation to characterize the relationship between material removal and polishing speed V,
applied pressure P, and other external factors, as shown in Equation (2) [14]:

dh
dt

= kPV = kP
ds
dt

(2)

where h is the amount of material removal and k is a proportional constant that is related to various
environmental factors. Therefore, the amount of material removal at one specific point can be
derived according to Equation (2) [15,16]. However, contact between the specimen and polishing disc
changes dynamically with polishing time, which induces uncertainties in analytical investigation of
the annular polishing process. Therefore, three main assumptions are made to simplify the operation:
(1) The specimen and polishing disc are completely in contact without separation; (2) the applied
pressure does not change over polishing time; and (3) the proportional constant k does not change
over polishing time.

According to the Preston equation, the amount of material removal within a specific polishing
time can be derived by integrating time T, as shown in Equation (3):

h(r) = k
∫ T

0
P(r, t)·V(r, t)dt (3)

It can be seen from Equation (3) that material removal is only dependent on the resultant speed V,
given that k and P are constant. By substituting the relative velocity derived from Equation (1) into
Equation (3), material removal at point A can be derived, as shown in Equation (4):

h(r) = k
∫ T

0
P(r, t)·[R2δ2 + r2(δ − ω)2 + 2rRδ(δ − ω) cos θ]

1/2
dt (4)

2.3. Rigid Body Contact Model

It can be seen in Equation (4) that the pressure of each point on the specimen must be accounted
for precisely when deriving material removal. Contact between the specimen and polishing disc in
annular polishing can be analyzed by using the rigid body contact model, as illustrated in Figure 2 [17].

Figure 2. Illustration of the rigid body contact model.

The rigid body contact model, as a two-dimensional plane strain model, can be used to analyze
the distribution of contact pressure on the contact surface between the specimen and polishing disc.
Considering the much higher stiffness (Mohs hardness of 9.5 and elastic modulus of 360 GPa) of SiC
compared to that of a polishing disc made of cast iron (Mohs hardness of 4.5 and elastic modulus of
170 GPa), the SiC specimen is treated as a rigid body and the polishing disc is treated as an elastic
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material with small elastic modulus (elastic modulus of 3 MPa). Therefore, the shape of the SiC
specimen does not change after being pressed into the polishing disc. Furthermore, it is assumed that
the deformation of the polishing disc does not affect the result. The distribution of contact pressure on
the specimen surface is expressed in Equations (5) or (6):

P(x) =
Papp

π(R2 − x2)1/2
(5)

P(x) =
Papp cos(πγ)

π(R2 − x2)1/2
(

R + x
R − x

)
γ

(6)

where Papp is the pressure applied to the upper surface of specimen and R is the radius of specimen.
γ can be expressed by:

cot πγ = −
2(1 − v)
f (1 − 2v)

(7)

where f is the friction coefficient between the specimen and the polishing pad and v is the Poisson’s
ratio of the polishing pad. While Equation (5) does not consider the friction between contacting
surfaces, Equation (6) provides a more accurate description of the contact by considering the frictional
force between the two surfaces. By substituting Equation (6) into Equation (4), the removal equation
for the specimen in annular polishing can be derived, as seen in Equation (8):

h(r) = k
∫ T

0

Papp cos(πγ)

π(R2 − x2)1/2
(

R + x
R − x

)
γ

·[R2δ2 + r2(δ − ω)2 + 2rRδ(δ − ω) cos θ]
1/2

dt (8)

It can be seen from Equations (5) and (6) that contact pressure near specimen edge (i.e., r approaching R)
increases sharply. Therefore, Equation (8) also applies to the qualitative description of material removal
when considering over-polishing of specimen edge.

3. FE Simulation of Annular Polishing

3.1. FE Modeling

To verify the accuracy of the derived model of material removal presented in Equation (8),
FE simulations of annular polishing of SiC were performed by using ABAQUS software, with an emphasis
on the distribution of contact pressure on specimen surface. Similarly to the analytical investigation,
in the FE simulations the motion of carrier swing was not considered. Accordingly, the swing bracket was
omitted in the FE model. Figure 3 shows that the FE model of annular polishing consisted of a SiC specimen
colored in blue, a polishing pad in red and a polishing disc in gray, which were treated as deformable parts.
The upper surface of the polishing disc and the lower surface of the polishing pad were bound entirely.
The polishing disc had a synchronous speed with the polishing pad. Table 1 lists material properties of
the three parts. Furthermore, it was assumed that the properties of the SiC specimen were isotropic.

Table 1. Material parameters of parts.

Elastic Modulus/Mpa Poisson’s Ratio Density Kg/m3

Silicon carbide (SiC) specimen 362,390 0.163 3080
Polishing pad 3 0.1 260
Polishing disc 148,000 0.31 7200

It is known that grid configuration greatly affects the accuracy of prediction results in FE simulations.
The three aspects of cell type, cell shape and grid density need to be considered when configuring grids.
In the present work, a structured mesh was used to divide meshes by using a linear hexahedral C3D8I
element with eight nodes. Grid density increased with increasing distance from the center of specimen.
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Furthermore, the mesh of the polishing pad was denser than that of the polishing disc, as shown in
Figure 3.

Figure 3. Finite element model of annular polishing of silicon carbide (SiC).

In the FE simulation, an explicit dynamical analysis step with a total time of 3 s was used.
The selection of 3 s was to ensure that the specimen rotated more than two revolutions, which enabled us
to obtain more accurate polishing results. It should also be noted that the time cannot be too long due to
high computational costs and minimal change in results. The contact between the specimen and polishing
pad was set as a general contact with a friction coefficient of 0.1. A uniform pressure of 0.068 MPa was
imposed on the specimen.

3.2. Simulation Results and Discussion

Figure 4 presents the distribution of contact pressure and deformation of the SiC specimen surface
after FE simulation of annular polishing, in which the polishing disc and specimen have the same speed
of 100 r/min. In Figure 4a, distributions of contact pressure in three random radial directions highlighted
by the three randomly selected red dash lines are analyzed. For each direction, 30 uniformly-spaced
points along the red lines are selected. Accordingly, Figure 4c plots variations of contact pressure along
the three directions as a function of off-center distance, which shows that the contact pressure in the vicinity
of the center of the specimen is distributed uniformly. However, when the off-center distance is higher than
10 mm, the contact pressure gradually increases with increasing off-center distance, and finally reaches
the maximum value at the specimen edge. Figure 4b shows the contour of normal strain after polishing,
which is related to the material removal of specimen surface. It can be seen in Figure 4b that the material
removal at specimen edge is significantly higher than in the middle of the specimen.

Figure 4. Cont.
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Figure 4. Distributions of contact pressure and normal strain in finite element (FE) simulations of
annular polishing of SiC. (a) Contour of contact pressure; (b) contour of normal strain; and (c) variations
of contact pressures.

We further evaluated the influence of the typical parameters (speed, Poisson’s ratio and elastic
modulus of polishing pad) on the distribution of contact pressure. Figure 5 plots variations of contact
pressure along three directions as a function of off-center distance under different parameters. It was
found, as shown in Figure 5, that for each parameter, the contact pressure of the specimen showed
similar trends, first remaining stable and then increasing sharply when near the edge. The above
results verify the pressure distribution equation obtained by the rigid body contact model presented in
Equations (5), (6) and (8).

Figure 5. Distribution of contact pressure on the SiC specimen surface at different parameters. (a) Speed
(specimen and polishing plate rotate at equal speed); (b) speed (keeping the speed of the polishing disc
as 100 r/min, changing the speed of the specimen); (c) Poisson’s ratio of polishing pad; and (d) elastic
modulus of polishing pad.

4. Experimental Study of Annular Polishing of SiC

In addition to the FE simulations that verified the occurrence of over-polishing of specimen edge,
annular polishing experiments of SiC were also carried out to further verify the derived model of material
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removal presented in Equation (8). All the annular polishing experiments were performed by using
the UNIPOL-802 precision auto lapping and polishing machine, as shown in Figure 6. The specific
parameters used in the annular polishing experiments were: That the velocities of the polyurethane polishing
pad and specimen were the same at 100 r/min, the polishing time was 60 min, and a diamond suspension
solution was used. After polishing, the obtained surface was measured by using a surface profiler.

Figure 6. Precision auto lapping and polishing machine.

Figure 7 plots the variation of measured relative surface height with off-center distance. The relative
surface height is defined as the change in measured surface height after polishing with respect to surface
height before polishing. In order to show the mutual verification of the experimental results and the FE
simulation results, Figure 7 further plots the variations of contact pressure shown in Figure 4. It can
be seen in Figure 7 that within the off-center distance ranging from 0 to 13 mm, the relative surface
height of the specimen remains relatively unchanged. Upon a further increase of off-center distance from
13 to 15 mm, which approaches to the specimen edge, however, the relative surface height of the specimen
dropped sharply. This indicates that the amount of material removal also increased sharply. Figure 7 also
demonstrates that the experimental results are in agreement with the FE simulation results, as material
removal during polishing is proportional to contact pressure. Specifically, there is sharp increase in
both pressure and material removal at specimen edge, indicating the occurrence of an over-polishing
phenomenon. Therefore, it is indicated by both the simulation and experimental results that the derived
analytical model of material removal presented in Equation (8) is indeed capable of describing material
removal particularly related to the over-polishing of specimen edge during annular polishing of SiC.

Figure 7. Distributions of material removal by experiment and contact pressure by FE simulation.
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5. Conclusions

In the present work, we performed an analytical investigation, FE simulation and an experimental study
to investigate the fundamentals of material removal during annular polishing of SiC, with an emphasis on
the underlying mechanisms of over-polishing of specimen edge. According to the analytical investigations of
the kinematic coupling of multiple relative motions between the specimen and polishing disc, an analytical
model of material removal during the annular polishing process that further accounts for the over-polishing
of specimen edge was derived based on the Preston equation and the rigid body contact model.
Subsequent FE modeling and simulation showed the non-uniform distribution of contact pressure and
the normal strain of the specimen in the annular polishing, i.e., the occurrence of over-polishing at specimen
edge, which was further verified by the polishing experiments.
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Abstract: In face milling, the roughness of the machined surface varies due to the movement of
the cutting edge. Changes in roughness parameter values in the axis of rotation (symmetry plane)
have been examined at a constant depth of cut for symmetrical milling. In this paper, the effect of
increasing feed per tooth on the topography of the surface is studied in fly-cutting and in multi-point
face milling. The study takes into account the axial run-out of the inserts. Theoretical roughness
values were modelled, the real values were tested in experiments and in both cases the impact of the
run-out of the cutting edges and the change of the chip cross-section were also taken into account.
Based on the performed experiments it can be stated that the accuracy of the introduced roughness
prediction method increases with the increase in feed and therefore the application of the method in
the case of high-feed milling is particularly effective. The results have also shown that the run-out of
the insert significantly effects the roughness of the milled surfaces and therefore the measurement
and minimization of these setting errors is essential.

Keywords: face milling; surface roughness; feed; insert run-out

1. Introduction

Increasing the productivity of machining requires more intensive material separation. This can be
characterized by increasing both the values of the cutting data (the removed chip cross-sections) and
the Material Removal Rate (MRR) and the Surface Rate (SR) values. At the same time, consideration
should be given to the rigidity of the Machine/Fixture/Tool/Workpiece (MFTW) system and to the
required/expected quality of the machined surface. Among the cutting data, increasing the feed
directly affects the material removal rate (MRR) but due to its increased value, the roughness of
the machined surfaces may deteriorate, since it primarily determines the height of the roughness
peaks on the surface. Therefore, the experimental examination and estimation of the expected
roughness characteristics for the machined surface, which may limit the applicable feed values,
becomes increasingly important. The relevance of this topic is demonstrated by the fact that many
researchers are concerned with the investigation of the roughness of milled surfaces, using different
approaches and test methods.

The simplest machining process for modelling surface roughness is turning. Numerous studies
deal with the simulation of theoretical roughness in turning, the most recent ones being briefly
presented here. He et al. [1] introduced a systematic review of influencing factors and theoretical
modelling methods of surface roughness in turning process. They found that the most important
factors are the kinematic and dynamic properties of the machine tool, the geometrical parameters of
the cutting tool, the properties of the workpiece material and the applied coolant. They have classified
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these factors as easy and difficult to modelling and the coolant and workpiece material properties
belong to the second group. Tomov et al. [2] presented a methodology for modelling and predicting the
roughness shape in longitudinal turning that is utilized for both the kinematical-geometrical replication
of the cutting tool geometry onto the machined surface and other cutting conditions and factors that
are considered a black box—the latter include mechanical properties, thermal preparation, the material
of the inserts, the positioning of the tool, the working conditions of the machine, the cutting force,
the cutting temperatures, the tool wear, the vibrations of the workpiece and so forth. In the case of
milling, it is more difficult to precisely map the theoretical topography due to the multi-point tool
design and to the more complex kinematic conditions. Nevertheless, there are many studies on this
topic too, some of which are described here in brief. Grzenda and Bustillo [3] proposed a hybrid
algorithm which combines a Genetic Algorithm (GA) with Artificial Neural Networks (ANN) for
the selection of major parameters for the prediction of surface roughness in high-torque face milling
operations. The input data set includes the following parameters: cutting tool geometry, technological
parameters and cutting phenomena. Colak et al. [4] used a Gene Expression Programming (GEP)
method to predict the surface roughness of end-milled surfaces from cutting parameters such as
cutting speed, feed and depth of cut. El-Sonbaty et al. [5] used Artificial Neural Network (ANN)
models to analyse and predict the relationship between the cutting conditions and the corresponding
fractal parameters of machined surfaces in face milling. The input parameters of the ANNs were
the following: rotational speed (n), feed (f), depth of cut (ap), pre-tool flank wear and vibration level.
The output parameters were the corresponding calculated fractal parameters: fractal dimension “D”
and vertical scaling parameter “G.” Tseng et al. [6] used design of experiments (DoE) to determine the
significant factors and then fuzzy logic approach for the prediction of surface roughness. The factors
considered for DoE were the depth of cut (ap), feed per tooth (fz), cutting speed (vc), tool nose radius
(rε), the use of cutting fluid and the three components of the cutting force (Fx, Fy, Fz). The impact
of the most important factors on the surface roughness in semi-solid AA 7075 face milling were
investigated in Reference [7]. The considered factors were the spindle speed (n), feed rate (vf) and
depth of cut (ap) and it was found that the surface roughness was mostly affected by the feed rate
ratio and the speed, while the impact of the depth of cut was insignificant. A surface reconstruction
model is introduced in Reference [8] that is based on a methodology developed for the prediction
of cutting forces in freeform milling. From the global and local geometry of the tool, initial surface
and tool path, this approach allows the prediction of cutting forces, surface form and roughness
directly from CAM data. A generalized mathematical model of roughness formation is introduced in
Reference [9] for surfaces generated by round-nose tools. The model enables the calculation of surface
roughness taking into account the tool characteristics, undeformed chip thickness, tool vibrations,
tool runout (for multi-point tools) and tool wear. The developed mathematical model was verified
by surfaces sculptured by face milling. A statistical model is presented in Reference [10] for surface
roughness estimation in high-speed flat end milling using machining variables such as spindle speed
(n), feed rate (vf), depth of cut (ap) and width of cut (ae). In Reference [11] optimal cutting parameters
were determined, resulting in minimal surface roughness in up peripheral milling of Ti-6Al-4V alloys.
Theoretical roughness indexes (Ra) were determined by a model utilizing an artificial neural network.
RSM and ANOVA were used to determine the input and output parameters. Miko et al. [12] used
an experimental verification method to analyse the of cusp height evolution in end ball milling.
The relationship which describe the effect of the direction of milling cutter motion on cusp heights has
been derived from the geometrical interpretation of inclined elementary surface.

Shyha et al. [13] studied the microstructure of machined surfaces and chip formation in
step-shoulder down-milling, using Ti-6Al-4V material with water-miscible vegetable oil-based coolant
and lubricant. It has been found that the micro-geometry of machined surfaces largely depends on
the cutting speed and the flow rate of the cutting fluid. Kilickap et al. [14] investigated the effect of
cutting speed, feed rate and depth of cut on cutting force, surface roughness and tool wear when
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milling Ti-6242S alloy. The experimental data were compared with values determined by ANN and
RSM methods.

A so-called desirability approach was applied in Reference [15] for the modelling of the following
output responses by Response Surface Methodology (RMS): surface roughness (Ra), cutting force (Fc),
cutting power (Pc), specific cutting force (Ks) and metal removal rate (MRR), during the face milling of
the austenitic stainless steel X2CrNi18-9 with coated carbide inserts (GC4040). A full factorial design
(L27) is selected for the experiments and ANOVA is used in order to evaluate the influence of the cutting
parameters of cutting speed (vc), feed per tooth and depth of cut (ap) on the out-put responses. Nguyen
and Hsu [16] investigated the effect of the cutting parameters on the surface roughness parameter
Ra with a combination of the Taguchi method and the RSM. They have used quadratic mathematical
modelling to estimate and the desirability function to minimize the Ra parameter. The effects of the
insert runout errors and the variation of the feed rate on the surface roughness and the dimensional
accuracy were analysed in Reference [17] in a face-milling operation using a surface roughness model.
Schmitz et al. [18] investigated the effect of milling cutter teeth runout on surface topography, surface
location error and stability in end milling. They pointed out that the cutter runout is an important issue
in machining as commercially-available cutter bodies often exhibit significant deviations in milling
insert locations in axial and radial directions; therefore, the chip load on the individual cutting teeth
varies periodically. A numerical calculation model is presented in Reference [19] for predicting the
profile of the surface and surface roughness values (Ra) as a function of feed (f), cutting tool geometry
and tool errors. The research was focused on cutting with inserts that had a relatively large nose radius
(r), and the influence of such tool errors were described in-depth as radial (εr) and axial (εa) runouts.

The investigations in many directions also point to the fact that face milling is characterized
by inhomogeneity of roughness and its values differ in the different planes and surface elements of
the surface. There are different roughness values measured in the direction of feed in the direction
of the rotational axis of the tool and at different distances to the symmetry line. Theoretically, the
highest roughness of the milled surface is in the symmetry plane. Therefore, in this study, the effect of
increasing the feed is examined for the topography of the surface in the symmetry plane while analysing
the change in the roughness values for single and multi-point milling operations. In the meantime, the
axial setting errors of the inserts were also considered. For estimating roughness parameters, surface
topography modelling is used that allows the determination and analysis of the theoretical values of
2D and 3D roughness parameters and that can take setting errors into account [20]. This article focuses
on how the two- and three-dimensional surface roughness characteristics are affected when using a
constant depth of cut. The considered 2D roughness parameters are the following: Ra—arithmetical
average of the profile heights; Rz—average value of the absolute values of the heights of five highest
profile peaks and the depths of five deepest valleys; Rq—root mean square average of the profile
heights. The investigated 3D roughness parameters are the following: Sa—arithmetic mean height of
the surface; Sz—maximum height of the surface; Sq—root mean squared height of the surface.

2. Materials and Methods

The aim of the conducted experiments was to investigate the effect of feed increase on the
topography of the surface in face milling with one or more inserts by analysing the theoretical and real
values of the 2D and 3D roughness parameters. The analysis is performed in the direction of feed in
the rotational axis of the tool. The studies also take into account the axial run-outs of the inserts.

2.1. Investigation Method

The analysis of topography was performed by analysing the theoretical and real values of 2D and
3D roughness parameters and studying the relationship between the two value sets (Figure 1). The 2D
and 3D surface roughness was measured on an AltiSurf 520 surface roughness tester device using a
CL2 confocal chromatic probe. The data was evaluated using AltiMap software.
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Figure 1. The applied investigation method.

2.2. Experimental Conditions

The milling tests were performed on C45 (1.0503 or AISI-1045) normalized plain carbon steel
workpieces. The chemical composition of this material grade is summarized in Table 1. According to
the material certification data sheet obtained from the manufacturer, the hardness of the material is
250 HB, its tensile strength is 700 Mpa, while its 0.2% proof stress (Rp0.2) is 400 N/mm2. The specimens
were prepared as simple blocks with the dimensions of 100 × 50 × 50 mm3. The cutting data of the
experiments and the characteristics of the machine tool and the tool can be found in Table 2.

Table 1. Chemical composition of the C45 material.

C (%) Si (%) Mn (%) P (%) S (%) Cr (%) Ni (%) Mo (%)

0.430 0.170 0.740 0.009 0.032 0.070 0.080 0.013

Table 2. The applied technological data.

Characteristic One Insert Four Inserts

fz (mm/tooth) 0.5; 0.7; 0.9; 1.1; 1.3; 1.5 0.1; 0.3; 0.5; 0.7; 0.9
n (1/min) 950

vc (m/min) 203
ap (mm) 0.9
ae (mm) 50 mm

Milling head
Sandvik Coromant Coromill R200 milling head

(R200-068Q27-12L)

Milling insert Circular insert, RCKT1204M0-PM 4230 iC = 12 mm
Specimens C45, 50 × 50 × 100 mm3

Machine Perfect Jet MCV-M8 CNC vertical machining centre

During the experiments, a single insert was used in the first stage, while in the second series
four inserts were clamped into the milling head. The position of inserts (cutting edges) was checked
by a Zoller Hyperion tool pre-setter device, which has a measurement accuracy of around 2 µm and
display accuracy of 1 µm. As the effect of radial run-outs on the machined surface is negligible with
the investigated insert geometry, they were not investigated.
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For the four inserts, the axial run-out values were the following: Insert1: 0 (the deepest one),
Insert2: 14 µm, Insert3: 13 µm, Insert4: 4 µm.

2.3. Determination of Roughness Values by CAD Modelling

The analyses were carried out using a method for determining the theoretical values of surface
roughness measurements [21]. Its essence is the CAD modelling of the machined surface. In this
process, first the geometric model of the workpiece and the tool was created and then the imprints
of the tool were made on the workpiece surface according to the kinematics characteristic of the
process. The points of the surface (x, y and z coordinates)—i.e., the theoretical surface—were
transferred to a professional surface topography analysis software using an interface software that
performs evaluations based on standard two- or three-dimensional roughness parameters to the
theoretical values. The AltiMap commercial surface roughness evaluation software was used to
evaluate the desired two- and three-dimensional surface roughness parameters as well as visualization
of roughness profiles.

One of the great advantages of this method is that both two-dimensional roughness profiles and
three-dimensional surfaces can be generated in any measuring position and direction. The novelty of
the method is that it is possible to analyse the complex surface topography created by any tool and the
workpiece motion combination using the applied principle and the adjustment errors can be taken into
account when using multi-point tools. Another great advantage is that it is relatively easy to introduce
additional factors into the model. In this research, the option of modelling axial and radial differences
between individual inserts has been used.

2.4. Examination of Roughness of the Machined (Milled) Surface

Examination of the machined surface is based on the 2D and 3D images from the topography and
on the values of the measurements. For the evaluation of the surfaces of milling experiments the same
topography measurement system is used; therefore, the data obtained by theoretical modelling can be
validated on the same basis with the measured roughness profiles and values. The two-dimensional
profiles, which are recorded in the feed direction at the centreline of the milling head, are measured in
accordance with ISO 4287: 1997 [22] and ISO 4288: 1998 [23] standards. Three-dimensional surfaces
are measured and evaluated in accordance with ISO 25178-2: 2012 [24].

3. Results

The tests were performed with either one or four circular inserts and the roughness parameters
were analysed in 2D and 3D systems. Parameters measured in the 2D system: Ra, Rq and Rz. In the
3D system, their equivalents were measured: Sa, Sq and S10z. In each case a profile chart was taken in
the 2D system and a topographic graph in the 3D system.

3.1. Roughness of the Modelled (Theoretical) Surface

Input parameters of the modelling (material quality, geometrical and technological parameters,
etc.) were matched to the intended machining experiments and the ranges to be examined. After the
modelling steps were completed, both the 2D and 3D profiles and the previously calculated theoretical
values were available. From the theoretical values obtained by modelling, Figure 2 shows the results of
three feed values for the simulation performed with a single circular insert (iC = 12 mm). Based on the
presented topographic graphs, it can be seen, that profiles and three-dimensional surfaces obtained by
modelling show a regular periodicity and accurately characterize the increase in surface roughness by
increasing the feed.

A similar conclusion can be drawn from Figure 3, where four inserts are applied, with the
exception that both profiles are more irregular. The periodicity can be observed here for one tool
rotation. Within a revolution, traces of the inserts vary in depth, which is the consequence of the setting
error (run-out). If there were no setting errors, then the profiles theoretically would be the same for the
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same feed per tooth when using one and four inserts. At this time and in this sense, cutting with a
single insert can be considered as machining without a setting error.

Figure 2. The modelled theoretical 2D (a) and 3D (b) surfaces when applying a single insert.

Figure 3. Modelled theoretical 2D (a) and 3D (b) surfaces when using four inserts.
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3.2. Roughness of Milled Surfaces

Figures 4 and 5 show the measured roughness of the surfaces machined at the same feed but
with one and four inserts respectively. If there were no insert run-outs, then the theoretical roughness
would be the same in these cases. However, there are no multi-point milling tools without runout in
the reality, so these should be considered in the modelling phase as well.

By comparing the theoretical and the measured profiles, it can be stated that the profiles are in
good agreement and with the increasing value of the feed the theoretical profile more closely follows
the real profile. This is typical for both single- and four-insert milling. In the case of four circular
inserts, imprints of the successive non-coplanar inserts are clearly visible.

From the theoretical and measured values of roughness parameters, the values of Ra, Rq, Rz and
Sa, Sq, S are summarized in Tables 3 and 4. In the tables bold values are used to indicate the same feed
values for both cases.

Figure 4. Roughness profiles (a) and topographic images (b) of face milling with one insert.
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Figure 5. Milled 2D profiles (a) and 3D surfaces (b) when four inserts were applied.

Table 3. Roughness values on surfaces milled by a single insert.

Theoretical Roughness
1 Insert

Measured Data
1 Insert

fz (mm)
Ra
µm

Sa
µm

Rq
µm

Sq
µm

Rz
µm

Sz
µm

Ra
µm

Sa
µm

Rq
µm

Sq
µm

Rz
µm

Sz
µm

0.5 1.34 1.33 1.56 1.55 5.2 5.21 0.62 0.62 0.79 0.785 5.21 3.48
0.7 2.64 2.63 3.07 3.05 10.2 10.2 1.56 1.56 1.97 1.96 9.94 8.5
0.9 4.33 4.26 5.01 4.96 16.8 16.9 3.5 3.35 4.21 4.12 16.7 15.1
1.1 6.27 6.62 7.29 7.62 24.6 25.1 5.65 5.61 6.49 6.51 23.9 22.3
1.3 8.29 9.03 9.69 10.5 33 35.2 7.91 8.36 9.21 9.69 32.9 34.5
1.5 12 12.4 14 14.3 47.1 47.1 11.7 12.2 13.7 14.1 48.9 48

Table 4. Roughness values on surfaces milled by four inserts.

Theoretical Roughness
4 Inserts

Measured Data
4 Inserts

fz (mm)
Ra
µm

Sa
µm

Rq
µm

Sq
µm

Rz
µm

Sz
µm

Ra
µm

Sa
µm

Rq
µm

Sq
µm

Rz
µm

Sz
µm

0.1 0.856 0.851 0.994 0.989 3.33 3.3 1.05 1.14 1.35 1.41 6.41 6.99
0.3 4.04 4.26 4.62 4.85 14 14.7 3.66 3.79 4.26 4.42 16.5 16.4
0.5 5.11 5.04 5.52 5.47 17.2 18 4.57 4.78 5.09 5.3 19.2 19.1
0.7 5.47 5.32 6.13 6 21.5 21.4 5 5.75 5.74 6.81 23.3 29.5
0.9 5.97 6.12 7.27 7.4 27.3 29 5.83 6.26 7.08 7.49 30.6 30.4
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4. Discussion

The analysis should be started by comparing the roughness values of milled surfaces machined
by one and four inserts. In both cases, values of all parameters increase with increasing feeds and the
change is of the same nature. It was also observed, that the Ra and Rq parameters as well as the Sa
and Sq ones are varying in the same way and their values are very close to each other. So, only one
of them, namely the much more widely used Ra (and Sa in 3D) will be evaluated in the following.
Along with the same feed per tooth, the roughness is always lower for cutting with a single insert.
After machining with four inserts, the roughness of the surface has increased considerably compared
to machining with a single insert. For fz = 0.5 mm, the theoretical values are 3.81 times greater for
Ra, 3.31 times for Rz, 3.79 times for Sa and Sz is 3.45 times larger when machining with four inserts.
Table 5 shows that the differences in measured values are even greater.

Table 5. The degree of increase in roughness values when changing the number of inserts.

Theoretical Measured

fz (mm) Ra Rz Sa Sz Ra Rz Sa Sz

0.5 3.81 3.31 3.79 3.45 7.37 3.69 7.71 5.49
0.7 2.07 2.11 2.02 2.10 3.21 2.34 3.69 3.47
0.9 1.38 1.63 1.44 1.72 1.67 1.83 1.87 2.01

When using feed per tooth of fz = 0.9 mm, this difference is reduced by nearly 1.5-fold and the
difference between the measured and the theoretical values is smaller. This means that the accurate
setting of the insert is at least as important as changing feed values. It also shows that due to smaller
deviations at higher feed, roughness can be more easily predicted. It can also be stated that the greater
the value of the feed per tooth, the better the correlation between theoretical and the real roughness.
One explanation for this is that in the range of lower feed values the additional effects of chip removal
(such as vibrations in the milling cutter, tearing of the workpiece material during the chip removal,
built-up edge, defects in the homogeneity of the workpiece material, undeformed chip thickness and
tool wear) and the influence of the edge radius and the roughness of the cutting edge are greater
in proportion.

Analysing the complete investigation range of one and four inserts, it is also found that the
difference between the theoretical and the real roughness values is smaller for one insert than when
cutting with four inserts (Figures 6 and 7).

Figure 6. The roughness results of single-insert face milling: (a) 2D roughness parameters; (b) 3D
roughness parameters.
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Figure 7. Comparison diagrams of four-insert roughness: (a) 2D roughness parameters; (b) 3D
roughness parameters.

However, it is worth noting that, especially with respect to the Ra and Sa parameters, the theoretical
methods described above have provided slightly greater roughness values than those found on the
measured surfaces. This is caused by the relatively large radius (related to the roughness) and here
the plastic deformation is more dominant because the cutting effect (material separation) on the tool
edge is insufficiently applied, thus the roughness profile is distorted related to the theoretical one.
Previous experience has shown that—as it was already mentioned before—the Ra and Rq parameters
vary in the same way and their values are almost the same. Therefore, using only one of them—the
more general Ra—is enough during the measurements. It has also been observed that neither Ra nor
Rq reflects the change of roughness with sufficient sensitivity. Rz responds much more sensitively
and more accurately to roughness than Ra. The tendency in the 2D profiles seems to increase the
number of deep grooves forming by increasing the feed per tooth (fz). This is unfavourable from
a fatigue stress viewpoint but it is beneficial for oil storage. On the 3D profile pictures, however,
there is a characteristic embossment which can be explained by the setting errors of the edges. In 3D
images, the microgeometric shape of the surface can be said to be regular. A “bump” corresponds to a
revolution of the tool.

When studying the data, it is apparent that the roughness parameters are considerably worse in
the case of the four-insert milling tool with unchanged feed per tooth. This significant deterioration is
clearly due to the run-out errors of the successive inserts. The result of axial run-out is that the inserts
engage at different depths, resulting in a similar change in roughness amplitudes. By illustrating the
measurement results, it can be established that when using four inserts, roughness can be increased up
to seven times at low feed rates. This result is worse than expected. The main reason for this significant
roughness deterioration is the setting inaccuracy of the inserts. The roughness peaks and the periodicity
that correspond to a revolution of the tool can be easily tracked on the 3D topographic figures.

5. Summary and Outlook

The method of the study described in this article—simultaneously examining the roughness of the
modelled surface and the machined surface—provides a good opportunity to analyse the topography
of the machined surface. Based on the experiments carried out it can be stated that the accuracy of
the approximation increases with the increase in feed and therefore the application of the method in
the case of high-feed milling is particularly effective. Overall, it is therefore suitable for determining
the theoretical values of the surface roughness and for estimating the expected roughness of the
surfaces machined under the given conditions. In the case of single-insert face milling (fly-cutting),
the roughness is gradually deteriorating with the increasing of the feed per tooth fz. This change
is most strongly reflected by the change in roughness parameters Rz and Sz. By comparing these
roughness values and the four-insert experimental results, it was found that, depending on the feed
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rate—for the investigated settings—the surface had a 1.44–7.71 times worse roughness, which can be
explained by the run-outs of the inserts. Commercial milling heads and commercial inserts were used
in the experiments. The insert setting errors can be much higher in case of using non-standard cutter
heads with special design, for example, in Reference [25]. Since tool assembly may result in a run-out
that has a significant impact on the topography, it is advisable to check the run-out every time the
inserts are replaced. Comparative analysis of modelled and measured roughness data showed that
there is good compliance between the two values. Therefore, the roughness of the surfaces milled with
various feeds can be well estimated in advance.
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Abstract: The in-depth analysis of cutting procedure is a topic of particular interest in manufacturing
efficiency because in large-scale production the effective use of production capacities and the
revenue-increasing capacity of production are key conditions of competitiveness. That is why the
analysis of time and material removal rate, which are in close relation to production, are important in
planning a machining procedure. In the paper three procedures applied in hard cutting are compared
on the basis of these parameters and a new parameter, the practical parameter of material removal
rate, is introduced. It measures not only the efficiency of cutting but also that of the whole machining
process because it includes the values measured by time analysis as well. In the investigations the
material removal rate was analyzed, first on the basis of geometrical data of the component. After
that different machining procedures (hard machining) were compared for some typical surfaces.
The results can give some useful indications about machining procedure selection.

Keywords: hard turning; grinding; combined procedure; material removal rate; operation time

1. Introduction

Machining procedures for machining industry components have developed rapidly in the last
decade thanks to new, powerful machines with high load bearing capacities, the materials used in their
structures, and their ever more advanced control systems. This technological development facilitates
the machining of components with higher accuracy and better surface quality in shorter time. Due to
the shorter machining time, more components can be produced within a given time and therefore
more profit can be earned. Exact determination of time parameters directly connected to machining
is critical, considering that the time decrease of one component is significant if the sum of these
time values is considered over a year. This can result in a high revenue surplus in mass production.
In the time of Industry 4.0, when the conception of computer controlled automated plants is being
extended, automatic data collection and analysis can be utilized to help in intelligent decision-making.
This means the time data of production processes are available in a shorter time and at a higher level
of accuracy [1–4]. For a given technology the machining time and cost can basically be optimized by
the cutting data (cutting speed, depth-of-cut, feed, etc.). Additionally, rationalization of supporting
activities of a production process can decrease the times connected directly or indirectly to the machining.
This means that decreases can be made in the preparation time or the time needed for material handling
among the workplaces, for instance. Several plant management solutions for this purpose have evolved
in recent decades, e.g., lean production, six sigma or the theory of constraints [5,6].

Beyond changes in cutting data and the rationalization of manufacturing organization, another
essential factor in increasing of production efficiency is the choice of procedures or procedure versions
used in machining a given component. If the same surface quality and accuracy can be achieved
by two procedures using completely different technologies, the two versions [7] can be considered
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as perfectly replaceable alternatives from the point of view of machining [8]. In addition to that,
of course, the investment volume and other costs related to the machine and equipment needs of the
procedures have to be compared, like a skilled workforce or maintenance. Three machining procedures
are compared in the paper for finishing hardened surfaces. Conventional grinding is considered as
the base point and hard turning and a combined procedure are compared to it. Hard turning and the
combined procedure are new solutions in machining but several aspects of conventional grinding are
still researched [9,10] In the latter procedure hard turning and grinding are applied in one clamping of
the workpiece in order to exploit the advantages of both procedures. This begins with hard turning,
whose material removal efficiency is relatively high but which forms a periodic topography, which
is not always suitable for requirements for in-built components. Thus, grinding is necessary after
cutting with a single-point cutting tool. In this case including grinding in the combined procedure
reduces the material removal efficiency compared to hard turning by only a small extent, because to
remove periodic topography it is sufficient to remove only a minimal depth of material (Rmax scale of
the hard turned surface). As this is done in one clamping with hard turning, it leads to little increase in
machining time, or even a decrease [11,12].

2. Method of Analysis

The investigation was carried out for gear wheel finish machining operations. These machine parts
have three geometrically distinct surfaces that must be machined. Thus, with the introduced calculation
method, the analysis can be applied reliably and simply not only for the different procedures but for
the different typical surfaces too. Our earlier experiments dealt with the increase in material removal
efficiency achievable by changing technological data, comparing also these three procedures [13,14].
In this study the machining time (Tm), the operation time (Top), the theoretical value of material
removal rate (Qw) and the practical material removal rate (Qwp) were analyzed in the three machining
procedures. After that the effect of changes in geometrical data (bore length and diameter) on
the practical material removal rate in machining internal cylindrical surface were analyzed. In the
first step the efficiency of material removal was analyzed using the theoretical material removal rate.
This parameter can be determined on the basis of the cutting and geometrical data of a component,
but a more accurate picture of efficiency can be gained if a time base characterized by real production
circumstances is considered.

For this purpose we define a parameter that considers these times, naming it of the practical
material removal rate. This practical indicator is also suitable for characterizing production processes
(machining and connecting production organization). Thus, calculations by this parameter are suitable
to support more complex technological decisions. The logic of this is outlined in Figure 1.

Figure 1. Logic of the analysis.
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3. Material Removal Efficiency Measurement Parameters

3.1. Time Parameters

A relatively inflexible feature of machining is the machining time, i.e. the time the workpiece
spends in machining on a machine tool. Reduction of this is possible as long as the quality requirements
can still be fulfilled. The other useful parameter is the operation time, which includes the preparation
and finishing time of machining, the supplementary times, and other times of operations and processes
that are directly needed to produce a component. Projecting the times beyond machining time to one
workpiece can also be significant, therefore the reduction of such times is also important for the planners
of production process. In our experiments we analyzed machining of the internal cylindrical surface
(ICS), plain surface (PS) and shaped surface (SS)—a cone. In the analysis hard turning performed
by a single-point tool (ICS, PS, SS), face grinding (PS) and in-feed grinding (ICS, SS) were compared.
Calculations were performed by the following formulas. The variables of the formulas are summarized
in Table 1.

Bore grinding (roughing and smoothing passes):

Tm =
2L

v f L,R
·

ZR

ae,R
+

2L
v f L,S

·

(

ZS

ae,S
+ iso

)

(1)

In-feed bore and cone grinding (roughing and smoothing passes):

Tm =
ZA

v f R,A
+

ZR

v f R,R
+

ZS

v f R,S
+ tso (2)

Face grinding (roughing and smoothing passes):

Tm =
1

nw
·

(

ZR + 0.1
ap,R

+
ZS

ap,S
+ iso

)

(3)

Hard turning of bore, cone and face (roughing and smoothing passes):

Tm =
L′

fRnw
+

L′
fSnw

=
dwL′π

1000vc fR
+

dwL′π
1000vc fS

(4)

Combined procedure (hard turning and then in-feed grinding):

Tm =
dwL′π

1000vc fR
+

ZA

v f R,A
+

ZS

v f R,S
+ tso (5)

Several methods exist for the calculation of operation time of machining. Here we present the
formulas applied in the plant where the analyzed gears are machined.

Top =
Tprep

n
+ Tpiece (6)

Tpiece = Tbase + Tsuppl (7)

Tbase = Tm + Tmanip (8)

Tsuppl = kTbase (9)

Top =
Tprep

n
+ (1 + k)

(

Tm + Tmanip
)

(10)
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where Top is operation time, Tprep time of preparation and finish, Tpiece piece time, Tbase base time, Tsuppl

supplementary time, Tm machining time, Tmanip workpiece manipulation time, and k is a coefficient
whose value here is 0.2.

Table 1. Geometrical and cutting data applied in the formulas of machining time.

Symbol Description

L bore length
L′ bore length + tool overrun
ZR; ZS; ZA roughing, smoothing and air grinding allowance
vfL,R; vfL,S traverse feed rate (roughing, smoothing)
ae,R; ae;S depth-of-cut in grinding (roughing, smoothing)
iso number of sparking out revolutions
vfR,R; vfR,S; vfR,A radial feed rate in in-feed grinding (roughing, smoothing, air grinding)
nw revolution per minute of the workpiece
ap,R; ap,S depth-of-cut (roughing, smoothing)
fR, fS roughing and smoothing feed
dw workpiece diameter
vc cutting speed in turning
tso time of sparking out

3.2. Material Removal Rate

The theoretical material removal rate (Qw) defines what material volume can be removed from the
surface in a time unit. It does not consider the time of machining during which the workpiece is not
physically cut (e.g., manipulation). That is why it only shows the effect of change of technological data.
This parameter can be calculated in the different procedures. Since it does not include all factors (e.g.,
sparking out, tool overrun), it cannot be considered as a sufficiently exact parameter in comparing
different procedures. The calculation method of the theoretical parameter is summarized in Table 2.

Table 2. Calculation of the theoretical parameter of the material removal rate in different procedures.

Procedure Qw [mm3/s]

Face grinding apbvw

Bore grinding aefvw

In-feed bore grinding apdwπvfRIn-feed cone grinding

Face turning
apfvcBoring

Cone turning

In the calculation of the practical parameter the removed material volume is divided by a certain
time data (Tx) characterizing the production of a surface element/surface/component. This value
will be the specific material volume, i.e. the parameter measures the material removal rate while
considering the time components of machining. If the preferred technological decision factor is the
specific material volume removed while the workpiece is clamped, the machining time is considered.
If other supplementary times significantly influence the production, the piece time is considered, and
so on. In our analyses operation time was included in the calculations. Since the operation time is
what expresses the real time consumption, we can also draw conclusions on the efficiency of the whole
production process. The practical material removal rates calculated by the operation time are given by
Equations (11)–(13).

Bore:

Qwp,op =
LdπZ
60Tx

(11)
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Face:

Qwp,op =
L(d − L)πZ

60Tx
(12)

Cone:

Qwp,op =
Lcosα(d − Ltgα)πZ

2·60Tx
(13)

where L is machined bore length, d workpiece diameter, Z allowance, α half cone-angle, and Tx

considered time.
The rate of theoretical to practical parameters shows the rate of extra time necessary for machining

compared to the machining time. We note that the surface rate is a similar parameter. That differs from
the material removal rate in showing the specific area of removed surface. The value of the parameter
is equal to that of the material removal rate if material removal is performed in one pass.

4. Basic Data of Comparison Analyses

In the study calculations were made for the machining of an analyzed gear wheel. The component
is comprised of one plain surface, one conical surface and one internal cylindrical surface to be
machined. The material of the component was 16MnCr5 (HRC 62). Its geometrical and cutting data
are summarized in Figure 2 and Table 3, where the symbols are:

• Procedures: P1: grinding; P2: hard turning; P3: combined procedure (P3/1: hard turning, P3/2:
in-feed grinding)

• Surfaces: S1: face; S2: bore; S3: cone

Figure 2. Geometrical and cutting data.
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Table 3. Cutting data.
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ae,R: 0.03 mm nk,R: 40 ds/min ae,R: 0.01 mm/ds vc: 32 m/s tso: 6 s

ae,S: 0.01 mm nk,S: 36 ds/min ae,S: 0.001 mm/ds vw: 98 m/min ZN: 0.04 mm

vw: 15 m/min fR: 24.44 mm/r vfL,R: 2200 mm/min vfR,R: 0.009 mm/s ZS: 0.01 mm

vc: 30 m/s fS: 22.22 mm/r vfL,S: 2000 mm/min vfR,S: 0.003 mm/s

iso: 8 vw: 13.6 m/min iso: 16 P2 P3/1

P2 vc: 29 m/s ap: 0.3 mm ap: 0.3 mm

ap: 0.3 mm P2 P3/1 f : 0.12 mm/r f : 0.12 mm/r

f : 0.08 mm/rev ap,R: 0.25 mm ap: 0.25 mm vc: 224 m/min vc: 224 m/min

vc: 228 m/min ap,S: 0.05 mm f : 0.15 mm/r P3/2

P3 fR: 0.15 mm/r vc: 180 m/min vc: 32 m/s ZN: 0.035 mm

ap: 0.3 mm fS: 0.08 mm/r vw: 98 m/min ZS: 0.015 mm

f : 0.08 mm/r vc: 180 m/min vfR,R: 0.008 mm/s ZA: 0.27 mm

vc: 228 m/min P3/2 vfR,S: 0.003 mm/s tso: 6 s

vc: 40 m/s ZN: 0.04 mm vfR,A: 0.1 mm/s

vw: 86 m/min ZS: 0.01 mm

vfR,R: 0.005 mm/s ZA: 0.27 mm

vfR,S: 0.0033 mm/s tso: 5 s

vfR,A: 0.1 mm/s
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5. Results and Discussion

5.1. Theoretical Material Removal Rate

The theoretical values of the material removal rate are summarized in Table 4. Machining of
the typical surfaces of the component cannot be compared directly with the theoretical values but
certain conclusions can be made. For example the bore (S2) can be machined more effectively by hard
turning (P2) than by grinding (P1) because 6.75 > 3.32 and 0.72 > 0.3 in the same time. Concerning the
machining of the face (S1) the two procedures cannot be compared because in grinding the material
removal is carried out in two passes and in hard turning in only one pass.

Table 4. Values of the theoretical material removal rate (Qw).

P1

S1
R 6.66

S2
R 3.32

S3
R 6.69

S 2.22 S 0.3 S 2.23

P2

S1 5.47 S2
R 6.75

S3 8.06
S 0.72

P3/1

S1 5.47 S2 6.75 S3 8.06

P3/2

- S2
R 20.62

S3
R 10.44

S 13.61 S 3.91

5.2. Practical Parameter of Material Removal

In Table 5 the machining time, the operation time and the practical values of material removal
rate (Qwp,op) are summarized for a given component. The rate of machining time to operation time was
analyzed and is illustrated in Figure 3a. Operation time is considered as 100 percent. While in grinding
the operation time is 1.56 times higher than the machining time, this value is 1.7 in hard turning and
2.57 in the combined procedure. The arcs representing the procedures also give the absolute time
values. This figure highlights that there is a relatively large difference between the machining and the
operation times and that is why it is worth focusing on the role of operation time in efficiency analyses.
The values of the practical material removal parameter are given in Figure 3b. The values of grinding
and the combined procedure are lower than those of hard turning for the analyzed component. In the
figure it can be seen that despite this great difference the Qwp,op value of the combined procedure
exceeds that of grinding. It is noted that in selection of the procedures not only the machining efficiency
but also the costs of the procedures have to be calculated (e.g., machine tool investment).

Table 5. Machining time, operation time and Qwp,op.

P1 P2 P3

Tm 3.59 0.74 1.05
Top 5.55 1.26 2.70

Qwp,op 7.62 33.63 15.65
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Figure 3. (a) rate of machining times within operation time (Top = 100%); (b) practical material removal
rates of the three procedures.

5.3. Effect of Bore Length and Diameter

The practical material removal rates of the three procedures are summarized in Figures 4–6.
In Figure 7 the practical parameters of hard turning and the combined procedure are compared to

those of grinding for different bore diameters and bore lengths when machining internal cylindrical
surfaces, since this type of surfaces is hard to machine.

Figure 4. Qwp,op values of grinding.

Figure 5. Qwp,op values of hard turning.
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Figure 6. Qwp,op values of the combined procedure.

Figure 7. Rates of material removal rates of hard turning (a) and the combined procedure (b) compared
to grinding.

In both procedures the difference is clear, namely the value of the practical material removal rate
for hard turning exceeds that of the combined procedure but the value of the combined procedure is
considerably better than that of grinding. Although the practical material removal rate is the highest
in hard turning, the operation circumstances of the component can require the application of the
combined procedure. In Figures 5 and 6 it can be seen that with the increase of both the diameter
and the bore length the practical value of material removal rates increases. In hard turning when
the bore length and the diameter are between 20 and 50 mm, the Qwp,op values are between 4.48 and
17.47 mm3/s. In the combined procedure these values are between 2.33 and 13.12 mm3/s. In Figure 7
the rates of Qwp,op compared to that of grinding (P1) are given for the introduced procedures (P2, P3).
In hard turning the values of practical material removal rate are 2.05–3.99 times higher than those
of the grinding. In the combined procedure these values are between 1.25 and 2.36. Application of
the practical material removal rate analysis for geometrical data can supports the construction design
of components.

6. Conclusions

Through analyzing the material removal rate the efficiency of machining procedures was
calculated. This parameter characterizes the efficiency of the different machining procedures well but
it does not facilitate the comparison of different procedures or procedure versions. To compare the
procedures the practical parameter was analyzed. The Qwp,op value of grinding is 23 percent that of hard
turning for the analyzed gear wheels. The practical material removal rate of the combined procedure
is 47 percent that of hard turning. That is why the combined procedure is expedient to substitute for
grinding if it is necessary to form a random topography. The practical value of the material removal
rate Qwp,op is suitable for technological decision support within certain limits. It allows more analysis
possibilities than the theoretical value because it provides more information than simple time data.
However, it does not consider the direct and indirect costs related to machining, which can modify the
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decision made for the procedure choice. In the analysis of bore length and diameter, the increase of
these two variables results in an increase in the practical material removal rate in case of fixed cutting
data. In our tests both geometrical data were varied between 20 and 50 mm. In increasing both the bore
length and bore diameter the Qwp,op increases 1.83–2.13-fold in hard turning. For smaller diameters
and bore lengths the extent of increase is higher if only one parameter is changed at one time. In the
combined procedure the Qwp,op value increases 2.32-2.42-fold when the diameter or the length are
increased. This analysis can be useful in construction design of machined components. In summary,
the method introduced here can be applied in the comparison of three separate aspects: different
machining procedures; machining of components that contain different types of surfaces and identical
types of surfaces with different geometrical values. These comparisons provide information not only
about the efficiency of the applied procedures but also about the organization efficiency of production.
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Abstract: The design and manufacturing of medical implants constitutes an active and highly
important field of research, both from a medical and an engineering point of view. From an
engineering aspect, the machining of implants is undoubtedly challenging due to the complex
shape of the implants and the associated restrictive geometrical and dimensional requirements.
Furthermore, it is crucial to ensure that the surface integrity of the implant is not severely affected,
in order for the implant to be durable and wear resistant. In the present work, the methodology of
designing and machining the femoral component of total knee replacement using a 3-axis Computer
Numerical Control (CNC) machine is presented, and then, the results of the machining process,
as well as the evaluation of implant surface quality are discussed in detail. At first, a preliminary
design of the components of the knee implant is performed and the planning for the production of
the femoral component is implemented in Computed Aided Manufacturing (CAM) software. Then,
three femoral components are machined under different process conditions and the surface quality is
evaluated in terms of surface roughness. Analysis of the results indicated the appropriate process
conditions for each part of the implant surface and led to the determination of optimum machining
strategy for the finishing stage.

Keywords: femoral component; medical implant; total knee replacement; CNC machining;
implant machining; sculptured surface; bio-engineering; surface quality

1. Introduction

Partial or total replacement of a human knee with an implant can be achieved by a common surgical
procedure, namely knee arthroplasty or knee replacement. Only in United States, over 500,000 knee
replacement surgeries are reported each year [1], which are mostly for patients between 50 and 80 years old.
One of the main reasons for the popularity of this type of surgery is the considerably high percentage
of artificial knees still functioning even 20 years after the surgery. During this surgical operation,
it is intended to replace damaged or worn components of the knee joint with artificially produced
components or implants in order to facilitate proper knee motion of the patients and reduce disability
problems and severe pain caused by joint diseases, usually osteoarthritis or rheumatoid arthritis.
Apart from patients with advanced osteoarthritis, knee replacement may be suggested for younger
patients with damage in the knee joint or bone or some type of deformity. Partial knee replacement is
suggested in cases when damage is located only in a specific compartment of the knee. The specific
purpose of this type of surgery is essentially to cap the end parts of the bones of the knee joint as well
as the kneecap, by means of artificial components. More specifically, during knee replacement surgery,
the main knee parts that are replaced are pertinent to the femoral and tibial surfaces near the knee
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joint as well as a part of the patella. For the components of the replacement implant, suitable metals
or non-metallic materials are chosen and properly machined in order to resemble the natural shape
of the knee as much as possible and allow for proper joint motion, resistance to wear and corrosion
and biocompatibility. The machined components should adhere to highly restrictive regulations and
exhibit considerable durability [2–6].

Knee replacement surgery and the design of implant components is currently considerably
important and constitutes a part of ongoing research in the medical and engineering scientific
communities. However, the first reported attempts to create and use artificial knee components
in an actual knee replacement surgery date back to the end of the 19th century, when Gluck created
the first artificial joint by ivory [7]. From that period, research is concentrated on the improvement of
knee replacement components with a view to decrease considerably their failure rate and replicate
proper joint motion as close as possible to the actual. In the 1950s, several new designs, such as
the Waldius [8] and GUEPAR [9] knee implants were created; their basic characteristic was the
bending-extending capabilities of the joint. During the next two decades, significant advances
regarding the knee implant design were observed but still, artificial knee designs such as Geomedic [10]
and Geometric [11] suffered from the inability to perform rotational motion and other types of
knees such as Marmor [12] and Gunston [13] were exhibiting premature failure due to high contact
stresses and material overloading. The ICLH (Imperial College-London Hospital) knee implant
design, which was introduced by Freeman and Swanson in 1971 [14], exhibited a lower deformation
and wear rate. Other designs presented during the 1970s include Total Condylar and Townley [15],
which involved also the kneecap (patella) replacement and Oxford [16] and New Jersey LCS (Low
Contact Stress) [17] knee designs, which used mobile bearings. In particular, the latter designs proved
to possess capabilities, such as greater mobility and improved compatibility as they employed a
secondary moving support surface.

Later, during the 1990s, designs employing moving bearings were also developed which were
further enhanced by the use of newly developed materials and alloys and assistive guidelines
from previous designs. A representative example of knee implant designs of this period is the B-P
(Buechel-Pappas) Mark V which was created from Ti alloy with TiN coating or alternatively, from Co–Cr
alloy in order to improve its wear resistance [18]. During this period, Walker et al. [19] introduced a new
knee simulating machine with a view to test the kinematics of total knee implants, as well as the wear of
these implants. Their machine was able to perform in a more realistic way than its predecessor models,
which exhibited several disadvantages such as reduced accuracy in representing the forces exerted on
various components of the knee implant or inadequate constraints. More recently, Harrysson et al. [20]
proposed a new design method for knee implants, based on patient-specific Computed Tomography
(CT) data which can provide among other, more accurate replication of the actual geometries of knee
components and the reduced possibility of implant loosening. Lee et al. [21] also employed CT data in
order to design the femoral component and afterwards, they created femoral components using rapid
prototyping and Computer Numerical Control (CNC) machining methods. Finally, Song et al. [22]
presented a thorough work related to the rapid manufacturing of femoral component using Selective
Laser Melting (SLM) method which can provide a reliable way to produce customized implants.
Results from all the aforementioned works can lead to useful guidelines regarding the design of knee
implants. For example, it is crucial to avoid including redundant kinematic constraints for the knee
implant components, to enable normal knee motion, to include moving bearings to the design, and to
plan the rather copious machining process of the geometrically complex implant in an effective way.

In the present work, the methodology of designing and machining of the femoral component
of total knee replacement using a 3-axis Computer Numerical Control (CNC) machining center
is presented in several steps and is discussed in detail. After the machining processes take place,
an evaluation of machined surface is performed by means of surface roughness measurements in
order to determine the optimum process parameters for the machining of various parts of the implant.
The present work is related to previous works by the members of the same scientific group, including
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studies on machining of femoral heads [23,24] and extends the preliminary work on the machining of
knee implant, as reported in [25].

2. Design of the Implant Geometry and Machining Processes

2.1. Design of the Knee Implant Components

Despite the fact that the main focus of the present work is set on the design and machining
process of the femoral component, it is considered to be crucial to study the design of the whole knee
implant at the initial stage in order to determine the appropriate dimensions of this part in relation
to the total knee assembly and then study the femoral component separately. The design of the knee
implant components was conducted by means of SolidworksTM software in which both the design
and manufacturing of the knee implant is able to be studied. As with every engineering design, design
constraints should be properly defined in order for the implant to comply with the desired shape of
implant parts and allow for normal motion of the implant components so as to provide a satisfying
replacement of the damaged knee.

The design of the knee implant parts complies with the international standard ISO 7207-1 [26],
in which the geometry of both total and partial knee implant components is defined in detail. More
specifically, for the present work, it is assumed that the total knee implant, which is designed,
corresponds to the left knee of a male human with constrained rotational movement. In Figure 1,
a schematic of the bones near the knee joint is presented, along with a schematic indicating the position
of the implant after the surgery. The knee implant components, which will be designed as an assembly,
include the femoral component, the tibial component, the tibial articulating surface, and the patellar
component, as can be seen in Figure 2.

 

Figure 1. Bones around the knee joint and position of knee replacement after the knee arthroplasty.

 

Figure 2. Parts of the designed knee replacement assembly.
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The design of the femoral component contains two different steps, namely the design of its outer
and inner surface. This approach is required due to the considerably different geometries of the
outer and inner surfaces. More specifically, the outer surface is essentially a sculptured surface that
is composed of various curved areas, as this shape is necessary for the contact between the femoral
component and the tibial and patellar components of the implant and facilitates normal knee motion.
In the outer surface, a groove is also formed, resembling the trochlear groove of the actual human
femur bone. As for the design of the inner surface, it is required that it should be strongly fixed on the
bone; it is usually achieved by the use of acrylic cement between the implant and the bone during the
surgery. The fixation of this surface to the bone is further enhanced by two conical stems on the inner
surface, intended to be inserted into two holes in the bone. Although the design of the inner surface is
generally simpler, there is an important restriction regarding the thickness of the inner surfaces, as
they should have the least possible thickness in order to reduce the need of material removal from the
bone during the insertion of the implant.

The design of the tibial component includes the design of two different structural elements, a stem
and a platform. The stem is intended to aid to the fixation of the tibial component to the tibia and
the platform is essential for the connection of the tibial component to the tibial articulating surface.
For the stem, it is required that its thickness is large enough to withstand the relatively high forces
will be exerted on it whereas the dimensions of the platform, namely its width and depth should
closely match the actual dimensions of the upper part of human tibia. As for the design of the tibial
articulating surface it is subjected to two main requirements, namely to withstand the loading from
the femur and implement the fixation on the tibial component. In order to fulfill these requirements,
the size of the contact surface with the tibial components is designed sufficiently large so as to protect
the joint from receiving excessive loading and enable normal knee motion.

Finally, the design of the patellar component aims at the facilitation of the movement of the patella
on the trochlear groove of the femur. Thus, a dome-like shape for the lower surface of the patellar
component is adopted in order to be able to assist to the sliding movement of this component in the
trochlear groove. As for the upper surface of the patellar component, its geometrical shape is properly
adjusted so that it provides strong fixation on the patella bone.

2.2. Design of the Machining Process of the Femoral Component

After the components of the total knee implant were carefully designed according to the international
standards and relevant requirements, the focus is set on the machining process of the femoral component
of the knee implant. The design of the machining process of this component, which includes complex
geometrical shapes, is essential to be conducted on a specialized Computer Aided Manufacturing (CAM)
software, such as SolidCAM, which can be accessed through SolidWorks software.

Machining of complex, “sculptured” surfaces is important in various industries such as automotive,
aerospace and optical components industry, as well as bioengineering. One of the main challenges
concerning the machining of such surfaces is the reduction of machining time, as it is considerably
difficult to achieve the required dimensional accuracy and surface quality. Apart from the use of cutting
tools with special geometry, the machining strategy needs to be carefully planned in order to achieve
the desired geometrical features and suitable process parameters are required to be determined as well.
Thus, all of these tasks need to be appropriately addressed by the use of CAM software in order to
perform the machining process of the femoral component.

CAM software are specialized to assist in various stages of product manufacturing. Most commonly,
they involve the use of an integrated Computer Aided Design (CAD) editor or, such as the case of
SolidCAM software, are themselves integrated in the framework of a CAD software and their purpose is
eventually to produce the code (G-Code) in order to control CNC machine tools for manufacturing the
desired parts. Using this type of software, details about the machining process such as the definition of
appropriate cutting tools for the machining process and their characteristics, the desired operations on
the workpiece, such as hole drilling, contour, etc., process parameters during the various stages of the
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process and machining strategies can be input at first. Then, G-code can be generated, in respect to the
type of CNC machine used, given that an appropriate post-processor exists. Furthermore, a simulation
of the intended machining operations can be performed in order to verify that the machining will
be performed safely and according to the desired goals or detect possible mistakes and perform the
necessary adjustments.

The basic challenge which exists in the present work is that, due to the fact that the outer and
inner surface of the femoral component contain sculptured surfaces, mounting of the workpiece on the
machining center bed is difficult to be performed. For that reason, it is considered more appropriate to
perform the machining process in two separate phases; during the first phase, it is intended to create
the internal surface of the femoral component and during the second phase, the workpiece will be
reverted, and then, machining of the outer surface will occur. Thus, in the CAM software, different
coordinate systems will be defined for the two stages as well as different Stock and Target materials.

2.2.1. First Phase of Machining

During the first phase of machining, the emphasis is set on the creation of the inner surfaces.
This phase constitutes the main material removal phase and the cutting tools will remove material up to a
specific height until the second phase will take place. For the first phase, four cutting tools, both flat and
ball end, will be employed, as can be also seen in Table 1. It is important to note that, in the early stages of
the machining process, tools with flat end and a larger diameter are preferred in order to remove large
bulk of material quickly (roughing stage) without requirements for high accuracy of produced shape.
However, at the final stages of the machining process, cutting tools with smaller diameter and ball end are
selected in order to render appropriately the final sculptured surface according to the desired dimensional
and geometrical requirements (finishing stage). The initial dimensions of the cylindrical workpiece are:
50 mm diameter and 39.3 mm height. The workpiece material, which was chosen is stainless steel 316L,
which is appropriate for the femoral component [27,28].

Table 1. Characteristics of the cutting tools employed in the present work.

No Type Diameter (mm) Material

1 Flat end 16 carbide
2 Flat end 6 cobalt alloy
3 Ball end 6 cobalt alloy
4 Ball end 4 carbide

In order to achieve the creation of the desired shape of the inner surface of the femoral component,
the 16 mm diameter cutting tool was first employed in order to reduce the initial height of the
workpiece at several passes, as can be seen in Figure 3a. Afterwards, a cavity was formed in the region
where the inner surfaces of the implant will later be created. Using the same cutting tool, a contour
cutting process was also performed in order to create the front and back sculptured surfaces. The next
stage, as depicted in Figure 3b, involved the use of 6 mm flat end cutting tool in order to continue
the contour cutting process with the rendering of more features of the implant surface, and then,
the 6 mm ball end tool was employed to create the final shape of the front sculptured surface. Finally,
the finishing stage was implemented by using the 4 mm diameter cutting tool both for the front and
the back sculptured surfaces, as can be seen in Figure 3c.

2.2.2. Second Phase of Machining

The second phase of machining is related to the machining of the outer surface of the femoral
component. For this phase of machining, three cutting tools are selected, both the flat and ball end.
Initially, as can be seen in Figure 4a,b, a 16 mm flat end cutting tool is used to perform contour cutting
at a fixed height at each pass, and then, a 6 mm flat end cutting tool performed cutting with fixed y
coordinate at each pass (roughing phase). In the end, the finishing process was implemented using a 4
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mm ball end cutting tool using the same strategy as with the 6 mm diameter cutting tool, as can be
seen in Figure 4c.

  
(a) (b) 

 
(c) 

Figure 3. Snapshots from the simulation of the first machining stage: (a) Machining of the front surface
of the femoral component using 16 mm diameter tool; (b) Machining of the back surface of the femoral
component using 6 mm diameter tool; and, (c) Machining of inner surfaces of the femoral component
using 4 mm ball end tool.

2.3. Initial Machining Test

After the definition of machining operations and production of G-code in the CAM software and
after the simulation of the machining processes was successfully finished, it was decided that a test
run, replicating the machining process in the actual CNC machining, was necessary before the final
machining process in order to ensure that the generated G-code was producing an accurate and reliable
outcome and verify the simulation results. Furthermore, it is important to test the behavior of the
cutting tools during the machining process in order to choose the appropriate process parameters that
lead to avoidance of chattering, as it is impossible to be determined from the simulation in the CAM
software. The test run was performed on a cylindrical bulk of polymer material, and was concluded
successfully, indicating that the actual machining process can be performed without problems.
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(a) (b) 

 
(c) 

Figure 4. Snapshots from the simulation of the second machining stage: (a) Roughing stage of the
second machining phase using 16 mm diameter tool; (b) Machining of sculptured surface of the
femoral component using 6 mm ball end tool; and, (c) Finishing stage of the second machining phase,
using 4 mm diameter ball end tool.

3. Machining of the Implant and Measurement of Surface Roughness

3.1. Machining Process of the Implant

After the various stages of the machining process were designed in the CAM software and
successfully verified by the test run, the setup of the 3-axis CNC machining center was performed.
As the initial bulk is a cylindrical workpiece, it was fixed on the machine with a chuck, as depicted
in Figure 5.

After the cutting tools were selected and the necessary setup was performed on the CNC machine,
the first phase of the machining process took place. The first phase was expected to last for a relatively
long time, as it is required to select small depths of cut and low cutting speed when machining stainless
steel workpieces. After the machining process was completed, the inner surface of the implant was
created, as can be seen in Figure 6. It is worth noting that the existence of several markings on the
produced surfaces was observed, created by the contact of the upper part of the cutting tool with these
surfaces when material removal was performed on the lower parts of the inner surface of the implant.
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Figure 5. Clamping of workpiece on the machining center bed.

 

Figure 6. Views of the workpiece after the first machining stage.

During the second phase of the machining process the workpiece is mounted on the machine tool
bed after it is reverted, by using a specially designed platform, as can be seen in Figure 7. The use
of this platform is required as it is impossible to fix otherwise the workpiece appropriately on the
machine tool. In order to ensure the stability of fixation of the implant, it is required that the internal
surfaces of the workpiece are properly aligned on the platform surfaces, parallel to the machining
center bed. After the implant is mounted on the platform and fixation is properly performed by two
screws, the platform is clamped on a chuck.

 

Figure 7. The platform for mounting the workpiece on the machining center bed for the second
machining stage.

When the aforementioned procedure for the machining of the outer surface of the implant is
completed, as can be seen in Figure 8. This process was repeated two times with different process
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parameters at various zones of the implant during finishing stage, in order to investigate the effect of
process parameters on surface quality. The process parameters that were employed for the machining
of all three implant during the finishing stage are presented in Table 2.

 

ent 

ent      

in) 

μm and accuracy of parameters is given as 2% of reading plus least significant digit in μm. 

Figure 8. Views of the implant after the second machining stage.

Table 2. Machining parameters values for each zone and each component.

Zones of the Component

Component 1 2 3 4 5

1st
Feed rate (mm/min) 100 100 100 100 100
Spindle speed (rpm) 2500 2500 2500 2500 2500

2nd
Feed rate (mm/min) 90 70 50 100 90
Spindle speed (rpm) 2500 2500 2500 2250 2250

3rd
Feed rate (mm/min) 70 50 100 90 70
Spindle speed (rpm) 2250 2250 2000 2000 2000

3.2. Surface Quality Evaluation

After the machining process of the femoral component is completed, it is considered important to
evaluate the quality of the produced surfaces, as it is directly connected to the tribological behavior
and wear resistance of the implant. Inappropriate machining conditions, leading to excessive surface
roughness, can prevent not only the adequate performance and reliability of the implant but also
its life cycle [29]. Furthermore sufficient surface quality after machining of the implant reduces the
need for further processes, such as polishing. For that reason, surface roughness measurements were
conducted on the three different implants with a view to determine the optimum process parameters
for the finishing stage of the implant machining process. Due to the fact that the implant contains
sculptured surfaces, the measurement of the surface roughness with a profilometer is a demanding
process and special care has to be paid for the positioning of the measuring device and also for correct
sampling length (Ln) and cut-off length (Lc) values. In the present work, a Surtronic 3+ Taylor Hobson
profilometer was employed and a sampling length (Ln) of 2.4 mm was selected, as well as a cut-off
length (Lc) of 0.8 mm. As per the manufacturer manual, the used profilometer has a resolution of
0.01 µm and accuracy of parameters is given as 2% of reading plus least significant digit in µm. Surface
roughness was performed in each of the five zones presented in Figure 9, both in the left and the right
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side (or inner and outer side) of the upper surface of the implant (the region of the lateral and medial
condyles, respectively) and the measurements are repeated three times. In the following analysis the
lateral and medial condyles are referred to as inner and outer sides, respectively.

– μm
μm in the other regions. Similar trends can be observed in the case of Rq and Rt measurement with 

Figure 9. Zones of surface roughness measurement.

The evaluation of surface roughness was performed by Ra, Rq, Rt, which represent the arithmetic
average surface roughness, root mean squared roughness, and maximum height of the profile,
respectively. Especially, Ra is the most popular indicator of surface roughness in industrial practice
until today. As for the first femoral component, which was machined with the same conditions in
every zone, it can be seen from Figure 10a,b, that there are some differences in the Ra values in the
different zones.

 
(a) 

 
(b) 

– μm
μm in the other regions. Similar trends can be observed in the case of Rq and Rt measurement with 

Figure 10. Surface roughness measurement results for the first femoral component for (a) outer and
(b) inner side.

These differences can be directly attributed to the different geometry of each zone, as zones 1, 2,
and 5 are more curved, whereas region 3 and 4 are almost flat. Thus, it is observed that the finishing
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process is more effective in the flat regions with values of Ra of about 6–7 µm, whereas Ra exceeds
8 µm in the other regions. Similar trends can be observed in the case of Rq and Rt measurement with
the exception of zone 1, which has a relatively low value of Rt when compared to the other zones.

A comparison of surface roughness measurements between the different components, machined
with different conditions, can reveal the effect of process parameters to the surface quality of each
zone of the femoral component. For zone 1, comparison between results depicted in Figures 10–12
show that, a reduction of feed rate resulted in an increase of Ra and subsequent reduction of both feed
rate and spindle speed resulted in a further small increase of Ra. For zone 2, the change of process
parameters resulted in almost unchanged values of Ra. For zone 3, a decrease of feed rate resulted in
a considerable decrease of average surface roughness, whereas a decrease of spindle speed resulted
in an increase of Ra. For zone 4, a decrease of spindle speed resulted in an increase of Ra, whereas
a further increase of spindle speed with a slight decrease of feed rate led to a slight decrease of Ra.
Finally, for zone 5, it was observed that the reduction of both feed rate and spindle speed resulted
initially in higher Ra and a subsequent reduction of both the parameters resulted in slightly lower Ra.

–

(a) 

(b) 

Figure 11. Surface roughness measurement results for the second femoral component for (a) outer and
(b) inner side.

As usually, the effect of feed rate on Ra is that a decrease of feed rate leads to a decrease of Ra and
also an increase of spindle speed is beneficial to the surface quality, the results for some of the five
zones seem somewhat unexpected. However, these discrepancies can be attributed to the different
curvature of each zone; results consistent with the aforementioned behavior are exhibited in zones
which are fairly flat, such as zones 3 and 4, but in zones that are more curved different trends exist.
The same trends are observed in the case of Rq and Rt measurements on the three femoral components.

The difference between measurements in the inner and the outer side of the upper surface of the
femoral component was also investigated during the analysis of surface roughness of the implants.
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Regarding Ra values, it was found that, with the exception of one zone for the 2nd and 3rd component
and two zones for the 1st, the general trend of variations of Ra in respect to different geometry and
process parameters was similar. Furthermore, it was observed Ra values were larger in the vast
majority of measurements in the outer side rather than the inner side.

Finally, the previous analysis allowed for the determination of optimum process parameters,
namely feed rate and spindle speed for the finishing stage. Within the examined range of process
parameters values the optimum values for each zone regarding Ra, were observed in the first
component for zones 1, 4, 5, and for the second component for zones 2 and 3. Similar conclusions were
drawn when examining the values of Rq and Rt.

 
(a) 

(b) 

Figure 12. Surface roughness measurement results for the third femoral component for (a) outer and
(b) inner side.

4. Conclusions

In the present work, various stages of manufacturing the femoral component of knee prosthesis
are presented, including the design of geometry and machining operations, as well as the actual
machining process and the subsequent determination of surface quality.

The specific requirements for the design of the femoral component in respect to the total knee
replacement assembly were determined, and particular situations that require special attention during
machining were identified. These particularities were properly taken into consideration during the
design of the required machining operations using SolidCAM software.

Furthermore, after machining three different femoral components with variable process
parameters values during the finishing stage several important conclusions were drawn. Especially,
surface roughness was shown to vary considerably with changes in the surface curvature and the
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effect of process parameters to the surface quality was also shown to be dependent of the curvature of
the surface. Finally, the optimum parameters, namely feed rate and spindle speed, for the reduction of
surface roughness for various zones of the femoral implant were determined.
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Abstract: In the case of double row tapered roller bearings, the windows found in bearing cages could
be obtained using various machining methods. Some such machining methods are based on the cold
forming process. There are many factors that are able to affect the machining accuracy of the windows
that exist in bearing cages. On the dimensional precision of windows, the clearance between punches
and die, the work stroke length, and the workpiece thickness could exert influence. To evaluate this
influence, experimental research was developed taking into consideration the height and the length
of the cage window and the distance between the contact elements of the cage. By mathematical
processing of the experimental results, empirical mathematical models were determined and analyzed.
The empirical models highlighted the intensity of the influence exerted by the considered forming
process input factors on the dimensional precision of the windows obtained in bearing cages.

Keywords: double row tapered roller bearing; bearing cage; window forming; dimensional precision;
clearance between punch and die; work stroke length; workpiece thickness; mathematical empirical model

1. Introduction

The rolling bearings are machine elements usually intended to support parts found in a rotation
movement. Essentially, they include rolling elements and rings. To separate the rolling elements,
bearing cages could be used, as sometimes sealing elements are provided to prevent the penetration of
foreign objects or substances between bearing elements found in a relative movement to one another.

A category of roller bearings that are used in difficult service conditions, when there is the
necessity of compensating the eventual deviations of the coaxiality of supporting bearings or the shaft
bending, are the double row tapered roller bearings (Figure 1a). These roller bearings are characterized
by a certain self-regulation on the raceway of the outer ring.

The bearing cages presented in the bearings have generally the role of preventing the contact
between rolling elements (rolls or balls). There are various methods of manufacturing the bearing
cages, considering their shapes and materials. Thus, for example, in the case of cylindrical rolls, the
bearing cages could be achieved essentially by successive processes of drawing, perforating the central
hole, and cutting the windows. As workpieces, metallic plates that have circular shapes could be taken
into consideration before drawing.
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(a) (b)

Figure 1. (a) Double row tapered roller bearing; (b) details of bearing cage.

The main requirements for bearing cages refer to their accuracy, their surface roughness,
and material resistance to wear processes.

If the cage machining accuracy is analyzed, in addition to the accuracy of the overall dimensions,
the precision of the dimensions corresponding to the windows in which the rolling elements could be
placed is important. The concept of dimensional precision refers to the deviation of the real dimensions
from their nominal values.

Over the years, the results of certain research concerning the accuracy and the surface state of
bearing cages or generally of the windows obtained in sheet type workpieces by forming methods
were published.

Thus, Kibe et al. considered that the general position of the punch in the die could exert a significant
influence on the machining accuracy in the case of shearing processes [1]. They proposed a method that
was able to increase the precision of measuring and adjusting the position of the punching tool, especially
when processing metallic thin sheets. The experiments were achieved on workpieces made of phosphor
bronze and aluminum that had a thickness of 0.2 mm. The researchers highlighted the influence exerted by
the clearance between punch and die on the machining accuracy, taking into consideration the shape of the
cross-section and the diameter of the hole obtained by punching.

Subsequently, Kibe and Mitsui investigated the influence exerted by the misalignment of the
punch and die positions on the cross-section diameter of the hole and on the out of the roundness in
the case of punching applied to workpieces made of phosphor bronze [2].

Istiawan and Mahardika studied the influence exerted by the clearance and the punch speed on
the surface quality evaluated by means of burnish area, fracture, and burr zone, in the case of punching
a hole with the diameter of 800 µm in a workpiece with a thickness of 300 µm [3]. They noticed the
low influence exerted by the punch speed on the surface quality.

Ardeshana and Mehta took into consideration the problem of designing a punch and a die
for manufacturing of a bearing cage specific to a taper roller bearing [4]. They considered that the
simultaneous cutting of all the windows in the bearing cage could contribute significantly to the
decrease of the production time, and thus to the increase of the productivity.

Zhao et al. considered that an improvement of the precision manufacturing of bearing cages
by the stamping process could be possible by using the reliability theory to adequately establish the
thickness of the plate used as the workpiece in the process of the manufacture of the bearing cage [5].
They modeled the behavior of the bearing cage during the punching process by using the ANSYS
finite element analysis.

Various solutions were also considered in patents that referred to the producing windows in roller
bearings cages by distinct manufacturing processes [6–10]. Within these patents, only the processes
and equipment for obtaining windows in bearing cages were discussed, without offering details
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about the dimensional precision of the cages’ windows that were obtainable by such manufacturing
processes. Even the roller bearings are not complex systems; they could be incorporated in such
systems, and principles corresponding to the mechanical systems could be taken into consideration
when analyzing the roller bearing and its manufacture [11–15].

The main aim of the research presented in this work was to highlight the influence exerted by
the workpiece thickness, punch work stroke, side clearance, and axial clearance between punch and
die on the precision of the main dimensions of the windows that exist in the bearings cages in the
case of the double row tapered roller bearings. Empirical mathematical models that were able to offer
information concerning the intensity of the influences of the abovementioned forming process input
factors on three main dimensions of the bearing cage windows were determined.

2. Theoretical Analysis

In order to achieve the windows in the bearing cage from Figure 1b, a stamping process is applied.
On could consider that the stamping process develops on hydraulic pressing equipment (Figure 2a)
and using a mold that supposes the axial movement of a central conical mandrel. Due to this movement
and to the conical shape of the central conical mandrel, the punches that have an approximate L shape
are forced to radially move, materializing the process of window cutting (Figure 2b,c). Since there is
a number of punches that is equal to the number of windows that exist in the bearing cage, at a single
work stroke of the central conical mandrel, all of the windows are cut.

(a) (b) (c) 

Figure 2. Achieving the windows in bearing cages: (a) LVD 600 hydraulic pressing equipment used for
cutting the windows in bearings cages; (b) components of the cutting tool; (c) cutting of a window.

In Figure 3, the shape and the main dimensions specific to a window that exists in the bearing
cage could be seen. The main dimensions of the window are the window width Ww, the window
height Hw, and the distance Drt between the retention thresholds belonging to the same window.
As a consequence of the punch movement, a part of the workpiece material is detached, and a hole is
thus generated in the bearing cage (Figure 4).

During the rolling bearing service, especially the window height Hw, and the distance Drt between
retention thresholds are important, since they determine the clearance between the bearing rolls and
the bearing cage. These dimensions are determined during the rolling bearing design activity by taking
into consideration the recommended or imposed values for the length and the maximum diameter of
the bullet roll, the axial, the side, and the tangential clearance between the roll and the bearing cage.

There are many factors that are able to exert influence on the precision of the dimensions Hw, Ww,
and Drt during the process of window cutting in accordance with the machining scheme presented
in Figure 2b.
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Figure 3. Shape and main dimensions of the window existing in the bearing cage.

 

Figure 4. Window in the bearing cage after withdrawal of the punch.

The factors that are able to influence the precision of the window cutting in the bearing cage could
be grouped in the following way:

1. Geometry of punch and die active zones;

2. Size of clearance between punch and die;

3. Length of punch work stroke and cutting speed;

4. Certain physical–mechanical properties of workpiece material (friction coefficient, shear resistance,
hardness, yield strength, formability, etc.);

5. Level of wear that characterizes the active zones of the punch and die, etc.

The clearance between the punch and the die could be determined as a half of the difference
between the dimension of the hole that exists in the die and the conjugate dimension of the punch,
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both in cross-sections. For example, in the case of windows height Hw, the relation for determining the
axial clearance ca (clearance measured along the roller axis) is the following:

Ca =
Dda − dpa

2
, (1)

in which Dda is the axial dimension of the cross section of the hole existing in the die, and dpa is the
adequate dimension of the punch cross section.

As hypothesized, one can consider that the increase of the clearance between the active zones of
punches and die and wear level of these main components will determine the decrease of the cutting
process accuracy and of the burr height.

On could suppose a monotone influence exerted by the clearance c between punch and die, by the
workpiece thickness tw and by the length of punch work stroke ls on the accuracy of the dimensions
that characterize the window cut in the bearing cage. Accepting such a hypothesis, one could consider
that a power type equation could be able to highlight the intensity of the influence exerted by the
workpiece thickness tw, the length ls of work stroke, the side clearance cs, and axial clearance ca on the
deviation ∆Di of the investigated dimension Di from its nominal value:

∆Di = C0·t
C1
w ·lC2

s ·cC3
a ·cC4

s , (2)

in which the coefficient C0 and the exponents C1, C2, C3, and C4 could be experimentally determined.
The values of the exponents C1, C2, C3, and C4 will characterize the intensity of the influence exerted
by the considered process input factors on the cutting accuracy of the bearing cage window.

3. Materials and Methods

In order to test the hypotheses concerning the influence exerted by the considered input factors of
the window cutting process on window cutting accuracy, experimental research was designed and
carried out [16,17].

The experiments were made on the LVD 600 type hydraulic pressing equipment (Figure 2a).
The punch and the die correspond to the schematic representation from Figure 2b.

As material of the bearing cage, the steel DD13 (SR EN 10111: 2008) was considered. In the
chemical composition of this steel, there are the following main components: 0.034% C, 0.015% Si,
0.25% Mn, 0.02% P, 0.0130% S, etc. The tensile strength of this steel is about 400 MPa.

The possibility was considered of developing an experimental research in which the results could
be mathematically processed by means of software based on the method of last squares so that, finally,
empirical mathematical models could be determined and analyzed. These empirical mathematical
models have to highlight the intensity of the influence exerted by considered process input factors on
the sizes of the parameters of technological interest, from the point of view of cutting accuracy.

Regarding cutting process input factors (independent variables), the followings were considered:
the workpiece thickness tw, the length of the punch work stroke ls, the side clearance cs (clearance
measured in a plane perpendicular on the axis of the virtual roller), and the axial clearance ca between
the punch and die.

The values of the process input factors tw, ls, cl, and ca, and of the output parameters (deviation
∆Hw of the window height Hw, deviation ∆Ww of the window width Ww, and deviation ∆Drt of the
distance Drt between the cage retainer thresholds, were measured using the MarSurf XC 2 contour
measuring station. The station guide deviation is lower than 1 µm/120 mm.

As experimental result, the deviations of the measured dimensions from their nominal values
were considered.

The experimental conditions and results were presented in Table 1. In the column nos. 2, 3, 4,
and 5, the values of the process input factors were included, while in the columns nos. 6, 7, and 8,
the sizes of the process output parameters were mentioned.
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Table 1. Experimental conditions and results.

Exp. No.

Values of the Process Input Factors Values of the Process Output Parameters

Workpiece
Thickness, tw, mm

Stroke Length,
ls, mm

Side Clearance
cl, mm

Axial Clearance,
ca, mm

Deviation of the
Window Height,

∆Hw, mm

Deviation of
Window Width,

∆Ww, mm

Deviation of Distance
between the Retention
Thresholds, ∆Dt, mm

Column No. 1 2 3 4 5 6 7 8

1 3.5 5.5 0.18 0.58 0.2061 0.0782 0.0993
2 3.5 6.5 0.11 0.51 0.2089 0.0684 0.0931
3 3.5 7.5 0.11 0.51 0.2141 0.0697 0.0941
4 3.5 7.5 0.18 0.58 0.2685 0.0879 0.1101
5 4 5.5 0.11 0.51 0.0797 0.0551 0.0804
6 4 5.5 0.18 0.58 0.1521 0.0676 0.0918
7 4 7.5 0.11 0.51 0.1989 0.0642 0.0884
8 4 7.5 0.18 0.58 0.2512 0.0766 0.0995
9 5 5.5 0.18 0.58 0.1478 0.0660 0.0908
10 5 6.5 0.11 0.51 0.1048 0.0590 0.0842
11 5 7.5 0.11 0.51 0.1674 0.0614 0.0862
12 5 7.5 0.18 0.58 0.2475 0.0755 0.0995
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4. Results

The experimental results were mathematically processed by means of software based on the
use of the method of least squares [18]. The software allows for the consideration of five distinct
mathematical empirical models. The adequacy of these empirical models for the experimental results
could be estimated by means of the so-called Gauss’s criterion. The value of the Gauss’s criterion could
be determined as a sum of squares of the differences between the measured values and the values
determined using the empirical mathematical models, for the same experimental points.

As results of experimental mathematical processing, the following mathematical empirical
relations were determined:

∆Hw = 0.0311 · tw
−0,877 · ls

1,853 · cs
3,811 · ca

−11,423, (3)

in this case the Gauss’s criterion has the value SG = 0.0008970296,

∆Ww = 0.04346 · tw
−0,385 · ls

0.437 · cs
3,051 · ca

−10.115, (4)

for which the Gauss’s criterion has the value SG=0.00000848762, and

∆Dt = 0.142 · tw
−0,242 · ls

0.303 · cs
−0,0933 · ca

1.384, (5)

the Gauss’s criterion has the value SG = 0.000007217791.
On the base of the empirical mathematical models expressed by the Equations (3)–(5), the graphical

representations from Figures 5–8 were elaborated.

 

Δ Δ Δ

Δ Δ Δ

Figure 5. Influence exerted by the workpiece thickness tw on the deviations ∆Hw, ∆Ww, and ∆Drt (ls =
6.5 mm, cs = 0.14 mm, ca = 0.54 mm).

Δ Δ Δ

Δ Δ ΔFigure 6. Influence exerted by the work stroke length ls on the deviations ∆Hw, ∆Ww, and ∆Drt (tw = 4
mm, cs = 0.14 mm, ca = 0.54 mm).
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Figure 7. Influence exerted by the side clearance cs on the deviations ∆Hw, ∆Ww, and ∆Drt (tw = 4 mm,
ls = 6.5 mm, ca = 0.54 mm).
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Figure 8. Influence exerted by the axial clearance ca on the deviations ∆Hw, ∆Ww, and ∆Drt (tw = 4 mm,
ls = 6.5 mm, cs = 0.14 mm).

5. Discussion

The analysis of the empirical mathematical models (3)–(5), and of the graphical representations
from Figures 5–8, facilitated the formulation of some general remarks concerning the influence exerted
by the process input factors on the dimensional precision of windows cut in bearing cages.

Thus, one can notice that the increase of the workpiece thickness tw determines an increase of the
machining accuracy (a diminishing of the deviations ∆Hw, ∆Ww, and ∆Drt, Figure 5), and this could
be justified by the increase of the workpiece rigidity, which has as an effect a more precise cutting of
the windows. In all the three mathematical empirical models, the exponents attached to the factor tw

have a negative value, and the highest influence is exerted on the deviation ∆Hw of the window height
Hw when the exponent has a maximum value.

If the influence of the work stroke length ls is analyzed, one could notice that in all the three
cases the increase of this factor value determines an increase of the deviations ∆Hw, ∆Ww, and ∆Drt

(a decrease of the machining precision, Figure 6). The fact could be justified by the longer contact
between the workpiece and the cutting punch, which could contribute to a supplementary material
removal from the workpiece, inclusively by developing an intense friction phenomenon. The maximum
influence is exerted on the deviation ∆Hw of the window height, this meaning that the exponent
attached to the factor ls has the maximum value in the mathematical empirical model that corresponds
to the deviation ∆Hw of the window height.

As expected, the increase of the side clearance cs determines a decrease of the machining precision
in the case of the deviations ∆Hw, ∆Ww (Figure 7), when the exponents attached to the factor cs has
values higher than 3. Indeed, the increase of the side clearance cs could change the behavior of the
workpiece material during the cutting process, and this could determine an increase of the deviations
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∆Hw and ∆Ww. In the case of the of the deviation ∆Drt of the distance Drt between the retention
thresholds, the influence is practically insignificant, with the value of the exponent attached to the
factor cs being close to zero.

For relatively large values of the axial clearance ca (0.51–0.58 mm), one notices that the increase
of this factor leads to a decrease of the deviations ∆Hw, ∆Ww (the exponents attached to the factor ca

in the empirical mathematical models having negative values) and exerts a relatively low influence
on the deviation ∆Drt of the distance between the retention thresholds, as can be seen in Figure 8.
The strongest influence is exerted on the deviation ∆Drt of the distance between the retention thresholds,
the fact being highlighted both by the exponent attached to the factor ca in the empirical mathematical
model of ∆Drt (Equation (5)) and by the graphical representation from Figure 8.

6. Conclusions

The windows that exist in the bearing cage could be obtained by a forming process that
involves the use of a punch and a die. Over the years, researchers have become concerned with
the influence exerted by distinct factors on the machining precision that corresponds to punching
processes. Only a few experimental results referred to the machining precision of the bearings cage
windows. In this paper, the problem of investigating the machining precision in case of the cutting
process of windows in cages for double row tapered roller bearings was addressed. The theoretical
analysis highlighted that the workpiece thickness, the length of punch work stroke, and the clearance
between the punch and die could be factors that are able to affect the dimensional precision of the
windows cut in the bearing cage. Experimental research was developed to identify the influence
exerted by the above-mentioned process input factors on the precision of some of the windows’
overall dimensions and on the so-called distance between the retention thresholds. By mathematical
processing of the experimental results, power type empirical mathematical relations were determined.
These empirical mathematical models and the graphical representations were analyzed to obtain
information concerning the influence of some process input factors on the machining precision of
obtaining certain dimensions of the cage windows. Essentially, the increase of the workpiece thickness
determines the increase of the machining precision, while the increase of the punch work stroke
length contributes to a decrease in the machining accuracy. The increase of the side clearance leads to
an increase of the cutting deviation, and the increase of the axial clearance determines the decrease
of the overall dimension deviations. In the future, there is the intention to extend the experimental
research so that the empirical mathematical models will be used to optimize the punching process of
window cutting in bearing cages.
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Abstract: This contribution deals with the numerical and experimental characterization of the
structural behavior of a railroad switch machine. Railroad switch machines must meet a number
of safety-related conditions such as, for instance, exhibiting the appropriate resistance against
any undesired movements of the points due to the extreme forces exerted by a passing train.
This occurrence can produce very high stress on the components, which has to be predicted by
designers. In order to assist them in the development of new machines and in defining what the
critical components are, FEA models have been built and stresses have been calculated on the internal
components of the switch machine. The results have been validated by means of an ad-hoc designed
experimental apparatus, now installed at the facilities of the Department of Industrial Engineering
of the University of Bologna. This apparatus is particularly novel and original, as no Standards are
available that provide recommendations for its design, and no previous studies have dealt with
the development of similar rigs. Moreover, it has wide potential applications for lab tests aimed at
assessing the safety of railroad switch machines and the fulfilment of the specifications by many
railway companies.

Keywords: railroad switch; railway junction; FEA; experimental; points

1. Introduction

A railroad switch machine (RSM), turnout or set of points is a mechanical installation enabling
railway trains to be guided from one track to another, such as at a railway junction or where a spur or
siding branches off. One of the key safety requirements of railroad switches is related to achieving a
suitable resistance against any undesired movements of the points, due, for instance, to the extreme
forces exerted by a passing train in the case of the needle leaned to the rail (force F in Figure 1).

Many railway companies assume a force F = 100 kN as standard. This work deals with the
development of FEA models aimed at accomplishing the structural design of the RSM under the
aforementioned operating load. In order to validate such models, an experimental test bench has
been designed and manufactured. This comprises two ad-hoc designed fixtures that allow the
accommodation of the test piece on a standard INSTRON 8500 500 kN standing press and the
application of forces up to a maximum of F = 300 kN. Issues of novelty arise from the lack of studies
both in the scientific and in the technical literature dealing with the development of similar fixture
devices. The developed testing rig can be used not only for FEA validation purposes, but also for
experimental tests aimed at warranting the safety of the RSM and the accomplishment of design
requirements by most railway companies. The originality of the performed non-trivial design task
arises also from the lack of specific Standards providing recommendations or reference schemes for
the execution of lab tests aimed at assessing the structural response of RSM under high loads.

99



Machines 2018, 6, 6

 

Figure 1. Geometry of a railroad switch.

2. Materials and Methods

The Alstom RSM object of the present investigation is shown in Figure 2, along with some balloons
highlighting the key structural components of the machine.

 

Figure 2. 3d model of the Alstom RSM: (1) body; (2) lower plate; (3) pin; (4) hammer; (5) switching rod;
(6) cam; (7) detection rod; (8) arm.

Due to confidentiality-related issues, the working principles of the machine cannot be described in
detail. The analysis was limited to the verification of the mechanism against unwanted movements of
the points caused by a passing train since the system is equipped with two interlocking devices. In fact,
once the full stroke has been travelled, and the points are in the open (or closed) position, the switching
rod (5) is secured to the body (1) by means of a hammer (4); at the same time, the detection rod (7) is
secured to the lower plate (2) by means of a slider, not represented in the picture. Therefore the locking
devices come into effect preventing any movement of the rods, when an external force is applied along
z-axis to the points, and thereby to the arms (8).

According to the requirements set by railway companies, the RSM should be validated under
the action of a force F = 100 kN. The load application rate surely affects the response of the structure.
The testing force of F = 100 kN is set by the railway company in order to account for dynamic effects.
In order to attain an adequate stiffness of the test fixture, it has been dimensioned for a maximum
load of 300 kN. The overall dimensions of the test piece are 900 × 300 × 210 mm; therefore, the fixture
was conceived in two separate parts, a lower and an upper grip, so as to achieve a certain flexibility
during mounting and unmounting operations on the standing press. In order not to transmit any
unwanted bending moment at the arms, the test fixture was shaped as shown in Figure 3. While the
lower grip is a simple C-shaped interface between the actuator thread and the arms, the upper grip has
to retain the whole RSM by means of four M20 8.8 class bolts. The bolted joint is doubly overlapped:
this provision allows doubling the frictional surfaces and hence the transmissible load for a given bolt
size and class [1,2]. Except for a few details, the fixture has to be arc welded, therefore a structural steel
S275JR according to [3] has been chosen for its construction. All the welds were statically dimensioned
according to Standard EN 1993-1-8 [4]. In order to assess the stresses and the deformations on the
fixture under maximum design load (F = 300 kN), some FEA have been performed by means of the
commercial code Ansys Workbench.
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Figure 3. Loading scheme: (1) test piece (switch machine); (2) lower grip; (3) upper grip.

Figure 4a shows the boundary conditions applied to the model: the upper grip has been fixed
at the upper end and loaded by two equal forces Fz = 150 kN, one at each arm. The model has been
meshed with SOLID187 Tetrahedral and Hexahedral elements, Figure 4b. The material is a structural
steel, whereas the bonded contacts are managed by means of the pure penalty contact algorithm,
with the normal stiffness factor set to FKN = 0.01, following the lines suggested by [5,6]. The analysis
and model parameters are summarized in Table 1.

  
(a) (b) 

  
(c) (d) 

Figure 4. FEA on the fixture upper grip: (a) Boundary conditions; (b) mesh; (c) total deformation;
(d) equivalent von Mises stress.
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Table 1. Analysis and model parameters.

Number of Nodes Element Types Elastic Modulus Poisson Ratio

[-] [-] E [Mpa] ν [-]

Fixture 80,000 SOLID187 (Tetrahedral and Hexahedral) 200,000 0.3

As can be appreciated by looking at Figure 4c, the total deformation is ∆tot_max = 1.3 mm,
whereas the maximum von Mises equivalent stress remains below 190 MPa (see Figure 4d); such a
stress level is well below the material yield point SY = 275 MPa. Since the model is linear, a maximum
deformation of about ∆tot_nom = 0.4 mm can be expected at nominal load, which is deemed acceptable.

The assembly procedure of the test rig requires quite a number of subsequent operations,
briefly summarized in Figure 5. In particular, Figure 5d shows a detailed view of the arms of the
machine when these are clamped by the lower grip. When the assembly is done, the load cell undergoes
zero calibration and the test can begin. The main goal of the experiment is to provide a validation
of the FEA models of the RSM that will be described in the following. A secondary aim of the
experimentation is to determine how much of the total load is borne by the switching rod and how
much by the detection rod. In order to accomplish this twofold task, three components of the RSM
were instrumented by strain gauges: the two arms and the pin (see Figure 6).

ν [

Δtot

deformation of about Δtot

   
(a) (b) (c) 

  
(d) (e) 

Figure 5. Test arrangement: (a) Placement of the lower grip, (b) pre-mounting of the upper grip with the
test piece; (c) placement of the upper grip with a forklift; (d) details of the assembly; (e) final configuration.
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–

Figure 6. (a) Placement of the strain gauges on the arm and (b) on the reworked pin.

The pin and arms had been previously reworked in order to accommodate the sensors
(Vishay Precision Group J2A-XXS047K-350); in particular, the pin required both milling and boring
operations in order to achieve a plane surface for the application of the strain gauge, as well as a passage
for the cables. The arms were instrumented by means of two strain gauges each; the strain gauges
were connected in a half-bridge fashion to the Wheatstone circuit. The pin was instrumented by means
of a single strain gauge; a dummy gauge, which served as a temperature drift compensator, was glued
to an identical, unloaded pin placed in the testing room. The adhesive used for the installation was
the M-BOND 200 by Vishay Precision Group. All the sensors were installed by a certified operator,
following the guidelines suggested by the Standards [7–9]. Data acquisition was managed by means
of the NI 9237 sampling card plugged into a NI cDAQ-9184 carrier. The FEA model of the RSM was
developed by means of the Ansys code V.17. Due to the complexity of the assembly, submodeling was
leveraged, by considering half a model at a time, as if the machine were cut along its mid-plane,
normal to the x-axis. In this way, it was possible to find a satisfactory balance between accuracy and
computational cost. Both models were meshed with tetrahedral elements SOLID187, switching rod
side (Figure 7), and detection rod side (Figure 8). The analysis and model parameters are summarized
in Table 2.

–

Figure 7. Boundary conditions for the half model comprising the switching rod.
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ν [ ν [

Figure 8. Boundary conditions for the half model comprising the detection rod.

Table 2. Analysis and model parameters.

Number of
Nodes

Element Types

Steel Components Cast Iron Components

Elastic
Modulus

Poison
Ratio

Elastic
Modulus

Poisson
Ratio

[-] [-] E [Mpa] ν [-] E [Mpa] ν [-]

RSM switching
rod side

360,000
SOLID187 (Tetrahedral

and Hexahedral)
200,000 0.3 169,000 0.275

RSM detection
rod side

485,000
SOLID187 (Tetrahedral

and Hexahedral)
200,000 0.3 169,000 0.275

In the case of the switching rod, the stresses on the pin and those on the hammer were sampled,
and subsequently compared with the experimental outcomes. In the case of the detection rod,
the stresses on the pins that connect the lower plate to the body were examined, as a function of
the actual bolt preload of the joint.

3. Results and Discussion

The results from a tensile test carried out on the ad-hoc developed test bench are shown in
Figure 9.

ν [ ν [

Figure 9. 

  
(a) (b) 

Figure 9. (a) View of the test bench and (b) plot of the results in terms of stresses on the pin and on the
arms and force at the load cell.
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Figure 9 reports the data relevant to a test run until a maximum force of F = 160 kN. At the
peak load, one of the pins connecting the lower plate with the body failed. The first outcome of the
experiment is the knowledge of the force distribution on the two arms: the great majority of the total
force (82%) reaches the body by passing through the chain of components named the switching rod,
the pin and the hammer. The remaining part (18%) passes through the detection rod, the slider and
the lower plate, eventually reaching the body. Running each of the FEA models by applying the
appropriate fraction of the total load to the arm under investigation, it was possible to validate the
numerical results. For example, looking at Figure 10a, it is possible to observe the equivalent stresses
calculated according to the von Mises criterion on the half machine comprising the switching rod.
Figure 10b reports the σY bending stresses on the pin that supports the hammer, when this sub-system
is loaded with 82% the total load F = 160 kN.

reports the σY bending stresses on the pin that supports the hammer, when this sub

  
(a) (b) 

— ) bending σY 

(σY_FEA
component (σY_EXP









ot of the amount of shearing force borne by the switching rod side pin (T’swi) 
and by the detection rod side pin (T’det) as functions of the actual screw preload Fv. Each of the 

Figure 10. (a) von Mises stress plot on the half machine—switching rod side, and (b) bending σY
stresses on the pin.

As can be appreciated from Figure 10b, the numerical peak of the bending stress on the pin
(σY_FEA = 477 MPa) is very close to that measured during the experimental test on the same component
(σY_EXP = 450 MPa, see Figure 9). The error, calculated according to Equation (1), is acceptable.

e% =
σY_FEA − σY_EXP

σY_EXP
· 100 = 6% (1)

Once the FEA model has been validated, it can be used for carrying out some comparisons
considering, for example, the joint between the lower plate and the body. Such joints comprise a
pattern of eight M8 8.8. screws, working in parallel with a couple of parallel pins of d = 6 mm diameter,
manufactured according to Standard [10]. It can be assumed that this joint must withstand the shearing
load transmitted by the slider to the body via the lower plate. These pins are coupled with interference
(H7/m6). Since the screws are tightened under preload control upon assembly, and some uncertainties
with regard to the friction coefficients cannot be avoided [11,12], the load borne by the parallel pins
may vary depending on the effective preload of the screws and on the friction coefficient at the interface
between the body and the plate. In order to estimate such variation, some parametric analyses were
run, for example by imposing different preload levels on the screws. The screw preload was assigned
via the preload tool available in the Ansys Workbench environment. Figure 11 reports a plot of the
amount of shearing force borne by the switching rod side pin (T’swi) and by the detection rod side
pin (T’det) as functions of the actual screw preload Fv. Each of the dashed lines represents the force
acting on the relevant parallel pin, whereas the solid lines represent the fraction of load borne by the
generic pin.
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–

designer’s standpoint, the present work achieved a twofold result: (i) an experimental 

Figure 11. Shearing force on the switching/detection rod side parallel pin versus screw preload.

It can be seen that the most loaded pin is that on the detection rod side (closer to the slider),
regardless of the screw preload. Nonetheless, the magnitude of the load borne by the pins decreases
as the screw preload increases: a preload limit of Fv = 20 kN is assumed based on the provisions of
Standard [13] for M8, 8.8 class screws. Based on different preload levels, it is also possible to extract a
plot of the von Mises stresses on the most loaded parallel pin, as shown in Figure 12.

   

(a) (b) (c) 

–

designer’s standpoint, the present work achieved a twofold result: (i) an experimental 

Figure 12. von Mises stress plot on the detection rod side parallel pin at a screw preload of (a) 10 kN;
(b) 15 kN; (c) 20 kN.

The equivalent stress calculated by FEA on the most loaded parallel pin is compatible with the
failure event, which took place during the experiment at a total load of F = 160 kN. The strength of
the pins could be modified by changing the coupling system, increasing the interference or adopting
a different coupling technique. Based on the literature, a valid alternative could be making use
of anaerobic or epoxy adhesives, which would make it possible to significantly increase the actual
mating area with a positive outcome in terms of the overall strength. This point has been tackled
experimentally in papers [14–16], which also provide tips regarding the proportioning of the joint
upon its design.

4. Conclusions

From a designer’s standpoint, the present work achieved a twofold result: (i) an experimental
setup has been designed, manufactured and calibrated, which is novel and original and will be useful
for subsequent experimentations on other products of the same family; (ii) numerical tools have been
developed and validated, with respect to experimental data. These models allow the designer to
evaluate the effect of structural changes early, hence reducing the time to market of new machines.
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Abstract: This paper deals with a modern design approach via finite elements in the definition of the
main structural elements (rotary table and working unit) of an innovative family of transfer machine
tools. Using the concepts of green design and manufacture, as well as sustainable development
thinking, the paper highlights the advantages derived from their application in this specific field
(i.e., the clever use of lightweight materials to allow ruling out high-consumption hydraulic pump
systems). The design is conceived in a modular way, so that the final solution can cover transfers from
four to 15 working stations. Two versions of the machines are examined. The first one has a rotary
table with nine divisions, which can be considered as a prototype: this machine has been studied in
order to set up the numerical predictive model, then validated by experimental tests. The second
one, equipped with a rotary table with 15 divisions, is the biggest of the range: this machine has
been entirely designed with the aid of the previously developed numerical model. The loading input
forces for the analyses have been evaluated experimentally via drilling operations carried out on a
three-axis CNC unit. The definition of the design force made it possible to accurately assess both the
rotary table and the working units installed in the machine.

Keywords: transfer machine; rotary table; working unit; green design; finite element; machine tool;
minimal quantity lubrication

1. Introduction: Green Design Applied to Machine Tools

In order to be competitive in today’s business world, more and more companies have to plan their
activities by thinking about energy consumption and resource saving. The themes of green design
are compelling in the modern design of machine tools. In practical aspects, up to 10 years ago the
goal of machine tool manufacturers was to improve the performance of machine tools in terms of
availability, reliability, dimensional accuracy, and precision. To achieve these targets, machine tools
have become increasingly complex and automated in their design. These changes resulted in increasing
energy requirements, which lead to rising power costs and limited access to resources (particularly
fossil fuels), and run counter to increasing environmental consciousness among customers and stricter
government regulations. For instance, specifications for the purchase of machine tools set out by
automotive companies have dedicated chapters dealing with energy consumption and the correct
design of electrical motors, compressed air circuit, hydraulic pumps, etc., in order to optimize the
energy-related costs and the environmental impact of the production. Under the label of “energy
management”, the following points are usually found:

1. No compressed-air motors should be used;
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2. It is not allowed to use compressed air for blowing functions, for cleaning or cooling;

3. Drive systems for pumping liquids, such as hydraulic pumps shall have the option to control the
input power according to the working requirements;

4. Pumps shall fulfill the criteria according to the EC regulation no. 641/2009 [1];

5. The power rating of the electric motors is to be adjusted to the mechanical power requirement of
the machine. If a bigger motor has to be selected because of a performance grading, oversizing
cannot overcome 30%;

6. The characteristics and design of the motors must be adjusted to the working conditions.
The motors must be designed for an on-period covering the entire mission time. The performance
shall be measured so that the motor is used for up to maximum 85% of its performance range;

7. The supplier shall indicate and offer potential optimization strategies for energy saving
and recovery.

Machine tool energy consumption may be reduced in any of the four areas of its life
cycle: (i) manufacturing (design and production of the parts), (ii) transportation (design for
assembly/disassembly to allow standard transport), (iii) use (energy used to produce parts), or
(iv) end of life (recycled materials). The most important phases are (i) and (iii): design-level changes
are able to provide the greatest flexibility and therefore potentially offer the best opportunities for
energy savings. The modern approach to the metal cutting operations such as the use of Minimal
Quantity Lubrication (MQL) or the dry cutting [2–12] are able to dramatically cut consumption by
nearly eliminating the impact of cutting fluids. Just for reference, it is possible to compare the need for
a Ø = 12 mm standard drill in the presence of emulsion at p = 30 bar coolant pressure and for a MQL
drill: 900 L/h versus 15 mL/h. Furthermore, the presence of the emulsion needs a dedicated system
for the filtration of the fluid from the chips and of volumetric (high consumption) pumps to supply the
high-pressure internal coolant. A breakdown of the consumption, split between the different power
units in a machining center, is shown in Figure 1.

–

(a) 

 
(b) 

Figure 1. Breakdown of the average power supply needed for the production of a reference component:
(a) roughing; (b) finishing. Gray shaded arrows represent energy consumption shares other than the
main spindle of the machine.
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Based on this scenario, a new line of drilling/milling machines has been conceived in order
to fulfill the aforementioned requirements. Particularly, the main topics of the new solution can be
summarized as follows:

• High dynamic performances: the idea is to build the main structural parts from lightweight
materials, in order to maximize the ratio between the “chip to chip time” and the servo-motor
consumption. An accurate design of the components must be carried out, in order to warrant
adequate stiffness of the structure, which in turn leads to dimensional accuracy of the workpiece;

• Accurate selection of the CNC motors for the movements of the axis (as a rule of thumb, a
maximum motor oversize of 30% is allowed in modern design);

• Elimination of the high-consumption hydraulic system.

A new family of transfer machine tools has been designed by Giuliani, based on the guidelines
mentioned above. A high performance torque motor is mounted on each transfer machine: it makes it
possible to reach high values of torque with limited energy consumption. Every component involved
in the motion of the transfer is designed to be as light as possible, according to the required stiffness,
to preserve the required tolerances on the finished parts. Each transfer machine consists of a number
of machining stations being equipped with a three-axis reconfigurable tooling unit. The three-axis
unit geometry has been recently redesigned, in order to improve its performance: this optimization is
based on the reduction of the carriage weight, achieved using aluminum alloys, rather than cast iron
for these parts, while keeping the stiffness of the parts unchanged. The MQL machining approach has
been followed as well, to achieve both energy and coolant saving.

Leveraging the concepts of green design and manufacture, as well as sustainable development
thinking, the paper highlights the advantages derived from their application in this specific field: Two
versions of the machines are examined. The first one, with nine divisions, which can be considered as
a prototype: this machine has been studied in order to set up the numerical predictive model, then
validated by experimental tests. The second one, equipped with a bigger rotary table with 15 divisions,
has been entirely designed with the aid of the previously developed numerical model. To the best of
the authors’ knowledge, limited to the case of transfer machine tools, no works based on the same
approach are currently available in the literature.

2. Setup of the FE Models for the Transfer Machine with Nine Divisions

2.1. Experimental Determination of the Operating Loads

The three-axis unit has been designed, so that it is able to efficiently withstand a spindle thrust
force in the order of F = 1 kN. This reference value has been chosen, following a preliminary
experimental campaign, aimed at the estimation of the maximum thrust forces during the most
frequent as well as the most demanding machining operations on the workpiece. In particular, a
highly critical task, in terms of the load acting on the transfer, is drilling a hole under an MQL strategy.
The outcome of the experiment was that 1 kN could be regarded as a proper threshold, considering for
instance the drilling of a 7-mm hole on a round bar made of 16MnCrS5 steel or of a 12-mm hole on a
CuZn39Pb3 brass component. In all the studied cases, which can be considered within the conventional
applications of the transfer machine, the most recommended values of feed rate have been selected,
also based on [13]. The estimated reference force F is going to be assumed in the following numerical
analyses, in order to calculate the displacements of the transfer machine under load application.

2.2. Experimental Characterization of the Stiffness of the Reference Transfer

The transfers involved in the investigation consist of two tables (Figure 2), whose outer diameter
is Dout = 1680 mm. The lower one spins around the y-axis, actuated by the torque motor; whereas the
upper one is fixed to the frame and supports the three-axis units. In the following, they will be referred
to as the “rotating table” and “fixed table,” Respectively. Supports are bolted under the rotating table
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in a number equal to the workstations. Each support carries a pneumatic vise that enables to safely grip
the workpiece. The mechanical group described above is fixed to the ground at the base of the column.

 
 

 

Figure 2. Fixed and rotary tables of the Transfer Machine with nine divisions.

Some experimental measurements have been carried out, in order to evaluate the vertical
displacements of the supports of the Transfer Machine with nine divisions, when a vertical load
is applied on a support along y-axis: the measured displacements would then be useful for the
validation of the numerical model. Three dial gauges with a resolution of 0.01 mm have been placed at
the positions shown in Figure 3.

  

(a) (b) 

Figure 3. (a) Dial gauges at positions 1 and 3 and (b) at position 2.

Then, a mass m = 50 kg has been applied on the support object of investigation. The position of
each dial gauge and the position of the mass are shown in Figure 4. The experimental data are shown
in Table 1.

Figure 4. Positions of the dial gauges and of the applied mass.
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Table 1. Dial gauge readings.

Position ∆y (mm)

1 −0.06
2 −0.02
3 −0.04

2.3. Tuning of the Stiffness Parameter of the FE Model

At first, the CAD geometry of the Transfer Machine with nine divisions has been simplified, in
order to reduce the computational effort without significantly affecting the accuracy of the results: it
must be remarked that the accurate evaluation of the stresses at notches or joints is beyond the scope
of the present analysis. In fact, previous investigations carried out on similar machines showed that
no significant stresses are generated on the key components of the frame during operation. Hence,
the present analysis focuses just on the stiffness performance of the structure. Due to geometrical and
loading symmetry conditions, a half of the geometry has been considered. A frictionless support has
been applied on the symmetry plane, as shown in Figure 5a, in order to enforce the symmetry condition.
Moreover, the base of the column has been constrained by means of a fixed support (Figure 5b): in the
actual application, such a surface is constrained to the lower part of the frame, which can be considered
perfectly rigid.

Δ
−0
−0
−0

(a) 

 
(b) 

ν
ν

≈ 

Figure 5. (a) Frictionless support on the symmetry plane; (b) fixed support at the base of the column.

The materials assigned to the parts are AlMg0.7Si (E = 69.5 GPa, ν = 0.33) for the rotating table
and a structural steel (E = 200 GPa, ν = 0.30) for any other part. The geometry has been meshed
with SOLID187 tetrahedral and hexahedral elements, for a total node count n ≈ 95,000. All the
contacts in the model are set as bonded, assuming a pure penalty formulation and a normal stiffness
factor controlled by the software (FKN = 1, [14,15]). The applied force Fy is calculated according to
Equation (1), where term 2 in the denominator is due to the symmetry of the model.

Fy =
9.81 × 50

2
= 245.25 N (1)
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Fy acts on the upper surface of the reference support, as shown in Figure 6.


  

model the bearing by means of a single ring made of an elastic, isotropic material, whose Young’s 

δ δ μm; 
(iv) the Young’s modulus of the ring is adjusted until the FE calculated displacement matches the 

Figure 6. Application of Fy to the reference support.

The displacements yielded by the numerical simulation and measured at the same positions of
the dial gauges, are shown in Figure 7 and summarized in Table 2, along with the percentage error
with respect to the experimental ones.

The results reveal that the numerical model, defined according to the basic settings reported
above, is stiffer than the actual machine: hence, it has been decided to improve the model, by tuning
the key parameters that affect its stiffness. The rotating table is supported by a double-row angular
contact roller bearing. In the previous analysis, the bearing has been modeled as a unique ring made
of steel: this approximation leads to overestimating its stiffness. Therefore, it has been decided to
model the bearing by means of a single ring made of an elastic, isotropic material, whose Young’s
modulus has to be determined upfront by the following steps. First, (i) a FE analysis of the ring alone
is prepared, by assuming its elastic modulus as a parameter and the ring is constrained, replicating the
actual application and loaded by an axial thrust; (ii) the displacement of the force application surface
is recorded; (iii) the experimental displacement provided by the bearing manufacturer is read-in.
The manufacturer usually provides plots like that shown in Figure 8, where several curves express the
axial displacement of the bearing as a function of the applied thrust load. Each curve is relevant to a
value of the assembly preload δ of the bearing: for the present application, δ = 15 µm; (iv) the Young’s
modulus of the ring is adjusted until the FE calculated displacement matches the experimental axial
displacement for given axial thrust.


  

model the bearing by means of a single ring made of an elastic, isotropic material, whose Young’s 

δ δ μm; 
(iv) the Young’s modulus of the ring is adjusted until the FE calculated displacement matches the 

 

Figure 7. FE displacements (scale factor ×1000).
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Table 2. FEM displacements and percentage errors with respect to the experimental data.

Position ∆yFEM (mm) ∆yexp (mm) Error (-)

1 −0.051 −0.060 −15%
2 −0.016 −0.020 −20%
3 −0.031 −0.040 −22.5%

Δ Δ
−0 −0 −
−0 −0 −
−0 −0 −

–Figure 8. Thrust–displacement diagram of the double-row angular contact roller bearing, supplied by
the manufacturer.

The static structural analysis has been carried out on a half-ring geometry, as shown in Figure 9a:
the ring has been constrained with a fixed support on its lower external surface Figure 9b; the upper
inner surface of the ring has been loaded with a 10 kN load (Figure 9c).

Δ Δ
−0 −0 −
−0 −0 −
−0 −0 −

–

(a) 

(b) 

Figure 9. Cont.
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(c) 

Young’s modulus of the ring) until the displacement of the loaded surface equaled 8.5 −

and a preload of 15 μm. Such a 
displacement value was reached by setting an equivalent Young’s modulus of 

substantially unvaried with respect to the previous simulation, with differences smaller than 1 μm in 

–

μ
factor controlled by the software (FKN = 1). The terminal portion of the shank and the “threaded” 

μ –
as for the company’s assembl



Figure 9. (a) Symmetry region, (b) fixed support, (c) load application surface.

As explained above, a set of FE analyses have been run varying the input parameter (equivalent
Young’s modulus of the ring) until the displacement of the loaded surface equaled 8.5 × 10−4 mm,
which is the value reported in Figure 8 for a thrust load of 10 kN and a preload of 15 µm. Such a
displacement value was reached by setting an equivalent Young’s modulus of Ering = 39 GPa. Then, a
finite element analysis (FEA) of the whole Transfer Machine with nine divisions, including the ring
with the above specified Ering, was run. The displacements at the reference points (Figure 10) are
substantially unvaried with respect to the previous simulation, with differences smaller than 1 µm
in terms of displacement. Therefore, another modification had to be made to the numerical model in
order to make it more consistent to the actual machine stiffness.

Since a correct estimate of the stiffness of a complex assembly is often related to an accurate
modeling of its mechanical joints [16–18], the contact conditions between the support and the rotating
table have been modified in order to achieve a more accurate FE model. Hence, the bonded contact
between the rotary table and the support has been replaced by a set of four M12 12.9 class screws
(Figure 11): this bolt pattern replicates that being actually used on the Transfer Machine with nine
divisions. The screws have been modeled as solids, and the axial preload has been imposed by the bolt
preload tool available in the Ansys Workbench environment.

The contact at the interface between the support and the rotating table, as well as the one between
the underhead of the screws and the support, has been set as frictional, with a friction coefficient
µ = 0.2 [19]. The contact formulation has been set as pure penalty with a normal stiffness factor
controlled by the software (FKN = 1). The terminal portion of the shank and the “threaded” hole on
the rotating table have been joined by means of a bonded contact. The analysis has been divided into
two steps: at the first step, a preload of Fi = 70 kN has been assigned to each screw: this preload is
calculated, based on a tightening torque T = 106 Nm and oiled surfaces, µm = 0.10 [20–23], as for the
company’s assembly specification. The displacements retrieved at this step are shown in Figure 12a.
A vertical force F = 245.25 N has been added at the second step of the analysis with the bolt preload
still acting (lock option set as active in the Ansys WB bolt preload tool). The difference between the
displacements recorded at the end of the second step (Figure 12b) and at the end of the first step gives
the displacements due to the effect of the external load only, as explained by Equation (2):

∆yFEM = ∆ystep2 − ∆ystep1. (2)

Looking at the data in Table 3, relevant to the new FE model, the maximum absolute value of the
percentage error is 5% and it is normalized with respect to the displacement at position 2, which is not
located on the loaded support but on the adjacent one. Conversely, the errors recorded at the loaded
support are of a small entity and stay lower than 3%. In light of the results above, the FE model can
now be deemed as validated.
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Figure 10. FE displacements of the Transfer Machine with nine divisions with Ering = 39 GPa.

Figure 11. Detail of the bolted connection between the rotary table and the support.

 
(a) 

Figure 12. Cont.
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(b) 

FE displacements of the modified model at the end of the two steps, Δ

n Δ ) Δ ) Δ ) Δ ) -) 

−0.013 −0.074 −0.061 −0.060
−0.015 −0.021 −0.020  

−0.035 −0.041 −0.040

Figure 12. (a) FE displacements at first step (bolt preload); (b) displacements at second step (bolt
preload plus external force).

Table 3. FE displacements of the modified model at the end of the two steps, ∆yFEM and errors with
respect to the experimental data.

Position ∆ystep1 (mm) ∆ystep2 (mm) ∆yFEM (mm) ∆yexp (mm) Error (-)

1 −0.013 −0.074 −0.061 −0.060 +1.7%
2 +0.006 −0.015 −0.021 −0.020 +5%
3 +0.006 −0.035 −0.041 −0.040 +2.5%

2.4. Modal Analysis

Based on the settings reported in the previous sections, considering the bolts as bonded contacts
with a reduced stiffness, a modal analysis has been carried out in order to predict the first five modes
of vibration of the assembly. The natural frequencies are reported in Table 4 and the first two modes
are shown in Figure 13a,b.

The natural frequencies and the associated modes reported above will be useful for a vibration
assessment, which should take the following points into account: (i) the match between the deformation
induced by the generic excitation force and one of the modes shown above; (ii) the match between
the frequency of the excitation force and the frequency of the relevant mode. The source of excitation
could either be due to the movement of the carriages or to the cutting operation itself. (iii) A further
point is the energy associated to the source of excitation: e.g., it must be carefully assessed if the energy
associated to the cutting operation is high enough to bring the structure into resonation, provided that
there is compatibility between the modes and frequencies. All these checks have been carried out in a
separate study [24].

Table 4. FE calculated natural frequencies of the Transfer Machine with nine divisions.

Mode # f (Hz)

1 80.742
2 81.723
3 89.092
4 117.83
5 143.57
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e # ) 

7 

Figure 13. Modes of vibration of the Transfer Machine with nine divisions: (a) first mode; (b) second mode.

3. Structural Design of the Transfer Machine with 15 Divisions

3.1. FEA and Structural Optimization

The Transfer Machine with 15 divisions is represented in Figure 14: it has six more divisions, thus,
if compared to the same machine with nine divisions, a greater diameter (Dout = 2940 mm) and one
more component (stiffening rib) under the support.

The analysis takes three different load scenarios into account: two radial drilling operations
along x-axis, positively or negatively oriented, and a vertical (y-axis) downwards drilling operation.
The purpose of the study is to determine the displacement of the component being clamped under the
machining conditions. The same FEM settings validated on the Transfer Machine with nine divisions
have been adopted for the analysis of the same machine with 15 divisions, where the same bearing
and joining techniques are utilized (see also below). After geometry simplification, the model has
been treated again as a symmetrical structure. The materials assigned to the transfer are AlMg0.7Si
(E = 69.5 GPa, ν = 0.33) for the rotating table and a generic structural steel (E = 200 GPa, ν = 0.30) for
all other components. The geometry has been meshed with SOLID187 tetrahedral and hexahedral
elements, for a total node count n ≈ 160,000. Every contact between the parts has been set as bonded,
except the one between the reference support and the rotating table, which is obtained by means of a
set of screws. In particular, the Transfer Machine with 15 divisions has a screw pattern made of six
M12 12.9 classes, instead of the four-screw pattern utilized in the same machine with nine divisions, as
shown in Figure 15. The modeling strategy is the same adopted for the machine with nine divisions.
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ν ν

≈ 

Figure 14. Transfer Machine with 15 divisions: a rib under each support helps increase its stiffness.

ν ν

≈ 

 

Figure 15. Bolted connection between the support and the rotary table of the Transfer Machine with 15 divisions.

Three types of machining scenarios have been studied, so three different simulations had to be
performed. Each load has been simulated by a remote force F1 = 500 N acting on the upper surface of a
support. Symmetry has been enforced as described above. In order to better approximate the actual
area of force application (roughly corresponding to the contact area between the vise and the support)
a portion of surface has been isolated by a division line (red area in Figure 16) and the machining force
applied thereof. The point of application of the force is the center of gravity of the clamped lock, as
shown in Figure 17.

Figure 18 shows the displacements along the y-axis due to the sole bolt preload, whereas Figure 19
displays the values of y-axis displacement for the three load scenarios. The flagged spot always
represents the projection of the center of gravity of the clamped lock on the support: the displacements
measured at this point in the three different load cases are summarized in Table 5, along with the
calculation of the displacements caused by the sole external loads (the displacement due to the bolt
preload has been ruled out by applying Equation (2)).
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(−) (−)

Figure 16. Target surface for the application of remote forces.

(a) 

(b) 

(c) 

(−) (−)
Figure 17. Boundary conditions with forces (a) Fz (−) (b) Fz (+) (c) Fy (−). Bolt preload forces.
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Table 5. FE displacements under different machining conditions for the Transfer Machine with 15 divisions.

Machining Condition ∆ystep1 (mm) ∆ystep2 (mm) ∆yFEM (mm) ∆yexp (mm) Error (-)

Fz (−) −0.002 +0.006 +0.008 - -
Fz (+) −0.002 −0.010 −0.008 - -
Fy (−) −0.002 −0.012 −0.010 −0.01 0%

Δ Δ Δ Δy
(−) −0.002

−0.002 −0.010 −0.008
(−) −0.002 −0.012 −0.010 −0.01

 

Figure 18. FE displacements of the Transfer Machine with 15 divisions after bolt preloading (scale factor 1000×).

Δ Δ Δ Δy
(−) −0.002

−0.002 −0.010 −0.008
(−) −0.002 −0.012 −0.010 −0.01

 
(a) 

 
(b) 

Figure 19. Cont.
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(c) 

(−)
(−)

(−) Δ
(−) and 

(−) load case only, has been compared with the experimental outcome, retrieved by means of the 

(−) 

Figure 19. Overall FE displacements of the Transfer Machine with 15 divisions (a) Fz (−); (b) Fz (+); (c) Fy (−).

The greatest displacement on the reference point is caused by the force Fy (−) (∆y = 0.01 mm),
while both Fz (−) and Fz (+) cause a displacement of 0.008 mm. The result reported in Table 5, for
the Fy (−) load case only, has been compared with the experimental outcome, retrieved by means
of the test setup shown in Figure 20. The FEA outcome perfectly matches the experimental result.
It is noteworthy that the vertical displacement of the Transfer Machine with 15 divisions is less than
17% of that for the same machine with nine divisions, under the same loading condition of vertical
downwards drilling, even though the first has a much larger (and thus more flexible) rotary table.
Such an outcome has been achieved thanks to a dynamic stiffening system developed by the authors.
In fact, the stiffening ribs do not spin around the y-axis together with the rotary table; they are instead
fixed to the ground. The ribs and the supports at the outer diameter of the rotary table (Figure 21a:
in blue shades the moving parts) are clamped together just for the machining time, by means of a
hydraulic clamp whose operating principle is quite the same of a disc brake (Figure 21b). This simple
device allows for keeping the rotary table comparatively light, as well as achieving enough bending
stiffness when needed.

(−)
(−)

(−) Δ
(−) and 

(−) load case only, has been compared with the experimental outcome, retrieved by means of the 

 

(−) 
Figure 20. Experimental measurement of the vertical displacement of the support in the case of Fy (−) = 500 N.
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(a) 

 
(b) 

— —

(−)

Figure 21. Hydraulic locking clamp (a) nomenclature and geometry and (b) operating principle and
hydraulic schematic (P—pressure line, T—tank line).

In order to assess the possibility of further weight savings on the moving parts, further FEA
have been run by changing the material assigned to the supports: e.g., lightweight alloys: aluminum,
titanium, and magnesium. The comparison between the different solutions has been made in the
case of Fy (−).The vertical displacements have been sampled along the path illustrated in Figure 22.
The results in terms of vertical displacement for different choices of the support material, normalized
with respect to the steel support are shown in the plot of Figure 23, whereas Figure 24 shows the
displacements obtained with different materials combinations of the support and of the rotary table,
normalized with respect to the steel-steel combination.
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(−)

(−)

Figure 22. Sampling path defined along an edge of the loaded support.

(−)

(−)

Figure 23. FE displacements of the loaded support (normalized with respect to the steel support) with
Fy (−) force: comparison between different materials of the support.(−)

(−)
Figure 24. FE displacements of the loaded support (normalized with respect to the steel-steel
combination.) with Fy (−) force: comparison between different material combinations of the rotary
table and the supports.
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As can be appreciated by looking at Figure 23, besides Ti-alloys, which would have been
impractical due to cost and manufacturing reasons, both Al-alloy and Mg-alloy supports negatively
affect the bending stiffness of the assembly, especially at the outer edge where machining operations
take place: a steel support is therefore the best option. On the other hand, looking at Figure 24, it can
be seen that a combination of Al-alloy table and steel support would not be much more compliant than
the base case with both components made of steel. The displacement at the outer end would increase
by just 10−3 mm, should the lighter construction be adopted.

Based on these premises, an aluminum alloy has been chosen for the construction of the rotary
table, whereas the supports have been built of steel.

3.2. Modal Analysis

Based on the settings reported in the previous sections for the Transfer Machine with nine
divisions, a modal analysis has been carried out in order to determine the first five modes of vibration
of the same machine with 15 divisions. The natural frequencies are reported in Table 6 and the first
two modes are shown in Figure 25a,b.

Table 6. FE calculated natural frequencies of the Transfer Machine with 15 divisions.

Mode # f (Hz)

1 123.74
2 147.61
3 154.31
4 154.97
5 155.01

−

Figure 25. Modes of vibration of the Transfer Machine with 15 divisions: (a) first mode; (b) second mode.
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4. Discussion

In light of the results presented in the previous sections, some general guidelines for the structural
design of a modern transfer machine tool can be drawn.

1. Different FE modeling strategies lead to different predictions in terms of the overall stiffness
of the assembly. The following considerations stem from the results illustrated at Section 2.3:
(i) the accurate modeling of the bearing stiffness has little or no impact on the stiffness prediction
provided by FEA. Therefore, this component can be even modeled as a single body with the
elastic properties of steel without significantly affecting the accuracy of the results; (ii) the
accurate modeling of the bolt pattern has conversely a significant effect on the stiffness of the FE
model. As a rule of thumb, at preliminary analysis stage, or when the bolt preload tool cannot
be used, a bonded contact with a pure penalty formulation and a normal stiffness factor set at
FKN = 1.5 × 10−3 has been proven to provide results close to the case of bolt modeling. The FKN
parameter has to be fine-tuned based on the actual application.

2. Other rather complex components, such as roller monoguides, ballscrews and the like can be
represented with a good accuracy in terms of stiffness, by replacing them with homogeneous,
isotropic elastic single bodies, whose elastic modulus and Poisson’s ratio shall be tuned by means
of preliminary FEA. However, it must be observed that the loading scheme adopted in the tuning
FEA must be properly chosen in order to properly reproduce the actual load scenario in the
machine service conditions.

3. The bigger, 15-division transfer, needs some stiffness raisers, so as to match the performance of
the same machine with nine divisions. For instance, a rib, which is fixed to the ground, helps
increase the flexural stiffness of the rotary table–supports assembly. The rib stiffness kicks in
just during the machining time, by means of a hydraulic clamp device developed by the authors.
Such an arrangement allows for achieving a twofold task: (i) proper stiffness is warranted during
machining; (ii) the moving parts are kept as light as possible, thus shrinking the chip-to-chip time.
The advantage in terms of stiffness may be appreciated considering that, despite its larger size,
the maximum displacement of the transfer machine with 15 divisions is approximately one-fourth
of the displacement of the corresponding machine with nine divisions for given vertical load,
measured at the same reference point.

4. With regard to the 15-division transfer, some FEAs have been performed in order to work out the
most favorable combination between the materials for the construction of the supports and of the
rotary table. This combination turned out to be the one comprising an aluminum alloy table and
steel supports. No significant loss in terms of flexural stiffness has been observed with respect to
the base case with all steel components.

5. Based on the outcomes of the modal analysis, should any loading condition lead to instability,
this issue could be overcome and the system optimized by locally modifying the stiffness of the
elements and/or the distribution of the masses.

5. Conclusions

An experimentally validated numerical model for transfer machine tools has been defined, which
allows for forecasting the structural as well as the vibrational response of this kind of machine under
typical operating loads. The models helped develop a bigger machine, evaluating different scenarios in
terms of materials and design solutions. Through this approach, it has also been possible to optimize
the structure in terms of flexural stiffness at a very early stage of the design. A proper choice of
the materials and the introduction of an ad hoc designed stiffening solution made it possible to
achieve even greater stiffness than with the smaller machine, thus ensuring the desired manufacturing
tolerance of the finished parts. This choice will ultimately lead to higher speed and a more efficient
machine whose performance is aligned with the values of green design.
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List of Symbols

F Spindle thrust force (N)
m Mass (kg)
n Number of total nodes (FEA) (-)
∆y Displacement along y-axis (mm)
E Young’s modulus (GPa)
ν Poisson’s ratio (-)
δ Assembly preload displacement of the bearing (µm)
Ering Equivalent elastic modulus of the bearing (GPa)
µ Friction coefficient (-)
µm Mean friction coefficient of a bolted joint (-)
Fi Bolt preload (N)
T Tightening torque (Nm)
Dout Outer diameter of the table (mm)
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