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Editorial

Additive Manufacturing—Process Optimisation

Muhannad Ahmed Obeidi

School of Mechanical and Manufacturing Engineering, Dublin City University, DCU, D09 V209 Dublin, Ireland;
muhannad.ahmedobeidi@dcu.ie

The realm of Additive Manufacturing (AM), often referred to as 3D printing, encom-
passes a broad spectrum of applications and methodologies, each contributing distinctively
to the progress of this dynamic field. This book, a curated compilation of twelve articles,
offers a comprehensive exploration of AM, delineating its multifaceted applications across
varied sectors. The collection presents an academic discourse, analysing the intricate nu-
ances and technical advancements within AM. It delves into the core aspects of design,
material innovation, and process optimization, illustrating the field’s adaptability and
impact. The articles included in this Special Issue, selected for their contribution to the
body of knowledge, reflect the depth and breadth of AM, from industrial applications
in aerospace and medical fields to research-oriented pursuits in material development
and prototyping. This Special Issue not only showcases the current state of AM but also
provides insights into its evolving trends, underscoring its significance in contemporary
and future technological landscapes.

“Design for Additive Manufacturing: Recent Innovations and Future Directions” pre-
sented by Egan et al. [1] delves into the intersection of design and AM technologies, high-
lighting advancements in diverse engineering applications, including aerospace, automotive,
construction, and medicine. It underscores the importance of integrating material processes
and constraints in the design phase to optimize AM’s capabilities for specific applications.

In “A Review of the Current State of the Art of PEEK Composite Based 3D-Printed
Biomedical Scaffolds”, Surendran et al. [2] the focus shifts to biomedical applications, par-
ticularly the use of Polyether Ether Ketone (PEEK) composites in scaffold development for
tissue engineering. This review illuminates the potential of PEEK-based composites as a next-
generation bioactive material, emphasizing their biocompatibility and mechanical properties.

“An Assembly-Oriented Design Framework for Additive Manufacturing”, Sossou et al. [3]
offers a novel design perspective, concentrating on the assembly level. It discusses how AM
can be utilized to design complex, performant products, exploring the concept of AM-based
architecture minimization, including part consolidation and assembly free mechanisms.

“Caffeine–Acrylic Resin DLP-Manufactured Composite as a Modern Biomaterial”
presented by Tomczak et al. [4] examines the innovative combination of caffeine with
acrylic resin using digital light processing (DLP) for transdermal drug delivery. This study
explores the mechanical properties and release capabilities of the composite, contributing
significantly to the field of composite drug delivery systems.

The study titled “Dimensional Accuracy of Electron Beam Powder Bed Fusion with
Ti-6Al-4V” by Bol et al. [5] delves into the precision of the electron beam powder bed fusion
process, particularly focusing on Ti-6Al-4V specimens. It emphasizes the importance of
understanding key process parameters to optimize AM for better dimensional accuracy.

“By Visualizing the Deformation with Mechanoluminescent Particles, Additive Manu-
facturing Offers a Practical Alternative to Stress and Strain Simulation”, Einbergs et al. [6]
introduces an innovative approach to stress analysis in mechanical components. This article
describes the utilization of mechanoluminescent materials in 3D printing, offering a novel
method for the real-time evaluation of complex forces.

“A Novel Feature-Based Manufacturability Assessment System for Evaluating Selec-
tive Laser Melting and Subtractive Manufacturing Injection Moulding Tool Inserts”, El
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Kashouty et al. [7] discusses the development of a feature-based manufacturability assess-
ment system. This system integrates selective laser melting with subtractive manufacturing,
focusing on the geometrical complexities of tool inserts.

In “A Structural and Thermal Comparative Review of 3D-Printed Wall Shapes”, Bello
et al. [8] the structural and thermal performance of various 3D-printed wall shapes in the
concrete printing industry is analysed. This review utilizes simulation tools to study different
wall types, contributing to a deeper understanding of 3D-printed structures in construction.

The article “Effects of Raster Angle on the Elasticity of 3D-Printed Polylactic Acid and
Polyethylene Terephthalate Glycol”, Albadrani et al. [9] explores the impact of the raster
angle on the mechanical properties of 3D-printed materials, providing valuable insights for
optimizing 3D printing parameters for enhanced product performance.

“Rheological Behaviour of ABS/Metal Composites with Improved Thermal Con-
ductivity for Additive Manufacturing”, Moritz et al. [10] investigates the properties of
metal-reinforced polymer composites, particularly focusing on their thermal and mechani-
cal characteristics. This study provides foundational knowledge for the development of
composites with optimized processability and properties.

“Development and Performance Evaluation of Fibrous Pseudoplastic Quaternary
Cement Systems for Aerial Additive Manufacturing”, Dams et al. [11] presents a novel
cementitious material developed for aerial additive manufacturing. It highlights the mate-
rial’s viability for in situ construction using UAVs, emphasizing its potential to revolutionize
the construction industry.

Finally, “Enhancement of Fatigue Life of Polylactic Acid Components through Post-
Printing Heat Treatment” presented by Jimenez et al. [12] addresses the improvement
in fatigue resistance in 3D-printed components. This study demonstrates the potential
of post-printing heat treatment to enhance the structural reliability of 3D-printed parts,
especially in dynamic load scenarios.

Together, these articles provide a multifaceted view of AM, showcasing its versatility,
adaptability, and transformative potential across various industries. From biomedical
scaffolds to aerospace components, the breadth of AM’s applications is vast, offering
endless possibilities for innovation and optimization. As AM continues to evolve, its
integration with emerging technologies like machine learning and bio-inspired design
promises to unveil new horizons in manufacturing and design.

Funding: This research received no external funding.
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Review

Design for Additive Manufacturing: Recent Innovations and
Future Directions

Paul F. Egan

Department of Mechanical Engineering, Texas Tech University, Lubbock, TX 79409, USA; paul.egan@ttu.edu

Abstract: Design for additive manufacturing (DfAM) provides a necessary framework for using novel
additive manufacturing (AM) technologies for engineering innovations. Recent AM advances include
shaping nickel-based superalloys for lightweight aerospace applications, reducing environmental
impacts with large-scale concrete printing, and personalizing food and medical devices for improved
health. Although many new capabilities are enabled by AM, design advances are necessary to
ensure the technology reaches its full potential. Here, DfAM research is reviewed in the context
of Fabrication, Generation, and Assessment phases that bridge the gap between AM capabilities
and design innovations. Materials, processes, and constraints are considered during fabrication
steps to understand AM capabilities for building systems with specified properties and functions.
Design generation steps include conceptualization, configuration, and optimization to drive the
creation of high-performance AM designs. Assessment steps are necessary for validating, testing,
and modeling systems for future iterations and improvements. These phases provide context for
discussing innovations in aerospace, automotives, construction, food, medicine, and robotics while
highlighting future opportunities for design services, bio-inspired design, fabrication robots, and
machine learning. Overall, DfAM has positively impacted diverse engineering applications, and
further research has great potential for driving new developments in design innovation.

Keywords: design; engineering; additive manufacturing; 3D printing; materials; processes; optimiza-
tion; mechanics; modeling; applications

1. Introduction

As additive manufacturing (AM) technologies continue to advance, there is a need for
design methods to guide innovations that benefit from AM’s capabilities for fabricating
complex structures with novel materials [1]. Unfortunately, recent research suggests that
AM technologies remain underutilized [2]. For designers to achieve AM innovations, they
must do more than simply possess AM technologies—both the effective use of resources
and information management for decision making are crucial. Design for additive manufac-
turing (DfAM) provides a framework that facilitates decision making with AM technologies.
DfAM is a multifaceted field of study in which diverse topics such as creativity [3], bio-
inspiration [4], materials [5], optimization [6], and validation [7] are all considered for
enhancing AM design with integrated approaches. Advances in DfAM are necessary to
keep up with the exponential increase in interest for AM applications [8], especially in fields
such as medicine that benefit from on-demand design and manufacturing for personalized
solutions [9]. Here, DfAM research is surveyed by considering perspectives from stages
across the design process and discussed for diverse application areas that may foster AM
design innovations.

An important aspect of DfAM is the establishment of a framework for learning and
implementing relevant tools and techniques for a particular design application. A DfAM
product development framework subdivided into the stages of process selection, functional
redesign, and optimization has been demonstrated as an effective approach for both re-
search and industry case studies [10]. These stages enable designers to reason about the

Designs 2023, 7, 83. https://doi.org/10.3390/designs7040083 https://www.mdpi.com/journal/designs4
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entire life cycle of an AM product and iterate between steps in the design process. Another
DfAM framework has focused on assembly by considering architecture minimization that
relied on using AM’s advantages for part consolidation and assembly-free mechanisms [11].
The framework provides the context of an ‘AM-factory’, which was illustrated with a
gripper case study produced with automated design generation and lattice structures to
improve mechanical efficiency. Lattices are common AM structures and have been investi-
gated in a design–build–test framework that used an integrated computational generation
and experimental validation strategy to tune lattices for biomedical applications [12]. The
process resulted in the experimental validation of a design space where lattices were con-
figured based on the specific physiological needs of patients. These DfAM endeavors
provide a context for reviewing recent research in the framework proposed in Figure 1, in
which Fabrication, Generation, and Assessment phases are considered during AM research
and development.

Figure 1. Design for additive manufacturing framework (A) for Fabrication, Generation, and Valida-
tion phases (B) with key steps to consider in each phase. Design example provided for porous nylon
11 lattices fabricated with powder bed fusion.

The Figure 1 framework demonstrates a case study with Nylon 11 material printed
with powder bed fusion, which is a novel AM process that facilitates printing integrated
parts and non-assembly mechanisms [13]. The Fabrication phase is demonstrated with a
lattice design, in which minimum manufacturing constraints were measured during the
Assessment phase using microscopy and mechanical testing to define a design space for
configuring lattice structures in the Generation phase. Steps across phases may be iterated
in a non-linear fashion to better understand AM capabilities that result in more efficient
approaches for producing new designs, with specific steps highlighted in Figure 1.

Non-linearity for DfAM phases is necessary to consider since the specific sequence of
steps and phases is contextually dependent on the current state of the art for an application.
Depending on the application, it is potentially best to start by characterizing fabrication
processes to develop new materials and manufacturing innovations, such as when novel
biomaterials come to fruition and open a new design space for medical applications. In this
case, the designer would begin with the Fabrication phase to determine the capabilities of
a printing process in terms of materials and fabrication constraints that enable different
design configurations using the new material. If the Generation phase were initiated prior
to having this knowledge, it is highly likely a designer could explore infeasible solutions
of the design space that would not result in manufacturable designs. In other cases, a
designer may begin with generation steps that focus on innovations by proposing a novel
structural configuration while using well-established AM technologies to fabricate the end
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product. Here, designers may begin directly with generating solutions according to rules
and constraints that have been established as prior best practices and then move directly to
the Assessment phase after printing.

Similar DfAM steps have been investigated for nylon powder printing using multijet
fusion techniques. For instance, during fabrication, the differences in refresh rates of
powder can affect the thermal, morphological, and mechanical characteristics of printed
parts [14]. During design generation, parameter alterations for lattices may affect print
accuracy and the reaction loads of structures [15]. During assessment, such as testing the
mechanics of honeycomb structures, finite element (FE) models have been created that
facilitate computational design with accurate predictions of structural performance [16].
Using these techniques can aid in the creation of novel systems using AM, such as multi-
helical springs with experimentally validated stiffness predictions [17]. The directed design
of AM springs has great potential for applications in multiple areas, including the aerospace
and automotive sectors, by providing a higher stiffness for competing alternatives of a
similar mass. By carefully considering the technology at hand and previous works across
phases, it is possible for designers to recognize which steps and methods may facilitate the
greatest opportunities for innovation.

The DfAM framework in Figure 1 has broad generalizability across AM technologies
and applications. For instance, in the Fabrication phase for extrusion printing, anisotropic
part mechanics are dependent on the base material selected and print orientation [18]. Such
tuning extends to further processes for tailored thermoplastics and photopolymers, with a
possibility to adjust parts mechanically by adding nanoparticles and fibers [19]. During
the Generation phase, a configuration of efficient micro-architected structures has signif-
icantly improved heat exchanger effectiveness compared to traditionally manufactured
designs [20]. The optimization of mechanical metamaterials has resulted in lightweight heli-
cal coils with advantageous structural rigidity and large deformation capabilities compared
to equivalent coil springs of identical weight [21]. In the Assessment phase, experiments
have measured the dimensional accuracy of metal powder bed fusion processes and found
both micro- and millimeter scale deviations from the intended design [22]. Mechanolumi-
nescent particles have also been embedded in prints to provide insights for mechanical
failures of AM parts that open the possibility for the real-time evaluation of mechanical re-
sponses in designs [23]. These cases highlight a great potential for innovative AM designs to
outperform designs from traditional technologies and a need for a careful consideration of
DfAM methods and AM limitations to ensure the technology is used to its fullest potential.

In this review, DfAM research for innovations in diverse applications is surveyed in
the context of Figure 1 phases. The review critically considers the integrated nature of
DfAM steps, particularly across design phases and applications that are often non-obvious
and necessitate multiple iterations, thereby contributing to the literature by filling gaps be-
tween individual research studies that focus on specifics. For instance, when designing for
innovative applications, success requires considering AM materials and processes paired
appropriately since not all printing processes use the same materials. These decisions
in turn affect fabrication constraints and uncertainties in the manufacturing process that
lead to printed parts responding differently than idealized models. Depending on the
application area and current state of knowledge in the field, different design problems
necessitate emphasis on different DfAM phases and steps to identify the greatest oppor-
tunities for innovation, which are difficult to identify when considering DfAM steps in
isolation. Considering these phases and steps provides context for discussing innovative
AM applications for diverse sectors including aerospace, automotives, construction, food,
medicine, and robotics. The review concludes by considering future DfAM directions,
highlighting them with challenges and directions for researchers to consider as both DfAM
frameworks and AM technologies continue to advance. Reviewing these multifaceted
tools and techniques across DfAM perspectives represents a critical advancement for better
understanding how DfAM frameworks drive AM innovations.
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2. Fabrication

Determining the fabrication capabilities of AM processes is an essential step in DfAM
because it provides bottom-up knowledge for designers to form decisions. The capabilities
of designs from fabrication depend primarily on the materials and deposition processes
used to form three-dimensional parts. Each combination of a material and a process has
constraints that dictate rules for minimum dimension size and features that further inform
design generation.

2.1. Materials

Material selection is a crucial step in DfAM that influences the properties, functionality,
and printability of AM parts. Common AM materials span from elastomers to polymers to
metals. AM processes enable the creation of innovative designs by the directed deposition of
novel materials such as superalloy metals [24]. For superalloys, AM reduces manufacturing
steps and minimizes waste compared to traditional investment casting while also opening
the possibility of fabricating hollow, foam-like, and lattice-based architectures. According
to one study, nickel-based superalloys created with binder-jet processing do not introduce
residual stress during fabrication due to the sintering process providing more consistent and
controlled heating than traditional processes [25]. Fatigue-tested superalloy materials have
been produced by comparing as-printed, as-sintered, and mechanically ground samples, as
demonstrated in Figure 2A. Mechanically ground samples provided the highest engineering
stress per number of cycles to failure (350 MPA at approximately 1 million cycles). The
mechanical grinding resulted in fatigue performance that significantly surpassed that of a
cast alloy. Further research in superalloys has resulted in a new class of alumina-forming
superalloys with advantageous crack resistance and directional structures [26,27]. Such
materials demonstrate that AM not only provides new capabilities for material deposition
to form complex geometries but also provides enhanced mechanical properties compared
to conventional manufacturing processes.

Figure 2. Highlighted material innovations for additive manufacturing including (A) nickel-based
superalloy [25], (B) biomedical methacrylate (1 mm scale bar) [28], and (C) magnetoresponsive
polymers [29]. Images adapted with permission.

AM is also providing new capabilities in medical applications in which DfAM enables
personalization for patient-specific needs. Typical printing materials used in medicine
include polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), polyvinyl alcohol
(PVA), thermoplastic polyurethane (TPU), polyether ether ketone (PEEK), biological tis-
sues, carbon fiber, titanium, and nitinol [5]. One emerging application of AM materials in
medicine is the tailoring of complex three-dimensional tissue scaffolds in which optimized
geometry supports the curvature-driven growth of new tissues [30]. Biocompatible poly-
mers are necessary for such applications, with methacrylates becoming a preferred option
due to their advantageous stiffness and toughness, which are necessary to withstand forces
of the human body [28]. Biocompatible methacrylates have been recently developed for
printing with vat photopolymerization processes that produce complex structures with
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microscale resolutions [31], as demonstrated in Figure 2B. The methacrylate specimens
had compressive moduli in the range of 10 to 19 MPa, with cytotoxicity results suggesting
they are not toxic for porcine chondrocytes, thereby demonstrating their suitability for
regenerative medicine.

AM is also enabling innovation via the fabrication of functional magnetic materials
that are suitable for diverse applications in thermal generation, electronics, and small-
scale robotics [32]. An advantage of AM is the creation of parts with intricate internal
structures with complex geometries that enable the placement of magnetic materials strate-
gically throughout a design. Such designs are difficult or impossible to replicate with
traditional subtractive manufacturing processes. Magnetic photopolymerizable resin has
been optimized by creating samples with varied proportions of solid loading for magnetic
nanoparticles needed to maximize magnetic actuation forces by weight [33]. A high perfor-
mance was achieved for samples with 30% solid proportions. Figure 2C demonstrates a
printed magnetoresponsive polymer with 2% of its weight composed of magnetite nanopar-
ticles [29]. The mechanical properties of the polymer were demonstrated with tailorable
stiffness by varying urethane–acrylate resins and butyl acrylate, which functioned as a
reactive diluent. The magnetic response was tailorable by altering the amount of Fe3O4
nanoparticles for up to 6% weight. Material tuning demonstrated capabilities for controlling
movements of objects with magnetic responses, including rolling, translation, stretching,
and folding/unfolding. These material examples demonstrate the novel capabilities and
functions enabled by AM while also highlighting important considerations for designers
when selecting AM processes based on material compatibility and needs.

2.2. Processes

There are diverse AM processes for fabricating designs including extrusion, photopoly-
merization, powder printing, and sheet lamination for polymers [19]. There are further
processes to consider beyond polymer manufacturing in areas such as bioprinting, food
printing, and metal melting/sintering. Each process has its own unique material libraries
and capabilities. A brief description of these highlighted AM technologies will be provided
as a necessary context for discussing their role in DfAM.

Fused deposition modeling (FDM) is an inexpensive and popular approach for ex-
truding polymers that relies on melting filaments and depositing them layer by layer to
construct a design [34]. FDM has resolution limits based on nozzle sizes that are typically
0.25 to 1.0 mm. The technology is capable of rapidly producing parts with a diverse material
library including polymers of ABS, PLA, polyethylene terephthalate (PET), polycarbonate
(PC), and nylon. Once a material is selected, process parameters for controlling orientation,
infills, rasters, and layering all require consideration due to their influence on final part
properties [35]. The Taguchi method is a common technique for designing experiments
to systematically alter process parameters and measure their effects, which informs an
optimum set of parameters for specified materials and applications [36]. By careful con-
sideration of process parameters, designers may tune tensile strength, impact resistance,
damping, and further properties for application-specific needs.

Further extrusion processes include those for bioprinting and food printing that rely
on the direct deposition of materials using a nozzle [37,38]. Common biomaterials for
bioprinting include polycaprolactone (PCL), tricalcium phosphate (TCP), and alginate [39].
Food printing commonly uses starch, protein, and gel materials [40]. Both bioprinting and
food printing processes can use temperature control to improve printability by altering
the rheological properties of the printed material. Further improvement in the printability
of these soft materials is achievable by combining additives with materials to alter their
consistency, such as thickeners for food.

Powder printing is another common AM approach that has several different imple-
mentations for fabricating designs. Direct metal laser sintering (DMLS) uses the energy
from a laser to heat and join powder particles together layer by layer to produce parts
with specified geometries. The process is suitable for metals such as gold, silver, stainless
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steel, and titanium that can produce jewelry or bone tissue engineering scaffolds with mi-
croscale features [41,42]. Selective laser melting (SLM) is another common powder process
that melts metal powder that cools to form designed parts [43]. Selective laser sintering
(SLS) has been used to process polystyrene parts [44], while mulijet fusion (MJF) can fuse
polymer powders to form flexible designs such as nylon springs [45]. An advantage of
powder processes is that unused power acts as support material during printing, which
can enable the design of complex geometries and mechanisms difficult to fabricate with
other AM processes.

AM fabrication from resin materials relies on photopolymerization to fabricate high-
resolution parts with microscale resolutions. Stereolithography (SLA) uses a laser for
curing resin, while digital light processing (DLP) uses a planar projection of light. In
each case, liquid resin with photopolymers is exposed to ultraviolet light that promotes
cross-linking to solidify material. Such processes have been used to produce ultralight
and strong porous ceramics to form mechanically efficient lattice structures [46]. The
printing process parameters of exposure time and printing angle can be altered during resin
printing to tune the curing behavior and mechanical strength of printed samples [47]. DLP
printing has been demonstrated for tissue scaffold applications in which its capabilities
for microscale resolution create a biological niche with a suitable geometry to promote
bone growth [48]. Overall, these diverse AM technologies and their respective process
parameters present a complex space for designers to navigate and a need to identify the
constraints and capabilities of each process to inform design decisions.

2.3. Constraints

Characterizing constraints for 3D printing processes is essential to provide a set of rules
for designers to follow when selecting appropriate materials and processes for configuring
parts [49]. Within a class of 3D printing processes, general capabilities, such as an extrusion
printer’s ability to produce overhangs, remain similar, which suggests that a set of general
guidelines is useful for designers. When considering 3D-printed springs with material
extrusion [50], guidelines were developed by printing springs with PLA material and
assessing their print quality and capabilities. Determined guidelines suggest that square
wire cross-sections, mono-directional in-fills, and thin layers are recommended for printing
springs to ensure consistency and functionality.

Researchers have systematically studied printing constraints and created worksheets
for designers to follow that promote the use of design decisions that improve printing
success [51]. Figure 3 shows a highlighted scoring criteria in the Design for Additive
Manufacturing Worksheet, in which designers score parts according to criteria in each
column such as complexity, functionality, material removal, and unsupported features.
Each criterion has multiple levels of assessment with associated scores in which designers
choose one level that their design fits for each category. For instance, in the material removal
category, a part with no support material scores the best, while a part with support material
that is difficult to remove scores worst. Designers score the sum across rows with features
that are more difficult to fabricate providing lower scores. Based on the total design score,
designers are recommended that the part ‘Needs redesign’, should ‘Consider redesign’, has
a ‘Moderate likelihood of success’, or has a ‘Higher likelihood of success’. These guidelines
were tested with FDM-printed parts designed by students that demonstrated that the use of
the worksheet resulted in an 81% decrease in the rate of poorly designed parts. The study
demonstrates the practical benefits of incorporating DfAM practices to train designers to
use AM technologies properly and maximize their potential.
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Figure 3. Highlighted scoring criteria from the Design for Additive Manufacturing Worksheet [51].
Image adapted with permission.

The sizes of clearances and tolerances are further constraints that designers must
consider with AM parts, especially when creating working mechanisms. A study using a
layered manufacturing process created revolute non-assembly mechanisms and demon-
strated that the designed clearance of a mechanical joint critically affects its dynamic
performance [52]. An algorithmic process was created to resize clearances to aid designers
in configuring clearances that resulted in feasible designs. Non-assembly mechanisms have
also been created with dissolvable support material with FDM processes [53]. In these
studies, joint clearances that were too large were found to impair functionality and were a
more important consideration than the length of linkage mechanisms. Powder printing pro-
cesses are particularly useful for non-assembly mechanism creation since unused powder is
present in areas between components of joints that, once removed, enables the movement
of mechanisms requiring no further assembly. A recent study on nylon-powder-printed
prosthetics found that relevant mechanisms operated best within a specified range of gap
sizes from about 0.2 to 0.4 mm [13]. Further studies with geometric tolerances of laser
powder bed fusion found that 15 mm diameter holes had mean printed diameters of 15.05
and 15.03 mm with standard deviations of 0.04 mm [54]. Based on these ranges, designers
can specify suitable tolerances for parts based on empirical observations detailing the
expected variation of 3D-printed parts. Such DfAM considerations are important to ensure
that design efforts are focused on feasible designs that have a higher likelihood of working
once printed.

3. Generation

Generation steps help designers use AM processes to create innovative designs based
on material capabilities and constraints. Conceptualization is an early step in the design
process in which designers use creative processes to form solutions to problems. AM
enhances conceptualization by providing new capabilities compared to competing manu-
facturing technologies; however, AM also creates an exceedingly large and complex design
space to navigate. Configuration steps aid designers in selecting a structural embodiment,
such as a lattice architecture, that is further tunable via optimization that specifies pa-
rameter values within the design space for a specific application. By considering these
DfAM steps, designers may leverage the unique facets of AM technologies while forming
engineering solutions.
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3.1. Conceptualization

During design conceptualization, it is important for designers to consider the ad-
vantages of AM, such as the generation of complex geometries, compared to its deficits,
such as the difficulty in printing overhangs with some processes. Since AM has differing
capabilities from traditional manufacturing methods, creativity is essential for designers to
think outside the box to use AM to create novel designs that progress beyond the limitations
of conventional technologies [55]. A design study comparing classrooms with and without
formal DfAM training demonstrated that AM ideas were more elegant in terms of aesthetics
but often less feasible [56]. Another study found that re-mixing AM designs, which is a
process of adapting or recombining existing design elements into something new, promotes
the creation of designs that are more often printed by online community members [57].
Since these designs modify already printable components, it promotes the diversity and
quantity of ideas within the confines of DfAM constraints that ensures manufacturability.
An experiment with 343 junior-level engineering students investigated effects from teach-
ing three different design approaches: (1) no DfAM, (2) restrictive (considers limitations)
DfAM, and (3) opportunistic (considers capabilities) and restrictive DfAM [58]. Each type
of DfAM approach was found to improve the technical proficiency of AM designs but not
creativity. These studies suggest that curriculum and delivery play an important role for
influencing designers’ AM capabilities with a need for effective approaches that promote
diverse design generation while retaining practicality for printing.

Teaching multi-modal design heuristics has been demonstrated as a viable strategy
for improving designer creativity for thinking beyond the traditional manufacturing mind-
set [59]. Heuristics are general rules that designers may follow to find viable solutions
quickly. The multi-modal heuristics taught for AM included categories of part consolida-
tion, customization, convey information, material, material distribution, embed–enclose,
lightweight, and reconfiguration. Some specific heuristics included part consolidation to re-
duce assembly time, customization with geometry to the use case, and material distribution
to absorb energy with small interconnected parts. The use of these multi-modal heuristics
led to an increased creativity of concepts generated by individuals and teams while also
stimulating more diverse design concepts. The timing of design heuristics provided to
novices has also been investigated [60], and it was found that providing DfAM lessons
improved the manufacturability of designs but did not affect overall quality. The novelty
of designs decreased after being provided heuristics, which suggests a decrease in creativ-
ity. These studies demonstrate that improving creativity using DfAM is challenging, and
further research in these areas could help discover improved means of increasing designer
creativity while ensuring quality and viability of designs.

3.2. Configuration

Computational approaches are often used to aid human designers in the configuration
of AM parts due to their inherent complexity. Parametric design enables the adjustment
of definable values related to a design’s geometry to rescale parts and mechanisms for
specified applications. Scalable AM mechanisms have been created parametrically for
revolute, prismatic, and spherical joints with cylindrical spur, spiral bevel, and straight
bevel gears [61]. Spiral gear mechanisms have been printed using a stereolithography appa-
ratus machine that demonstrated a successful rescaling and functioning of the mechanism.
Parametric design can also benefit from biomimetic approaches, such as approaches for
modeling and optimizing L-systems inspired by plant growth algorithms [62]. Since biolog-
ical systems are typically optimized via evolution for efficiency, mimicking such structures
often leads to mechanically efficient systems. Honeycombs inspired by nature are common
AM structures due to their high relative mechanical properties per weight. Mechanical
testing has demonstrated that increases in material distribution at honeycomb nodes in-
creases both stiffness and absorbed energy but may weaken other aspects of the structure if
material volume is further increased [16]. The design of more complex architected struc-
tures, such as regular truss lattice cells, is another AM configuration strategy that enables
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mechanical efficiency [63] (Figure 4). Different configurations of lattices provide trade-offs
in performance, such as those among strength, stiffness, and energy absorption, which
designers may manipulate to tailor structures with properties for specified applications.

Figure 4. Parametric design of porous Voronoi lattice structures [64]. Image adapted with permission.

Voronoi-based lattice structures have been designed parametrically to create porous
structures with properties that are globally controllable while locally uniform [64]. In the
process, individual unit cells are divided throughout the design space, seed points and
beam radii are determined for unit cells, and a Voronoi tessellation is used to distribute seed
points uniformly. The seed points are tessellated globally with edges cylindered according
to their corresponding beam radius values. Such structures have high stability that ensures
that spatial deviations in porosity and surface area are small. Voronoi models are suitable
for applications that need mechanical efficiency and have geometry-dependent needs, such
as tissue growth based on a scaffold’s shape [65]. Further strategies for configuring AM
structures include functional gradients that gradually change parametric values spatially
through a lattice [66], altering topologies of unit cells for transitioning properties throughout
a lattice [67], or using multiple materials placed within a lattice to generate anisotropic
properties [68]. Due to the diversity of strategies and decisions at local and global levels
during design generation, optimization is often necessary to maximize the potential of
configuration strategies.

3.3. Optimization

Optimization is used in DfAM for improving both the manufacturing process and
the performance of final parts. One study investigating anisotropic lattice mechanical
properties and support material removal employed a snap-fit configuration strategy to
enable more efficient printing of structures while resulting in a 100% increase in strength
and energy absorption [69]. The approach demonstrated that the overall configuration
strategy plays an important role in final achievable properties and performance. Once a
configuration strategy is determined, computational approaches are often employed to
refine designs according to specified objectives and constraints. For instance, one successful
approach paired a lattice unit-cell library with parametric design and topology optimization
to obtain lightweight structures [70]. Topology optimization is a process for optimizing the
material layout within a given design space with reference to loads, boundary conditions,
and constraints. The combined approach led to designs with improved stiffness while
enabling the rapid generation of different topologies to find optimized stiffnesses.

Topology optimization has been used for medical AM applications to design tissue
scaffolds and customizable shoes, thus demonstrating the adaptability of the approach
for varied systems [71]. The core algorithm used was termed as an automatic complex
topology lightweight structure generation method. The algorithm uses a mesh generation
algorithm to produce a node distribution inside an object representing a boundary surface
of a targeted complex structure. Low-weight trusses are generated using the distribution of
nodes. Radii are then adjusted based on an FE analysis with an optimization algorithm to
produce a lightweight truss structure. The algorithm pseudocode is provided in Figure 5A
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with shoe design results for the loading of the truss structure without optimization and
with optimization provided in Figures 5B and 5C, respectively. The results of the topology
optimization demonstrate a more consistent level of loading throughout the shoe and a
lower peak load, thus improving the pressure distribution for patients.

Figure 5. Topology optimization. (A) Algorithm for 3D-printed shoes with reaction forces of (B) a
non-optimized shoe (max force = 1.88 N) compared to (C) an optimized shoe (max force = 0.94 N) [71].
Image adapted with permission.

It is possible to place constraints on structural features, such as overhang angles, to
reduce the amount of support material necessary to fabricate a topology-optimized print.
Build orientation and topology have been optimized together to accomplish these goals by
using direction gradients to control the overhang angle within the design domain to reduce
internal supports. A second density-based global constraint was used to control design
domain boundaries for a reduction in external supports [72]. Another study used truss
topology optimization with anisotropic struts that demonstrated improved material prop-
erties for trusses with anisotropic struts over struts optimized with isotropic materials [73].
The approach simultaneously optimized the struts along with the volume fraction of fibers
or holes as reinforcements. Further steps included accommodating material symmetries, pe-
nalizing size variables, and improving manufacturability by introducing no-cut constraints
to ensure symmetry across planes and faces of unit cells. Design and optimization has also
been conducted on hybrid structures with solid and lattice portions [6]. Empirical valida-
tion with simulation results demonstrated that hybrid structures achieved higher stiffness,
yield strength, and critical buckling compared to pure lattice or solid structures. Important
last steps in optimization from these studies are validation and controlled comparisons.
Validation with fabrication and experiments is necessary to confirm the accuracy of predic-
tions from optimization, while controlled comparisons to different algorithms and cases
enables designers to identify the most favorable design methods for a particular domain.

4. Assessment

Once generated designs are fabricated, it is necessary to assess their capabilities to
determine if they perform as intended. A first step is the validation of printed designs to
determine if features are printed accurately, especially those that may affect engineering
performance. Testing, such as mechanical characterization, is then conducted to measure the
properties of printed parts. Modeling steps can incorporate validation and testing results to
account for differences between theorized performance and actual performance. Depending
on the application and best practices, these steps may occur in a non-linear and iterative
fashion. For instance, when using well-established FDM processes for macroscale designs
with simple geometries, modeling and computational assessment may be considered prior
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to testing and validation to confirm predictions. However, when considering lattices that
are printed near the fabrication limits of AM processes, such as those with microscale struts,
designs may not print at all or print with highly different consistencies than predicted by
ideal cases in modeling. Therefore, validation is necessary to determine achieved features
prior to the creation of accurate modeling techniques that incorporate deviations incurred
by printing processes. If validation is not conducted prior to evaluating the mechanics of a
design, designers may spend excessive amounts of time modeling and testing designs that
are impossible to fabricate or printed with very different structures and performances than
expected. In all cases, by considering these steps and iterating appropriately, designers
may review their designs and improve them according to the information obtained during
each step.

4.1. Validation

Validation is necessary to determine if parts are printed accurately and function as
intended. Discrepancies emerge in the fidelity of final parts due to inherent limitations
in the printing process. For instance, in FDM printing, globules of material form due to
the inconsistent melting of filaments, which, in turn, affects mechanical functioning [74].
Subjective assessments have been conducted for FDM surfaces that had 93 observers rate
107 images of printed surfaces prepared by nine different types of ABS filaments for three
different printers [75]. Their approach quantified metrics for monitoring printed parts
for use in automated systems to either improve processing parameters during printing
or determine early part failures. During the laser sintering of polyamide-12, research has
found inconsistencies in printed surfaces from powder properties, processing parameters,
and surface orientation. These have been investigated using contact profilometry, focus
variation, and micro-CT techniques as a function of applied energy density, XY location,
orientation, and percentage porosity [76]. The results demonstrated that the roughness
profile for top/bottom surfaces were distinct, with top surfaces having peaks of greater
amplitude. Such inconsistencies can inform designers about where cracks may occur that
could lead to part failure. Fidelity has also been studied for bioink printed structures in
which extrusion can lead to inconsistencies in printed diameters of lattices and the relative
placement of material [77]. Additionally, bioprinted structures may become distorted due
to the deformation of soft materials used for printing.

The effects of design and processing strategies have been studied for lattices fabricated
with DLP printing. Microscopy measurements have determined that structures with
higher relative density and more beams per unit cell tended to print with more material
than expected compared to other designs [7]. Mechanical testing demonstrated that the
added material improved mechanical properties. However, material added by altering
process parameters led to more mechanically efficient structures than those with increased
relative density from designed topology alterations. Figure 6 demonstrates the microscopy
process used to validate each structure’s accuracy by measuring beam diameters, which
was affected by the processing parameters of print orientation and exposure time. Print
orientation affects beams due to layers needing to bridge large gaps or build on top of
previously placed materials. Beams were printed with smaller diameters than expected
on average, and fusion of pores tended to occur towards the center of the lattice. Such
inconsistencies occur in DLP printing due to pixel size, stage motion, optical focus, and resin
properties, which has led to new methods proposed as corrective factors. The grayscale
manipulation of pixels has been demonstrated for smoothing discontinuities in surfaces
with manipulations to improve accuracy informed by a reaction–diffusion simulation
to predict final cured shape [78]. Compensation methods have been used to alter beam
diameters throughout a lattice design to correct for spatially dependent inconsistencies
such as beams printing larger than expected towards the center of a lattice [79]. These
methods improve upon the already highly accurate DLP process to provide prints that
better match a designer’s intentions with more consistent, predictable performance.
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Figure 6. Validation of BCC lattice using (A) microscopy to (B) measure mean diameters based on
beam orientation [7]. Images adapted with permission.

Inconsistencies in printing have also been observed for metal lattices produced with
SLM [80]. Beams were printed larger than intended with material agglomeration occur-
ring at corners due to overmelting, which resulted in fillet-like features. Octet topologies
were more sensitive to inconsistencies than tetrahedron topologies, which demonstrated
a dependency of accuracy on the configured design. Due to inherent limitations in metal
additive manufacturing, methods have been developed for quantifying the effect of man-
ufacturing defects using the automated analysis of microscope images [81]. The results
found that parts were generally printed larger than expected and that increases in the
sizes of nodes/beams increased stiffness. When designs were scaled smaller, mechanical
properties increased due to the proportional increase in material per volume. Uncertainty
quantification is another validation technique used to characterize the inconsistencies in
printed lattices that uses data to inform design decisions [82]. Error propagation for metal
printing has been determined in tandem with multiphysics simulations to better predict
how microscale defects may affect global functioning, which can inform design decisions.
Such methods are essential for designers to improve AM outcomes by understanding how
differences in ideal models and tested outcomes affect final design performance.

4.2. Testing

Testing is a key assessment step that helps validate findings while also providing
empirical measurements of mechanical behavior for creating accurate models to predict
performance. Mechanical testing in compression is often used for measuring lattice prop-
erties and provides information regarding the effective elastic modulus, yield strength,
and ultimate strength. The effective elastic modulus is the slope of the stress–strain curve,
which accounts for the relative density of the lattice and its topology that is proportional
to the elastic modulus of the base material used to construct the lattice. For SLA printed
lattices with a base material elastic modulus of about 1670 MPa, the effective elastic moduli
of lattices with four different beam-based topologies ranged from 100 to 260 MPa [83].
Designs tended to have higher effective elastic moduli when more beams were aligned with
the loading direction. Mechanics can also fluctuate due to manufacturing inconsistencies
for the same design. Studies of DLP-printed lattices that tested 30 prints of the same design
demonstrated a distribution of density and mechanical property measurements that occur
due to fabrication inconsistencies [84]. The study investigated uncertainty and reliability
for lattice mechanics and found that lattice failure due to yielding was highly affected by
fluctuations in beam diameter.
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Further studies in lattice mechanics have investigated energy absorption for multi-
material honeycomb structures printed with ABS and TPU by measuring the area under
the force–displacement curve [85]. The study found that adding material bands of TPU to
ABS hexagonal honeycombs resulted in a linear decrease in energy absorption from 15.1
to 2.9 kN·mm, which was linearly proportional to the amount of TPU added for out-of-
plane testing. Out-of-plane failure responses for the two different designs were similar
and demonstrated a deformation of the flexible TPU structure prior to the deformation
of the stiff ABS material. Since the TPU deforms first and is highly recoverable, the
system is reusable for low displacement cases yet retains high energy absorption for failure
scenarios, such as crashing, that benefit from the stiff ABS material with more overall
energy absorption. For in-plane testing, failure mechanisms of square and hexagonal
honeycombs demonstrated that more consistent failures occurred from hexagon designs,
while square designs resulted in discrete collapses of unit cell layers. These results provide
quantifications for designers to tailor designs while also highlighting the differences in
behavior during failure that inform decisions for selecting one type of design over another.

Studies on titanium SLM lattice structures have conducted extensive measurements
of the deformation and failure behavior of diverse lattice topologies [86]. The study
sought to understand the influences of lattice cell topology, cell size, and unit cell count.
By mechanically testing diverse lattices, it was found that 103 unit cells and higher are
necessary for the convergence of mechanical properties. During compression, different
states of lattice behavior were identified from initial to elastic preload, to initial failure, to
progressed failure, and to gross failure, the results of which are highlighted in Figure 7.
The pattern of unit cells failing differed based on the design’s topology. BCC structures
had a comparatively large compliance followed with deflection that occurred due to strut
bending near the lattice joints, with subsequent failure that leads to unit cell collapses.
BCC-S3 lattices had a horizontal layer collapse with diagonal shear failure, while BCC-S2
lattices had a combined collapse of diagonal and horizontal layers. FCCZ structures had
struts buckling vertically, followed by a fracture that led to unit cell collapse, followed
by a diagonal layer collapse in two directions for the specimen’s lower half. Trends
from the study suggest that the Maxwell number and the alignment of struts along the
loading direction affect lattice failure modes. Topologies with high lateral stiffness were
observed to have horizontal layer crushing, which suggests they are appropriate for energy
absorbing applications.

Further studies have investigated 30 strut-based lattices with cubic structures printed
with SLS using polymeric materials [87]. Lattices were constructed by combining unit
cells with topologies for cubic, diagonal, octahedron, and V-octet topologies. FE simula-
tions were conducted to help interpret experimental results for effective stiffness, yield
strength, and buckling strength for uniaxial, shear, and hydrostatic loadings. General
results concluded that the modes of deformation differed for various loading conditions
for stretching-dominated, bending-dominated, and mixed types of structures. Stretching-
dominated structures with triangulated micro-architectures within unit cells provided
greater stiffness and strength per unit weight than bending-dominated structures. The
study demonstrated that topology and relative density also played a major role in me-
chanics, which suggests there are many routes for manipulating designs and conditions to
achieve a desirable set of mechanical properties.
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Figure 7. Lattices tested in compression with failure modes highlighted [86]. Image adapted
with permission.

Diverse topologies for metal structures have also been studied from SLM processes
with Inconel, which provides a high resistance to oxidization, creep, and a loss of mechanical
properties at high temperatures [88]. The lattices demonstrated stable crushing behavior up
to densification with exceptional ductility and high damage tolerance. Several observations
were summarized regarding failure modes for the lattices. For all topologies and cell sizes,
the behavior was apparently linear for strains of 2%. When strain was increased to 4%,
BCC and FCC topologies remained linear while BCCZ and FCCZ topologies demonstrated
a local plastic collapse for specific unit cells. The collapse had bands associated with
maximum shear stresses aligned 45◦ to the loading direction. Topologies with Z-struts
also had catastrophic failures followed by densification, with cyclic behavior of plateau
stresses as local collapses occurred. For the FCC and BCC topologies, further strains
resulted in mostly homogenous deformation behavior throughout the lattice. Additionally,
the degree of bending and stretching-dominated behavior was possible to control by
modifying the local cell structure, with Z-strut addition driving structures to have a greater
degree of stretching-dominated behavior that was increased with larger cell sizes. Overall,
mechanical testing demonstrates the diverse behaviors exhibited by AM structures that
necessitate designers to create and validate models to accurately predict outcomes.

4.3. Modeling

Modeling is the process of creating a design and predicting its performance, which oc-
curs throughout different periods in the design process as information is gained. Although
a digital design is necessary to create prior to printing, proper modeling of its mechanics
requires validation and testing to create an accurate digital geometry to determine how
printing defects play a role in mechanical behavior. The most common approach for mod-
eling mechanics of AM lattices is the finite element method (FEM), which numerically
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solves differential equations. FEM subdivides a large system into smaller simpler parts via
discretization and mesh creation. Titanium structures fabricated with PBF processes have
been represented with FEM for 50% to 90% porosity designs that found a high agreement
with the Gibson–Ashby model [89]. The Gibson–Ashby model predicts mechanical proper-
ties, including elastic modulus and yield strength, from the relative density of a structure
using an exponential scaling law and empirically informed constants. Scaling laws have
been used to predict the compressive mechanical properties of BCC lattice structures with
117 design variations, first with FEM and then using mathematical equations to reduce
computational effort [90]. The study also found that increased strut angles lead to increased
relative stresses and elastic moduli for the stretch-dominated behavior of lattices.

FEM approaches have demonstrated the importance of modeling as-manufactured
lattice geometries that differ from the idealized design case [91]. Numerical simulations
from micro-CT assessments have provided a means for including manufacturing defects
in modeling to determine their effect on buckling. The study found that analytical and
linear numerical assessments for buckling consistently over-estimated effective buckling
performance, which suggests the need for corrective factors to account for reduced per-
formance from ideal cases. The modeling approach considered the boundary conditions,
unloaded response, and first buckling mode of struts, while evaluating the ratio of the
buckling strength to the slenderness ratio. Struts with a greater slenderness ratio had a
higher tendency to buckle and fail. Numerical simulations in which non-linear geome-
try was considered with a non-linear material model provided higher consistency with
experimental results compared to linear numerical methods.

Further modeling methods are necessary to consider as AM capabilities continue
to advance and outpace traditional evaluation methods. For instance, researchers have
modeled multi-material AM structures with complex geometries that used smooth material
transitions with a semi-analytical unit cell decomposition strategy [92]. The strategy splits
the complex lattice into units of struts and connectors with further interpolation of discrete
material property values using a multiquadric radial basis function network. When uses of
the model are compared to functions for traditional material distributions, the approach
has advantages for handling an arbitrary number of base materials. Case studies have
demonstrated consistency with theoretical material composition values. For lattices in
biomedical applications FEM is possible to use in tandem with lattice and biomechanical
models to determine lattice behavior for cases such as spine fusion [93]. These models
can be combined with tissue growth simulations to determine trade-offs between lattice
mechanical and biological performance [94]. Generally, these are opposing trade-offs due
to the need for high relative density to improve stiffness, with low relative density to
improve tissue growth density and nutrient transport. Due to the complexity in trade-offs,
simplified models are useful to characterize trends and identify high-performing candidate
designs prior to using more expensive modeling and optimization techniques to finalize
designs for specific applications.

5. Applications

There are diverse engineering application areas enhanced by AM’s capabilities for
novel materials, complex optimized geometries, and rapid design iterations. The use of
DfAM enables the creation of efficient structures for load-bearing applications relevant
for the aerospace, automotive, and construction industries in which minimizing weight is
crucial. Application-specific tailoring is particularly beneficial in food and medical applica-
tions in which design performance is dependent on each person’s individual needs. Novel
AM materials, such as the combination of soft and magnetoresponsive polymers, enable
the creation of new engineered systems such as mobile tensegrity robots. Here, the state
of the art in these application areas (Figure 8) is briefly reviewed while highlighting how
DfAM may benefit future design innovations. A table is provided at the end of the section
that highlights the relevant materials and processes for each application area considered.
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Figure 8. Representative innovative AM applications in diverse fields demonstrating (A) an un-
manned aerial vehicle [95], (B) a lightweight steering wheel [96], (C) bridge construction [97], (D)
a chocolate printed geometry [98], (E) a finger prosthetic [13], and (F) a soft tensegrity robot [99].
Images adapted with permission.

5.1. Aerospace

AM technologies have high relevance in aerospace applications since they provide
high mechanical efficiency for high-strength low-weight systems favorable for flight. FDM
technology has been applied for printing wings and/or fuselages for small remote control
(RC) and unmanned aerial vehicles (UAVs) due to its low machine/material cost and
high print speed/quality [100]. Parts for UAVs were assembled with the aid of glue and
carbon rods for positioning, while support material was removed with pliers. Printed
planes performed well in thermal soaring and high-speed glides but required further work
for integrating airbrakes and reducing pitching-up effects. Fixed-wing UAVs have been
successfully built from ABS materials that required less than 24 h to print all parts for
the airframe (Figure 8A) [101]. Studies on process parameters recommended that layers
with long contours aligned with the loading direction provided the greatest mechanical
performance [102]. When considering AM in the aircraft industry, fuzzy systematic ap-
proaches have identified five critical factors for its success: (1) cost effectiveness, (2) special
demand capabilities, (3) part printability, (4) a lack of manufacturing technologies, and (5)
the size of the local maintenance market [103]. These considerations highlight that, beyond
the design itself, logistics and market demands play an important role in the success of
AM technologies.

AM has also been investigated for space applications, including the use of microsatel-
lites. Microsatellites perform functions of earth observation, service, and on-orbit inspection
and, due to their low volume production, may benefit from customized AM designs [104].
AM is suitable for creating heat shields for microsatellites using SLM processes, and many
companies are fabricating relevant parts in rocket engines, solar panel supports, and valves
suitable for use in space. AM may be suitable for Moon or Mars colonization due to its
capabilities for using localized resources for construction without the need for space trans-
port [105]. For instance, suitable sulfur concretes for Martian habitats have been created
using microwave processes combined with FDM for casting. A comparison of suitable tech-
nologies between AM and casting methods for lunar regolith simulants has demonstrated
ranges of compressive strengths between 2 to 31 MPa [106]. These trade-offs highlight the
need for DfAM considerations for these applications to ensure that the optimal processing
approaches are realized to reach the desired design capabilities.
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5.2. Automotive

The automotive sector is another growing application area of AM, which is contribut-
ing via rapid prototyping, tooling creation, and the production of finished components [107].
Using AM, designers can create simple interior elements for a dashboard or fabricate scale
models of entire cars. The technology saves time during prototyping by significantly
lowering costs for manufacturing, leading to improved agility and reduced prices for the
company. FDM printing using PLA materials has demonstrated success for rapid prototyp-
ing deep drawing tools for automobile parts manufacturing [108]. Several printers, material
compositions, and processing parameters were varied to fabricate the drawing tools. Tool
wear was measured using digital image correlation principles, and printing parameters and
materials capable of safely producing a minimum batch of 100 parts were found. AM has
also been used to improve sustainability in the automotive sector by promoting a circular
economy for scrap metal [109]. A sequence of metallurgical operations was proposed to
carry out circular economy component manufacturing that included steps for (1) milling, (2)
physical–chemical treatment, (3) 3D printing, and (4) mechanical tests for validation. Prior
to the establishment of the circular economy, further research is necessary for empirical
validation with equipment and an assessment of financial feasibility.

Lattice structures are advantageous for automobiles and have been considered for use
in electric vehicles to protect the battery pack against impact loading [110]. Lattices with
high energy absorption can improve a vehicle’s crashworthiness, which is a measure of
a vehicle’s ability to absorb energy from a collision. One proposed bio-inspired concept
used a multi-layer approach to protect the battery by combining aluminum and steel parts
that provide differing structures and functions for crash impacts throughout a hierarchical
system. Topology optimization has been applied for AM parts in cars for weight reduction,
which was demonstrated by redesigning a suspension arm [111]. A static analysis of suspen-
sion arm models before and after optimization demonstrated that topology optimization
reduces stress and weight, with results dependent on a lattice’s unit cell type. Weight
reduction has been conducted by altering the infill of FDM-printed parts for automobiles,
which is demonstrated by an optimized steering wheel example in Figure 8B [96]. During
optimization, twelve different infill configurations were experimentally tested under tensile
and flexural loading, which revealed that their elastic moduli ranged from 0.74 to 1.80 GPa,
while their yield strength ranged from 15.3 to 30.7 MPa. These results demonstrate the
wide-ranging performance of AM parts and the need for DfAM to consider and evaluate
variations in designs to determine optimal configurations for applications.

5.3. Construction

AM is growing in prominence in construction applications due to advancements in
printable concrete materials that enable automated fabrication for large structures that
would otherwise require extensive human labor. Researchers have created complex walls
fabricated from two polyurethane foams encased in a third wall of concrete [112]. The con-
crete consisted of CEM III cement, limestone filler, sand, gravel, water, and a set accelerator.
The concrete was directly pumped to flow easily without any need for vibration. A robotic
printer was used for construction to produce a finished house with 95 m2 surface area built
on-site that housed one family in Nantes, France. Another study using a self-developed
printer that constructed structures in Guangzhou, China processed materials of C25 ready-
mixed concrete with 5 to 15 mm coarse aggregate [113]. Large-scale construction has also
been facilitated for on-site printing in Dresden, Germany using cement materials [114]. The
concept of CONPrint3D was proposed, which adapts concrete 3D printing to current trends
in architecture and structural design, provides a maximal use of common construction
machinery, uses concrete compositions aligned with existing standards, and has printheads
for construction with suitable surface quality and precision. The printer has demonstrated
successful construction for a variety of materials and designs.

Concrete bridges have been 3D printed with certification for public use in Eind-
hoven [115], which went through a sequence of testing to determine safe mechanics prior to
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use. The construction of 3D-printed bridges has also been successfully completed and tested
using metal materials with a wire and arc additive manufacturing method (Figure 8C) [97].
The bridge has a 10.5 m span, is suitable for walking and was validated by testing, analysis,
and verification steps. Experiments were conducted to first test the handrails, followed by
the substructures with handrails, and finally the completed bridge with its deck welded
to its serviceability limit. FE simulations were used to provide further insights for the
structural response, load-bearing capacity, and long-term health of the printed structure.
In further uses of concrete, digital design-to-manufacture processes have been used to
create a post-tensioned concrete girder with a novel topology and shape optimization
procedure [116]. Experimental methods were used to investigate the girder’s load-carrying
capacity, which demonstrated that the optimized printed structure had a significant ma-
terial reduction. Material reduction is favorable in construction applications due to the
decrease in cost and environmental impact.

Metal printing is desirable for construction due to its high quality and resource effi-
ciency [117]. Sustainability is particularly important for construction since it is responsible
for a large share of the world’s carbon footprint. The high strength of metals, combined
with DfAM methods such as topology optimization, enable a reduction in material use
compared to traditionally manufactured parts while also facilitating rapid construction
and customization. Other materials, such as cob and concrete, have also been assessed for
their environmental impact. A comparison between the materials found trade-offs: Con-
crete had a higher overall environmental impact when considering factors such as global
warming potential but less impact on land use and resource scarcity [118]. Further studies
in DfAM for environmental impact are essential to optimize sustainability in construction,
particularly in determining the impact of the materials themselves, the energy used for
processing, and further logistical considerations such as transport.

5.4. Food

Food printing is an emerging area in AM that enables the directed deposition of foods
to create appealing shapes with personalized nutritional profiles. The most common type
of printing for food is extrusion, which is suitable for soft materials. A DfAM study on
food printing created custom food inks by combining pureed pumpkin with corn starch or
guar gum materials to alter the material’s rheological properties [119]. The results found
that a formulation with 4% guar gum added by weight provided the most accurate print
for a three-dimensional squirrel design. Further trade-offs in printability, texture, and
sensory properties have been investigated for mashed potatoes fortified with protein or
lipid materials to improve nutrition and/or taste [120]. The results found that added butter
improved the sensory properties of taste, mouthfeel, smell, and visual appeal, whereas
added pea protein reduced sensory appeal while reducing calories and increasing protein.
The use of a non-conventional cricket powder improved the protein content of the food
while decreasing sensory appeal. 3D food printing is extendible to diverse foods, such as
mimicking the mechanical properties of apple tissue with plant-based ingredients to create
innovative cereal-based snacks [121]. Genetic algorithms and response surfaces have been
used to optimize the printing of a chicken gel [122], which demonstrates the use of DfAM
principles to create novel foods.

A key advantage for printing foods over conventional manufacturing processes is
the possibility to create complex shapes with geometries that appeal to consumers [98],
as demonstrated with the chocolate print in Figure 8D. The study determined fabrication
constraints for chocolate and marzipan printing materials and assessed their capabilities for
printing complex features, such as overhangs. The study created designs of varied complex-
ity that were rated by participants who preferred the most complex shapes enabled by AM.
The fabrication of appealing shapes can promote healthy eating practices, such as creating
illusions with foods to look larger while retaining a fixed amount of calories [123]. The
improved aesthetics of food can also increase the adoption of healthy foods that consumers
are reluctant to eat otherwise [124], especially when combined with further strategies such
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as serving foods in facilitating environments or social structures. These strategies highlight
the need to consider DfAM principles beyond just improving printability since social factors
also play a key role in the success of AM designs.

5.5. Medical

AM technologies are well suited for medical application due to their customizable
geometry that enables the design and fabrication of parts specifically tailored for patients.
Prosthetics are a prominent application for AM that could benefit the approximately
3 million people across the globe that have upper-limb amputations [125]. Flexibility for
prosthetic hands has been achieved by fabricating soft joints and supporting body-powered
movements with non-elastic cables for flexion. Powder bed fusion has been used to
create components for integrated prosthetics that include lattices for mechanical efficiency,
springs for energy absorption, and non-assembly mechanisms to support movement [13].
An example finger prosthetic is provided in Figure 8E, which was constructed via a series of
design, fabrication, and assessment steps to determine printable dimensions and tolerances
for constructing functional mechanisms. Orthopedic solutions are another area for AM
designs to aid patients, especially by computational engineering processes to configure
structures for unique patient needs [126]. Such solutions reduce the labor requirements
for creating customized solutions while also improving fit and compliance for patients.
There is also a possibility for extending AM designs to orthopedic footwear, which is a
prominent issue for patients with diabetes [127]. Medical solutions can benefit from the
ubiquity of lattice structures in AM [128], which enable tailorable and anisotropic solutions
for functioning in relation to the uneven forces and complex geometries of the human body.

Regenerative medicine applications benefit from AM designs for tissue scaffolds that
are mechanically efficient and tailorable. Tissue scaffolds, such as those for bone, have
mechanical and biological trade-offs that are often in conflict. Scaffolds have been created
using DLP printing processes to produce hierarchical structures using truss-based unit cells
for mechanical efficiency while providing large voids to support the biological growth of
blood vessels [129]. The structures were tuned using a combination of computational design
approaches to generate hierarchies and finite element analysis to evaluate mechanical
stiffness. Further computational design approaches for tissue scaffolds have used voxel-
based simulations to predict tissue growth in unit cell structures that were validated with
in vitro biological experiments [130]. Lattice structures enable the creation of tunable
geometries to adjust surface area to provide more places for tissue seeding while providing
curvature that is necessary for three-dimensional growth. Open-source libraries of tissue
scaffolds have also been created using lattice structures to facilitate multi-scale and multi-
material AM designs [131]. The libraries benefit from enabling systematic parameter
variations to generate solutions and mapping to compare design trade-offs. Advances in
fabrication, such as dual extrusion printing, have enabled the regeneration of tissues with
high aesthetics and shape retention [132]. In vitro and in vivo trials were conducted that
demonstrated complex bioprinted scaffolds could facilitate nipple–areola reconstruction.
These solutions highlight the practicality for AM solutions in medicine, in which continued
design research can enable the creation of algorithms for tuning structures for patient-
specific needs.

5.6. Robotics

AM has become a key technology in the fabrication of robotics, particularly for soft
robots, by providing capabilities for printing materials with large deformations and varied
functionalities [133]. Soft robots are a new generation of robots that may cooperate with
humans or traverse constrained environments, such as steering through narrow environ-
ments. The primary materials for soft robots are fluids, gels, and functional polymers
that were traditionally created with molds and are now being replaced with faster and
more reliable AM technologies. For instance, AM-fabricated hydrogel actuators have been
printed for use in jellyfish soft robots [134]. Researchers conducted compression testing to
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evaluate the gel actuators with normalized trade-offs between length, contraction, pressure,
and volume as key design criteria. Tensegrity structures, which are a combination of stiff
struts and flexible tendons, have been used to create soft robots that function with the
aid of magnetic forces for actuation (Figure 8F) [99]. The robots were created using smart
materials with no need for further assembly. Printers with dual print heads created a
sacrificial mold for the tendon material fabricated with PVA while struts were printed with
PLA. After printing, polymeric smart materials were injected into the sacrificial mold. The
robot was able to conduct various transformations in response to torsional, compression,
and shearing stresses with designers able to predict outcomes using simulations informed
by experiments.

Robotic applications are well suited for medicine, in which tactile sensing has been
enabled by AM-printed soft pressure sensors [135]. Several materials including TPU,
conductive PLA composites, and graphite ink were used to develop five different variations
of sensors fabricated with a modified 3D printer capable of outputting diverse inks, pastes,
and polymer materials. The highest performing touch sensor formed with silver paint and
soft rubber exhibited a stable response with a sensitivity of 0.00348 kPa−1 for pressures
less than 10 kPa and a pressure of 0.00134 kPa−1 at higher pressures. Surgical robots
have been created for patient-specific applications, which is advantageous for operations
such as treating lesions of different sizes and shapes for the removal of deep intracranial
brain tumors [136]. The customized AM robots can reach a surgical site by avoiding or
minimizing damage to critical brain structures. Although the technology for customizable
surgical robots is promising, there is a need for further research to improve sterilizability,
biocompatibility, and stiffness. Multi-material robots in medicine have also been proposed
for on-demand drug delivery that benefits from the design freedom offered by AM [137].
Digital design optimization has been used to create a robot divided into parts that mimicked
the movements of an inchworm with modeling supported with multiphysics software
to inform design decisions. The robot exhibited linear and turning locomotion powered
by magnets, which demonstrated its capabilities for traversing the inside of the human
body, such as traveling through the lungs. These works highlight the potential for DfAM
to further improve capabilities for robotics, in which new advances could considerably
improve robotic functionality in healthcare.

5.7. Applications Summary

Application areas commonly use different additive manufacturing processes and
materials according to their specific needs. Table 1 summarizes the materials and processes
for each surveyed application that provides designers with starting points to consider when
approaching DfAM in these areas. The table includes material used directly during the
AM process and, for some cases, such as Martian habitats, materials that are used to form
final parts from AM casts. By referring to the table, designers may recognize the current
state of the art and gaps in which the consideration of further applications, materials, and
processes open opportunities for innovation.
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Table 1. Highlighted materials and processes considered for each application area.

Area Applications Materials Processes References

Aerospace
Aircraft, UAVs, air ducts, wings,
turbocharger blades, spare parts,
prototyping, and rapid tooling

PLA, ABS, PET, nylon, carbon
fiber, steel, titanium, and

custom resins

FDM, SLS, DMLS, and
SLA [95,100–103]

Aerospace
Microsatellites, heat shields,

magnetic shields, and
spacecrafts

PEEK, PEKK, PEI, polyamide,
carbon fiber, AlSi10Mg, and

molybdenum
FDM, SLM, and DMLS [104]

Aerospace Lunar and Martian habitats
Sulfur, magnetite aggregate,

silica sand, regolith, and
geopolymer composites

Extrusion, powder
jetting/fusion, and vat

polymerization
[105,106]

Automotive
Steering wheel, suspension arm,
interior elements, drawing tools,

and replacement parts

PLA, ABS, metal powders, and
composites

FDM and metal
powder printing [96,107–111]

Construction Bridges, walls, houses, girders,
joints, and stiffeners

Concrete, cob, polymer-foam,
glass fibers, geopolymers, and

metals

Large-scale extrusion,
robotic printing, and

wire and arc
[97,112–118]

Food
Health treatment, weight loss,

consumer appeal, and
sustainable food production

Cereals, fruits, vegetables,
chocolate, marzipan, meats,

dairy, gels, and insects

Extrusion and powder
binding [98,119–124]

Medical
Prosthetics, medical devices,

footwear, implants, orthopedics,
and prototyping

PLA, TPU, PETG, carbon fiber,
nylon, and stainless steel FDM, SLA, and PBF [13,125,126,128]

Medical Tissue scaffolds and interbody
spinal cages

PLA, PCL, PEEK, TCP,
methacrylates, titanium,

biomaterials, and living cells

Extrusion, SLA, DLP,
and SLS [129–132]

Robotics Soft robotics and actuators
ABS, silicone, polyurethane,

hydrogels, nylon, varied
elastomers, smart composites

FDM, SLA, inkjet, SLS,
Multi-material

processes,
light-scanning gel

printer

[99,133,134,137]

Robotics Surgical robots and robotic
prosthetics

PLA, ABS, PVA, TPU,
methacrylates, polymer resins,

multi-material, and metal
paste

FDM, SLS, SLA, inkjet,
and multijet [135,136]

6. Outlook

As AM continues to provide innovations across diverse industry sectors, there are
also many new opportunities in research and development for applying the technology.
Figure 9 highlights four areas of interest, including innovation services, bio-inspired design,
robotic fabrication, and machine learning, that are relevant to the advancement of AM
using DfAM frameworks.
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Figure 9. Future outlook in highlighted areas for DfAM, including emerging (A) innovation ser-
vices [138], (B) bio-inspired design [139], (C) robotic fabrication [140], and (D) machine learning
approaches [141]. Images adapted with permission.

6.1. Innovation Services

The emergence of AM technologies is producing new services and maker spaces that
encourage widespread innovation by lowering the barrier required to design and fabricate
parts. Outsourced 3D printing services are companies that receive digital designs primarily
via online orders from consumers and then fabricate and deliver prints, as demonstrated
in Figure 9A for a customized figurine [138]. A reason consumers prefer outsourced
printing services over at-home fabrication is due to the higher costs associated with printers
that fabricate with multiple materials and provide high-quality finishes for personal use.
Makerspaces, in contrast, provide designers access to shared equipment and materials at a
low cost that encourages more hands-on innovation. Makerspaces provide environments
for these designers to create and fabricate who otherwise would not have the resources to
do so, thereby democratizing innovation [142]. Makerspaces can combine resources in new
ways and, by providing open access, facilitate the creation of designs that may otherwise
never be realized. Although a bottom-up approach is often employed in the organization
of makerspaces, a more structured approach can improve the commercial viability of
designs. One interesting example of AM for commercial products is the creation of nail-art
technology to produce diverse patterns with varying aesthetic appeal for consumers [143].
The technology provides precision control with a resolution below 50 microns using various
colors that are printable on demand. Such technologies and approaches have viability in
other sectors, such as when overlapping with aesthetics for the controlled release of drugs,
which could improve the appeal of vitamins for children.

Innovations enabled by AM also have great potential to influence sustainability glob-
ally and play a large role in the advancement of Industry 4.0 by interfacing with the Internet
of Things. As AM replaces traditional manufacturing processes in obvious metrics such
as material efficiency and mechanics, there is a need to consider less obvious metrics such
as AM’s impact on sustainability [144]. AM is sustainable with less processing steps to
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reduce energy use, waste, and emissions while also requiring little post-processing. The
technology is also sustainable societally by enabling automation in developed countries and
lowering the barrier for skills use in under-developed countries. AM’s ability to support
mobile phone production has been examined to determine its effects on sustainable supply
chains by considering the interactions between printer availability, consumer attitudes, and
entry to market [145]. The effects of AM technologies for small firms were investigated and
suggest that there is an unmet need for social sustainability that could be driven by AM to
form new business models. Industry 4.0 is poised to automate manufacturing and data
across products, which can help AM technologies become interconnected and respond to
customer requirements more efficiently with smart manufacturing [146]. AM can support
Industry 4.0 directly with applications or indirectly with processes in which interactive
experiences with consumers, such as the use of augmented reality, can result in the tangible
construction of high-value designs. Smart materials are also possible to construct with AM
for integration, which is expected to gain wider prominence as Industry 4.0 technologies
advance [147]. Application areas that could benefit from further AM research include bea-
con technology for signals with unique identifiers, cyber-physical systems for maximizing
product fabrication rates, and big-data-driven manufacturing that informs decision making
across a product’s entire lifecycle.

6.2. Bio-Inspired Design

Bio-inspired design relies on mimicking structures, behaviors, and/or functions of
natural systems to improve engineering systems, often by increasing efficiency. Protheses
have been improved by bio-inspired workflows that incorporated steps of 3D imaging,
modeling, and optimization to design and fabricate a transtibial prosthesis [148]. The
designs used a combination of FE analysis with topology optimization to create foot geome-
tries printed with nylon materials. When compared to traditional prosthetics, these designs
lowered the average cost by 95%, the weight by 55%, and the production time by 95%.
Novel viscoelastic dampers with mechanical interlocks have also been developed using
additive manufacturing with bio-inspired principles [149]. The dampers were designed
with a jigsaw-like mechanism informed by various natural systems including turtle shells,
skull suture joints, and frost crystal fractals. The device had a steel hard phase and a TPU
soft phase, which were configured using experimental and computational methods for
testing and validation. DfAM principles were used to investigate loading rates and patterns
of specimens that found that density greatly affects the design’s mechanical response.

A bimaterial structure that mimics nacres’ multilayer structure has been developed
by observing natural nacreous shells and mapping features, such as their dome-shaped
structures (Figure 9B) [139]. The design was generated with Voronoi tessellation and
printed using ABS plastic for impact resistance, while softer TPU material was selected for
bonding. The design’s performance under impulse loads was assessed numerically and
demonstrated that cohesive and adhesive bonds within the nacre mitigated energy that
reduced damage to the composite. Bio-inspiration has also been used to mimic plant cell
morphology, which facilitates water and mineral transport to enable powder removal from
printed parts such as lattices [150]. Powder removal is difficult in lattice structures due to
their complex network of interconnected pores, which can be improved by adjusting unit
cells’ centers and the size of ventilation holes that promote material removal. Bio-inspired
femoral stems have benefitted from an efficient lattice design [151], which reduced stress
shielding by 28%, thereby promoting better long-term outcomes for bone health.

Further cases in bio-inspired design have used honeycomb structures to achieve
efficient mechanics that mimic natural structures at micro- and macroscales [152]. Hierarchy
was introduced by altering hole positions, orientations, and shapes, which resulted in
tunable mechanics. Mechanical testing results demonstrated that hierarchical honeycombs
with circular holes performed best compared to those with square or hexagonal holes for
stiffness, strength, and energy absorption metrics. Zero Poisson’s ratio structures have
also been investigated with combined soft and stiff unit cells for controlled deformation
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patterns during compression [153]. When novel bio-inspired designs were compared to
auxetic materials, they possessed an improved ability to remain stable while simultaneously
providing high energy absorption. Bio-inspired principles of lattice designs have also been
applied towards scooter decks for enhanced performance using honeycombs [154], as well
as for water sports boards [155], which demonstrates the versatility for such structures
across application areas. Future research has great potential for uncovering useful structures
and functions in natural systems, in which rapid testing and creation can occur with AM to
further improve the performance of engineered systems.

6.3. Robotic Fabrication

Robotic fabricators are systems that aim to move beyond the limitations of current
AM processes by incorporating robotic movements and control during fabrication. One
effort combined a six-axis robotic arm system with hybrid extrusion–photopolymerization
to enable the fabrication of layerless lattices [156]. Octet lattices were printed with pro-
cessing phases including nozzle approach, pre-extrusion, extrusion, post-curing, nozzle
removal, and nozzle travel, which were facilitated by the robotic arm. The failure mecha-
nisms of the hybrid printed lattice compared to lattices produced using DLP resulted in a
higher maximum load achieved with a smoother load–displacement response. Parametric
programming for robots has been used to produce large-scale steel constructions [157].
Programmed robots have capabilities for printing with steel, concrete, or clay, and the para-
metric programming approach facilitates automatic calculations of z-coordinates, requires
small memory capacities, and enables the efficient scaling of objects. Robotic fabrication
has been improved with error modeling and optimization via analytical derivation and
experimentation [158]. The process is necessary to minimize the maximum trajectory exe-
cution error in a computationally efficient manner to support the six degrees of freedom of
motion necessary to print complex objects.

Mobility is essential for fabrication robots so that they may print structures on large
scales. One mobile robotic printing system was built using components of a mobile base, a
six-degree freedom manipulator, a 1 cm nozzle, and a hose/pump system to enable material
flow (Figure 9C) [159]. The robot was able to construct a structure of approximately 200 cm
by 45 cm by 10 cm, which was much larger than the 87 cm reach of the robotic arm used to
deposit the material. Ten layers of printed material were deposited in about nine minutes
using a nozzle speed of 10 cm/s. Large-scale construction is also possible by coordinating
the efforts of multiple collaborative robots [160]. The use of multiple robots was coordinated
by the optimized scheduling of tasks that begin with a segmentation process to sub-divide
a design into smaller pieces assigned to each robot. Since interference between robot
paths can lead to collisions, an approach was developed that divides printing areas into
safe and interference zones, with only one robot acting in the interference zone at a time.
There are many research opportunities and challenges for further improvements in robotic
fabrication, with context, requirements, materials, and mechanics identified as key criteria
to consider [161]. By further developing robotic fabrication technologies it is possible to
repair, renovate, and retrofit constructions with novel AM designs, such as curved walls
and intricate structures that enable high aesthetics and function in future applications.

6.4. Machine Learning

Machine learning support for AM is gaining prominence for improving processes
and design using algorithms and statistical analyses [162]. Recent applications in machine
learning for AM have incorporated reinforced, unsupervised, and supervised learning.
Supervised learning, which requires training, is suitable for regression and classification
tasks that enable closed loop control and defect detection. Unsupervised learning, which
identifies patterns within datasets, can provide capabilities for clustering and principal
component analysis. Reinforcement learning is suitable for improved AM by sequen-
tially forming decisions based on reward signals. All types of learning have their own
inconsistencies and biases that designers must consider.
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Machine learning has been applied in areas such as medical diagnoses, the processing
of images, and associated learning while also optimizing AM processing parameters [163].
Incorporating machine learning in DfAM is advantageous as there is little upfront work
required for establishing equations, and the approach is well suited for managing data of
highly complex design problems. Multi-material process parameters have been optimized
using artificial neural networks for multi-material FDM printing that were experimentally
validated via mechanical testing [164]. The artificial neural network model was trained
with data from experimental designs and used in tandem with a genetic algorithm to
determine optimized parameters that increased tensile strength. Machine learning has also
been used to detect defects in real time using a convolutional neural network [165]. The
method was built from image classification with computer vision to check the quality of
parts using an integrated camera. The approach represents an initial step for improving the
consistency of printed parts using real-time parameter adjustments, which is one of the
largest open problems for improving AM outcomes.

Machine learning can improve the design of AM parts, such as architected materials
for improved mechanical efficiency [141] (Figure 9D). A process was used to propose unit
cells of different topologies, superimpose them, and assess their mechanical properties such
as Young’s modulus relative to a theoretical limit based on the Gibson–Ashby model. Beam
shapes were optimized while retaining a fixed relative density of lattices. Neural networks
were trained to understand the relationship among high-dimensional design inputs and
mechanical outputs that resulted in modulus and density predictions at a much faster
rate than FE analysis. Artificial neural networks have also been used for patient-specific
optimization for spinal disc applications [166]. The approach was combined with topology
optimization to size lattice components for fast convergence that was facilitated with design
space reduction by optimizing unit cell distributions with a predefined grid. Machine
learning has also been used to design multi-material AM tissue mimics using neural
networks to consider complicated combinations of design parameters [167]. Further AM
applications in medicine have used machine learning to produce pharmaceutical products
fabricated via hot melt extrusion and FDM techniques that necessitated an integrated
computational and experimental approach to generate and understand data [168]. These
cases highlight the need to integrate steps across all phases of DfAM to achieve innovations
while also demonstrating how new advances in machine learning can greatly enhance
AM outcomes.

7. Conclusions

This review provided a recent survey of DfAM advances in the context of Fabrication,
Generation, and Assessment phases, which are the foundation for engineering design
innovation. Each of these phases plays a pivotal role in the design process for maximizing
the use of AM technology by implementing novel materials, optimizing designed structures,
or providing validated models to support improvement in future iterations. Engineering
innovations were highlighted in diverse areas, including the creation of Martian concrete
for in situ construction, texture modified foods for personalized nutrition, a sustainable
circular model for automotive scrap, and soft tensegrity robots with walking capabilities.
The reviewed DfAM phases facilitated a discussion for future research opportunities, such
as the creation of innovation services that democratize design, bio-inspired design methods
for high-performance structures, robots with AM capabilities to fabricate large-scale designs,
and machine learning for design optimization. The culmination of continued research in
these areas highlight promising opportunities in DfAM, in which further advancements
have great promise for driving wide-spread engineering innovation.

Key implications and considerations for future work are as follows:

• Fabrication: There are diverse materials and printing processes currently available,
with research innovations leading to new material capabilities such as strong superal-
loys, biocompatibility, and magnetofunctional materials. Many of these materials are
limited by suitable printing processes and fabrication constraints. Future work could
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consider expanding the available AM design space by improving printing time and
accuracy across scales as new printable materials emerge.

• Generation: Due to the complex AM design space, it is challenging to configure
optimal designs tailored for specific applications. Human designers are necessary
to generate innovative solutions but have difficulty overcoming biases and barriers,
while computational design requires a well-defined search space that limits innovation.
Future work could consider intelligent computational methods that work with, or
mimic, humans while incorporating mechanisms to reduce biases during searches.

• Assessment: There is often a mismatch between the ideal digital design and the as-
fabricated design that can affect dimensional accuracy and mechanical performance,
especially near the resolution limits of a printing process in which innovation occurs.
Future work is necessary to better characterize how different printing processes affect
design accuracy and mechanics, in addition to understanding the complex failure
mechanics of AM parts based on their topological configurations.

• Applications: AM innovations are prevalent across numerous application areas that
benefit from the diversity of materials and processes available, especially regarding
polymers and metal printing. Soft material printing, such as that for food and tissue
engineering, are emerging areas with a need for applying well-established DfAM
principles to characterize new design opportunities. Across all domains, there is a
need for advancing DfAM to more efficiently tailor and optimize designs to fully
leverage AM’s capabilities for customization.

• Outlook: Emerging areas in DfAM include considerations of on-demand printing
services and using the broad capabilities of DfAM to enable new functionality via
bio-inspiration. Robotic printing processes are enabling large-scale design and more
efficient printing, while machine learning capabilities provide promise for automated
design tailoring and integration across DfAM phases. Further advances in these fields
provide great opportunities for researchers to impact AM and drive new innovations.
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Abstract: Three-dimensional printing or additive manufacturing (AM) has enabled innovative
advancements in tissue engineering through scaffold development. The use of scaffolds, developed
by using AM technology for tissue repair (like cartilage and bone), could enable the growth of several
cell types on the same implant. Scaffolds are 3D-printed using polymer-based composites. polyether
ether ketone (PEEK)-based composites are ideal for scaffold 3D printing due to their excellent
biocompatibility and mechanical properties resembling human bone. It is therefore considered
to be the next-generation bioactive material for tissue engineering. Despite several reviews on
the application of PEEK in biomedical fields, a detailed review of the recent progress made in
the development of PEEK composites and the 3D printing of scaffolds has not been published.
Therefore, this review focuses on the current status of technological developments in the 3D printing
of bone scaffolds using PEEK-based composites. Furthermore, this review summarizes the challenges
associated with the 3D printing of high-performance scaffolds based on PEEK composites.

Keywords: 3D printing; biomaterial; implants; PEEK composites; additive manufacturing

1. Introduction

Additive manufacturing (AM) technologies have advanced greatly over the past few
decades. In these technologies, products or three-dimensional (3D) parts are developed
from their computer-aided-design (CAD) models [1–3]. The parts to be printed are built
up in a layer-by-layer scheme on a plane designated as the X–Y plane, and the layers are
added in the orthogonal Z-direction. 3D printing opens up new possibilities for fabricating
complex structures using multiple materials [4,5] and reduces the design–manufacturing
cycle, which in turn reduces the production costs and the material wastage. According to the
nature of materials and parts development, there are seven different classes of AM techniques
(Figure 1). Many parameters affect the quality of the final parts in the AM processes. To
manufacture high-quality AM products, a good understanding of the process and material
properties is essential. In recent years, the quality control/checking of AM structures has
received much attention from manufacturing industries to make sure that the parts developed
have the required specific functional properties [6–8]. For example, unwanted porosity in
AM parts adversely affects their mechanical performance [9,10]. Recent studies have demon-
strated the production of high-density parts (>99.8%) with the utilization of improved control
systems [11]. The development of new AM materials for manufacturing critical AM structural
parts is becoming increasingly important. AM technologies are used in the aerospace [12],
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automotive [13], medical science [14], and printed electronics [15,16] industries. The appli-
cation of AM technologies in the biomedical field includes the production of customized
prostheses, surgical and assistive tools, implants, instruments, pre-operative surgical planning
and disease diagnosis and treatments [17]. Using 3D printing methods, functional tissue can
be assembled from cells and scaffold materials. In tissue engineering, a 3D-printed construct
would be ideal since it would be able to direct cells to migrate and proliferate, resulting in
functional tissue.

 

Figure 1. Additive manufacturing (AM) classification [18].

A combination of material engineering and tissue engineering can be used to treat
human body parts losses [19]. In tissue engineering technology, scaffolds, or 3D porous
biomaterials, play an important role [20]. In scaffold fabrication, biomaterials made from
synthetic polymers, natural polymers, ceramics, composites, and metals are engineered
in such a way as to facilitate the cellular interactions required for the generation of new
functional tissues [21–23]. Polycarbonate, poly(D,L-lactic-co-glycolic acid), and poly(e-
caprolactone) are examples of synthetic polymer-based biomaterials that can be applied to
scaffold development. There are several natural polymers that can be used for this applica-
tion, including silk, keratin, chitosan, and alginate. In terms of ceramics, calcium sulphate
and calcium silicate are suitable for scaffold fabrication. Titanium (Ti–6Al–4V) and cobalt–
chromium (Co–Cr) are two examples of metal materials used for the above-mentioned
application. Each scaffold material has its own specific properties (e.g., mechanical, chem-
ical, or physical), and it is selected according to the properties required for the specific
biomedical implant and fabrication process [24–26]. To maintain mechanical characteristics
similar to those of nearby tissue, it is necessary for the scaffold to temporarily resist external
loads or stresses during the regeneration process of new tissue.

Tissue engineering scaffolds can be manufactured using a variety of techniques. Tra-
ditional manufacturing processes, such as phase separation [27], freeze-drying [28,29],
salt leaching [30,31], or gas forming [32,33], do not offer an optimal solution to maintain
its porous structure effectively. Pore size and porosity in scaffolds affect the delivery of
oxygen and nutrients and enhance the growth of cells [34]. Through its porous struc-
ture, the implant gains mechanical stability by enabling mechanical interlocking between
scaffolds and neighboring tissues [35]. Additionally, the pores’ network structure aids in
new tissue growth. Despite being good for nutrient exchange, high porosity negatively
affects a scaffold’s mechanical properties [36]. The mechanical and nutrient mass transport
functions of a scaffold system must be balanced to achieve optimal performance. The
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final porosity and size of pores should therefore be considered at the design stage of a
scaffold based on its intended application. Recently, there has been much interest in bone
scaffold generation with customized architecture, strength, macro/micro-structure, wet-
tability, cellular responses, etc. The AM process can be used to produce patient-specific
scaffolds [37]. Recent studies by Ali Bahri et al. have reported porous scaffold 3D printing
with controlled pore sizes and well-defined external and internal structures [38,39]. Metals
like cobalt–chromium, titanium, and stainless steel alloys are typically used in orthopaedic
scaffold 3D printing for bone repair or replacement since they are relatively strong and
biocompatible [40,41]. The selection of a metal for use as an implant scaffold material is
restricted due to its biodegradation inside the body, as well as the lack of the 3D printing
production technique having been developed for printing particular metals [42,43]. Even
though scaffolds are mechanically strong with small amounts of metal, biodegradability
and compatibility are important issues to consider [44–46]. This problem can be solved by
developing biodegradable metal materials. Metal matrix composites based on zinc, iron,
magnesium, and calcium are an example of such materials. [47,48]. For scaffold develop-
ment, iron- and magnesium (Fe-Mn)-based metal matrix composites have already been
used. Fe-Mn scaffolds developed by inkjet 3D printing show high tensile properties like
bone, and are biodegradable. Such new scaffolds should allow related implant site-specific
biological cells to proliferate and differentiate. Due to their good biocompatibility and
mechanical properties, ceramic materials containing both non-metallic and metallic compo-
nents are used for scaffold 3D printing [49]. The ability to generate apatite mineralization
makes ceramics attractive for scaffold development [50]. The ceramic material form that
is normally found in human bone and teeth is hydroxyapatite (HA) [51]. In scaffold 3D
printing and regenerative medicine, this material or other materials with similar properties
have received much attention due to their mechanical properties. The positive biocom-
patibility and cell growth assistance properties of HA have been demonstrated in many
studies [52,53]. The ceramics used in 3D printing scaffolds include calcium phosphate,
calcium sulphate, calcium silicate, and tricalcium phosphate (Figure 2a) [54–56]. By using
calcium phosphate ceramic in combination with HA and tricalcium phosphate, studies
have reported scaffold manufacturing with a geometric accuracy of better than 97.5% when
compared to computer-aided design (CAD) files. To fabricate models using 3D printing
techniques, CAD designs are required. As this offers a high-resolution design and pore
sizes as low as 300 μm, such ceramics are considered as suitable materials for scaffold
fabrication and cell growth. However, for the load-bearing capabilities of ceramics in the
3D printing of scaffolds, further research and development studies are required.

Polymer-based composites are of key importance for scaffold 3D printing. Both
thermosets and thermoplastics have been used extensively for this application [37,57]. Ex-
amples of such polymers are gelatin methacrylate (GelMA), poly(ethylene glycol) diacrylate
(PEGDA), poly(D,L-lactic-co-glycolic acid) (PLGA), polyglycolic acid (PGA), poly(hydroxy
butyrate), polycaprolactone (PCL) and poly(propylene fumarate) [58,59]. Among these, the
synthetic polymers PLGA and PCL show low toxicity during material degradation [60].
To avoid materials that cause inflammation in tissue regeneration, it is essential to un-
derstand the inflammatory response [61,62], as a number of these polymers exhibit fast
biodegradation [63]. PCL- and PLGA-based scaffolds have been 3D-printed with pore sizes
of ∼300 μm (Figure 2b,c) [64].
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Figure 2. (a) Calcium sulphate and HA-based porous structures developed using thermal inkjet 3D
printer [55]. Copyright © 2014 with permission from Elsevier. PCL/PLGA scaffold developed using
fused deposition modeling (FDM) printer showing (b) macroscopic and (c) higher magnification SEM
images [64]. Copyright © 2012 with permission from Elsevier.

Collagen, a type of natural polymer, is the most common candidate used for tissue
engineering, along with corn starch, dextran, proteins, and polysaccharides [65]. Colla-
gen (an insoluble fibrin found in human body tissues)-based 3D-printed scaffolds have
been reported in many studies [66,67]. Various methods can be used to develop collagen
scaffolds [68]. In 2022, Zhengwei Li et al. reported a technique to produce an in situ miner-
alized scaffold based on collagen for guided bone regeneration [39]. The mineralization
process in this work involved electrospinning mineral ions in a collagen solution. In one
of the works, Xiao-Hong Li et al. reported a collagen–silk fibroin-based scaffold implant
for nerve-repairing applications [69]. In their study, they focused on two techniques, such
as freeze-drying technology and 3D printing, and it was found that rats’ neurological
function, based on locomotor performance and electrophysiological analysis, was sig-
nificantly enhanced by the implant made via the 3D printing method compared to the
other implant. One study by Xiaoyi Lan et al. showed a bioprinting technique to develop
collagen-based tissue-engineered nasal cartilage (Figure 3b) [70]. For this work, they used
human nasoseptal chondrocytes and bovine type I collagen hydrogel for FRESH-inspired
bioprinting, and suggested that this is a promising strategy for exploring further for pro-
viding autologous nasal cartilages for nasal cartilage reconstructive surgeries. The use of
composite materials provides higher mechanical properties to the 3D-printed scaffold. The
3D printing of scaffolds made of bioactive calcium phosphate glass and polylactic acid
(PLA) composite was reported in one study. In this case, an extrusion-based 3D printer
was used to develop scaffolds with high porosity [71]. The utilization of composites is
important in the development of the 3D-printed extracellular matrix of scaffolds. Figure 3a
is a schematic of the scaffold 3D printing process [72] and Figure 3b is the bioprinting
process based on collagen ink [70]. Table 1 presents some examples of biomedical scaffold
materials, methods, and applications.
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Figure 3. (a) Schematic of the scaffold 3D printing process [72]. Copyright © 2021 with permission
from Elsevier. (b) Bioinspired tissues made up of collagen bio-ink in a gelatin bath using a FRESH
bioprinting technique [70]. Copyright © 2021 the authors.
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Table 1. Selected examples of materials, methods, and applications of biomedical scaffolds.

Material Application Fabrication Methods Ref.

Metal/metal alloys

Ti-6Al-4V Bone implant electron beam melting and
selective laser melting [73]

Ti-6Al-4V Dental implants Laser Beam Melting [74]

Ti-6Al-4V Segmental bone reconstruction Electron beam melting [75]

Stainless steel Bone implant Selective Laser Melting [76]

Ceramics

Tricalcium
phosphate Bone implant fabrication Inkjet printing [77]

α-tricalcium phosphate
Maxillofacial
bone defect
reconstruction

3D printing [78]

Calcium carbonate
Adhesion, growth, and
proliferation of osteoblast
MC3T3 cells

Supercritical CO2-based process [79]

β-tricalcium phosphate Hard tissue repair 3D gel-printing [80]

Hydroxy apatite Bone repair DLP [81]

Calcium phosphate Skull bone tissue
reconstruction Inkjet printing [82]

CaO-SiO2-P2O5-B2O3
glass-ceramic

Maxillofacial
bone defect
reconstruction

3D printing [83]

Alumina bone implant
Lithography-based Ceramics
Manufacturing
(LCM) technology

[84]

Composites

b-tricalcium
phosphate and poly
(D,L)-lactide

Fabrication of
biodegradable bone
implants

Selective Laser Melting [85]

Ti-6Al-4V,
magnesium-calcium silicate
(Mg-CS), and chitosan (CH)

Orthopedic Laser
melting deposition [86]

Polylactic acid/
biphasic calcium
phosphate

Bone substitutes Fused Deposition Modeling [87]

mPCL and TCP Long bone
reconstruction 3D printing [88]

Barium titanate and
hydroxyapatite Bone implant 3D printing [89]

Poly-lactic acid and
nano-hydroxyapatite bone scaffold Fused Deposition Modelling [90]

30%HA-70% b-TCP BCP
Dental bone
defect
augmentation

3D printing [91]

Polymers

Collagen and fibrinogen Cartilage Inkjet printing [92]

Methacrylated hyaluronan and
methacrylated gelatin Cardiac Extrusion [93]

Gelatin and fibrinogen Vascular Extrusion [94]

Cell-laden collagen core and
alginate sheet Liver Extrusion [95]

Gelatin, alginate, EGF, and
dermal homogenates Sweat gland Extrusion [96]

Many companies have started using the polyether ether ketone (PEEK) material for 3D
printing as it exhibits unique qualities. Where traditional production methods or metallic
materials are difficult to use, PEEK is a good choice for the low-volume production of re-
quired designs. Due to its low moisture absorption, easy sterilization, and biocompatibility,
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the use of PEEK materials in medical devices has increased in recent years. 3D-printed
PEEK based implants and scaffolds have been developed and used without any complica-
tions. Recent review articles on PEEK discuss its use in soft and hard tissue engineering [97],
as well as orthopedics [98]. As a detailed review of the recent developments in PEEK com-
posites and the 3D printing of scaffolds has not been published, this review provides an
overview of the recent advances in PEEK and PEEK composite materials for bone scaffold
production as well as the 3D printing techniques used for processing these materials.

2. Poly Ether Ether Ketone (PEEK) for Scaffolds

Polyether ether ketone or PEEK is a biocompatible polymer extensively used for vari-
ous applications, especially in the biomedical field. PEEK, chemically recognized as a linear
poly (arylether ketone), is a high-performance, melt-processable aromatic polymer [99,100].
PEEK molecules are oriented in a planar zig-zag conformation with an orthorhombic
crystal structure [101]. Because of its semicrystalline nature, PEEK finds a wide range of
biomedical supporting applications such as lumbar cervical, thoracic, spinal, trauma and
orthopedic implants. PEEK is chemically inert, and it is insoluble at room temperature
(water solubility: 0.5 w/w %.) in all conventional solvents except for 98% sulfuric acid. It
is very important to consider the chemical reaction between bone tissue and implant, as
this leads to degradation and cytotoxicity (meaning how toxic the implant is to cells). Cells
are damaged or even killed by cytotoxic materials. With the addition of various fillers, the
modulus of elasticity or Young’s modulus of PEEK, i.e., 3–4 GPa, can be increased to be like
that of human cortical bone (7–30 GPa). The porosity of cortical bone, or dense or compact
bone, is only 5–15% [102]. The fundamental elastic modulus property measures a material’s
resistance to elastic deformation under load or stress, and that determines a material’s
capability to hold its shape [102]. As the mechanical environment influences bone growth,
the scaffold’s Young’s modulus, or modulus of elasticity, plays a critical role in enhancing
bone formation. A mismatching of the Young’s modulus values between the adjacent bone
and the implant can lead to fracturing, osteopenia, or stress shielding [103,104]. PEEK is
widely used in high-temperature engineering applications, because of its comparatively
high glass transition temperature (~145 ◦C) and higher melting point (~334 ◦C) [105]. This
material shows excellent temperature stability, which could be due to its relatively stiff
backbone [106]. A biomaterial’s thermal stability determines how long it will last inside a
body. This property is therefore an important consideration when it comes to tissue engi-
neering. Because of its high melting and glass transition temperatures [105], this material is
stable in the human body. Magnetic resonance imaging (MRI) compatibility, high resistance
to gamma and electron beam radiation, and natural radiolucency are all features of this
PEEK material and its composites. PEEK’s properties, including high mechanical strength,
thermal and radiation stability, radiolucency, chemical and wear resistance, and biocompat-
ibility, make it a viable candidate for bone restoration and tissue engineering applications.
Biocompatibility and its suitability for the biomedical field were reported in the early
1990’s [107–109]. More recently, the use of PEEK for the replacement of metal implants
has been demonstrated [110,111]. The early PEEK applications were for intervertebral
cages. The PEEK-based cages overcame the problems that arose due to the traditional metal
intervertebral cages, which were stress-shielding due to the differential elastic modulus
between the metal cage and human bone. This implementation provided the foundation
for PEEK’s current usage in spinal implants [112,113]. Composites based on PEEK and HA
have been studied by several researchers [114–121]. The formation of apatite in simulated
body fluid has a direct relationship with its volume content. The mechanical properties, cell
attachment, proliferation and spreading, and activity of alkaline phosphatase have been
improved due to the amount of filler content in the PEEK matrix [121].

Milling, injection molding, compression molding, forming and sintering are the con-
ventional techniques used to fabricate PEEK composites-based parts; however, precision,
the complexity and control of internal geometry, and high processing costs are the lim-
itations of these conventional processing techniques [122–131]. To overcome the above
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limitations, 3D printing has been used as a forming process for fabricating PEEK-based
components to produce complex shapes, which are beyond the scope of conventional
technologies. The AM technique is specifically suited for the manufacturing of biomedical
implants based on PEEK and its composites as patient-specific scaffolds that overcome
the constraints of traditional manufacturing approaches. Selective Laser Sintering (SLS)
and Fused Deposition Modeling (FDM) are widely used 3D printing methods to process
PEEK and its composites [132–135]. The FDM technique, based on filament extrusion,
usually uses low-melting-temperature polymers such as acrylonitrile butadiene styrene,
thermoplastic polyurethane (TPU) and polylactic acid (PLA). In the work of Berretta et al.,
the high-temperature printing of a PEEK composite filament made up of 5% and 1% carbon
nanotubes (CNTs) with a MendleMax v2.0 FDM system was examined (Figure 4a–d) [132].
According to their findings, the quality of the FDM parts depends on CNT mixing within
the PEEK, printing conditions, and filaments used. In another work, the authors laser-
sintered the PEEK cranial implant and analyzed its weight, dimensional accuracy, and
mechanical properties (Figure 4e) [136]. They investigated the effects of the build direction
(e.g., oblique, horizontal, inverted horizontal or vertical orientations) on the properties
of the PEEK cranial implant. The studies show that a cranial implant developed in the
horizontal direction exhibits higher geometric accuracy and compressive strength than
those produced in the vertical direction.

Figure 4. FDM single layer part based on (a,b) neat and (c,d) 1% CNT PEEK [57]. (b,d) Higher
magnification pictures of (a,c). Copyright © 2017 with permission from Elsevier. (e) A 3D-printed
cranial implant using the HT-LS system EOSINT P 800 [136]. Copyright © 2017 with permission
from Elsevier.

Using PEEK, carbon fiber (CF)/PEEK, and glass fiber (GF)/PEEK composites, Wang et al.
studied the FDM printing parameters’ effects on the mechanical characteristics of the PEEK-
composited FDM-produced parts [133]. This work focused mainly on the effects of nozzle
temperature, platform temperature, layer thickness and printing speed on the mechanical
performance of the 3D-printed parts, such as impact strength, flexural strength and tensile
strength. As compared to CF/PEEK and GF/PEEK-based 3D-printed parts, pure PEEK parts
showed lower tensile and flexural strengths. According to their study, the thickness of layers
and printing speed affect the printed layers’ strength. They noted that printing stability could
be improved by lowering the print speed. Strontium- (Sr) or calcium (Ca)-doped HA, and
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CNT/graphene-doped HA, are the major filler materials used to make PEEK composites for
bone scaffolds. The addition of biomaterials and the incorporation of porosity into PEEK is very
effective in improving osseointegration and bone implant interfaces [137–142].

In 2020, Oladapo et al. developed a cHAp/PEEK composite for the FDM-printing
of scaffolds (Figure 5a) and studied the effects of cHAp on the PEEK surface [137]. The
bioactivity of the developed implants was investigated by immersing them in a simulated
body fluid for several days (Figure 5b–g) [137]. They found reduced biocompatibility
and osseointegration around PEEK when compared to the PEEK/cHAp composite. The
mechanical properties showed an improvement, with 15 wt. % cHAp as the optimum filler
loading. The composite shows a better spread, adhesion, proliferation, and greater alkaline
phosphatase activity. Furthermore, the osseointegration activity around the composite was
higher than that around PEEK. In their study, the PEEK/cHAp composite was found to be
more biocompatible and osseointegrable than PEEK. In another work, Faizal Manzoor et al.
prepared PEEK-based filaments containing 10 wt. % of pure nanosized HA and PEEK/nano
HA doped with Sr as well as Zn through hot-melt extrusion, which were subsequently 3D-
printed via FDM [143]. Despite the reduction in crystallization temperature and increase
in melting point with the addition of filler into pure PEEK, no noticeable changes in
crystallinity were observed. Apart from the small drop in the tensile strength (~14%)
and Young’s modulus of approximately 5% in the PEEK/HA in comparison to the pure
polymeric phase, the composites showed only slight differences in mechanical properties
with the addition of the inorganic phases into the PEEK matrix. Moreover, the formation of
apatite was observed on the surfaces of samples containing all the tested fillers, such as
nano HA, SrHA and Zn HA. The in vitro bioactivity of 3D-printed samples was evaluated
via a simulated body fluid immersion test for up to 28 days (Figure 5j) [143]. Zheng et al.
reported the 3D printing of a PEEK/HA composite using a composite filament [144]. The
composite filament was prepared through mechanical mixing followed by extrusion with
filler loading of up to 30%. The HA phase was uniformly distributed on the surface of the
PEEK matrix. A high amount of particle agglomeration was observed at this maximum filler
loading. The strength and failure strain decreased with increasing HA content, whereas
the modulus increased. The tensile modulus of the composite increased by around 68%
when the HA content was increased to 30 wt. %. The tensile strength and elongation were
highest for parts printed in the horizontal direction.

Recently, in 2020, Sikder et al. developed a melt blended amorphous magnesium
phosphate (AMP) PEEK composite for dental AM manufacturing as well as orthopedic
implants [145]. Osteogenic gene expression, cell viability, and proliferation were studied
using mouse pre-osteoblasts (MC3T3-E1). Pure PEEK was used for in vivo analyses. The
results show a homogeneous mixing of AMP particles within the matrix based on PEEK,
with no degradation of the phase. AMP-PEEK composites exhibit low shear viscosities,
which are suitable for 3D printing. The bioactivity was found to be improved with an
increase in pre-osteoblast adhesion and proliferation through the incorporation of AMP
in the PEEK matrix. Important gene expression markers like type I collagen (Col1), os-
teocalcin (OCN) and osteopontin (OPN) were increased by the presence of magnesium
ions. In addition, AMP-filled PEEK composites exhibited enhanced osseointegration with
a significant increase in new bone formation surrounding the composite implants. Even
though PEEK filled with HA are the most studied and utilized materials for the devel-
opment of scaffolds, several other materials were also studied to assess their ability to
support tissue engineering. Even though FDM is a rapidly growing 3D printing technology,
the mechanical properties and biocompatibility of FDM-printed PEEK and its composites
need further investigation. Han et al. examined the printing of carbon fiber-reinforced
PEEK (CFR-PEEK) composite using FDM and evaluated the resulting sample’s mechanical
properties [146]. In general, the printed CFR-PEEK composites were found to have higher
mechanical tensile and bending strengths than the pure PEEK, without compromising
much in terms of compressive strength. The cytotoxicity studies indicated that the printing
process generated non-toxic effects even after 24 h of incubation. The carbon fiber reinforce-
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ment could improve mechanical properties, while having little influence on cytotoxicity and
cell adhesion. Fahad et al. fabricated PEEK composites filled with both CNTs and graphene
nanoplatelets (GNPs) [147]. It was reported that the 3D-printed PEEK nanocomposites
maintained the desired degree of crystallinity with enhanced mechanical properties. An
increase in the bioactivity and appetite growth in SBF was noticed for the reinforcements
with CNT and GNP, which could be described by the ion’s electrostatic interaction in SBF
with SO3H, a functional group generated by sulfonation.

Figure 5. Cont.
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Figure 5. (a) Schematic of PEEK-based bone implant printed using FDM. (b–g) Cell attachment to
the surface of the PEEK and PEEK and cHAp scaffold [137]. Copyright © 2020 with permission
from Elsevier. (j) SEM micrographs of apatite layer development on the PEEK and PEEK composite
surface after keeping them in a simulated body fluid for different days [143]. Copyright © 2021 with
permission from Elsevier.

To ensure mechanical suitability for medical implants, Petersmann et al. studied vari-
ous 3D-printable polymers, such as PLA, PEEK, polypropylene (PP), poly(methyl methacry-
late) (PMMA), poly(vinylidene fluoride) (PVDF) and glycol-modified poly(ethylene tereph-
thalate) (PETG), and in the temperature range desired for specific applications [148]. The
high strength of PMMA and PEEK makes them suitable for load-bearing components;
for example, cranial implants [149–151]. However, PP and PVDF show high flexibility,
which could make them suitable for the sutural material application [152]. Pierantozzi
et al. fabricated scaffolds based on PCL, PCL-HA and PCL-Sr HA using the FDM technique
(Figure 6) [153]. Based on micro-CT analysis (Figure 6a), it became evident that the different
designs produced showed high fidelity to the CAD model in terms of the porosity values
(which were in the range of cancellous bone). Micro-CT and scanning electron microscopy
(SEM) together confirm the uniform dispersion of ceramic particles within the PCL matrix,
both on the surface and in the interior. These scaffolds also show good biocompatibility
and support for cell growth, attachment, and proliferation. Among the studied composites,
the SrHA-based scaffold showed high mineralization when compared to the PCL-HA and
PCL-based scaffolds. In terms of mechanical properties, mineralization plays a key role.
The use of mineralized micro- or nanomaterials in composites will enhance the mechani-
cal properties of biomaterials and mimic the functions of natural bone tissue. Therefore,
the authors of this study suggested that SrHA-based composites would be an attractive
candidate for the development of bone scaffolds in tissue engineering.
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Several other biocompatible polymers have been examined to make composites using
different fillers, such as HA carbonated HA and nano HA. These composites show good
wettability from biological fluids. It is pointed out by several authors that the degree of
crystallinity and glass transition temperature were almost independent of the filler con-
tent [154–156]. Modal et al. reported the development of nanocomposite-based biomaterials
containing acrylated epoxidized soyabean oil, PEGDA, and nano HA through the masked
stereolithography (mSLA) technique for tissue engineering applications. The developed
composites showed chemical stability, mechanical stability, good viability, and the prolif-
eration of osteoblasts that differentiated from the mouse pre-osteoblast, MC3T3-E1 [157].
PCL in combination with PLGA and tricalcium phosphate in a particular ratio (i.e., 4:4:2)
showed superior bone restoration capability [158]. However, PEEK-based composites have
a combination of advantages over alternatives, which make them an excellent choice as a
bone scaffold material, including their excellent biocompatibility, low density (1.32 g/cm3),
chemical resistance, and mechanical properties that better match human bone.

 

Figure 6. Cont.
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Figure 6. (a) Micro-CT pictures of 3D-printed scaffolds. (b–d) Compressive stress–strain curves
of 3D-printed PCL scaffolds (black line), PCL and 10HA (purple line), PCL and 10SrHA (yellow
line), PCL and 20HA (green line), and PCL and 20SrHA (red line) and (e) Young’s modulus values
(statistics: p < 0.0001 (****), p 1

4 0.0005 (***)). (f) Evaluation of cytocompatibility of 3D-printed scaffolds
based on PCL, PCL/20HA and PCL and 20SrHA. (g) Cell number count and standard calibration
curve (statistics: p < 0.0001 (*)) [153]. Copyright © 2021 with permission from Elsevier.

3. Conclusions

This article reviewed the recent developments in the PEEK composites-based scaffolds
developed using 3D printing methods and summarized the mechanical, biological, and
biophysical properties of scaffolds for tissue engineering using pure PEEK as well as PEEK
composites. It is shown how PEEK osteointegration is accelerated by surface coatings
that incorporate bioactive HA with different particle morphologies. Recent studies show
that PEEK-based composites are the ideal choice to scaffold 3D printing due to their
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biocompatibility, low density, and good mechanical characterization, which match well
with natural bone. The cytotoxicity of materials is an important consideration when
selecting materials for tissue engineering applications. The cytotoxicity of PEEK can be
tailored using appropriate filler materials, which is an advantage. The material has potential
for tissue engineering applications, but there are issues like weak bonding between PEEK
implants and surrounding tissues. The problem is expected to be solved by using innovative
PEEK-based composites and porous structures. Thus, more research is needed to resolve
this issue and to allow this material to be applied more in tissue engineering. The use of
3D printing technology in scaffold fabrication when compared to traditional techniques
provides advantages such as the ability to create versatile and customized scaffolds with
highly complex architectures, and to mimic the extracellular matrix. However, 3D-printed
implants based on PEEK have yet to be commercialized. Prior to the clinical translation of
3D-printed customized PEEK implants, some obstacles need to be overcome in terms of
regulation and technical standards. Clinical translation is currently hindered by a lack of
technical data.
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Abstract: The shape complexity capability of additive manufacturing (AM) is currently the main
thrust of the design for AM (DFAM) research. In order to aid designers embracing that complexity-
for-free characteristics of AM, many design approaches have been put forth. However, AM does not
only benefit parts’ designs: its capability can be harnessed at assembly level to design performant and
innovative products. Most of the few contributions on the topic are concerned with part consolidation
of existing assemblies, but other advantages such as assembly-free mechanisms, multi-material
components, or even component embedding can also improve product design complexity. This paper
aims to put forth a thorough DFAM framework for new product development (made of multiple
parts) and which consider all the assembly-related characteristics of AM. It considers what can be
called AM-based architecture minimization, which includes, among others, part consolidation and
assembly-free mechanisms as well. Within context of an ‘AM-factory’, in which the most appropriate
machine(s) is/are selected for easing a whole assembly manufacturing before the detailed geometric
definition is committed. For the sake of completeness, a methodology based on functional flows has
also been investigated for the parts’ design. A gripper as case study has been introduced to illustrate
the framework.

Keywords: design for additive manufacturing; additive manufacturing; assembly; part consolidation;
assembly-free mechanisms

1. Introduction

Originally considered as a physical prototyping process, additive manufacturing (AM)
is now being investigated and used for end-of-use products. Such endeavor can be traced
to the expansion of both the techniques following the principle of AM and the materials
processed by them (as shown in Table 1). As such, a new paradigm shift is taking place
in the way we manufacture goods. For instance, while conventional (i.e., subtractive or
formative) processes would require a product to be manufactured sequentially in many
simple shape parts and then to be assembled, the layer-by-layer manufacturing peculiar to
AM allows single step manufacturing of products featuring complex shapes (difficult or
impossible to manufacture with conventional processes).

However, for this paradigm shift to be complete, it is needed to undertake significant
efforts from the early design stages and do over current models, methods, and tools
accordingly, and/or promote new ones. In a way similar to how research efforts have
been targeted at design for X [1]—design for manufacture (DFM) or design for assembly
(DFA) [2]—to aid designers in delivering solutions that are easily manufacturable and
ready for a seamless assembly, research has to be carried out to design in embracing the
full potentials of AM. As such, a new trend in the design theory and methodology realm
has emerged under the umbrella term of design for additive manufacturing (DFAM) [3,4].
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Table 1. Additive manufacturing processes classification.

Family Process Description Typical Processed Material Typical Technique

Material extrusion
A material is semi-solid state is
extruded through a nozzle/needle
and is cured.

Polymers, ceramics, metals,
wood

Fused Filament Fabrication (FFF),
Robocasting (Direct Ink Writing),

Powder bed fusion A thermal source selectively fuses
layers of powder. Polymers, ceramics, metals Selective Laser Sintering (SLS),

Selective Laser Melting (SLM)

Photopolymerization
Layers of photopolymers are
selectively cured upon exposure to a
radiation.

Photocurable polymers Sterelithography (SLA)

Directed energy deposition
A focused high power laser beam
melts a material powder as it is being
deposited.

Metals
Laser Engineered Net Shaping
(LENS), Direct Metal Deposition
(DMD), 3D laser cladding

Sheet lamination

Material sheets are bonded; each sheet
(representing a cross section of the
CAD model) is selectively cut with an
energy source.

Papers, metals, polymers
Laminated Object Manufacturing
(LOM), Ultrasonic Consolidation
(UC)

Material jetting

Droplets of a material (or a mix of two
materials) are selectively deposited in
thin layers from a print head, and
cured either by a source of energy or
by environmental conditions.

Polymers, wax Multi-Jet Modeling
(Drop-On-Demand), PolyJet™

Binder jetting
A binder is selectively deposited, from
a printhead, onto a powder bed,
forming a section of the CAD model.

Plastics, metals, composites,
ceramics, polymers 3D printing

AM is mainly praised for its capability to manufacture intricate shapes or interlocking
features that are unfeasible with conventional processes. This is reflected in the vast
majority of work in the DFAM-related literature. Most of the current contributions to the
field seem to be mainly dedicated to parts’ design where the goals are basically twofold:
(i) providing tools and methodologies for embracing the shape complexity capability of AM
in order to improve performance, and (ii) constraining the design process by considering
AM specific manufacturing constraints. As such, these contributions are essential for a
better adoption of AM by designers and engineers [5,6]. However, as components rarely
work by themselves and are usually part of a whole assembly, the design freedom allowed
by AM should be extended to the assembly level as well. The AM capabilities are not
limited to shape complexity, nor are they only beneficial to a part’s performance. DFAM
contributions—aimed at seizing these benefits—are rather scarce, but the issue is being
given more and more research interest. As a matter of fact, when DFAM is considered
from an assembly point of view, it is mainly for redesign cases [7]. Indeed almost none
of the current works is led to the consideration of the AM benefits for assembly design
in a new product development (NPD) context. Nevertheless, a few contributions [8–12]
are targeted at conceptual design for AM. Furthermore, the few assembly-oriented DFAM
(A-DFAM) contributions do restrict the scientific issues to part consolidation (PC) [13].
These two aforementioned situations are fully encapsulated in Yang et al.’s [11] statements:
‘[A-DFAM] mainly focuses on the redesign of assemblies by taking advantage of AM-
enabled capabilities . . . ’ and ‘The general motivation of assembly-level DFAM research
is to investigate the possibility of part consolidation which brings benefits of reduced
part count, enhanced performance (e.g., frictionless), and decreased cost . . . ’. While PC
is indeed an AM-benefit that can greatly simplify an assembly, other benefits are still
poorly explored. Fully functional assemblies of components can seamlessly be printed [14],
with the advantages of consolidated parts, multi-material parts, moving mechanisms,
electronic components embedding, and so on. The purpose of this article is to address the
aforementioned gaps in the literature, namely considering assembly-level DFAM beyond
PC and redesign cases. More specifically the paper aims at putting forth a thorough DFAM
framework for NPD (made of multiple parts) and which considers all the assembly-related
characteristics of AM. As these characteristics do vary across AM techniques and machines,
another novelty of our proposal is that AM techniques and machines are selected to ease
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the product manufacturing, PC decisions are made based on these techniques’ actual
capabilities.

The content of the paper is organized as follows. In Section 2, the literature is re-
viewed, the rationale behind the proposed framework is explained, and a summary of the
characteristics of AM processes is provided; the proposed methodology is presented in
Section 3; demonstration on a case study is presented within Section 4; finally, conclusions
and future work are drawn.

2. Literature Review

2.1. Design for Additive Manufacturing

The main capability of AM is praised for is its ability to seamlessly build virtually
any shape at no extra (tooling) cost. This can explain why the vast majority of current
DFAM works is targeted at part design. These contributions consist in optimizing part
geometry in order to enhance performance through topology optimization or latticed
design [13,15,16]. Other contributions are dedicated at making designers aware of the AM
specific constraints in order to reduce iterations and tailor what can be designed to what is
truly manufacturable.

DFAM is barely being considered from an assembly design perspective. This branch
of DFAM can be split in two subbranches according to Yang et al. [11], namely consistent
assembly (CA) and reduced assembly (RA). CA deals with all the design alterations that
can be done to make an existing assembly printable without decreasing its number of com-
ponents. RA—which is the scope of this paper—is concerned with how to take advantage
of AM in order to reduce assembly complexity (through PC for instance).

The few works related to RA tend to gravitate around PC. An earliest DFAM contri-
bution is the well-known Airbus aircraft duct [17], whose part count has been drastically
reduced from 16 components (and fasteners) to one component. Another AM-based PC
case study is the one made by Schmelzle et al. [18]. In order to aid designers seizing such an
opportunity, some methodologies have been developed. Yang et al. [19] have presented a
PC method that aims at redesigning assemblies of non-moving parts. The method requires
a computer-aided design (CAD) file of the original design definition along with functional
performance requirements. It is implicitly assumed that the parts of the assembly are
originally secured together with conventional assembly methods. Worth mentioning in
their methodology is that function integration is made by merging the product functional
surfaces into a single design space. Moreover, in order to leverage AM capability beyond
PC, the so-generated design space is used to define an optimized shape of the consolidated
assembly. In a similar study, Rodrigue and Rivette [20] proposed a design methodology tar-
geted at assemblies design for AM. The goal of their proposal is to assist the designer in the
embodiment design stage, so that all the advantages offered by AM are considered; these in-
clude mainly PC and multi-material part. Using the Boothroyd and Dewhurst (B&D) rules
for design for manufacture and assembly (DFMA) [21], they proposed simple guidelines
for PC in an AM context. In addition, once the assembly’s parts that need to stand alone
were identified, their geometries were optimized for functionality improvement using
topology optimization. Yang and Zhao [22] have taken another look at the B&D DFMA
rules for part count reduction in the light of AM capabilities, where a new set of design
rules have been put forth. These new rules were then used to propose a design framework
following a screening-and-refinement strategy. In the screening step, the derived rules
are used to filter a given existing assembly in order to find potential parts candidates
for consolidation. The (second) refinement step consists in consolidating and optimizing
the selected candidates leveraging part-related AM capabilities. The overall goal of their
framework is to synthesize optimal solutions with the minimum cost-to-performance ratio
by optimizing the part-material-architecture triplet. In order to automate these new rules’
implementation, they developed a numerically assisted approach called part consolidation
candidate detection. Given a CAD assembly model, the developed approach aims at first
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verifying the rules and secondly at finding optimal grouping solutions with the lowest
number of groups.

A common characteristic of the aforementioned DFAM contributions is that they
require an initial design of an assembly to be consolidated. As such, as shown for the GE
fuel nozzle case [23], such work is needed for a better adoption of AM in the industry.
Nevertheless, designing a right AM-friendly assembly from scratch could also be part of
the road to an AM industrial establishment. A few contributions have also been made
in this regard. Yang and Zhao [11] made it clear that conventional design methodologies
are not suitable at prompting designers to embrace the design freedom allowed by AM.
For instance, generating concepts with conventional design methods (such as axiomatic
design) could not lead to products with consolidated parts and thus function integration.
In order to somehow fill this gap, the authors proposed a conceptual design framework
aimed at aiding design flow management in an AM context. The goal being “to stimulate
designers who are novice in AM to think in an AM way”. While their proposal may prove
helpful at generating innovating concepts, these concepts would still need to be checked
against the constraints of the actual AM techniques or machines selected to manufacture
them. Similarly, Laverne et al. [10] proposed a conceptual design framework for supporting
AM-enabled product innovation. Surveying such DFAM contributions, Rias et al. [24] came
up with the conclusion that concepts generated for AM were only partially original with “a
maximum of 75% newness”. They have then proposed a five-stage creative DFAM method
fostering the generation of creative concepts exploiting the unique capabilities of AM; the
proposed method is somewhat based on the AM design features database presented in Bin
Maidin et al. [9].

All these DFAM contributions are quite similar in that AM techniques/machines’
specific capabilities and constraints are not explicitly taken into account. A situation well
exemplified by one of the inputs of the PC detection algorithm proposed by Yang et al. [25]:
“AM Process General Constraints”. As will be shown in the following subsection, these
AM characteristics vary from technique to technique. Even for the same technique, two
different machines embodying it may have different constraints. For instance with the FFF
machine Ultimaker 2, two parts moving relatively to each other or two mating parts made
of different materials must be printed separately (and assembled afterwards). However,
with a FFF Ultimaker 3 Extended machine—which is capable of multi-material printing and
particularly can process sacrificial (water soluble support) material—the two components
can be printed together and thus designed differently than if they were to be printed and
assembled afterwards. This shows that there is a need to be aware of what techniques or
machines are needed to print an assembly, while the latter is being designed.

To sum up this literature review, worth mentioning is the survey of the A-DFAM
contributions, led in Yang et al. [26]. They showed that the following issues still to over-
come are:

1. The lack of an analysis of what impact AM could have on conceptual design. An issue
somehow addressed by the aforementioned conceptual design methods [9–12,24].

2. The lack of an explicit functional analysis (FA) method.
3. Too few decision-making decision support tools for easing PC.
4. The deficiency of functional reasoning approaches to generate AM-enabled features.
5. Too few approaches integrating manufacturing and assembly knowledge into the

design stage.

We posit that point 2 cannot really be an issue peculiar to DFAM, even though we
acknowledge that as for any design activity FA is paramount. Points 1 and 4 are currently
being investigated, but these approaches usually prompt the designer to embrace the
design freedom allowed by AM, regardless of what the actual AM techniques or machines
are able to do. Therefore, while being efficient at leading to innovative designs, they are
highly prone to iterations.

In this paper issues 3 and 5 are addressed. Our contribution to A-DFAM is threefold.
First, in contrast to most of the aforementioned contributions, our proposal is dedicated at
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new product development (even though it may be used for redesign cases as well). Secondly,
it encompasses what can be called AM-based architecture minimization, which include PC
and assembly-free mechanisms as well. Thirdly, our proposal considers a manufacturing
context of an “AM-factory” (i.e., FabLabs, Hubs), where many AM machines embodying
different techniques are available. Particularly, the approach aims at selecting the most
appropriate machine(s) for easing (possibly) a whole assembly manufacturing before this
latter is fully designed.

2.2. Additive Manufacturing Design-Related Characteristics

The ultimate goal of DFAM is about harnessing the unique capabilities offered by
AM to maximize products’ performance while taking into account the constraints related
to these processes to ensure a seamless manufacturing. This section is about clarifying
these capabilities and constraints, and also it is aimed at providing a comparison between
AM process families regarding these characteristics. In addition, this clarification is also
intended to specify the levels of a product (e.g., part level), which are likely to be impacted
by these characteristics. It will then provide insights into how and when to guide designers,
or raise their awareness about specific aspects of AM.

2.2.1. Assembly-Related Additive Manufacturing Characteristics

AM is usually described as having the unique capabilities of shape complexity, hierar-
chical complexity, material complexity, and functional complexity [27]. All these capabilities
are mostly considered at part level, except for the functional complexity, one which may be
considered at product level. More specifically, at this level, the unique capabilities of AM
can be enumerated as:

• Multi-material manufacturing [28]: the capability to directly manufacture multiple
material components either discretely or continuously. Processes fully capable—that
is, without any hardware alteration—of this property include DMD [29], LENS [30]
for the metals, and FFF [31], 3DP, and PolyJet for the polymeric materials.

• Kinematic pair printing [14]: the capability to directly manufacture assemblies with
moving parts. This has been referred to as non-assembly fabrication, in situ fabrication,
or assembly-free fabrication. The printing of historical Reuleaux kinematic models [32]
is a great illustration of this AM capability. Table 2 shows some kinematic pairs and
specific joints, which have been additively manufactured. Critical to this capability is
the clearance between the moving parts and access to these clearances for uncured or
support material to be removed.

• Around insert building: in some cases it is likely that groups of components are not
(or cannot be) manufactured with AM (e.g., engines, batteries, etc.), but are required
to be embedded into a part. Some AM processes have this capability to be paused,
for a complete part to be laid on the part being manufactured, and to be resumed.
This can be viewed as another route for multi-material printing. AM techniques
that have been demonstrated to build around inserts include stereolithography [33],
ultrasonic consolidation [34], laminated object manufacturing [35], shape deposition
manufacturing [36], and PolyJet [37].

• Electronics printing: the capability to deposit electronics components (e.g., conductive
inks, sensor, etc.). This ability is somewhat related to the machine capability. In various
ways, these capabilities can ease a product architecture. It is the case for the example
for the Voxel 8 machine [38].
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Table 2. Non-assembly additively manufactured kinematic pairs and joints.

Type SLA SLS FFF SLM PolyJet

Revolute [39–41] [39,40] [42,43] [44–46] [47,48]
Prismatic [40] [40]

Cylindrical [45]
Spherical [39,40] [39,40]

Gear [44] [48]
Universal joint [40] [40] [46] [47]

2.2.2. Part-Related Characteristics

There are number of characteristics that distinguish AM techniques as regards the
features and the quality of the output without considering any post-processing step. These
are described as follows:

• Material type: as shown in Table 1, materials processed by AM machines include
plastics, metals, ceramics, and composites. Whereas some techniques such as SLM or
LENS do only process metals, techniques such as PolyJet or SLA are limited to plastics.
As such, choosing a type of material is an implicit way of selecting an AM technique.

• Resolution: the features details and minimum wall thickness of a part strongly depend
on the machine resolution (XY resolution and layer height or vertical resolution).
Resolution varies between techniques, and for the same technique it can also be a
matter of hardware.

• Maximum size: any AM technique is limited in buildable size by the machine embody-
ing it, therefore so are the parts (or the number of parts) that can be manufactured at
once. This limitation may lead to break down the CAD model to manufacture it in
smaller chunks and then reassemble them afterwards [49]. The largest AM machines
have built dimensions ranging from 90 × 60 × 30 cm (Merke IV) to 40 × 10 × 6 m
(Windsor) and even to (theoretically) infinite dimensions. Knowing which machine
will manufacture the part before designing it will definitely restrain the design space,
and conversely with a rough idea of the overall dimensions of the part a proper
machine may be selected.

• Surface quality: number of factors do affect part’s surface finish. Owing to the layer-
wise manufacturing method peculiar to AM, stair step effect makes orientation and
layer thickness very influential regarding surface finish. On a single part, many
different surface finishes may be encountered, varying by a more than nine factors
in terms of roughness (Ra). Nevertheless, the technique itself does also influence
the surface quality. In techniques processing plastics for instance, SLA machines do
provide a better surface quality than FFF ones; in metals, SLM parts have better quality
than those manufactured with LENS.

3. Assembly-Oriented Design Framework for AM

When considering AM at product level, the ultimate goals that should be sought are:

• The possibility to consider parts consolidation, in order to minimize the product
architecture.

• The consideration of assembly-free mechanisms [39,40], that is, assemblies (of moving
parts) that can be printed at once and which after a few minor post-processing tasks
(e.g., support removal, surface polishing, etc.) are ready for use.

The aim of this research is to provide a methodology for seizing these opportunities
by the conceptual design stage of the product. In other words, the methodology aims
at seizing these benefits before a detailed geometry of the product is defined. As shown
in the assembly-related AM characteristics section, these goals can be reached for single
material mechanisms with some AM machines. Furthermore, multi-material products can
be printed by AM machines such as PolyJet machines or the Voxel8 which, during the
same print job, can process multiple polymers (including hard, soft, and flexible) and print
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electronics components as well. However, as the previous analyses have shown, none of the
available AM techniques are capable of all the enumerated assembly-related characteristics
at the same time. Besides, some components in a product may prove more economically
viable if manufactured by conventional processes or simply if outsourced. For these reasons
we posit that:

• Owing to the heterogeneous nature of a product, assembly-free AM is not, generally,
possible in the current state of the art. The AM of a product may involve many
techniques, even in some cases other conventional manufacturing processes as well
(hybrid manufacturing [50]), and a few assembly operations.

• The possibility to consider part consolidation cannot be made regardless of the specific
characteristics of available AM techniques.

The goal that should, therefore, be sought is to find a product architecture, or an
engineering bill of materials (eBOM) in case of redesign, which is minimal (while still
functional)—that is, with the least separate components—and which is manufacturable
with a single AM technique or with the least AM techniques. Besides, once the product
architecture is minimized, a strategy must be retained for the way the parts will be designed
to take advantage of the selected AM techniques’ characteristics. Our strategy is that, once
the part’s functional interfaces (i.e., surfaces, lines, etc.) are identified, these are connected
both to ensure structural integrity and a proper conveyance of the flows getting through
the part, abiding by any design space and manufacturing constraints. Thus, AM-friendly
parts’ geometries can emerge.

3.1. Overall Description

At the core of the proposed assembly-oriented design framework for AM are the
aforementioned premises. The framework is dedicated at helping designers mainly through
embodiment and detail design stages. It aims for three main goals:

1. Ensuring that the product architecture is kept to its supreme boundary by considering
the available AM techniques and machines specific part consolidation capabilities.

2. Determining a manufacturing plan along with any in situ (during manufacturing) or
subsequent assembly operations.

3. Providing critical geometric elements building the design space—such as functional
interfaces and volume-envelopes—(based on the architecture and the manufacturing
plan) to be used for the detail design of the parts.

As shown in Figure 1, these goals are reached through three main steps, which are
described in the following sections. Since the framework is adapted for new product
development, the way functional analysis is to be conducted is first described for the sake
of clarity and consistency.

3.2. Initial Product Architecture Derivation

The framework is dedicated to new development of products mainly manufactured
and assembled with AM. As such, it is intended to guide the product architect and designer
from the overall functionality statement of the product to the detailed design of the product.
A first stage is to get an enhanced product architecture from a comprehensive functional
analysis (both external and internal). This stage is structured in three steps described as
follows.

3.2.1. Functional Analysis

The product environment—that is, everything it is to interact with in order to fulfil its
functionality—is analyzed and enumerated (e.g., human, air, raw material, etc.) in terms of
external elements (EEs). Such analysis can be summarized using a diagram like the one
presented in Figure 2a (for the gripper case study). In this case study, EEs include the user’s
hand, the object to clamp, and the environment that the product is surrounded by. Two
kinds of top level functions are then to be identified: main functions, which are those whose
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action is related to two EEs, and constraints functions, which act on a single EE (as shown
in Figure 2a), these do not actively participate in the overall functionality but are required
for the product to be conveniently usable (e.g., maintain gas tightness, stand on a plane
platform). The flows (i.e., energy, material, or signal) to be conveyed by the product are
enumerated. Using standardized basic functions from the Reconciled Functional Basis [51],
each top level function is decomposed to its lowest level and the basic functions derived
from it are arranged in an order allowing the fulfillment of the overall function. Finally, the
flows are routed through all the standardized functions. The outcome of this step can be
summarized with a block diagram (see Figure 2b).

 

Figure 1. Flowchart of the assembly-oriented design framework for AM (blue boxes relates steps,
green ones represents input/output information).

3.2.2. Concept Derivation and Decomposition

A concept is derived for the product with a close attention to the fact that each basic
function is fulfilled by one or many components and that many components may fulfil a
single function. The derived concept is abstracted with a product architecture that combines
three views:

• Part-to-part kinematics relationships view: all the parts are enumerated and the
kinematic pair between them are specified.

• Functional flows view: components in the part-to-part relationships graph are first
clustered according to the basic functions they fulfil, and then the corresponding
flows are routed from the EEs through the components. Some flows may have to be
split, while others may be required to merge. Spatial relationships view: using the
mereotopological primitives descriptors to describe the physical connections between
spatial regions (denoted x and y) such as developed in Demoly et al. [52] as “x is part of
y”, “x is internal part of y”(IP), “x is tangent of y”, and “x overlaps y”. Such descriptors
provide complimentary information on relationships between non-relatively moving
parts specified.

3.2.3. Specific (Technical) Requirements

Specific information is added for the components. Firstly, maintenance/repair require-
ments and production requirements (i.e., 3D printable, not to be 3D printed, or outsourced
component) are specified. Then for each part, candidate to AM, a number of desired
characteristics are to be specified. These characteristics (or requirements) are used to gen-
erate suitable AM techniques and materials. Figure 3 delineates a data structure for the
characteristics of a part to be additively manufactured, along with some values of the
characteristics. It is worth highlighting that some of these characteristics (such as minimum
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wall thickness for instance) are conventionally known after a part’s detailed geometry has
been made, or these may be constraints set by the available AM machines. However, in our
proposal, the designer using the approach is prompted to think about them beforehand,
and to somehow commit to them. Nevertheless, not all the characteristics must be specified,
one may choose to simply ignore the less crucial ones; the aim of that strategy is to get the
proper AM techniques that will manufacture the parts and design the product geometry
accordingly (and avoid time consuming design iterations). This choice is consistent with
the proactiveness of the proposed approach: the way(s) the product is to be additively
manufactured will be known before efforts are put into its detailed design, so that the
designer is aware of how the designs can fully leverage the specific capabilities of the
selected AM techniques while abiding by their constraints. In addition, to direct detailed
design, these specific requirements will also be used to influence decisions made about part
consolidation.

Figure 2. Clamp’s functional analysis. (a) External functional analysis; (b) Functional decomposition.

The pieces of information contained in the derived initial product architecture are:

• For the parts themselves: indication of whether the component will be outsourced or
is not to be additively manufactured (e.g., battery, engine, bearings, etc.), indication of
whether the component would need to be maintained (in case of a weary component)
or often moved, characteristics for AM techniques/machines selection.

• For the part-to-part relationships: kinematic pairs, spatial relationships, and flows.
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Figure 3. Part characteristics for AM techniques selection.

3.3. AM Context Definition at Product Level

We define a minimal product architecture as an architecture containing the minimum
necessary separate parts. This stage of the methodology is intended to make sure that AM
capabilities and constraints are taken into account at product level by setting up an AM
context. More specifically it aims at:

• Determining an architecture with the least components based on the available AM
techniques’ capabilities.

• Maintaining functionality regardless of how parts have been combined.
• Determining a manufacturing plan (including assembly operations) so that the de-

tailed design stage is made accordingly, abiding by the selected processes’ constraints.
Another rationale underpinning this goal is that, those components that are to be man-
ufactured together (be them moving relatively to each other or not) must be designed
together (or at least with the same awareness of how manufacturing will occur), since
manufacturing direction will be the same for them.

As the product concept is generated regardless of any conventional manufacturing
constraint, it is likely that standalone components have to be so for various reasons (i.e.,
functionality, maintenance, etc.). As such, a product architecture—which is derived within
a AM context—may already be a minimal one, that is, without unnecessary standalone
components like fasteners. However, to ensure that unnecessary standalone components
are eliminated, any architecture should be checked, and the framework can be used for
that purpose. It is notable that the method may also be used for redesign cases where the
product has been originally designed to be manufactured by conventional processes.

Hence, setting an AM context is based on the initial product architecture (as described
in Section 3.2) and it requires knowledge about the specific characteristics of the available
AM techniques (as described in Section 2.2). The stage is organized in three steps.

3.3.1. Preliminary Processes Selection and Manufacturing Plan Generation

A number of studies have been carried out about AM process selection for parts [53,54].
As this aspect is not the core of our proposal, we elected to build on previous work address-
ing this issue. This preliminary technique selection is achieved through two substeps:

1. Materials and techniques selection for each part individually based on the specific
requirements stated for each of them. This is where research work from Ghazy [53] on
a decision support system has been harnessed to our contribution.
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2. Techniques selection for the whole assembly. Each of the part to be additively man-
ufactured is likely to be manufacturable by more than one AM material-technique
combinations. This substep is, basically, intended to determine the combinations that
will suit most of the parts, as a way to streamline the manufacturing of the whole
assembly.

The procedure for techniques and materials selection at part level is made through
two main steps as depicted in Figure 4. Requirements on the part that has an influence
on the AM technique are first used to generate a set of feasible techniques (among the
available AM techniques); these requirements are used to find techniques satisfying them
individually, then the so-found sets of techniques are crossed to find techniques meeting
all the requirements. In case there is no available techniques meeting all the requirements,
those which are conflicting are highlighted and either they are edited or the part is deemed
not manufacturable by the available AM techniques. Each technique has a set of required
materials that it can process. Techniques generated from the first step, along with parts’
requirements related to materials used to select techniques and materials combinations
possible for the part. Similarly to the previous step, when no combination is found, either
material requirement is edited or the part is deemed not additively manufacturable.

Figure 4. AM preliminary techniques selection (at part level).

For each component Ci, candidate to AM (that excludes outsourced components or
those required to be manufactured by a conventional process), a set Si of available AM
techniques that can, possibly, manufacture it, is therefore generated. As an attempt to
streamline the product manufacturing, the maximum intersection of the selected AM
techniques sets (that is, the largest set where the sets Si overlap), which is denoted S, is
determined. S is then ranked according to the assembly related characteristics described in
Section 2.2.1. The best process is then selected and designated as the main AM technique.
The same procedure is repeated for the remaining components (those whose Si elements are
not included in S) to find a secondary AM technique. The process may be repeated again
in case there are still parts not manufacturable by the selected secondary AM technique.
In order to keep the manufacturing scheme simple, a criterion for limiting the number of
repetition—that is, the number of secondary AM techniques—is decided. In case where
the criterion does not met either the requirements on parts revised, or the whole concept is
deemed as not easily additively manufacturable and have to be altered.
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At the end of this stage, a new view is then generated for the product architecture: a
manufacturing view indicating whether a component is manufacturable by the main AM
technique, manufacturable by a secondary AM technique, or not additively manufacturable.

3.3.2. Architecture Minimization between Mating Components

Once the techniques by which components are to be manufactured are determined,
decisions are made both about how they can be consolidated to generate a minimal ar-
chitecture and how the whole product will be manufactured and assembled. In others
words, the purpose of this step is to provide an answer to the following question: given
two parts non-moving relatively to each other, how can these parts be consolidated in order
to simplify the product architecture? As shown in the bottom of Figure 5, three outcomes
can result from this analysis: either the parts are simply merged (Consolidated assembly),
or one of the part is laid inside the other, while this latter is being manufactured (assembly
with part embedding), or they are regularly assembled. The process is as follows:

Figure 5. Decision ladder of the product architecture minimization through mating pairs.

1. Components without relative motion are first clustered within sub-assemblies.
2. Consolidation is made by components pairs comparisons in each sub-assembly. The

components are subsequently denoted by x and y. Four cases can then occur, as
regards manufacturing and materials requirements:

- Case 1: components are of the same material and are manufactured by the same
AM technique (AM(x) = AM(y) and M(x) = M(y)). In such case, they are simply
merged as a single component and their respective functional flows are combined.

- Case 2: components are of different materials processed by the same technique
(AM(x) = AM(y) and M(x) �= M(y)). In that case, they are also merged and flows
are combined.

- Case 3: components are of different materials processed by different techniques
(AM(x) �= AM(y) and M(x) �= M(y)). In this case, spatial relationships between
the components (read from the architecture spatial relationships view) along with
the abilities of the two techniques of building around insert are used to make a
decision as shown in Figure 5. The two parts are either tangent or overlapping at
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some region. In case they are tangent, they are simply manufactured separately
and regularly assembled (requiring therefore assembly features for a rigid kine-
matic pair). If they are overlapping, let us denote 2, the outermost component in
the regions where the parts are overlapping. If the technique manufacturing 2
is capable of building around insert, then 1 and 2 are assembled in such a way
that 1 is embedded in 2, while this latter is being manufactured, otherwise they
must be regularly assembled, that is, manufactured separately and assembled
afterwards.

- Case 4: one of the components is outsourced or non-additively manufacturable.
We assume that two adjacent outsourced components are considered as a single
outsourced component, the case where both compared components are out-
sourced is thus excluded. In case the parts are overlapping and the outermost
component is the outsourced one, then the parts are regularly assembled. Other-
wise, the outcome is the same as for Case 3.

3.3.3. Architecture Minimization between Moving Components

Components moving relatively to each other are conventionally manufactured sep-
arately and assembled afterwards; however, as shown in Section 2.2, depending on the
kinematic pair linking them and the selected AM techniques, the adjacent components can
be manufactured together while still be able to move relatively to each other. This step is
about identifying all these moving components that can be manufactured together. It will
have implications on the final design, in that manufacturing a joint may require a particular
orientation and consequently alterations of a conventional joint’s design [39]. The step is
conducted by comparing pairs of moving components A and B, which are related by joint J:
A–J–B. The possible situations are as follows:

• A and B are manufacturable by the same technique. If kinematics pair J is also
manufacturable by the technique, then the whole assembly is consolidated during
manufacturing. Otherwise—that is, if the kinematics pair is not manufacturable—the
components are assembled afterwards and assembly features must be integrated in
their designs.

• A and B are not manufacturable by the same technique (or one of the parts is not an
AM part). In that case, they are assembled normally.

As depicted in Figure 6, at the end of this stage, the enhanced product architecture
derived in the previous stage (Section 3.2) has been used to generate a minimal architecture
and a manufacturing plan based on the available AM machines capabilities. The derived
minimal architecture shows parts that have been combined, flows that have been merged.
The manufacturing plan tells which part is to be manufactured by which AM machine and
how the part is to be assembled. The minimized architecture and the manufacturing plan
are then the basis of the parts design stage, which is described in the next subsection.

Figure 6. Elements characterizing a part.
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3.4. AM Constrained Part Design
3.4.1. The Case of Mechanisms to Be Manufactured by the Same Process, in a Single Print Job

It is likely that groups of components, moving relatively to each other or not, are
to be manufactured and assembled together (it is actually one of the sought goals of our
proposal). This case has been covered in Sossou et al. [55]. The methodology there proposed
can be summarized as:

1. Product architecture 3D laying out: the design space of each part is defined and
accordingly positioned.

2. Functional interfaces definition: based on the part-to-part kinematics relationships,
the design spaces are updated with the proper functional interfaces (FIs).

3. AM contextualization: a step that consists in setting clearances between FIs, choosing
a printing configuration, choosing a printing orientation, and allowing access to the
clearances.

4. Components’ geometries designs.

For more details, the reader is advised to refer to [55].

3.4.2. Foundations of Our Strategy for Harnessing AM Shape Complexity to Part’s Performance

Any system, sub-assembly, or component is designed to fulfil a function that represents
what the device must do. The device shape, form, or architecture answers the question of
how the function is fulfilled. This shows why a device function must be fully understood
before time is spent on its embodiment design. Tightly related to a device’s function is
the notion of flow, which basically is what the device operates on for the function to be
fulfilled. Systems, even those made of a single component, rarely fulfilled their function(s)
in an isolated manner. In other words, they always fulfil their function by interacting with
their surroundings (be it made of a user or others components) by means of one or several
flows exchange. The interaction between a component and its surroundings occurs at its
interfaces, which can be seen as the flows “gates”. It can be summarized that a component
is fully defined firstly by its functions (which is what it does), the flows it processes for the
functions to be fulfilled, its interfaces through which the flows are exchanged, and its shape
holding the interfaces together. This breakdown of component is depicted in Figure 6.

Once flows getting through a component are identified, it is of interest to determine
what impact (if any) they have on the shape and interfaces of the component. At their lowest
level of specificity, flows are either energy, material, or signal [51,56]. Functions associated
with material flows are basically functions that process the materials by somehow changing
its state. These are categorized by Ullman [57] in three groups: through flow functions
(e.g., rotate, translate, move, lift, channel, etc.), diverge flow functions (disassemble and
separate), and converge flow functions (mix and attach). A component fulfilling such
function must “clear the way” for the materials and as such its shape is not crucial for the
flow conveyance. However, when the processed flow is energy, say in a mechanical form
(load for instance), it is obvious that shape, along with interface, play a key role.

Ullman [57] has stated that: “It has been estimated that fewer than 20% of the dimen-
sions on most components in a device are critical to performance. This is because most of
the material in a component is there to connect the functional interfaces and therefore is
not dimensionally critical. Once the functional interfaces between components have been
determined, designing the body of the component is often a sophisticated connect-the-dots
problem”. The premise governing the methodology proposed to leverage AM shape com-
plexity capability to design effective components is profoundly related to that statement.
The extra 80% of components’ dimensions that are not critical to the performance may be
due to conventional (subtractive) processes’ limitations. Furthermore, to better suit our
approach, the statement can be extended as “ . . . a sophisticated connect the dots problem
in order to assure a structural integrity and a proper conveyance of the flows related to the
component’s functionality”. A strong statement in Ulman [57], highlighting the importance
of interfaces, in agreement with the aforementioned statement and which is worth quoting
reads: “Components grow primarily from interfaces”.
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In a nutshell, a component is bounded by its FIs, these must be connected to ensure
structural integrity and to ensure that flows entering or leaving interfaces are conveniently
conveyed. The AM shape complexity gives way to ensure that connectedness with the
bare minimum matter. This minimalist vision of part design is illustrated in Figure 7 for an
aircraft hinge plate; a comparison is made between how this component has been designed
for conventional processes and how it could have been designed for AM.

Figure 7. Aircraft hinge plate designs according to various manufacturing processes including AM.

3.4.3. The Proposed Methodology for Part-Oriented DFAM

Consistent with the aforementioned philosophy, a five-steps strategy is proposed
to design the geometry in a minimalist way, as outlined in Figure 8. The selected AM
techniques constraints are taken into account as well. The strategy is illustrated in Figure 8
with a vise’s frame. First, the component’s FI shapes are drawn. Second, the FIs’ shapes
are thickened into functional volumes (FVs); the thicknesses can be governed both by
resolution of the considered AM process and tolerances related to the considered FIs. In
the third step, paths joining the FVs are defined; this can be done either to ensure the
component’s connectedness, or to ensure a way for a specific flow (or even a combination
of flows), or both. To allow for the subsequent parametric optimization to generate a proper
path for the connecting element, this curve can be parameterized. This could be done, for
instance, by creating a curve as a spline through three points and by using the four middle
point coordinates in a plane as parameters. Fourthly, the connecting elements’ shapes along
the previously defined paths are designed. To improve the performance of the component,
the section can be of different types including solid cross-section, solid cross-section with
lattice structure, hollowed cross-section, hollowed cross-section with lattice structure, etc.
To avoid sharp corner (and equivalently, stress concentration), corners are smoothed in the
fifth step. Each of these steps leads to some geometric parameters. Those are then finally
optimized to generate a component that behaves and conveys the flows appropriately. The
following scheme has been retained for the parametric optimization:

1. Choice of each parameters bounds.
2. Specification of any constraint on the parameters. These can be geometric constraints

such as relationships between parameters, or constraints ensuring a proper behavior
such as maximum stress or minimal natural frequency. The functional flows conveyed
by the part on one hand, and the chosen material on the other hand can provide
indication on what constraints related to an appropriate behavior must be met.

3. Definition of the component’s mass as an objective function. Choosing the compo-
nent’s mass as an objective function to minimize is consistent with the endeavor to
design components with the bare minimum matter. Other objective functions that are
sensitive to the chosen parameters and that are relevant to the sought performance
may also be chosen.
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Figure 8. The proposed design methodology for part’s design illustrated via a vise’s frame based on
prior research work [56].

4. Case Study

The proposed framework has been illustrated with a one handed bar clamp, similar to
the one that is discussed in Chapters 7 and 9 in Ullmann [57]. The main steps have been
shown hereafter.

4.1. Initial Architecture Derivation

After a functional analysis (see Figure 3), as explained in Section 3.2, and generation of
a concept, an architecture with 17 components have been retained. The eBOM of the design
concept, along with the requirements for each component, can be found in Table 3. Figure 9a
shows the part-to-part kinematics relationships view combined with the functional flow
view. In Figure 9, edges representing a kinematic relationship are tagged with the name of
the kinematic pair involved, the other edges represent the functional flows as indicated in
the legend.

Table 3. Parts’ requirements.

ID Part Name AM Material Class Surface Finish
Min Wall
Thickness

Accuracy
Level

Dimensions
(mm)

Mechanical Properties

Yield
Strength

Durometer

1 Main body Yes Plastics Average-rough Thin-average Average 100 × 150 ×
30 10–20 MPa Shore D 60–70

2 Trigger Yes Plastics Average-rough Thin-average Average 40 × 90 × 30 10–20 MPa Shore D 60–70
3 Bar No
4 Tail stock Yes Plastics Average-rough Thin-average Average 50 × 50 × 30 10–20 MPa Shore D 60–70
5 Lock Yes Plastics Average-rough Thin-average Loose
6 Pad1 Yes Plastics Good-average Thin-average Loose Shore A 40–100
7 Pad2 Yes Plastics Good-average Thin-average Loose Shore A 40–100
8 Roll pin Yes Plastics, metals Average-rough Average
9 Knurled pin Yes Plastics, metals Average-rough Average
10 Release trigger spring1 No
11 Release trigger spring2 No
12 Release trigger Yes Plastics, metals Average-rough Thin-average Average 10–20 MPa Shore D 60–70
13 Power spring No
14 Jam plates1 Yes Plastics, metals Average-rough Thin-average Average 10–20 MPa Shore D 60–70
15 Jam plates2 Yes Plastics, metals Average-rough Thin-average Average 10–20 MPa Shore D 60–70
16 Split pins1 No
17 Split pins2 No
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Figure 9. Product architecture showing part-to-part kinematic pairs along with functional flows:
(a) initial architecture and (b) minimized architecture.

4.2. Minimized Architecture and Manufacturing Plan

We used a scenario of an AM factory that has six machines based on the following
techniques: FFF, SLA, PolyJet, and SLS. Details of the available machines can be found in
Appendix A. All parts candidate to AM were found manufacturable with the available
machines. Based on the assembly-related characteristics, and especially the capability
to build around inserts, the Ultimaker 3 Extended (U3E) machine has been found to be
the best AM machine. The combination U3E-PLA has been selected for the components:
1, 2, 4, 5, 8, 9, 12, 14, and 15 (see Table 3). For components 6 and 7 (pads), a different
material—TPU 95A—was selected; it is a semi-flexible and soft (shore A 95) material with
high wear and tear resistance. These choices have led to a generated minimized architecture
with 13 separate components, as shown in Figure 9b. The manufacturing plan is delineated
in Table 4.
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Table 4. Manufacturing plan.

Operation
Part or
Sub-Assembly

Machine-Material Comment

1
4-5-8-9
14-15
1-2-12

Ultimaker 3
Extended—PLA

(1, 2, 5) in situ assembly
In situ assembly for 1-2 and 1-12

2 6, 7 Ultimaker 3
Extended—TPU-95A Regular assembly after AM

3 3, 16, 17 (not AM) Regular assembly to (4-5-8-9)

4 10, 11, 13 (not AM) Regular assembly to (1-2-12) and 3

4.3. Final Design

The generated minimal architecture has been used to designed the components’ geome-
tries. A proprietary tool—the Pegasus CAD Assistant from Demoly et al. [2], was harnessed
to semi-automatize the generation of the design spaces and the functional interfaces based
on the kinematic relationships as shown in Figure 10a.

Figure 10. (a) Design spaces definition and (b) emergence of the detailed geometry of the case study.

Based on these, the parts have been designed by following two approaches including
the one proposed in this paper and another one based on lattice structures. As an example,
Figure 10b presents a lattice structure developed for the tail stock (i.e., part 4 in Table 3).
The design has been made in alignment with the required mechanical behavior of the
part as well as the selected technique capabilities. On the other hand, the main body (i.e.,
part 1 in Table 3) has been defined by using the proposed methodology. The final design
results from a flow of integrated design intents, enabling to get an improved solution from
a top-down manner.

5. Conclusions and Future Work

In a call to action regarding assembly-level DFAM, Yang et al. [11] stated that “the lack
of decision-making support for function integration and part consolidation hinders the
search for supreme boundary”. In this paper, the highlighted gap has been somewhat filled,
in that a support tool for part consolidation—based on the specific characteristics of the AM
machines available in a factory and the relationships between the parts—has been proposed.

73



Designs 2022, 6, 20

It is a framework for new product development, with the goal of seizing the assembly-
related benefits of AM. These include: PC, in situ assembly of moving components, multi-
material printing. It has been shown that seizing these benefits depend on what the
available AM machines are actually capable of. A proposal has then been made—based on
a set of desired components’ characteristics—to select the best AM techniques that allow
both for a seamless manufacturing of the product and architecture minimization. Function
integration—which has been implicitly covered by part consolidation—could be integrated
in the proposed approach by enlarging its scope to conceptual design as suggested in [11].
Considering it has the potential outcome of increasing product performance. Nevertheless,
this research has revealed areas of investigation that are worth considering for improving
DFAM in general and opportunities for improving our proposal particularly:

• AM materials description. There must be a way to describe materials (be they pro-
prietary or generic) that is consistent with all the existing machines. Some materials
may have nearly the same properties, but with quite different names. Some machine
manufacturers may call their material with a generic name like ABS, PLA; such names
should be made more explicit. Indeed, ABS for an Ultimaker FFF machine may not
have the same properties as ABS extruded from a Stratasys FDM (fused deposition
modeling) machine.

• Cost as a selection criterion. Criteria such as cost could be included in the preliminary
machines selection. Indeed, the approach led to cases where the main selected AM
machine and material combination was actually the most expensive one, while there
are other available cheaper AM machines that could also seamlessly manufacture the
assembly with the prescribed parts’ requirements.

• An indicator of viability of AM of assembly. In case many of the components are
outsourced, operations such as assembly during AM may dramatically increase the
production time. There should therefore be an indicator that quickly checks the
architecture and the parts’ requirements and tells how valuable it can be to consider
the product for AM.

As AM is still in its infancy compared to the conventional manufacturing techniques, it
is likely that the full potentials of AM may not be seen in the current generation of designers’
artifacts. As such, education is to play a crucial role in allowing the AM paradigm shift
completeness [58]. In the proposed approach, machine limitations, especially those related
to build space have not been considered in the minimal architecture derivation. However,
these can require a product (or even a part) to be digitally cut before AM and reassembled
afterwards. A future work could include in the minimum architecture generation of such
limitations by considering integration of interlocking features as shown in Song et al. [49].
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Abstract: Materials based on photocurable resins and pharmaceutically active agents (APIs) are
gaining interest as a composite drug delivery system. In this study, a composite of caffeine with
acrylic resin was obtained using an additive manufacturing method of digital light processing (DLP)
as a potential material for transdermal drug delivery. The mechanical properties of the composites and
the ability to release caffeine from the resin volume in an aqueous environment were investigated. The
amount of caffeine in the resulting samples before and after release was evaluated using a gravimetric
method. The global thresholding method was also evaluated for its applicability in examining
caffeine release from the composite. It was shown that as the caffeine content increased, the strength
properties worsened and the ability to release the drug from the composite increased, which was
caused by negligible interfacial interactions between the hydrophilic filler and the hydrophobic
matrix. The global thresholding method resulted in similar caffeine release rate values compared
to the gravimetric method but only for samples in which the caffeine was mainly located near the
sample surface. The distribution of caffeine throughout the sample volume made it impossible to
assess the caffeine content of the sample using global thresholding.

Keywords: DLP; caffeine; API; acrylic resin; composite; drug release; hydrophilic; hydrophobic;
thresholding

1. Introduction

Additive manufacturing (AM) machines have been available on the market for many
years. AM has already found their application in many industries, and new ideas for
implementation and improvement are constantly emerging. The literature has numerous
examples of how additive manufacturing is used in the medical field, such as the creation
of implants, orthoses, prostheses, and preoperative and intraoperative tools. One very
promising and relatively new approach to additive manufacturing is the concept of drug
printing. Such medicaments, customized individually for each patient, would be the reverse
of the current situation, where patients are fitted to the drug manufacturer dose. El Aita I.
et al. [1] indicate that the therapy can be optimized and side effects can be decreased by
tailoring the dose to the patient’s age, weight, and medical history. According to Herrada-
Manchón H. et al. [2], oral dosages produced by AM can come in enticing and delectable
forms that are simple to handle and consume. This may enhance medication compliance
and help young children cope emotionally with the sickness.

Additive manufacturing applies to a whole range of different manufacturing methods
which share the fact that the products made with them are created layer-by-layer. AM is
carried out directly on the basis of data on the three-dimensional geometry of the product
and without the use of dedicated technological equipment. The most popular methods
of AM in pharmaceutical applications include: selective laser sintering (SLS) [3], fused
deposition modeling (FDM) [4], three-dimensional printing (3DP) [5], and stereolithography
(SLA) [6].
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The oldest commercially available additive manufacturing method is SLA. The method
is based on the solidification of a resin polymer in process called photopolymerization. SLA
uses a point light source which is a laser with a wavelength adapted to the needs of curing
the selected resin [7]. A variation of SLA is digital light projection (DLP) which is mainly
distinguished by another type of light source, which is the projector [8]. Both methods
provide great versatility in pharmaceutical applications. Active pharmaceutical ingredients
(APIs) can be mixed in the liquid form of the resin as well as coated with finished SLA/DLP
products. Compared to other methods of additive manufacturing, the SLA/DLP process is
characterized by high dimensions and shape accuracy of digital geometry. Both methods
are suitable for working with thermally stable as well as thermally labile drugs [9].

One of the limitations and at the same time challenges in the use of resin additive
manufacturing methods include the problem of toxicity and compatibility of resins with
the human body. The photocurable photopolymer should not be harmful to humans but
also should not be reactive to APIs [10,11]. What is more, multi-component formulation
production is highly constrained, particularly at greater drug loadings [10].

Wang J. et al. [9] have studied the suitability of manufacturing drug loaded tablets by
SLA. They claimed that it is possible to use a concentration up to 5.9% (w/w) in the case
of mixtures of photocurable monomers such as polyethylene glycol diacrylate (PEGDA)
with paracetamol and 4-aminosalicylic acid. They were able to create tablets that were
homogeneous in size and displayed the same hue as the original photopolymer solution.
Robles-Martinez P. et al. [12] proved that it is possible to use resin AM to produce a tablet
containing as many as six different APIs (paracetamol, aspirin, naproxen, prednisolone,
chloramphenicol, caffeine). The authors stated that all formulations were suitable for AM,
but more research is required to identify the best printer settings for each formulation in
order to achieve precise dimensions, and therefore dosing, as well as to create certain drug
release patterns as necessary.

Despite the wide range of work performed in the development of biomedical products
using additive manufacturing methods such as SLA or DLP, the obtaining of pharmaceu-
tical printed products is still limited mainly due to the incompatibility of the introduced
additives to photocurable resins. The active pharmaceutical ingredients should be compati-
ble enough with the polymer matrix material to make it possible to obtain polymer-drug
composites, ensure their functional properties, and at the same time allow appropriate drug
delivery to the patient. The use of transdermal microneedle systems is one of the methods
of drug delivery. The frequently used PEGDA material was used to produce a microneedle
system by DLP process and was tested in vitro and ex vivo using human skin showing
release characteristics when exposed to external inputs such as temperature and pH [13].
Furthermore, a study by Lim S. H. et al. [14] shows a microneedle patch fabricated from
PEGDA and vinyl pyrrolidone with an optimal quantitative ratio of constituent monomers
loaded with acetyl-hexapeptide 3 for application to facial skin as an anti-ageing product.
The selection of the matrix and manufacturing parameters was dictated by the influence
of the materials on the active substance, mechanical properties of the product, water ab-
sorption and swelling associated with drug release, and the effect on resin cross-linking.
PEGDA, due to its hydrophilic character, allowed the loading of hydrophilic drugs at
concentrations greater than 1% [9], which is much more difficult for hydrophobic matrices.

Approximately 60% of developed pharmaceuticals are hydrophilic substances [15],
which is a barrier to the manufacture of composite systems with a drug based on hydropho-
bic materials due to the lack of solubility of the drug in the matrix or negligible interfacial
interactions, making it difficult to manufacture the final products without their properties
deteriorating. Several studies on the preparation of composites in which the polar character
of the constituent substances was important are known. Himawan A. et al. [16] developed
a hydrogel film with theophylline based on poly(vinyl acetate), polyvinylpyrrolidone, and
citric acid. They showed that the hydrophilic character of the drug limited its release from
the film because of its high affinity for the matrix components. A solid lipid nanoparticle
formulation of a hydrophilic neuroprotective analogue of cyclic guanosine monophosphate,
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a hydrophobic polyester-based composite film, obtained by Li h. et al. [17] enabled the
system to reach the retina, potentially increasing the efficiency of drug delivery. In special
cases, the simultaneous delivery of a hydrophilic and a hydrophobic drug is required
to optimize treatment. The preparation of this type of system was described by Arpita
R. et al. [18], who obtained a combination of hydrophobic ibuprofen and hydrophilic
tetracycline hydrochloride in a hydrogel based on β-cyclodextrin, poly(hydroxypropyl
methacrylate), poly(acrylic acid), and PEGDA, which has a matrix of dual polar character
due to the appropriate choice of monomers. The resulting composite was tested in vitro
and in vivo, confirming its effectiveness in releasing hydrophilic and hydrophobic active
ingredients from the matrix.

The advantage of composite systems with different polarity of the API filler and
polymeric matrix is the significant reduction of the reactivity between the drug filler and
the matrix and the enhanced release of the drug from the system due to the reduction of
interfacial interactions. The aim of this work was to obtain advanced composites with a
caffeine filler known for its pain-relieving properties, helping to treat obesity or apnea or
aiding in the treatment of neurological diseases like Alzheimer’s [19]. Caffeine represented
hydrophilic drugs loaded in a hydrophobic photopolymer matrix which manufactured
by the use of additive manufacturing DLP method constitute a potential material for
transdermal systems, i.e., devices for transdermal drug delivery. The hydrophilic filler
content in the hydrophobic matrix was expected to reach values comparable to those
of hydrophilic matrix-based systems. The use of constituents of different polarity was
intended to improve drug release from the system, which is a problem for fully hydrophilic
systems.

In order to evaluate the properties relevant to drug delivery through the skin, the
strength properties of the samples were investigated along with the drug release rate in an
aqueous environment that simulates contact with the human body. Evaluation of the global
thresholding method as a method to determine the degree of caffeine release from the
crosslinked acrylic resin structure is an innovative aspect of this work. The obtained samples
are the first documented example of printed products made of caffeine and photocurable
hydrophobic acrylic resin contributing modern knowledge of bio-composite-systems with
a hydrophilic filler in the form of API and a hydrophobic matrix made of one of the most
commonly used photopolymers in DLP.

2. Materials and Methods

2.1. Materials

Aqua Clear Resin acrylic resin (Phrozen Technology, Hsinchu, Taiwan) was used to
make the samples. The resin consists of listed components: acrylate oligomer, 4-(1-oxo-2-
propenyl)-morpholine, bis(1,2,2,6,6-pentamethyl-4-piperidyl) sebacate, and diphenyl(2,4,6-
trimethyl benzoyl) phosphine oxide. The properties of the Aqua Clear Resin are shown in
Table 1.

Table 1. Aqua Clear Resin properties [20].

Parameter Value

Density 1.11 g/cm3

Melting point Below 25 ◦C—liquid state
at operating temperature

Solubility in alcohol +

Furthermore, caffeine with the sum formula C8H10N4O2 and a purity grade of 99%
(Pol-Aura, Olsztyn, Poland) was used to make the composite samples. The properties of
caffeine relevant to formulation with acrylic resin and its application in DLP manufacturing
are given in Table 2. The solubility of caffeine in alcohol was determined by the authors in
preliminary studies.
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Table 2. Caffeine properties.

Parameter Value

Density 1.23 g/cm3 [21]
Melting point 234–236.5 ◦C [21]

Maximum solubility in alcohol 0.02 g/mL in 75 ◦C

2.2. Pretreatment Processes

The caffeine was mechanically grinded in a mortar for 5 min. Then, 2.5 g of caffeine
was added to 10 mL of alcohol and annealed at 50 ◦C for 2 h to better disperse the substance
in the resin. Due to the annealing temperature and the considerable exceeding of the
maximum amount of caffeine soluble in alcohol, a saturated solution of alcohol with
caffeine with precipitate was obtained. The mixture prepared in this way was added to 50 g
of resin and stirred in an MR Hei-Tec Heidilph magnetic stirrer for 10 min at a rotational
speed of 1000 rpm obtaining a 4% (w/w) solution of caffeine in resin and alcohol.

2.3. Composites DLP Manufacturing

Manufacturing of the samples was performed using a 2 × 10 × 100 mm geometrical
model. One sample series resulted in 3 samples, which were positioned side by side at a
distance of 3 mm adjacent to the table with the largest plane. Each sample had technological
chamfers to make it easier to remove the samples from the table and to recognize the
position during manufacturing, which made it possible to later compare samples from
different series. Nine resin samples designated from 0.1 to 0.9 were made as part of a
reference series designated as (0). After that, 4 series of caffeine–resin composite samples
designated as (1), (2), (3) and (4) were made, resulting in 12 samples designated from 1
to 12. The manufacturing parameters are listed in Table 3. The samples were cleaned in
alcohol in a UW-01 Creality machine (Shenzen Creality 3D Technologyu Co., Ltd., Shenzen,
China) in quick mode for 4 min and then dried with coupled air. The samples prepared in
this way were further cured in XYZ UV Curing Chamber (New Kinpo Group, New Taipei
City, Taiwan) for 10 min.

Table 3. DLP manufacturing parameters.

Parameter Value

Layer height 0.05 mm
Bottom exposure time 35 s

Transition layer count (TL) 6
Bottom layer count 6

Exposure time 10.5 s
Transition type linear

Rest time before lift 0 s
Rest time after lift 0 s

Rest time after retract 4 s
Bottom lift distance 6 mm

Lifting distance 6 mm
Bottom lift speed 150 mm/min

Bottom retract speed 150 mm/min
Bottom layer compensation a = 0 mm, b = −0.04 mm

2.4. Mechanical Testing

The obtained samples were tested in static tensile test on Zwick/Roell Z020 machine
with the load capacity of 20 kN. During the tensile test, the tensile rate was 1 mm/min
in accordance with ISO 527. The mechanical parameters of tensile strength (σm), relative
elongation (A) and Young’s modulus (E) were determined.
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2.5. Caffeine Release Test
2.5.1. Gravimetric Method

To evaluate the caffeine release from the composite system, the prepared samples were
weighed (m0) and dried in a drying apparatus at 50 ◦C for 24 h. Each sample was then
weighed again (m1) and placed in a beaker with 100 mL of distilled water and annealed at
37 ◦C for 12 h, simulating release conditions similar to contact with the human body. After
caffeine release, the samples were weighed (m2) and again annealed at 50 ◦C for 24 h to
remove water. After the final drying treatment, the samples were weighed (m3). Evaluation
of the reduction in caffeine mass during the release process was performed by calculating
the caffeine release rate (CR) from the following Formula (1):

CR =
(m1 − m3)

m1
× 100 % (1)

2.5.2. Global Threshold Method

Before the release process, microscopic images of the samples were taken with an Op-
tika SZO-5 stereo microscope (OPTIKA S.r.l., Ponteranica, Italy) using a UCMOS05100KPA
ToupTek camera (ToupTek Photonics, Hangzhou, China). Surface images were used to de-
termine the approximate caffeine concentration of the sample by global image thresholding.
Images of the sample structure were greyscale binarized with a fixed threshold of 200 and
50 for the caffeine located closest to the sample surface and inside the structure, respectively.
The operations performed were due to the presence of black color for particles located
on the surface of the sample and grey tones for particles located under the resin layer (in
the volume of the material) for the original images. The result of the thresholding was
histograms with the number of pixels, the counting of which made it possible to determine
the percentage of caffeine in the sample. Sample images before and after thresholding are
shown in Figure 1.

 

Figure 1. Images of 2nd sample (a) raw image from stereo microscope observations, (b) image after
binarization with threshold of 50, and (c) image after binarization with threshold of 200.

The caffeine content of the samples after release was determined based on the initial
caffeine weight determined by thresholding (mK), and the difference in weight of the
samples was determined by the weight method, as included in Equation (2) below:

CTCR =
(m1 − m3)

mK
× 100 % (2)

where CTCR is the coefficient of caffeine release, which is based on initial caffeine mass
obtained from global threshold.

3. Results and Discussion

3.1. Evaluation of Manufacturing Process and Samples

Caffeine–resin composite samples are shown in Figure 2. Immediately after manu-
facturing, all samples were flexible and easily bent in the hands, which was not the case
with pure resin prints. Samples printed with Aqua Clear Resin with the same geometry
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immediately after manufacturing were stiff. This could result from the presence of alcohol
in the structure, which, being a caffeine solvent, is also a solvent for the acrylic resin. The
addition of alcohol may have disrupted the photopolymerization process by preventing
the structure from fully crosslinking, extending the photopolymerization time [22].

 

Figure 2. An illustrative image of 12 composite samples from series: (1), (2), (3), (4).

During the (1) series manufacturing, the first sample peeled off the work table and
adhered to the film in the resin tank, which was caused by too much caffeine in the resin
resulted in too weak adhesion of the sample to the work table. Despite this, the printing
process for the composite samples using the printing parameters suggested by the resin
manufacturer proceeded without any major problems for the other samples. The caffeine
content of about 4% is therefore probably the limiting content of the caffeine filler that
can be added to the resin without the appearance of defects in the samples resulting from
peeling off the table. The dimensions of the samples, except for sample 1, were satisfactory
and ranged from 2.06 to 2.08 and from 10.00 to 10.02 for thickness and width, respectively.

According to Figure 2, it can be seen that the distribution of caffeine along the length
of the sample is not uniform; there is less caffeine at the ends of the sample than in the
central part. With each successive manufacturing process, there is less and less caffeine in
the samples; moreover, the centre sample in each batch contains more caffeine than the
outer samples. Furthermore, the less undissolved caffeine in the form of agglomerates in
the resin, the more homogeneous its distribution is, as can be seen for samples 10, 11, and
12. Between manufacturing processes sedimentation of caffeine could be seen in the resin
tank so that its concentration in the samples is inhomogeneous not only on the surface but
throughout the whole volume.

3.2. Mechanical Testing

The tensile properties of the samples are shown in Table 4. The values of tensile
strength and Young’s modulus have about 10% measurement error, while elongation has
as much as 25% error. This may be explained by differences in the properties of the middle
sample relative to the outer samples printed within 1 series, which can also be seen in
the case of the caffeine content of the composite samples, for which the middle sample
contained more caffeine than the outer samples. Despite this, the results are similar to those
obtained for other commercially available resins [23].
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Table 4. Mechanical parameters of resin and composite samples.

Series Sample σm (MPa) E (MPa) εB (%)

(0) 0.1–0.9 18.2 ± 1.9 834 ± 101 16.1 ± 4.0

(1)
1 12.6 1100 2.1
2 7.9 503 5.6
3 8.5 438 9.6

(2)
4 10.7 507 10.7
5 10.3 530 10.3
6 9.9 480 10.0

(3)
7 13.9 703 9.6
8 12.9 682 8.8
9 12.3 612 11.9

(4)
10 18.6 958 9.00
11 15.6 831 7.0
12 16.3 857 7.0

The caffeine content of the samples affects the strength properties of the composites
by decreasing the strength and increasing the Young’s modulus as the caffeine content
increases. Among the reasons for this is the lack of interfacial adhesion between caffeine
and resin due to the hydrophilic nature of the filler and the hydrophobic nature of the
matrix, which causes a disruption in stress transfer in the structure [24]. Samples printed
in the fourth series, 10, 11, and 12, have tensile strengths in the range of 16–18 MPa and
Young’s modulus on the order of 830–950 MPa, so they have similar properties to pure
resin samples. Thus, it can be seen that the caffeine content corresponding to samples 10–12
is a limit for the preservation of the initial mechanical properties of the samples. Sample
1 deviates in properties from the other samples due to its peeling off the table during
manufacturing. Lying on the resin tank foil, the sample did not grow in thickness for a
constant distance from the UV source, resulting in multiple exposures of the same layer
of material so that its stiffness increased by about 30%, while the stiffness of composite
samples was usually lower than that of pure resin samples.

The relative elongation values of the samples, due to the very large measurement
error for resin samples, are difficult to evaluate, but a certain dependence can be seen. All
composite samples exhibit lower elongation than pure resin samples. Again, the reasons
can be found in the lack of interfacial adhesion between caffeine and resin and the addition
of alcohol, which during manufacturing probably disturbed the photopolymerization
process causing defects in the crosslinked structure of the acrylic resin reducing its strength
properties [22,25].

3.3. Caffeine Release
3.3.1. Gravimetric Analysis

Due to the great difficulty of precisely determining the initial and final caffeine content
of the printed samples before and after the release test, a gravimetric method was used to
determine the CR rate, which is limited to calculating the weight difference of the whole
samples rather than the weight difference of the caffeine itself. The results of the weight
measurements of the samples are given in Table 5.

The initial mass of the samples is 1.88–1.98 g depending on the series. Due to the
highest caffeine content, which reduces the density of the structure as a result of the lack of
interfacial interactions in the filler-matrix system, the lower initial mass is found in samples
of the (1) series. Sample 1 as described earlier has the lowest mass as a result of the smallest
number of printed layers.
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Table 5. Masses of composite samples: initial—m0, after drying—m1, after release—m2, and subse-
quent drying—m3.

Series Sample m0 (g) m1 (g) m2 (g) m3 (g) CR (%)

1 0.57 0.53 0.58 0.48 10.0
(1) 2 1.90 1.88 2.02 1.76 5.9

3 1.88 1.86 2.01 1.76 5.1

4 1.96 1.94 2.12 1.87 3.5
(2) 5 1.97 1.95 2.13 1.87 3.8

6 1.95 1.92 2.10 1.86 3.6

7 1.97 1.95 2.13 1.90 2.2
(3) 8 1.98 1.96 2.13 1.91 2.3

9 1.96 1.94 2.12 1.89 2.4

10 1.98 1.96 2.14 1.94 0.8
(4) 11 1.98 1.96 2.13 1.93 1.2

12 1.96 1.94 2.11 1.92 1.1

The value of the calculated CR helps determine the system’s ability to release caffeine
at 37 ◦C for 12 h in an aqueous environment. The largest CR values can be observed for
samples 1, 2 and 3, on the order of 5–10%, while the smallest for 10, 11 and 12, on the order
of 1%. This is probably due to the decrease in the amount of caffeine present in the samples
with each series. The less caffeine there is in the sample, the denser the structure is, making
it more difficult for polar water molecules to penetrate the structure, reaching the caffeine
particles and allowing them to dissolve and diffuse through the resin volume. Presumably,
the more caffeine there is in the composite, the more disrupted the resin structure is, and
more pores are between the caffeine and resin, improving the accessibility of the caffeine
particles to water and allowing for easier release of caffeine from the system. In the case of
CR, the values of the coefficient are similar for the middle sample and the outer samples in
series (3) and (4), while for series (1) and (2), a slightly higher coefficient can be observed
for the middle samples. The differences in the concentration and distribution of caffeine in
the sample seen in Figure 1 are therefore relevant to the caffeine release process.

3.3.2. Global Threshold Analysis

Microscopic images of the surfaces of all composite samples were used to determine
the degree of caffeine release based on global thresholding. Table 6 shows the numerical
results obtained.

The total caffeine percentage mK determined by thresholding decreases with each
series and reaches values that are larger for the middle samples than for the outer samples
within each series, which agrees with previous observations. The CTCR coefficient values
differ from the CR values and are larger for all samples. As a general rule, no significant
improvement in release can be seen for the middle samples relative to the outer samples
when the release is evaluated on the basis of the CTCR coefficient.

The global thresholding method refers to operations based on a 2D image [26] and
has other limitations such as choosing the right threshold, the quality of the initial image,
ignoring the relationships between pixels [27–29] important due to the research performed.
The sample is a 3D element and the distribution of caffeine over the height of the sample
is not homogeneous, as can be seen by comparing the pure resin reference sample shown
in Figure 3 with the composite samples shown in Figure 4. There is more caffeine in the
surface layers of the composite samples than in the bottom layers, adjacent to the work table
during manufacturing. The reason for this is the sedimentation mentioned above, whereby
the undissolved caffeine macromolecules sank to the bottom during manufacturing. The
vertical up-and-down movement of the working table was unable to ensure sufficient
mixing of the resin-caffeine solution during manufacturing.
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Figure 3. Images of the surface (a) and side (b) of the resin sample.

 

Figure 4. Images of the 2nd, 5th, 8th, and 11th composite sample (a) surfaces before releasing, (b)
surfaces after releasing, and (c) sides after releasing. Red arrows indicate cracks.
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Table 6. Percentage of caffeine on the surface and in the volume of the sample, and caffeine mass
determined from thresholding.

Series Sample Surface
Caffeine—

IKS (%)

Internal
Caffeine—

IKI (%)

All
Caffeine—

IK =
IKS + IKI (%)

mK =
m1 × IK (g)

CTCR (%)

1 1.2 63.0 64.2 0.34 15.6
(1) 2 0.6 89.6 90.2 1.69 6.5

3 0.1 80.4 80.5 1.50 6.3

4 0.1 64.0 64.1 1.24 5.4
(2) 5 0.5 69.8 70.3 1.37 5.4

6 0.2 58.5 58.8 1.13 6.1

7 0.0 57.4 57.4 1.12 3.8
(3) 8 0.0 71.4 71.4 1.40 3.2

9 0.2 56.8 57.0 1.10 4.1

10 0.4 57.0 57.4 1.12 1.5
(4) 11 0.2 60.1 60.3 1.18 2.1

12 0.1 58.0 58.1 1.13 1.9

In relation to the volumetric distribution of caffeine particles in the resin, the global
thresholding method has some limitations. If the caffeine particles occur one below the
other, they are visible as one particle in the surface image by which, after binarization of
the image, the two particles are read by the software as one set of pixels. In addition, the
arrangement of the particles also matters—for example, a flake-shaped particle angled will
be determined to be smaller in volume. Therefore, global thresholding is an indicative
method to assess caffeine release.

Figure 4b,c show numerous cracks in the samples in both the top layers, where more
caffeine was present, and the bottom layers. Cracks were not present anywhere in the
samples before release and probably appeared as a result of the accelerated release of
caffeine at elevated temperatures. Furthermore, the caffeine, as an opaque medium, may
have acted as a barrier to UV radiation, so the resin surrounding the caffeine may have
been underexposed causing a reduction in the strength of the structure at these locations.

As the amount of caffeine in the sample decreases, a change in the trend of cracks
can be seen; for the samples in the fourth series, cracks occurred mainly on the surface of
the sample and not mainly in the bottom layers as before, as represented by the photos of
sample 11. This is probably related to the presence of the largest caffeine agglomerates just
on the surface due to sedimentation in previous sample series. Furthermore, the particles
inside samples 10, 11, and 12 were small enough not to cause the samples to crack at the
base during release. It is noteworthy that the samples with the smallest caffeine content
underwent the smallest deformation during release and visually most closely resemble the
reference sample in Figure 3.

The cracks in samples resulting from the caffeine release had a significant effect on
the sample surface microscopic images, what made it impossible to assess the after release
caffeine content using the global thresholding method. For this reason, the difference in the
masses of the samples before and after release determined by the gravimetric method was
used to calculate the CTCR coefficient rather than the caffeine mass after release determined
from thresholding.

Based on the results of CTCR and CR, it can be evaluated whether the thresholding
method can give results comparable to the gravimetric method. The values of the individual
coefficients are presented in the graph in Figure 5. The CTCR coefficient obtains similar
values to CR for most samples except for the first sample, which, due to the incorrect
manufacturing process, was characterized by the worst structure properties: roughness,
delamination, numerous caffeine particles protruding beyond the resin surface, insufficient
thickness and under-crosslinked structure, which can be seen in Figure 6 in the form
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of numerous cavities and cracks in the sample surface layer. The quality of sample 1
determines the limiting value of caffeine that can be added to the resin to carry out the
correct manufacturing process. Caffeine concentration of 4% or higher resulted in none
of the samples in the series were printed correctly. In the case of sample 1, where caffeine
was present throughout the sample, the mK value determined by global thresholding was
underestimated due to the presence of particles in the entire volume of the structure, which
are less visible in microscopic images of the structure, making the CTCR ratio as much as
5.6 percentage points higher than the CR ratio.

Figure 5. Graph of caffeine content and coefficient of caffeine release of the samples.

 

Figure 6. Images of 1st sample (a) surface before releasing, (b) surface after releasing, (c) side after
releasing.

In the remaining samples with the proper geometry, based on Figure 4c, the caffeine
particles in the sample are estimated to occur at a depth of around 0.5–1 mm from the
surface. This contributed to the small differences in CTCR versus CR values due to the
distribution of caffeine at shallow depth, a situation similar to the occurrence of caffeine
only at the surface of the sample, which reduced the influence of particle distribution in
space, increasing the correctness of the global thresholding method.

4. Conclusions

The present study succeeded in obtaining bio-composite samples made of photocur-
able acrylic resin and caffeine. On the basis of visual and strength tests, it can be concluded
that the maximum weight content of caffeine in the resin to produce samples with accept-
able performance is approximately 4%, which met the assumptions. A very important
aspect of samples with undissolved filler particles is their dispersion in the matrix material,
which in the case of the samples obtained was increasingly favourable as the concentration
of caffeine decreased. Nevertheless, the manufacturing process of the composite samples
was successful for a filler content not exceeding 4%, which meets the authors’ goals.
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The static tensile testing of the samples shows that the strength properties of the
composites deteriorate with an increase in filler content, which is in line with the literature
knowledge on the weakening of composites with a decrease in interactions between the
hydrophilic filler and hydrophobic matrix, as was the case with the samples obtained.

However, weak interfacial interactions proved beneficial from the perspective of
caffeine release from the system as expected. According to the release studies conducted, the
effect of the amount of caffeine on the course of release can be observed. The more caffeine
in the sample, probably, the easier it is for the caffeine to escape from the photopolymer
structure due to disruption of the resin crosslinking process, which also affects the strength
properties of the samples. The dynamic release of caffeine by increasing the temperature of
the water during the release caused cracking of the samples in both the top and bottom
layers of the sample, while increasing the caffeine content and the larger particle size
intensifies this effect.

The global thresholding method proved to be helpful in evaluating the caffeine content
of the samples before the release study, but it cannot replace the gravimetric method,
which was proven by the significant differences in the caffeine content results of the
composites obtained from the thresholding method and the gravimetric method. In the
case of composites where particles are mainly distributed near the surface thanks to the
thresholding method similar release results can be determined but for samples where
particle dispersion runs throughout the volume of the samples, the results obtained were
unreliable. Despite this, the thresholding method can be considered helpful for evaluating
the presence of macromolecules in composites with limited filler solubility in the matrix, as
was the case with caffeine and acrylic resin.

The DLP process is a promising method for obtaining composite systems of hy-
drophilic pharmaceutically active substances with hydrophobic resins used in additive
manufacturing methods. This method, despite some limitations, is a potential method for
obtaining composite transdermal systems, especially as a result of the high precision of the
obtained parts. Thus, it is important to conduct further work on improving the technique
for obtaining bio-composites with constituent materials of different polarity.
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Abstract: While much of additive manufacturing (AM) research is focused on microstructure, ma-
terial properties, and defects, there is much less research in regards to understanding how well
the part coming out of the machine matches the 3D model it is based on, as well as what are the
key process parameters an engineer needs to care about when they are optimizing for AM. The
purpose of this study was to understand the dimensional accuracy of the electron beam powder bed
fusion (EB-PBF) process using specimens of different length scales from Ti-6Al-4V. Metrology of the
specimens produced was performed using fringe projection, or laser scanning, to characterize the
as-built geometry. At the meso-scale, specimen geometry and hatching history play a critical role
in dimensional deviation. The effect of hatching history was further witnessed at the macro-scale
while also demonstrating the effects of thermal expansion in EB-PBF. These results make the case for
further process optimization in terms of dimensional accuracy in order to reduce post-processing
costs and flow time.

Keywords: electron beam; powder bed fusion; dimensional accuracy; titanium

1. Introduction

Titanium alloy Ti6AL4V is the workhorse of the aerospace and medical industries
due to its strength, density, durability, and corrosion resistance. These industries place a
high priority on product safety, so dimensional accuracy must be well understood and
high-quality manufacturing repeatability must be proven. When Ti-6Al-4V is converted
into a powder through atomization processes and used as an additive manufacturing
feedstock for electron beam powder bed fusion (EB-PBF) or laser beam powder bed fusion
(LB-PBF), fully dense titanium hardware can be produced. This method of AM uses an
electron beam as the energy source to selectively melt powder that is uniformly distributed
within a build chamber in a layer-by-layer process. With this technology, increasingly
complex structures can be designed and manufactured that could not be cost-effectively
produced any other way [1].

In-situ process monitoring of the EB-PBF process is extremely difficult because the
build chamber environment is a vacuum and heated to high temperatures, approximately
half of the material melt temperature (~650 ◦C for titanium) [2–5]. In addition, the electron
beam scan speed is very fast and is typically split into many points to maintain simultaneous
melt pools [6]. Thus, it remains challenging and an active area of research to identify the
nuances of what is happening with the beam power and the interaction with the melt
pool. Key features of as-built EB-PBF specimens are often the surface morphology, or
surface roughness, and their microstructure. Typically, EB-PBF uses a larger powder size
distribution (PSD) than laser PBF machines, ranging from 45 to 106 μm in diameter, and
it is one of the primary contributing factors to surface roughness [7]. The larger particles
are used because they are more resistant to “smoking”, or powder spreading, which is the
buildup of excessive negative charge energy that forces the displacement of particles in all
directions from the powder bed [8]. Process parameters, such as the beam speed, beam
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current, beam focus, scan strategy, etc., can have a significant effect on the resulting surface
roughness, such that optimization can provide improvements to dimensional accuracy [9].

The as-built surface roughness of electron beam and laser PBF parts has been well
documented, with numerous methods of metrology being implemented in attempts to
characterize it [10–20]. Most focus on the surface-connected pores and partially melted
attached particles that are difficult to describe by areal texture parameters defined in ISO
25178-2. The surface roughness of the top layer during the build has not been looked at in
detail as it is subsequently remelted by the following layer. However, the recently melted
topography affects how that next layer of particles is distributed, as well as the overall
dimensional variation.

For traditional manufacturing, geometric dimensioning and tolerance (GD&T) stan-
dards have been well established based on ISO, ASME, and ASTM standards. The highly
optimized and complex 3D structures that PBF can produce pose a challenge for traditional
inspection and quality assurance methods. In the early stages of AM development, not
much distinction was made between accuracy and resolution, particularly for prototype
fabrication; however, with the expectation that AM will deliver high-quality finished pro-
duction parts, there is a need for new or modified methods of measuring dimensional
accuracy [21–23]. Various methods of optical 3D scanning are typically used to generate
point clouds and then fit surfaces to the data to be compared with the CAD model.

Smith et al. used 3D scanning of optimized truss structures to measure dimensional
deviation, yet found it difficult to determine if the variation seen in the measurements was
true or if the specimens had been deformed when being manipulated for scanning [24]. In a
study performed by Ameta et al., the authors introduced the concept of derived supplemen-
tal surfaces (DSS) based on "theoretical supplemental surfaces" (TSS) in ASME Y14.46 [25].
They measured a lattice structure using a laser confocal microscope, which generated a
point cloud, and fitted the DSS using the Chebyshev and least-squares approaches. Gruber
et al. used a fringe projection 3D scanning system and CT scans to analyze benchmark sam-
ples for geometric accuracy, and they found both were well suited for determining external
feature part quality [26]. However, while most studies have focused on the accuracy of the
particular metrological method employed, few have used multiple methods in tandem to
characterize the dimensional accuracy of an AM process.

Previous work that revealed the dimensional deviation of a single beam width line
melt and the optimization of an assembled structure were presented to ASME [27,28]. The
purpose of this paper was to quantify the dimensional accuracy at different length scales
in the EB-PBF process and identify sources of deviation for further improvement. Two
experiments were conducted using Ti-6Al-4V powder, where the meso-scale experiment
produced step and ramp specimens that measured variation based on layer topography,
thickness, and build location, and the macro-scale experiment produced tapered box beams
that had been topology optimized and used a 3D laser scanner to measure the as-built
geometric dimensional deviation. These experiments demonstrated how important process
optimization is for controlling variation from the initial layers to the final component quality.

2. Materials and Methods

2.1. EB-PBF Process

For the experiments described in this work, all samples were manufactured utilizing
reused gas-atomized Grade 5 Ti-6Al-4V powder, originally obtained from the EB-PBF
machine manufacturer, with a powder size distribution (PSD) of 45–106 μm in diameter.
The EB-PBF process was performed with an Arcam A2X, shown in Figure 1, utilizing the
default parameters provided by the machine manufacturer for Ti-6Al-4V that are organized
into themes. The A2X emits electrons from an electrically heated tungsten filament with
60 keV of power acceleration and a current range from 0 to 50 mA. Because electrons will
interact with atoms in the atmosphere, the process must take place within a high vacuum
(normally 1 × 10−5 mbar) environment; however, a small amount of helium pressure is
applied (2 × 10−3 mbar) to avoid oxygen contamination as well as reduce the amount
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of electrostatic charge buildup in the powder material. Three electromagnetic lenses that
affect the spot shape, size (typically 250 μm in diameter), and position guide the beam
to the powder bed. The method of energy transfer from the electrons to the powder
bed material is by way of kinetic energy with elastic and inelastic collisions. In order to
further reduce the risk of powder overcharge resulting in “smoking,” an unfocused beam
is employed to preheat the start plate and the powder bed prior to using a focused beam
for melting [2,8,29,30].

Figure 1. Image of the Arcam A2X EB-PBF experimental setup along with the build volume input
models of the meso-scale step-ramp experiment and the macro-scale tapered box beam experiment.
The experimental specimens are colored gray, while support features are shown in blue.

Process parameters for the experiments were grouped into four themes defined as
start plate preheat, powder layer preheat, melt, and wafer (for support features). During
the machine setup, the start plate preheat and powder layer preheat themes are set for the
entire build, while the melt or wafer themes are assigned to individual parts, including
supports. For example, the wafer theme parameters create a lower energy-dense beam to
reduce the melt consolidation between layers, so that support features would be easier to
remove in post-processing. A layer thickness of 50 μm was specified for all experiments,
and a 210 mm × 210 mm × 10 mm SS316L start plate was utilized.

The printing process began with the start plate preheating to 730 ◦C, as measured
by a thermocouple located directly beneath the start plate. Once the target temperature
was reached, a layer of powder was fetched from the hoppers and distributed evenly
across the build area by a rake. Every new layer proceeds with a preheat conducted in two
stages defined by the Powder Layer Preheat theme. Preheat 1 scans the entire powder bed
to bring the powder temperature to a “jump-safe” level, and then preheat 2 rescans the
powder where melting is to occur, plus an offset, to further raise the powder temperature
to a “melt-safe” level. Preheat 1 and 2 sinter the powder bed to prevent the powder from
spreading when it is impacted by a focused beam for melting.

Following the preheat phase, the specimen outlines were melted using the contouring
parameters and a spot-melt scan strategy. That was followed by an infill hatching scan,
which rastered the beam back and forth. While contours are performed at a constant beam
power, the hatching scan is continuously varied by four proprietary functions designed to
keep the melt pool properties consistent. The current compensation function sets the beam
current based on the length of the hatch line, while the speed function varies the velocity
based on the beam current for a consistent melt pool size. The turning point function
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reduces the beam energy near the beginning of each hatch line, and the thickness function
reduces the beam energy when melting close to an overhanging surface [24]. All of these
parameters reside within the definition of the melt theme.

2.2. Experimental Design

Some level of distortion in welding and metal PBF is expected, and melting thin sheet
metal was anticipated to amplify the dimension deviation. Therefore, for the meso-scale
experiment, thin step and ramp specimens were designed as shown in Figure 2. The
thinnest specimens started at 0.1 mm (2 layers) and gradually increased in thickness to
0.7 mm (14 layers), while the thicker specimens began at 0.2 mm (4 layers) and increased to
1.4 mm (28 layers). Each specimen was 140 mm long and 20 mm wide. Along the length,
step specimens were divided into 7 steps of constant thickness, increasing at either 0.1 mm
or 0.2 mm increments, while ramp specimens continuously increased from the starting
thickness until reaching the final thickness and maintaining that constant for the final
20 mm. For the step specimens, the thickness-to-length ratio ranged from 0.5% to 3.5%
and 1% to 7% for the thin and thick designs, respectively. Ramp specimens were designed
to have a slope of 0.005 (θ ≈ 0.29◦) and 0.01 (θ ≈ 0.57◦) for the thin and thick designs,
respectively. At these angles, the stair-case effect of the layering process will reveal the melt
topology at every layer.

Figure 2. Meso-scale experiment specimen design illustrating the dimensions of the thin and thick
CAD models of step and ramp.

The build for this experiment manufactured four sets of the four specimens from
Figure 2, and the build volume configuration is presented in Figure 3. The first set of
four specimens were lined up, side by side, 5 mm above the start plate, with skin surface
supports extending to the plate. That same model setup was repeated adjacently but
started at 7 mm above the start plate with supports extending to the start plate. Then that
pattern of eight specimens was repeated at a higher location in the build volume, starting
at 18.4 mm, oriented perpendicular to the previous set. Each upper specimen was provided
with supports matching the first set, extending 5 mm below into the sintered powder but
not extending to any other structures or the start plate. The lower (L) specimens were
numbered L1 through L8, while the upper (U) specimens were numbered U1 through U8.
The odd numbers are ramp models, while the even numbers are step models.
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Figure 3. Meso-scale experimental design showing the side views of the build volume with specimen
labels and build height dimensions of the upper and lower specimen sets. The experimental specimens
are colored gray, while support features are shown in blue.

For the macro-scale dimensional accuracy experiment, a topology-optimized tapered
box beam was selected as the specimen. The box beam design is based on the forward strut
box of a fan case-mounted turbofan engine pylon and scaled down to a size just slightly
larger than the Arcam A2X volume, such that it was necessary to be split into halves and
assembled. Commercially available topology optimization software that contains a propri-
etary implementation of the SIMP (solid isotropic material with penalty) method [31–34]
was employed as a guide for where to place material using mass-minimization criteria.
The result guided follow-on design refinements based on maximum principal stress mini-
mization criteria under bending and torsional loads. Further redesign efforts focused on
elements of Design for Additive Manufacturing (DfAM) criteria such as build orientation,
support minimization, powder removal, and method of assembly. The final design of the
topology-optimized tapered box beam is displayed in Figure 4.

 
(a) (b) 

Figure 4. Macro-scale dimensional accuracy specimen design illustrating the: (a) design space
dimensions; and (b) the final overall shape of the tapered box beam design showing the side view
and bottom view.

Six beam specimens were produced over three builds, two per build, as shown in
Figure 5. The beams are labeled with the nomenclature “Front” (F) and “Back” to distin-
guish their location within the build chamber, with the front being closest to the build
chamber door. By placing the mid-span join furthest from the build plate in the z-direction,
the goal was to magnify any dimensional deviation present in the buildup of the layer-by-
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layer process. The interfacing surfaces at the three joint locations were designed such that
the two halves would slide together axially with a surface clearance of 0.1 mm. This was
done to create a tight fit based on the mechanical-chemical bonding strategy, where the
interfacing surfaces were solution cleaned with acetone, sanded with a diamond rotary
tool, then solution cleaned again, before being bonded using JB Weld and curing while
clamped for >24 h.

Figure 5. Macro-scale tapered box beam experiment: build support strategy and build volume layout
identifying the front and back specimen locations. The experimental specimens are colored gray,
while support features are shown in blue.

2.3. Metrology

The topology of the step and ramp specimens was measured using a Keyence VR-3100
three-dimensional profile measurement macroscope, which utilizes high-intensity LED
light and a 4-megapixel monochrome CMOS to obtain a one-shot fringe projection image.
Fringe projection enables the instantaneous measurement of the length, height, volume,
angle, etc. of a portion of any object. Prior to examination, the specimens were post-
processed using the Arcam Powder Recovery System (PRS). Due to the differing materials
between the steel start plate and the titanium specimens, during cooling the interfacing
welds cracked such that the specimens were removed by hand without cutting. The down-
skin support features were not removed in order to provide a more stable orientation on the
imaging platform, and for each specimen, several images were taken at 40× magnification
and stitched together using the system software in order to capture the entire length.

The geometric accuracy of the assembled topology-optimized tapered box beams was
determined by a 3D laser scan. A Kreon Ace measuring arm, mounted to a calibrated
table, was combined with a Skyline 3D scanner that specifies an accuracy of up to 9 μm.
Each specimen was placed on the table in various orientations while the operator manually
manipulated the scanner by hand, sweeping along the surface of the part without contact
in multiple passes. The scanner utilizes an HD camera and blue laser so that it can measure
reflective materials like titanium, and it generates a dense point cloud to capture the surface
topology with a scan speed of up to 600,000 points per second. Software assembled the
point clouds into a single topological surface per beam and then converted them to an STL
file. Metrology analysis was accomplished using GOM Inspect software, which examined
the parameters of total length and total volume based on an overall best fit compared to
the nominal CAD geometry.
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3. Results

In this section, the results of the multi-scale manufacturing experiments and metrolog-
ical analysis of the step-ramp and tapered box beam specimens are presented. In addition,
witness coupons were also produced to examine the microstructure and tensile properties
of the additively produced samples. These aspects and others are important to consider for
any sort of part or process qualification and are briefly reported in Figure 6. From the SEM
image of the microstructure taken from specimen L2, the dual phase of fine lamellar α and
β that appears as a basket weave (Widmanstätten) is expected from Grade 5 Ti-6Al-4V [35].
The tensile properties reflect a more brittle Ti-6Al-4V, which can be expected from heavily
reused powder feedstock, with only about 4% elongation but very high yield strength (0.2%
offset) of 1097 MPa and an elastic modulus of 103 GPa.

 

(a) (b) 

Figure 6. Properties of the additively produced specimens: (a) SEM image of specimen L2 microstruc-
ture at the 500 μm design thickness (up is the build direction); and (b) tensile properties taken from
tapered box beam specimen builds 1–3, while also displaying comparisons for AMS 4911 and the
maximum design load criteria.

3.1. Meso-Scale Step-Ramp Experiment

The top surfaces of the fringe projection images of step and ramp specimens, L1
through L4, are displayed in Figure 7, with the designed thickness of the layers identified.
From the ramp specimens, L1 and L3, the staircase effect of the layering process is clearly
shown, which also provides the hatching pattern and angle that occurred on every layer.
step specimens L2 and L4 provide a good contrast with large 20 mm × 20 mm melt areas.
On the left-hand side of the specimens L1 and L2, the thinnest 100 μm thickness (two
layers) shows an enormous quantity of pores, many of which contain partially melted or
sintered powder inside. The thinnest layers of L3 and L4 have only a few pores because
they started at four layers thick and can be directly compared with the 200 μm levels in
L1 and L2. Progressing upward in designed thickness, random pores were still present in
various specimens and layers. Typically, these pores were found at the intersection of the
contour and hatch scans, or at what appeared to be the stop or start of a hatch scan.

As observed due to the variation in contrast, there was a lack of uniformity in the
hatching melt at every layer on every specimen. Some hatch lines appeared wide and well
melted, while in some cases, a few millimeters away, the lines are thin and raised such
that they appear to not be touching the adjacent lines. Several hatch lines also appear to
meander along the scan direction. These optical differences are more clearly visualized in
three dimensions, as shown in Figure 8, using an example from L3 at the 550 μm design
thickness. Optically, the shading reveals that very few layers appear to have a completely
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uniform melt despite a constant thermal mass. The 450 μm layer of L1 and L3 appears to
have the most uniform melt, whereas on other layers there exists a significant contrast in
the hatch scan melt, particularly in the ramp specimens L1 and L3.

Figure 7. Set 1 of 4 step and ramp specimens, L1 through L4, from top to bottom, with the designed
thickness indicated in black text starting at the dashed lines.

Figure 8. Specimen L3, Layer 8 (550 μm design thickness), 40× optical image (left), and 3D height
data image (right). This image displays a transition in the scan lines melt quality and surface
roughness within a single layer.

Height data was analyzed to extract a topological centerline profile of the specimens
along their length. This is shown in Figure 9 compared to the CAD file dimensions to
demonstrate the level of dimensional accuracy in the thin and thick specimens. As there
were no perfectly flat regions with which to calibrate a zero plane, the top layer, being
the most consistent, established the zero-reference plane for specimens L1 through L8.
The contour scan created raised ridges around the periphery of each layer, and these are
depicted as sharp spikes in the plot, occurring at regular 5 mm, 10 mm, or 20 mm intervals
depending on the specimen geometry.
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(a) 

(b) 

Figure 9. Upper surface measurements of the lower thin and thick ramp and step specimens:
(a) centerline profile versus the expected CAD geometry; (b) three-dimensional surface height plots
provided as graphical representations of specimens L1 through L8, where the desired behavior is to
gradually transition from blue to red as demonstrated by L3 (colors are not set to the same scale).

As anticipated, these thin titanium specimens were distorted from their CAD geometry.
The only exception was the thicker ramp specimen, L3, which most closely matched the
CAD profile, only deviating by about 50 μm in the thinnest 200 μm region. Specimens
L5, L6, and L7 also showed good agreement with the CAD profile beyond the thinnest
30 mm of the span length, but prior to that point, veered sharply upwards by a total of
600–700 μm. Specimen L1 still resembles a ramp, but distorts downward a total of 300 μm,
from the mid-span to the thinner regions, at a rate of 10 μm in height per mm.

Other than L6, the step specimens (L2, L4, and L8) all displayed a different mode of
distortion from the ramp specimens, indicating the level of dimensional accuracy in EB-PBF
is affected by the geometry being manufactured. Relative to the top step surface, the thin
and thick step specimens deviated sharply upwards at the 5th step, and only a few steps
appear flat. Most of the steps appear to have a different slope, and the total deviation for
L2, L4, and L8 was approximately 1.25 mm, 1.8 mm, and 1.3 mm, respectively, along the
140 mm length.

The remaining upper specimens U1–U8, that were manufactured off of the build
plate with floating supports, showed significantly higher levels of dimensional deviation,
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particularly at the extremities, ranging from 2 mm to 4 mm. Those eight specimens were
distorted to the point that an adequate reference plane could not be established from
which to make direct comparisons. However, the middle thickness regions of the upper
specimens agreed with the CAD geometry, similar to what L3 and L7 demonstrated. Overall,
dimensional accuracy is typically worse when associated with large flat surfaces that are
parallel to the build plane. No two specimens of the same CAD geometry demonstrated
the same distortion behavior.

Shading differences in the upper surface topography in Figure 7 clearly show differ-
ences in hatching scan angles for different layers. It is well known that AM machines will
rotate the hatching angle between layers as a method to reduce anisotropy in the material
microstructures and prevent large grain growth in the build direction. Because the ramp
specimens revealed the hatch topography for every layer, a closer inspection of the hatch
angles was performed with the expectation that the hatching angle would be the same
within any given layer across all specimens. Figure 10 plots the exposed hatch angles for
each specimen for the given design thickness layers.

Figure 10. Hatching scan angles for specimens L1-L8 as measured by visual inspection of the
optimal images.

For example, at the 200 μm level, specimens L1-L4 are all hatched with a 58-degree
scan angle, while L5-8 were hatched with a 70-degree scan angle. However, at 400 μm, L1
and L3 were hatched at a 147-degree scan angle, while the immediately adjacent specimens
L2 and L4 were hatched at a 52-degree angle. While a few degree measurement error may
exist in the accuracy of the visual inspections, it cannot account for a 95 degree difference.
At that particular layer, the machine software chose to melt the ramp specimens, which
were not next to each other, at a vastly different angle than the step specimens. Figure 10
reveals that no two specimens, regardless of the geometry or build location, have the same
hatching angle history, which would explain the variations in dimensional accuracy.

3.2. Macro-Scale Beam Experiment

Following fabrication, the topology-optimized tapered box beam specimens exhibited
a rough as-built surface condition that is typical of the powder bed fusion process. Surface
curvature and space-frame member transitions of the parts in this experiment were smooth,
without facets, and surfaces opposite the build direction that were not supported had a
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rougher surface than parallel or top surfaces. Since the components were at an angle such
that no final surface was parallel with the build plane, a fairly uniform surface condition
was obtained. Support features were manually removed with dykes and smoothed using a
tungsten carbide rotary tool, while both the forward and aft ends of the beam were ground
flat with a belt sander. Figure 11 shows a fully bonded beam specimen as well as a portion
of the 3D scan data showing surface features and missing surface regions. All six beams
were successfully assembled, which demonstrated the geometric accuracy based on a CAD
interface clearance of only 0.1 mm.

 
 

(a) (b) 

Figure 11. Macro-scale specimen of a topology-optimized taper box beam manufactured from Ti-6Al-
4V via the EB-PBF process: (a) Side, top, and bottom view images, respectively, of one assembled
specimen; (b) Example section of scanned STL data from specimen 1F.

A surface-best fit comparison of the six sets of scanned geometry to the CAD model
had good results with alignment despite the absence of datum features. The alignment
primarily matched the middle of the beams, such that the largest deviations in accuracy
were revealed at the forward and aft extremities. Generally, all of the beam specimens were
smaller than the CAD model. When overlaid with the nominal geometry, the outer surfaces
of the scanned data were either equal to or inside the nominal surface, implying the printed
beams had all thermally contracted as they cooled. The contraction is most notable at the
forward and aft ends of the beams, as can be seen in the side views of Figure 12, where
the transparent gray CAD surface protrudes beyond the colored scan surface. Scanned
surfaces were only observed protruding from the CAD model on the inner surfaces of the
beam that are depicted in yellow and red.

Figure 13 displays the results of the length and volume measurements of each of the
six beam specimens. The designed nominal length (L0) from the aft plane to the forward
plane was 378.59 mm; however, the longest specimens, 3B (build: 3, location: back) and
1B (build: 1, location: back), were measured at 376.4 mm, 2.19 mm shorter than nominal.
Specimen 3F (build: 3, location: front) was the shortest of the 6 beams, which measured
376.14 mm, 2.45 mm shorter than nominal. This provides a deviation range across the six
beams of only 0.26 mm. The average length of the six beams was 376.29 mm, which is
2.30 mm, or 0.6%, shorter than nominal, but with a standard deviation of only 0.036%, or
0.10 mm (0.004 inches).
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Figure 12. Example of geometric best-fit surface analysis comparison to nominal CAD using scan
results of specimen 1F. The scanned surface is overlaid with a transparent CAD model, where blue
indicates that the scanned surface resides inside the CAD geometry and yellow indicates that it is
protruding from the CAD geometry.

Figure 13. Plot of the six beam specimens’ total length and total volume as measured from 3D scan
STL files, grouped by build location. For reference, the designed nominal length (L0) is 378.59 mm.

Despite the laser scanner not being able to completely scan all surfaces, a total volume
measurement was still possible and was compared with the nominal CAD volume of
222.11 cm3. Similar to the length parameters, the largest and smallest volume specimens
were 3B and 3F, respectively, where the volume of 3B measured 214.29 cm3 and that of 3F
measured 212.80 cm3, giving a range of 1.49 cm3 (0.09 in3). At an assumed titanium density
of 4.43 g/cc, that reveals a weight variation of 6.6 g (0.015 lbs) amongst the 6 specimens.
The average volume was 213.43 cm3, which is a difference of 8.68 cm3 from the nominal, or
a 3.9% reduction in volume, and the standard deviation was very small at only 0.59 cm3.

Table 1 displays the average and standard deviation of the specimens grouped by
build location. Among those in the same location, the variation is smaller than the overall
range. In Figure 13, the specimens were also grouped by location within the build chamber
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instead of by build number, displaying the beams printed in the front of the chamber
followed by those printed in the back. From this perspective, with the same part geometry,
there is more significant dimensional deviation based on location within a build than from
a series of builds. With respect to length, all the front specimens were shorter than those in
the back, and while there was one back beam that had a volume measurement similar to
the front beams, the average volume of the back beams was higher.

Table 1. Average length and volume measurements of the six topology-optimized tapered box beam
specimens grouped by build location and the CAD nominal values for comparison.

Specimen Group Length (mm) Volume (cm3)

Avg. Front (F) 376.20 213.03
Range Front (F) 0.16 0.60

Std. Dev. Front (F) 0.07 0.27

Avg. Back (B) 376.37 213.83
Range Back (B) 0.08 1.24

Std. Dev. Back (B) 0.04 0.55

Delta Avg. (F−B) −0.17 −0.81
Delta Std. Dev. (F−B) 0.03 −0.29

CAD Nominal 378.59 222.11

4. Discussion

In the meso-scale step-ramp experiment, the anticipated porosity from sparsely sup-
ported melt regions was revealed in the thinnest regions of the specimens. High amounts
of top-layer surface-connected porosity were observed in design thicknesses below 400 μm.
This experiment revealed that the intra-layer melt topology varied with a dynamically
changing hatch angle. Arcam states that their EB-PBF machine control software performs
hatch optimization, such that it will rotate the scan angle to optimize scan lengths. This is
tied into the current compensation function process parameter for the purpose of increasing
productivity by reducing the number of scan lines [24]. It also involves merging scan lines
from different regions and reordering part scans.

However, different hatch angles between components of the same geometry demon-
strated a source of variability. The same model, printed at different z-heights and locations
within the build chamber, will result in differing dimensional deviations if the scan path
of the parts throughout the layers is not identical [7,10]. The hatching history is therefore
akin to weld sequencing for a large weldment assembly. A proper weld sequence will
minimize distortion of the overall assembly, whereas a change in the weld sequence will
change how the weld assembly distorts. Furthermore, a randomized welding sequence
will result in a chaotic dimensional deviation such that no two assemblies will be identical.
That was the case for the step and ramp specimens in this experiment, which is undesirable
for dimensional stability, quality, and repeatability.

From the macro-scale topology-optimized tapered box beam experiment, the most
significant result was that there was more variability from part location within the build
chamber than there was from build to build. As exhibited by the step-ramp specimens,
this was due to each part of the build having a different hatching history. When parts with
identical hatching histories are compared from build to build, the dimensional variability
is reduced. However, the beams were all significantly shorter than the CAD model, such
that the deviation due to thermal contraction dwarfed the level of part-to-part variation by
an order of magnitude. This result indicates that the EB-PBF process is repeatable, and the
beams could have more closely matched the CAD model if they had been compensated for
thermal expansion at the elevated build chamber temperature [21,23].
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The thermal contraction of the titanium beams can be quantified by the overall length
measured from the scanned surfaces. The standard equation for linear thermal expansion
is shown in Equation (1):

ΔL = αL0ΔT (1)

assuming a Ti-6Al-4V linear coefficient of thermal expansion (CTE) (α) to be 9.70 μm/m-◦C
up to 650 ◦C, the predicted change in length (ΔL) at an approximate 625 ◦C change in
temperature (ΔT) is 2.30 mm over the beam span, matching the average 2.30 mm deviation
from nominal. This also led to a non-trivial volume deviation of 3.9% and further stresses
the need for compensating CAD models for thermal expansion prior to converting them to
an STL file to be manufactured in the EB-PBF process. While only Ti-6Al-4V was utilized in
this work, the demonstrated mechanisms of dimensional deviation discussed here would
also be seen with other materials, to varying degrees. Improved accuracy by means of
implementing the same scan path for the same geometry or by compensating the model for
CTE (625 ◦C for Ti-6Al-4V) would not impact the material properties or microstructure.

5. Conclusions

Two experiments were conducted at different length scales, meso- and macro-, to
quantify the dimension accuracy of the EB-PBF process using Ti-6Al-4V and to identify
the sources of variability. The meso-scale experiment used thin step and ramp specimens
to capture deviation as thickness increased, while the macro-scale experiment used a
topology-optimized tapered box beam to ascertain the deviation across the build chamber
and multiple builds. The following conclusions were reached:

• for thin samples of the same geometry, different hatching histories reduced the di-
mensional accuracy, causing random deviations many times the thickness, up to
4 mm;

• for large models of the same geometry, the range of dimensional deviation across three
builds was 0.26 mm;

• the average 2.3 mm deviation from the nominal geometry could have been mitigated
if the tapered box beam models had been compensated for thermal expansion using a
ΔT of 625 ◦C;

• a high degree of geometric accuracy at the assembly level was demonstrated with a
modeled interface clearance of 0.1 mm.

A limitation of this work is that it was only conducted using an EB-PBF system with
Ti-6-Al-4V, and results would likely vary if the same experiments were performed on a
LB-PBF system due to the differences in beam energy and build temperature. Furthermore,
the lack of a datum scheme for the specimen models complicates the repeatability of
the metrological measurements. This work is directly applicable to any metal fusion
processing, which would include laser-based PBF. Future work will involve the study of
changes in microstructure and microhardness with respect to thermal mass as well as the
characterization of internal porosity utilizing μCT.
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Abstract: The use of stress–strain analysis in structural design or mechanical components is critical
for avoiding or investigating structural failures. In the case of complicated designs, mathematical
full-field stress modeling produces imprecise predictions. Experimental analysis can be used as a
replacement for mathematical modeling, but with the use of currently available strain gauges, it is
cumbersome and impossible in the case of moving parts. Mechanoluminescent materials transform
mechanical energy into visible light and can be used as a replacement for strain gauges to monitor
strain/stress. Three-dimensional printing technology has made major advances in terms of additive
manufacturing. In this article, we describe a method to produce an ML 3D print. The fabricated
samples are precise and versatile and satisfy the need for easy and non-destructible spatial stress
analysis. A 3D printed photopolymer sample with SrAl2O4: Eu, Dy particle addition only to the
final layers was tested, and the number of layers was optimized. It was determined that the optimal
number of layers for easy detection is in the range of 10 to 20 layers. It opens the possibility for
the real-time evaluation of complex uneven forces on complex parts, thus having a good potential
for commercialization.

Keywords: mechanoluminescence; additive manufacturing; 3D printing; stress analysis; mechanical
components; non-destructive; full-field strain measurements

1. Introduction

Three-dimensional printing technology is an additive manufacturing technique for
producing a variety of complex structures from three-dimensional models. Manufacturing
and logistics operations can be improved by 3D printing, which has evolved over the years
and includes a wide range of methods, materials, and tools. In recent years, it has made
significant advancements, as the expiration of earlier patents, which allowed manufacturers
to create new 3D printing devices, is one of the key factors contributing to this technology’s
accessibility. Recent innovations have decreased the price of 3D printers, extending their
use in laboratories, schools, and homes. The technology has enabled the production of
functional prototypes, lightweight components, and customized tools, among other things.
New applications are constantly appearing as a result of the constant development of
cutting-edge materials and additive manufacturing techniques, significantly advancing a
number of industries, including engineering and healthcare [1–3]. A need for specialized
stress sensors has also arisen from the use of stimulus-responsive materials in 3D printing,
where printed objects can change shape or qualities in reaction to external stimuli, such
as heat [4], light [5], electricity [6], magnetism [7], water [8], mechanical stress, etc. Stress,
pressure, and capacitive touch sensing have already been extensively used in a variety of
fields, ranging from mobile phones to electronic touch screens, automobiles, and aircraft.

Mechanoluminescence (ML) is the non-thermal emission of light when a material is
subjected to stress; thus, ML materials are capable of transforming mechanical energy into
visible light [9,10]. This method of strain/stress monitoring with ML materials is currently
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under development, and the intensity of ML exhibits a strong correlation with the applied
stress, making it suitable for stress sensing and even mapping the stress distribution.

ML materials have been studied for their potential use in various applications, includ-
ing stress sensing, damage detection, and structural health monitoring [11–15]. They have
been used in the development of smart materials, such as self-healing materials and sensors
for detecting structural changes in buildings, bridges, and other structures. The method
of active strain/stress monitoring with ML materials is currently being developed [16,17].
ML layers are a powerful addition to 3D prototyping, coupled with an optical sensor that
can be used as a real-time stress sensor in a 3D-printed part.

While numerical analysis, such as that performed with COMSOL, can provide a simu-
lated approach to stress distribution in parts [18,19], there are often significant differences
between a computer model and an experiment that can be created by effects that are unac-
counted for, such as sample warping during printing. This can lead to imprecise results,
and the extensive testing of parts is usually required before they can be implemented in
final assemblies. Conventional stress sensors, such as piezoresistive stress sensors, are
commonly used for this purpose. However, they are not always suitable, particularly in
cases where the part is in motion, such as rotating gear. Furthermore, conventional stress
sensors only provide information about the stress at the point, line, or interface where the
sensor is applied, and do not provide a full picture of the stress distribution within the
mechanical part. Therefore, alternative methods of stress sensing have been sought. The
incorporation of mechanoluminescent layers into 3D-printed parts, along with an optical
sensor, offers a promising solution for real-time stress sensing and mapping in 3D-printed
parts. This technology provides a non-destructive method for detecting stress in various
parts of a complex design, including moving parts, and can offer valuable insights into the
stress distribution within the printed structure.

This article explores the possibility of adding ML powder (SrAl2O4: Eu, Dy) to the final
layers of a 3D-printed mechanical part, along with a method for real-time stress mapping in
the printed part. The number of layers with ML particles that are most efficient is deduced
in terms of the ML intensity and the spatial resolution. This research has the potential to
advance the field of 3D printing and provide valuable insights into the stress distribution
of printed structures.

2. Materials and Methods

While calculating the stress–strain analysis in uniform, elementary objects are relatively
simple, obtaining an analytical solution for more complicated geometric shapes becomes
difficult. Our method is preferred for determining structural weak points in components
with non-uniform stress distribution. A model was developed with the goal of generating
non-linear stress distribution during deflection. A dog-bone similar shape was chosen
with the dimensions of 100 × 30 × 7 mm. The center is 12 mm wide, a spline function is
employed to form the desired shape, and 3 circular cutouts (radius of 5 mm) are added
to create structural weaknesses. The aforementioned shape is shown in Figure 1. Large
cutouts at both ends of the designed shape serve no purpose other than reducing the overall
amount of photopolymer used during LCD stereolithography.

The model was created with Fusion 360 and sliced with Chitubox v1.9.4. The printing
parameters were as follows: layer height of 0.01 mm, bottom exposure of 20 s, exposure of
5 s, movement speed of 110 mm/s, lift distance of 5 mm, and rest time of 5 s. It is important
to keep the layer height low while printing with a polymer and ML particle mixture, as
the particles absorb a considerable part of UV illumination. Overall movement speed was
irrelevant, but a pause (rest time) between layers had to be implemented due to the mixture
having a higher viscosity than a pure photopolymer and taking longer to fill the void left
by the previous layer.
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(a) (b) 

Figure 1. (a) Used dog-bone-like design as seen in Fusion360; (b) sample with 20 luminescent layers
30 s after UV excitation.

Multiple research groups have extensively examined strontium aluminate [12,16,20,21],
which is among the most studied materials with long-lasting and predictable, repeatable
afterglow and ML properties. Therefore, this material was chosen as the ML powder for
this research. Prints were made with a conventional and affordable stereolithography (SLA)
printer Elegoo Mars 2 Pro. Before application, the polymer and ML powder mixture was
stirred with Heathrow Scientific Vortex for 30 min, after which it was poured into the
reservoir. Transparent ABS-like photopolymer purchased from the printer’s manufacturer
Elegoo was mixed with monoclinic SrAl2O4 powder (purchased from Sigma Aldrich)
activated with 1 at% Eu2+ and 2 at% Dy3+ at a ratio of 20 to 1. A preliminary study was
performed that determined that the ratio produces samples reliably without meaningful
surface defects. Considerably higher concentrations do not suspend for long enough
within the photopolymer during printing and settle faster than is desirable. The bulk of
the sample was printed with pure photopolymer because, during a bending flexural test,
only the outermost layers are subjected to stress. The inner structural layers can be pure
photopolymer for cost-saving purposes. For the final N layers (2, 5, 10, 20, 30), the holding
vat was removed, cleansed with pure ethanol, and filled with the polymer and ML particle
mixture, resulting in a 0.02–0.30 mm thick ML layer. For samples that were meant to contain
more than 5 layers of the luminescent material, the print was paused every 5 successful
layers and stirred to facilitate the highest achievable particle distribution homogeneity. If
the sample displayed any surface defects or fractures during the rest time of the print, the
procedure was stopped and restarted from the beginning.

A custom-built measurement apparatus that is capable of deformation and the collec-
tion of the emitted light and can provide the precise measurement of displacement, the
load applied to the sample as well as the sensitivity to light was employed to measure ML.
The setup and working principles of this system are described in detail in [22]. The system
is designed around a leadscrew-driven cart system. Three-point flexural tests [23] were
performed with the aid of a Nema 23 stepper motor coupled with a 1 to 10 planetary gear
set to amplify the force generated. An SFU2005 ballscrew is connected to the gearset shaft
with a rigid coupler. A 3D-printed mount connects the ball-bearing cart and the screw nut
on the lead screw. The mount is equipped with a load pin with a diameter of 15 mm and a
height of 30 mm. The constructed system moves with an accuracy of 6 ± 2 μm per step.
Measurements were performed by capturing 16-bit pixel depth images with CMOS Blackfly
BFLY–U3–23S6N camera at 2 fps (frames per second) with all built-in image processing
functions disabled. Although the camera supports up to 41 fps, a higher framerate is
undesirable due to the decrease in the dynamic range under low light conditions and
decreased signal-to-noise ratio with the built-in amplifier enabled. Samples were excited
for 60 s with a wide spectrum UV light source (450 nm peak).

3. Results

Both afterglow and ML exhibit the same emission spectrum, indicating that Eu2+ is the
luminescence center involved in both temperature and stress-induced recombination. The
emission spectrum of the material is a typical Eu2+ emission spectrum [16,24–26]—broad
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emission band with a maximum at 530 nm (green light) under UV excitation arising from
the luminescent 4f65d → 4f7 transition. The Eu2+ luminescence centers are involved in both
temperature and stress-induced recombination because both the afterglow and mechanolu-
minescence have the same spectrum. The sample exhibits afterglow that is comprised of
two components—fast decay and slow decay. The afterglow is very predictable in the same
circumstances (mainly temperature). The fast decay arises from charge carrier thermal
release from the trapping centers, and the slow decay arises from the emptying of the
energetically deeper trapping centers booth by thermal energy and the tunneling of the
charge carriers (electrons) to the luminescence center; it is believed that it might also be
the mechanism that is responsible for the observed ML during deformation [12,20,27–30]
because the probability of tunneling is distance dependent.

A delay between the sample illumination and spatial intensity acquisition was imple-
mented to avoid over-exposure of the CMOS camera during intensive afterglow [21]. The
fast component of Eu2+ center decay has a significantly higher intensity than that of ML
observed during deformation, and it became hard to distinguish ML from the background
signal. Therefore, measurements were initiated 3 min after the end of UV irradiation. A
shorter delay will yield a lessened ML signal when corrected by subtracting the background
signal (further contrast), and a longer delay will make the ML signal more distinguishable
at the expense of overall signal intensity.

Luminescence intensity was recorded during one loading-unloading cycle. A region
of interest was cut out of the acquired images spanning the length and width of the sample
and was integrated to display the change in luminescence intensity. Figure 2a shows the
light emission increase as a result of applied stress; for illustrative purposes, afterglow
emission was subtracted to highlight the ML. Figure 2b shows the corrected signal and
deflection of the sample. High response to even small deformations (starting from 1.6 mm
deflection) was observed. No plastic deformation was observed in the range of deflections
used. The resulting increase in luminescence emission is clearly distinguishable and visible.

  

(a) (b) 

Figure 2. (a) Integral luminescent emission in one loading–unloading cycle of the 3D-printed sample
with 10 luminescent layers; (b) deflection of sample and illustration of ML without background
afterglow of SrAl2O4: Eu, Dy.

The measurement error was estimated by repeatedly performing the same measure-
ment under identical conditions. To evaluate measurement repeatability, samples were
deformed by 6 mm in an identical experimental environment. It was assumed that the
degradation of the photopolymer is statistically insignificant for a population of 10 mea-
surements and the expected value is constant. As no operator input was necessary during
repeated tests, it was assumed that the deviation from the average value directly represents
the inconsistency of the system itself. The residual from the calculated average contrast is
shown in Figure 3. The coefficient of variation was determined to be 4.98%. It was assumed
that the overall error of the constructed system would not exceed 10% of the absolute
measured value and was added to Figures 4 and 5.
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Figure 3. The estimation of the contrast measurement error is 4.98%, based on calculating the relative
standard deviation after numerous repetitions of a single loading–unloading cycle.

 
Figure 4. Contrast of ML for samples with N (2, 5, 10, 20, 30) layers changing maximum deflection
with an upper estimate of the measurement error of 10%.

 

 
(a) (b) 

Figure 5. (a) The integral luminescence intensity of 3D-printed samples with different counts of ML
layers; (b) the normalized contrast for 8 mm deflection; points are connected with a spline function
for illustrative purposes; the red region represents the estimated 10% error.

For rapid development purposes, it is important to determine the optimal number
of layers for stress distribution visualization. Since ML additives are multiple times more
expensive compared to photopolymers, a cost-saving measure was implemented, where
only the outer layers during a 3D print are filled with ML particles. There are several
reasons as to why this was deemed not to impact the final result. The layers that are closer
to the neutral axis are subjected to smaller strain and in turn, their contribution to the overall
ML signal is proportionally smaller. As the particles will settle eventually, fewer layers will
require less interruption of the print procedure and manual mixing. Therefore, a few layers
close to the surface of the sample will provide the highest contrast due to being as far from
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the neutral axis as possible, but due to the absence of luminescent material, the amount of
light emitted during ML is harder to perceive and distinguish from the background signal.
During the determination of the optimal number of layers, the contrast was calculated
by subtracting the afterglow intensity from the peak observed during deflection. Results
are shown in Figure 4. Samples were not mutually normalized to focus on the easiest-to-
detect ML signal. If measurements are normalized, the highest contrast is observed for the
samples with a smaller amount of ML layers, but it requires a sensitive registration device,
which would prove to be inaccurate if less sensitive equipment is used. Figure 5 displays
the difference between overall intensity and the determined contrast during ML.

From experimental observations, the highest cost performance is achieved by im-
plementing no fewer than 10 surface layers printed from a mixture of SrAl2O4: Eu, Dy
and photopolymer at a ratio of 1:20. Samples containing 10 luminescent layers displayed
almost the same ML contrast as the sample with 20 layers, though slightly higher, but it
can be disregarded within the determined margin of error. Samples with 5 and 2 layers
have drastically weaker overall luminescence intensity, and the contrast decreases around
3 times when compared to the achievable luminescence with 10 and 20 layers. The sample
with 30 layers has the brightest afterglow and, as mentioned previously, has a reduced
contrast due to the elevated baseline from layers weakly contributing to the effect of ML.
Due to the relatively high cost of ML powder and the fact that the ML signal is strong
enough to be noticeable, using fewer than 10 layers of the ML powder and photopolymer
mixture is feasible.

The main point of interest in this research, however, is not the integral ML intensities
response to strain, as that was already proven as an indication of deformation amplitude
by other researchers. Here, we set the main focus on the spatial real-time visualization of
mechanical stress. Spatial stress distribution can be deduced in real time by employing
the same method described in one of our previous works [23]. For samples with a low
contrast, it is possible to rely on the linearity of ML. When a sample is subjected to a
constant stress gradient (deformed with constant speed), the rise in intensity is linear,
which is observable in Figure 2b as well as in the research by other groups [12,16,24]. By
taking each pixel of the image or a region of interest and performing a linear fit over
time, the slope in the linear regression formula represents the intensity change during
deformation. A simpler approach can be employed in cases with high contrast. ML is a
form of stimulated luminescence; any photon released during mechanical interaction is
produced at the expense of afterglow. By observing the change in light intensity between a
frame during deflection and the beginning of the fast decay right after the end of mechanical
interaction, depleted regions can be observed. Due to the fact that ML intensity is related
to the absolute stress to which the sample is subjected, it is reasonable to anticipate that the
depleted regions are directly linked to surface regions subjected to higher stress. Figure 6a
shows the described difference in registered light intensity by subtracting the two frames.
Minor image inconsistency is expected due to the reflective surface of the load pin. Figure 6b
shows the theoretically calculated von Mises stress distribution. The calculated values are
not applicable to the printed samples and are not provided since distribution is geometry
related and the absolute value is dependent on the material property.

The distribution that was theoretically calculated and the obtained image match well.
Theoretical calculations were performed with COMSOL Multiphysics. The geometry used
for calculations was imported from the same file used for the 3D printing of the samples.
To minimize the degrees of freedom, a number of simplifications were introduced. It is
impossible to create a true-to-life model with no limitations since the calculation will never
converge. The supporting pins were considered to be rigid bodies that could be replaced by
a fixed-end constraint. The loading pin was modeled as an ideal rigid cylinder. The sample
consists of layers. The anisotropic mechanical properties were ignored, and the sample
was assumed to be isotropic. The surface layers are a composite structure with anisotropic
properties, which may be dependent on print parameters. The resolution of acquired
frames was reduced to decrease the noise of the image. The reduction was performed by
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adding together values of 9 pixels arranged in a 3 by 3 square region. If further resolution
reduction was applied, the overall image noise would decrease, but the surface features
of the sample would become harder to distinguish. If a good print can be achieved with
an ML particle-to-polymer ratio higher than 1:20, it would lower the image noise and the
number of layers necessary to estimate surface stress distribution.

  

(a) (b) 

Figure 6. (a) Obtained image after subtracting two consecutive frames; (b) numerical model of
stress distribution.

4. Discussion

A novel method for visualizing structural weak points is tested and proven to be viable.
The additive manufacture of ML scaled-down models in rapid development settings could
provide unforeseen benefits. Three-dimensional printing of a prototype design and its
observation with a camera is incomparably faster than performing theoretical calculations
with the same accuracy required for a reasonable conclusion. The experimentally acquired
stress distribution map is comparable to theoretically calculated models and encourages
further methods’ refinement for applications in practical circumstances. Further studies
should focus on optimizing the ratio between photopolymer and ML material. The most
effective excitation required for SrAl2O4: Eu, Dy luminescence is within the same spectral
range as the photopolymer hardening; therefore, complementary research might determine
the deterioration of the photopolymer. In the scope of this investigation, no meaningful
change in mechanical properties was observed for the tested samples.

To make stress visualization with additive manufacturing more compelling for indus-
trial applications, a combination of ML particles and polymers could be sought. Long-term
UV exposure might cause the current combination to degrade, and ML particles further
from the surface layers might not be excited and consecutively would not contribute to the
observable ML.

Discrepancies between theoretical calculations and empirical observations might be
caused by anisotropic mechanical properties. In Figure 6b, the local maxima in the von
Mises stress can be observed around the outermost circular cutouts. The absence of intensity
change in Figure 6a might be caused by the nonlinear force transfer between the layers and
the fact that the layers observed have ceramic particles embedded. The observation of ML
implies that either the polymer has adhered to the particles or a strong enough compressive
force acts upon them.

Theoretical calculations were performed with the finite element method. This study
focuses on von Mises stress. Similar research in the field has shown that a correlation
between ML and maximal tensile stress and shear stress exists [12]. The von Mises stress
is a measure of the equivalent stress in a material, taking into account tensile and shear
stresses. While principal stress could be used as well, as it displays the stress component
acting along the principal axis, it is a measure of the maximum and minimum normal stress
on a material, while the von Mises directly visualizes the surface disruption magnitude
while subjected to external forces and is not material property dependent.
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5. Conclusions

A method for additively manufacturing mechanoluminescent samples by employing
stereolithographic 3D printing was developed. Stress visualization and determination
with an empirical method have immense potential in the rapid development phase of any
production or construction process. The elimination of structural flaws in components or
structural elements intended for industrial or civil applications has the potential to prevent
design errors that would otherwise go unnoticed, given the complex nature of theoretical
calculations. A complex 3D model was created, and theoretical stress distribution was
calculated by COMSOL. The theoretical stress distribution during loading was compared
to empirical measurements—the model was 3D printed with several finishing layers of ML
powder, and the ML intensity was mapped during deformation. It was concluded that the
empirical stress distribution obtained from a direct measurement method is in accordance
with the calculated von Mises stress distribution and can therefore be improved for more
complex technological uses. It was discovered that it is feasible to just apply ML powder to
the top layers of the print for the sake of material conservation. The number of ML layers
for the best ML contrast was found to be 10 layers. Future research into the appropriate
ratio of ML particles to photopolymer has the potential to significantly reduce production
costs even more.

This approach has the potential to be a valuable contribution to computational stress–
strain analysis. It enables the real-time measurement of complicated unequal stresses on
complex parts, resulting in a high commercialization potential.
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Abstract: Challenges caused by design complexities during the design stages of a product must be
coordinated and overcome by the selection of a suitable manufacturing approach. Additive man-
ufacturing (AM) is capable of fabricating complex shapes, yet there are limiting aspects to surface
integrity, dimensional accuracy, and, in some instances, design restrictions. Therefore, the goal is
essentially to establish the complex areas of a tool during the design stage to achieve the desired
quality levels for the corresponding injection moulding tool insert. When adopting a manufactur-
ing approach, it is essential to acknowledge limitations and restrictions. This paper presents the
development of a feature-based manufacturability assessment system (FBMAS) to demonstrate the
feasibility of integrating selective laser melting (SLM), a metal-based AM technology, with subtractive
manufacturing for any given part. The areas on the tool inserts that hold the most geometrical
complexities to manufacture are focused on the FBMAS and the design features that are critical for the
FBMAS are defined. Furthermore, the structural approach used for developing the FBMAS graphical
user interface is defined while explaining how it can be operated effectively and in a user-friendly
approach. The systematic approach established is successful in capturing the benefits of SLM and
subtractive methods of manufacturing, whilst defining design limitations of each manufacturing
method. Finally, the FBMAS developed was validated and verified against the criteria set by experts
in the field, and the system’s logic was proven to be accurate when tested. The decision recommenda-
tions proved to correlate with the determined recommendations of the field experts in evaluating the
feature manufacturability of the tool inserts.

Keywords: feature selection; decision-based system; additive manufacturing; selective laser melting;
injection moulding; tool inserts; automotive industry

1. Introduction

Knowledge-based expert systems (KBES), or expert systems, as they are sometimes
referred to, are interactive systems that require expert knowledge. KBES are computer
systems that are capable of imitating intelligent human behaviour in problem solving [1].
The knowledge of an expert system is accumulated through the collective input of experi-
ence and expertise from numerous individual experts. Therefore, the collective experience
of experts provides users with valued recommendations that can assist them in the decision
making process. Expert systems are considered one type of KBES that denotes information
in the form of ‘IF-THEN’ statements until a certain conclusion is reached [2]. Başak and
Gülesin [3] stated that expert systems enhance quality and productivity and decrease
costs. Furthermore, it is understandable that these types of systems are formulated in a
step-by-step structure, where the user is led through the sequence of steps to reach a certain
decision, whilst also comprehending how that decision has been made.
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The purpose of the research presented here was to develop an expert system that
contains expert data regarding the selection process that provides the user with decision
making recommendations for manufacturing an injection moulding tool insert for the
aftermarket automotive sector. SLM has shown promising potential in the fabrication of
injection mould tooling inserts. Numerous researchers have directed their attention over
recent years towards the development of decision-making systems or assessment method-
ologies to generally integrate the benefits of additive manufacturing (AM) technology in
tooling processes with less focus on feature limitations. Therefore, more research must
be oriented towards developing a systematic approach that evaluates the manufactura-
bility feature limitations of SLM technology in comparison to conventional methods and
presenting the challenging outcomes.

Pal et al. [4] discussed a methodology where quality function deployment (QFD) and
analytic network process (ANP) are integrated to convert customer needs into product
technical requirements. The second stage of the study was a decision-making tool used
for prioritising the engineering requirements based on customer needs for selecting and
evaluating an appropriate rapid prototyping (RP) approach for fabricating a rapid casting
tool. Nagahanumaiah et al. [5] presented a systematic approach for manufacturability
analysis of moulds produced by rapid tooling (RT) methods, the approach being founded
in three phases: mould feature manufacturability, secondary elements compatibility, and
cost effectiveness. The geometric features of the mould core and cavity were evaluated
for manufacturability using a fuzzy analytic hierarchy process (Fuzzy-AHP) methodology,
as geometric compatibility for manufacturing a feature is characterised by a ‘pass’ or ‘fail’
approach. Another study proposed an AM manufacturability assessment approach that
incorporates the use of automated feature recognition from the original CAD model with
established process knowledge to optimise process outputs for metal AM processes [6].

Additional work has been conducted by Nagahanumaiah et al. [7], where a computer-
aided RT process selection and manufacturability evaluation methodology was presented
for injection moulding. The process selection supports mould cost estimation models and
process capability databases. The model is based on a QFD process capability mapping
with a set of tooling requirements that are prioritised through a pairwise comparison using
AHP. In the work of Nagahanumaiah and Ravi [8], a generic approach was investigated
for using grey relational analysis to quantify the effect of different moulding process
variables on selected quality parameters for parts produced from direct metal laser sintering
(DMLS) moulds. Data for dimensional error and weight difference were normalised, often
called grey relation generation, to define the relationship between the desired and actual
experimental data.

Kerbrat et al. [9] developed a methodology that estimates the complexity of tools using
manufacturability index calculations based on octree decomposition for machining and
AM. In this approach, areas with the most complexity are focused on and the calculated
indices indicate which areas are advantageous for machining or manufacturing via an AM
process. In this case, tools are seen as separate single modules that are further assembled.
Townsend and Urbanic [10] related AM with computer numerical control (CNC) machining
in a holistic approach for design and manufacturing, which defines the strength and
weaknesses of each process. Moreover, for any given criteria, one of the processes shows a
distinct advantage over the other. The processes are mapped simultaneously to the geometry
and function of the part with regard to process strength. In the referred study, modules were
created to group part geometry, and process selection was determined to fabricate the modules.
Functionality is associated with part geometry; hence, this systems approach proposed applying
an AHP model that quantifies decision making for process selection.

Ponche et al. [11] proposed a numerical chain based on a new design for AM (DfAM)
methodology detailing both design requirements and manufacturing specificities. The qual-
ity of the parts produced is significantly affected by the physical phenomena occurring
during AM fabrication. Therefore, the methodology proposed in the work offers a new
DfAM approach detailing design requirements and manufacturing specifications right
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from the part design stage, which allows for the optimisation of geometry for thin-walled
metal parts. However, the work of the study conducted was restricted to extruded parts.
Zhang et al. [12] proposed an evaluation framework in which quantitative indicators were
defined according to the design needs of the specific AM process to convey information
from the process planning for improving the design. Referring to the user’s manufacturing
requirements, the purpose of the framework is to check whether a designed part is suitable
to be fabricated using AM processes.

Design and manufacturing are the key considerations for developing a product, and
recently, combining additive and subtractive manufacturing technologies has gained much
attention. In the design process, design rules are set and defined to take account of various
manufacturing constraints. Different definitions have been recommended by previous
research for machining features with different viewpoints. Başak and Gülesin [3] reviewed
earlier studies concluding that a feature-based design involves defining all the necessary
information in a database regarding part geometry, surface topology, dimensioning, and
tolerances. Other studies considered a feature used in computer-aided design (CAD) as
a geometric shape, and based on the type of application, it can be defined as geometric,
manufacturing, or an assembly feature.

Sormaz and Khoshnevis [13] defined a machining feature as a volumetric geome-
try that is machinable in a single operation, but expressed concerns due to restricting
the definition to the removal of material volume. Wang [14] proposed a machining fea-
ture definition that entails surface features, geometrical features, and volumetric features.
Givehchi et al. [15] added to the definition the state of the feature boundary representation.
Le et al. [16] adopted a definition that describes a machining feature as a geometrical
shape with a set of specifications that can be acknowledged by at least one machining
process. Zhang et al. [17] proposed a definition for AM features in the same manner as
machining features for which at least one AM process is known. The definition is based
on the characterisation of AM processes that has an impact on build orientation and PBF
in particular, which can manifest important effects on surface roughness and mechanical
properties. Therefore, in this work, the manufacturing feature definition from the work of
Le et al. [16] was adopted, which refers to both AM and machining features.

For the purposes of this research, design features with relevance to the scope of work
for additive and subtractive manufacturing technologies were defined and are presented in
Table 1 [18–20].

Table 1. Design Feature Illustrations and Definitions.

Design Feature Illustration Definition

Hole
A hole feature originates from a rounded profile. Hole types include

‘through’, ‘blind’, and ‘tapered’.

Slot
A slot is a perimeter that has a constant centre line and width. Slot types
include ‘blind’, which are contoured with two ends, and ‘through’, which

pass completely through the part.

Pocket
A pocket is a feature with an open or a closed perimeter often called an

open pocket or a closed pocket. Pocket types include ‘through’ and ‘blind’.

Boss Extrude
A boss extrude feature adds to the area of the surface through extrudes

above the planar surface.

Freeform Pattern
Any feature that has multiples that can be grouped together to create a

pattern design. They can be machined as individual features or as a pattern.
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Table 1. Cont.

Design Feature Illustration Definition

Fillet
Fillets are rounded corners. A curve created at the intersection of two or

more faces.

Sharp Edge A sharp edge on the external side of a body.

Undercut
An undercut refers to a feature that is described as a non-visible recessed

surface that is inaccessible using a straight tool.

Tapping Tapping is responsible for creating screw threads in a hole.

Negative draft
In a part viewed from a plan view, the side walls are tapered towards the

bottom; the internal dimension at the bottom has a larger dimension
compared to the top.

2. System Development

During the design stage, the designer is free to explore different “design for manu-
facturing” approaches, such as design for subtractive manufacturing (DfSM), DfAM, and
design for hybrid manufacturing (DfHM), given that access to the manufacturing systems
is available. Therefore, the first step after the CAD design of a tool insert is developed, is for
the designer to analyse its manufacturability. When developing the FBMAS, the following
specifications and limitations are considered for the GUI development.

2.1. Recognising System Specifications and Limitations

The following are the targeted system specifications:

• Applying the feature-based system to assist users in defining and evaluating manufactura-
bility limitations of a given tool insert based on a set of predetermined features criteria;

• The system is feature-based, evaluating the tool insert as multiple features and provid-
ing recommendations according to rules in the “IF-THEN” format that are constructed
in the knowledge base. The “IF” part includes the condition clauses and the “THEN”
part includes the resulting sentences;

• Feature specifications of diameter to length ratios are derived from SECO [21,22];
• The separate feature recommendations are processed to provide the user with a generic

part recommendation;
• The system is interactive in assisting the user to assess the feature-based manufacturability

limitations and provide recommendations for which manufacturing technique to use.

The main limitations set for the developed feature-based system were:

• The only technologies that the FBMAS can be applied (i.e. will be limited) to are SLM
for AM, CNC machining, die-sink electric discharge machining (EDM) and wire EDM
for subtractive manufacturing;

• The rules set for the system were constructed on the basis of individualisation, with
overlapping features being outside the scope of this research;

• The maximum part size allowed for this system is associated with the maximum vol-
ume of commercially acknowledged SLM machine systems (e.g., SLM Solutions [23];
500 mm × 280 mm × 850 mm). The build platform wall allowance is understood
based on technical user experience;
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• The critical features identified for this study are limited to hole, slot, pocket, boss
extrude, and freeform pattern (refer to Table 1);

• The maximum number of designs of a feature allowed for this system is five designs—
this rule applies to each of the features individually;

• Economic cost factors were disregarded in this research.

2.2. Graphical User Interface

The FBMAS architecture is a fixed-inflexible system that can only provide the user with
what the developer has predetermined for the system. The system was developed using
Matlab (MathWorks, Matlab academic version R2017a). The logic of the system comprises
fixed rules that define the design constraints provided by human experts. Those design
rules was set for SLM and the subtractive manufacturing methods as focused by the FBMAS.
Figure 1 provides a schematic illustration of the general FBMAS structure.

Start

Inputs

Part Size

Hole

Slot

Pocket

Boss Extrude

Freeform
Pattern

Features Sub routine

Output
Recommendation

End

Figure 1. Schematic diagram of the FBMAS general structure.
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The user is required to input the necessary information for each feature in the form of
queries in the GUI for the different defined feature designs. The system then formulates
the information and returns an output to the user with the decision recommendation for
each feature design. After all identified features are assessed, the FBMAS displays a list
of the individual feature decision recommendations and the overall recommendation for
the part manufacturing. Figure 2 displays a graphical illustration of the FBMAS from the
initialisation stage to displaying the recommendations.

Figure 2. Graphical illustration of the FBMAS from initialisation stage to displaying recommendations.

2.2.1. FBMAS Main Initialisation

Figure 3 illustrates the primary screen that appears to the user when the FBMAS is
initialised. In the first screen, there are two main panels, and the user is requested to input
the necessary information for all fields in both panels.

The first panel comprises inquiries about the main part sizes. The maximum part
length, width, and height were set to 500 mm, 280 mm, and 850 mm, respectively. The max-
imum part dimensions specified in this research were based on the maximum featured
commercial SLM system on the market that is capable of efficiently producing large-
volumetric-size metal components. The user must enter values for the three dimensions.

Depending on the rules and the constraints set for the maximum part size, the returned
queries are checked with the design constraints as shown in the system logic in Figure 4.
A decision recommendation is fed to the designer for the injection mould tool insert to
be manufactured using subtractive technologies in the likelihood that the insert cannot
be separated into smaller modules. If the insert design can be separated into individual
modules, the user is recommended to separate the part before any further evaluation is
conducted. After the recommendation message is displayed, the system terminates, and
each module evaluated is treated as a separate entity.
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Figure 3. Initial screen of the FBMAS.

Figure 4. Size constraints.
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As for the second panel, the user is obligated to specify the features that are identified
for the given tool insert. For the purpose of clarification, each feature is accompanied with a
sneak-peek descriptive 3D illustration providing affirmation of the user’s feature selection.
After the features are selected, the designated feature screens are activated for the user.
At this stage, the next button activates the system to screen the constraints, and in case
one of the constraints is met, the user is provided with a valid recommendation on how
the insert should be manufactured. Otherwise, the next button activates the subsequent
screens relying on the features selected from the third panel.

2.2.2. Design Features

In the likely event of a hole feature being selected, the user is approached with multiple
inquiries. First, in a separate page, the user is prompted to input the number of different
hole designs (as shown in Figure 5).

Figure 5. The user is prompted to enter the number of hole designs.

The maximum number of a given group of feature designs allowed for this system is
five. For example, the maximum number of different designs for a hole feature is five—the
same rule applies to all features of the FBMAS.

After the user inputs the number of hole designs, they are driven through a sequence
of questions to identify the features’ criteria and limitations. Those limitations are gauged
through a set of logical rules that have an impact on the choice in manufacturing technology.
The resulting recommendation decision for the hole feature page is saved, to be displayed
in the recommendation list page. The recommendation list page is displayed at the end of
the system after all the features of the insert are evaluated. If the user identified that there
is more than one hole design, then the system is prompted to open the same number of
design pages as specified by the user. Figure 6 displays the hole feature design page that
appears to the user when a hole feature is selected in the initial page.

A set of questions are listed in the page, and the user has to provide an answer to
each question. The questions generated are the result of the compiled design information
obtained from inquiries and investigations conducted with experts in the automotive
industry. First, the user is questioned to determine whether the hole has a negative
draft. Therefore, if the user identifies that there is in fact a negative draft, a decision
recommendation is displayed for the hole feature.

At this point, evaluating the rest of the feature criteria after a decision recommen-
dation is made is unnecessary, because the outcome from the evaluation dominates any
other outcome that may follow. If the user acknowledges this feature criterion, then a
decision recommendation is displayed to indicate that a negative draft is not achievable
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using any subtractive method of manufacturing. Figure 7 is an example of the decision
recommendation displayed.

Figure 6. Hole feature main page displayed for the FBMAS.

Figure 7. Example of a displayed design feature recommendation.

However, if the abovementioned feature criterion is not present, then the logical flow
of the system continues to evaluate the rest of the feature criteria. Further on, the user is
required to answer a set of questions that inquire whether there is an undercut feature or
not; if the user agrees that there is in fact an undercut feature, more questions have to be
answered. First, the user is required to input the undercut hole diameter, followed by the
undercut depth, and finally the length of the undercut feature.

Certain design limitations must be taken into account; for this, FBMAS design rules for
SLM and subtractive technologies were the founding base for the selection system. It was
found that the minimum diameter that SLM technology can accomplish for an open feature
is 1 mm [24–26]. For subtractive technology, design guidelines were acquired and validated
through experts in the automotive industry for the production of injection moulding tool
inserts [27,28]. Creating an undercut feature requires the use of a T-slot cutting tool with
specific diameters, as shown in Figure 8. The minimum hole diameter recommended is
10 mm, and the maximum is 20 mm; otherwise, it is considered a pocket. If the user inputs
a value lower than 10 mm or greater than 20 mm, a message appears to direct them to
input a valid undercut hole diameter. The length L of the undercut varies depending on
the diameter that corresponds with the length of the T-slot cutting tool. The depth of the
undercut is derived from the equation:

Undercut depth =
(Dc − Dm)

2

where Dc is the diameter of the cutter and Dm is the diameter of the tool shank.
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Figure 8. Illustrative undercut diagram.

Therefore, if the user assumes that there is an undercut feature and the required infor-
mation is entered, then the system proceeds to analyse and assess the design rules that are
defined for the undercut feature. Furthermore, a decision recommendation is displayed for
the user identifying the proper manufacturing technology to seek. The system proceeds to
enquire about other hole feature limitations. If no undercut is detected, the user is queried for
the existence of hole tapping. If the user affirms, the following question examines the tapping
size. According to the user’s response, a decision recommendation is displayed if a limitation
is detected; otherwise, the system resumes and enquires about additional limitations.

At this point, if none of the previous hole features presented a defined limitation,
the decision system proceeds to enquire about the hole diameter. The minimum open
feature diameter that can be accomplished by the SLM technology is 1 mm. However, for
subtractive manufacturing, hole diameter and depth are associated with the cutting tool
dimensions; therefore, it is important to signify the ratio of hole diameter to depth as a
design limitation. The minimum permissible hole diameter is 1 mm, and the maximum is
20 mm. If the user enters a value outside the permissible range, a message appears, alerting
the user to input a valid hole diameter. If the hole diameter exceeds 20 mm, a message is
displayed for the user to refer to the pocket feature.

The user is required to enter the hole diameter, and the FBMAS system is responsible
for assessing the information entered. Depending on the value submitted for the diameter,
the system prompts the user to answer a question. For example, if the user enters a value of
1 mm for the hole diameter, the system proceeds to enquire whether the ratio of diameter to
length is 2:1. If ‘yes’, a decision recommendation is displayed, but if ‘no’, another question
appears to check if it is a blind hole. Figure 9 displays an example of the prompted question.

Figure 9. Example of question prompted by the system.

After the FBMAS enquires about all the defined hole feature limitations for each of
the identified hole designs, the decision system proceeds to enquire about limitations that
are detected in the subsequent design features in the same manner as the hole feature.
The logical sequence in which the questions are arranged is dependent on the significance
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of each feature criteria to the decision making process. The slot feature is the next in the
main logical flowchart.

During investigations for this research, it was shown that injection moulding tool
inserts for automotive applications are most likely complex in design. In definition, the term
complex means that multiple features are mutually integrated in one component, requiring
the use of multiple manufacturing methods to achieve the desired design. Referring back
to the slot feature design page, the user is asked whether the slot feature has sharp-edged
corners. To create a sharp-edged corner, the user can either select the use of SLM technology
or a subtractive manufacturing approach. To establish which subtractive manufacturing
approach to use, the user has to determine whether the slot is through or blind. Then, EDM
methods are attempted. Depending on the type of slot, for example if it is through, then
wire EDM is recommended; otherwise, if the slot is blind, conventional die-sink EDM is
recommended. Consequently, the system is guided to question the presence of an undercut
in the slot feature. The slot feature follows the same design rules as the hole feature design.
Moreover, the maximum undercut slot diameter is 25 mm; otherwise, the user is advised to
refer to the pocket feature.

The pocket feature is the third feature in the system’s logic and is assessed in the same
manner as the previous design features discussed. The fourth feature in the FBMAS is the
boss extrude. After the user selects the boss extrude feature from the main initialisation
page, the feature design page is prompted. The FBMAS is executed to assess feature design
limitations depending on the information entered by the user. First, the user is requested
to enter the number of different boss extrude group features. According to the number of
designs entered, design pages are opened subsequently. For each design page, the user is
asked to fill out the enquiry fields. The user is asked whether there are any sharp-edged
corners or corner fillets less than 1 mm in diameter.

If no constraints are identified, the FBMAS enquires about the spacing between the
boss extrude feature and the nearest wall. Furthermore, the FBMAS checks if the height
to width ratio of the boss extrude feature is more than 8:1; if the user confirms, then SLM
technology is disqualified as a potential manufacturing technique.

A freeform pattern feature is simply multiple repetitions of an individual design
feature. Significantly, the feature diameter is the key design criterion to query so as to assess
design limitations for a freeform pattern feature. First, the user is asked about the number
of freeform pattern designs. The same set of design rules for a feature diameter query was
followed in the previous design features. The pattern diameter is directly associated with
the feature’s depth. Therefore, the design ratios were followed by the FBMAS to assess
the adequate manufacturing technique for implementation. The minimum permissible
diameter for CNC machining a freeform pattern design is 0.25 mm. The user is required to
enter the diameter, and the system is responsible for assessing the input. Depending on the
value submitted for the diameter, the system prompts the user to answer a question about
the ratio, and according to the answer, a decision recommendation is displayed. If the user
enters a value outside the permissible range, a message appears alerting the user to input a
valid diameter.

2.2.3. Feature and Part Decision Recommendations

The decision recommendation page is the last stage of the FBMAS. At this point, the
user has initiated all the necessary feature design pages that are of relevance to the part
under consideration. In the recommendation page, each feature is displayed in the upper
tab menu. When the user presses on one of the feature tabs, a display of the identified
design groups of a given feature are displayed. For each design group specified by the user,
a decision recommendation for the manufacturability of the given feature is presented,
along with an explanation of limitations. Figure 10 shows the recommended decision for
five hole feature design groups. These recommendations provide the user with an insight
into the different capabilities and limitations of the defined manufacturing technologies in
this system when it comes to design feature manufacturability.
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Figure 10. Design recommendation page of the FBMAS.

3. System Verification and Validation

The verification of the system was established by inspecting the logic of the developed
FBMAS. To validate the system for the purpose of supporting the fabrication of injection
moulding tool inserts for the automotive industry, the process for the case studies was
conducted in consultation with a stakeholder from the industry. The output decision
recommendations of the FBMAS were compared with actual decisions made by the ex-
perts consulted to assess how well the system works. Considering how verification and
validation are related to the development process of the FBMAS, Figure 11 displays the
modelling paradigm. The paradigm is adopted from the simplified version illustrated by
Sargent [29] for the verification and validation of simulation models.

The principal knowledge was captured to correspond with the need of this study.
The real-life design evaluation process is the problem entity that needs to be modelled.
The logical depiction of the system is the conceptual model, and the programming of the
conceptual model is the computerised model. To develop the conceptual model, extensive
analysis and flowchart modelling was carried out to validate compliance with the actual
system. Verifying the computerised model ensures that the computer programming and
implementation is conducted with no faults. Operational validation was carried out
with sufficient experimentation to ensure that the model’s outcome provides accurate
results as intended in actual situations. Finally, in this work, data validity throughout all
stages of the verification and validation process was performed to ensure that the design
feature limitations are correctly defined and represented. The two main verification and
validation techniques acquired in this work are event and extreme condition tests. In the
“event” test, the model was run to depict similarities with the real-life system. As for the
“extreme condition” test, the outcome should be perceived as acceptable regardless of the
extreme inputs to the system [29].
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Figure 11. FBMAS verification and validation paradigm [29].

3.1. System Verification

Prior to utilising the developed FBMAS, the system had to be examined to verify that
it operated accurately. The verification process was executed in several stages. Initially, the
logic and interface of the system were verified through the different stages of system
development. Furthermore, after completion of the system development, it was examined
as a whole to ensure that it worked properly.

Different scenarios were established to examine the system’s performance when subjected
to different inputs and the effect of these variations on the system’s outputs. Input variations
were mainly set to the part size and presence of a given feature. To test the systems operation,
variations in part size and feature existence were determined for the FBMAS to acquire the
expected output. To verify the accuracy of the system’s performance, the same criteria were
tested manually to compare and ensure that the same results were acquired.

As an example for the verification process, the system was tested in various scenarios
of entering different part size values. Firstly, the system was tested under extreme con-
ditions where the input data provide plausible outputs for unlikely, extreme conditions.
For example, if part size in any of the X, Y, and Z directions is zero, a message is displayed
to state that a valid part size must be entered. Other event scenarios are were outwith
part sizes above and below the SLM design limitations of 500 mm, 280 mm, and 850 mm,
respectively. The results retrieved from the FBMAS were similar to those results determined
from manually processing the system. Changing the inputs results in correspondingly
altered outputs.

This system verification method was carried out multiple times to ensure the reliability
of the FBMAS in accurately following the programmed logical design rules. Additionally,
the same verification approach to test for feature manufacturability evaluation was used.
Another event scenario was the system being fed with inputs that are known to provide a
decision recommendation for manufacturability using SLM technology, and we checked
that the output provided an accurate outcome. This method was followed to trace all
the possible logical approaches of providing numerous inputs to the FBMAS and retrieve
plausible outputs. We compared the outputs retrieved through the verification process
of the FBMAS with the manual process at various stages through the development of the
FBMAS. In continuously seeking to verify the system at all stages, errors were effortlessly
detected and corrected instantaneously.
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3.2. System Validation

The primary purpose for validating the FBMAS was to ensure that the system provides
realistically feasible outcomes, assisting users in evaluating the manufacturability of the
design features of injection moulding tool inserts for the aftermarket spare parts automo-
tive industry. This approach ensures that the knowledge of experts for SLM technology
and subtractive manufacturing techniques are accurately captured and constructed within
the structure of the developed FBMAS. Design constraints were set to outline limitations
that exist for the defined methods of manufacturing. Those constraints were defined by
industrial experts and conform to the design constraints that do actually exist and cause
manufacturing restrictions. Three industrial injection moulding core or cavity inserts were
selected from the industry to validate the system. The case studies were selected by the
experts to test the system’s decision outcomes compared with the actual outcomes due
to challenging limitations faced during manufacturing. The selection of the case studies
was conducted under supervision and consultation of the industrial experts who have
hands-on experience in the manufacturing of injection moulding tool inserts for the after-
market automotive industry. El Kashouty [30] described the case studies comprehensively;
nevertheless, in this work, the reflector study is discussed concisely.

4. Discussion

The study under review is for a headlamp reflector. The reflector is a standalone part
that is not assembled to fit any other component. Figure 12 shows the product.
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Figure 12. Reflector product, dimensions in (mm).

4.1. Manufacturability Assessment

The core tool insert for the reflector product was manufactured using two approaches,
both subtractive and AM. Initially, the 3D CAD model (as shown in Figure 13) was prepared,
and the core insert was CNC machined using a tapered-end mill with a 0.25 mm diameter
and shank diameter of 3 mm to achieve the required sharp-edged freeform pattern design,
although the required tip diameter was set to be sharp edged.

Figure 14a,b demonstrate a simplified design of the repetitive pattern of the core
insert. Acquiring a tapered-end mill with a diameter of zero was impossible. Therefore, the
CNC-machined insert did not deliver the stipulated results in accordance with part quality
and accuracy. Furthermore, experts confirmed that if only subtractive methods are targeted,
using die-sink EDM manufacturing techniques will deliver more satisfactory results.
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Figure 13. Reflector’s core tool insert, dimensions in (mm).

(a) (b)

Figure 14. (a) A simplified view of the repetitive pattern of the core insert. (b) The reflector product
with a simplified view of the repetitive pattern attached to the core.

The second approach for manufacturing was to use SLM technology. The core insert
was successfully fabricated; moreover, minor postprocessing was required to achieve the
desired surface finish. It was confirmed by experts that SLM offered positive results in
fabricating the identified design features with no limitations.

4.2. Core Insert Features Evaluation Using FBMAS

The core’s feature specifications were fed to the system and the possible decision
recommendations were processed and displayed by the FBMAS. The acknowledged design
features fed to the FBMAS were the minimum freeform pattern diameter. The identified
pattern design requires that the base have a diameter of zero, as shown in Figure 15.

The user enters the identified features, and the freeform pattern design page is dis-
played. The user inputs the required information and presses the next button to display the
decision recommendations, as shown in Figure 16. The FBMAS states that to manufacture
the freeform pattern design of the core insert, it is recommended to use SLM technology as
the ideal manufacturing technique, as opposed to subtractive manufacturing. The FBMAS
recommendations conform to the recommendations indicated by the consulted experts,
given the availability of the manufacturing systems.

Results obtained by Kashouty et al. [31] successfully demonstrate that employing
SLM technology for producing tool inserts with complex surface topology proved to be
an effective and efficient alternative to subtractive manufacturing. Significant benefits in
terms of surface roughness, dimensional accuracy, and product functionality were achieved
through the use of SLM technology for the fabricated tool inserts in comparison to their
CNC counterparts.
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Figure 15. Detailed view of core insert.

Figure 16. Reflector’s decision recommendation.

5. Conclusions

The work presented in this paper discussed the systematic approach for developing
the feature-based manufacturability assessment system. The areas on the tool inserts that
hold the most geometrical complexities to manufacture are focused on each manufacturing
method, whilst defining their design limitations. The methodical description of the system’s
logical operations was clearly recognised through the presented segments of the flowchart
and applied through the GUI. The main logic which the system follows is “IF-THEN” rules,
used to define design limitations that assist users in determining the proper manufacturing
method for the tool insert under consideration. The conditions of the “IF-THEN” are
based on constraints set by the operations of SLM technology and the defined methods of
subtractive manufacturing in the system. The system focuses on identifying the outcome
through decision recommendations for the individual design features as well as the whole
part in question. It was noted that the developed FBMAS decision recommendations
proved to be in correspondence with the decision recommendations of the field experts in
evaluating the feature manufacturability of the tool inserts. The developed FBMAS was
self-verified against the criteria set by the field experts. The system’s logic was proven to
be accurate when tested. Selected tool inserts assisted in the validation process, exhibiting
variability in the type of design feature validated for each study.

The developed FBMAS was verified, and the system’s logic was proven to be accurate
when tested. For the reflector’s core insert, it was shown that the required base pattern
must have a sharp-edge tip; therefore, the FBMAS recommended that the core insert
be manufactured using SLM technology. Addressing the system’s specifications and
limitations provided the user with a focused insight into the positive outcomes of evaluating
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the tool insert’s feature manufacturability, although there are other aspects to consider
when selecting the adequate methods of manufacturing a tool insert. The FBMAS decision
recommendations proved to correspond with the decision recommendations of the field
experts in evaluating the feature manufacturability of the appointed tool inserts.
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3. Başak, H.; Gülesin, M. A feature based parametric design program and expert system for design. Math. Comput. Appl. 2004, 9, 359–370.
[CrossRef]

4. Pal, D.K.; Ravi, B.; Bhargava, L.S. Rapid tooling route selection for metal casting using QFD-ANP methodology. Int. J. Comput.
Integr. Manuf. 2007, 20, 338–354. [CrossRef]

5. Nagahanumaiah; Ravi, B.; Mukherjee, N.P. Rapid tooling manufacturability evaluation using fuzzy-AHP methodology. Int. J.
Prod. Res. 2007, 45, 1161–1181. [CrossRef]

6. Stavropoulos, P.; Tzimanis, K.; Souflas, T.; Bikas, H. Knowledge-based manufacturability assessment for optimization of additive
manufacturing processes based on automated feature recognition from CAD models. Int. J. Adv. Manuf. Technol. 2022, 122, 993–1007.
[CrossRef]

7. Nagahanumaiah; Subburaj, K.; Ravi, B. Computer aided rapid tooling process selection and manufacturability evaluation for
injection mold development. Comput. Ind. 2008, 59, 262–276. [CrossRef]

8. Nagahanumaiah; Ravi, B. Effects of injection molding parameters on shrinkage and weight of plastic part—Produced by DMLS
mold. Rapid Prototyp. J. 2009, 15, 179–186. [CrossRef]

9. Kerbrat, O.; Mognol, P.; Hascoet, J.Y. Manufacturing complexity evaluation at the design stage for both machining and layered
manufacturing. CIRP J. Manuf. Sci. Technol. 2010, 2, 208–215. [CrossRef]

10. Townsend, V.; Urbanic, J. Relating additive and subtractive processes in a teleological and modular approach. Rapid Prototyp. J.
2012, 18, 324–338. [CrossRef]

11. Ponche, R.; Kerbrat, O.; Mognol, P.; Hascoet, J.-Y.Y. A novel methodology of design for Additive Manufacturing applied to
Additive Laser Manufacturing process. Robot. Comput. Integr. Manuf. 2014, 30, 389–398. [CrossRef]

12. Zhang, Y.; Bernard, A.; Gupta, R.K.; Harik, R. Evaluating the Design for Additive Manufacturing: A Process Planning Perspective.
Procedia CIRP 2014, 21, 144–150. [CrossRef]

13. Sormaz, D.N.; Khoshnevis, B. Modeling of manufacturing feature interactions for automated process planning. J. Manuf. Syst.
2000, 19, 28–45. [CrossRef]

14. Wang, L. An overview of function block enabled adaptive process planning for machining. J. Manuf. Syst. 2015, 35, 10–25. [CrossRef]
15. Givehchi, M.; Haghighi, A.; Wang, L. Generic machining process sequencing through a revised enriched machining feature

concept. J. Manuf. Syst. 2015, 37, 564–575. [CrossRef]
16. Le, V.T.; Paris, H.; Mandil, G. Extracting features for manufacture of parts from existing components based on combining additive

and subtractive technologies. Int. J. Interact. Des. Manuf. 2018, 12, 525–536. [CrossRef]
17. Zhang, Y.; Bernard, A.; Gupta, R.K.; Harik, R. Feature based building orientation optimization for additive manufacturing.

Rapid Prototyp. J. 2016, 22, 358–376. [CrossRef]
18. LaCourse, D. What is Feature Detection Machining; MecSoft Corporation: Irvine, CA, USA, 2017.

132



Designs 2023, 7, 68

19. Thornton, V. Glossary of CAD Terms. In Material, Reference; Goodheart-Willcox Co., Inc.: Tinley Park, IL, USA, 2017.
20. Solidworks Essential Manual; Dassault Systémes SolidWorks Corporation: Waltham, MA, USA, 2012; pp. 1–512.
21. SECO. Catalog & Technical Guide 2019.2 Solid End Mills; SECO: Fagersta, Sweden, 2019.
22. SECO. Catalog & Technical Guide 2019.2 Holemaking; SECO: Fagersta, Sweden, 2019.
23. SLM Solutions Group. SLM 800—Large Format Selective Laser Melting; SLM Solutions Group: Lübeck, Germany, 2017.
24. EPMA. Introduction to Additive Manufacturing Technology; EPMA: Chantilly, France, 2013.
25. Renishaw PLC. Educational Article—Design for Metal AM—A Beginner’s Guide; Renishaw PLC: Gloucestershire, UK, 2017; Volume 44.
26. Diegel, O.; Nordin, A.; Motte, D. Design for Metal AM; VTT Technical Research Centre of Finland Ltd.: Espoo, Finland, 2017.
27. Drake, P.J., Jr. Dimensioning and Tolerancing Handbook; McGraw-Hill: New York, NY, USA, 1999.
28. Henzold, G. Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection, 2nd ed.; Elsevier Ltd.:

Amsterdam, The Netherlands, 2006; ISBN 0-7506-6738-9.
29. Sargent, R.G. Advanced Tutorials: Verification and Validation of Simulation Models. In Proceedings of the 2011 Winter Simulation

Conference, Phoenix, AZ, USA, 11–14 December 2011; pp. 183–198.
30. El Kashouty, M.F. Development of a Novel Feature Based Manufacturability Assessment System for High-Volume Injection

Moulding Tool Inserts. Ph.D. Thesis, Lancaster University, Lancaster, UK, 2020.
31. Kashouty, M.F.E.; Rennie, A.E.W.; Ghazy, M.; Aziz, A.A.E. Selective laser melting for improving quality characteristics of a prism shaped

topology injection mould tool insert for the automotive industry. Proc. Inst. Mech. Eng. Part C J. Mech. Eng. Sci. 2021, 235, 7021–7032.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

133



Citation: Bello, N.D.; Memari, A.M.

A Structural and Thermal

Comparative Review of 3D-Printed

Wall Shapes. Designs 2023, 7, 80.

https://doi.org/10.3390/

designs7030080

Academic Editor: Obeidi

Muhannad

Received: 17 May 2023

Revised: 4 June 2023

Accepted: 7 June 2023

Published: 19 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

A Structural and Thermal Comparative Review of 3D-Printed
Wall Shapes

Nicholas D. Bello 1,* and Ali M. Memari 2

1 Civil Engineering Master of Science, The Pennsylvania State University, University Park, PA 16802, USA
2 Architectural Engineering and Civil and Environmental Engineering Departments,

The Pennsylvania State University, University Park, PA 16802, USA; amm7@psu.edu
* Correspondence: ndb5283@psu.edu

Abstract: This article explores several aspects of the three-dimensional concrete printing (3DCP)
industry. More specifically, it begins with a literature review discussing the background of this
technology. This literature review also explores several of the challenges that the industry is currently
facing. In this way, a knowledge gap is identified. More specifically, there are few studies that have
explored the structural and thermal performance of typical walls printed in this industry. Therefore,
we used the simulation tool in SolidWorks to examine the structural behavior of several different wall
types when pressure was applied to the exterior face. In addition to this, the thermal performance of
different wall types was also studied in SolidWorks by applying a temperature difference between the
exterior and interior faces of each wall. For example, one wall shape in this study had minimum factor
of safety of approximately 100 due when a load was applied, and the same wall lost approximately
212 W due to the temperature difference applied in this study. Finally, SolidWorks was used to
calculate the moment of inertia of the cross sections of several of these walls, which helped to provide
a better understanding of each wall’s structural rigidity.

Keywords: 3D printing concrete; structural analysis; thermal analysis; SolidWorks

1. Introduction

The construction industry is constantly aiming to improve, and as a result, new
innovations are constantly being created. One of these innovations introduced in recent
years is three-dimensional (3D) concrete printing (3DCP). The 3D concrete printers act
in a similar manner to other forms of 3D printers that are commonly used throughout
society [1]. Instead of printing plastic, 3D concrete printers extrude concrete from their
nozzles, following the designated path of the programmer [1]. More specifically, the
programmer inputs the desired path of the nozzle using a computer-aided design (CAD)
software, which the machine then translates into a path so as to print the given shape by
stacking concrete layers on top of each other [1]. More specifically, companies that utilize
3DCP extrude concrete to create a wall outline and cavities (similar to formwork) [1]. The
cavities present in these printed shapes are then filled with concrete and/or insulation [1].
Nevertheless, there are several companies at the forefront of this new technology, each
utilizing a different arrangement of concrete and insulation inside the wall.

With 3DCP being such a new technology, there has not been substantial research into
the effects of each company’s different wall configurations. Thus, the main objective of
this study was to determine the structural and thermal performance of several different
wall configurations. An examination of online resources, the literature, and other sources
helped us to determine the wall shapes that are used in the industry.
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2. Literature Review

2.1. Background of the 3DCP Industry

According to Zhang et al. [2], a certain construction industry issue that has increased
in severity in recent years is related to the migration of individuals to urbanized areas [2].
Of the current issues, none are more severe than the inability to find qualified workers, the
overuse of construction materials, and even the safety of construction workers [2].

As a result, researchers across the world have developed possible solutions to help
the construction industry to overcome these problems. In 1997, Joseph Pegna originally
developed the idea of concrete that could quickly be cured [3]. Then, in 2002, Behrokh
Khoshnevis developed the idea of extruding concrete layer by layer to create a formwork
which can later be filled with cast concrete [2,3]. This process is now known as contour
crafting [2,3]. In more detail, Elfatah discussed several advantages that are possible within
the 3DCP industry, including the improvement of the construction time, the creation of more
elaborate designs, improvement of the accuracy of construction, and even reductions in
construction waste [1]. Since these ideas were initially developed by Pegna and Khoshnevis,
concrete printing technology has grown significantly. More specifically, universities have
begun testing and research using this technology [3]. Additionally, several companies
throughout the world have started to use 3D printing technology to construct buildings.

2.2. State of 3DCP Technology

As mentioned above, there are universities and companies currently engaged either
in R&D related to 3DCP or in the actual construction of buildings with printed walls [3].
As for the process of 3DCP, initially, the users of the technology must start by mixing their
concrete [4] using water, and then they must pump the concrete into the printer’s head [4].
As it stands, there are two main printer types: the robotic arm style and gantry style [1].
In a gantry-style printer, the printer head sits on a metal frame, which has the capability
of moving the printer head on all three axes [1]. On the other hand, a robotic-arm-style
printer places the printer head at the end of an arm, which is connected to the main podium
of the printer [1]. This printer has the ability to extend and contract its arm and rotate in
order to print concrete [1]. After the concrete is pumped into the printer’s head, it will flow
through the nozzle, which deposits the concrete onto the printing surface [4]. Though this
is how a typical gantry-style printer works; other printer types follow a similar process [4].
As previously mentioned, the concrete is extruded onto the desired surface and built up
layer by layer to create a formwork in contour crafting [2,4]. However, through the work of
researchers, many challenges have already been addressed in an attempt to improve 3DCP.
For example, researchers and users of 3DCP have been able to identify several printing
characteristics that affect the effectiveness of the extruded concrete.

First, pumpability is a characteristic that has been extensively studied in 3DCP [5].
Verian et al. defined pumpability as “the ease and reliability with which material is moved
through the delivery system” [5]. Additionally, printability is another characteristic that
affects the quality of printed concrete [5]. This term refers to the ease with which concrete
flows out of the nozzle of the printer [5]. Buildability is another key characteristic of printed
concrete, which is defined as the printed concrete’s “resistance to deformation under
load when it is not fully cured” [5]. Clearly, this is an essential characteristic of printed
concrete, as extruded concrete is not fully set by the time additional layers are extruded on
top of the previously printed layers [5]. In summary, researchers have highlighted these
characteristics, which are important for construction quality using this technology [5].

Additionally, bonding between subsequently printed layers has been a point of em-
phasis for researchers. For example, Verian et al. [5] stated that they developed a means to
reduce cold joint forming between subsequent layers, regardless of the time between the
printing of subsequent layers [5]. To increase the bond between layers, Verian et al. [5] sug-
gested applying a primer to the previously printed layer directly before the next concrete
layer is printed, which, accordingly, increases the bonding between layers. Developments
such as these are key to the advancement of this technology and allow the material to
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behave even more effectively. In fact, Buswell et al. [6] outlined some key developments,
such as achieving a density as strong or even higher compared to that of cast concrete.

The 3DCP industry also faces the challenge of improving the durability of printed
shapes [6]. For example, Buswell et al. stated that cracking can propagate through printed
structures due to shrinkage [6]. In other words, after concrete is extruded from the printer’s
nozzle, it hardens and shrinks, which leads to cracking in the structure [6]. Buswell et al.
also stated that this is due to the elimination of forms during the curing phase of the
concrete [6]. As a result, the printed concrete is exposed to its surroundings while curing [6].
Although the removal of concrete forms is beneficial for the construction industry, shrinkage
and durability concerns must be addressed.

Additionally, researchers have examined the effect of incorporating insulation into
these concrete printed structures [7]. Dey et al., in particular, completed an experiment
showing the effect of including insulation in 3DCP structures [7]. In this experiment, printed
concrete slabs were heated from one side, and then the thermal inertia of the slab was
measured with and without insulation [7]. In conclusion, it was found that the presence of
insulation increased the thermal inertia of the slab, meaning that the temperature difference
between the exterior and interior surfaces was higher when insulation was present versus
when no insulation was present [7]. Pessoa et al. introduced several hypotheses, such as
that of placing insulation inside cavities to further enhance the thermal performance of
these walls and, at the same time, limit thermal bridging [8].

As previously mentioned, the 3DCP industry is attempting to improve sustainability
in construction and reduce material waste, which currently plagues this industry [2].
Reducing construction waste is especially important for the 3DCP industry, as concrete and
brick are the two materials that contribute most to construction waste [9]. In this regard,
a study conducted by Wu et al. discussed the use of construction waste as a replacement
for cement [9]. Aligning with the overarching goals of the 3DCP industry, this new type of
mixture has the potential to be used in the 3DCP industry [9]. During the study conducted
by Wu et al., it was found that ground brick and concrete waste are viable replacements
for part of the cement and sand that is typically used in a concrete mixture [9]. More
specifically, Wu et al. concluded that it is best to use ground concrete and brick waste
to replace 10% of the concrete’s cement and 10% of the concrete’s sand [9]. Innovations
such as these are increasingly being studied in the construction industry as a whole and
have potential to be used in the 3DCP industry and to further one of its overarching
goals (sustainability).

2.3. Knowledge Gap in the 3DCP Industry

Despite all of this development, there are still many unknowns in the concrete printing
industry. As previously mentioned, there are several companies currently using the concrete
printing techniques discussed above, and many of these companies utilize different wall
shapes. However, it remains unknown how the shapes of the walls change their structural
and thermal behaviors when filled with cast concrete and insulation. More specifically,
many studies have been conducted throughout this industry in regard to the consistency,
strength, and other parameters of concrete that is used for 3DCP. However, very little
research has been conducted on the effect that each unique shape has on the wall’s structural
and thermal behaviors. As a result, the goal of this study is to determine the structural and
thermal behaviors of different walls according to the shapes that they take. In this way, the
wall shapes can be compared and contrasted.

3. Study Setup in SolidWorks

3.1. Structural Study Setup in SolidWorks

In order to determine the structural and thermal behaviors of each wall, SolidWorks’
simulation tool, which uses finite element analysis, was used to analyze models based on
the applied conditions [10]. The printing process starts with the printing of the formwork
using a specific type of 3D printer, which is usually either the gantry frame type or a robotic
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arm system [1]. Once the formwork has been printed, the appropriate cavities are filled
with concrete or insulation [1]. To model these walls in SolidWorks, each wall’s formwork
and cavities were initially sketched and modeled in SolidWorks. The overall shape of each
wall was determined and created based on online images provided by different companies,
the literature, and other resources. As the exact dimensions of each company’s wall were
unavailable, each wall was sketched using an estimation of certain dimensions based on
these photos. It should be noted that the exterior and interior faces of every wall were
connected via a continuous piece of concrete to close the sides of each wall. This allowed
us to remain consistent for every wall modeled and to see how the overall shape of each
wall affected its behavior. Additionally, there were several constants maintained for each
wall so as to compare and contrast the walls more accurately. For example, each wall was
taken to have an overall length of 1.8034 m (71 in.), an overall height of 2.438 m (96 in.),
and a depth of 0.3048 m (12 in.). Additionally, each layer of concrete was taken to have a
thickness of 0.0381 m (1.5 in.). Furthermore, each edge of the wall was filleted to avoid
local “singularities”, which are defined in SolidWorks as unbounded stress values caused
by sharp edges that occur during finite element analysis (but do not appear in the real
world) [11,12]. To verify that there are no local singularities in each wall, SolidWorks’ built-
in hotspot detection function can be used (using its default settings). This function runs
throughout the entire model to ensure that there are no singularities present throughout
the model during the structural study of each wall [13].

Once the concrete portions of each wall had been modeled, the material proper-
ties were assigned to each model to accurately represent the behavior of a concrete wall.
For this purpose, the properties of concrete were researched, and then these properties
were assigned to a new material created in SolidWorks. First, a compressive strength
of 27,579,000 Pa (4000 psi) for the concrete was found in the software database [14].
It should be noted that this value is towards the upper limit of the range defined by
the companies in the industry for the compressive strength of their printed materials
(between 2000 psi to 3500 psi) [15]. Then, the elastic modulus was found, according
to Section 19.2.2 of the ACI 318 Code (http://aghababaie.usc.ac.ir/files/1506505203365.
pdf and https://mattia.ir/wp-content/uploads/2020/10/ACI-318R-19.pdf; accessed on
28 December 2022), using the equation 57,000 × (compressive strength in psi)1/2, which
yielded a value of approximately 25,000,000,000 Pa (about 3,600,000 psi) [16]. Additionally,
Poisson’s ratio was taken to be 0.2 [14]. Then, the shear modulus was found using the equa-
tion elastic modulus/(2 × (1 + Poisson’s ratio)), which yielded a value of 10,420,000,000 Pa
(1,511,293 psi). Additionally, the density and the tensile strength were found to be
2402.77 kg/m3 (150 lb/ft3) and 3,447,000 Pa (500 psi), respectively [14]. Finally, the thermal
conductivity and the specific heat were found to be 3 W/m·K (1.734 BTU/h·ft·◦F) [17] and
750 J/kg·K (0.179 BTU/lb·◦F), respectively [14]. As for the failure criterion, Mohr–Coulomb
stress was used, since this is more accurate for brittle materials (such as concrete) [18]. All
of these values were assigned to a material that we defined and called “concrete” in the
SolidWorks software (which can be found in Figure 1), and we then assigned the properties
of this “concrete” to the concrete that was previously defined and modeled (as discussed
above). In this study, concrete was defined as a linear elastic material. Though, in ten-
sion, this is true until failure, in compression, concrete is linear and elastic up to the point
where it nonlinearly reaches its ultimate compressive strength [19]. It was noted that the
stress–strain curve of concrete is linear elastic up to approximately half of its compressive
strength [20]. Therefore, for this study, the linear-elastic portion of concrete’s stress–strain
curve was used to evaluate the stiffness of different walls while still uncracked. Thus, the
compressive strength was taken to be 2000 psi, and the tensile strength was taken to be
500 psi, which were considered as the failure points for this study. This showed the stiffness
of uncracked sections and displayed the weak points in each wall, as well as the overall
behavior of each wall before cracking occurred.
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Figure 1. Creation of Concrete Material Properties.

Once the “concrete” material had been created and assigned to the model, the struc-
tural study (also called simulation in SolidWorks) could be set up. The first step in this
process was to create fixities in the model. For this study, it was determined that the top
and bottom faces (sections) of the wall would be fixed (could not move in any direction).
These fixities could produce results most similar to the real world, because the bottom of
the wall was connected to the footing embedded in the ground (thus being unable to move
in any direction), and the top of the wall was connected to the concrete slab of the roof (e.g.,
for a single-story building), which was also assumed to be unable to move in any direction.
Though this top portion may be able to move slightly in a building, it is more conservative
to assume that it cannot move in any direction, as it results in larger wall end moments due
to such fixity. For this reason, both the top and bottom of the wall were assumed to be fixed.
Next, a pressure of 717.25 Pa (14.98 lb/ft2) was applied to the exterior surface of the wall
in the direction towards the interior of the wall. The value of this pressure was calculated
using the wind pressure equation from ASCE 7-16, assuming a wind speed of 90 mph,
C exposure category, and II risk category [21]. This calculation can be found in Table 1.
It should also be noted that each abbreviation in Table 1 represents a specific parameter:
Kz is the coefficient based on velocity and pressure at height z of the structure, Kzt is the
topographic factor of the region, Kd is the factor based on the direction of the wind, Ke is
the factor based on the ground’s elevation, V is the wind velocity used for the study, and
qh is the calculated pressure of the wind perpendicular to the wall. These parameters were
chosen for the walls due to their use in the real-world applications of companies using this
technology to print the walls of one-story homes using these wall shapes [22]. After the
results were recorded using this pressure, a separate pressure of 717.25 Pa (14.98 lb/ft2) was
applied in place of the previous pressure to the exterior surface of the wall in the direction
away from the interior of the wall.
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Table 1. Calculation of Pressure Using ASCE 7-16.

Variable Value ASCE 7-16 Section

Kz 0.85 26.10.1
Kzt 1 26.8.2
Kd 0.85 26.6
Ke 1 26.9

V (mph) 90
Exposure Category C 26.7.3

Risk Category II 1.5–1
qh (psf) 14.98 26.10–1
qh (Pa) 717.25 26.10–1

As mentioned above, the main goal of this study was to determine the flexural ability
of different walls based on their shapes. In order to do this, a pressure was applied to the
exterior face of each wall, as discussed and calculated above. However, it is recognized
that there are other factors that determine whether or not a wall will fail. For example,
factors such as extreme wind loads in hurricanes, earthquake loads, and support settlement
(due to low soil-bearing capacity) could be limiting factors for the safety of a wall. Though
these considerations are recognized for the actual design of buildings, the main goal of this
study was not to analyze these behaviors. Instead, a study of the behavior of each wall,
with the same applied wind pressure inducing tensile and compressive stresses in the wall
models based on the wall’s shape alone, was the main objective. Then, since this was a
comparative study, the results for each wall were compared and contrasted to those of the
other walls studied. In this way, weak points in specific walls (due to their shape), relative
to other walls, could be identified.

Following the applied loads, the object was meshed in SolidWorks, allowing us
to perform finite element analysis. In general, the default mesh options were used in
SolidWorks to create the mesh. However, certain characteristics were checked to ensure
that the mesh was of high quality. This means that the tetrahedron that comprises the mesh
of the model possess nodes at the corners of the tetrahedron and the midpoints of the lines
connecting the corners of the tetrahedron [23]. This high-quality mesh allows for more
accurate results during the analysis part of the study [23]. Additionally, after the mesh was
created, the aspect ratio of the mesh was checked. To ensure a mesh of a high quality, 90%
of the elements or more had to possess an aspect ratio of less than 3 based on the longest
and shortest connecting nodes on each tetrahedron comprising the mesh [23]. As a result,
a smaller aspect ratio results in a better mesh because each tetrahedral is more uniformly
shaped [23]. If the mesh generated with the default mesh settings in SolidWorks creates
a mesh with less than 90% of the elements having an aspect ratio of less than 3, a denser
(also referred to as a finer) mesh will be created until more than 90% of the elements have
an aspect ratio of less than 3. This essentially means that the tetrahedron comprising the
mesh will be smaller in size, resulting in more tetrahedrons comprising the mesh.

Finally, the process includes the performance of strength analysis using the
Mohr–Coulomb failure criterion, which provides more accurate results for brittle ma-
terials such as concrete [18] and allows for a factor of safety plot to be generated for the
model for several scenarios [18]:

For principal stresses in tension, FOS =
σtensile limit

σ1
(1)

For principal stresses in compression, FOS =
σcompressive limit

|σ3| (2)
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For σ1 in tension and σ3 in compression, FOS =

(
σ1

σtensile limit
+

|σ3|
σcompressive limit

)−1

(3)

Additionally, SolidWorks helps to define the principal stresses [24], where portions of
a structure can be broken down into smaller cubes, each experiencing normal and shear
stresses [24]. To calculate the maximum normal stresses these cubes experience, SolidWorks
rotates these cubes so that the shear stresses are negligible [24]. At this point, the only
stresses that remain on the rotated portion are the normal stresses [24]. In general, each
face of the cube has a corresponding face on the opposite end of the cube with the same
stress [24]. As a result, there are a total of three different stresses acting on the faces of this
rotated cube, the largest called the first principal stress, the second-largest stress called the
second principal stress, and the smallest called the third principal stress [24], as shown in
the visualization in Figure 2.

Figure 2. Three Principal Stresses on a Cube Element.

Essentially, the factor of safety values show how close each portion of the model is
to failure, where the lower the factor of safety is, the closer that portion of the model is to
failure. To accurately display the strength of the most vulnerable portion of each wall, the
middle portion of each wall (also known as the midplane) must be the focus of the stress
evaluation. Initially, several results, due to each load case, will be shown and discussed,
including an overall plot of the factor of safety for each side of each wall. Then, a plot for
three points along the midplane of the wall will be shown: a plot for the exterior of the
wall, a plot for the interior of the wall, and a plot for the portion of the exterior concrete
meeting the insulation of the wall. Together, these data will help to determine the flexural
ability of each wall and where potential failure points could occur in each wall.

Additionally, with 3D concrete printing being such a new technology, certain assump-
tions must be made due to a lack of information available. For example, some companies
use rebar in cavities of the printed shell parts of their walls and surround this rebar with
cast concrete [25]. However, to remain consistent across walls made by different companies,
no rebar was modeled in this study, because some companies use different spacings and
other companies do not use rebar at all [26]. It should be noted that the effect of rebar prior
to cracking is negligible, and since this analysis considers uncracked sections, neglect of the
rebars for such modeling is reasonable. This enables the overall goal of this study to be met,
i.e., showing the effect that the shape of the wall has on the uncracked strength of the wall.

Additionally, when beginning to print, companies print their overall framework (as
a mold) and leave the cavities open (to be filled later) [1]. Then, once the framework
has been created, companies fill in several of the cavities inside the wall with concrete
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and/or insulation [1]. For this study, the concrete that is later poured into cavities and
the existing extruded concrete from the nozzle (acting as formwork) are assumed to act as
one monolithic concrete component. Furthermore, insulation is ignored in the structural
analysis part of the study. More specifically, the insulation cavity (where insulation is placed
in the wall) is kept as an open void, since insulation provides little to no structural stiffness
or, thus, resistance. Additionally, each wall studied is assumed to possess the same amount
of material strength, so that the only variable between walls is their shape. Finally, since the
main goal of this study is to determine the effect that the shape of the wall, alone, has on
the structural performance, the quality of bonding between subsequent layers of extruded
concrete placed on top of each other is not considered in this study, meaning the assumption
is that there are no cold joints or gaps between layers. Additionally, it was assumed in
this study that the cast concrete core of each wall does not separate (i.e., de-bond) from the
printed formwork under any of the loading conditions considered.

Finally, a total of five different wall configurations were analyzed in this study. The
overall shape of each wall was based on the shapes found in the industry through the re-
search conducted (especially from [22,25–30]). In all, the five walls consisted of a symmetric
two-cavity wall (as seen in Figure 3), an internal small-arched two-cavity wall (as seen in
Figure 4), a zigzag cavity wall (as seen in Figure 5), a trapezoidal cavity wall (as seen in
Figure 6), and an internal large-arched multicavity wall (as seen in Figure 7).

 

x 
y 

Figure 3. Symmetric Two-Cavity Wall Printed Formwork Filled with Concrete, Labeled. Modeled in
reference to [26].

 
x 

y 

Figure 4. Internal Small-Arched Two-Cavity Wall Printed Formwork Filled with Concrete, Labeled.
Modeled in reference to [25].

 
x 

y 

Figure 5. Zigzag Cavity Wall Printed Formwork Filled with Concrete, Labeled. Modeled in reference
to [27,28].
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Figure 6. Trapezoidal Cavity Wall Printed Formwork Model with Fillets and Labels. Modeled in
reference to [29].

 
x 

y 

Figure 7. Internal Large-Arched Multicavity Wall Printed Formwork Model with Concrete Labeled.
Modeled in reference to [22,30].

3.2. Thermal Study Setup in SolidWorks

At this point, the structural wall model (the part of the wall made of concrete) from the
structural study still had an empty cavity present where the insulation was set to be placed.
As a result, the insulation was modeled to fit within the remaining cavities for each wall.
For the modeling of the insulation, the sketch dimensions were based on the remaining
open cavities for each wall. Again, the height of the insulation was taken to be 8 ft so as
to extend from the bottom to the top of each wall. Once the insulation had been modeled,
an assembly was created to fit the insulation into the remaining empty cavity of the wall.
Once completed, the concrete and insulation for this study were both modeled.

Next, the properties of the insulation material (rigid polyurethane foam) were deter-
mined. Since insulation was not used for the structural study, only the density and the
thermal properties of the insulation were defined. The density, thermal conductivity, and
specific heat were defined based on the literature [31], being 30 kg/m3, 0.025 W/m·K, and
1500 J/kg·K, respectively. These properties were then assigned to an insulation material that
we created and gave the name “insulation” in SolidWorks, which can be seen in Figure 8.

To set up the thermal study, several components needed to be defined. First, the
component interactions between members of the assembly (e.g., the insulation and concrete)
needed to be defined as either bonded or insulated. Insulated component interaction stops
the flow of heat from one component to another (where they are in contact) [32]. However,
for this study, this is not desirable, because the insulation has its own insulating behavior
that serves to stop the flow of heat (and this does not increase on the contact surface). On
the other hand, bonded contact interaction allows the concrete and insulation to act as one
component with different thermal properties [32]. For this study, this is preferable, as it
allows the flow of heat through the wall to be carried out as it would be in the real world.
It should also be noted that the fillet for the edge where the insulation cavity meets the
concrete at the top and bottom of each wall must be removed. The removal of this fillet
aims to ensure that the insulation and concrete remain in full contact for the entire time
during the thermal study, which would not be possible if these edges were filleted.
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Figure 8. Creation of Insulation Material Properties.

Once the component interaction has been defined, the difference in temperature
between the exterior and interior wall surfaces can be generated. To determine the thermal
performance of each wall, a warm temperature was applied to the interior side of the wall
and a cold temperature was applied to the exterior side of the wall. More specifically, a
temperature of 295 K (approximately room temperature) was applied to the interior side
of the wall to replicate an inside wall exposed to indoor temperatures. On the other hand,
the exterior side of the wall was subjected to a convection thermal load. It was subjected
to a heat transfer coefficient of 5 W/m2·K (approximately that of standing air) and a bulk
ambient temperature of 273.15 K to replicate a wall on the outside of a house that is exposed
to cold air [33]. Finally, all of the meshing techniques and checks previously used for the
structural study were also replicated for this study.

Proceeding with this approach, several thermal results were obtained to display the
thermal performance of each wall. More specifically, an overall plot of the temperatures
for each portion of the wall is shown to display the locations where more or less thermal
energy is transferred from the interior to the exterior. Additionally, the amount of heat
power lost on the exterior surface of the wall is also demonstrated. This shows the amount
of heat that each wall loses due to the change in temperature [34].

4. Solid Concrete Wall Structural Study

As an example, the behavior of a solid concrete wall with the same conditions as those
used for the other walls in this study was modeled in SolidWorks. More specifically, the
top and bottom faces of the wall were taken to be fixed, and a pressure of 717.25 Pa was
applied to the wall. Then, the result of this study was compared to a hand calculation of
the factor of safety value (using the Mohr–Coulomb failure criterion) of this same wall. The
SolidWorks result can be seen in Figure 9. In this figure, the central portion of the back face
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of the wall is in tension, which can be seen with yellow shading. Upon closer examination,
the factor of safety value for this portion of the wall was 304.8. The loading conditions and
shear and moment diagrams for this wall can be seen in Figure 10. To complete the hand
calculation, the top and bottom faces of the wall were fixed (as they were in SolidWorks).
Then, equilibrium conditions were applied to determine the respective moment and force
values of the wall. Following this, the shear and moment diagrams were drawn. The
principal stress at the center of the wall was then calculated using the flexural formula. This
principal stress value was then divided by the tensile limit (as performed in SolidWorks) to
determine the factor of safety value for the central portion of the back face of the wall. The
value for this portion of the wall resulted in a factor of safety of 300. Thus, the two values
are comparable.

 
Figure 9. Factor of Safety Plot of a Solid Concrete Wall.

Figure 10. Loading and Moment and Shear Diagrams for Wind Loading Conditions.

At the midpoint:

Moment =
w × L2

12
=

(1293.4887)(2.4384)2

12
= 640.902 N·m

Moment o f Inertia =
1
12

× b × h3 =
1
12

× 1.8034 × 0.30483 = 0.0042556 m4
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Stress calculation at the midpoint of the wall:

σ =
M × y

I
=

(320.451)× (0.1524)
0.0042556

= 11, 475.85 Pa

Factor of safety calculation at the midpoint of the wall:

FOS =
tensile limit

σ
=

3, 447, 000
11, 475.85

= 300.4

Additionally, to display the effect that a seismic load could have on different portions
of a wall in a structure, the seismic loading conditions were determined and converted to a
distributed load for a 100 ft by 25 ft structure with 1 ft thick concrete walls and a flat concrete
slab above these 8 ft walls. The seismic loadings for two locations were determined (New
York, NY, USA and San Francisco, CA, USA) using the equivalent lateral force method in
ASCE 7-16 for a building in risk category II and soil class C. First, the seismic coefficients
for each were found using the ASCE 7 Hazard Tool Online, as can be seen in Table 2. Then,
the appropriate coefficients were found to determine the amount of seismic loading present
according to ASCE 7-16. It should be noted that the abbreviations in Table 2 stand for
different parameters: SMS is the spectral response acceleration for short periods, SM1 is
the spectral response acceleration for 1 s periods and a damping of 5%, SDS is the spectral
response acceleration for the short periods used for design, SD1 is the spectral response
acceleration at 1 s used for design, TL is the transition period for long periods, and SDC is
the Seismic Design Category of a building in this location. First, the seismic loading for
New York was determined. In this way, the equivalent lateral force was determined to be
24.375 K. This force was then converted to a distributed load along a 1.8034 m wide section
of the wall (as seen in this study). Ultimately, this distributed seismic load resulted in a
factor of safety value of 36.9 for the interior center of the wall. The calculations for this step
can be found below, and a drawing of the loading and a shear and moment diagram can be
found in Figure 11.

Table 2. Seismic Coefficients for New York City, New York [35].

Coefficient Value

SMS 0.375
SM1 0.089
SDS 0.25
SD1 0.06

TL (s) 6
SDC B

Figure 11. Loading and Moment and Shear Diagrams for Conditions in New York City, New York.

For concrete structures from ASCE 7-16 [21]:

R = 5
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Ie = 1.0

Ta = 0.1 × (number o f stories) = 0.1 × (1) = 0.1 s

Weight of structure:

Wwall =
[
2 × (8′ × 1′ × 25′

)
+ 2 × (8′ × 1′8 100′

)]× 150 psf = 300 kips

Wroo f =

(
6′′

12
× 25′ × 100′

)
× 150 pcf = 187.5 kips

Wtotal = 300 kips + 187.5 kips = 487.5 kips

Loading calculation [21]:

CSmax =
SD1

Ta ×
(

R
Ie

) =
0.06

0.1 × ( 5
1.0
) = 0.12

CSmin = 0.044 × SDS × Ie = 0.044 × 0.25 × 1.0 = 0.011 ≥ 0.01

CS =
SDS(

R
Ie

) =
0.25

5
1.0

= 0.05

V = CS × Wtotal = 0.05 × 487.5 kips = 24.375 kips

Converting the load to newtons:

V = 24.375 kips × 4448.22 N
1 kip

= 108, 425.3625 N

Converting the loading to a distributed load for a 1.8034-meter-wide section of
the wall:

V =
108, 425.3625 N × 1.8034 m

7.62 m
= 25, 660.7 N

w =
V

Wall Height
=

25, 660.7 N
2.4384 m

= 10, 523.7 N/m

At the midpoint:

Moment =
w × L2

12
=

(10, 523.7)(2.4384)2

12
= 5214.3 N·m

Moment o f Inertia =
1
12

× b × h3 =
1
12

× 1.8034 × 0.30483 = 0.0042556 m4

Stress calculation at the midpoint of the wall:

σ =
M × y

I
=

(2607.16)× (0.1524)
0.0042556

= 93, 366.6 Pa

Factor of safety calculation at the midpoint of the wall:

FOS =
tensile limit

σ
=

3, 447, 000
93, 366.6

= 36.9

Once completed, the same process was repeated to determine the loading for San
Francisco, California. The seismic coefficients can be found in Table 3. In this case, the
equivalent lateral load was found to be 117 K. This was then converted to a distributed
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load along a 1.8034 m wide section of the wall. Ultimately, this resulted in a factor of safety
value of 7.7. The calculations for this loading and factor of safety determination can be
found below. Additionally, Figure 12 shows the drawing of the loading and the shear and
moment diagrams.

Table 3. Seismic Coefficients for San Francisco, California [35].

Coefficient Value

SMS 1.8
SM1 0.84
SDS 1.2
SD1 0.56

TL (s) 12
SDC D

Figure 12. Loading and Moment and Shear Diagrams for Conditions in San Francisco, California.

Loading calculation [21]:

CSmax =
SD1

Ta ×
(

R
Ie

) =
0.56

0.1 × ( 5
1.0
) = 1.12

CSmin = 0.044 × SDS × Ie = 0.044v1.2 × 1.0 = 0.0528 ≥ 0.01

CS =
SDS(

R
Ie

) =
1.2

5
1.0

= 0.24

V = CS × Wtotal = 0.05 × 487.5 kips = 117 kips

Converting the load to newtons:

V = 117 kips × 4448.22 N
1 kip

= 520, 439.4 N

Converting the loading to a distributed load for a 1.8034-meter-wide section of
the wall:

V =
108, 425.3625 N × 1.8034 m

7.62 m
= 123, 170.7 N

w =
V

Wall Height
=

123, 170.7 N
2.4384 m

= 50, 512.9 N/m

At the midpoint:
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Moment =
w × L2

12
=

(50, 512.9)(2.4384)2

12
= 25, 028.3 N·m

Moment o f Inertia =
1
12

× b × h3 =
1
12

× 1.8034 × 0.30483 = 0.0042556 m4

Stress calculation at the midpoint of the wall:

σ =
M × y

I
=

(12, 514.1)× (0.1524)
0.0042556

= 448, 151.8 Pa

Factor of safety calculation at the midpoint of the wall:

FOS =
tensile limit

σ
=

3, 447, 000
448, 151.8

= 7.7

Though the value for seismic loading produces lower factor of safety values, the
loading used in this study was 717.25 Pa (14.98 psf) (from the wind loading). The overall
goal of this study was to compare and contrast different walls based on their shape. As a
result, the application of any pressure (such as 717.25 Pa) would still enable us to accomplish
this goal. More specifically, a 717.25 Pa (14.98 psf) applied pressure would still produce
factor of safety values relative to the other walls and highlight where potential weak points
in each wall type could develop. As a result, the comparative study could be carried out
using this pressure.

5. Zigzag Cavity Wall

5.1. Zigzag Cavity Wall Structural Study
5.1.1. Pressure Applied on the Exterior Face towards the Interior

The zigzag cavity wall was the third wall to be modeled and studied [27,28]. Here,
there is a printed zigzag portion running through the middle of the wall, which creates
cavities throughout for insulation and concrete. The sketch used in this study for a zigzag
cavity wall can be found in Figure 13, together with its dimensions.

 
Figure 13. Zigzag Cavity Wall Printed Formwork Model. Modeled in reference to [27,28].

After the creation of the formwork in SolidWorks, all of the sharp edges present in the
wall were filleted. A 0.015 m fillet was used to reduce these sharp edges and prevent the
formation of local singularities during the study. Additionally, the wall was extruded to a
height of 2.438 m (8 ft), which was the same as that of the other walls studied.

Once the formwork was modeled, the cavities could be filled with concrete. It is not
entirely clear which cavities companies fill with concrete and insulation. Thus, to remain
consistent with other walls, the cavities closer to the interior of the wall were filled with
concrete in this study, and the exterior cavities were filled with insulation. Once the filled
concrete cavity was modeled in SolidWorks (as seen in Figures 14 and 15), the concrete
material properties were applied to the modeled portions of the wall. At this point, the
structural study was set up.
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Figure 14. Zigzag Cavity Wall Printed Formwork with Interior Cavity Filled with Concrete.

 
Figure 15. Zigzag Cavity Wall Printed Formwork Filled with Concrete, Labeled.

Again, the top and bottom of the wall were fixed, meaning it could not move in any
direction. Next, 717.25 Pa (14.98 psf) of pressure was applied to the exterior face of the wall
in the direction towards the interior of the wall. Subsequently, the meshing of the wall was
completed and checked in SolidWorks. More specifically, it was ensured that the aspect
ratios of at least 90% of the elements were less than 3. Additionally, the mesh was checked
for hotspots using the built-in tool in SolidWorks. The meshing met both of these criteria;
thus, the factor of safety results were then checked and gathered for the wall.

The first set of information gathered was related to the isometric factor of safety plot
of the entire wall. As seen in Figure 16, the wall possesses several locations that have lower
factor of safety values. More specifically, the isometric view on the left of Figure 16 shows
that the wall acts in a manner similar to a vertically oriented fixed–fixed wall. In more
detail, since there is significant webbing connecting the interior and exterior faces of the
wall, the wall appears to behave more like a solid fixed–fixed wall, that is, a wall fixed
on the top and bottom. More specifically, if a pressure is applied to its face (as for this
wall), and it is fixed at its top and bottom faces, then tension will be present next to its
supports and in the middle of its back face. In the case of this wall, there are lower factor
of safety values for the center of the interior face of the wall. The wall also has low factor
of safety values at the top and bottom of its exterior face. As previously discussed, these
lower factor of safety values indicate that these portions of the wall are in tension, since the
tensile limit of concrete is much lower than the compressive limit of concrete. For a better
understanding, Figure 17 displays two images of the deflected shape of this wall from the
perspectives of the side and midplane.

149



Designs 2023, 7, 80

 
Figure 16. Zigzag Cavity Wall Structural Study Isometric Results After Applying Pressure to the Interior.

 
Figure 17. Zigzag Cavity Wall’s Side and Midplane (Not to Scale).

In addition, it is clear from this isometric view that the concrete-filled triangular
webbing connecting the interior and exterior faces transfers stress from the exterior to the
interior of the wall. This is clear from the yellow color present at the tips of the triangles that
slowly transitions to a blue color. This is a key characteristic of this wall, as the previous
two walls did not contain webbing in the middle of the wall that allowed stress to be
transferred from its exterior to interior faces.

Figure 18 displays the results of the study for the exterior concrete layer of the zigzag
cavity wall. From these results, we can see that there are five unsupported lengths (where
the insulation cavity meets the exterior concrete layer) that also act in a similar manner
to fixed–fixed walls, one of which is labeled “unsupported length” in Figure 15. More
specifically, each time the triangular webbing makes contact with the exterior face, it
provides rigidity and support to the wall at this location. This triangular webbing contact
location is displayed in Figure 15. Thus, the unsupported lengths of the exterior concrete
layer that span between these contact locations act in a similar way to a fixed–fixed wall.
The results in Figure 18 show this behavior. More specifically, the triangular webbing
contact locations experience tension (and, thus, lower factors of safety) on the exterior
face. This behavior can be seen in the left picture in Figure 18. On the interior side, the
unsupported lengths experience tension at their center. This behavior can be seen in the
middle picture in Figure 18. As previously discussed, this behavior is consistent with a
fixed–fixed wall.
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Figure 18. Zigzag Cavity Wall Exterior Concrete Layer Results After Applying Pressure to the Interior.
Left: Exterior Side of Exterior Concrete Layer; Middle: Interior Side of Exterior Concrete Layer; Right:
Color Scale of Results.

The following graphs in the figures below graphically display the factor of safety
values for several locations on the midplane of each wall. The first of these graphs in
Figure 19 shows the factor of safety values along the exterior edge of the zigzag cavity wall.
This graph shows that there are relatively low factor of safety values (around 200) at the
triangular webbing contact locations, which indicates that tension is present. On the other
hand, this graph displays high factor of safety values at the unsupported portions of the
wall (around 750). This indicates that this portion of the wall is in compression.
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Figure 19. Results for Exterior Edge of Zigzag Cavity Wall After Applying Pressure to the Interior.
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The graph displayed in Figure 20 shows the factor of safety values for the zigzag
wall where the insulation cavity meets the exterior concrete layer. In this case, there
are lower factor of safety values at the center of each unsupported length. For this
reason, there are five drops in the factor of safety plot that reach a value as low as
approximately 200.
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Figure 20. Results for Insulation Cavity Meeting the Exterior Concrete Layer of the Zigzag Cavity
Wall After Applying Pressure to the Interior.

The factor of safety graph in Figure 21 shows the values for the interior side of the
wall. The values all remain in a relatively small range (between 250 and 270). This is
due to the fact that the interior side of the wall in the midplane is in tension, because it
acts in a similar way to a vertically oriented fixed–fixed wall, as previously discussed.
Nevertheless, there still appears to be a drop in the factor of safety (larger tension stress)
where there is a continuous connection between the exterior and interior faces of the
wall, thus showing that there is a transfer of stress due to the triangular webbing that
connects these two faces.
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Figure 21. Results for Interior Edge of Zigzag Cavity Wall After Applying Pressure to the Interior.

5.1.2. Pressure Applied on the Exterior Face away from the Interior

Next, the study was repeated for a pressure acting on the exterior face but away from
the interior of the wall. This study resulted in factor of safety values similar to those
obtained when pressure was applied to the interior of the wall. However, the interior and
exterior faces of the wall exhibited behaviors different from before. When pressure was
applied to the interior of the wall, the interior face of the wall experienced tension at its
center. However, as pressure was applied in the opposite direction at this point, the interior
face of the wall then experienced compression at its center. Similarly, the exterior face
of the wall experienced tension at its center, whereas when the pressure was flipped, it
experienced compression at its center. Thus, when the pressure’s direction is flipped, the
tension and compression regions in the wall are also flipped. The isometric view of the
factor of safety plot for this scenario can be seen in Figure 22. In addition to Figure 22,
Figure 23 displays the deflected shape of this wall in its side profile and midplane.

As mentioned in the previous paragraph, flipping the pressure’s direction also flips
the tension and compression regions in the wall. This is no different for the exterior
concrete layer, as can be seen in Figure 24. In this case, the unsupported lengths now
experience tension on the exterior face of the exterior concrete layer. On the other hand,
the triangular webbing contact locations now experience tension on the interior face of
the exterior concrete layer. This is consonant with the previous statement that flipping the
direction of the pressure will put regions previously in tension into compression.
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Figure 22. Zigzag Cavity Wall Structural Study Isometric Results for Pressure Applied Away from
the Interior.

Figure 23. Deflected Shape of Zigzag Cavity Wall’s Side and Midplane (Not to Scale).

Next, the factor of safety graphs were generated to display the midplane behavior
of the wall. First, the exterior edge of the wall is shown in Figure 25. This graph clearly
shows that the unsupported lengths of the wall possess lower factor of safety values and
are thus in tension. On the other hand, the triangular webbing contact locations possess
higher factor of safety values, indicating that the wall is further from failure at this point.
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Figure 24. Zigzag Cavity Wall Exterior Concrete Layer Results for Pressure Applied Away from the
Interior. Left: Exterior Side of Exterior Concrete Layer; Middle: Interior Side of Exterior Concrete
Layer; Right: Color Scale of Results.

 

 

175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250

0 0.5 1 1.5 2

Fa
ct

or
 o

f S
af

et
y

Distance From End of Wall (m)

Zigzag Cavity Wall Exterior Edge
Pressure Away From Interior

Figure 25. Zigzag Cavity Wall Exterior Edge Results for Pressure Applied Away from the Interior.
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The next graph in Figure 26 shows the portion of the wall where the insulation cavity
meets the exterior concrete layer. This graph clearly shows that in this portion of the wall,
the unsupported lengths have higher factor of safety values (over 325). On the other hand,
the triangular webbing contact locations have relatively lower factor of safety values of
approximately 100, which indicates that this portion of the wall is in tension.
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Figure 26. Results for Insulation Cavity Meeting the Exterior Concrete Layer of the Zigzag Cavity
Wall for Pressure Applied Away from the Interior.

The graph in Figure 27 displays the factor of safety values for the interior edge of
the zigzag wall. The factor of safety values for this portion of the wall are relatively high
(reaching upwards of 1000). This is due to the fact that the interior side of the wall in its
midplane is in compression for this direction of pressure. This behavior can clearly be seen
in Figure 22, which shows an isometric view of the results. It should again be noted that
there are lower factor of safety values where the concrete is continuous throughout the
wall. This indicates that the webbing is able to transfer stress from the exterior face to the
interior face.
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Figure 27. Zigzag Cavity Wall Interior Edge Results for Pressure Applied Away from the Interior.

5.2. Zigzag Cavity Wall Thermal Study

After the results for the structural study were obtained, the thermal study of the zigzag
cavity wall was conducted. First, the concrete portion of the wall (without fillets) was filled
with a modeled insulation. This insulation was then assigned the insulation properties
discussed in the setup section. The assembly and the labeled cross section of the assembly
can be seen in Figure 28.

 
Figure 28. Zigzag Cavity Wall Concrete and Insulation Assembly.
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Once the wall assembly was modeled, the insulation and concrete portions of the wall
were connected as a bonded connection in SolidWorks. To represent a wall exposed to cold
outdoor temperatures, a convection thermal load was applied to the exterior of the wall.
This convection thermal load was given a heat transfer coefficient of 5 W/m2·K with a bulk
ambient temperature of 273.15 K [33]. Additionally, a 295 K temperature was assigned
to the interior side of the wall. The wall was then meshed in SolidWorks. Again, it was
ensured that 90% or more of the elements in the mesh had an aspect ratio of less than 3.
Subsequently, the results were gathered.

Figure 29 shows an isometric view of the temperature distribution within the wall
examined in this study. From the figure, it is clear there is less heat loss where there is
insulation. This can be seen from the teal color shown in the middle image in Figure 29.
On the other hand, there are clear thermal bridging locations present throughout the wall.
For example, in every location where the concrete is continuous (from the exterior to the
interior face), there appears to be thermal bridging. For example, on the exterior face of the
wall, there is clear yellow shading on the exterior face (where the concrete is continuous)
that represents thermal bridging locations. These thermal bridging locations can be seen
more clearly in Figure 30, which shows an overhead view of the wall. Again, there is less
heat loss where the insulation comes into contact with the exterior concrete layer (shown
in blue).

Figure 29. Zigzag Cavity Wall Isometric Temperature Plot.

Additionally, the heat power of the exterior face of the wall was calculated using
SolidWorks. When calculated, it was found that the wall lost a total of 211.83 W of power.
This heat loss is a direct result of the warm temperature traveling along the continuous
concrete portions of the wall to the exterior face of the wall. Again, concrete possesses a
higher thermal conductivity value than the insulation. Thus, when continuous, the concrete
results in thermal bridging. The results of the heat power calculation in SolidWorks can be
seen in Figure 31.
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Figure 30. Zigzag Cavity Wall Overhead Temperature Plot.

 
Figure 31. Zigzag Cavity Wall Net Power.

6. Relative Stiffness Determination for Different Wall Shapes

To further develop the structural aspect discussion, the moment of inertia values
for each wall’s cross section were calculated using SolidWorks and then compared to the
moment of inertia value of a solid wall with the same dimensions. It should be noted that
the same solid wall used for the example calculation in a previous section was also used
for this calculation. Additionally, the moment of inertia of each wall was taken about the
x-axis, which is the axis parallel to the width of each wall. To clarify, the width is the 1.8034
m dimension in this study. In addition, the moment of inertia was calculated for walls with
no filleted edges and for the filled concrete cavities and the insulation cavities left empty.
Thus, the shapes that were used can be found in Figures 3–7, with the fillets removed for
this calculation. In all, these values provide a very useful indication of the relative stiffness
of each wall studied. Additionally, Table 4 shows the areas of printed concrete, poured
concrete, and insulation for the studied walls.
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Table 4. Cross Sectional Area of Each Wall Studied.

Wall Type
Printed

Concrete (m2)
Poured

Concrete (m2)
Filled

Insulation (m2)

Symmetric Two-Cavity Wall 0.22 0.16 0.16
Internal Small-Arched Multicavity Wall 0.24 0.10 0.20

Zigzag Cavity Wall 0.24 0.15 0.15
Trapezoidal Cavity Wall 0.27 0.14 0.14

Internal Large-Arched Multicavity Wall 0.25 0.13 0.17

Figure 32 shows the moment of inertia values relative to the moment of inertia value
of a solid wall with the same dimensions. From this figure, it is clear which walls produce
the largest moment of inertia values. The symmetric two-cavity wall and the internal
small-arched two-cavity wall produced relatively low moment of inertia values. On the
other hand, the zigzag cavity wall, the trapezoidal cavity wall, and the internal large-arched
multicavity wall all produced higher moment of inertia values. From this finding and the
flexural formula (σ = My/I), it is clear that the amount of stress generated in these walls
is inversely proportional to the moment of inertia of the wall. This means that the larger
the moment of inertia is, the less stress is generated in the wall. Accordingly, it is clear that
a larger moment of inertia value is beneficial for reducing the amount of stress present
within the wall’s cross section. Additionally, the walls that contain webbing connecting
the interior and exterior faces of the wall (the zigzag cavity wall, the trapezoidal cavity
wall, and the internal large-arched multicavity wall) are seen to possess relatively larger
moment of inertia values. Thus, it can be inferred that these walls generate less stress (due
to an applied moment) as a result. Consequently, the walls with webbing (that have higher
moment of inertia values) possess more stiffness relative to the walls without webbing.
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Figure 32. Moment of Inertia Ratio Chart.
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7. Discussion of Results

The structural results of each wall show several revealing trends that should be noted.
The walls used in this study and their results can be found in Figures 3–7. First, the concrete
connecting the exterior and interior faces of these walls allowed for the entire thickness
of the wall to act in resisting the stress applied to the wall. It is seen that in the first two
walls studied (the symmetric two-cavity wall and the internal small-arched two-cavity
wall), there is no concrete webbing on the interior and exterior faces of the walls. As a
result, the thinner exterior concrete layer was responsible for resisting the majority of the
applied load. This was not the case for the last three walls that were studied (zigzag cavity
wall, trapezoidal cavity wall, and internal large-arched multicavity wall). In these walls,
there was significant webbing present to connect the interior and exterior faces of the wall.
As a result, pressure could be transferred from the exterior face (where the pressure was
applied) to the interior face of the wall, thus showing that the entire thickness of the wall
was utilized to resist the applied pressure. The factor of safety values for each wall studied
(when pressure was applied to the interior of the wall) can be seen in Figures 33–35.

 

0

100

200

300

400

500

600

700

800

900

1000

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Fa
ct

or
 o

f S
af

et
y

Distance From End of Wall (m)

Exterior Edge of Walls
Pressure Towards Interior

Symmetric Two Cavity Wall Internal Small Arched Two Cavity Wall

Zigzag Cavity Wall Trapezoidal Cavity Wall

Internal Large Arched Multicavity Wall

Figure 33. Factor of Safety Values for Exterior Edge of Walls in the Midplane When Pressure Is
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Figure 35. Factor of Safety Values for Interior Edge of Walls in the Midplane When Pressure Is
Directed Towards the Interior.

Additionally, it was seen that the first two walls studied (the symmetric two-cavity
wall and the internal small-arched two-cavity wall) had much lower factor of safety values
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where the insulation cavity came into contact with the exterior concrete layer. When
pressure was applied to the interior of the wall, the middle portion of this exterior concrete
layer had factor of safety values as low as approximately 10 for these two walls, which
can be seen in the graph in Figure 34. The remaining three walls that were studied (zigzag
cavity wall, trapezoidal cavity wall, and internal large-arched multicavity wall) had higher
factor of safety values at these locations. More specifically, the lowest factor of safety value
occurred at the center of the unsupported length of each wall’s exterior concrete layer
(when pressure was applied to the interior). The factor of safety value reached as low as
200 for the zigzag cavity wall at this location, which can also be seen in Figure 34. Though
much larger in value than 10, this factor of safety value of 200 is logical. It was mentioned
that the unsupported lengths of these walls acted in a manner analogous to a fixed–fixed
wall. When calculating the stress for a fixed–fixed wall that is transversely loaded (as is the
case in this study), the flexural formula can be utilized (σ = M × y/I).

When the unsupported lengths of the wall are reduced due to webbing acting as
supports (as seen in the zigzag cavity wall, as compared with the symmetric two-cavity
wall and internal small-arched two-cavity wall), the cross section of the wall does not
change. Thus, the y and I variables in the flexural formula do not change. However, the
moment value in the flexural formula does change. It should be noted that the moment
value for this type of loading can be calculated using the equation w × L2/12, where
w is the distributed load and L is the unsupported length. For the first two walls, the
unsupported length of the wall is approximately 1.7272 m. When the webbing in the
zigzag cavity wall is introduced, the unsupported length is reduced to approximately
0.39 m, while the pressure does not change. Therefore, plugging 1.7272 m into the moment
equation above and comparing it to the moment value for 0.39 m yields a moment value
that is approximately 20 times larger. Carrying this relationship over to the flexural formula
results in a stress that is approximately 20 times larger for the first two walls than for
the zigzag cavity wall. When comparing the factor of safety values for the symmetric
two-cavity wall and the zigzag cavity wall examined in this study (10 to 200), the exact
same relationship between the walls is found. As a result, the walls with webbing tend to
limit the amount of stress developed in the exterior concrete layer of the wall and tend to
perform better than walls with no webbing at all.

Similar behaviors can be seen when the direction of the pressure is applied away from
the interior of the wall. For example, Figures 36–38 display the results of each wall for three
locations along the midplane due to pressure applied away from the interior of the wall.
In this figure, one can see relationships similar to those seen when pressure was directed
towards the interior of the wall. More specifically, the walls without webbing present larger
unsupported lengths. As a result, the factor of safety values were lower for these walls
than the walls with webbing. Additionally, the walls with webbing were more able to
transfer stress from the exterior face to the interior face of the wall. This can also be seen in
Figure 38, where the factor of safety values drop at the interior locations where webbing
is present.

However, this was not the case when comparing the walls in the thermal study. As seen
in the temperature distribution plots for each wall, the walls that contain webbing between
the interior and exterior face of the wall contain more thermal bridging locations than
those without webbing. For example, the first two walls studied (the symmetric two-cavity
wall and internal small-arched two-cavity wall) had only two thermal bridging locations.
On the other hand, the last three walls studied (the zigzag cavity wall, trapezoidal cavity
wall, and internal large-arched multicavity wall) had several thermal bridging locations.
This behavior was quantified using the net power function in SolidWorks. This function
provides the ability to quantify the amount of heat lost to the exterior surface of each
wall. From these calculations, it was clear that the walls without webbing (the symmetric
two-cavity wall and internal small-arched two-cavity wall) lost between 55 W and 60 W.
On the other hand, the walls with webbing lost over 200 W. Figure 39 displays the lost
power that was calculated for each wall throughout the study.
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Figure 36. Factor of Safety Values for Exterior Edge of Walls in the Midplane When Pressure Is
Directed Away from the Interior.
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Midplane When Pressure Is Directed Away from the Interior.
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8. Conclusions

The structural and thermal studies showed that there is no single best wall con-
figuration. Certain characteristics of each wall allow it to perform better in certain
categories. For example, a wall with webbing possesses better flexural ability than a
wall without webbing. However, a wall without webbing loses less heat due to thermal
bridging. In conclusion, each wall studied has its benefits and drawbacks. For certain
locations and applications, a wall with better flexural ability may be key. However,
for other cases, a wall that performs well thermally may be more important. For this
reason, each wall has a proper use and can be utilized by practicing companies. It may
even become common for companies to use different wall types based on the locations
of their buildings.

From the results of the structural study, it appears that webbing is required in
order for stress to be transferred from the exterior concrete layer to the interior of the
wall. This can be seen in the difference between the symmetric two-cavity wall and
the zigzag cavity wall in Figure 35. The webbing allows the stress to be transferred
to the interior face of the wall for the zigzag cavity wall (as seen from the drops in
the factor of safety values), whereas this is not the case for the symmetric two-cavity
wall. Therefore, it can be concluded that reinforcements placed on the interior sides
of the walls with webbing would be effective in increasing the strength of the walls.
On the other hand, reinforcements placed on the interior sides of the wall (where the
filled concrete is present, as shown in Figures 3 and 4) would not significantly increase
the strength of walls without webbing (such as the symmetric two-cavity wall and the
internal small-arched two-cavity wall).

While this study provides a brief review of the performance of different wall shapes,
there is more work to be done. First, this study did not take into account the individual lay-
ers stacked on top of each other (and the bonding between them). Additionally, this study
used the properties of typical concrete. Follow-up studies using the material properties of
printed concrete and developing optimized shapes based on the results would be highly
beneficial and complementary.
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Abstract: Because of its numerous advantages, 3D printing is widely employed for a variety of
purposes. The mechanical characteristics of 3D-printed items are quite important. 3D-printed
polylactic acid (PLA) is a common thermoplastic polymer due to its excellent characteristics and
affordable cost. Because of its enhanced characteristics, polyethylene terephthalate glycol (PETG)
has recently received a lot of attention. Despite PETG’s potential appeal in the 3D-printing field,
little research has been conducted to explore its qualities, such as the impacts of raster angle on
elasticity, which could lead to the development of more accurate guidelines for inspection and
assessment. In this regard, this study examines the mechanical characteristics of polylactic acid
(PLA) and polyethylene terephthalate glycol (PETG) 3D-printing specimens with different raster
angles. Test specimens with raster angles of 15◦ and 30◦ were printed, and the stress–strain responses
were recorded and compared with the simulated profiles generated using ANSYS software. The
results showed that the raster angle significantly affected the mechanical properties of both types of
materials. The simulated profile matched well with the experimental profile only in the case of PLA
printed with a raster angle of 15◦. These findings imply that extra effort should be made to ensure
that the raster angle is tailored to yield the optimal mechanical properties of 3D-printed products.

Keywords: FEA; additive manufacturing; 3D printing; polylactic acid; raster angle

1. Introduction

The process of additive manufacturing (AM), commonly known as 3D printing, has
grown in popularity over the last decade due to its adaptability in generating a wide range
of items with complicated geometries and unique mechanical qualities at a cheap cost. The
development in the availability of 3D printers and the affordability of printing materials
has fueled the rise in the use of 3D printing in recent years [1]. It is a technology that
allows for the fabrication of parts with complicated geometry by creating them layer by
layer on an optimized platform using computer-aided manufacturing and design. This
technology is capable of printing almost any material (e.g., biological materials, polymers,
ceramics, alloys and metals, etc.), allowing for a diverse range of products in engineering
applications such as aerospace, civil engineering, biomedical, and automotive sectors [1–3].
One critical aspect that influences the performance of 3D-printed objects is their mechanical
properties [4]. However, there is still a limited understanding of how different 3D-printing
parameters affect these mechanical properties [5–7].

One of the reasons for the complexity in studying the mechanical properties of
3D-printed objects is the presence of complex microstructures. Due to the layer-by-layer na-
ture of the additive manufacturing process, these objects often exhibit intrinsic anisotropic
mechanical behavior. Anisotropy means that the mechanical properties can vary depending
on the direction in which the object is tested. Additionally, numerous process factors, such
as printing speed, temperature, and material composition, further influence the resulting
mechanical properties. To overcome these challenges and gain insights into the structural
performance of 3D-printed objects, computational modeling techniques are commonly

Designs 2023, 7, 112. https://doi.org/10.3390/designs7050112 https://www.mdpi.com/journal/designs169



Designs 2023, 7, 112

employed [8]. In this regard, a finite element analysis (FEA) is used as a tool; it represents
a powerful computational modeling approach used to simulate the mechanical behavior
of complex structures, including those produced through additive manufacturing. This
tool can be used in 3D-printing parameters, for which the raster angle is regarded as one
of the 3D-printing parameters; it has been identified as a critical variable affecting the
mechanical properties of printed objects [9–11]. The raster angle refers to the orientation of
the printed layers with respect to the direction of printing. By changing the raster angle,
the distribution of stresses and strains within the printed object can be altered, leading to
variations in its mechanical behavior.

In the context of examining the mechanical properties of 3D-printed objects, two
commonly used filament materials are polylactic acid (PLA) and polyethylene terephthalate
glycol (PETG). PLA is a thermoplastic material known for its high tensile strength and
stiffness [12,13]. PETG is another prominent filament material used in 3D printing [14].
Understanding the mechanical response of these materials after 3D printing at various raster
angles is crucial for assessing their usability in different applications [15,16]. A previous
study has demonstrated that the raster direction, thickness of layers, and temperature of
the nozzle are the primary process parameters determining mechanical qualities [17,18].
It was also discovered that, additional to the previously discussed printing variables, the
color of the filament, infill type, building orientation, and printing direction all have a
significant impact on the tensile properties of PLA parts [19,20]. In this regard, therefore,
it is noted that there are few recent studies that provided a study of the mechanical
properties, especially for 3D-printed objects using PLA or PETG. Hanon, M.M. et al. [21]
investigated the influence of the raster angle on the mechanical properties of 3D-printed
objects using PLA and PETG. They focused on several key features of the 3D-printed
standard tensile test samples, including stiffness, strength, and ultimate tensile strength.
They aimed to understand how the raster angle affected these properties for both materials.
Additionally, they performed FEA simulations to compare the simulated response with the
experimental results [21]. Cocovi-Solberg, D.J. et al. [22] presented a measuring and analysis
of the mechanical properties, including stiffness, strength, and ultimate tensile strength by
conducting experimental tests on the 3D-printed samples. These tests were conducted at
different raster angles to investigate the influence of orientation on the mechanical behavior
of the printed objects. The data obtained from the experiments provided insights into
the material’s response and helped establish correlations between the raster angle and
mechanical properties. Several suggested models are proposed to replicate the geometry
and material properties. In this regard, Abbot, D. et al. [23] developed finite element models
that replicated the geometry and material properties of the printed samples. These models
were used to simulate the mechanical response of objects under various loading conditions.
By varying the raster angle in the simulation, this study studied and analyzed how the
mechanical properties changed. Comparing the simulated responses with the experimental
results allowed for the validation and refinement of the computational models. Due to
the demonstration of the effectiveness of the recently developed integration approaches,
numerical scenarios involving elastic fracturing using extended finite element approaches
are presented and proven to be effective [24].

Another study gave valuable information on the influence of the raster angle on the
mechanical properties of 3D-printed objects using PLA and PETG. The results indicated
that the raster angle played a significant role in determining the stiffness, strength, and
ultimate tensile strength (UTS) of the printed samples. The FEA simulations demonstrated
good agreement with the experimental data, reinforcing the accuracy and reliability of the
computational models [16]. Galeja, M. et al. [25] contributed to the study of the effect of
different 3D-printing parameters, especially the raster angle, on the mechanical properties
of 3D-printed objects. For example, by selecting an appropriate raster angle, it may be
possible to enhance the strength and stiffness of printed objects in desired directions,
making them more suitable for applications where mechanical performance is critical. Due
to the importance of studying the different raster angle, especially due to its effect on
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the mechanical properties of three dimensional printing, Skhandesh, S. et al. [26] studied
the effects of raster angle on the mechanical properties, which were investigated in seven
orientations θ: 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, and 90◦. This study used commercially available
SCFR-ABS and a consumer-grade FFF 3D printer; specimens of fracture toughness, flexure,
and tensile were manufactured. This study concluded that the change in θ from 0◦ to 15◦
reduced tensile strength and flexural strength. Another study examined and contrasted
the mechanical characteristics of PETG with those of PLA and ABS, two well-known FDM
materials. To examine the impact of five distinct raster angle orientations on mechanical
qualities, a total of 75 tensile tests were conducted. The findings of this inquiry will be used
to make suggestions for using PETG material in 3D printing that is suitable for the intended
design and application. This could lead to more precise reference data for prospective
manufacturing technology applications [27]. E. Soleyman. et al. [28] proposed a new
shape memory polymer (SMP) for the first, which exhibits high controlled self-coiling and
stress-shaped memory behaviors in 3D printable PETG thermoplastic constructions. The
outcomes demonstrated that the first printed layer contains the majority of the PETG’s
pre-strain caused by printing. The wall impact experiment showed that raising the wall size
weakens the shape transformation associated with the infill pattern. In addition, another
study was presented to precisely resolve the underlying fourth-order complex differential
equations (PDE) in linear elastic fracture mechanism (LEFM) issues, and a reliable Bezier-
based multi-step technique was developed. The study’s findings revealed that GnPs with
the highest aspect ratio are best for enhancing the plate’s elastic characteristics and may be
preventing the spread of edge cracks [29].

Starting with recent research information, which is frequently marred by ambiguity
concerning the influence of specific process parameters on the mechanical characteris-
tics [19,30], additionally, most recent research has presented poor results on the effects of
raster angle on the elasticity of 3D-printed polylactic acid and polyethylene terephthalate
glycol. So, the field remains open for more research studies on this point because additive
manufacturing has revolutionized various industries, offering new possibilities for rapid
prototyping and functional applications. Additionally, studying the mechanical properties
of 3D-printed objects significantly impacts their functional behavior and overall perfor-
mance. However, the influence of different 3D-printing parameters on these properties,
including the raster angle, is still not fully understood. In this regard, this study presents
computational modeling using finite element analysis, combined with experimental testing,
provides an effective approach to evaluate the structural performance of 3D-printed objects.
In addition, it presents an examination of the effect of the raster angle on the mechanical
properties, such as stiffness, strength, and ultimate tensile strength, that contribute to the
understanding of material behavior and facilitate the optimization of printing parameters
for specific applications.

2. Methodology

Using the universal test machine (UTM) as in Figure 1a, according to the requirements
of the American Society for Materials and Testing standard, the tensile specimens were
developed, processed, and printed in a flat dogbone shape. The shapes were examined in
accordance with the Test Procedures for Tensile Properties of Plastics (ASTM D638) [31],
a standard for plastic specimens. To investigate the influence of the raster angle on the
mechanical properties of 3D-printed objects, standard tensile test samples were fabricated
using a 3D printer. The generic type of filament fiber in 3D printing (PLA) is used in this
study. The materials chosen for this study were polylactic acid (PLA) and polyethylene
terephthalate glycol (PETG). The printing angles selected were 15◦ and 30◦.

The dimensions of the test samples were determined based on the requirements of
the standard tensile test. These dimensions, including length, width, and thickness. It is
important to ensure that the samples meet the specifications of the standard test to ensure
accurate and comparable results.
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Figure 1. (a) Universal test machine, (b) dimensions and shape of test sample, (c) the SolidWorks
dogbone sample, and (d) the dogbone sample in CURA.

To evaluate the mechanical properties of the printed samples, the ANSYS program
was employed. ANSYS is widely used finite element analysis (FEA) software that allows
for the simulation of mechanical behavior in complex structures. The use of the ANSYS
program in this study allowed for a comprehensive analysis of the mechanical properties
of the 3D-printed samples. It provided a means to predict and visualize the behavior of
the samples under different loading conditions, enabling a deeper understanding of the
influence of the raster angle on their performance. The program uses numerical methods
to solve the governing equations and predict the response of the structure to external loads.
Using the ANSYS program, simulation curves for the tensile test samples were generated.
These simulation curves represented the expected mechanical behavior of the printed
samples under different loading conditions. By varying the raster angle in the simulations,
the effect of this parameter on the mechanical properties of the objects was studied. Using
software for finite element analysis, the simulation was carried out. The same steps are
used in all finite element analyses. The software used for FEA (finite element analysis)
is called ANSYS Workbench Explicit. The CAD (computer-aided design) model, which
is prepared for analysis and broken-down during splicing (differentiating into smaller
pieces), is an important aspect of FEM. The calibration test simulation is carried out in
order to compare the findings of the simulation and experiment in order to validate the
simulation results.

The simulation curves provided valuable insights into how the mechanical properties,
such as stiffness, strength, and ultimate tensile strength, varied with the printing angles of
15◦ and 30◦. By comparing the simulation results with the experimental data obtained from
testing the fabricated samples, the accuracy of the computational models can be validated.

Dynamic explicit/implicit in Ansys with a fixed support on the bottom of the sample
as a boundary condition and another boundary condition with a displacement support on
the top of the PLA and PETG samples were used.
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In this study, dogbone tensile test samples were used to evaluate the mechanical
properties of the 3D-printed objects. The dogbone geometry, specified by the ASTM D638
standard [31], was employed for its well-established design and suitability for measuring
the tensile characteristics of both reinforced and unreinforced polymers [32]. When tested
under specific preparation, humidity, temperature, and testing machine speed conditions,
typical dumbbell-shaped test specimens used in ASTM D638 can be used to determine the
tensile strength of both reinforced and unreinforced plastic. The procedures using ASTM
D638 are as follows:-

• Each specimen’s length and thickness should be measured to the nearest 0.025 mm
(0.001 in.);

• Put the sample in the test machine’s grips while being careful to line up their long
axes with an imaginary line connecting the grips’ connection points to the machine;

• Turn on the machine, noting the specimen’s load-extension curve, the load and extension
at the yield point (if one exists), and the pressure and extension at the point of rupture;

• Screw on the extension indication;
• Sett the testing speed to the appropriate rate and start the machine;
• Record the specimen’s load-extension curve and extension at the yield point.

The dogbone geometry features shoulder sections at both ends of the sample, con-
nected by a narrower gauge section. The shoulders are wider than the gauge section,
resulting in a stress concentration in the middle when the sample is subjected to tensile
forces. This stress concentration amplifies the likelihood of sample rupture, making it a
favorable configuration for determining the ultimate tensile strength of the material.

During the tensile test, the sample is clamped at the shoulders, and an axial force is
applied to the gauge section until it fractures. When the sample ruptures in the middle of
the gauge section, it indicates that the material has reached its ultimate tensile strength.
However, if the failure occurs at one of the ends or in the grip region, it suggests that
improper loading or preexisting flaws in the material may be responsible for the failure.

By utilizing the dogbone geometry, this testing methodology ensures the highest
probability of failure due to the ultimate tensile load. ASTM D638 type I is the most widely
adopted standard for measuring the tensile properties of both reinforced and unreinforced
polymers. It provides guidelines for sample dimensions, specimen preparation, testing
conditions, and result calculations [32].

Figures 1 and 2 depict the dimensions and shapes of the 3D-printed test specimens
used in the study. The specimens are 4 mm thick with an 85 mm gauge length. Figure 1
depicts more geometries and measurements. Figures 1 and 2 illustrate the specific geometry
of the dogbone samples, including the overall length, shoulder width, gauge length, and
thickness. Adhering to the ASTM D638 standard and using a dogbone design enables
the reliable and consistent testing of the mechanical properties of the 3D-printed objects.
Printing parameters can be tabulated as a wall, and the top and bottom thicknesses are 2
and 0.8 mm, respectively (See Table 1). The tabulated dimensional parameters are 13 mm
for W—width and 57 mm for L—length of the narrow section. Overall, width and length
are 19 and 165 mm, respectively, according to Table 2.

Table 1. Printing parameters.

Property Value

Infill density 60%
Layer height 0.21 mm

Wall thickness 2 mm
Top/bottom thickness 0.84 mm
Printing temperature 230 ◦C

Build plate temperature 60 ◦C
Speed value 60 mm/s
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Table 2. Printing dimensional parameters.

Name of Dimensions (See Drawings) Value (mm)

W—width of narrow section 13
L—length of narrow section 57

WO—width overall 19
LO—length overall 165

G—gauge length 50
D—distance between grips 115

R—radius of fillet 76
T—thickness 3.5

 

(a) (b) 

 
(c) 

Figure 2. (a) Dogbone sample 15 degree for PLA/PETG, (b) dogbone sample 30 degree for PETG,
and (c) dogbone sample 30 degree for PLA.

By employing the dogbone tensile test samples, this study aimed to evaluate the
mechanical behavior of the 3D-printed objects under tensile loading. The standardized
geometry and testing procedure allow for meaningful comparisons and provide valuable
insights into the material’s tensile strength, stiffness, and other mechanical properties. The
elastic modulus calculated in this study uses the slope approach.

3. Results and Discussion

3.1. Experimental Results of PLA

In this study, the mechanical properties of PLA filaments were thoroughly investigated,
with a focus on the impact of different printing angles on these properties. Stress-relieving
heat treatment was used to establish a uniform temperature distribution during the printing
process. Initially, it was found that PLA filaments exhibited high strength but limited
ductility, as evidenced by the data presented in Table 3. To address this limitation, the
effects of printing angles of 15◦ and 30◦ on the ductility of PLA can be explored. The data
presented in Table 3 are the best sample measured. As shown in this table, the densities
(g/cm3) were 1.24, 1.24, 1.28, and 1.28; the elasticities (MPa) were 191.23, 111.66, 56.17,
and 52.9; and the maximum tensile strengths (MPa) were 25.53, 5.73, 4.484, and 8.39, for
PLA 15◦, PLA 30◦, PETG 15◦, and PETG 30◦, respectively.

Upon conducting the tensile tests, several key observations were made. The sample
printed at a 15◦ angle exhibited reduced stiffness compared to the original material. This
indicates that printing at this angle led to a more pliable structure, which is advantageous in
applications requiring flexibility. Additionally, the 15◦ print angle resulted in the improved
strength and higher elasticity of the PLA material. The enhanced strength implies a
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greater ability to withstand applied loads, while the increased elasticity suggests improved
deformability under stress.

Table 3. Mechanical properties for PLA and PETG samples.

Material Properties PLA 15◦ PLA 30◦ PETG 15◦ PETG 30◦

Density (g/cm3) 1.24 1.24 1.28 1.28
Elasticity (MPa) 191.23 111.66 56.17 52.90

Max. tensile strength (MPa) 25.53 5.73 4.484 8.39

In contrast, the PLA samples printed at a 30◦ angle exhibited a distinct mechanical
behavior. Notably, the material displayed higher elasticity and flexibility, which led to fail-
ure occurring before reaching the yield point. This is illustrated by the linear stress–strain
profile observed throughout the entire range in Figure 3. The 30◦ print angle enhanced the
PLA’s ability to deform without permanent damage, indicating its suitability for applica-
tions where flexibility and resilience are desired.

The results emphasize the significant influence of print angle on the mechanical
properties of PLA. By altering the angle, it is possible to tailor the material’s stiffness,
elasticity, strength, and ductility to meet specific application requirements. These findings
provide valuable insights for optimizing the 3D-printing process and achieving desired
mechanical properties in PLA-based objects.

It is important to note that the study’s outcomes are focused specifically on PLA
filaments and their response to different printing angles. While PLA is a widely used mate-
rial, other factors such as filament composition, printing parameters, and post-processing
techniques may also impact the final mechanical properties of 3D-printed objects. Fur-
ther research is needed to explore these aspects and expand our understanding of how
different materials and printing conditions interact to influence the mechanical behavior of
printed objects.

 

 

(a) (b) 

Figure 3. Cont.
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(c) (d)

Figure 3. Mechanical properties of the 3D-printed specimen: (a) stress–strain profile for PLA 15◦,
(b) photograph of a failed 3D-printed PLA 15◦ specimen sample, (c) stress–strain profile for PLA 30◦,
and (d) photograph of a failed 3D-printed PLA 30◦ specimen.

Overall, the findings underscore the potential of utilizing various printing angles as a
means of tailoring the mechanical properties of 3D-printed PLA objects. This knowledge
can guide the design and fabrication of PLA-based components in diverse fields, including
biomedicine, aerospace, and consumer goods, where specific mechanical characteristics are
crucial for optimal performance.

3.2. Simulation Results of PLA

The ANSYS program has been used to simulate the stress–strain response of the
dogbone specimens and compare the experimental results with the simulation curves.
Regarding the interface ANSYS tensile test for meshing, and element size of 0.0009 was
used to obtain adequate meshing; for boundary conditions, explicit dynamics were used by
employing fixed support and the steps of using subroutines in ANSYS. This analysis aimed
to investigate the relationship between the printing angle and the mechanical behavior of
the samples.

Figure 4 presents the experimental curves for each sample, which closely aligned
with the simulation curves associated with their respective printing angles. This close
match between the experimental and simulated responses allowed one to obtain a clear
understanding of how different printing angles affected the mechanical properties of the
samples. Notably, a significant difference was observed when the printing angle was varied.

For the PLA samples printed at a 15◦ angle, notable improvements in mechanical
properties were observed. These improvements included enhanced ductility, flexibility,
and strength [28]. Moreover, the experimental results of these samples closely resembled
the simulation curve, indicating good agreement between the experimental and simulated
responses, with the exception of sample 2. This suggests that the mechanical properties
of PLA printed at a 15◦ angle were predictable and consistent with the predictions from
the simulation.

In contrast, the PLA samples printed at a 30◦ angle exhibited a reduction in certain
mechanical properties, particularly in terms of ductility. These samples were more brittle
and showed a noticeable decrease in strength and elasticity. However, it is important to
note that the experimental results for these samples were not entirely valid as only two of
them matched the simulation curve [29]. This discrepancy between the experimental and
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simulated results suggests a deviation from the expected behavior, potentially due to other
influencing factors or variations in the printing process.

(a) (b)

(c) (d)

Figure 4. (a) Simulation for PLA, (b) simulation for PLA (3D), (c) stress–strain results chart of
PLA−15◦ experimental/simulation, and (d) stress–strain results chart of PLA−30◦ experimen-
tal/simulation.

The findings derived from the comparison between the experimental and simulated
results further highlight the significance of the printing angle in influencing the mechanical
properties of PLA samples. The PLA printed at a 15◦ angle demonstrated improved
performance, whereas the 30◦ printing angle led to a reduction in certain mechanical
properties. These results provide valuable insights into how adjusting the printing angle can
affect the final mechanical behavior of 3D-printed PLA objects, underscoring the importance
of considering this parameter when aiming to achieve desired material properties.

It is important to acknowledge that the experimental and simulated results presented
in this study focused specifically on PLA samples and their response to different print-
ing angles. Other factors such as filament composition, printing parameters, and post-
processing techniques could also impact the final mechanical properties of 3D-printed
objects. Therefore, it is crucial to conduct further research to explore these factors and
gain a comprehensive understanding of their influence on the mechanical behavior of
printed objects.

The findings from this study provide valuable insights into the relationship between
the printing angle and the mechanical properties in PLA samples. By adjusting the printing
angle, it is possible to tailor the mechanical behavior of 3D-printed PLA objects to meet
specific application requirements. These insights contribute to the optimization of the
3D-printing process and the production of PLA-based components with desired mechanical
characteristics in various fields, including biomedicine, aerospace, and consumer goods.

3.3. Experimental Results of PETG

The mechanical properties of the PETG filament materials were compared with PLA
in this study, and it was found that PETG exhibited greater strength [30]. The experimental
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results for the two different printing angles, 15◦ and 30◦, were analyzed to understand their
impact on the mechanical properties of PETG. Figure 5 illustrates the findings, showing
improvements in the mechanical properties of the samples printed at a 30◦ angle.

  
(a) (b) 

 

(c) (d) 

Figure 5. Mechanical properties of the 3D-printed specimen: (a) stress–strain profile for PETG
15◦, (b) photograph of a failed 3D-printed PETG 15◦ specimen sample, (c) stress–strain profile for
PETG 30◦, and (d) photograph of a failed 3D-printed PETG 30◦ specimen.

The PETG samples printed at a 30◦ angle demonstrated higher strength than those
printed at a 15◦ angle. Additionally, there was a slight increase in stiffness and a reduction
in ductility and flexibility for the 30◦ samples. This indicates that the printing angle
significantly influenced the mechanical behavior of PETG, affecting its strength, stiffness,
ductility, and flexibility. The samples printed at a 30◦ angle exhibited improved the overall
mechanical performance.

On the other hand, the experimental results for the PETG samples printed at a 15◦
angle indicated slightly increased ductility and elasticity compared to the 30◦ samples.
This suggests that a lower printing angle can lead to enhanced ductility and elasticity in
PETG. However, it is important to note that the improvements in these properties were not
as significant as the gains observed in strength and stiffness for the samples printed at a
30◦ angle.

These findings provide valuable insights into how adjusting the printing angle can
optimize the mechanical properties of 3D-printed PETG objects for different applications.
By selecting an appropriate printing angle, it is possible to enhance the strength and
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stiffness of PETG, which may be desirable in applications where structural integrity is
crucial. However, if improved ductility and flexibility are the main requirements, a lower
printing angle such as 15◦ may be more suitable.

It is important to consider that other factors, such as filament composition, printing
parameters, and post-processing techniques, can also influence the mechanical properties of
3D-printed PETG objects. Therefore, further research is needed to investigate the combined
effects of these factors along with the printing angle to fully understand their impact on the
mechanical behavior of PETG.

The insights gained from this study provide guidance for optimizing the 3D-printing
process and producing PETG-based components with tailored mechanical properties. This
knowledge can be valuable in various industries, including automotive, aerospace, and
consumer goods, where PETG’s strength and other mechanical characteristics play a crucial
role in the performance and durability of printed objects.

3.4. Simulation Results of PETG

The sample printed at a 15◦ angle demonstrated a slight decrease in stiffness and
ductility compared to the original material. However, it is important to acknowledge that
the experimental results for this particular sample were not entirely reliable as only one
sample closely aligned with the simulation curve, while the remaining samples exhibited
significant deviations, as depicted in Figure 6.

  
(a) (b) 

 
(c) (d) 

Figure 6. (a) Simulation for PETG, (b) simulation for PETG (3D), (c) stress–strain results chart of
PETG −15◦ experimental/simulation, and (d) stress–strain results chart of PETG −30◦ experimen-
tal/simulation.

Despite the limitations in the experimental results, it is still possible to observe some
trends in the mechanical properties of the sample printed at a 15◦ angle. The findings indi-
cate that this printing angle resulted in improvements in strength and stiffness compared to
the original material. This suggests that altering the printing angle can have a discernible
impact on enhancing the mechanical properties of the printed samples.
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Additionally, there were reductions in ductility and flexibility observed for the sample
printed at a 15◦ angle. These changes in mechanical behavior indicate that the printing angle
can influence the material’s response to applied loads and its ability to deform without
fracturing. By modifying the printing angle, it is possible to achieve different combinations
of mechanical properties that align with the requirements of specific applications.

However, it is crucial to acknowledge the limitations of the experimental results
as the majority of the samples printed at a 15◦ angle deviated significantly from the
simulated profile. This discrepancy between the experimental and simulated responses
suggests potential factors influencing the mechanical behavior that were not accounted for
or variations in the printing process.

To gain a comprehensive understanding of the impact of the 15◦ printing angle on the
mechanical behavior of the printed objects, further investigation and analysis are warranted.
It is necessary to conduct a more extensive experimental study with a larger sample size
to obtain reliable and statistically significant results. Moreover, additional factors such
as printing parameters, material composition, and post-processing techniques should be
considered to elucidate their contributions to the observed mechanical properties.

By conducting thorough investigations and addressing the limitations, authors can
refine their understanding of the influence of the 15◦ printing angle and potentially optimize
the printing parameters to achieve desired mechanical properties in future 3D-printed
objects. This knowledge can pave the way for the development of tailored materials and
structures with improved mechanical performance for various applications. The results
in Figures 4 and 6, which indicate the simulation of PETG and PLA, were based on the
difference in the raster angle.

4. Conclusions

The aim of this research is to complement previous research in the field of 3D printers;
therefore, this research has presented the effects of raster angle on the elasticity of 3D-
printed polylactic acid and polyethylene terephthalate glycol. These printing angles were
15◦ and 30◦. Accordingly, this study has provided valuable insights into the significant
impact of the raster angle on the mechanical properties of 3D-printed PLA and PETG mate-
rials. By manipulating the printing angles to 15◦ and 30◦ for PLA and PETG, respectively,
notable improvements were observed in the mechanical characteristics of these materials
using the simulated profiles generated using ANSYS software. This study concluded that

• The specimens are 60% solid, which is the infill for the rest of the infilling; this is the
primary reason for anisotropy.

• For PLA, the samples printed at a 15◦ angle exhibited enhancements in strength,
elasticity, and flexibility, while experiencing a slight reduction in stiffness compared
to the original material. These findings suggest that the 15◦ printing angle optimized
the mechanical properties of PLA, making it more suitable for applications where
increased strength and flexibility are desired.

• In the case of PETG, the samples printed at a 30◦ angle showed improvements in
strength, elasticity, and flexibility. However, there was a reduction in ductility com-
pared to the original material. These findings suggest that the 30◦ printing angle
optimized the mechanical properties of PETG, making it more suitable for applications
where increased strength and flexibility are desirable.

Generally, this study emphasizes the criticality of carefully optimizing 3D-printing
parameters, particularly the raster angle, to achieve the desired mechanical properties of
printed PLA and PETG objects. These findings highlight the complexity of the 3D-printing
process and underscore the need for further research to fully comprehend and control
the mechanical behavior of printed materials. Such insights are essential for guiding the
design and fabrication of 3D-printed objects across diverse fields, including biomedicine,
aerospace, and automotive engineering, where tailored mechanical properties are of ut-
most importance.
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Continued investigations into the effects of printing parameters, material composi-
tions, and post-processing techniques will contribute to a deeper understanding of the
relationships between 3D-printing parameters and mechanical behavior. This knowledge
can further facilitate the development of advanced 3D-printing strategies, enabling the
production of customized objects with optimized mechanical properties to meet the specific
requirements of various applications.

This study examines the mechanical characteristics of polylactic acid (PLA) and
polyethylene terephthalate glycol (PETG) 3D-printing specimens with 15◦ and 30◦ raster
angles only. This allows the field to study the mechanical characteristics of polylactic
acid (PLA) and polyethylene terephthalate glycol (PETG) 3D-printing specimens at other
different angles.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/designs7050112/s1, Figure S1: The steps of using subroutines in ANSYS.
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Abstract: Metal-reinforced polymer composites are suitable materials for applications requiring spe-
cial thermal, electrical or magnetic properties. Three-dimensional printing technologies enable these
materials to be quickly shaped in any design directly and without the need for expensive moulds.
However, processing data correlating specific information on how the metal particles influence the
rheological behaviour of such composites is lacking, which has a direct effect on the processability
of these composites through melt processing additive manufacturing. This study reports the com-
pounding and characterisation of ABS composites filled with aluminium and copper particulates.
Experimental results demonstrated that the tensile modulus increased with the incorporation of metal
particles; however, there was also an intense embrittling effect. Mechanical testing and rheological
analysis indicated poor affinity between the fillers and matrix, and the volume fraction proved
to be a crucial factor for complex viscosity, storage modulus and thermal conductivity. However,
a promising set of properties was achieved, paving the way for polymer–metal composites with
optimised processability, microstructure and properties in melt processing additive manufacturing.

Keywords: polymer–matrix composites (PMCs); particle reinforcement; rheological properties;
thermal properties; 3D printing

1. Introduction

Polymer–metal composites are of particular interest for applications in which either
thermal or electrical conductivity is required since polymers are not intrinsically conduc-
tive [1–6]. For instance, concern has arisen due to warpage and distortion caused by
thermal expansion on polymer-based 3D-printed parts. Finite element analysis (FEA)
simulations have been employed to model the mechanical and thermal behaviours of
parts built through fused deposition modelling (FDM) [1,3,7]. Therefore, materials with
improved thermal properties would address the final product’s potential distortion in the
fabrication of large-dimension structures such as electromagnetic interference shields and
antennas [1]. A combination of heat dissipation and electrical insulation is usually desired
in encapsulated electronic devices, preventing a potentially jeopardising overheating sit-
uation while enabling the retention of the electrical functionality [4,8]. Moreover, inserts
for injection hybrid moulds (which are manufactured through 3D printing techniques)
have also proven to benefit from inorganic fillers, exhibiting improved heat dissipation and
greater longevity and yielding parts with properties comparable to those produced with
conventional injection moulding [9–11]. In this context, metal-reinforced polymer–matrix
composites have become an alternative material to overcome these issues as the addition
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of fillers, either particles or fibres simply with conductivity greater than that of polymers,
aimed at improving mechanical characteristics combined with light weight, can also impart
distinct thermal, electrical, optical or magnetic properties to the material [5,7,12,13].

The effects of a number of conductive fillers on the properties of different polymer ma-
terials have been investigated, with particular emphasis on copper and aluminium powders,
and various experimental approaches and numerical models have been employed to assess
the thermal conductivity of such composites [14–20]. For instance, Rahmati and Dickens
(2007) [21] and Pontes et al. (2008) [22] carried out studies on aluminium-filled 3D-printed
epoxy inserts for hybrid moulds, evaluating the thermal and mechanical properties and
reporting promising outcomes relative to enhancing the thermal performance of the moulds.
Ranjan et al. (2023) [23] 3D-printed ABS parts to fabricate composites with aluminium
metal spray reinforcement, and then applied machine learning methodologies to optimise
the process variables and the flexural properties. Akrout et al. (2023) [24] investigated the
structural, thermal, micromechanical and tribological properties of ABS/Cu composites for
bearing applications. Compared to neat ABS, the composites showed a higher hardness
and elastic modulus. Significant improvements in ABS’s mechanical and thermal properties
suggest that a suitable selection of material composition and other parameters may lead to
a FDM filament of great potential, yielding high-performance, functional prototypes for a
wide range of applications manufactured with the FDM process [7,25].

From the point of view of the material, the acrylonitrile–butadiene–styrene copolymer
(ABS) is known for its excellent mechanical and impact strengths, dimensional stability,
good chemical resistance, low water absorption and high filling capacity, arising as a
popular thermoplastic material of choice for FDM applications as it offers satisfactory
processability and a relatively low melting temperature [5,26–29]. The manufacturing of
ABS composites through additive manufacturing (AM) techniques, such as FDM, has been
demonstrated [30–34], and melt flow index (MFI) analysis has been a popular testing choice
to evaluate the flow behaviour trends of ABS composites developed for 3D printing [35–41].
Isa et al. (2015) [35] and Sa’ude et al. (2016) [36] studied the behaviour of ABS/copper
composites, and Kumar et al. (2019) [38] carried out similar work on ABS/aluminium
composites, with all of them targeting the development of materials for extrusion-based
AM processes; nonetheless, their results indicated that the filler has distinct effects on MFI
depending on its content, suggesting that there would be no direct dependence between
the loading content and MFI. However, only knowing a material’s MFI is insufficient to
process it, since this type of measurement represents the flow of a material under the
pressure applied during its testing, and it does not encompass considerations due to shear
conditions a polymer chain will be subjected to as it undergoes the processing stage [42–44].
Moreover, MFI lacks accuracy and reproducibility as it is a single-point viscosity value
relative to the shear rate and applied pressure at a fixed temperature, prone to inherent
measurement errors as well as experimental errors [44–46].

On the other hand, considering that the flowability of a polymer is inversely propor-
tional to the dynamic viscosity, it is well known that the melt flow behaviour (MFB) is an
important parameter for 3D printing as the printed parts’ precision and interlayer adhesion
may be affected by both the shear thinning effect (which determines the pressure needed
to push the material through the nozzle) and the temperature parameters (which will
ultimately govern the mechanical properties and integrity of the printed parts) [43,47–50].
Dynamic oscillatory rheometry has been employed to determine the appropriate processing
conditions for high-performance thermoplastics in the form of AM feedstock, as it provides
a more comprehensive rheological profile of such materials, such as including other linear
viscoelastic properties of interest, e.g., melt storage modulus (G′) and complex viscosity
(η*), and it has been successfully utilised to characterise ABS composites [51–57].

However, there is a gap of knowledge regarding the dynamic rheological properties
of ABS/metal composites [58]. Within this frame of reference, this work aims to provide
a better understanding of the effect of incorporating metallic particles on the rheological
and viscoelastic properties of ABS, which is essential to determine the feasibility of these
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polymer/metal compounds as potential candidates for thermally conductive thermoplastic
composites’ AM feedstock. In this study, metal particle-reinforced ABS composites were
produced through extrusion compounding and injection moulding, with aluminium and
copper particles incorporated into the polymer matrix. In addition, mechanical, rheological,
viscoelastic, thermal and morphological characterisation techniques were employed to eval-
uate the effects of the metallic fillers’ loadings on the composites’ performance, as a suitable
set of properties may be challenging to achieve, especially for highly loaded systems.

2. Experimental

2.1. Materials

Commercial-grade ABS was supplied by LG Chemical under trade name TR-557I
as a transparent, impact-resistant material. Aluminium powder (250 mesh, >99.7%, air-
atomised) and copper powder (325 mesh, >99.0%, water-atomised) were supplied by East
Coast Fibreglass.

2.2. Metallic Powders Characterisation

Aluminium and copper powder were analysed in order to determine their surface
and physicochemical properties, such as specific surface area, mean particle size and
crystalline structure. Surface adsorption characteristics were studied in a Quantachrome
Nova 1000e unit with nitrogen 5.0 as testing gas, and the specific surface area (Asp) was
calculated using the Brunauer–Emmett–Teller (BET) isothermal model. Laser scattering
particle size distribution measurements were performed in a Horiba LA-950 granulometer.
X-ray diffraction was carried out in a Siemens/Bruker D5000, with 2θ angle ranging from
10◦ to 80◦ at a 0.05◦·s−1 step, utilising a Cu-Kα tube (λ = 1.54056 Å).

2.3. Compounding and Extrusion

Metal-reinforced composites were prepared by mixing and extruding ABS with the
metallic powders in a co-rotating twin-screw Leistritz Macromatex II (Ø 27 mm, 36:1 L/D
ratio), with a temperature profile of 200–230 ◦C from the throat to nozzle at 30 rpm. Prior
to compounding, ABS and metallic powders were dried at 80 and 110 ◦C, respectively, for
2 h. Following extrusion, obtained composites were pelletised. Composite formulations
were designed with two variable factors at two levels; the polymer/metal weight ratios are
presented in Table 1, along with the theoretical volume fractions of polymer, fABS, and the
metal filler, fmet.

Table 1. Metal powder contents for the composites prepared.

ABS [wt%] Al [wt%] Cu [wt%] fABS fmet

ABS-30%Al 70 30 - 0.855 0.145
ABS-60%Al 40 60 - 0.627 0.373
ABS-30%Cu 70 - 30 0.951 0.049
ABS-60%Cu 40 - 60 0.848 0.152

wt% = 100 × (phase mass)/(total mass).

2.4. Injection Moulding and Processing Optimisation

An Arburg 370E Allrounder injection moulding machine (Ø 30 mm screw) was utilised
in this study with a temperature profile of 195–220 ◦C from the throat to nozzle. Composite
pellets and virgin ABS were pre-dried at 70 ◦C for four hours. Specimens (ASTM D638
type I tensile, unnotched ASTM D6110 Charpy impact and Ø 25 mm disc) were moulded.
Allowing for the increased viscosity due to the filler contents, the injection process pa-
rameters needed to be modified in order to reach an optimal moulding condition for each
formulation (Table 2), preventing issues such as short shots and flashing.
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Table 2. Injection moulding parameters employed for process optimisation.

ABS ABS-30%Al ABS-60%Al ABS-30%Cu ABS-60%Cu

Injection Pressure [bar] 805 1050 1890 900 1070
Holding Pressure [bar] 500 500 1600 500 500

Mould Temperature [◦C] 50 ± 5 50 ± 5 50 ± 5 50 ± 5 50 ± 5
Cooling Time [s] 30 30 45 30 30

2.5. Mechanical Testing

Stress–strain tensile tests were performed with injection-moulded ASTM D638 type I
specimens in a Zwick Roell (Zwick GmbH & Co. KG, Ulm, DE) universal testing machine
with a 10 kN loadcell and testXpert III (version 1.5) software by the same manufacturer,
based on ASDM D638-14. Test speed was 5 mm·min−1, and gauge length was 50 mm. A
total of 16 specimens were tested for each formulation.

Unnotched Charpy impact test was carried out based on ASTM D6110-10 in a Ceast
Resil 6844 (Ceast Instron SpA, Turin, Italy) digital machine with a 4.0 J hammer. Specimens
were mechanically notched so that the material remaining in the specimen under the notch
was 10.16 ± 0.05 mm thick. Twelve specimens were tested for each formulation. Hardness
tests were carried out on a CV Instruments Shore D Durometer (CV Instruments Ltd.,
Sheffield, UK) digital machine, with a test load of 5.0 kg. A total of 64 measurements were
taken from each sample. For both tests, the values reported were calculated as the average
of the recorded values.

2.6. Dynamic Rheology

Oscillatory dynamic rheology of the composites was studied using a Discovery HR30
rheometer (TA Instruments, New Castle, DE, USA), featuring a parallel-plate geometry
fixture with Ø 25 mm and 1.0 mm gap. To ensure that the strain utilised was within the
linear viscoelastic region, amplitude sweep tests were performed within a strain range from
0.1% to 100% at 1.0 Hz. Frequency sweep experiments, also known as small angle oscillatory
shear (SAOS), were carried out within a frequency range from 100 to 0.01 Hz under a strain
of 1%. In SAOS studies, the flow curves follow a power law equation, η* = K × ωn, that
expresses the shear thinning parameter n, which provides a semi-quantitative measurement
of the filler dispersion [52,53]. Temperature of 195 ◦C and nitrogen atmosphere were
applied for both test modes. Three specimens of each formulation were analysed in each
testing mode.

2.7. Dynamic Mechanical Thermal Analysis

Dynamic mechanical analysis (DMA) was used to investigate the storage modulus (E′)
and the glass transition temperature (Tg). A DMA Q800 (TA Instruments, New Castle, US)
machine was used for the analysis using single cantilever mode with a free bending length
of 17.5 mm. The specimens were 12 mm wide and 2 mm thick. A 1 μm oscillation amplitude,
1 Hz oscillation frequency and 5 ◦C·min−1 heating rate from room temperature to 160 ◦C
were employed. Three specimens of each material were analysed. Tg was determined as
the tan(δ)DMA peak temperature.

2.8. Thermal Conductivity

The thermal conductivity (k) of specimens was measured using a H111A Heat Transfer
Unit (P.A. Hilton Ltd., Andover, UK). A disc specimen (Ø 25 mm, thickness 2 mm) was fitted
between two parallel-plate copper blocks. A voltage and current of 80 V and 0.109 A were
applied, and six specimens were tested. Finally, the surface temperatures were estimated
according to the manufacturer’s instructions, and k (for the materials) was calculated based
on Fourier’s Unidirectional Heat Transfer Law.
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2.9. Scanning Electronic Microscopy

The morphology of the impact fracture surfaces was observed through a field emission
scanning electron microscope (FE-SEM) (Tescan Mira 3, Tescan UK/Oxford Instruments,
Cambridge, UK), with a 10 kV energy beam using the backscattered electrons (BSE) mode.
Prior to analysis, specimens were mounted on a metallic stub and gold-coated for 30 s at
0.13 mbar vacuum. Combined with the FE-SEM instrument, a surface chemical composition
mapping was carried out through energy dispersive spectroscopy (EDS) equipped with
a silicon drift detector (SDD) to evaluate the dispersion of the metal particles within the
ABS matrix.

2.10. Statistical Analyses

Analysis of variance (ANOVA), a statistical method, was employed to assess whether
the metallic powder type and content were significant for the composites’ properties. All
the values were analysed at a 99% confidence interval, and differences were considered
significant through the p-value test when p ≤ α = 0.01. In order to determine differences
between sample groups, Tukey’s HSD pairwise post hoc test was applied [11,59].

3. Results and Discussion

3.1. Physicochemical Properties of Metallic Powders

The aluminium and copper powder’s specific surface areas were estimated through
the BET model [60] and were 2.14 and 3.41 m2·g−1, respectively, which are very low values
and indicate an absence of porosity. The granulometric distribution data are shown in
Table 3. The metallic powders presented mean particle sizes of 27.95 ± 9.59 μm (Al) and
23.55 ± 9.92 μm (Cu), which are consistent with the differences in specific surface area
and material density. Both powders demonstrated a unimodal frequency distribution
of particle sizes (Figure 1), with ca. 63% of their particles within the medium silt range
(14.5–28.5 μm). Aluminium had 30.16% of its particles falling within the coarse silt range,
while copper presented a more balanced distribution between fine silt (19.09%) and coarse
silt (16.46%). It is also important to mention that the powders were synthesised through
distinct processes. The aluminium powder was produced through gas atomisation, a
process that usually yields fine, regular and spherical particles, while copper powder was
manufactured through water atomisation, which produces particles with highly irregular
morphology [61,62]. The powders’ synthesis is therefore likely related to both the specific
surface area and the particle size distribution.

Table 3. Surface adsorption characteristics and granulometry distribution of the metallic powders.

Aluminium Copper

Specific surface area 2.14 m2·g−1 3.41 m2·g−1

Mean size ± SD 27.95 ± 9.59 μm 23.55 ± 9.92 μm
Mode size 27.88 μm 21.41 μm

Diameter on 10% 17.17 μm 13.34 μm
Diameter on 50% 26.69 μm 21.69 μm

D
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ue

nc
y Very fine silt (3.5–7.0 μm) - 0.49%

Fine silt (7.0–14.5 μm) 6.21% 19.09%
Medium silt (14.5–28.5 μm) 62.98% 63.27%
Coarse silt (28.5–57.0 μm) 30.16% 16.46%

Very fine sand (57.0–115.0 μm) 0.64% 0.69%
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Figure 1. Frequency and cumulative distributions of particle sizes of aluminium and copper powders
obtained with laser scattering granulometry. Frequency (solid line) and cumulative (dotted line)
distributions of particle sizes obtained with laser-scattering granulometry.

The XRD patterns of both powders are presented in Figure 2. The powder diffraction
data were processed with Rietveld refinement using the GSAS-II software [63]. Both
aluminium and copper powders were found to match the diffraction patterns for pure
metallic phases recorded on the software’s database and as previously reported in the
literature, confirming the absence of oxidation. Aluminium had peaks at 2θ values of 38.6◦,
44.8◦, 65.2◦ and 78.3◦ [63,64], and copper had peaks at 43.3◦, 50.4◦ and 74.1◦ [63,65].

Figure 2. X-ray diffraction patterns of the metallic powders.

3.2. Mechanical Properties

Representative stress–strain tensile curves of the neat polymer and the produced
composites are shown in Figure 3, and the obtained mechanical properties are presented
in Table 4. In Figure 3, it is possible to observe that neat ABS presented the typical
thermoplastic’s stress–strain curve, with an elastic region, a prominent yield point and
ductile break at greater strains [13]. Three out of four composites presented brittle behaviour.
The tensile results indicate that the polymer/metal weight ratio has a significant effect
on Young’s modulus (E), tensile strength (σmax), stress at break (σB) and strain at break
(εB), and that there is a significant interaction between the weight ratio and type of filler
(ANOVA, p < 0.01).
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Figure 3. Representative stress–strain tensile curves of ABS and composites.

Table 4. Mechanical performance of injection-moulded ABS composites and respective standard
deviations.

ABS ABS-30%Al ABS-60%Al ABS-30%Cu ABS-60%Cu

Young’s Modulus (E) [MPa] 1885.0 2837.5 A 4784.4 2329.4 2853.1 A

±18.97 ±227.84 ±47.04 ±16.52 ±18.52

Yield Strength (σY) [MPa] 43.4 32.4 - - -
±0.36 ±0.54 - - -

Strain at Yield (εY) [%]
3.3 2.3 - - -

±0.04 ±0.07 - - -

Tensile Strength (σmax) [MPa] 43.4 32.4 B 39.4 C 33.7 B 38.1 C

±0.36 ±0.67 ±2.36 ±1.71 ±1.56

Stress at Break (σB) [MPa] 31.9 D 31.3 D 39.4 E 33.7 D 38.1 E

±3.64 ±1.08 ±2.36 ±1.71 ±1.56

Strain at Break (εB) [%]
5.2 2.9 1.0 F 1.6 F 1.5 F

±1.44 ±0.58 ±0.12 ±0.11 ±0.09

Impact Strength (IS) [kJ·m−2]
13.71 2.70 2.03 3.12 4.30
±0.304 ±0.090 ±0.072 ±0.092 ±0.081

Impact Resistance (IR) [kJ·m−1]
139.33 27.40 20.67 31.72 43.68
±3.088 ±0.912 ±0.731 ±0.931 ±0.825

Shore D Hardness
78.1 79.4 83.3 G 83.2 G 84.1
±0.78 ±0.98 ±1.27 ±0.66 ±0.69

Values of average and standard deviations for σY and εY of ABS-30%Al refer to 12 specimens, as 4 specimens out
of 16 presented a brittle fracture. All specimens of ABS-60%Al, ABS-30%Cu and ABS-60%Cu presented a brittle
fracture during tensile testing; thus, no values of σY and εY are recorded. A,B,C,D,E,F,G Means that share a letter
have no statistical differences.

The incorporation of metallic particles changed the mechanical response of ABS. The
metallic particles significantly raised E for ABS-30%Al and ABS-60%Cu, whose values
are close due to the similar filler volume fraction, in comparison to neat ABS (ca. 50%,
p < 0.01), and for ABS-60%Al (over 250%, p < 0.01). ABS exhibited a mean yield point at
σY = 43.3 MPa and εY = 3.3%, while ABS-30%Al featured yielding at σY = 32.4 MPa and
εY = 2.3% followed by a ductile break at σB = 31.3 MPa and εB = 2.9%. All copper-loaded
specimens failed before yielding during the tensile test, as well as all specimens of ABS-
60%Al and 4 specimens out of 16 of ABS-30%Al. This reveals a major embrittling effect of
the metallic filler on the matrix, representing a considerable loss in terms of toughness.
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Overall, the mechanical behaviour observed under tensile loading follows a trend of
increasing E and reducing εB as the filler content increases, as also reported by previous
studies [1,9,41,57,66]. Moreover, E displays a linear dependence (R2 = 0.9881) upon the
volume fraction of the filler, regardless of the filler’s nature (Figure 4). Young’s modulus
is not subjected to particle–matrix interfacial adhesion effects because debonding is not
yet observed for small loads or displacements, i.e., the range within which the modulus
is measured [66]. However, Masood and Song (2004, 2005) [9,10] reported a dependency
of E and σmax upon the size and content of metallic fillers: the larger the particle size, the
greater the tensile modulus and strength.

Figure 4. Young’s modulus linear dependency upon reinforcement volume fraction.

Characteristics such as σmax first decreased for a 30 wt% filler content and then, with a
60 wt% metal powder, increased to ca. 90% of that of neat ABS (Figure 5), while a significant
increase of σB was observed for ABS-60%Al and ABS-60%Cu. Embrittlement, increase in
E and decrease in εB are typically observed for ABS/aluminium composites [41,57]. In
spite of the changes in injection moulding parameters due to the composites’ increased
viscosity, the injection pressure has minimal to low influence on the mechanical properties
of injection-moulded ABS [67]. The most important parameter for E, σmax and εB was
identified as melt temperature, with impact levels weighting between 43 and 87%, whilst
injection pressure made up between 2 to 22% for the same properties [67].

Although ABS-30%Al and ABS-60%Cu have similar filler volume fractions, σmax and εB
of such composites are significantly distinct (p < 0.01) and ABS-30%Al has ductile behaviour.
This indicates that aluminium and copper promote distinct fracture mechanisms due to
different levels of polymer–particle interface interactions. The polymer–metal interface is a
crucial factor, and its integrity can be affected by the particle’s morphology and stability,
impairing the stress transfer between the matrix and the filler [13,66]. Since the formulations
did not contain a coupling agent to promote enhanced interface interactions, there may be
insufficient bonding between the metal particle and the polymer matrix [7].

ABS-30%Al and ABS-60%Cu have σmax of 32.4 and 38.1 MPa, respectively, suggesting
that the ABS–copper interface may be less weak than the ABS–aluminium one. As σmax first
drops for a 30 wt% filler content and then rises with 60 wt%, metal particles likely act as
defects and have a weakening effect on ABS due to the stress concentration at a lower load-
ing, later reinforcing the matrix as barriers to crack growth at higher concentrations [13,66].
Another reason for this may lie in the non-homogeneous dispersion of voids and particles,
possibly leading agglomerations to cause stress concentrations [39].
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Figure 5. Interaction plots of selected mechanical properties of ABS/aluminium (green) and
ABS/copper (orange) composites as functions of the metal powder content.

In ABS-30%Al, the poor interface bonding would cause ABS regions adjacent to
the particle agglomerates to remain unaffected, withstanding a certain degree of plastic
deformation. This is not observed for ABS-60%Al. The energy that can be absorbed by the
ABS matrix is limited by the metal particles, leading to crack initiation and growth [68].
As the filler will not deform, it will rather debond; at the same time, the particles induce a
concentration of tensile stress in the matrix, promoting multiple crazing sites [68].

The interaction between ABS and copper particles likely led the interface to stiffen
neighbouring polymer segments from lower filler volume fractions, increasing the com-
posite’s brittleness. Increasing the filler concentration leads to the formation of clusters.
Moreover, polymer–particle interfaces would act as breaking sites; therefore, as these ag-
glomerations grow with the filler content, the surface-to-volume ratio drops, decreasing
the amount of breaking sites, thus leading σB to rise [13].
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The resulting brittleness observed in E is endorsed by a decrease in IS, with values
for ABS-30%Al and ABS-60%Al as low as 20% and 15% of that of ABS, while ABS-30%Cu
and ABS-60%Cu were as low as 23% and 31% relative to the pure material (Table 4 and
Figure 5). The same trend was observed for IR. Such values of IS and IR suggest a poor
adhesion between the matrix and reinforcement as a low-energy cleavage path leads to
reduced energy absorption through the matrix [4,66,69]. In neat ABS, a fracture is driven
by two simultaneous mechanisms, shear yielding and crazing, with shear-yielding bands
acting as craze terminators and rigid particulates promoting enhanced shear yielding [68].

In general, the fracture toughness of ductile matrixes such as ABS is inversely propor-
tional to the filler content due to a poor interfacial adhesion, particle agglomeration and
non-homogeneous dispersion [66,70]. However, in spite of the reduction in toughness, the
copper reinforcement particles likely promoted extra mechanisms for energy dissipation
under a certain range of filler content, which is possibly associated with debonding and
shear yielding, hence increasing the impact strength to some extent [66,68]. This would
explain why increasing the copper content to 60 wt% enhanced the toughness behaviour as
it raised IS by 38% relative to the 30 wt% copper content.

This effect was not observed for the aluminium composites as ABS-60%Al presented
IS 25% lower than ABS-30%Al. In this case, the higher filler volume of aluminium reinforce-
ment possibly led particles to agglomerate and act as stress concentration points, causing
the impact properties to reduce, and supporting the hypothesis that the ABS–copper
interface may be stronger than the ABS–aluminium one.

The cross-section fracture surfaces resulting from the Charpy test can be observed in
Figure 6. ABS specimens presented clear evidence of deformation as the impact rupture
took place, displaying the typical characteristics of a ductile rupture mechanism, including
the presence of whitening due to the shear flow under stress [69]. These signals were
absent on all the composites. Blisters can be observed on the composites cross-sections,
likely caused by the moulding process, and could relate to the reduction in impact strength.
Additionally, macroscopic aluminium agglomerations can be observed within the ABS
matrix. Blisters observed on ABS-30%Cu were the largest overall. The amount and size of
voids could also be related to the higher impact and tensile strength of ABS-60%Cu, as the
non-homogeneous dispersion of blisters and particles might act as a point that creates stress
concentrations. In Charpy impact testing, both the content and type of filler were found to
be significant factors, and the interaction between the weight ratio and type of filler also
had significant effects (p < 0.01). In addition, all the means were statistically different.

The values obtained for Shore D hardness showed an increasing trend alike to that of
E, demonstrating that the stiffening effect due to the incorporation of the metal powders
was also noticeable on the composites’ surfaces. The highest hardness was recorded for
ABS-60%Cu, a significant increase of 7.7% (p < 0.01) in comparison to neat ABS, which
had the lowest hardness. The figures are similar to the results previously reported for
ABS/aluminium composites [37,41].

Also, the decrease in impact strength due to the incorporation of a filler was found
to take place in conjunction with an increase in hardness [69]. It has been suggested that
the hard particle filler absorbs the load and withstands plastic deformation, thus resisting
indentation [6]. In this context, the metallic particles would change the polymer matrix’s
microstructure; thus, the introduction of more grain boundaries due to increasing the metal
content would cause the composite to reach a greater hardness value [71].

However, the lower values of hardness recorded for the aluminium-reinforced com-
posites relative to the copper-filled ones, in spite of the greater volume fraction of the
aluminium particles, may suggest an inadequate dispersion of the filler and a poorer in-
terface effectiveness between the ABS matrix and aluminium reinforcement. Statistical
analysis of the data indicates that both the content and type of filler have significant effects
on the surface hardness characteristics, and the interaction between the weight ratio and
type of filler was also found to be a significant factor (ANOVA, p < 0.01). In addition, only
ABS-60%Al and ABS-30%Cu displayed no significant differences (p = 0.988).
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Figure 6. Representative fractographies from the Charpy impact test for (a) ABS, (b) ABS-30%Al,
(c) ABS-60%Al, (d) ABS-30%Cu and (e) ABS-60%Cu; notches can be observed on the top of
each cross-section.

3.3. Rheological Behaviour

The complex viscosity (η*) mean values recorded at 195 ◦C for neat ABS and the
metal-reinforced composites are presented in Figure 7 as a function of frequency (ω). There
is a decrease of η* with increasing ω, representing the shear thinning behaviour of ABS
and the composites. The addition of metallic fillers did not change the overall η* curve
profile. Aluminium particles increased viscosity over the entire frequency range, while
copper particles had a contrasting effect: ABS-30%Cu presented lower viscosity than ABS,
indicating a possible plasticising effect due to the low volume fraction of Cu particles in
the matrix, and ABS-60%Cu had a behaviour very close to that of neat ABS. Small amounts
of a filler may reduce the viscosity as filler–filler interactions in the agglomerates would be
weak and break under the shear force that orientates the flow direction [38]. At higher ω,
the rate of decrease of η* is greater, which is associated with the filler being forced to orient
due to the shear stresses [51].

ABS presented a shear thinning parameter n of 0.4206. The changes in n for the
composites are not large, with values ranging from 0.3962 for ABS-30%Cu to 0.4496 for ABS-
60%Al, indicating low influence of the particles’ dispersion on the rheological properties
of ABS, which thus suggests low compatibility between the filler and polymer. In general,
when there is a good interaction between the matrix and reinforcement, the slope of the η*
curve tends to increase, improving the shear thinning effect [52–56].

The increase in η* of the ABS/aluminium composites accounts for the higher values
of injection and holding pressure during the processing stage. Regarding the ABS/copper
composites, despite a distinct trend of η*, in order to achieve suitable moulding conditions
those parameters were adjusted, preventing the polymer melt from freezing prematurely
and to keep the mould pressurised.

The dependence of melt storage modulus (G′) on ω is shown in Figure 8. The shoulder
observed between 0.2 and 20 Hz can be attributed to the relaxation process of the butadiene
domains within the styrene–acrylonitrile (SAN) phase. This typically represents the im-
miscibility of distinct phases of polymer blends and copolymers with discrete-continuous
morphology [42]. The materials have nonterminal behaviour at both ends of the frequency
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range, which means that the long-range motion of backbone chains is hindered during
flow [54].

Figure 7. (a) The curves of η* as a function of oscillation frequency; (b) the power law linear model
for η*, and the values of shear thinning parameter obtained from the linearisation of η*.

Figure 8. Curves of (a) melt storage modulus G′ and (b) melt loss tangent tan(δ)SAOS as functions of
the oscillation frequency.

The change in G′ at a given ω due to the type and content of reinforcement follows
the same trend of change observed for η*. Modulus shifts are observed on the ordinate
axis, with minimal variations in the curve behaviour and no changes in the curve slope
nor plateau developing at low ω. In composites with good matrix–filler interactions, G′
rises with the filler content and develops a distinct plateau at low ω, which represents
hindered chain relaxation due to the inability of filler particles to freely rotate [51,54,55].
ABS-60%Al displayed G′ values ca. four times greater than those of ABS at all frequencies.
The difference of G′ between ABS and ABS-30%Al is greater at lower ω than at the higher
end of the range, owing to a greater time to untangle chain entanglements at the lower
end, but not enough time for chains to relax at higher ω [53]. Moreover, G′ was found to
overcome the loss modulus at higher ω, suggesting a viscous-to-elastic transition taking
place [55].

Reinforcing a polymer matrix tends to reduce the melt tan(δ)SAOS curve maxima,
meaning a more elastic-like behaviour [52–54,56]. In this case, tan(δ)SAOS decreased with
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the incorporation of a filler due to hindrance in chain motion and relaxation during flow, as
noticed for ABS-30%Al, ABS-30%Cu and ABS-60%Cu relative to ABS, with their maxima
shifting to higher ω. All samples displayed a slope transition within the low-frequency
range, which may be associated with the hindered mobility of polymer chains, formation
of three-dimensional network structures of fillers or a change in the filler–matrix interface
interaction [53]. This greatly contrasts with the data regarding η* and G′, whose maximum
values were achieved with ABS-60%Al. The lack of consistency of such results might
further reveal that the affinity between the ABS matrix and the metallic reinforcement
is poor.

Since MFB is a crucial parameter for 3D printing, SAOS has been employed to de-
termine the appropriate processing conditions for high-performance thermoplastic AM
feedstock, such as ABS. Ajinjeru et al. (2018) [56] assessed the effects of temperature,
reinforcement and angular frequency on η* of ABS and ABS/carbon fibre (ABS/CF) com-
posites. It was reported that η* reduced with the increase in the processing temperature
from 230 to 270 ◦C and increase in ω, but was boosted with the incorporation of carbon
fibres, enhancing the shear thinning effect. Finally, the authors claimed that the AM sys-
tem’s deposition temperature may have a significant impact on η*, which is crucial when
selecting the screw speed of large fabrication AM (LFAM) processes [56]. The increase in
viscosity causes the torque on the extrusion screw to rise as well, so that the screw load
excess may perform a counterbalancing action by adjusting the temperature, enabling a
wide processing window by adjusting the flow rate [56]. Moreover, higher mixing screw
speeds reportedly impart increased melting shear, thus significantly enhancing the filler
dispersion, which in turn improves the composites’ mechanical and thermal properties [72].
Regarding the processing temperature limits, ABS presents a main degradation step that
starts from 300 ◦C, with an onset point at ca. 365 ◦C; therefore, no thermal degradation
events are expected to take place within the temperature range utilised in the test [73,74].

3.4. Viscoelastic Properties

The storage modulus (E′) mean values recorded at 30 and 90 ◦C, the glass transition
temperature (Tg) of neat ABS and the metal-reinforced composites are presented in Ta-
ble 5. Representative dynamic mechanical response curves of E′ and the damping factor
(tan(δ)DMA) as functions of temperature are displayed in Figure 9.

Table 5. Dynamic mechanical responses of ABS and its composites.

ABS ABS-30%Al ABS-60%Al ABS-30%Cu ABS-60%Cu

E′ (30 ◦C) [MPa]
2064.5 2878.0 4444.3 2636.3 3259.3
±40.7 ±190.7 ±206.6 ±164.7 ±153.1

E′ (90 ◦C) [MPa]
1097.8 1820.0 3201.3 1155.7 1666.0
±41.2 ±49.1 ±178.1 ±30.2 ±42.9

Tg [◦C] 110.0 114.1 117.8 107.0 109.7
±0.61 ±1.50 ±1.82 ±0.21 ±0.52

For the neat ABS matrix, E′ curve shows the glassy state plateau from 25 to 80 ◦C
and the glass transition from 80 ◦C onwards. Copper-filled composites closely followed
the same behaviour. On the other hand, aluminium-reinforced composites had the glass
transition shifted by ca. 5 ◦C, with the glassy state plateau prevailing up to 85 ◦C and
shifting the end of the glass transition to higher temperatures as well. At 30 ◦C, all the
composites have E′ values greater than that of the pure matrix, with the lowest being 28%
higher at 2636.3 MPa for ABS-30%Cu, and the highest being 115% greater at 4444.3 MPa for
ABS-60%Al.

In addition, E′ was also found to have a linear dependence (R2 = 0.9881) upon the
volume fraction of the filler at 30 ◦C, mirroring the similar trend observed for Young’s
modulus. When analysing ABS and ABS/Al composites only, such linear dependence
achieves R2 = 0.9972, whereas ABS/Cu composites have a positive deviation respective
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to the linear regression model. Comparing ABS-30%Al and ABS-60%Cu, which have
similar reinforcement volume fractions, it is noticed that the latter exhibits higher E′. These
observations endorse the hypothesis of a better interface bonding between ABS and copper
powder than between ABS and aluminium powder [75].

Figure 9. Effect of the metallic fillers on (a) storage modulus E′ and (b) damping factor tan(δ)DMA

of ABS.

Overall, the composites’ storage moduli are greater than that of ABS within the whole
range of the glassy plateau, revealing that the metal reinforcement particles have a stiffening
effect on the matrix, i.e., the metallic powders had a strong interlocking action in the ABS
matrix, increasing the material’s stiffness [7,55,74]. This effect is more pronounced for
ABS/Al composites than for ABS/Cu, as the glassy state plateau lasts longer and the E′
curves of ABS-30%Cu and ABS-60%Cu are overcome by ABS and ABS-30%Al, respectively,
during the glass transition. At 90 ◦C, the temperature effects are evident as ABS-30%Cu
displayed E′ only 5% higher than ABS, and ABS-60%Cu had its E′ reduced to 8.5% lower
than that of ABS-30%Al. A possible reason for this would be a loss of effectiveness of the
ABS/Cu interface due to increasing temperature [75].

The metal powders also affected the glass transition of the SAN phase of ABS, as
shown in Table 5 and Figure 9. It is known that the Tg of ABS is at approximately 100 ◦C
and relates to the glassy–rubbery transition of the SAN grafting block [25,33,39,57]. The
maxima of the tan(δ)DMA curves obtained with DMA displayed the same trend of change
in ascending order as exhibited by G′ and η*.

Aluminium particles hindered the motion and rotation of ABS chains and retarded
the onset of the viscous component contribution, as was observed with the increase in G′,
raising the Tg up to 117.8 ◦C for ABS-60%Al. The reinforcement introduces restrictions
on the segmental mobility of interfacial SAN blocks, tending to increase the Tg due to
mechanical locking [33,74]. Composites containing a 60 wt% filler have greater Tg than
30 wt% composites, owing to the confinement of the polymer within the filler particles and
the consequential clamping effect [13]. An increase in the reinforcement particle size would
also increase the Tg for the same loading levels [57].

ABS-30%Cu had the lowest Tg at 107.0 ◦C, which is a clear drop relative to 110.0 ◦C of
ABS. This suggests that, at that filler volume fraction and with that particle size, the Cu
powder had some plasticising effect into the SAN phase blocks by likely disrupting and
weakening the intermolecular interactions between polymer chains, possibly due to a better
dispersion of the smaller particles, likely combined with a probable loss of intensity in the
polymer–metal interface bonding due to an increased free volume when the temperature
was increased. This also relates to the reduction in η* and G′ observed for ABS-30%Al.

Increasing the copper content to 60 wt% Tg rose to 109.7 ◦C, representing a recovery of
interlocking. As the Tg of ABS-60%Cu is close to that of ABS and lower than ABS-30%Al,
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the reinforcement loading is not the only factor affecting the glass transition, supporting the
hypothesis that the ABS-copper particles’ surface interactions display an adverse response
brought about by temperature elevation. Therefore, despite the possible loss of the ABS-Cu
interface’s effectiveness with temperature, the size difference between aluminium and
copper particles is likely related to the distinct Tg values recorded for ABS-30%Al and
ABS-60%Cu.

3.5. Thermal Properties

Thermal conductivity results are shown in Figure 10. ABS has the lowest k at
0.460 W·K−1·m−1, while ABS-60%Al has the highest at 0.861 W·K−1·m−1, which is a
significant increase of 87% (p < 0.01). For thermal conductivity, the filler volume fraction
arises as a crucial factor since studies suggest that, beyond a minimum filling threshold,
particle agglomerates would create a conductive path owing to the increased contact area,
enhancing thermal conduction properties [4,6,7,71]. Increasing the filling content would re-
duce the space between reinforcement particles, hence increasing the probability of effective
contact between neighbouring particles to form a conductive path [7].

Figure 10. (a) Interaction plot of thermal conductivity of ABS and composites as a function of weight
ratio; (b) relative thermal conductivity of the composites.

The results obtained by Masood and Song (2004, 2005) [9,10] suggested that the
composites’ thermal conductivity rose with the size and volume content of metal particles.
This would indicate that copper powder at 30 wt% loading is insufficient to produce a
conductive path within the polymeric matrix, and this also clarifies why ABS-30%Al and
ABS-60%Cu have close values of k. In addition, the conductive path also depends upon
the size of the reinforcement particles and the dispersion of voids, blisters and particle
agglomerates [71]. Nikzad et al. (2011) [7] reported that volume fractions of copper particles
lower than 0.10 cannot break the thermal resistance of the ABS matrix; thus, the threshold
point of fmet would have to be between 0.1 and 0.2.

Contrastingly, an increase of 41% in the thermal conductivity of ABS loaded with
50 wt% Cu relative to the neat material has been described [1]. Values of k for ABS have
been reported as 0.646 W·K−1·m−1 [1], 0.17 W·K−1·m−1 [4] and 0.145 W·K−1·m−1 [6].
Such differences could be explained by the distinct specimen manufacturing techniques
and measurement methods in each study. In injection-moulded particulate-reinforced
composites, the moulding process is believed to align the filler in the melt flow direction,
and both the contact area and orientation are promoted due to the high injection pressures;
thus, heat and charge transport is expected to be superior to that seen in 3D-printed
parts [4]. This also could help explain the higher thermal conductivity obtained for ABS/Al
composites in spite of copper’s well-known greater conductivity properties, as processing
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parameters such as the injection pressure had to be adjusted and accounted for the higher
melt viscosity. Moreover, in general, the thermal conductivity of polymer composites
depends upon various factors, e.g., filler content, filler shape and size, interfacial adhesion,
resistance of the filler–polymer interface and filler structure quality within the matrix [76].

In addition, k demonstrated a linear dependence (R2 = 0.9465) upon the volume frac-
tion of the filler, following similar trends found for Young’s and storage moduli, endorsing
the results obtained by Masood and Song (2005) [10]. When analysing ABS and ABS/Cu
composites only, the linear regression model yields R2 = 0.9999. There are no significant sta-
tistical differences between ABS and ABS-30%Cu (0.027 W·K−1·m−1, p = 0.263), or between
ABS-30%Al and ABS-60%Cu (0.006 W·K−1·m−1, p = 0.985). In addition, results indicate
that both the content and type of filler have significant effects on k, and the interaction
between the type of filler and weight ratio was also found to be a significant factor (ANOVA,
p < 0.01).

3.6. Morphological Characterisation of the Composites

The SEM fractographies of the cross-section fracture surfaces resulting from the Charpy
impact test are shown in Figure 11, allowing an assessment of the dispersion and agglomer-
ation of the two metal powders within the ABS matrix. Aluminium particles were observed
to be larger than copper particles. Moreover, the size of the aluminium particles in the
composites seems bigger than when first introduced in the mixture at the processing stage.
This suggests that this metal has a stronger filler–filler interaction, allowing a greater mo-
bility in the molten matrix during the processing stages and a trend to aggregate, forming
non-homogeneously dispersed agglomerations.

Figure 11. Representative SEM fractographies: (a) ABS, (b) ABS-30%Al, (c) ABS-60%Al, (d) ABS-
30%Cu and (e) ABS-60%Cu. Notches can be observed on the bottom of each cross-section. Arrows
indicate regions of matrix–particle adherence with bridging in ABS/Cu composites.
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The quality of metal particle dispersion can also be verified through an elemental
analysis that unveils the chemical composition of a surface through EDS mapping, as shown
in Figure 12. Comparing ABS-30%Al and ABS-60%Cu and considering their comparable
filler volume fraction fmet, the copper particles appear to manifest a better dispersion than
aluminium particles. This supports the hypothesis of a better interaction of ABS with
copper rather than with aluminium, resulting in a more effective polymer–filler interface.
At lower filler contents, the composites contain a higher proportion of the ABS matrix
compared to reinforcements. This hinders the contact between the metal particles in ABS,
endorsing the dependency of thermal conductivity upon the content and volume ratio of
the filler.

    

    

    

Figure 12. Dispersion of aluminium and copper particles within the composites’ matrix obtained
with EDS surface chemical composition mapping.

When undergoing a high strain rate test such as the impact one, polymer chains are
subjected to extreme stresses until they undergo rupture, leading to the nucleation of
microvoids in the matrix. SEM imaging enabled a further insight into the impact fracture
surfaces (Figure 11), supporting the observations based on Figure 6 since indications of a
plastic deformation during an impact rupture are once again clearly seen for neat ABS but
not for the composites [69,74]. The occurrence of fibrils further endorses the extent of the
plastic deformation in ABS, as the growth and propagation of the macroscopic crack (notch)
is thought to be accompanied by the formation of additional plastic microcracks [74]. The
SEM fractographies show clear differences between the aluminium- and copper-reinforced
composites (Figure 11). The lack of bonding between the ABS matrix and aluminium
particles becomes evident as there are considerable gaps (debonding) surrounding the
Al filler. Moreover, hollow spaces (cupules), previously occupied by particles that were
pulled out during the impact test, are visible. On the other hand, Cu particles display less
debonding but are embedded in the ABS matrix, which is evinced by polymer segments
attached to filler particles, instead of signs of pull-out as a result of the impact test. However,
both composites present a layered structure comprising small aligned steps on the fracture
surface, which indicates shear yielding [77].

Additionally, aluminium and copper composites presented distinct distributions of
microvoids and crazes along the matrix. In the case of ABS/Al composites, cracks were
initiated from microvoids on the weak matrix–filler interface and they coalesced towards the
neighbouring particles, resulting in failure propagation through reinforcement debonding
and pull-out and the formation of cupules [74,77,78]. On the other hand, in the case of
ABS/Cu composites, metal particles plastically bridged the crazes due to their adherence
to the matrix, preventing them from spreading and becoming cracks and favouring the
nucleation of microvoids [77,79,80]. These effects are likely due to the different nature of
each reinforcement as well as their particular characteristics and may have a significant
impact on the mechanical properties of the composite, as its failure mode is affected by
the wettability of the filler by the matrix [81,82]. In this sense, according to Ryder et al.
(2018) [83], water-atomised metal particles, such as the copper ones in this study, are non-

199



Designs 2023, 7, 133

spherical, morphologically irregular and rough, which improves interfacial interactions
between reinforcement particles and the polymer matrix.

4. Conclusions

Metal-reinforced thermoplastic composites are suitable materials for applications
requiring special thermal, electrical or magnetic properties, enabling one to benefit from
properties that usual polymer materials lack. Making these composites into filament
wires for feedstock could potentially lead to high-performance, functional prototypes for
a wide range of applications that could be manufactured with additive manufacturing
(AM) processes, which would enable these materials to be quickly shaped into any design.
Dynamic rheology is crucial to determine the appropriate processing conditions for AM
feedstock as melt flow behaviour (MFB) is an important parameter for 3D printing. ABS
composites reinforced with aluminium and copper particles were produced and injection-
moulded and then characterised regarding their mechanical, rheological, viscoelastic and
thermal properties.

Tensile testing revealed that the Young’s modulus increased with the metal particle
incorporation and followed the law of mixtures, displaying a linear dependence upon
the filler volume fraction. However, there was an embrittling effect, evinced by the lower
elongation at break and impact strength owing to a poor matrix–filler interface unable to
properly transfer load.

Small angle oscillatory shear (SAOS) supported the low affinity between ABS and the
metallic fillers as the complex viscosity (η*) did not exhibit an enhancement of the shear
thinning effect, with Al particles causing η* to rise. DMA results unveiled that changes
in viscoelastic properties are mainly due to the mechanical locking of backbone chains by
filler particles.

Below Tg, ABS/Cu composites behave similarly to ABS/Al; however, as they undergo
the glass transition, the copper filler acts as a plasticising agent, with composites featuring
characteristics closer to those presented by neat ABS both in SAOS and DMA.

Thermal conductivity (k) was improved with the incorporation of the metals, especially
aluminium, due to its lower density relative to copper, indicating that k also follows the
law of mixtures and depends on the filler volume fraction. SEM imaging confirmed the
poor interaction between the ABS matrix and aluminium and copper fillers (as debonding
and pull-out were observed) and disclosed that the metals were associated with different
fracture mechanisms.

Overall, the attained set of mechanical, rheological and viscoelastic properties offers a
promising opportunity to optimise the processing–property relationship in spite of the poor
matrix–filler interface, which can be improved using higher mixing speeds, considering
the wide processing window available. Therefore, the obtained materials are potential
candidates for metal-reinforced thermoplastic composites that could be processed through
AM technologies.
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Abstract: Aerial additive manufacturing (AAM) represents a paradigm shift in using unmanned aerial
vehicles (UAVs, often called ‘drones’) in the construction industry, using self-powered and untethered
UAVs to extrude structural cementitious material. This requires miniaturisation of the deposition
system. Rheological properties and known hydration times are important material parameters.
Calcium aluminate cement (CAC) systems can be advantageous over purely ordinary Portland cement
(OPC) binders as they promote hydration and increase early strength. A quaternary OPC/pulverised
fuel ash (PFA)/CAC/calcium sulphate (CS) system was combined with polyvinyl alcohol (PVA) fibres
and pseudoplastic hydrocolloids to develop a novel AAM material for miniaturised deposition. CAC
hydration is affected by environmental temperature. Intending material to be extruded in situ, mixes
were tested at multiple temperatures. OPC/PFA/CAC/CS mixes with PVA fibres were successfully
extruded with densities of ≈1700 kg/m3, yield stresses of 1.1–1.3 kPa and a compressive strength of
25 MPa. Pseudoplastic OPC/PFA/CAC/CS quaternary cementitious systems are demonstrated to be
viable for AAM, provided mixes are modified with retarders as temperature increases. This study
can significantly impact industry by demonstrating structural material which can be extruded using
UAVs in challenging or elevated in situ construction, reducing safety risks.

Keywords: additive manufacturing; unmanned aerial vehicles; calcium aluminate cement; hydration;
temperature; open time; rheology; PVA fibres

1. Introduction

The use of Additive Manufacturing (AM) methods in the construction industry is
increasing [1], particularly with the use of 3D-printed concrete [2]. Construction-scale
ground-based digital applications are realising structures via the layered extrusion of
concrete [3,4], with controlled rheological properties [5] being of key importance while in
the fresh state [6]. Layered extrusion can eliminate the need for traditional formwork [1],
which can constitute up to 60% of the costs involved with building concrete structures [7].
Ground-based AM construction methods may consist of gantry frames [8–11], large robotic
arms with multiple degrees of freedom [12,13] or coordinated robotic systems with multiple
mobile agents [14,15]. There are numerous research groups and projects concerning AM
in construction scenarios using cement-based material [16], where robotic agents can be
utilised to realise cementitious-based structures both by layered extrusion but also by
alternative methods such as spraying [17] or using temporary non-traditional formwork
methods [18,19].

A key limitation of ground-based approaches, whether gantry frame or multiple-agent,
is the building envelope being restricted by the dimensions and reach of the deposition
equipment, particularly when considering height. Releasing AM from ground-based
constraints allows the freedom to operate at a theoretically great height [20]. This freedom
can be applied to construct a building taller than that capable of being constructed by a
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typical ground-based method, or the repair of tall structures—an inherently dangerous
task in an industry with high numbers of falls-from-height-related serious accidents and
fatalities [21].

The aerial additive manufacturing (AAM) project has demonstrated that multiple,
coordinated, self-powered, non-tethered flying unmanned aerial vehicles (UAVs), each car-
rying and powering a small lightweight deposition device, can extrude cementitious pastes
and mortars whilst following a pre-programmed, architecturally informed trajectory [22].
This represents a paradigm shift in the use of UAVs in the construction industry towards
the potential for the construction of buildings in situ or elevated repair work to existing
structures using multiple coordinated aerial agents. Previously, the use of UAVs in the
construction sector was limited to surveillance [23] and data-gathering [24] applications.

Crucial material considerations for AM in construction are the choice of additives and
rheology properties of materials while in the fresh state [25], particularly yield stress and
recovery after shearing force has been applied [26]. The hydration or curing mechanism of
a material is key [25], as, once deposition has occurred, it is desired for fresh material to
harden as quickly as possible. Open time can be defined as the period of time following
mixing in which fresh properties remain consistent [8] and the mix workable. Open
time is a particularly important parameter for AAM since the mix has to remain fresh
for a sufficient time period to allow for UAV loading, flight and deposition, with rapid
hardening of material then being desired to mitigate post-extrusion deformation [27]. An in
situ aerial deposition approach differs significantly from ground-based or ground-powered
AM applications, requiring lower-density cementitious mixes and miniaturised, lighter
deposition devices appropriate for carriage by self-powered UAVs [22,27].

Binders based upon ordinary Portland cement (OPC) alone possess an open time of
≈2 h [28] and hydration time of 12+ h, which can be considered too long for AM [29].
Ternary binder systems can achieve faster setting than a binder consisting solely of OPC [30].

Calcium aluminate cement (CAC) is an option for reducing open times and promoting
hydration, but presents two challenges. Firstly, for AM applications, material must be able
to flow through a miniature deposition system prior to accelerated exothermic CAC hydra-
tion reactions with a rapid rate of heat evolution [31,32] taking place following deposition.
RMAs can be used to influence the rheology of fresh material mixes [33] and pseudoplastic
RMAs such as hydroxyethyl methyl cellulose (HEMC) can possess retardation proper-
ties [34]. However, combining CAC with OPC promotes early ettringite formation and
a flash-set [35]. Hydration times are directly affected by variations in quantities of OPC
and CAC [36] and environmental temperature [37], with high temperatures promoting
rapid hydration [38]. Therefore, acceleration (at low environmental temperatures) and
retardation (at high temperatures) may need to be considered in OPC/PFA/CAC/CS
binder-based mix formulations.

The second consideration is the status and reputation of CAC systems due to the
historically misunderstood conversion reaction [39,40] leading to the potential reduction in
strength to a stable long-term level when material experiences temperatures higher than
those experienced during formation [32]. In CAC at low and intermediate temperatures,
metastable hydrates CAH10 and C2AH8 form, whereas at higher temperatures stable
hydrates C3AH6 and AH3 (alumina gel) are formed. Material formed at low temperatures
(<20 ◦C) possesses higher early strength, but the metastable hydrates convert to C3AH6
and AH3 over time as temperature rises, leading to a relatively reduced longer term
strength, which must be considered during design [38]. Conversion can take days to
complete at higher temperatures of ≈60 ◦C [32], but may take years at ambient 20 ◦C
temperatures [41,42]. Pure CAC systems were omitted from design standards for reinforced
and pre-stressed structural concrete following roof and ceiling beam failures in the late
20th century, despite extensive inspections, revealing the vast minority of cases to be
linked to loss of strength due to conversion. Instead, poorly detailed design or low-
quality aggregates were determined as primary causes of collapse [32]. However, CAC has
remained an important material for ground anchoring [43] and rapid repair work [31,36],
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particularly in marine and tidal environments [40], roads and airfield runways [44]. In OPC-
rich blended cement systems such as OPC/CAC/CS, the smaller amount of CAC typically
used does not lead to the formation of the metastable hydrates, and thus conversion would
not occur [31]. It has also been shown that metastable hydrates do not form in a pulverised
fuel ash (PFA)/CAC/CS ternary system [42].

This study investigates the feasibility of adding calcium aluminate cement (CAC)
and calcium sulphate (CS) to OPC and PFA for AAM through the development of a
novel fibrous quaternary OPC/PFA/CAC/CS binder system augmented with rheology-
modifying admixtures (RMA) to promote ease of extrusion and rapid curing following
extrusion. CAC acts as an accelerator [45], promoting early strength [40] and hardening
of material, which would be an asset once material has passed through the deposition
system to prevent deformation prior to hardening [46] due to either self-weight, trajectory
imperfection or subsequently deposited layers. Fibres were required to add ductility
to cured material and mitigate crack propagation, and pseudoplastic properties were
desired to promote liquid-like properties in fresh material mixes while under stress within
the miniature deposition system and solid-like properties with a significant increase in
viscosity once deposited. PFA, consisting of spherical particles, is known to enhance
workability (flow of fresh material) [47]. When added to OPC/CAC, CS anhydrite has been
shown to further promote ettringite development [42] and stability [48], along with early
strength [39]. In an OPC-rich quaternary OPC/PFA/CAC/CS binder system developed
for AAM, the conversion reaction would not be expected to occur. Polyvinyl alcohol (PVA)
fibres have been shown to be durable within the cementitious alkaline environment [49] and
chopped PVA fibres have been included as constituents in formulated OPC/PFA/CAC/CS-
based fresh mixes in this study. Individual 12 mm length fibres are appropriate additions in
AAM mixes in low volumes [50], preventing brittle failure, resisting crack propagation and
decreasing shrinkage in hydrated cementitious material. The feasibility of incorporating a
fibre volume (FV) of 2%, typical for cementitious composites [51], is investigated for AAM.
To suitably modify the rheology properties of fresh mixes, this study used a combination of
HEMC and xanthan gum (XG), which have both been demonstrated to be effective RMA
solutions for a cementitious material suitable for AAM [22].

Fresh mixes were subject to deformation, rheology and calorimetry tests, and hy-
drated mixes were tested for mechanical properties. Fresh mixes were extruded both
autonomously using a miniature deposition device, and by hand, to analyse workability
(defined in this study as the ability of a fresh material to be processed by a miniature depo-
sition device) and buildability (defined in this study as the ability of the material to retain
shape following extrusion and resist excessive deformation due to subsequently deposited
layers). The potential applications of AAM with a quaternary binder system are discussed.
This study presents the first time that CAC has been used in an AAM application, which is
in itself a unique method of AM in construction, being the only study to use self-powered,
untethered multiple UAV agents.

2. Materials and Methodology

AAM is intended for in situ applications, which, naturally, are subject to climatic and
seasonal variation. With the use of CAC, it is to be expected that material mixes will perform
differently in different environmental conditions and with differing water temperatures.
The strategy undertaken in this study was that mixes should be adaptable to changeable
climatic conditions, rather than to try and exert control over the environmental temperature
or heat (or cool) the water used in order to satisfy the requirements of a singular mix.

Tests carried out involved the rheological properties of the fresh material mixes (yield
stress, viscosity, complex modulus), extrudability through the AAM miniature deposition
system and the power and force required to extrude, retard and deform fresh mixes, the
calorimetry curves of fresh mixes and the mechanical strength of hydrated mixes. Tests
were performed on five developed mixes, termed 1–5. Mix formulation was carried out
in temperatures of 14.5 ◦C ± 2 ◦C with a water temperature of 15.5 ◦C ± 2 ◦C. It was
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decided to undertake mix formulation in moderate temperatures representing an external,
in situ application scenario, keeping in mind that accelerating agents added in cooler
environments will be substituted for retardation agents in warmer seasonal temperatures.
Laboratory tests were conducted in internal shared facilities with the ambient temperature
of the laboratory environment specified in each test subsection.

Mix 1, without CAC and CS, was based upon a material mix which had had been
previously successfully extruded using a UAV in flight, carrying the material in a miniature
deposition device [22]. Mixes 2–5 were OPC-rich OPC/PFA/CAC/CS quaternary binder-
based mixes formulated to determine suitability for AAM; the formulations presented
in this study feature a range of constituents and mixes which were presented and taken
forward for further tests by trialling the fresh mixes with the miniature deposition device
in order to confirm that they could be viably processed by the device while carried and
powered by a flying UAV. It was intended for the formulations and constituents of mixes
2–5 to differ, in order to evaluate the effects and properties of cured mixes once they had
all satisfied the base requirement of being viable for AAM deposition while fresh. Mix 1
essentially acted as a control mix, against which mixes 2–5 containing CAC and CS could
be compared and evaluated.

This study used CEM I 42.5 R Portland cement (Dragon Alfa Cements Ltd., Gloucester,
UK) with a particle size of 5–30 μm and bulk density of ≈1400–1500 kg/m3, as the base
binding constituent. The chemical composition of the CEM I, as determined by Rietveld
quantitative phase analysis, is shown in Table 1.

The constituents and fresh densities of the five mixes are summarised in the process
flowchart (Figure 1) and shown in detail by kg/m3 in Table 2 along with specifications,
suppliers, fibre volumes (FV) and sand/binder (S/B), water/binder (W/B), accelerator
binder (A/B) and retarder/binder (R/B) ratios. The superplasticiser (SP, supplied by
Imerys, UK) was sulphonated melamine-based, which works via electrostatic repulsion [32],
which is the same mechanism as sulphonated napthalene-based superplasticisers which
have been shown to promote shear thinning in slurries [52]. The 350 μm diameter (D) PVA
fibres (supplied by Flint, London, UK) were 12 mm in length. The sand featured smoothed,
sub-rounded particles to aid workability through a miniaturised deposition device.

Table 1. Rietveld quantitative phase analysis of the chemical composition of Dragon Alfa CEM I 42.5
R Portland cement shown as a percentage by weight.

CEM I Phase % by wt.

Dicalcium silicate C2S 14.6
Tricalcium silicate C3S 71.5

Tricalcium aluminate C3A 7.27
Tetra-calcium aluminoferrite C4AF 4.46

Calcium sulphate phases 2.16

The EN 450 N grade type-F pulverised fuel ash (PFA) (supplied by Cemex, Bristol,
UK), had a bulk density of 800–1000 kg/m3 and particle size < 45 μm. The smooth-particle
sand (supplied by British Playsand, UK, product number 365/0574), was kiln dried at a
temperature of 105 ◦C prior to use for a period of twenty-four hours and possessed a dry
bulk density of 1450 kg/m3. The Ternal SE CAC (supplied by Imerys, UK Division) has a
bulk density of 1100–1300 kg/m3. The Ground Gypsum Superfine White CS (supplied by
Industrial Plasters, Chippenham, UK) has a bulk density of 900–1100 kg/m3.
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Figure 1. Mix process flowchart summarising the approach to mix design and constituents used.
Please refer to the Abbreviations table for a full listing detailing acronyms and abbreviations used.

Table 2. Mixes 1–5 showing constituents in kg/m3, and specification along with PVA fibre volumes
(FVs) and mix ratios. Please refer to the Abbreviations table for a full listing detailing acronyms and
abbreviations used. Mixes as shown were developed in a temperature of 14.5 ◦C ± 2 ◦C with a water
temperature of 15.5 ◦C ± 2 ◦C.

kg/m3 Mix Mix Mix Mix Mix Specification
by wt. 1 2 3 4 5

Sand - - 287 326 298 <2 mm particles
OPC 770 553 460 391 358 CEM1 42.5R
PFA 415 298 248 211 193 Type ‘F’ EN-450
CAC - 229 190 162 134 Ternal SE
CS - 76.4 63.5 54.0 63.6 Anhydrite
SP 11.8 15.0 12.5 10.6 9.69 Peramin SMF10
Water 545 526 438 397 363 -
PVA fibres - 13.9 9.70 13.2 24.7 350 μm diameter
Accelerator - - 10.5 6.11 5.59 Peramin AXL80
Retarder - 1.38 - - - citric, tartaric
HEMC 5.12 5.06 5.07 4.70 4.38 Walocel MKX6000
XG 10.9 8.99 9.01 10.1 8.76 -
Foam - - - 49.5 76.3 Foaming agent
Total 1757 1726 1733 1634 1538 -

S/B - - 0.30 0.40 0.40 -
W/B 0.47 0.47 0.47 0.50 0.50 -
FV (%) - 1.00 0.70 1.00 2.00 -
A/B (%) - - 1.10 0.75 0.75 -
R/B (%) - 0.12 - - - -

Mix 1 had an open time of ≈2 h, whilst mixes 2–5 had open times of 20–25 min
in temperatures of 14.5 ◦C. It was anticipated that with increased rates of hydration in
warmer temperatures above 15 ◦C, the accelerator quantities shown in Table 2 may need
to be reduced, or even removed and substituted by suitable quantities of retarding agent.
The accelerating agent used was Peramin AXL80 (supplied by Imerys, Dorset, UK) and
the retarders were citric acid and tartaric acid (supplied by Sigma-Aldrich, Dorset, UK).
HEMC MKX6000 was supplied by Dow Chemicals, UK Division, and xanthan gum by
Minerals-Water, Purfleet, UK.

With the exception of water and foaming agent (supplied by EAB Associates, Manch-
ester, UK), all mix constituents were of a dry, powdered consistency. Mixes were created
by hand-mixing dry constituents and then adding water. Automated planetary motion
mixing took place for three thirty-second periods, interspersed with manual gathering of
constituents. If used, foam was then added to the slurry and integrated with two periods
of thirty-second planetary motion mixing interspersed with manual gathering and mixing.
Each fresh mix was subjected to a ten-second period of automated vibration to create a
slurry ready for loading into the deposition device.

209



Designs 2023, 7, 137

The AAM project miniature deposition device [22] with a 12 V DC motor suitable for
UAV carriage is shown in Figure 2. Material is pushed through the cartridge by a plunger
attached to a threaded rod. The device component, which determined mix formulation to
the greatest extent, was the 560 mm length of flexible plastic tubing connecting the tip of the
material cartridge to the 8 mm diameter nozzle. In Figure 2, the nozzle is depicted as being
held and directed by a four degrees of freedom (DOF) Dobot magician robotic arm (Dobot,
Shenzhen, China), representing the role performed by a stabilising delta arm robot, which
attaches to the base of a UAV to guide, and provides lateral stability to the nozzle [22].
During the extrusion experiments carried out in this study, nozzle movement was also
controlled by hand.

Figure 2. 310 mL capacity miniature deposition device [22] with length of flexible extrusion tubing
held by a robotic arm.

2.1. Fresh Mix Extrusion

The five mixes were all tested for AAM suitability using a 310 mL cartridge capacity
deposition device, shown in Figure 2, with mixes manufactured in environmental tem-
peratures of 14.5 ◦C ± 2 ◦C with a potable water temperature of 15.5 ◦C ± 2 ◦C. It takes
approximately 4 min for the deposition device to extrude a cartridge of material. There-
fore, the aim of autonomous deposition is to commence extrusion 15–20 min following
mixing (to allow for material loading into the cartridge and cartridge loading into the
deposition device attached to the UAV) and complete extrusion at 20–25 min following
mixing, at which point rapid hardening in the deposited material is desirable.

Deposition device tests extruded material in a trajectory consisting of alternate layers
of three parallel lines and a peano curve layer, which has been demonstrated previously in
Zhang et al., 2022 [22], in order to observe how extruded material may deform both in com-
pression and sagging. The alternating layer trajectory approach was chosen for two reasons.
Firstly, it had proved to have an effective compressive strength to amount of material used
ratio when compared to alternative wall designs, including printing immediately adjacent
layers to form a solid wall. Secondly, it was developed with the intention of extrusion by
an untethered, self-powered autonomous flying UAV, which requires a stabilising delta
robot to steady the extrusion nozzle and mitigate against enforced lateral deviation from
programmed trajectories due to air movements and propeller thrust. Current UAV lateral
deviations from programmed trajectories are within 1 mm, and this will improve with
continuing development, but the alternating layer approach mitigates against the risk of an
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imprecise deposition of up to a millimetre of a layer on top of a previous layer of identical
trajectory. Additional hand extrusions were also performed to examine other potential
AAM applications of the material mixes, including printing directly on to a vertical surface
and printing on support material, which was subsequently removed, to create a bespoke
structure. A further area of AAM development is the ability for a UAV to land at elevation
onto a vertical surface and extrude material, with the material in this study being demon-
strated to be able to adhere to an inclined or vertical plane and be suitable for such potential
applications of precision construction repair work in dangerous or elevated locations.

2.2. Power and Force Requirements

The force requirement tests for fresh mixes were conducted in the internal laboratory
ambient temperature conditions of 20 ◦C ± 2 ◦C, with a potable water temperature of
17.5 ◦C ± 1 ◦C. Cartridges full of freshly mixed material were placed vertically upon
an Instron Universal 2630-120/305632 device (Instron, High Wycombe, UK) and a rod
was pushed down upon a plunger at a rate of 17 mm/min to simulate the movement of
the deposition device plunger. The force required to process the material at this rate of
displacement was analysed. While the deposition device processed the mixes, the current
required to push the material through the tubing as indicated by the 12 V power supply
was also recorded.

2.3. Fresh Mix Rheological Properties

To quantify the rheological properties of the fresh mixes (and how these are affected
by temperature), flow and oscillation tests were conducted using upper and lower plate
temperatures of 7 ◦C, 14.5 ◦C and 22 ◦C. A TA DHR-2 rheometer (TA Instruments, Hert-
fordshire, UK) was used to conduct the tests with a 25 mm diameter flat upper geometry
plate and flat 40 mm diameter lower plate. Ambient internal laboratory temperatures were
20 ◦C ± 1 ◦C and laboratory potable water temperature was 17.5 ◦C ± 1 ◦C.

Flow tests were shear stress-controlled using linear stress ramps ranging from
300–6000 Pa and 900–50,000 Pa. Tests were designed to obtain yield stress and viscos-
ity, which quantify flow and flow velocity, respectively [53]. Tests were repeated at regular
time intervals during the open time of the fresh mixes, during which material was exposed
to environmental temperatures prior to testing.

Oscillation tests were conducted over a period of 2000 s (covering the open time of
all mixes) and were controlled using an angular displacement of 5 × 10−5 radians with
frequency maintained at 1 Hz. Using the elastic modulus G′, viscous modulus G′′ and
phase angle δ data, the complex modulus G*, quantifying the stiffness of the fresh material,
can be calculated as:

G* =
G′

cosδ
(1)

where δ (radians) is:

δ =
G′′

G′ (2)

2.4. Fresh Mix Calorimetry

All mixes were placed in a Calmetrix I-Cal 4000 isothermal calorimeter (Calmetrix,
Boston, MA, USA) immediately following mixing and vibration. Each mix was tested three
times, with the chamber temperature maintained at 7 ◦C, 14.5 ◦C and 22 ◦C, respectively.
Tests were carried out over a period of forty-eight hours to analyse how the energy trans-
ferred and rate of heat evolution differed with constituent and temperature change during
the hydration process. Ambient laboratory temperatures were 20 ◦C ± 1 ◦C and laboratory
potable water temperature was 17.5 ◦C ± 1 ◦C.
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2.5. Fresh Mix Deformation

Freshly extruded beads of material mixes were subjected to deformation on an Instron
Universal 2630-120/305632 device. Ambient laboratory temperatures were 20 ◦C ± 2 ◦C
and laboratory potable water temperature was 17.5 ◦C ± 1 ◦C. Freshly extruded beads
of material 8 mm in diameter and 80 mm in length were placed between two steel plates
and compressed at a rate of 2 mm/min to simulate an extruded layer of material being
subjected to compressive loading from subsequent layers deposited on top. Extruded beads
were tested at five minute intervals over the open time period of the material.

2.6. Hydrated Mix Mechanical Properties and Method of Flexural Failure

Fresh mixes were poured into 160 mm × 40 mm × 40 mm moulds in accordance with
British Standard BS EN 1015-11:1999 [54] and mechanically vibrated. The density was
calculated for each prism prior to testing. Flexural and compressive strength tests were
carried out on the hydrated prisms using an Instron Universal 2630-120/305632 device
to obtain an indication of 1-day and 28-day strength values. Ambient laboratory temper-
atures were 20 ◦C ± 2 ◦C and laboratory potable water temperature was 17.5 ◦C ± 1 ◦C.
Four-point bending flexural tests were in accordance with British Standard BS EN 12390-
5:2009 [55]. Compression tests were subsequently conducted in line with British Standard
BS EN 1015-11:1999 [54].

2.7. Retardation and Further Rheological Tests

To further investigate the differing open times of the material arising through changes
of ambient temperature, mix 2—retarder/binder (R/B) ratio 0.12%—was modified with
the addition of retardation agents with R/B quantities of 0.52%, 0.78%, 1.04% and 1.56%.
Both citric acid and tartaric acid were investigated as retarders independently. Citric acid is
established as a commercial retarding agent for CAC systems, working by the mechanism
of precipitation of gel-coatings around cement grains [43], thus inhibiting the formation of
ettringite [30]. Tartaric acid possesses an affinity for aluminate surfaces and is also known
to inhibit ettringite formation [56].

Further oscillation and flow rheology tests were undertaken. Ambient laboratory tem-
peratures were 20 ◦C ± 2 ◦C and laboratory potable water temperatures were 17.5 ◦C ± 1 ◦C.
Mix 2, as shown in Table 2, was modified with additional quantities of either citric or tar-
taric acid, and tested on the rheometer for the duration of the material open time. Flow
tests were conducted at five-minute intervals following mixing, with the fresh mix subject
to ambient environmental air. Oscillation tests were conducted with the retarded fresh
material kept within the plates of the rheometer for the test duration.

3. Results

In the results section the following colour coding has been assigned to the mixes: blue
(1), green (2), yellow (3), magenta (4) and grey-black (5).

3.1. Fresh Mix Extrusion

All five mixes were extruded by the 310 mL capacity deposition device when the
mixes were manufactured in environmental temperatures of 14.5 ◦C ± 2 ◦C with a potable
water temperature of 15.5 ◦C ± 2 ◦C. Figure 3 shows a range of extrusions both by hand
and deposition device.

Printed by hand, Figure 3a shows a latticed dome structure consisting of mixes 2 and 3
printed upon supporting material, which was subsequently removed to prove the structure
to be self-supporting (Figure 3b). A U-shaped 8-layered extrusion featuring mixes 1, 2 and
4 was deposited on a vertical surface (Figure 3c,d). Three layers of fresh material can be
printed vertically in immediate succession during the open time of the material. The fourth
and subsequent layers must take place after the material has hardened—Figure 3d shows
three fresh layers extruded upon hardened previous layers.
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Using the deposition device, Figure 3e shows alternating layers of three straight
parallel lines and a peano curve shape using (top to bottom) mixes 2, 5 and 3. The straight
line middle layer of the less dense, higher foam content mix 5 shows the most sagging,
while mixes 2 and 3 exhibit minimal deformation.

Based on autonomous deposition success at lower temperatures, the open time of mix
1 is considered to be 2 h, while the open times of mixes 2–5 (as formulated in Table 2) are
considered to be a working maximum of 25 min. Realistically, the quickest time that a
deposition device can commence extrusion of material following mixing and vibration is
15 min and, at ≥14.5 ◦C, mixes 2–5 can become too stiff for extrusion within this time.

Figure 3. Hand and deposition device extrusions. (a,b) Hand-printed dome extrusion upon support-
ing material, subsequently removed, using mixes 2 and 3. (c,d) Extrusion by hand on to a vertical
surface in a U-shaped design, using mixes 1, 2 and 4. (e) Alternate straight parallel lines and ‘ruffle’
layer design deposited by the deposition device using mixes 2 (top), 5 (middle) and 3 (bottom).
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3.2. Power and Force Requirements

With a fixed 12 V supply, the deposition device was capable of pushing material
through the plastic tubing drawing current within the range of 180 mA (where material
enters the tubing) to 420 mA (material extrusion). More current is not viable for the
deposition device, or for UAV carriage, and would indicate that the material lacks sufficient
workability for AAM. Conversely, if less current were required, the material would not
possess adequate buildability upon extrusion. Table 3 shows how power requirements
increase as material is pushed through the tube and ultimately extruded on to a free surface
for mixes 1–5, along with an empty cartridge for comparison. It can be seen that 5 W of
power may be considered as an upper limit. Mixes were manufactured at temperatures
below 14.5 ◦C and deposition device loading and full extrusion was completed within
25 min of material mixing and vibration. The OPC/PFA/CAC/CS mixes 2–5 required
more power to process than the pure OPC-based mix 1.

Table 3. Power required for the device plunger to push mixes 1–5 (and an empty cartridge for
comparison).

Fresh Tube-Start Tube-Middle Start of Extrusion End of Extrusion
Mix Power (W) Power (W) Power (W) Power (W)

Empty 1.68 1.68 1.68 1.68
1 2.40 2.76 2.88 2.88
2 2.76 3.60 4.20 4.80
3 2.76 3.48 4.68 4.68
4 2.28 3.00 4.20 4.20
5 2.16 2.76 3.48 3.84

Force requirement tests revealed that an OPC/PFA/CAC/CS quaternary system
can be problematic for a thermoplastic cartridge. During extrusion with the deposition
device, warping of the threaded rod attached to the plunger had begun to take place. It
was discovered that the exothermic hydration reactions create sufficient heat to cause the
310 mL capacity plastic cartridges containing the fresh, hydrating material to soften and
become malleable to the extent that the threaded rod attached to the plunger, in addition
to pushing down the cartridge, began to rotate about its longitudinal axis and push the
cartridge radially outwards during rotation, thus gradually warping the threaded rod.
The effects of the exothermic hydration of mixes 2–5 while in the cartridge can be seen
in Figure 4, with the downward motion of the plunger forcing material outwards (a) and
cartridge lateral expansion evident (b).

As a result, the only entirely successful test with this method was with mix 1 (load
vs. extension profile with extrusion plateau shown in Figure 4c), which did not contain
CAC or CS in the binder and required between 700 N–800 N of force to push the material
through the tubing at 17 mm/min.

3.3. Fresh Mix Rheological Properties

Oscillation test results are presented in Figures 5–7. Figure 5 shows the complex
modulus G* and phase angle δ for mixes 1–5 at three different temperatures (7 ◦C, 14.5 ◦C
and 22 ◦C) over the period of 15–25 min following the completion of mixing and vibration.
Figures 6 and 7 show the complex modulus G* and phase angle δ profiles, respectively,
over a period of 2000 s following mixing to see how the mixes differ with temperature over
the desired open time period.
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Figure 4. Force required to extrude material: (a) A restrained cartridge subjected to force upon the
plunger. (b) Ensuing radial expansion of the cartridge due to exothermic hydration of mixes 2–5.
(c) Force required curve showing the plateau of the successfully extruded mix 1 (without CAC and
CS) and examples of the CAC mixes 2 and 5 which caused radial cartridge expansion and failed to
extrude material.

Figure 5. Oscillation complex modulus G* and phase angle δ test results for mixes 1–5 over the
period of 15–25 min following mixing. Tests were conducted at 7 ◦C, 14.5 ◦C and 22 ◦C. Error bars
denote maximum and minimum values recorded within the time frame. For the three temperatures
presented, mix colours are further defined from light-dark, for example mix 3 is lighter yellow (7 ◦C),
medium yellow (14.5 ◦C) and darker yellow (22 ◦C).
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Figure 6. Oscillation complex modulus G* profiles for mixes 1–5 over the period of 2000 s following
mixing. Tests were conducted at 7 ◦C, 14.5 ◦C and 22 ◦C. For the three temperatures presented, mix
colours are further defined from light-dark, for example mix 3 is lighter yellow (7 ◦C), medium yellow
(14.5 ◦C) and darker yellow (22 ◦C).

As temperature rises, G* increases and δ decreases over the open time period. Mixes 2
and 3 are the most stiff and solid-like, with the higher foam content mix 5 being rheologically
closest to the purely OPC-based mix 1 and the only OPC/PFA/CAC/CS mix rheologically
suitable at 22 ◦C. Results suggest that mixes 2 and 3 require additional retardation at 22 ◦C.
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A G* of ≈5 MPa is suitable for deposition device processing, with material becoming too
stiff to pass through the tubing at 10 MPa or above.

Figure 8 shows how the complex modulus G* and phase angle δ of mix 2 change with
temperature over the open time period. G* increased with time and temperature whilst δ
decreased. Results show the times and temperatures during which mix 2, confined by the
rheometer plates and not exposed to the environment, is viable for AAM. At 14.5 ◦C, mix 2
is viable for 1500 s (an ideal 25 min open time), but at 22 ◦C open time lasts for only 900 s,
which is insufficient.

Figure 7. Phase angle δ profiles for mixes 1–5 over the period of 2000 s following mixing. Tests were
conducted at 7 ◦C, 14.5 ◦C and 22 ◦C. For the three temperatures presented, mix colours are further
defined from light-dark, for example mix 3 is lighter yellow (7 ◦C), medium yellow (14.5 ◦C) and
darker yellow (22 ◦C).
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Figure 8. Mix 2 complex modulus G* and phase angle δ changing with temperature over the open
time period. Colour shading denotes time difference.

Flow test results are shown in Figure 9 (yield stress) and Figure 10 (viscosity profile)
for mixes 1–5 at five-minute intervals over the open time period, with the rheometer plates
kept at a constant 14.5 ◦C. Shear stress is plotted against viscosity to illustrate the yield
stress of the fresh material, with the sudden reduction in viscosity demonstrating that the
structure of the soft-solid material has been subjected to a level of stress sufficient to induce
liquid-like flow and deformation. It can be seen in Figures 9f and 10f that the yield stress
and viscosity profile for the same mix (in this case mix 2), tested immediately following
mixing and vibration, does not vary with temperature as it does with time.

Yield stress and viscosity values increased with time for mixes 2–5 while mix 1,
without CAC, did not increase within 25 min and can be autonomously deposited at all
temperatures within this timescale. Rheometer plates were 14.5 ◦C but in between tests,
material was exposed to the laboratory environment of 22 ◦C. It was not possible to test
mixes 3, 4 and 5 for 25 min as the material, freely exposed to a 22 ◦C laboratory temperature,
had become too stiff to test using plate rotation. Figure 9c shows that mix 3, with the highest
concentrations of binder and accelerator, stiffens most rapidly. Viscosity profiles show the
extent to which all mixes contain pseudoplastic properties suitable for AAM, with viscosity
reducing by orders of magnitude as shear rate increases.

The viscosity profiles typically display a small ‘hook’ at the beginning of the tests at
low shear rates. This is due to low angular velocity plate rotations resulting from initial
low stresses struggling to displace material.

3.4. Fresh Mix Calorimetry

Calorimetry results are presented in Figure 11a–e (cumulative energy transferred—
Ecemmat, Joules/gram) and Figure 12a–e (rate of heat evolution, Joules/gram/hour)
for temperatures 7 ◦C, 14.5 ◦C and 22 ◦C. Mixes 2–5 all show rapid increases in energy
transferred within the first couple of hours, whereas mix 1 (without CAC and CS) is very
different, with increases between 16–48 h indicating the C-S-H hydration phase. All five
mixes vary with temperature. Mixes 3–5 (with accelerator) show that less energy was
transferred with higher temperature.
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Figure 9. Open time yield stress results for mixes 1–5. (a–e) Rheometer plates kept constant at 14.5 ◦C.
(f) Mix 2 tested at different temperatures following mixing. Colour shading denotes time differences.
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Figure 10. Open time viscosity flow profiles for mixes 1–5. (a–e) rheometer plates kept constant at
14.5 ◦C, colour shading denotes time differences. (f) Mix 2 tested at different temperatures following
mixing, colour shading denotes temperature differences.
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Figure 11. Calorimetry tests: cumulative energy transferred (Ecemmat) during the first 48 h for mixes
1–5 at 7 ◦C, 14.5 ◦C and 22 ◦C. For the three temperatures presented, mix colours are further defined
from light-dark, for example mix 3 is lighter yellow (7 ◦C), medium yellow (14.5 ◦C) and darker
yellow (22 ◦C).

Mix 1 (Figure 12a) is without CAC and CS, yet differs from a pure OPC rate of heat
evolution profile, which should show a sharp peak at ≈12 h indicating the C3S and, to a
lesser extent, C2S reactions forming C-S-H gel and Ca(OH)2. For pure OPC, the sharp peak
follows an initial C3A reaction with gypsum immediately following mixing and ensuing
an induction period of inhibited hydration [35]. With mix 1, the C-S-H phase shows a
broad peak between 16–32 h, and ettringite formation occurring between 32–40 h at 22 ◦C,
as opposed to within 20 h with pure OPC. It is clear that mix 1 is retarded by the presence of
HEMC and XG (relative to pure OPC paste) and also by decreasing temperatures, with the
C-S-H phase much delayed at 7 ◦C in comparison with 22◦ C.

The rate of heat evolution profiles for pure CAC pastes consist of an initial peak
with the formation of ettringite and CAH10 and AH3 phases, followed by a dormant or
‘induction’ period of ≈6 h as AH3 and ettringite particles cover the CAC particles forming
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a hydrate barrier, and an ensuing aluminate broad peak resulting from the decomposition
of the unstable ettringite phase [35] and diffusion-controlled hydration [57]. The only
indication of a pure CAC-characteristic broad monocalcium aluminate peak in Figure 12
is with mix 2, particularly at 22 ◦C. Mixes 3–5 (Figure 12c–e) contain sand, whereas mix 2
(Figure 12b) does not, thus possessing a relatively higher quantity of CAC and CS.

Figure 12. Calorimetry tests: rate of heat evolution during the first 48 h for mixes 1–5 at 7 ◦C, 14.5 ◦C
and 22 ◦C. For the three temperatures presented, mix colours are further defined from light-dark, for
example mix 3 is lighter yellow (7 ◦C), medium yellow (14.5 ◦C) and darker yellow (22 ◦C).

It is clear with mixes 3 and 4 (Figure 12c,d) that the initial reaction and formation of
ettringite dominates hydration, with no further peaks after ≈8 h. The descending shoulder
peaks following the initial reaction in mixes 2–5 are characteristic of the addition of CS [48].
Mix 5 (Figure 12e) has more foam and exhibits a sharp second peak at ≈4 h at 14.5 ◦C, which
is more distinctive than those shown in mixes 2–4. Mixes 3–5 indicate the commencement
of broad C-S-H peaks commencing after 16 h (mix 3, Figure 12c) and 24 h (mixes 4 and 5,
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Figure 12d,e), with the peak itself occurring beyond 48 h. The addition of CAC to OPC
clearly retards hydration of the C-S-H phases.

3.5. Fresh Mix Deformation

Deformation results illustrated in Figure 13 show how mixes 1–5, extruded into 8 mm
diameter beads, settled when subjected to compressive loading representing subsequent
layers deposited on top of the bead. The laboratory temperature was 22 ◦C during the tests,
hence the swift hydration times, and tests were conducted for the duration of mix open
times. Mix 1 is shown over a much longer time period, since its lack of CAC/CS means it
has an open time of ≈2 h. It can be seen from Figure 13, particularly for mixes 2 and 3, that
OPC/PFA/CAC/CS material, without retardation, hardens very quickly at 22 ◦C, which
provides excellent buildability, but is challenging for deposition device extrusion.

Figure 13. Deformation tests showing the extent to which mixes 1–5, in the form of extruded 8 mm
diameter beads, settle when subjected to compressive loading. Tests were carried out at 22 ◦C. Colour
shading denotes time differences.
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3.6. Hydrated Mix Mechanical Properties and Method of Flexural Failure

Figure 14 shows compressive and flexural strength test results at both one day and
twenty-eight days following mixing, along with the density of the hydrated specimens
and the flexural stress–strain profiles at twenty-eight days. Coefficients of variation range
between: Compressive strength 1-day 2–11%, Compressive strength 28-day 2–5%, Flexural
strength 1-day 3–11%, Flexural strength 28-day 1–11%, Density 1-day and 28-day ≈1%,
with 28-day flexural strength of the high-foam content mix 5 exhibiting the highest variation
at 11.5%.

Mix 1, without CAC and CS, possesses the highest compressive strength at 28 days,
but mixes 2 and 3 are also structurally viable at ≈25 MPa and possess higher 1-day strength
than mix 1, though the difference is moderate. Mixes 4 and 5, containing foam, have lower
density and failed to reach 20 MPa compressive strength. Mix 1, which has no fibres fails in
a brittle manner whereas mixes 2–5 show the contribution PVA fibres make once the 28-day
mortar matrix fails (Figure 14d). Mix 5, with higher FV, performed well in flexural tests.

Figure 14. Mechanical tests indicating 1-day and 28-day strength for mixes 1–5. (a) Compressive
strength. (b) Flexural strength. (c) Density of the hydrated prisms. (d) Flexural failure of 28-day
specimens with the legend denoting mix number. Error bars denote the standard deviation. Lighter
colour shadings denote 1 day, darker shadings 28 days.

Figure 15 shows flexural failure of fibrous 28-day specimens of mixes 3 and 5. There is
a significant difference made to crack propagation as FV increases, with mix 3 containing
0.75% FV deforming to a greater extent under loading than mix 5 with 2% FV. The failure
mechanism of PVA fibres was pull-out, which can be seen in both mix 3 (Figure 15c) and
mix 5 (Figure 15d). PVA fibres typically possess a tensile strength of 1400–1500 MPa [49,58],
and therefore would not be expected to fracture in these tests, whereas a reduction in elastic
modulus, typically 29,000 MPa [59], does occur.
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Figure 15. Flexural failure of fibrous 28-day specimens, with mixes 3 and 5 shown as fibrous example
specimens. (a) Mix 3 with 0.75% FV. (b) Mix 5 with 2% FV. (c,d) PVA fibres showing pull-out for
mix 3.

3.7. Retardation and Further Rheological Tests

Further rheology tests were conducted with mix 2 (0.12% R/B in Table 2) amended
with additional amounts of retarder at 0.52%, 0.78%, 1.04% and 1.56% R/B. Flow and
oscillation results featuring the retarder-modified mix 2 are shown in Figure 16. Oscillation
tests show that tartaric acid was the more effective retarder, with mix 2, containing tartaric
acid at 0.52% R/B possessing a lower complex modulus G* and higher phase angle δ than
with citric acid at 0.52% R/B.

Oscillation tests suggest that citric acid at 1.56% performs similarly to tartaric acid at
1.56% R/B. However, the flow results suggest that this is not the case. Using 1.1 kPa–1.3 kPa
as a suitable range of yield stresses for deposition device extrusion, due to the performance
of mix 1 being previously demonstrated as suitable for a UAV in flight [22], and 25 min as
a desirable open time for AAM, the results in Figure 16f show that with 1.56% R/B citric
acid, material at 10 min remains within this yield stress range but at 25 min is well beyond,
therefore 1.56% R/B citric acid is an insufficient quantity and does not retard the fresh mix
satisfactorily. Conversely, Figure 16e shows 1.04% R/B tartaric acid as an example of too
much retarder being added, with the material still being effectively retarded at 40 min,
which is beyond the desired open time for AAM.

Figure 16c,d suggest that tartaric acid at 0.78% R/B is a suitable quantity of retarding
agent. Tartaric acid behaves unpredictably, with yield stresses showing variance and not
necessarily increasing with time in an entirely uniform manner, but 0.78% R/B tartaric acid
shows a material still being retarded within 25 min but increasing beyond 1.3 kPa at 40 min.

The results section concludes with Table 4, which summarises and gives an indication
of the properties of an OPC/PFA/CAC/CS cementitious binder-based pseudoplastic
material suitable for AAM extrusion.

Table 4. Indication of select material properties for an OPC/PFA/CAC/CS cementitious binder-
based pseudoplastic material suitable for AAM extrusion. 28 d = 28 days. G* = Complex Modulus.
δ = Phase Angle.

Compressive Flexural Yield Stress G* 2000 s at 14.5 ◦C δ 2000 s at 14.5 ◦C
Strength (28 d) Strength (28 d) (Fresh Mix) (Fresh Mix) (Fresh Mix)

25 MPa 4 MPa 1.1–1.4 KPa 2–5 MPa 12–15◦
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Figure 16. Rheology tests for the retarder-modified mix 2 tested at 22 ◦C. (a) Mix 2 0.52% and
1.56% R/B complex modulus G* and phase angle δ for the period of 15–25 min following mixing
(CA = citric acid, TA = tartaric acid). (b) Mix 2 0.52% and 1.56% R/B G* profiles over a 2000 s period
following mixing, CA and TA. (c) Flow test yield stresses for mix 2 0.78% TA (suitable retardation).
(d) Flow test viscosity profiles for mix 2 0.78% R/B TA. (e) Flow test yield stresses for mix 2 1.04%
R/B TA (too much retardation). (f) Flow test yield stresses for mix 2 1.56% R/B CA (insufficient or
ineffective retardation). Colour shadings differentiate retarder type and quantities in (a,b), and time
in (c–f).

4. Discussion

4.1. The Significance of Temperature and Rheology for AAM

A period of 20–25 min allows sufficient time following mixing and mechanical vi-
bration for a 310 mL cartridge to be fully loaded and attached to a UAV, followed by the
autonomous extrusion of the material. Developing an OPC/PFA/CAC/CS quaternary
system to provide an open time of ≈25 min for AM proved a challenging task due to the
extent that material hydration was affected by environmental temperature. In this study,
below 14.5 ◦C, accelerator or only moderate use of retarder (up to 0.12% R/B) is required,
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as shown by mixes 2–5 in Table 2. At 14.5 ◦C and above, this would require modification
with the complete removal of accelerating agent and addition of retarding agent. At 22 ◦C,
open times without additional retardation are reduced from the desired ≈25 min at 7 ◦C,
down to an insufficient 5–15 min. It is proposed that tartaric acid should be added in
quantities of 0.78% R/B at temperatures of ≈14.5 ◦C and above while the mixes shown in
Table 2 remain valid at lower temperatures.

The flow results in Figures 9, 10 and 16 can be considered the most suitable quantifica-
tion of fresh material rheological properties for OPC/PFA/CAC/CS quaternary systems
for AAM, due to the material being exposed to the environment prior to each five-minute
interval test. Figure 9 highlights the difference on open time that temperature can make.
Mix 3, with acceleration, could be processed with the deposition device at low temperatures,
yet when exposed to higher temperatures, mix 3 cannot be used and accelerating agent
must be substituted with retarding agent. Tartaric acid added at 0.78% R/B is shown by
flow results to be capable of providing a suitable fresh mix open time at ≥14.5 ◦C.

CAC-free mix 1 is suitable for UAV extrusion and is not as significantly affected
by environmental temperature. The yield stress and viscosity flow test results shown in
Figures 9a and 10b further confirm a yield stress of 1.1–1.4 kPa as being suitable for AAM.
Mixes 2–5 should be compared to mix 1; for example, the viscosity profile of mix 2 (at 22 ◦C)
after 10 min is comparable to that of mix 1, whereas viscosity is significantly increased
at 25 min, and is therefore unsuitable. Due to an open time of 120 min, the performance
profile of mix 1 at 110 min in Figure 13 can also be considered a guide as to whether other
developed material is appropriate for AAM. For example, mix 2, 15 min after mixing
in a 22 ◦C environment, is significantly stiffer and therefore not suitable for a miniature
deposition device.

The rheology oscillation results in Figures 6 and 7 do not entirely represent the be-
haviour of exposed material, as the material being tested is enclosed by the upper and
lower plates of the rheometer. Material between oscillating plates did not harden as quickly
as when open to the environment. Aiming for a 25 min window for the extrusion of a
full cartridge and a G* of ≈5 MPa, the results in Figure 8a suggest that at 14.5 ◦C and
7 ◦C extrusion is viable, whereas above 14.5 ◦C it is not. Practical extrusions using the
deposition device suggest that at ≈14.5 ◦C, mix 2 can only be processed within 15 min
maximum. Therefore, when using CAC, G* cannot be considered to be an entirely reli-
able quantification of fresh material stiffness. However, oscillation tests do indicate how
rheological properties differ with temperature within a confined environment such as an
AAM deposition device tube or cartridge, and whether mixes shown in Table 2 require the
substitution of accelerator with retarder at higher temperatures. For example, mixes 2 and
3 are very suitable at 7 ◦C and exhibit rheological behaviour close to mix 1, but at higher
temperatures show very different properties to mix 1, possessing a much reduced open
time, and require retardation with tartaric acid.

Therefore, for in situ AM construction printing, quaternary system mixes must be
modified according to climatic variation as curing times and rheological properties of
fresh material differ significantly with temperature, becoming stiffer sooner as temperature
increases. In summer temperatures, retardation must be applied to prevent flash-setting
occurring while fresh material is still within the deposition system carried by a flying UAV.
In situ operatives will need to be aware of external conditions and administer retardation
into mixes prior to material cartridge loading on to UAVs.

4.2. Heat of Hydration, Layer Settlement, Fibres and Strength

It became clear during force tests involving fresh material within the deposition device
cartridge that the heat generated during the hydration of an OPC-rich quaternary system
is still sufficient to compromise the thermoplastic material of the cartridge. Calorimetry
results show that for mixes 2–5, CAC dominates the hydration reactions despite only being
8–13% of the mix. CAC phases consume the gypsum present in OPC and CS leading to
rapid ettringite formation and retardation of OPC C-S-H hydration. With the deposition
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device used for this research, the cartridge is contained within a carbon fibre casing, but it
is not firmly restrained. Therefore, it is feasible that some lateral movement of the cartridge
occurred during autonomous deposition, causing gradual warping of the threaded rod.

Considering that the 1-day compressive strength of mixes 2 and 3 is not vastly higher
than mix 1, in addition to the variable nature of CAC/CS systems according to environmen-
tal temperature, the primary motivation for choosing an OPC/PFA/CAC/CS binder system
for an AAM material is to reduce deformation following extrusion with controlled, early
hardening in a known time period. The extrusions shown in Figure 3 show minimal sagging
between spans. With accelerator or retarder applied as appropriate for the environmental
temperature, layer compression following subsequent extrusion is minimal for fewer than
ten layers. When considering the immediate deposition of subsequent layers by multiple
UAVs, it is reasoned that the hydration of the first layer in an OPC/PFA/CAC/CS system
will be sufficiently advanced by the time of the deposition of the tenth layer following.

The approximate 72:28 ratio of OPC:CAC used in the mixes is not conducive to im-
proving compressive strength, as greater compressive strength is typically found in 90:10
OPC:CAC blends, or alternatively pure OPC or CAC mixes [35]. However, as Figure 14
indicates, strength in low density mixes (relative to a traditional OPC mortar mix) with
pseudoplastic hydrocolloids, is not excessively compromised, with mixes 2 and 3 remain-
ing structurally viable compared to mix 1 in terms of compressive strength at 28 days.
With mixes 2–5 containing no more than 8–13% CAC, subsequent further loss of com-
pressive strength due to the conversion reaction of metastable hydrates is not expected
to happen.

The tensile properties of PVA fibres played a major role in reducing crack propagation
during mechanical tests and the difference between a FV of ≤1% and 2% was signifi-
cant, with mix 5 (low density and high foaming agent content) indicating the greatest
flexural strength.

It is reasoned that thermoplastic is not suitable for cartridges containing CAC/CS ma-
terial systems for AAM unless coated with a suitable substance to protect the cartridge from
the heat of hydration, or alternatively replaced with a thermoset plastic or heat-resistant
material cartridge to address thermal-related issues affecting radial dimensions with con-
tinual use. The quaternary binder system has proved effective in mitigating in deformation
following extrusion, which demonstrates the key choice for wanting to introduce CAC/CS
into mixes—to quicken curing and mitigate post-extrusion deformation. Material must
remain structurally viable in cured compressive strength however and results show that
the addition of foam to mixes compromises compressive strength and structural viability.
Fibres have proved effective in flexural strength, but if mixes contain a high quantity of
fibres to the extent that foam needs to be introduced to induce sufficient workability for
fresh material to be extruded, alternative approaches to material reinforcement may be
investigated such as the placement of rods by UAVs on to deposited layers prior to the
deposition of the next layer, or work in tandem with the extrusion of a reinforcing filament
by another agent immediately following deposition while the material remains fresh and
prior to CAC-induced flash-setting.

4.3. Evaluation and Application of Results for Potential AAM Construction

An OPC/PFA/CAC/CS binder-based composite mix solution for horizontal layered
AAM extrusion could use different mixes in an alternating layer approach. Mix 2 has
structurally viable 28-day compressive strength of ≈25 MPa with good workability within
open time at 7 ◦C. It requires an increase in retarder from 0.12% R/B to 0.78% R/B at
temperatures ≥ 14.5 ◦C. Mix 2 could be used in conjunction with mix 5, which has 2% FV
and lower density to provide tensile capacity and ductile failure in alternate layers of AM
extrusion. Accelerator or retarder should be modified to both mix 2 and mix 5 Table 2
specifications as climatically appropriate.

The quaternary binder-based material can be considered to be rapid-hardening and
AAM deposition would be a suitable method for infrastructure repair work. The printing
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of the domed structure on supporting material shows the potential of AAM for printing
or repairing lightweight grid-shell structures. Supporting material could consist of an
inflatable object, with deflation occurring following cementitious hydration, or may be
integrated directly as part of the AAM approach, depositing weaker temporary supporting
material using UAVs. The ability to print on a vertical or inclined plane suggests particular
suitability for elevated or difficult to access locations which pose a threat to human safety.
UAVs could attach to, or hover close to, a vertical surface to administer material for
precision repair work in elevated, marine, tidal or difficult-to-access applications. Prime
examples of this potential are repairing cracks on concrete bridges, very tall buildings and
marine structures with a rapid-hardening OPC/PFA/CAC/CS-based material.

Upscaling to the extent that a building may be constructed using AAM would neces-
sitate the coordination of multiple flying UAV agents, each being capable of flying to a
pre-programmed trajectory and aware of the location of other UAVs extruding material
(and where material has been previously extruded). Lateral deviation from programmed
trajectories by UAVs during flight due to external climatic conditions or resulting from
UAV flying instability, would need to be reduced to an acceptable minimum. The material
system developed in this study is designed to rapidly harden immediately in situ following
extrusion to prevent deformation due to the weight of multiple subsequently printed layers
or imperfections in the alignment of material extrusion due to UAV trajectory deviation.
Post extrusion deformation would be further mitigated with the use of a rectangular nozzle;
in this study, extrusion was demonstrated using a circular nozzle due to the robotic arm
being unable to rotate about their own axis and UAV yaw precision. With continuing
development concerning the yaw properties of UAVs and improvements in precision and
rotation, a rectangular nozzle is envisaged to be a natural choice for an AAM wall system,
with multiple UAVs printing complex wall designs intended to reduce the amount of
material used in comparison to a solid traditional poured concrete wall. Only printing
material specifically required for structural design is an ethos entirely in-keeping with the
advantages of using AM in construction scenarios, with the aim of eliminating wastage
arising from bulk volume construction and ultimately reducing the carbon footprint of the
construction industry.

There is an absence of established international design codes specifically for AM
material tests in the construction industry [45] and existing design codes are not directly
applicable to cementitious material currently being investigated [1], although proposed
frameworks are continually evolving. As AM technology and associated material develop-
ment for the construction industry matures, it is suggested by this study that the future
development of design codes purposefully for AM in construction should encompass a
reappraisal of CAC as being suitable to be potentially part of a blended, structurally viable,
conversion-free cementitious system capable of 3D-printing new structures in addition to
precision, rapid-hardening repair work.

5. Conclusions

Mixes based upon a novel quaternary cement system with the addition of rheology-
modifying admixtures and crack-mitigating fibres were formulated and evaluated for use in
a miniaturised deposition system for Aerial Additive Manufacturing (AAM). Pseudoplastic
OPC/PFA/CAC/CS mixes for AAM have hydrated densities of ≈1600 kg/m3 and achieve
a fibre volume (FV) up to 1% and structurally feasible 28-day compressive strengths of
≈25 MPa. To achieve a 2% FV mix suitable for a UAV-attachable miniature deposition
device, mix density can be reduced from ≈1600 kg/m3 to ≈1400 kg/m3 by the addition
of a foaming agent. This reduces compressive strength but increases flexural strength
and tensile capacity. Alternate 1% FV compressive and 2% FV flexural layers may be
extruded in an AAM application. Yield stress and viscosity results provide the most
accurate quantification of rheological properties for OPC/PFA/CAC/CS mixes, due to the
strong effect of environmental temperature on material hydration. Fresh material suitable
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for AAM should possess a yield stress of ideally 1.1 kPa, and certainly less than 1.3 kPa,
for 25 min following mixing.

It was demonstrated that developed mixes required acceleration or retardation of 0.12%
R/B at 7 ◦C, with greater retardation at 14.5 ◦C and 22.5 ◦C in order to promote a suitable
material open time of ≈25 min. Tartaric acid was a suitable retarding agent. A fibrous
pseudoplastic OPC-rich OPC/PFA/CAC/CS structurally viable composite material is
suitable for AAM using flying, self-powered UAVs on the provision that mixes are modified
with accelerating or retarding agents in accordance with different environmental and water
temperatures, and deposition cartridges are protected from exothermic reactions while the
material is in the fresh state.
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Abbreviations

The following abbreviations are used in this manuscript:

AAM Aerial Additive Manufacturing
A/B Accelerator/Binder ratio
AM Additive Manufacturing
CA Citric Acid
CAC Calcium Aluminate Cement
CS Calcium Sulphate
C-S-H Calcium Silicate Hydrates
DOF Degrees of Freedom
DC Direct Current
Ecemmat Energy transferred
FDM Fused Deposition Modelling
PFA Pulverised fuel ash (fly ash)
FV Fibre Volume
HEMC Hydroxyethyl Methyl Cellulose
J Joules
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mA milliAmperes
MPa MegaPascals
OPC Ordinary Portland Cement
PVA PolyVinyl Alcohol
R/B Retarder/Binder ratio
s Seconds
S/B Sand/Binder Ratio
SEM Scanning Electron Microscopy
SP Superplasticiser
TA Tartaric Acid
UAV Unmanned Aerial Vehicles
V Volts
W Watts
W/B Water/Binder Ratio
XG Xanthan Gum
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Abstract: To reduce the carbon footprint of manufacturing processes, it is necessary to reduce the
number of stages in the development process. To this end, integrating additive manufacturing
processes with three-dimensional (3D) printing makes it possible to eliminate the need to use tooling
for component manufacturing. Furthermore, using 3D printing allows the generation of complex
models to optimize different components, reducing the development time and realizing lightweight
structures that can be applied in different industries, such as the mobility industry. Printing process
parameters have been studied to improve the mechanical properties of printed items. In this regard,
although the failure of most structural components occurs under dynamic load, the majority of the
evaluations are quasistatic. This work highlights an improvement in fatigue strength under dynamic
loads in 3D-printed components through heat treatment. The fatigue resistance was improved
regarding the number of cycles and the dispersion of results. This allows 3D-printed polylactic acid
components to be structurally used, and increasing their reliability allows their evolution from a
prototype to a functional component.

Keywords: fatigue; lightweight structures; additive manufacturing

1. Introduction

Three-dimensional (3D) printing is a computer-controlled additive manufacturing pro-
cess that creates 3D objects by continuous material deposition. The mechanical properties of
raw materials evolve into mechanical properties of a 3D-printed component, including the
yield strength, ultimate tensile strength, fatigue, ductility, and brittle behavior. Overall, the
manufacturing process depends on the component’s geometry, the raw materials, the manu-
facturing parameters, and the post-treatment processes (e.g., thermal or thermomechanical
processes). Traditional processes are usually either subtractive or additive manufacturing
processes; however, traditional additive processes, such as foundry or molding, require
tooling design, development, and validation. New additive processes in polymer printing,
such as fused deposition modelling, eliminate the requirement for additional tooling stages
because either only one material is added layer by layer or composite materials are devel-
oped in different ways, such as by adding reinforcements to the matrix. To improve the
mechanical behavior of 3D-printed components, printing parameters, such as the velocity,
bed temperature, extrusion temperature, and raster direction, have been examined because
they can generate internal defects that can result in premature failure under quasistatic
or dynamic loads [1–3]. Travieso-Rodriguez et al. [4] revealed the relationship between
printing parameters and quasistatic response in terms of the stiffness and bending strength,
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but they did not define the parameters necessary to result in an improvement in fatigue
strength.

There is still scope to improve 3D printing products, not only by evaluating the print-
ing parameters, but also by adopting post-treatment processes to enhance the mechanical
properties of the products [5]. Furthermore, the product’s durability, in terms of fatigue life,
should meet the requirements of dynamic loads and statistical parameters, and this should
be validated in not just one sample; such validation should be included in lot production to
reduce the scattered range found in all components made by considering the same parame-
ters to improve the reliability. By combining printing parameters and optimized designs,
the mechanical performance can be improved in a controlled manner [6,7]; however, the
deposition process itself generates variability, and hence, there is scope to improve the me-
chanical performance [8]. The additive metals and plastics are subjected to post-treatment
processes, such as thermal treatments, to improve their properties [9–11]; one parameter
that changes is the hardness of the sample because of microstructural changes. However,
the best improvement is observed in homogenization throughout the whole transverse
section or as a function of the layer position similar to that observed in dual-phase materials.
Homogenization in the microstructure enhances the fatigue strength of the material.

Heat treatments of reinforced plastics or polymer-based compounds show improve-
ments in static and fatigue strengths [9,12]. Different heat treatments may influence the
fracture behavior but have minimal effects on tensile strength [13]. The change observed
in the mechanical properties depends on the type of heat treatment, as seen in the case of
metals. In polymers, thermal treatments can be normalized and annealed [14].

To evaluate this proposal, the effect of heat treatments on hardness was analyzed
by performing fatigue tests. The flexibility of additive manufacturing introduces varia-
tion among designs, which can generate diverse sets of printing variables. The inherent
uncertainty in 3D printing technology, arising from the complicated interaction of heat
transformation and dissipation, leads to more pronounced dispersion compared to conven-
tional additive manufacturing methods, such as injection molding, casting, or subtractive
processes. Since the material undergoes a phase change during the printing process, a
temperature gradient emerges, giving rise to distinct structures across the cross-section.
This gradient of hardness and properties contributes to a dispersion in the strength of
the 3D-printed component. To achieve greater reliability, we heat-treated 3D samples at
different temperatures, and the effects of these treatments were measured via hardness
measurements and fatigue tests to evaluate the dynamic behavior of the printed product [?
]. Polymeric materials are highly likely to be used in 3D-printed components due to their
potential for different applications in various industries, such as mobility (automotive and
aircraft), medical, and manufacturing industries. Enhancing their behavior requires nor-
malizing the material in the transverse direction across its thickness. This can be achieved
through the application of a thermal treatment. Considering the component as a closed
system, the process can be modeled by incorporating the conservation laws of mass, linear
momentum, and energy.

dρ

dt
+ ρ(
 ·�v) = 0 (1)

ρ
d�v
dt

= −�P +� ·�τ + ρg̃ (2)

ρCp
dT
dt

= βT
dP
dt

+ ηγ̇2 +� · q̃ (3)

where ρ is the density; P is the pressure; �v is the velocity vector; �τ is the viscous stress
tensor; and the specific heat, thermal expansion coefficient, and the heat flux vector are
expressed by Cp, β, and q̃, respectively.

Although the printing process has similarities to injection processes, one of the biggest
differences between the two is that in the printing process, material is deposited directly
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from the nozzle onto the component. Such deposition affects the temperature gradient.
This effect can be evaluated by a shift function (at) using the polymer parameters and
the reference temperature (Tr), expressed by the Williams–Landel–Ferry relation [16] as
follows:

logat =
−C1(T − Tr)

C2 + T − Tr
(4)

In this case, the proposed heat treatment is as follows: perform normalization of each
one of the pieces, considering the result reported in previous works that the hardness
on the bedside is greater than that on the printing side [17]. The effect of heat treatment
has been evaluated by hardness measurements and fatigue life [18]. It is believed that
the component’s position in the furnace influences the treatment process, and placing the
printing side in contact with the furnace does not cause deformation by heat treatment.
Thus, we can define the position in the process so that the side of the printing bed is not
in direct contact with the furnace. This study aims to contribute to this growing area of
research in the use of polylactic acid (PLA) printed components as structural components.
This investigation contributes significantly through a comprehensive approach to printed
PLA using FDM. The treatment involves increasing the printing bed temperature by 5 °C.
The experimental results showed that the temperature influences the mechanical behaviors
of the 3D-printed PLA materials. Hence, it is important to consider multiple printing times
because this is the time required for the manufacturing process. The same printing time
must be used for the heat treatment to achieve standardization in the component structure.
When the oven time equals the printing time, the experimental results’ durability and
dispersion are improved.

2. Materials and Methods

We adopted a case study approach to evaluate the mechanical behavior of 3D-printed
PLA products. Specimens with a dog-bone geometry and a thickness of 5 mm were printed
according to ASTM D7791 [19].

2.1. Additive Manufacturing

Test components were fabricated on a commercial 3D printing machine provided by
Ender using a red PLA filament obtained from the brand Color Plus with a diameter of
1.75 mm. The process was carried out at 200 °C in the liquefier chamber and 50 °C in the
build platform, with a raster angle of 45°. The manufacturing process of each component
took 8 h. A schematic printing process is shown in Figure 1.

Figure 1. Schematic 3D printing process.
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Printing was performed at a temperature of 205 °C and 50 °C on the printing side and
build platform, respectively. Important parameters for components under cyclic loads are
the raster angle, set at 45°, and the infill percentage, set to a 100%, as reported in [20]. The
specimens were printed at room temperature. Ultimaker Cura was used for slicing the 3D
printing model (in STL format). Then, the same software was used to control the settings of
the 3D printing process and finally export the G code compatible with the manufacturing
machine. Heat treatments were conducted using a Terlab precision furnace, preheated for 2
h to stabilize the treatment temperature (Figure 2). The component side that had contact
with the printing bed was oriented toward the furnace chamber. An annealing treatment
was applied to achieve uniform hardness, improve ductility, and alleviate residual forces
generated during printing.

Additionally, treatments based on the glass transition temperature were implemented
to align the polymer structure. It is important to mention that the heat treatment mechanism
can be quenching, normalizing, and annealing. In the quenching process, hardness is
heightened; however, the material loses toughness and promptly fractures, leaving minimal
time for the material to undergo plastic deformation. In the case of annealing, the specimens
tend to develop buckling or warpage, resulting in a complete deformation of the part and
the acquisition of both hardness and brittleness, often leading to the loss of the original
geometry. The normalizing mechanism effectively controls brittleness and warpage while
enhancing the resistance to cyclic loading.

Figure 2. Heat treat furnace.

2.2. Mechanical Fatigue

Durability tests were performed on an Instron uniaxial test machine (Figure 3) un-
der the following load conditions at room temperature according to the standard ASTM
D7791 [19]: amplitude, 2000 N; frequency, 2 Hz; and R = −1.

(a) (b)

Figure 3. Uniaxial fatigue test (a) test bench and (b) component at compression load.

The reliability was monitored by obtaining the average number of samples per treat-
ment using the following expression.

μ =
∑n

i=1
xi

(5)
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where xi is the result of hardness measurement and cycles, and n is the sample size per
variable.

Since each component yields precisely the same results, even under identical manu-
facturing conditions, assessing the scatter through an analysis of the standard deviation is
imperative.

slog =

√
∑(x − μ)2

n
(6)

Hardness measurements were taken using an Instron microhardness instrument under
a load of 1000 g in 11 a according to ASTM E384 [21]. The first step in this process was
to evaluate the printed component without treatment and any support—at least five
measurements were taken for each component to evaluate the hardness. The result was
defined as the raw component, and the hardness was 18HV. Fatigue assessments were
performed until crack propagation. The experimental results were 22,518, 52,307, 35,887,
43,494, and 26,652 cycles. Equations (5) and (6) were employed to analyze the obtained
experimental results, which are summarized in Table 1.

Table 1. Standard deviation in fatigue tests of components without thermal treatment.

Cycles log

22,518 4.3525
52,307 4.7185
35,887 4.5549
43,494 4.6384
26,652 4.4257

μ 36,172
slog 0.1499

This study evaluated the changes in hardness and durability after being subjected to
axial fatigue on 46 printed components. Heat treatments play a very important role in the
polymer and metal industry. The support effect has a direct relationship with the hardness
and fatigue life, and the evaluation of this effect on printed components with thicknesses
of 1, 5, 10, 15, and 20 mm is shown schematically in Figure 4. The supports were removed
by applying a turn between the component and the bracket section; when the support with
a height of 20 mm was separated, a disassembler had to be used to start separating the
components.

Table 2 summarizes the different heights of the supports and their effects on fatigue
strength. The supports have a square geometry of 2.5 mm and they are 0.5 mm thick
along the entire component; the difference is the height, which ranges from 1 to 20 mm. A
case study approach was used to obtain further in-depth information on the effect of the
use of supports on the thermal history of the component. To understand the relationship
between the height of the support and the hardness generated in the component, different
supports were evaluated to analyze whether they generate a standardized hardness and,
at the same time, to understand the mechanical effect of the use of supports on fatigue
resistance. In observational studies, there is a potential for bias resulting from different
support configurations. Hence, all the supports used in this study had identical parameters
to prevent any bias.
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(a)

(b)

Figure 4. Component printed with support: (a) as printed and (b) support parameters.

Table 2. Durability strength and hardness measurements of specimens with supports.

Support Height (mm) Cycles Hardness HV

1 20,791 14
5 18,141 14
10 16,950 12
15 17,080 13
20 16,908 12

μ 17,974
slog 0.03824

As shown in Table 2, the support had an unwanted effect on durability by reducing the
mean durability by almost 50%. Notably, the standard deviations are reduced. Although
the durability due to the use of supports did not increase, the dispersion of the experimental
loads decreased, suggesting that the effect of temperature was reduced. Additionally, there
is no difference in hardness for brackets with a size of 10 mm and 20 mm, and the duration
of cycles differs only slightly by 0.2%. These results, therefore, need to be interpreted
with caution. The obtained hardness was reduced by up to one-third of the component
without support and without treatment. A comparison of the supports, hardnesses, and
cycle durations does not reveal any direct relationships. The highest value of cycles was
obtained with 1 mm-thick supports, yielding a hardness of 14 HV. Although the lowest
hardness value coincides with the lowest durability values for the product with brackets,
this result was observed only for the 10 and 15 mm brackets.

The effect of the heat treatment is a result of a combination of the effects of the oven
temperature, time in the oven, cooling medium, and its velocity [22]. Based on previous
research presented by Mayen et al. [23], components with a raster angle of 45° and post-heat
treatment of 100 °C show a fatigue life of 18,505 cycles. Bakar et al. [13] evaluated the heat
treatment near the glass transition temperature (70–80 °C) of PLA to enhance the durability
of the specimen. Another studied temperature range for heat treatment was 80–160 °C for
very short periods of time, namely, 60–180 s, and the best improvement was achieved at
120 °C [14].

3. Results and Discussion

For designing a heat treatment method to improve fatigue strength, we considered
a combination of temperature, time in the oven, and cooling, as previously described.
Cooling was performed at room temperature (23 °C ± 2°). Heat treatment was carried out
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at 60 °C, 80 °C, and 120 °C for 1 h. Table 3 summarizes the changes in fatigue life after heat
treatment at different temperatures.

Table 3. Experimental results from specimens with heat treatment

Temperature °C Fatigue Life Cycles

60 6211
60 14,956
80 3208
80 14,142

120 7742
120 13,840

In the 60–120 °C range, the best approach of using 60 °C was evaluated for different
oven times. The hardness at this temperature was 20 HV for oven times of 4, 8, 12, and
24 h. Note that there may be possible biases in these responses. Although the hardness was
improved at temperatures above 60 °C, this resulted in a brittle component, as seen from
the fatigue life evaluation shown in Figure 5.

Figure 5. Semi log test results with a heat treatment of 60 °C.

A comparison of the durability of components with and without treatments showed no
enhancement in the behavior above 60 °C. Based on these evaluations, the oven temperature
was updated to 55 °C, and the minimum and maximum oven times were 8 h and 168 h,
respectively. It is believed that the internal homogenization of the component is not possible
within a short time.

Figure 6 shows the duration of each treatment regarding fatigue under the conditions
above. The graph shows that the longer the oven time, the higher the durability in some
cases. The improvement in resistance to fatigue is noteworthy as it correlates with the
duration of oven exposure, attributed to the alignment of polymer chains. This is a conse-
quence of the printed components’ volumetric nature; it is necessary to extend the oven
time. Therefore, short treatment durations only alter the edges of the component, leading
to brittle failure, even more so than without any treatment.

Heat treatment enhances the fatigue strength not only in terms of durability but
also in terms of scatter reduction. In cases where the results exhibit a positive trend
in durability, a minimum of three components with identical characteristics undergo
testing. Conversely, two components were tested when the trend indicated a decline in
durability, leading to failure. By its inherent nature, the process of accumulated mechanical
fatigue damage is a statistical phenomenon dependent on factors such as the design,
the load, the material, and the manufacturing process. Design variations can originate
from tolerances that allow for a deviation from the nominal value. Loads were then
determined by a load spectrum involving all load cases and variables such as the frequency,
load sequence, and environmental conditions. Materials can also exhibit variations in
mechanical properties, even from the same supplier or within the same production batch.
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Moreover, manufacturing processes can improve components’ resistance dispersion for
subtractive and additive methods. These parameters collectively contribute to an increased
strength variation, leading to failure when the most critical load is applied to the component
with the lowest strength, as shown in Figure 6.

Figure 6. Failure probability.

Hence, decreasing scatter in components exposed to cyclic loads is necessary to
mitigate the risk of failure.

The first objective of this study was to improve fatigue strength. For this purpose,
the mean value of cycles was evaluated at different oven times with the same printing
time (8 h). The mean value of cycles improved 1.25-fold, but importantly, the scatter was
reduced by 24.2%, increasing the hardness to 19 HV. The results are summarized in Table 4;
the treatment time is described as the oven time.

A temperature of 55 °C (Figure 7) is optimal for the treatments at a time when the
material has more life or resistance to fatigue. It is believed that this behavior provides
greater durability to the material as it can withstand more load cycles of tension and
compression. The material possesses ductility until it ruptures; on the other hand, test
components with a shorter duration tend to be brittle.

Figure 7. Semi-log test results with a heat treatment of 55 °C.
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Table 4. Experimental results obtained for different oven times at 55 °C.

Oven Time (Hours) μ slog Hardness (HV)

8 45,272 0.10983 19
14 31,151 0.16085 18
15 47,290 0.12726 17
16 24,868 0.29187 18
17 54,023 0.13881 19
18 19,430 0.25816 18
24 26,085 NA 20
32 18,467 0.30229 19
56 28,071 0.01189 17
80 31,543 0.11767 18
96 46,351 0.1619 18

120 17,449 0.15981 19
144 19,025 0.08140 19
168 43,972 0.10434 18

During additive manufacturing processes, changes are generated in the properties of
the used input material. These changes arise from the state transformation and the layer-
by-layer material addition process. This process is based on thermo-mechanical processes
and the temperature differences between the printing bed, the printing layer’s temperature,
and the molten material being added. Internally, the material develops resistance based on
the obtained structural characteristics, while externally, hardness is achieved. For materials
produced with these differences, therefore, in this work, the aim is to define an approach
that allows the implementation of a thermal treatment standardizing the structure of the
component in its cross-section. Initially, the printing time is thought to correlate directly
with the overall processing time. The printing time was initially considered to be directly
related to the time required for processing. This assumption was based on the results
obtained for an oven time of 16 h.

Interestingly, the durability decreased and scatter increased, but importantly, the
hardness did not vary. To understand the effect of dispersion, two ranges were defined
around this value of 16 h, differing from this value by 1 and 2 h. The same hardness was
obtained for an oven time of 14 h, but the component’s durability did not improve without
treatment, and a greater dispersion was observed. In 15 h, the fatigue resistance increased
1.30-fold, dispersion decreased by 15.1%, and hardness was reduced to 17 HV. Although
at 17 h, the durability was increased 1.49-fold, the dispersion was only reduced by 7.4%;
the hardness increased to 19 HV. While analyzing the duration, cycles alone may appear
optimal; this approach yields the peak value. However, the integration of dispersion to
enhance reliability does not consider of the global dispersion in load, material, design, and
manufacturing processes. This could lead to premature failure with increased variability.
Ultimately, the hardness was sustained at an oven time of 18 h, but the fatigue resistance
decreased and dispersion increased.

These results show similarities with those reported by Shbanah et al. [5], who evaluated
the improvement in mechanical properties at 55 °C and 65 °C for 5 h. They reported the
best mechanical behavior at 65 °C; however, they adopted a quasistatic evaluation and
considered a bed platform temperature of 60 °C. Although the oven time was 5 h, the
printing time was 4.5 h. More surprisingly, the oven time was correlated with the printing
time. It is possible to define a relationship between the oven time and the same printing
time, as shown in this work. Comparing the durability of untreated components with
treated components, there is a reduction of 41.5% at 60 °C, 52% at 80 °C, and 78. 6% at
120 °C. The optimum parameters for heat treatment are a temperature of 55° and the same
printing time (8 h). This increases the mean duration value at cyclic loads 1.25 times,
reducing dispersion by 26.7%

To analyze the effect of the heat treatment on the standardization of the behavior of
the component, an optical microscope was used. Three different materials were analyzed:
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a component without heat treatment, the part with the best durability, and a part with low
durability.

Figure 8a shows the specimen without heat treatment. Ductile and brittle behavior
can be observed in the same component. On the boundary, it has a lighter color due to
ductile behavior. The reddish color in the middle of the cross-section of the component is a
result of brittle behavior. Figure 8b shows a specimen after heat treatment for 96 h at 55°
with a zoom of 0.8x. Homogenization is shown as whitish bands, resulting in an improved
fatigue strength. This component has a fatigue life two times longer than that without
treatment. With a treatment of 60 °C for one hour, the structure generates brittleness, as
is shown in Figure 8c. The durability diminishes by 92.1%. Figure 8d shows both failure
mechanisms; the lower part of the image shows the brittleness and the upper part shows
the ductile failure mechanism. In fragile zones, it is observed that failure did not cause
any type of deformation, only detachment, i.e., the component separates. In the case of
failure due to ductile behavior, plastic deformations and slower crack propagation occur
until catastrophic failure occurs.

(a) (b)

(c) (d)

Figure 8. Optical microscopy of components (a) without treatment, (b) with ductile behavior, and
(c) with brittle behavior and (d) a comparison between ductile and brittle failure.

To analyze the behaviour, the component with the worst fatigue strength (Figure 8c)
was analyzed via SEM. Figure 9a,b show the ductile behavior on the boundary generated by
homogenization. Figure 9c presents the failure in the internal void. This observation may
support the hypothesis that the best durability is achieved by homogenizing the component
structure along the cross-section.

The results of this study show that the fatigue strength of PLA 3D-printed materials
can be improved, and the temperature of treatment increases with the temperature of the
printing bed at 5 °C. The same printing time must be used to achieve standardization in the
component structure. With very short durations, only the edges of the printed component
are treated, generating a ductile structure, but within the cross-section, a fragile structure
remains. Hence, it is important to state that heat treatments are necessary for additive
manufacturing to achieve a homogenized microstructure, reduce scatter, and improve the
reliability of the printed components.

The process of accumulated fatigue damage was analyzed by comparing the applied
loads with the component strength. This resistance considers the dispersion parameters in
design, the material, and the manufacturing processes. The probability of failure is also
reduced by reducing the scatter of the component resistance.
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Overall, these results indicate that it is possible to evaluate fatigue life strength en-
hancements as a quantitative value and by using the number of the cycles. Qualitatively, the
best improvement was achieved in terms of the scatter. When printing polymers, predicting
the dynamic response of fatigue life with a direct parameter such as hardness is impossible.

(a) (b)

(c)

Figure 9. SEM analysis. (a) Top side of the component, (b) bottom side, and (c) internal failure.

4. Conclusions

This study aimed to assess the feasibility of post-treatment to improve the dynamic
behavior of printed products in the additive manufacturing of polymers. The results
support the idea that heat treatment can be applied to 3D-printed PLA components to
improve their mechanical performance under dynamic loads. The following conclusions
were drawn from this research study:

• The hardness of a component can be improved by thermal treatment. However,
obtaining a direct relationship to estimate the fatigue life only from the hardness itself
was impossible. Defining the oven time as a function of the printing time is necessary.
The best performance was achieved using the same printing time; this generated an
improvement not only on the surface but across all the components. A shorter time
does not allow for the generation of a homogeneous structure.

• The position of the printed part in the furnace for treatment also affects the mechanical
properties of the printed part. This effect originates from the difference in hardness
achieved by printing the hardest side (the one that is in contact with the bed) at the
exact moment that the printing side is placed in the furnace.

• Normalization is the only treatment that positively affects PLA. The best bed tempera-
ture for heat treatment is +5 °C/0 °C.

• The minimum heat treatment time is the printing time. Therefore, short treatment
times generate non-homogeneous structures, producing brittle behavior.
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Hence, post-processing treatments are necessary in additive manufacturing to achieve
a homogenized microstructure, reduce the scatter, and improve the reliability of the printed
components.
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