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Abstract

The advancements achieved in additive manufacturing (AM) have substantially transformed the design process of functional
components. The change simplifies the fabrication of triply periodic minimal surface (TPMS) structures, whose unique
geometric characteristics have garnered interest from numerous industries, including automotive, architecture, aerospace,
and biomedical engineering. However, there is a scarcity of research in the literature about the investigation of the tensile
mechanical properties of build orientation during the AM process of polymer-based TPMS. The objective of this study was
to investigate the influence of three different types of TPMS structure and build orientations on the mechanical qualities of
test specimens fabricated using masked stereolithography (MSLA) and a commercially accessible gray resin. Furthermore,
the objective of the research was to determine the optimal TPMS pattern type and construct orientation in order to improve
both elongation and ultimate tensile strength (UTS). A dog bone-shaped specimen was used for an experimental evaluation
of their tensile properties. The test region was occupied by three different TPMS structures, namely the Gyroid (G), Schwarz
Primitive (P), and Schwarz Diamond (D). The results showed that across all three building orientations, the D-shaped com-
ponent produced the highest UTS, and the P-shaped component produced the largest elongation. The analysis of variance
(ANOVA) results for UTS revealed that shape significantly influenced UTS by 83.11%, outweighing the 7.42% impact of
construct orientation on UTS. Similarly, the ANOVA for elongation at break shows that build orientation (17.84%) had a
substantially lower impact than shape (75.08%).

Keywords 3D printing - Cellular materials - Polymer additive manufacturing - Triply periodic minimal surface

1 Introduction

The term “additive manufacturing” (AM) is used to describe
a group of manufacturing techniques that use a layer-by-layer
approach to construct a part in its final or nearly final shape.
When compared to traditional manufacturing processes,
AM methods provide for greater design flexibility, which in
turn allows for the production of complex, lightweight parts
with enhanced functionality [1]. It has acquired widespread
acceptance among manufacturers and academics over the
last two decades due to its enormous potential for developing
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and constructing sophisticated structures that would not be
possible using traditional procedures [2]. A current trend in
the design of AM components is to replace solid volumes
with lightweight cellular structures for a variety of reasons,
including increased energy efficiency and material use [1,
3]. A broad range of materials, from advanced engineering
polymers to metals and ceramics, may be utilized in AM,
which is categorized into seven process categories by the
ASTM ISO 52900 nomenclature standard [4, 5]. Various
AM techniques may be used to print with a wide variety of
materials, including thermoplastic polymers, wax, ceramic,
and many more [6]. Products with fine features and polished
surfaces are well suited to vat photopolymerization (VP)
methods of production. Most commonly, they are used in the
medical and dental fields for things like hearing aids, face
prosthetics, and surgical learning tools. By using an image of
the required cross-section geometry and adjusting the inten-
sity of the light shining on the photoresin, the VP approach
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is able to generate a variety of properties in a single mate-
rial [7]. There are many distinct forms of VP, including as
stereolithography (SLA) and digital light processing (DLP).
The sole significant distinction among SLA, and DLP is in
the curing process. DLP employs a digital light projector to
cure an entire layer at once, whereas SLA employs a laser
to cure the resin selectively layer by layer [8]. MSLA is a
variant of SLA [9]. MSLA utilizes an LCD screen to con-
ceal light and simultaneously cure an entire layer. Several
previously machined components needed in the production
of silicone molds for vacuum or injection molding may be
replicated using SLA due to the technology’s ability to cre-
ate components with complicated geometries and surface
finishes [10]. Despite the existence of other commercially
accessible alternatives for SLA, it is widely acknowledged
that this particular technique of three-dimensional (3D)
printing serves as its foundational origin. SLA 3D print-
ing is considered satisfactory in terms of speed, quality and
build volume [11]. Due to the liquid-to-solid nature of the
SLA technique, the mechanical properties of the material are
subject to impact from several process parameters, ranging
from the photopolymerization of the liquid resin through
the post-curing phase. Mechanical characteristics of SLA-
printed materials may be affected by build orientation, layer
thickness, post-cure time, aging, supports, laser power, and
the surrounding environment [12]. Among these factors,
the build orientation of the component is crucial in additive
manufacturing [13].

The discovery of new materials that are both lightweight
and strong is of great scientific and technological interest
because of the wide variety of engineering fields in which
they may be put to use [14, 15]. Polymer foaming can form
polymeric cellular structures using chemical [16] or physi-
cal [17] blowing agents. The results of these kinds of pro-
cesses are typically unstable structures. Making polymeric
cellular materials with 3D printing is another option. 3D
printing enables the construction of complex architectural
structures out of a wide variety of materials, and it provides
exceptional control over the topologies and base materials
of cellular structures [18]. The designer of a lattice struc-
ture faces a significant problem in determining which lattice
design variables are most suitable for a given application
[19]. Two methods for using minimum surfaces to generate
lattices, one based on sheets and the other on ligaments or
struts, were identified by [20]. In comparison with strut-
based lattices (body-centered cubic, for example), which are
more routinely produced and studied using AM, triply peri-
odic minimal surface (TPMYS) lattices were selected for this
work due to their many potential benefits. TPMS are smooth,
curved surfaces without any sharp corners or edges that
divide space into two infinite, distinct regions [19, 21, 22].
The use of TPMS allows for the development of periodic
composites and cellular structures with novel properties. The
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mechanical properties of cellular structures can be modi-
fied to meet specific design needs, which is a major benefit
[23]. The phases can be used efficiently in such composites
[24]. Additionally, TPMS permits the development of cel-
lular structures with a large surface area-to-volume ratio
[25-27]. TPMS structures are unique designs of geometry
that possess distinct mechanical properties, providing them
a topic of significant scientific interest. Several studies have
been conducted to investigate the mechanical character-
istics and qualities of TPMS constructions. The work by
Abueidda et al. [21] investigated the mechanical properties
of 3D-printed polymeric Gyroid cellular structures, provid-
ing valuable insights into TPMS materials. In addition, the
energy absorption, compressive strength, and uniaxial mod-
ulus of the Gyroid structures are compared to those of the
IWP, Neovius, and Primitive structures, which were found
in a previous study. When it comes to mechanical qualities,
Gyroid structures are better than the other TPMS cellular
structures. Peng et al. [28] studied 3D-printed sandwich
beams with bioinspired cores, providing insights into the
mechanical performance and modeling of TPMS structures.
In brief, the findings of this work indicate that sandwich
constructions incorporating TPMS cores had the potential to
exhibit favorable flexural characteristics and provide effec-
tive energy absorption capabilities. In their study, Liang
et al. [29] examined the deformation and energy absorp-
tion characteristics of cellular structures made of 3D-printed
TPMS stainless steel. In contrast to the Primitive structure,
which primarily extends and displays a substantial tension
plateau, the Gyroid structure primarily bends and continues
to harden. In contrast to the Primitive structure, the strain
hardening of the Gyroid structure is more pronounced as
a result of substantial geometric distortion and increased
regions of spontaneous cell wall contact.

Design of experiment (DOE) allows for the systematic
determination of the impact of design and process param-
eters. The number of tests needed to find the best mix of
factors to improve the mechanical properties was cut down
by using DOE. The Taguchi method was widely used by
scientists to reduce the number of tests required for improv-
ing 3D printing process parameters [30].

This article compares the mechanical properties of three
different types of TPMS cellular structures with the same
density and cell size, all of which are manufactured from the
same polymeric base material. SLA 3D-printed samples of
Gyroid lattice (G), Schwarz Primitive lattice (P), and Schwarz
Diamond lattice (P) structures were created for experimen-
tal characterization of their tensile properties. Manufacturing
was conducted in three various building orientations (on edge,
upright, and flat), and the effect of each was analyzed. In order
to achieve this goal, the Taguchi method was employed to
determine parameters and their levels in each run. The findings
were also analyzed using the analysis of variance (ANOVA)
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test. The tensile qualities of TPMS structures have not been the
focus of much previous research; thus, this one was undertaken
to fill that gap.

2 Materials and methods
2.1 Design of sheet-based architectural TPMS

As the tensile test specimen for the ASTM D638 standard
[31], a dog bone was utilized, and the patterns were positioned
inside the test region. SpaceClaim is a part of computer-aided
design (CAD) and computer-aided engineering (CAE) soft-
ware that is integrated into the array of simulation and analy-
sis tools offered by ANSYS. The dimensions of the specimen
were taken from a Type IV model, and the CAD was created
in a SpaceClaim environment. The dimensions of the Type IV
dog bone model are depicted in Fig. 1. The thickness of the
specimens is 3.2 mm.

SpaceClaim was used to create designs for tree-distinctive
sheet-based TPMS (Gyroid lattice, Schwarz Primitive lattice,
and Schwarz Diamond lattice). The unit cell of one of these
lattices is illustrated in Fig. 2. These lattices are generated and
developed analytically utilizing level-set approximation equa-
tions [22]. The equations for the level-set approximation can
be written as:

fy.2)=c¢ (D)
g .
&
J —~—— )
2

115

Fig.1 Geometry of the test specimens was determined in accordance
with the specifications provided in ASTM D638-14 (all dimensions in
mm) [31]

Fig.2 Unit cell of different
sheet-based TPMS

where c is the level-set parameter, x =2nX/L, y=2nY/L, and
z=2nZ/L, where n is the number of unit cells (i.e., periodic-
ity), L is the structure size, and X, Y, and Z are the Cartesian
coordinate systems. The wall thickness of the TPMS struc-
tures was determined parametrically when the infill rate was
20% and the cell length was 3.2 mm. Each building had the
same cell count and infill ratio but had distinctive wall thick-
nesses. It is possible to build arbitrary G, D, and P lattice
structures with arbitrary cell counts and volume fractions by
solving the TPMS equations for the U=0 isosurface [19].

Ug = cos(k,x)sin(k,y) + cos(k,y)sin(k,z) + cos(k z)sin(k,x) — ¢,
(2a)

Up = cos(k,x) + cos(k,y) + cos(k,z) — 1, (2b)

Up = sin(kx)sin(k,y)sin(k,z) + sin(k,x)cos(k,y)cos(k,z)

+ cos(k,x)sin(k,y)cos(k,z) + cos(kx)cos(k,y)sin(k,z) — 1,

(20
and thinking of this interface as the solid-void transition
zone. In Egs. (2a)—(2c¢), t is a variable that can be used to
adjust the volume fraction, p, of the resulting lattice. The
following expressions can be written in terms of the perio-
dicities of the TPMS functions, denoted by

n; ...
k; = zﬂfi(wuhz =X,),2), (32)

where n; represents the number of cell repeats in x, y, and
z, and L, represents the absolute sizes of the structure in
those axes.

2.2 Taguchi design of experiments

The Taguchi technique is a statistically effective approach
that aims to determine the optimal operating condition
settings with minimal testing. By utilizing this method,
researchers may reduce both the time and cost associated
with conducting experiments [32]. One of the primary
benefits of employing the Taguchi technique for optimiza-
tion lies in the utilization of orthogonal arrays (OAs) for
design, which effectively streamlines the process of experi-
ment planning. Taguchi designs acknowledge the inher-
ent limitation of controlling all aspects that contribute to
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unpredictability. The factors that cannot be controlled are
sometimes referred to as noise factors. This study employed
a full factorial design of two factors, each with three levels.
The primary objective of employing a Taguchi full facto-
rial design, comprising two factors with three levels each, is
to systematically investigate the potential interactions and
impacts of these factors on a certain response or output in a
manner that is both efficient and comprehensive. The param-
eters that are hypothesized to have an impact on UTS and
elongation at break include the type of TPMS pattern and
the orientations used in the manufacturing process. Table 1
presents a visual representation of the factors that were taken
into account, along with their corresponding levels.

Minitab’s L9 Taguchi’s orthogonal array was used to gen-
erate the main effects plot for the signal-to-noise (S/N) ratio
graphs of mechanical characteristics. The S/N ratio quan-
tifies the degree to which actual output deviates from the
expected or nominal value. S/N ratios are classified into three
categories: smaller is better, larger is better, and nominal is
better [33]. Because the goal of this study is to increase ten-
sile strength and elongation, the larger is better characteristic
was selected, which employs Eq. (1):

n

S/N = _IOIOgIO[% Z lz] (4a)

=17

2.3 Additive manufacturing of TPMS lattices

An Anycubic Photon Mono SE MSLA system with a light
source (405 nm) was used in this work. The Anycubic Pho-
ton Mono SE printing equipment has a build volume of
130 mm x 78 mm X 160 mm. The printers use an LCD screen
to provide a masked picture of the sliced data and a 405 nm
Para LED matrix as the UV light source. Printing at a layer
height of 0.01-0.15 mm with an XY precision of 0.051 mm,
a Z resolution of 0.01 mm, and a build speed of 80 mm/h is
possible because of the UV light source. Anycubic standard
UV Resin was utilized for this investigation. The Standard
UV resin is a UV-curable resin that cures at a UV curing
wavelength of 365-410 nm and a typical exposure period of
5-15 s, making it ideal for precise applications. Table 2 lists
the properties of the UV resin used.

The Anycubic Standard Gray UV resin is a frequently
employed substance in the field of 3D printing. This resin
has been formulated with the explicit purpose of being

Table 1 Levels of the factors

Factors Levels
TPMS pattern types G P D
Build orientations Upright Flat On edge

@ Springer

Table 2 Properties of a standard UV resin

Properties Value
Density (g/cm?) 1.05-1.25
Viscosity (cP or mPa-s) 150-200
Molding shrinkage (%) 3.72-4.24

Surface hardness (HD) 84

Flexural strength (MPa) 50-70
Tensile strength (MPa) 36-52
Flexural modulus (MPa) 1,200-1,600

compatible with SLA 3D printers, such as the Anycubic
Photon Mono X and Photon Mono SE models [34]. The
process of SLA technology involves the utilization of a
monomer compound that is combined with a photo-initiator
substance. This combination enables the creation of solid
objects through a layer-by-layer approach [35]. The Anycu-
bic Standard Gray UV resin exhibits compatibility with the
mentioned printers and demonstrates remarkable mechanical
performance [36]. It also exhibits versatility in its applica-
bility, encompassing a diverse array of uses such as pro-
totyping, model fabrication, and even dental restorations
[37]. The resin possesses the capability to generate com-
plex structures encompassing many geometrical forms [38].
The ASTM D638 standard test protocol for determining the
tensile properties of polymers was adhered to in order to
produce a dog bone tensile test specimen [31]. Tensile test
specimens were printed with a layer thickness of 0.5 mm, an
exposure length of 5 s, and in a variety of build orientations
(on edge, upright, and flat). Figure 3 presents a schematic
representation of printed samples pertaining to diverse areas
of building construction. The automatic support mode was
utilized to generate the on-edge specimen, as certain sur-
faces were not in touch with the table and required additional
support. Following the DOE parameter combination, nine
distinct samples were successfully printed. Parameters and

(LHOTIdN 35S LHORdN

8y, Qo

ON ED(E A
2 “
44 7

BUILD PLATE

Fig. 3 Images of printed samples from various building orientations
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their levels for each run were determined using the Taguchi
technique.

2.4 Mechanical testing

The AG-50 kN Shimadzu Autograph was used to conduct the
tensile test at a constant crosshead speed of 5 mm/min and
room temperature. Indirectly validating the suitability of uti-
lizing a 50 kN load cell to conduct such tests are additional
sources that provide valuable insights into the mechanical
properties and testing protocols of polymer materials [39,
40]. Tensile tests were conducted in accordance with the
guidelines outlined in ASTM D638 [31]. The samples were
subjected to tensile testing until they were broken. Figure 4
depicts a tensile test of a sample. To reduce the influence of
variations and random error sources, up to three copies of
each specimen were produced for each planned experiment.
The specimens underwent a maximum of three printings and
evaluations per intended experiment to minimize the impact
of random changes and potential sources of error.

3 Result and discussion

This section presents and evaluates the mechanical response
derived from tensile tests of three minimal surfaces with
different build orientations. Tensile tests were used to deter-
mine the UTS and elongation at break. Each measurement
was averaged over the repeated specimens, and the mean
findings with standard deviations are shown in Table 3. In
this study, the letters G, P, and D stand for the Gyroid lattice,
the Schwarz Primitive lattice, and the Schwarz Diamond
lattice, respectively. Tensile strengths peak at 1.50 MPa for
run 4 and drop to 0.70 MPa for run 7. In addition, run 5
has the most elongation at the break (9.49%), and run 9 has

Fig.4 A tensile test sample being tested

Table3 DOE with L9 Taguchi orthogonal array and results of the
tensile tests

Runs Shape Orientation UTS (MPa) (+SD) Elongation (%)
(+SD)
1 G Upright 1.10+0.23 4.96+0.21
2 G Flat 1.13+0.14 7.75+0.57
3 G On edge 0.88+0.12 5.68+0.17
4 P Upright 0.70+0.25 7.63+0.33
5 P Flat 1.02+0.13 9.49+0.79
6 P On edge 0.81+0.21 7.99+0.82
7 D Upright 1.50+0.30 4.99+1.07
8 D Flat 1.40+0.06 5.09+0.71
9 D On edge 1.34+0.35 4.09+0.49

the lowest (4.09%). These findings suggest that the optimal
shape for elongation is P, while the optimal shape for UTS is
D. In order to enhance the clarity of these findings, Table 4
presents descriptive statistics. In addition to the maximum
and minimum values, this dataset also includes the average
values, standard error of the mean, coefficient of variation
(CV), and the values for the first and third quartiles. The
CV for UTS is 25.10, indicating that the standard devia-
tion is a substantial fraction of the mean. This observation
implies that the data obtained from UTS has a considerable
degree of variation. The CV for elongation is calculated to
be 28.73, suggesting a considerably elevated level of vari-
ability in comparison with the mean. The data on elongation
likewise exhibits a significant degree of dispersion around
the average value. In all instances, a CV over 20-30% might
be regarded as relatively elevated, suggesting substantial
variability within the dataset. The findings suggest that these
parameters have a considerable impact on both UTS and
elongation.

Figure 5 depicts stress—strain curves for samples of the
same shape but built in different orientations. Figure 6
depicts the stress—strain curves for three type-shaped sam-
ples with the same build orientations. As seen from the
stress—strain curves, the TPMS-shaped curves of the sam-
ples show a transition from low stress to considerable strain,
an elastic deformation stage at the start of the deformation
process, and a relatively long plateau stage. The outcomes
presented here are consistent with the conclusions drawn
from the extant body of literature [21, 23, 29]. When looking
at all three figures in Fig. 5, it becomes clear that the upright
build orientation yielded the lowest UTS. The following
discussion explains why this conclusion agrees with the
published research. The print layer is perpendicular to the
applied force; hence, the failure load is lowest for an upright
build orientation. When constructed parallel to the tensile
tension, the bonding was flexible but robust [13]. Consistent
with previous research, it was found that using materials on

@ Springer
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Table 4 Presentation of

o S Variables N Mean SE mean CvV Min Ql Q3 Max
descriptive statistics
UTS 9 1.09 MPa 0.09 25.10 0.70 MPa 0.84 1.37 1.50 MPa
Elongation 9 6.41% 0.61 28.73 4.09% 4.97 7.87 9.49%
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Fig.5 Stress—strain curves a G shape with different built orientation, b P shape with different built orientations and ¢ D shape with different

built orientations

both sides of the support for the SLA-printed part reduced
its tensile strength by 3.9% compared to using materials
on only one side of the support [41]. Figure 6 shows that
the D-shaped part yielded the highest UTS across all three
building orientations, whereas the P-shaped part yielded the
greatest elongation. In contrast to the Primitive structure,
which, akin to the findings in the literature, predominantly
undergoes elongation and demonstrates a notable stress pla-
teau, the Gyroid structure primarily undergoes bending and
indicates a continued increase in stiffness [29].

@ Springer

Figure 7 depicts the consequences of changing parameters
affecting UTS and elongation at break using the Taguchi
design method. The highest S/N ratio gives the finest levels
for running parameters in S/N ratio figures. The appropriate
factor levels for UTS were defined in the image by taking
the D shape and flat-constructed orientation into account.
“A3-B2” is the optimal combination of factors for UTS.
The best value of elongation at the break was obtained with
a P shape and a flat-built orientation. Elongation at break is
best optimized by the “A2-B2” combination of parameters.
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Fig.6 Stress—strain curves a upright built orientation with different shapes, b flat-built orientation with different shapes and ¢ on-edge-built ori-

entation with different shapes

Table 5’s ANOVA for UTS shows that the influence of
shape on UTS was 83.11%, which was significantly higher
than the effect of build orientation on UTS (7.42%). Simi-
larly, the effect of shape (75.08%) on elongation at break
was quite high as compared to build orientation (17.84%),
as seen in Table 6’'s ANOVA for elongation. It is generally
agreed that a p-value of 0.05 or above renders a model
useless. If the p-value of a component is less than 0.05,
it is highly likely that the factor had a major influence on
the final model [30, 42]. The p-values for the linear coef-
ficients of shape for UTS and elongation at break are less
than 0.05, as shown in Tables 5 and 6. However, both UTS
and elongation at break have p-values for build orienta-
tion that are more than 0.05. It can be concluded that both

shape and build orientation influence UTS optimization.
Shape, on the other hand, is a very effective criterion for
both UTS and elongation at the break. This result is con-
sistent with the findings in Figs. 5 and 6. The R? coefficient
of determination was also used in a numerical technique
for model validation. Values of R? close to 1 indicate a
high degree of agreement between the experimental and
model findings [30]. The R* values for UTS and elongation
at break are 90.43 and 92.92%, respectively, as shown in
Table 5 and 6. Estimation of R? values of 51.56 and 64.15
were determined for UTS and elongation at break, respec-
tively. The R? values demonstrate the model’s accuracy;
however, it can be seen that the numbers are quite far from
1 for estimation.
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Main Effects Plot for SN ratios
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Fig.7 S/N values of factor levels for a UTS, and b elongation at break

Table5 ANOVA for UTS

Source UTS

DF Contribution F-value p-value
Shape 2 83.01% 17.35 0.011
Orientation 2 7.42% 1.55 0.317
Error 4 9.57%
Total 8 100,00%
R? 90.43%
Adj. R? 80.86%
Pred. R? 51.56%
Table 6 ANOVA for elongation at break
Source UTS

DF Contribution F-value p-value
Shape 2 75.08% 21.20 0.007
Orientation 2 17.84% 5.04 0.081
Error 4 7.08%
Total 8 100.00%
R? 92.92%
Adj. R? 85.84%
Pred. R? 64.15%

4 Conclusions

This study compared the mechanical characteristics of
test specimens fabricated from MSLA and a commercially
available gray resin using a variety of TPMS model types
and structure orientations. The research was also con-
ducted to find out which TPMS pattern type and build ori-
entation would improve UTS and elongation at break the
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most. Production outcomes were evaluated for on-edge,
upright, and flat-building configurations. The results dem-
onstrated that the D-shaped component generated the high-
est UTS across all three building orientations, whereas the
P-shaped component generated the largest elongation. The
results clearly show that the minimum UTS was obtained
when the subject was produced in the upright position. The
flat-constructed orientation has a lower UTS and elonga-
tion at break than the on-edge manufactured orientation.
This distinction is likely attributable to the production-
stage supports. It is speculated that the supports degrade
the areas around them. The impact of shape on UTS was
83.11 percent, according to an ANOVA for UTS, which is
considerably larger than the 7.42 percent impact of build
orientation on UTS. Likewise, the ANOVA for elonga-
tion at break reveals that the effect of shape (75.08%) on
elongation at break was significantly greater than that of
construct orientation (17.84%).
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