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Abstract

This study explores the variation in mechanical properties of additively manufactured com-
posite structures for robotic applications with different infill densities and layer heights
using fused deposition modelling (FDM). Glass fibre-reinforced polyamide (GFRP),
and carbon fibre-reinforced polyamide (CFRP) filaments are used, and the specimens
are printed with 20%, 40%, 60% and 100% infill density lattice structures for tensile and
three-point bending tests. These printed samples are examined in the microscope to gain
more understanding of the microstructure of the printed composites. To characterise the
mechanical properties, a set of tensile and three-point bend tests are conducted on the
manufactured composite samples. Test results indicate the variations in tensile strength and
Young’s modulus of specimens based on the printing parameters and reveal the tensile and
bending behaviour of those printed composite structures against varying infill ratios and
reinforcing fibres. The experimental findings are also compared to analytical and empiri-
cal modelling approaches. Finally, based on the results, the applications of the additively
manufactured structure to the robotic components are presented.
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1 Introduction

Additive Manufacturing (AM) has been extensively used in the industry for prototyp-
ing, mostly using polymeric materials [1-3]. However, AM is rarely used to manufacture
safety-critical components since it is difficult to predict the mechanical properties of the
printed components. ASTM F2792 states seven categories of AM techniques, namely:
vat photo-polymerisation, material jetting, binder jetting, material extrusion, powder bed
fusion, sheet lamination and directed energy deposition [4]. The selection of an appropriate
AM technique depends on factors such as the minimum strength requirement, budget/setup
cost, quantity and dimensions of the components [5, 6].

Fused deposition modelling (FDM) is based on feeding a spool of thermoplastic mate-
rial to a liquefier which deposits the molten material onto the printing bed along a prede-
termined trajectory [7]. Slicing software is used to generate the trajectory and set other
printing parameters which dominantly influence the mechanics of the printed structures.
The printer’s bed height decreases on completion of each layer, and consecutive layers
are extruded on top of the previous layer. Moreover, the liquefaction process is regulated
by controlling the nozzle and heatsink temperatures. Cooling fans blow cold air on the
heatsinks to prevent heat creep, which can lead to blockages in the extruder. However, the
cooling process for the component being printed is largely uncontrolled. Slicing software
allows users to modify the printing parameters according to requirements such as printing
time, cost, weight and surface finish, and these parameters have an impact, which is given
in Table 1, on the strength of the printed component.

The printing time is prioritised when multiple copies of the same component must be
printed. An increase in infill percentage/shell thickness or a decrease in layer height leads
to an increase in printing time. The surface finish is prioritised for components that can
be seen and touched by the user. The surface finish improves with a decrease in the layer
height. Overall, the printing parameters must be optimised for individual prints and materi-
als [8-12].

Slicing software generally provides 3-4 options for infill patterns, including but not
limited to concentric, honeycomb and rectilinear. The choice of infill pattern affects the
weight, strength, stiffness and printing time of the component [13]. The study by Khan
et al. found that 100% infill density specimens with the rectilinear pattern had a higher
tensile strength as compared to their honeycomb counterparts [10]. Additionally, the recti-
linear specimens were found to be 6.8% lighter as well. The study by Fernandez-Vincente

Table 1 Printing parameters and their effect on tensile strength

Parameter Effect on Tensile Strength Reason

Layer Height Tensile strength first decreases, then Improved layer adhesion [14]
increases with an increase in layer Minimisation of distortion [15]
height Reduction in the number of voids [16]

Increase in infill density leads to an Reduction in volume of air gaps [16, 17]

increase in tensile strength

Shell Thickness Increase in the number of shells/shell The shell acts as a solid layer at the
thickness leads to an increase in periphery of the print [18, 19]
tensile strength

Infill Density Higher infill density, higher stiffness The load distribution is inefficient, with
and strength. low-stress areas indicating excess

material use [20-23].
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et al. found that honeycomb specimens have a higher tensile strength as compared to their
rectilinear counterparts for low infill densities, but the results are reversed for the 100%
infill density [17]. In honeycomb specimens, all layers are printed along the same trajec-
tory; however, in rectilinear specimens, the orientation of consecutive layers alternates by
90°. Due to this rotation, the extruded lines must bridge the gaps in the previous layer,
which creates voids. These voids decrease in size with an increase in infill density and are
minimised at 100% infill density [24, 25]. Besides, for the parts, that are designed to be
printed along the z-axis, a compressive load would improve layer adhesion and close small
voids, thereby improving their mechanical performance.

There are four major sources of anisotropy in addition to the laminar nature, which sig-
nificantly affects the stiffness and strength of FDM prints: variation in printing parameters
and environmental conditions, anisotropy in the filament itself and thermal gradients gen-
erated by non-uniform cooling and of course, the geometry of the infill pattern [26-31].
Starting with factors related to the environment, for instance, fluctuations in the nozzle
temperature can lead to varying filament liquefaction that causes inhomogeneous layer
adhesion properties and thus gaps can form in between layers [32]. Similarly, the moisture
absorbed by the filament or the debris entering into the printing environment can cause
poor layer adhesion and consequently warping of the printed structure. Moreover, filament
diameter may vary during extrusion due to partial/temporary blockages in the nozzle. This
causes non-uniform mass flow which is a common and hard-to-control phenomenon. Also,
using reinforcement in the filament has an impact on the anisotropy of the printed structure.
As in conventional composite applications, reinforcement phases are added to the material
to increase the strength and stiffness as well as for toughening reasons. Long/continuous
fibre-reinforced filaments display anisotropic nature [33—37], as well as whisker-reinforced
[38] filaments. The use of natural fibres is also becoming more common to achieve more
sustainability [2, 39]. Even though, short-fibre and/or particle-reinforced filaments show
quasi-isotropic behaviour due to random positioning and orientation [40-45], filament lig-
uification changes fibre orientation and distribution (density) across the print. To get an
orientation extra caution is required as well as additional methods [46, 47].

In the current landscape of additive manufacturing of fibre-reinforced composites,
various studies have focused on different aspects of the technology. For instance, Naima
Khalid et al. [48] reviewed the mechanical properties and interlayer bonding in continuous
carbon fibre-reinforced polyamide-6 composites. Similarly, Abderrafai et al. investigated
the mechanical properties of short carbon fibre-reinforced Polyamide 12, highlighting the
effects of environmental temperature and infill patterns [49]. Al Rashid et al. examined
how infill patterns and densities influence the mechanical performance of carbon fibre-
reinforced Polyamide-6 [50]. Palanikumar et al. reviewed additive manufacturing tech-
niques for fibre-reinforced composite materials [51]. While Jansson and Pejryd charac-
terised carbon fibre-reinforced polyamide manufactured by selective laser sintering [52].
Lastly, Al Abadi et al. developed an analytical model to predict the elastic properties of
3D-printed fibre-reinforced polymers [44].

There are several studies focused on optimising the printing parameters and trajectory
in a bid to reduce the anisotropic behaviour [5, 30, 53]. The printing path, also known as
the Hybrid Deposition Path (HDP) can be optimised to increase the directional strength
while minimising overall volume [54]. Printing parameters, including the layer height and
infill density, can also be tuned to minimise the volume of the print without compromising
the strength [55]. However, if isotropic properties are assumed, the implementation of any
modelling and/or optimisation work becomes simpler as it eliminates the need to account
for material complexities like direction-dependent behaviour.
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FDM printers do not regulate the temperature of the component being printed, and as a
result, it undergoes non-uniform cooling. This leads to large thermal gradients and residual
stresses [56]. Once the print is released from the printing bed, these residual stresses can
cause warping [57, 58], and adversely affect the dimensions [59] and shape [60] of the
print. Studies have shown that mechanical properties, including yield strength [61] and
strain at failure [62], are also affected by thermal gradients.

It is also important to stress that, the AM process brings its own risks of creating a
hazardous environment, and therefore, the parameters, including printing and ambient tem-
perature as well as ventilation, must be arranged carefully. The AM process should not
only be designed and conducted based on the mechanical performance of the outcoming
product [63].

This study deals with the investigation of the effects of the layer height and reinforcing
phase, which is the fibres, on the mechanical properties of additively manufactured fibre-
reinforced composite structures for robotic applications. For this purpose, sample composite
structures are prepared using AM. The process of FDM is selected for this project due to
its accessible cost, wide range of materials and relatively quick production time [58, 64].
To execute the manufacturing for the study, the Raise3D printer is used, which can print
basic thermoplastics and fibre-reinforced filaments since its nozzle temperature can reach
300°C. Polyetheretherketone (PEEK) and Polyetherimide (ULTEM) are the best materials
for FDM printing when considering strength and durability [65]. However, both PEEK and
ULTEM require nozzle temperatures close to 500 °C due to their high melting point. Since
the Raise3D printer can only reach nozzle temperatures of 300 °C, fibre-reinforced polyam-
ides are the best choice. Polymaker’s (20%) carbon fibre-reinforced polyamide (CFRP) and
XSTRAND'’s (30%) glass fibre-reinforced polyamide (GFRP) filaments are selected for this
project due to their high strength and stiffness. These structures are planned to consist rec-
tilinear infill pattern since the printing of this pattern is relatively easy and excels in all the
aforementioned factors. Besides, there is a relatively limited number of studies focusing on
that pattern. Samples with different infill ratios, as well as layer heights, are manufactured
to explore the effects of those parameters on the mechanical properties. The manufactured
samples are put through a set of experimental procedures which includes microscopic visu-
alisation of the microstructure and tensile and three-point bend tests. The test results are also
compared to theoretical models, including Voigt and Reuss, self-consistent, and Halpin-Tsai
approaches to discuss the effects of the reinforcements and AM process. Finally, the robotic
application of the additively manufactured structures that are tested and discussed are pre-
sented in detail. AM is chosen for building robot parts for two main reasons. First, AM
makes it possible to create complex shapes that are worked out using topology optimisa-
tion (TO) [66]. Second, AM helps to lighten the weight by adjusting both the outer shape
through TO and the material used inside the part, through reduction of the amount of the
material used for the infill structure. In this context, the tested structures have applications
in robotics. These structures are designed with the help of finite element analysis (FEA)
and topology optimisation, and can be made efficiently using AM. This offers the benefits
mentioned earlier. This study offers a fresh perspective on the relationship between printing
parameters and the mechanical characteristics of fibre-reinforced composites. It uniquely
combines microscopic analysis with tensile and three-point bend tests to offer a compre-
hensive characterisation of material behaviour. Furthermore, this work extends beyond
mere material testing by incorporating analytical and empirical modelling approaches for
structural optimisation. This includes the use of topology optimisation techniques to iden-
tify optimal structures, thereby contributing to material efficiency and reducing the overall
weight of the robotic components.
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2 3D Printing of Samples

Raise3D printer is utilised to manufacture the samples. GFRP and CFRP materials are
selected to produce the specimens with the FDM method. The specimens are produced
with two different layer heights, four different infill densities and two different materials,
all summarised in Table 2 [67-69].

The data provided by the manufacturer is based on only 100% infill density test speci-
mens. The experiments are conducted to find the effective mechanical properties of FDM
printed specimens. The experimental results are also used to quantify the effect of infill
density and layer height on the mechanical properties.

ASTM D638 and ASTM D790 were selected for the tensile test and three-point bend
test specimens, respectively. ASTM D638 presents the standard test method for tensile
test properties of plastics [70], whereas ASTM D790 presents the standard test method
for flexural properties of unreinforced and reinforced plastics and electrical insulating
material [68]. These standards are not dedicated to FDM printed specimens; however,
they have been used in similar studies [69]. The sample dimensions based on these men-
tioned standards are shown in Fig. 1.

Multiple infill densities were selected to facilitate the prediction of intermediate
properties using interpolation. Layer heights of 0.05 mm and 0.2 mm were selected so
that their strength and printing time could be compared. The tensile strength is known to
be in correlation to the number of shells; three shells were selected since that is a good
compromise between strength and printing time. Shells are necessary to preserve the
structural integrity of the samples preventing premature buckling and/or failure of the
infill structure. As they are kept constant throughout this research. Thus, it is ensured
that the shells do not affect the variations of mechanical properties observed against
changing parameters.

Table 2 Materials and printing parameters for test specimens

Materials Specimen Type Layer Height Infill Density
Polymaker PA6-CF Tensile Test 0.05 mm 20%
and Tensile Test 0.05 mm 40%
XSTRAND GF-PAS Tensile Test 0.05 mm 60%
Tensile Test 0.05 mm 100%
Three-Point Bend Test 0.05 mm 100%
Polymaker PA6-CF Tensile Test 0.2 mm 20%
and Tensile Test 0.2 mm 40%
XSTRAND GF-PA6 Tensile Test 0.2 mm 60%
Tensile Test 0.2 mm 100%
Three-Point Bend Test 0.2 mm 100%

Each specimen has three layers of shells
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Fig. 1 Schematic view of samples printed for experiments. a Tensile test specimens; b three-point bend test
specimens

3 Experimental Study

The experimental study consisted of two main parts, visual examinations of the micro-
structure through a microscope and mechanical tests. Tensile and three-point bend tests
are conducted to obtain the deformation characteristics of the different materials. Visual
examinations are done to visualise the surface of the material.

3.1 Visual Examinations

Specimens are examined with a Nikon SMZ800 stereo microscope under various mag-
nifications. The examinations are conducted to gain more understanding of the micro-
structure and surface properties of the printed samples.

3.2 Mechanical Tests

Two sets of carbon fibre (CF) and glass fibre (GF) tensile and three-point bend test
specimens are shown in Fig. 2. All the specimens have a layer height of 0.05 mm, and
the numbers 2, 4, 6 and 1 indicate 20%, 40%, 60% and 100% infill densities. The CF test
specimens are easily distinguishable due to their smooth surface finish. To achieve reli-
able and repeatable results, experiments are conducted for each parameter until at least
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Fig.2 Test specimens; a GF test
specimens, b CF test specimens s oS of 05 o5

(1
W ® CF o5

(a) (b)

three sets of consistent data are acquired and the averaged values are presented as the
results. The specimen groups based on material and printing layer height are presented
in Table 2.

3D prints are porous in nature, and fibre-reinforced filaments are hygroscopic; this
makes the specimens susceptible to moisture absorption. Since moisture can alter the
mechanical properties, all specimens are annealed at 70 °C for 2 hours. Moisture absorp-
tion can also cause warping, which can change the overall dimensions. Before the experi-
ments, all specimens are measured with a vernier calliper, and their dimensions are
recorded. Metal tabs are fixed to the ends of the tensile test specimens to improve grip in
the clamp. Lastly, both tests are conducted with a constant strain rate of 0.5% per minute
and the displacements are measured with the attached extensometer, which is a Shimadzu
DVE-201 noncontact video extensometer. Figure 2 shows the specimens, and Fig. 3
images of the test setups whilst the experimentation is being performed.

While it is generally expected that an increase in infill density would result in a
more durable structure with increased strength and elastic modulus, it remains essen-
tial to quantify these changes, especially in the context of fibre-reinforced composites
for robotic applications. The investigation into varying infill densities provides specific
data that can be used for optimising the mechanical performance and material efficiency
of the robotic components. Furthermore, the study aims to explore how infill density
interacts with other variables, such as types of reinforcing fibres and layer heights, to
offer a comprehensive understanding of the material’s mechanical behaviour.

4 Modelling of the Fibre-Reinforced Composites

Understanding the mechanical behaviour of fibre-reinforced composites requires under-
standing various theoretical frameworks. These models provide a reasonable estimate of
key mechanical properties, such as Young’s modulus that can be compared against experi-
mental data.

In the analysis, the mechanical properties of the individual phases, the matrix and the rein-
forcing fibres are taken from the literature as their mechanical properties are not provided by
the manufacturer and it is practically not possible to measure them. Specifically, the elastic
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ALTOCP

(c)

Fig.3 Test specimens during tests; a Tensile test b three-point bend test ¢ Tensile test setup with the exten-
someter

modulus of carbon fibre is E ypon rivre = 200 GPa, that of glass fibre is Eyj,q ripre = 40 GPa,
and for polyamide, it is Eyumige = 0.2 GPa [48, 64, 71-74]. The volume fractions of the
fibres in the composite materials are provided by the manufacturer. For the Polymaker’s
CFRP, the volume fraction Vfcp is 0.2, and for XSTRAND’s GFRP, the volume fraction VfGF
is 0.3. These parameters are critical for understanding the mechanical behaviour of the com-

posites under various loading conditions.

4.1 Voigt and Reuss Approximations

The Voigt and Reuss models are refined approximations. The Voigt model, also known
as the parallel model, assumes that the strain is constant throughout the composite, thus
providing an upper bound on the composite’s stiffness which is represented as Ey,;q- Con-
versely, the Reuss model assumes that the stress is constant throughout the composite, thus
serving as a lower bound denoted as Eg_ ..

Evoige = EfVy + E, (1= V)) ()
1
EReuss = ﬁ + I—_Vf (2)
E ' E,

Here, Ef and E,, denote the Young’s moduli of the fibre and matrix, respectively, and Vf
represents the volume fraction of the fibres.

4.2 Self-Consistent Scheme

The self-consistent Scheme extends beyond simplistic assumptions to cater to compos-
ites with more complex microstructures. The self-consistent scheme assumes that the
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inclusions are embedded in an infinite matrix, making it particularly useful for randomly
oriented fibres or particles since it accounts for the interactions between neighbouring
inclusions. It employs an iterative method, beginning with an initial approximation for the
effective modulus (E,¢), which is refined until a satisfactory convergence is achieved. The
effective Young’s modulus can be represented as:

3V (E;/Eu — 1
Eeff=Em(1+ /e )> )

1+ vf(Ef/Eeff -1)

4.3 Halpin-Tsai Model

The Halpin-Tsai equations are semi-empirical models used to predict the elastic moduli
of composite materials with randomly-oriented fibres. These equations introduce two
empirical parameters, n; and ns, to fine-tune the effective longitudinal and transverse
Young’s moduli. The model accounts for the aspect ratio and orientation of the fibres,
but it requires empirical calibration. Parameters n; and n;, should ideally be obtained
from experimental measurements, making the model a blend of theory and empiricism.

The effective longitudinal (Egyjon,) and transverse (Eger runs) moduli can be repre-
sented as:

nV(EJE, — 1
Eeff long = Em 1+ = f( d - ) (4)
’ 1_nij"(Ef/Ern_l)

NV (E JE, — 1
LN 5

E =E,[ 1+
eff,trans m< 1— T'[TVf(Ef/Em _ 1)

As explained, the Halpin-Tsai equations include additional material parameters,
nr and n;, to capture the anisotropic nature of composite materials. In the Halpin-
Tsai model, the values of 7, and #; are selected as #;,=3 for the longitudinal behav-
iour and #;=1.5 for the transverse behaviour when considering the Polymaker’s CFRP.
For XSTRAND’s GFRP, n;,=2.5 and #;=1.0 are utilised. These choices in 5 values are
guided by the aspect ratios and the degree of fibre alignment in the composite material.

5 Application of the Additively Manufactured Structures to Robotics

This section focuses on the application of the additively manufactured structures, that
are thoroughly examined and tested in the preceding sections, in robotics. Specifically,
the spotlight is on the design of drivetrain skirts and support plates, which are important
structural components, of the robot in the design process (see Fig. 4). Taking advantage
of the findings from the material testing part of this research, improvements have been
made in both exterior design, infill ratio and material selection for these components.
FEA and TO, which aim to limit the stress and deflections whilst minimising the mass
of the structure, are employed to achieve these design improvements, laying the ground-
work and preparing the components for practical implementation. To check the final
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(a) (b)

Fig.4 The robot in development a CAD render b Photo of the assembled robot prototype

design that considers manufacturability and other operational factors, static FEA for
each component is performed.

5.1 Drivetrain Skirts

The drivetrain module is designed first since it is required for testing the electronics.
Once the circular cross-section is decided, the drivetrain components are fit within
the smallest possible area, which is a circle of diameter 430 mm. The build area of
the Raise3D printer is only 300 mm by 300 mm, which meant the skirts could not be
printed as one single part and has to be divided into four sections.

The skirts are designed to be sandwiched between the Aluminium plates creating a
tortoiseshell capable of bearing a 100 kgf load. The wall thickness of the first design is
11 mm and the flanges on the top and bottom are 7 mm wide. The circular cut-out acted
as a wheel arch for the driven wheels which are attached to the sides of the robot. The
flange sticking out from the side of the skirt coupled with complimentary flanges on the
adjacent skirt such that both skirts could be secured with one bolt.

A load of 45 kg (441.5 N) is applied on the top flange of the skirt, and this value
included a safety factor which accounted for any discrepancies in the manufacturers’ data.
An ‘Encastre’ boundary condition is applied on the bottom flange of the skirt to model the
support from the bottom plate. Since the design has sharp corners and complex curves, a
free-form tetrahedron mesh is used. The initial design, boundary conditions and the load-
ing are visualised in Fig. 5.
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Fig.5 Applied load and boundary conditions on the initial design of the drivetrain skirts

5.2 Support Plates

All plates are required to support M4 and M5 threads, standards dictate a minimum thick-
ness of Smm to support these threads in a medium strength metal. High strength 6082-
grade Aluminium is selected as this allowed the use of 4mm plates without compromising
the threads. The drivetrain module bottom plate is not suitable for material reduction since
it is packed with components. Also, openings in the bottom plate would make the robot
susceptible to debris ingress when travelling over rough terrain. Similarly, material could
not be removed from the UV module plates since that would expose high voltage compo-
nents. Only the drivetrain module top plate is suitable for material reduction and a TO is
conducted to identify the most suitable regions.

This study models the worst-case scenario wherein a load of 50 kgf (490N) is applied
over the entire surface and the plate is fixed at its circumference with an ‘Encastre’ bound-
ary condition. The load, boundary conditions applied on the initial design of the plate are
shown in Fig. 6.

Fig.6 Applied load and bound-
ary conditions on the initial
design of the support plates
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6 Results and Discussions
6.1 Visual Examinations

The images of the surfaces of the test specimens acquired through the microscopy are pre-
sented in Figs. 7, and 8 shows the images of the outer shells of the printed samples. The
layered and porous nature of the samples is observed clearly. Moreover, the images also
show that the surface roughness of the samples is relatively high. This is due to the fact
that 3D-printed parts are typically made up of many individual layers, which can create a
rough surface. The surface roughness can affect the mechanical properties of the samples,
so it is important to consider this when designing and testing 3D-printed parts. However,
the surfaces show no major inconsistency nor any significant flaw. Therefore, it is possible
to assume that the printing process is completed successfully to achieve the necessary con-
sistency, which would allow the investigation of the effects of the printing parameters and
the filament materials used on the mechanics of the samples.

6.2 Mechanical Tests

The deformation characteristics of all specimens are indicated in Fig. 9. The graphs show
an increase in the ultimate tensile strength (UTS) with an increase in infill density due
to the increase in material volume. The 100% infill lines (red) show almost a parabolic
increase, indicating non-linear behaviour. Non-linear behaviour is caused by large displace-
ments and the presence of defects in the printed specimens. The sharp and short dip right

(a) (b)

(c) (d)

Fig.7 Images of the infill structure of 100% infill density tensile specimens. a CF with 0.2 mm layer
height, b CF with 0.05 mm layer height, ¢ GF with 0.2 mm layer height and d GF with 0.05 mm layer
height
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(b)

Fig. 8 Images of surfaces of the outer shells of CF samples with a 0.2 mm and b 0.05 mm layer heights

after UTS indicates brittle behaviour, which is consistent with fibre-reinforced composites.
The sharp dip can also be caused by cracks prevalent in FDM prints due to their laminar

structure.

Stress vs Strain for CF-0.2

Stress vs Strain for CF-0.05

100 100
% 80
= —
o o
£ @ )
= =
£ 8
" 4 & @
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01 . . . ; . . . 0
000, 002 004 006 003 020 012 033 0000 0025 0050 0075 0100 0125 0150 0175
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(a) (b)
Stress vs Strain for GF-0.2 Stress vs Strain for GF-0.05
100
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il T &0
£ ® H
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(c)

004 0.06

Strain

(d)

Fig.9 Stress vs Strain graphs for; a CF-0.2mm layer height, b CF-0.05mm layer height, ¢ GF-0.2mm layer
height, d GF- 0.05mm layer height. All values are presented in MPa
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The 0.2 mm layer height specimens for both materials show a higher UTS as compared
to their 0.05 mm layer height counterparts. Additionally, the UTS for the GF specimens
is higher than the UTS for the CF specimens for both layer heights. This suggests the
use of GF over CF if the tensile strength is crucial for the component. This difference in
performance between glass and CF is in line with the data provided by XSTRAND and
Polymaker.

The results obtained from tensile tests are indicated in Fig. 10 regarding the ultimate
tensile strength (a), and Young Modulus (b) for all the parameters. UTS values have almost
the same increasing trend for both materials. There are no significant differences between
20% and 40% infill densities, except GF 0.05. The difference between 20% and 40% infill
density increases UTS for GF 0.05. Also, GF 0.05 have a more linear UTS increasing trend.

Moreover, all the materials have reached their peak UTS values at 100% infill densi-
ties, as expected. Also, the materials have the same trend in terms of UTS for 20%, 40%
and 60% infill densities, but this trend does not hold for 100% infill densities. Some
material flaws like interlayer shear, layer shift, moisture absorption and voids due to
printing could be the reason for the difference.

The graph in Fig. 10b shows a monotonic increase in Young’s modulus values with an
increase in infill density. This can be attributed to an increase in material volume with an
increase in infill density. Theoretically, the 0.2 mm layer height specimens should have a
higher Young’s modulus compared to their 0.05 mm counterparts. This trend is followed
for all infill densities except for 20% in CF and 100% in GF, where the results are reversed.
This is likely caused by the defects mentioned above, such as layer shifts, moisture absorp-
tion and voids in the specimen as they are known to reduce stiffness [14, 75-79]. The
results are also presented in Tables 3 and 4.

The stress-strain curves of acquired from the three-point bend tests are presented in
Fig. 11. Also, the flexural strength and flexural modulus for each set of material and
layer height are visualised and compared in Fig. 12 and Table 5. Both flexural strength
and modulus are significantly higher for 0.05 mm layer height for CF and GF. Com-
pared to the CF specimens with 0.05 mm layer height, GF specimens show improved
stiffness and strength for the same layer height. On the other hand, CF specimens dis-
play better performance for 0.2 mm layer height compared to the GF specimens with the
same layer height, but the difference is not as noticeable.

The characterisation analysis of the effects of infill densities and layer heights on
the mechanical properties of additively manufactured GFRP and CFRP composite struc-
tures indicate clear patterns in surface/microstructural properties, strength, and stiffness,
mostly aligning with theoretical expectations. The microscopy visuals reveal the sur-
face roughness and consistency of the printed samples, whilst the mechanical tests show
the influence of infill density and layer height on the tensile and flexural properties.
It is shown that the inherent complexities and non-linearities in 3D-printed composite
structures are strongly linked to the material’s structural irregularities/inhomogeneities
and defects. Inconsistencies observed in some trends are related to these internal/micro-
structural irregularities in the printing process, emphasising the importance of quality
control and precise parameter selection and optimisation. The preference for GF over
CF to achieve improved strength, the role of infill density and the significant variations
of the effective mechanical properties between different layer heights collectively con-
tribute to a more comprehensive understanding of how to fine-tune the printing param-
eters to attain the desired mechanical properties. These findings highlight the complex-
ity of 3D printing process, particularly with composite materials and stress the potential
for further exploration, including statistical analyses, material flaw investigation, and
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Fig. 10 Comparison between UTS (a) and Young’s modulus (b) due to infill percentage. All values are
presented in MPa

exploration of various polymer-fibre combinations to develop better tailorable materi-
als and structures, enhancing the understanding of how to design and produce parts that
meet specific mechanical needs.
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Table 3 Tensile strengths and Young’s moduli for CF specimens

Experimental Results for 20% Infill 40% Infill 60% Infill 100% Infill
CF Density Density Density Density
Tensile Strength (CF-0.2) [MPa] 62.4 54.5 72.5 105.9
Young’s Modulus (CF-0.2) [MPa] 404.4 446.7 537 727.1
Tensile Strength (CF-0.05) [MPa] 39.1 554 70.5 92.5
Young’s Modulus (CF-0.05) [MPa] 381.8 476.2 518.9 652.4

All values are presented in MPa

Table 4 Tensile strengths and Young’s moduli for GF specimens

Experimental Results for 20% Infill 40% Infill 60% Infill 100% Infill
GF Density Density Density Density
Tensile Strength (GF0-0.2) [MPa] 51.2 48.8 55.6 95.8
Young’s Modulus (GF-0.2) [MPa] 515.4 616.5 673 842.5
Tensile Strength (GF0-0.05) [MPa] 38.2 51.4 60.4 96.8
Young’s Modulus (GF-0.05) [MPa] 489.1 569.3 653.3 1238.8

All values are presented in MPa

6.3 Modelling of the Fibre-Reinforced Composites

In analysing the effective moduli of carbon and glass fibre-reinforced polymers, multiple
homogenisation techniques are employed. These include the Voigt and Reuss bounds, the
self-consistent method, and the Halpin-Tsai model. These results and their comparisons
against the experimental data is presented in Fig. 13 and Table 6.

For Voigt and Reuss methods, Ey,, and Eg. represent upper and lower bounds,
respectively, for the effective stiffness of the composite. In CFRP samples, these bounds
are 40160 MPa and 249.9 MPa. For GFRP samples, the bounds are 12140 MPa and 285.1
MPa.

The self-consistent method provides an effective modulus for CFRP and GFRP, E;; of
788.4 MPa and 763.5 MPa, respectively. Unlike the Voigt and Reuss bounds, this method

Fig. 11 Stress vs Strain graphs
for the three-point bend samples. 120 1
Stress values are presented in
MPa 100 A
< 80 A
a
Z
v 60 A
o
&
40
20 A
0 B

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
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Fig. 12 Flexural strength and flexural modulus of the specimens; a flexural strength, b flexural modulus.
All values are presented in MPa

accounts for interactions between phases and gives a value that often falls within the
bounds set by Voigt and Reuss.

The Halpin-Tsai equations offer another means to estimate the effective moduli along
the longitudinal (Egf j,,) and transverse (Epq ;,ns) directions. For CFRP, these are 800 MPa
and 371.4 MPa, and for GFRP, 1400 MPa and 371.4 MPa.

The experimental results show notable deviations. For CFRP with a layer height of 0.2
mm, the E is 727.1 MPa, which is within the Voigt and Reuss and Halpin-Tsai bounds
but deviates from the self-consistent model by 8.4%. For a layer height of 0.05 mm, CFRP
has an E of 652.4 MPa, which, too, is within the bounds of Voigt and Reuss and the
Halpin-Tsai models but deviates from the self-consistent model approximately by 20.8%.
GFRP, at a layer height of 0.2 mm, exhibits an E;; of 842.5 MPa, which notably exceeds
the theoretical prediction of the self-consistent model by 10.3%. For GFRP with 0.05 mm
layer height, the experimental value is 1238.8 MPa, representing a significant deviation
from the self-consistent model whilst remaining within the bounds of other models.

These incompatibilities between theoretical models and experimental data are likely due
to the complexities introduced by the AM process, which alters the material properties of
each phase considerably. The AM process further introduces cohesive regions between the
layers, affecting the overall mechanical behaviour and deviating from the theoretically pre-
dicted values. Thus, while the models provide a reasonable first approximation, the intrica-
cies of 3D-printed microstructures require more refined analytical or numerical models for
precise prediction.

Table 5 Flexural strengths and
Flexural moduli for 100% infill

specimens

Group CF 0.05 CF 0.2 GF 0.05 GF0.2

Flexural 118.3 100.3 124.9 98.9
Strength
[MPa]

Young’s Modu-  4074.9 3362.0 4289.4 3145.4
lus (Flexural)
[MPa]

All values are presented in MPa
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Fig. 13 Comparison of theoretical and experimental effective moduli for carbon and glass fibre reinforced
polymers using various homogenisation techniques. All values are presented in MPa

6.4 Application of the Additively Manufactured Structures to Robotics
6.4.1 Topology Optimisation and Design of Drivetrain Skirts

TO plays a crucial role in refining the design of the drivetrain skirts. The first TO sim-
ulation demonstrates that material could be removed from the body of the skirt whilst
retaining a central supportive structure. To avoid any impractical results, a 30% volume
restriction is implemented when performing this TO. This also helps ensure that the skirt’s
aesthetic and protective functions are maintained, as shown in Fig. 14.

Based on these TO results, a final design is settled upon also considering manufactura-
bility and printing requirements. It achieved a 30.3% weight reduction—from 441.5 grams
to 307.7 grams—without compromising structural integrity. To check the final design, a
static FEA of this adjusted design indicated a maximum deflection of 0.25 mm, which is
deemed acceptable, as shown in Fig. 15.

Slicing parameters are fine-tuned in the ’Simplify3D’ software to enhance printing
efficiency. A cross-sectional view of the final optimised component is shown in Fig. 16.
The red and green lines represent the outer shell, and the yellow lines represent the
rectilinear infill pattern. Since the wall supports most of the load, it is critical to avoid
voids in that region. The printer extrudes lines with a width of 0.6 mm which leads
to a shell thickness of 1.2 mm on either side of the wall. With a total thickness of 3

Table 6 Comparison of theoretical and experimental effective moduli (E, in mpa) for carbon and glass fibre
reinforced polymers using various homogenisation techniques

Material Experimental Voigt and Reuss Self-Consistent Halpin-Tsai

CF Ecp0,=727.1 Ey4;=40160 E=788.4 E et 1one=800
Ecp 00s=052.4 EReuss=249.9 Eett trans=371.4

GF Egp 0,=842.5 Evoig=12140 E=763.5 E ¢ 1ong=1400
EGr 005=1238.8 EReuss=285.1 Eett trans=371.4

All values are presented in MPa
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Fig. 14 Topology optimisation results for the drivetrain module skirt
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Fig. 15 FEA results for the final design of drivetrain module skirt. Deflections are presented in mm

mm, there is only 0.6 mm left in between the shells, which is just enough space for
one solid line. These parameter choices facilitated a further reduction in weight without
compromising the strength of the skirt. The benefits of topology and infill optimisation
became evident when manufacturing the skirts, as the printing time is reduced to 19
hours from the original 30 hours, which also reduces energy and equipment costs. Since

Fig. 16 Cross-sectional view of the final drivetrain module skirt in *Simplify3D’
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Fig. 17 Topology optimisation results for the support plate
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Fig. 18 FEA results for the final design of the support plate. Deflections are presented in mm
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the filament cost is £0.08 per gram, the 133.8-gram weight reduction leads to a saving
of £10.74; this is a significant value when considering mass production.

6.4.2 Topology Optimisation and Design of Support Plates

The TO results, as presented in Fig. 17, for the support plate inspire the design concept for
the final design of the support plates. Although the exact ’star’-shaped pattern is not repli-
cated, the core principle of distributing central loads to the plate’s boundary is maintained.
The final design leads to a 60% reduction in weight, from 1500 grams to 894 grams.

FEA estimated (Fig. 18) that the maximum deflection was well within acceptable lim-
its, standing at 0.027 mm at the centre of the plate under realistic loading and boundary
conditions.

7 Conclusions

This study systematically investigates the effects of infill densities and layer heights on the
mechanical properties of GFRP and CFRP in (FDM) for robotic applications. The inves-
tigation is performed by employing a range of infill densities, namely 20%, 40%, 60%,
and 100%, in tensile and three-point bending tests as well as microstructure visualisa-
tion through a microscope. This study reveals the changes in the strength and stiffness of
3D-printed composite structures. The results indicate a clear dependency on the infill den-
sity and layer height in strength and stiffness of 3D-printed composite structures pointing
out the importance of the selection of the optimised printing parameters to achieve desired
mechanical properties.

The experimental Young’s moduli and tensile strength results are largely consistent with
theoretical predictions, but there are some outliers. FDM prints are prone to defects that can
cause a drastic change in mechanical properties. A statistical analysis with multiple copies of
the same specimen would be the best method for quantifying the presence of defects.

Increasing infill density leads to elevated UTS, as expected. The trend is the same for
Young modulus. The inconsistencies in the trend are judged to be caused by defects in
printing processes. On the other hand, the effect of infill density is not highly significant,
between 20% to 60%. The most effectiveness is obtained from 100% infill density.

Several theoretical approaches are utilised to predict these values, from classic homog-
enisation techniques like Voigt and Reuss bounds to more sophisticated models such as the
self-consistent and Halpin-Tsai methods. These theoretical frameworks offer an efficient
perspective on the prediction of mechanical properties of fibre-reinforced composites.
Each comes with its own set of assumptions and limitations, thereby affecting its appli-
cability and accuracy. A comparative assessment between these theoretical predictions
and the experimental data is done. It must be noted that the experimental data generally
resided within or proximate to the theoretically predicted bounds. However, this should
not be perceived as a precise agreement between the theoretical models and experiments.
The divergence between theory and experiment is not negligible. Even though, while theo-
retical models offer a range of possibilities for the effective modulus of composites, real-
world processes like AM, introduce complexities that often result in values outside these
bounds. Thereofre, this divergence is judged to be due to the complexities inherent in these

@ Springer



Applied Composite Materials

composite materials and structures, particularly when manufactured through AM methods.
These deviations highlight the limitations of theoretical models in capturing the dominant
interactions in composite materials.

The application of the additively manufactured composite structures is also performed
in this study. The final geometries of the robotic components are designed employing
topology optimisation, and they are additively manufactured. Not only did the final designs
achieve significant weight and cost reductions, but they also meet structural integrity and
operational requirements, thereby confirming the feasibility of using additively manufac-
tured materials in robotic applications.

In the future, it would be interesting to conduct a statistical analysis with multiple spec-
imens to gain more understanding of material flaws and their impacts on the static and
fatigue characteristics. Using various polymer-fibre reinforcement combinations would
also lay the groundwork for better tailorable materials and structures.
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