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Deformation Behaviour and Energy Absorption of 3D Printed Polymeric Gyroid Structures

Yilmaz GUR

Abstract: This study investigates the deformation behaviour of gyroid lattice structures fabricated via fused deposition modelling 3D printing technology, utilising neat
acrylonitrile butadiene styrene and short carbon fibre-reinforced ABS thermoplastics. Initially, a 3D model of the gyroid cellular structure was generated using K3DSurf
mathematical software and subsequently 3D printed. The 3D printing layer thickness during the 3D printing process was 150 pm, and the diameter of the filaments was
1.75 mm in diameter. The study employs quasi static uniaxial compression testing to analyse the behaviour of these gyroid lattice structures. The compression tests were
performed according to the American Society for Testing and Materials D1621-00 standard. Results indicate distinct deformation behaviours depending on the material used,
with short carbon fibre reinforced ABS gyroid cellular structures exhibiting higher strain values and, more energy absorption capabilities compared to neat ABS counterparts.
Furthermore, the study highlights the challenges and opportunities associated with fabricating and characterising complex lattice structures, shedding light on their potential

applications in engineering disciplines.
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1 INTRODUCTION

Additive Manufacturing (AM) technology allows the
fabrication of extremely complicated geometrical models
that cannot be produced by conventional engineering
methods such as cutting, drilling, lathing, and milling
[1-3]. The ability to fabricate the structures with intricate
details makes AM technology an alternative to traditional
engineering manufacturing techniques [4]. Hence, additive
manufacturing techniques are especially useful in the
biomedical [5, 6], acrospace sectors [7], and automotive
industries [8]. In recent years, researchers have paid more
attention to lattice structures fabricated by additive
manufacturing technologies because of their mechanical
energy absorption capabilities and strength-weight ratio
performances [4, 9, 10]. They are already used in different
engineering disciplines such as customized biomedical
implants [11, 12], filters and heat exchangers [13-15], and
lightweight structures [16].

Triply Periodic Minimal Surfaces (TPMS) is a specific
type of minimal surface characterized by having zero mean
curvature, which implies equal concavity and convexity at
all points. These surfaces have a hyperbolic form [17].
There are two types of TPMS structures: skeletal-based
TPMS cellular structures and sheet-based TPMS cellular
structures. For this study, a sheet based TPMS structure,
also referred to as a "shellular" structure, is employed
[9, 18, 19]. These complex periodic cellular structures offer
the potential to design lightweight products that possess
excellent energy absorption capabilities.

Several works have been carried out to assess the
mechanical properties of sheet based TPMS lattice
structures. Zhang et al [10] studied compressive modulus,
plateau stress, and energy absorption abilities of P, D, and
G types of TPMS sheet structures and reported that TPMS
structures greatly outperformed the strut-based lattices. In
their study, Maskery et al. [9] conducted research on the
energy absorption capacity of gyroid cellular structures.
They discovered that heat-treated double gyroid (DG)
specimens exhibited an energy absorption capability that
was nearly 50% higher compared to body-centred cubic
(BCC) structures. The study by Zhang et al. [20] utilizes
the response surface methodology (RSM) statistical tool to

analyse and optimize the mechanical responses of a BCC
lattice structure for passive vibration isolation. Through
compression tests, the research identifies the optimal
design parameters, demonstrating that RSM is effective in
revealing the statistical significance and contribution of
input factors to mechanical responses with minimal testing
and cost. Moreover, the DG specimens absorbed three
times more energy than the BCC structures. Abueidda et
al. [21] conducted an analysis of the mechanical
performances of 3D-printed structures. They investigated
the behaviour of these structures under compressive and
tensile loadings through both experimental and
computational methods. The researchers found that the
mechanical responses of the TPMS cellular structures
exhibited reasonable agreement between the experimental
and computational results. Gimrik et al. [22]
experimentally investigated the mechanical behaviour of
micro lattice structures 3D printed by selective laser
melting. According to the research, the mechanical
behaviour of lattice structures is affected by significant
structural defects that arise from the 3D printing process,
particularly in shear loading rather than compression.
Moreover, the mechanical response of lattice structures is
also affected by key parameters such as relative density,
cell size, and unit cell topology in all tests. Striemann et al.
[23] examined the void content of additively manufactured
polymer tensile test specimens using micro-computed
tomography. The researchers discovered that the presence
of voids had a Notable impact on the material's properties.
Specifically, they observed a significant reduction in
Young's modulus, tensile strength, and strain at fracture.
Gyroid lattice structures are of interest due to their
lightweight nature, and they can be used in many
engineering applications. The previous studies on lattice
structures fabricated using fused deposition modelling
(FDM) have been limited to unreinforced thermoplastic
structures [24-26]. A few studies have discussed the use of
short carbon fibre reinforced (SCFR) thermoplastic lattice
structures. However, printing lattice structures with short
carbon fibre reinforced composites can potentially offer
advantages such as simultaneous improvement in strength,
energy absorption properties, and the stability of crush
properties in terms of stable stress-strain behaviour.

1582

Technical Gazette 31, 5(2024), 1582-1588



Yilmaz GUR: Deformation Behaviour and Energy Absorption of 3D Printed Polymeric Gyroid Structures

Nevertheless, numerical modelling of fibre-reinforced
lattice structures under compressive strains is rarely
performed, and energy absorption capability calculation
through the area under the stress-strain curve and curve
fitting is the novelty of the study.

In this study, gyroid lattice structures were printed
using 15%-weight short carbon fibre reinforced (SCFR)
acrylonitrile  butadiene styrene (ABS) and neat
acrylonitrile butadiene styrene (ABS) thermoplastic
materials by using FDM 3D printing technology. The
objective of this study was to conduct experimental
research on the deformation behaviour of gyroid lattice
structures made of ABS and SCFR-ABS under a
quasi-static uniaxial compressive test and to evaluate the
energy absorption characteristics of the two different
gyroid lattices. To find the energy absorption area under
the stress-strain curve, a sixth-degree polynomial was
fitted, and the coefficient of determination R?> was
calculated. The SCFR-ABS-made gyroid cellular structure
exhibited 1.46 times more energy absorption capability
than the ABS-made gyroid.

2 MATERIALS AND METHODS
2.1 Materials and Equipment

TPMS gyroid specimens were manufactured using two
types of filaments: light green neat ABS and black Frosch-
made short carbon fibre reinforced (SCFR) ABS. The
SCFR-ABS filament is a composite material of ABS and
contains approximately 15% short carbon fibre by weight.
The filaments had a diameter of 1.75 mm. The typical
mechanical properties of ABS and short carbon fibre
reinforced ABS are given in Tab. 1.

Table 1 Mechanical properties of ABS and SCFR-ABS filaments

Table 2 Specifications of the

yroid specimens and printing parameters

ABS SCFR-ABS
Cell size / mm 8.33 8.33
Number of lattice unit 6 6
Total number of cells 216 216
Cell wall thickness / mm 1 1
Nozzle temperature 225°C 250 °C
Raft 1 mm 1 mm
Number of outer walls 3 3
Nozzle diameter 0.4 0.4
Nozzle material Hardened steel Hardened steel
Printing speed 30 mm/s 30 mnv/s
Bed temperature 100 °C 100 °C
Layer height 150 pm 150 pm

Additional details

regarding the gyroid latt

ice

Material Tensile Mo_dylus of Strain at
Strength/ MPa | Elasticity / GPa Break / %
ABS 44 2.07 4.8
SCRF-ABS 59 2.89 3.64

The mechanical properties of ABS and short carbon
fibre reinforced ABS materials demonstrates that carbon
fibre reinforced ABS generally possesses higher tensile
strength and modulus of elasticity compared to ABS. This
increase is achieved through the addition of carbon fibre to
the material matrix. However, this enhanced durability of
SCRF-ABS comes at a cost; SCFR-ABS has a lower strain
at break compared to ABS, indicating less flexibility.

Due to the abrasive nature of the short carbon fibre
reinforced ABS filament, the original brass nozzle of the
3D printer was replaced with a hardened steel nozzle to
maintain a nozzle orifice diameter of 0.4 mm. The gyroid
samples were fabricated using a Flash Forge Creator 3D
FDM printer, which is equipped with a dual nozzle and a
heated build plate covered with kapton tape. Two types of
materials were used: short carbon-fibre-reinforced ABS
and neat ABS. The layer thickness for both specimens was
set to 150 pum. During the fabrication process of the
specimens, the build platform temperature was maintained
at 100 degrees Celsius.

The gyroid specimens achieved a volume fraction of
0.178, which was determined based on a 1 mm wall
thickness.

specimens and 3D printing parameters can be found in Tab.
2.

2.2 Generating of Gyroid Type Triply Periodic Minimal
Surfaces (TPMS)

The first triply periodic minimal surface (TPMS),
which is the Schwarz P surface, was described by Schwarz
in 1890 [27]. Gyroid, in another saying, Schwarz G
surface, which is also a member of the TPMS family, is
discovered by Alan Schoen while he was studying
super-strong, super light structures in 1970. The gyroid is
the only example of an intersection-free periodic minimal
surface that includes neither straight lines nor mirror
reflections, and the axes of rotational symmetry do not lie
on the surface. The gyroid is part of the cubic crystal
system and has a body centred cubic Bravais lattice. The
parameterization of the Gyroid is given by the following
equations:

x:ReJ‘exp(iHG)F(r)(lfrz)dz' )

y=Reji-exp(iﬁG)F(r)(lJrrz)dr )

z=ReI2-exp(i96)rF(T)dr (3)

i’ =1 (4)

T=17,+iT, (5)
;1

F(r)=(1714r4+18)2 (6)

Its mathematical equation is highly complex,
involving elliptic integrals and it is complicated to solve
them [28].

Schnering and Nesper [29] showed that G minimal
surfaces can be described to the first order of
approximation by the nodal equation which is given in the
following Eq. (7). This equation gives an approximation to
the gyroid surface looks like the actual gyroid because of
that the following approximation Eq. (7) is used to design
the six units of gyroid cubic compression test samples [30].

COsx - siny + cosy - sinz + cosz - sinx = 0 (7N
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To generate the model of the Gyroid, the utilization of
mathematical modelling software is necessary. This
software performs calculations to determine the x, y, and z
coordinate values of the vertex points occurring on the
surface. There are various options available in the market
for mathematical software, including both commercially
licensed and license-free alternatives [31]. These software
options offer a range of features and capabilities for
conducting mathematical calculations and generating
models. For generating the 6-unit cubic gyroid, Eq. (7) is
taken into consideration. The mathematical software used
for this purpose is K3DSurf v0.6.2. K3DSurf specializes in
manipulating multi-dimensional mathematical models and
providing visualizations of these models. It offers support
for both parametric equations and iso-surfaces [32]. In
order to work with K3DSurf, the considered equation
should have a right-hand side that evaluates to zero, as per
the software's requirement. Eq. (7), which is considered for
generating the gyroid, is evaluated with the following
boundary Eq. (8) to get the 6-unit gyroid cellular structure.

x(~10,10), ¥(~10, 10), z(~10, 10) ®)

The Eq. (7) is solved with the boundary conditions
specified in Eq. (8), employing a grid resolution of
50 x 50 x 50 within the K3DSurf mathematical software.
As a result, a six-unit cell gyroid cellular structure was
generated and then triangulated. The number of vertices
generated during the triangulation process was 38421. The
gyroid cellular structure generated based on these vertex
points can be seen in Fig. 1.
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Figure 1 Generating of the gyroid in K3DSurf

The gyroid model generated initially lacks wall
thickness, which poses a challenge for its fabrication
through 3D printing. To address this issue, the wall
thickness of the model is increased to 1 mm using
nTopology® advanced additive manufacturing software
[33].

" ol SRR

Figure 2 Six units cubic gyroid model to 3D print

By modifying the model with thicker walls, it becomes
feasible to 3D print the specimens successfully. Fig. 2
shows the gyroid model after the wall thickness has been
increased.

2.3 Specimen Preparation

The Gyroid model is sliced into layers using
MakerBot® MakerWare™ v2.4.1.24 software [34]. This
slicing software performs several essential functions,
including generating travel movements for the printing
head, calculating the printing time and filament usage in
weight, and creating support structures to ensure stable
connections. Fig. 3a. and Fig. 3b. display images of the
manufactured specimens, showcasing both the 6 units of
ABS gyroid and SCFR-ABS gyroid.

(a) ABS gyroid specimen

(b) SCFR-ABS gyroid specimen
Figure 3 3D FDM printed compression test Gyroid specimens

The gyroid cellular lattice specimens used in the
testing were cubic in shape with dimensions of
50 x 50 x 50 mm.

2.4 Quasi-static Uniaxial Compression Test

A quasi-static uniaxial compression test of the
polymer-based gyroid cellular structures was performed
according to the American Society for Testing and
Materials (ASTM) D1621-00 standard [35], in which a
self-aligning loading heads with a spherical sliding bearing
ensured that the load was distributed uniformly during the
compressive test. Uniaxial compression experiments were
conducted at room temperature around 20 °C using a
Zwick/Roell universal testing machine. A makroXtens
BT2-EXMACRO.H11 type extensometer is used as a
strain measurement device to measure the displacement of
the specimen under compressive load. TestXpert II from
Zwick Roell GmbH was used as a testing software. A
testControl II control electronics is used for compressive
tests, which has a 24-bit resolution with a 400 kHz
sampling rate for measured value accuracy and a 2 kHz
measured-value logging rate for reproducibility. Four
samples of the gyroid cellular structure made of ABS were
fabricated, and they were subjected to compression tests
for repeatability purposes. The same applies to the samples
made of SCFR-ABS (see Fig. 4).

Top-loading compressive testing is performed by
applying a downward force to all gyroid cellular structures.
A constant compression speed of 0.016 mm/s was used
during the compressive testing. The reaction force and
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displacement of the compression platens were recorded
during the tests. Conversely, the SCFR-ABS gyroid
cellular structure exhibits shape deformation starting from
the compression surface and progressing toward the
bottom.

z

loading
direction

Figure 4 Steps of deformation during compression of 3D pinted gyroids

Notably, the final shape changes are observed in the
cells located at the bottom under compression. This
sequential crushing of cells occurs in planes perpendicular
to the loading direction (z), indicating a progressive
collapse of the structure.

3 RESULTS AND DISCUSSION

Firstly, each gyroid cellular specimen made of ABS
and SCFR-ABS was compressed until 23% of the
specimen's height was achieved. (see Fig. 5).

ABS & SCFR-ABS Gyroid Compression Test Diagram

g y = -3E+06x5 + 3E+06x° - 752177x4 + 106609x? - 7377.2x2 + 221.2x - 0.0225
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-=-SCFR-ABS Gyroid

- =Poly. (ABS-Gyroid)

«++ Poly. (SCFR-ABS Gyroid)

a  ABS Gyroid
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SCFR-ABS Gyroid
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Figure 5 Compressive behaviour up to 23% of the specimen height

The area under the stress-strain curves was calculated
using sixth-degree polynomial curves fitted via Microsoft
Excel for both specimens. The R-square (R?) value was
calculated as 0.8874. The energy absorption value of the
gyroid cellular structure made of ABS material was
calculated using the sixth-degree polynomial function as
given in Eq. (9).

¥ =-3000000-x° +300000- x> —752177 - x* +

)
+106609 - x° —7377.2- x> +221.2-x —0.0225

On the other hand, the area under the short carbon
fibre reinforced ABS gyroid curve is calculated by using
the following sixth-degree polynomial given in Eq. (10).
R? value for the SCFR-ABS was calculated as 0.6926.

y =-2000000- x° +1000000- x> —379343- x* +

(10)
+51649-x° —3425.9-x% +100.37 - x +0.3382

The surface areas based on Eq. (9) and Eq. (10) for the
first test samples made of ABS and SCFR-ABS were
calculated, and the energy stored per unit volume was
0.955 MJ/m? for the ABS sample and 0.655 MJ/m? for the
SCFR-ABS sample. Energy stored for the ABS sample was
119.375 J and 81.875 J for the SCRF-ABS.

The second compression test was carried out until 48%
deformation was achieved for the ABS and SCFR-ABS
gyroid cellular structures. The stress-strain curve for
compression and deformation of the ABS gyroid was
depicted in Fig. 6. The energy absorption value of the ABS
gyroid cellular structure was calculated using the sixth-
degree polynomial equation given in Eq. (11) using
Microsoft Excel. The R2 value was calculated at 0.8065.

y =—665481-x% +679901-x° —265283- x* +

(11)
+49130- x> —4338.1- x> +160.44 - x + 0.2674

On the other hand, the area under the short carbon fibre
reinforced ABS gyroid curve was calculated by using the

following sixth-degree polynomial function as given in
Eq. (12).

y=-36374-x%+56912-x° —34258-x* +

(12)
+9905.5-x ~1392.4- x* +83.578 - x +0.0992

The surface areas based on Eq. (11) and Eq. (12) for
the second test samples made of ABS and SCFR-ABS were
calculated. The calculated area equals the energy stored per
unit volume, and it was 1.34 MJ/m? for the ABS sample
and 1.48 MJ/m? for the SCFR-ABS. Energy stored for the
ABS sample is 167.5 J and 185 J for SCRF-ABS. R? values
for ABS and SCFR-ABS gyroid cellular structures
compressed up to 48% of the specimens' height are 0.8065
and 0.7516, respectively. The R? values clearly show the
relationship between the cumulative energy absorption
behaviour and the strain.

Stress and energy absorption curves vs. strain for the
compression of ABS and SCFR-ABS gyroid samples,
compressed up to 23% and 48% of the specimens' heights,
are depicted in Fig. 5 and Fig. 6 respectively.

The stress-strain curves of ABS and SCFR-ABS
gyroid specimens shows a drop in the strength of the
structure right after the peak strength is reached. This may
be result of sudden fracture and collapse of the compressed
layer. This causes the lost and recovery of strength
consecutively.

The structure becomes stronger after each layer is
compressed and densified. As seen in Fig. 5, the initial
maximum stress of 2.61 MPa was observed at around
0.01956 strain in the ABS structure. ABS gyroid structure

Tehnicki viesnik 31, 5(2024), 1582-1588
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recovers up to 93% of the initial maximum stress at around
0.16 strain, which is 2.51 MPa.

ABS & SCFR-ABS Gyroid Compression Test Diagram
35 -

7 y = -665481x¢ + 679901x5 - 265283x* + 49130x° - 4338.1x2 + 160.44x + 0.2674
R?=0.8065
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Figure 6 Compressive behaviour up to 48% of the specimen height

The initial maximum compressive stress for the SCFR-
ABS cellular structure was 2.2 MPa at 0.014 strain, and just
after the deep dropdown, it recovered up to 1.58 MPa at
around 0.030 strain. Furthermore, it exceeded the initial
maximum stress at around 0.092 strain at 1.76 MPa.

When the ABS gyroid cellular structure was
compressed to 48% of its height, the initial maximum stress
occurred at 2.69 MPa at approximately 0.021 strain (see
Fig. 6). The compression session was stopped by the
testing machine at 0.31 strain because of a sudden drop in
load. When the compression was stopped, the ABS gyroid
structure exceeded the initial maximum stress, which was
2.898 MPa. On the other hand, the initial maximum
compressive stress for the SCFR-ABS cellular structure
was 2.16 MPa at 0.022 strain. When the SCFR-ABS
compressed to 48.81% strain, the stress value was 1.73
MPa (see Fig. 6).

High strength values are obtained for the ABS gyroid
cellular structures during the compression tests. However,
their strain values were lower than the SCFR-ABS ones.
The lower stress values of the SCFR-ABS compared to the
ABS could be due to the higher 3D printing temperature of
the SCFR-ABS filaments. The higher 3D printing
temperatures and the addition of short carbon fibres make
the SCFR-ABS specimens brittle.

The complex geometry of the gyroid cellular structure
makes it difficult to identify the crack initiation area. But
this is most likely due to an internal pore defect of the
surface. It is also exceedingly difficult to determine the
path followed by the cracks coming from inside the gyroid
cellular structure. It is impossible to visually detect the
initiation of the crack because the samples are fractured
into many small fragments. The direction in which the
crack propagates through the walls of the gyroid cells has
also been reported in the literature that it may bifurcate
perpendicular to its direction, and the crack propagating
through the structure probably follows a circuitous path
[9].

At the end of the second compression test carried out
up to 48% of the specimens' height, the gyroid cellular
structure made of ABS polymer exhibited a lower strain
value compared to the SCFR-ABS gyroid cellular
structure. As seen in Fig. 6, both gyroid structures exhibit
a significant decline in stress following the first

compressive strength maximum. The first layer collapse at
about 0.018 strain for the ABS gyroid and 0.014 strain for
SCFR-ABS, where these falls begin. Because the
individual cell walls come into contact with one another
after a layer collapses, both gyroid cellular structures
showed multiple stress maxima and minima. Strain-
hardening causes the stress to increase at higher strains.
The densification of the broken layers strengthens both
gyroid structures. The gyroid structures regain some of the
maximum initial crushing strength while losing their
dimensions, and this behaviour emphasizes the distinct
response of gyroid cellular structures under compressive
loading.

4 CONCLUSIONS

The research aims to evaluate the manufacturability of
ABS and SCFR-ABS gyroid lattice structures with FDM
3D printing technology, as well as their compressive
behaviours when subjected to unidirectional compressive
load and energy absorption capabilities.

During the compression test of the gyroid cellular
structures, a non-linear relation was observed between
stress-strain rather than linear.

Sixth-degree polynomial equations were evaluated to
calculate the areas under the stress-strain curves, and the
results showed that the SCFR-ABS polymer-made gyroid
cellular structure absorbed 1.46 times more energy than the
ABS-made gyroid cellular structure. This difference in
energy absorption can be the reason for the distinct
crushing mode type exhibited by the gyroid cellular
structures.

Future research could focus on investigating the
number and size of the gyroid cellular structure, wall
thicknesses, and 3D printing parameters such as layer
thickness, printing speed, and printing temperature. It may
involve combining short carbon fibres with other
reinforcing agents or functional additives to create hybrid
composites that optimize energy absorption and enhance
specific properties like impact resistance, toughness,
crashworthiness, and energy dissipation. Additionally,
integrating sensors within SCFR polymer structures to
monitor stress, strain, and damage could provide data to
optimize energy absorption capabilities and predict failure.
Enhancing computational simulation tools and conducting
detailed failure analysis to identify weak points will help in
better predicting the behaviour of short SCFR polymers
under dynamic loading. By focusing on these areas, future
research aims to create more efficient, resilient, and
versatile 3D short carbon fibre reinforced polymers that
excel in energy absorption and meet the demands of
various high-performance applications.
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