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ABSTRACT

Triply periodic minimal surface (TPMS) structures have gained significant interest due to their excellent
mechanical characteristics and diverse range of applications across various fields. This study systematically
designs and analyzes uniform and gradient porous structures based on Primitive and Gyroid TPMS geometries.
The samples were fabricated using fused deposition modeling (FDM) with polylactic acid (PLA). Their
morphologies were characterized via optical microscopy and micro-computed tomography (micro-CT),
and quasi-static compression tests were performed under controlled conditions to evaluate their mechanical
properties. The results demonstrated that the fabricated pore characteristics closely matched with the design
parameters. For the uniform structures, yield strength decreased from 11.26 MPa at 30% porosity to 2.24 MPa
at 50% porosity, and the elastic modulus decreased from 309.8 MPa to 167.1 MPa as porosity increased from
30% to 50%. At the same porosity, uniform structures exhibited higher yield strength than gradient structures.
Additionally, an empirical equation derived from the Gibson-Ashby model was introduced to predict the
compressive behavior of porous structures based on their relative density. These findings provide essential
guidance for designing lightweight structures with enhanced mechanical properties, highlighting the potential
of TPMS porous structures for advanced engineering applications.

Keywords: Triply periodic minimal surface; Fused deposition modeling; Gradient porous structure; Energy
absorption.

1. INTRODUCTION

Porous structures offer numerous advantages, including reduced relative density, minimal weight, and a large
specific surface area. These features enhance their mechanical strength, vibration damping efficiency, and energy
absorption capacity [1]. These characteristics make them widely applicable in various fields, including mechani-
cal engineering [2], aerospace [3], and medicine [4], among others [5]. These structures are particularly valued
for their high specific surface area, which is advantageous in various thermal applications [6]. Recent advance-
ments in TPMS structures have enabled the development of lightweight materials with superior mechanical
properties and energy absorption capabilities. Studies have highlighted the role of computational modeling in
optimizing the design of TPMS for various applications, including aerospace, biomedical, and energy storage
systems. For instance, the computational design of TPMS geometries has been extensively explored for their
potential in enhancing the structural integrity and energy absorption capacity of lattice materials [7]. Addi-
tionally, TPMS-based composites have been studied for their application in lightweight structural elements
with enhanced performance in dynamic loading scenarios [8]. The flexibility of TPMS structures has also been
exploited in the development of advanced thermal management and energy storage materials, where the inter-
connected pore networks provide enhanced heat transfer and energy storage capabilities [9]. Beyond mechanical
applications, TPMS architectures are gaining traction in functional systems like energy storage. LESMANA et
al. experimentally validated Gyroid-based reactors for hydrogen storage, highlighting the role of TPMS porosity
in facilitating mass transport [10]. However, one of the primary challenges in their development lies in manu-
facturing porous structures with predictable volume fractions. This is further complicated by the limitations of
traditional production techniques, which often struggle to create optimized internal architectures that meet the
demands of specific applications.
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Recent advancements in additive manufacturing (AM) techniques, such as selective laser sintering (SLS)
[11], selective laser melting (SLM) [12], and fused deposition modeling (FDM) [13], have greatly improved
the ability to produce porous structures with intricate and highly accurate geometries. These techniques allow
for the preservation of intricate internal networks, which are essential for maintaining structural integrity and
functionality. Additionally, recent studies have explored the specific functionalities of PLA-based materials in
AM, demonstrating their versatile applications and promising performance in various sectors. For instance,
Alizadeh-Osgouei et al highlighted the advancements in high-strength PLA-based scaffolds for tissue engineer-
ing applications [14]. ZHAO et al. [15] investigated the impact of PLA modifications on mechanical properties
and degradation behavior to improve biomedical performance [15]. Furthermore, Li developed an analysis of
PLA composites and their potential for industrial applications, particularly in manufacturing porous structures
with enhanced properties [16]. Optimization of hybrid TPMS structures for multi-physics performance remains
an active frontier. YE et al. [17] combined mechanical and thermal analysis of hybrid lattices, underscoring
the interdependence of geometric parameters and functional properties [17]. Consequently, research aimed at
improving the quality and performance of porous structures has gained significant attention. Al-Ketan et al.
utilized selective laser melting to fabricate lamella-based 316L stainless steel powder structures from, inves-
tigating their mechanical properties and anisotropic behavior through a combination of experimental methods
and finite element modeling [18]. Similarly, LI ez al. [19] optimized body-centered cube (BCC) structure to
develop face-centered cube (FCCZ) and face-centered cube with vertical support (FBCCZ) designs, achieving
strength improvements of 18.77% and 18.43%, respectively, compared to BCC [19]. PARK et al. [20] developed
a comprehensive database of lattice structure attributes and proposed an optimized design approach to select
compression-dominant structures, correlating mechanical properties with cell type, lattice topology, relative
density, and cell arrangement [20]. Despite certain limitations in mechanical strength and energy absorption
capabilities, these porous structures hold significant potential for specific engineering applications, particularly
where lightweight and customizable designs are required. Beyond mechanical and biomedical applications,
TPMS geometries have demonstrated significant potential in thermal management and energy-related systems.
For instance, TPMS-based heat exchangers and flow-through channels can greatly enhance convective heat
transfer in compact thermal devices [21]. Likewise, the high specific surface area and interconnected porosity
of TPMS architectures make them attractive candidates for phase-change and sorption-based energy storage
media, where controlled pore networks improve mass/heat transport and storage density. These features allow
TPMS structures to operate as effective thermal spreaders, battery-cooling substrates, and high-performance
adsorbents in advanced energy systems [22].

The study of porous materials and their mechanical properties is deeply rooted in the foundational work
of Gibson and Ashby. Their work, particularly on the relationship between relative density and mechanical
properties, has been essential in understanding how porosity affects the strength, stiffness, and energy absorption
capacity of these structures [23]. This framework has influenced the design and optimization of many porous
structures, including TPMS lattices, by providing predictive models for how changes in porosity can alter their
behavior under various loading conditions. Recent studies have increasingly focused on TPMS porous struc-
tures, a type of lattice structure with unique characteristics and a wide range of potential applications [24].
These structures offer significant advantages, including enhanced mechanical properties, a lightweight nature,
and high energy absorption capacity, making them suitable for various engineering fields. JIA et al. [25] fabri-
cated P-TPMS structures based on SLS and showed that the Primitive TPMS design achieved superior elastic
modulus and compressive strength compared to alternative configurations [25]. AL-KETAN et al. [26] utilized
additive manufacturing (AM) processes to fabricate hierarchical TPMS structures using AISi10Mg alloy, tai-
loring its mechanical properties for targeted applications [26]. Similarly, LIANG et al. [27] fabricated P-TPMS
and G-TPMS structures with relative densities ranging from 25% to 42% and cell sizes between 0.2 and 0.4 mm
[27]. LIANG et al. [27] produced Primitive (P) and Gyroid (G) structures with porosity ranging from 25% to
42% and cell dimensions varying between 0.2 and 0.4 mm. PENG et al. [28] designed sandwich IWP structures
using additive manufacturing technology, evaluating their mechanical properties through compression testing
[28]. CAO et al. [29] explored the effects of additive manufacturing defects on the mechanical properties of
TPMS structures, finding that slice thickness significantly impacted the overall performance [29]. Additionally,
PENG et al. [30] investigated the compressive properties and deformation behavior of G-TPMS structures
produced using FDM and carbon fiber-reinforced polymer composites [30]. HU et al. [31] studied the damage
evolution and internal feature failure processes of G-TPMS structures, while highlighting that the periodicity of
these structures allows for more predictable stress behavior using computer-aided design models [31]. Recent
studies on gradient TPMS designs have extended to dynamic loading scenarios. For instance, LU et al. [32]
investigated multidimensional gradient Gyroid structures under static and dynamic loads, demonstrating supe-
rior energy absorption via layer-wise collapse mechanisms [32]. HIRMUKHE et al. [33] uses finite element
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analysis to investigate the deformation and failure mechanisms of nanoscale hexagonal cellular structures made
from metallic glasses, highlighting their mechanical behavior and failure modes under various loading condi-
tions [33]. Based on the existing literature, this study aims to systematically investigate the influence of porosity
on compressive properties. However, despite previous studies, the precise relationship between variations in
porosity, cell types, and mechanical properties remains insufficiently explored. To address these gaps, this study
employs experimental validation and computational modeling to evaluate the interplay of these factors, provid-
ing a comprehensive understanding of TPMS structure design for advanced applications.

Both Primitive and Gyroid TPMS are widely studied and used in additive manufacturing due to their
highly interconnected porosity, which allows for improved mechanical properties such as strength, stiffness, and
energy absorption. These structures are well-known for their versatility and have been the focus of numerous
studies, making them ideal candidates for comparison and analysis. The Primitive TPMS is known for its rela-
tively simpler geometry, which typically provides better stiffness but lower energy absorption under compres-
sion compared to the more complex Gyroid TPMS. Gyroid, on the other hand, has a more intricate geometry
that can lead to better energy absorption and more efficient load distribution, making it an excellent candidate
for applications where shock absorption is critical.

In this study, Primitive (P) and Gyroid (G) TPMS porous structures were designed and fabricated via
fused deposition modeling (FDM). The morphologies of the samples were characterized via optical microscopy
and micro-computed tomography (micro-CT). Quasi-static compression tests were conducted to evaluate the
mechanical properties. Additionally, this study aimed to investigate the influence of critical structural parame-
ters, including porosity and unit cell geometry, on compressive strength and energy absorption capabilities. The
results offer important insights that deepen the understanding of their mechanical properties and expand their
potential use in various engineering applications. The findings provide important insights that deepen the under-
standing of their mechanical properties and expand their potential applications in various engineering field.

2. STRUCTURAL DESIGN AND METHODS

2.1. TPMS surfaces

A TPMS is defined by its unique property that at every point on its surface, it has zero mean curvature. One
widely used modeling method involves approximating the TPMS geometry through an implicit sinusoidal peri-
odic function, as represented by the following equation [34]:

0oy = 2 Aycos|2m(hr)s, + B1=T "

Where 7 is the position vector in Euclidean space, /4, is the kth lattice vector in inverse space, 4, is the
amplitude factor, & is the wavelength of the cycle, p, is the phase, and T is the threshold.

An ideal structural model can be obtained by establishing different types of implicit expressions, thus
enabling the acquisition of a more accurate TPMS structural model. To obtain adjustable parameters for models
with different porosities, the Primitive (P) and Gyroid (G) TPMS functions with adjustable parameters can be

described [35]:
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Where L is the unit-cell size. x, y, and z represent spatial coordinates.T), (7)) is the level-set parameter
used to control the porosity of the TPMS structures. The cell dimension and the porosity can be modified by
adjusting the parameters L and 7. To generate cells with the desired porosity, a mathematical model of the
parameter 7" with porosity p* was constructed. Figure 1 illustrates the correlation between 7 and p* for both
uniform P and G structures.

Primitive TPMS offers high stiffness and stability, making it ideal for applications requiring strength
and load-bearing capacity, such as in structural components. While more complex, the Gyroid structure is
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Figure 1: Relationship between 7 and p* for P and G structures.

particularly beneficial in applications where energy absorption, impact resistance, and flexibility are paramount,
such as in cushioning systems or biomedical implants.

2.2. Gradient TPMS porous structures

To obtain a gradient TPMS porous structure with varying density along a single direction, the linear gradient
implicit surface design method is employed. This method derives linear equations for the design parameters (7)
of the Primitive (P) and Gyroid (G) TPMS porous structures along the Z-axis, where T represents parameters
such as porosity or material density. The method ensures a continuous variation in density, facilitating the fabri-
cation of gradient structures with controlled material properties. This relationship is expressed by the following
equation:

T,

roy =K-Z+1T, &)

Where k and 7, can be determined using the values from the top and bottom points (Z , Tp*=0.3) and

(2, Tp*=0.5), respectively, to establish a linear gradient with relative densities ranging from 30% to 50%.

The structural gradient design of porous structures involves a smooth transition of joining two or more
porous structures. Mathematical definitions of gradual polymorphism transitions are possible during the struc-
tural gradient process. The weighting function enables the assignment of various TPMS topologies to specific
regions within hybrid porous structures, ensuring seamless transitions between them. Inspired by an effective

and concise method, this can be achieved using [36]:

O = H(X, y,2)-@p +[1— p(x, ¥, 2)-0; | (5)

Where ¢, , is the structural gradient porous structures composed of ¢, and ¢, and z(x,),z) is a spatial
weighting function describing the monotonic function using [37]:

1
”(X’ y’ Z)= 1 + el(j.(x’y’z) (6)

Where, u(x, y, z)€[0,1], k determines the transformation width. f(x, y, z) denotes the spatial coordinates
that define the form transformations in different regions. Boundary f{x, y, z) marks the transformation boundary
of the structural gradient TPMS porous structure. To achieve structural gradient porous structures influences in
the direction of the z-axis (loading direction), we stipulate f(x, y, z) = —z. Figure 2 plots the S-shaped function
following a single orientation utilizing several values. Hybrid TPMS designs, such as those combining Primitive
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Figure 2: Sigmoid function and Primitive-Gyroid porous structure with different £ values.

Table 1: Design information of TPMS porous structures.

UNIFORM DENSITY GRADIENT | STRUCTURAL GRADIENT
Unit P G P G P&G
Porosity 30,40,50 | 30,40,50 | 30-50 30-50 40
Cell size, mm? 4
Cells, mm 8x8x8
Dimension, m? 32 x32x32

and Gyroid topologies, have shown enhanced mechanical performance. WANG et al. reported improved yield
strength and energy absorption in such hybrid systems [38].

Different TPMS porous structures can be obtained using the above methods. In all cases, the domain
x€[32, 32], yE€[32, 32], z€[32, 32] is defined to obtain the samples with a 32 x 32 x 32 mm specimen in Mag-
cis 22.0 software. The specific parameters of the uniform, density gradient, and structural gradient samples
are listed in Table 1. Figure 3 shows the models for uniform Primitive (U-P), uniform Gyroid (U-G), density

(@) (b)

Porosity increasing

Porosity increasing

G-P&G

Figure 3: Designed models of TPMS structures: (a) Uniform; (b) Density gradient; (c) Structural gradient.
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gradient Primitive (G-P), density gradient Gyroid (G-G), and structural gradient Primitive and Gyroid (G-P&G)
structures.

2.3. Additive manufacturing

The specimens were fabricated using Bamboo P1P equipment developed by Shenzhen Bambu Lab Co. The PLA
filament used in this study is purchased from Shenzhen Bambu Lab Co (PLA Basic), with mechanical specifi-
cations provided by the manufacturer as follows: tensile strength of 35 + 4 MPa, elastic modulus of 2.75 +0.16
GPa, and elongation at break of 12.2 + 1.8%. The fused deposition modeling (FDM) printing parameters used
in this work are: 220 °C printing temperature, 0.2 mm layer thickness, 105 mm/s outer layer molding speed,
200 mm/s filling speed, and other parameters were kept constant. The material was a filament with a diameter
dimension of 1.75 + 0.03 mm. To achieve higher print quality, the material was baked in an oven at 55 °C for
eight hours. Three specimens were fabricated using the same manufacturing process described above.

2.4. Characterization

Structural characterization was performed using a GP-660V optical microscope and an EVO-18 scanning elec-
tron microscope (SEM, Carl Zeiss AG) to assess the molding accuracy of the TPMS specimens. The internal
structure was also scanned using a micro-computed tomography scanner (CT, Nanotom, Phoenix Contact),
which provides detailed spatial and contrast resolution. The scanning parameters were as follows: 120 kV volt-
age,100 pA current, and a 0.2 °rotation step. After scanning, the 3D computed tomography (CT) images were
imported into VGStudi for analysis. The mass of the specimens was determined using an electronic balance
(HJT-C, Huajie). The porosity was calculated separately using the weighing method:

p* =1 x100% Y

m,

Where m, represents the physical weight of the manufactured porous structure, m, stands for the physical
weight of the solid structure with an equivalent volume.

2.5. Quasi-static experimental testing

Based on ASTM D1621-2010, uniaxial compressive experiments were conducted using a mechanical testing
machine (UTM6104, Shanghai Sansi Machinery Manufacturing Co., Ltd, Shanghai, China) with a load capacity
of 10 kN to evaluate the mechanical properties. Compression tests were conducted on three specimens of each
structure at a loading rate of 2 mm/min. As exhibited in Figure 4, the specimens were positioned at the center of
a round plate, where only the overhead plate was permitted to shift downward to apply compression. The lateral
expansion of the samples was unrestricted during compression. No lubricant was applied between the specimen
and compression platens. The unconstrained lateral expansion of specimens during testing intentionally simu-
lated realistic friction conditions between the material and rigid surfaces in practical applications. A minimal
preload of 5 N (<0.1% of the ultimate load) was applied prior to testing to ensure full contact between the

Plate

Load direction

Plate

Figure 4: Schematic diagram of compressive test.
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specimen and platens while avoiding pre-deformation. The entire compression process was documented through
video recording. Proper accounting for toe regions in the stress-strain calculations is essential. In this analysis,
toe regions were excluded from the stress-strain curve data to minimize any potential inaccuracies caused by
non-uniform stress distribution at the edges of the specimen. The analysis focused on the central region of the
specimen, where the compressive load was uniformly applied. Following the tests, stress-strain curve data for
the specimens were analyzed, and key performance indicators were extracted from these curves.

3. RESULTS AND DISCUSSION

3.1. Manufacturing accuracy and morphological analysis

The theoretical and measured porosities of the samples were compared, as displayed in Table 2 and Figure 5,
respectively. The results show that the actual porosity is slightly lower than the intended, with deviations of
1.27% to 3.82%. This indicates high manufacturing accuracy using FDM. For uniform porous structures, the
deviation between the fabricated and theoretical porosity steadily decreased with increasing porosity. This devi-
ation is caused by tiny particles, agglomerated particles, and cured raw materials adhering to the edges of the
aperture.

The samples fabricated using fused deposition modeling (FDM) are presented in Figure 6. The results
indicate that each structure retained its integrity after processing. The pore characteristics, including uniform

Table 2: Theoretical and measured porosities of samples.

SAMPLE THEORETICAL POROSITY(%) | MEASURED POROSITY(%) | DEVIATION(%)
U-P-30 30 28.82+0.11 3.93+0.36
U-P-40 40 39.11+0.13 2.23+0.32
U-P-50 50 49.08 + 0.09 1.84+0.18
U-G-30 30 28.73+£0.18 4.23+0.60
U-G-40 40 38.85+0.16 2.87 +£0.40
U-G-50 50 48.71 +£0.11 2.5840.22
G-P-40 40 39.02 +0.14 2.45+0.35
G-G-40 40 38.89 +0.08 2.77+0.20

G-P&G-40 40 39.00 +0.10 2514025

60
[ ] Theoretical porosity
B Measured porosity
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U-P-30 U-P-40 U-P-50 U-G-30 U-G-40 U-G-50 G-P-40 G-G-40G-P&G-40
Figure 5: Comparison between theoretical and measured porosities of samples.
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U-P-40 G-P-40 U-G-40 G-G-40 G-P&G-40
Figure 6: Images of the fabricated samples: (a) U-P-40; (b) G-P-40; (c) U-G-40; (d) G-G-40 and (¢) G-P&G-40.

and gradient porosity, align with the intended design specifications. The two-dimensional (2D) slice images of
the G and P porous structures, characterized by micro-CT, are shown in Figure 6. It can be observed that the
CT images exhibit excellent interconnectivity and gradient porosity in the porous structures along the design
direction. Moreover, the density gradient structure shows a continuous increase in porosity, with a well-defined
gradient distribution in accordance with the design specifications. For the gradient structures, the structural
integrity at the transition remained intact, confirming the feasibility of the design approach. For the uniform
porous structures, deviations in pore geometry increased with rising porosity, likely due to limitations in printing
precision. Micro-pores and internal defects were observed in most of the samples, affecting the connectivity of
the pore network. These variations are due to the inherent limitations of the 3D printing process, including layer
misalignment and surface irregularities. Although SEM imaging would offer additional surface detail, micro-CT
was used to capture both internal and external morphology of the TPMS lattices with a voxel size of 10 um. The
CT reconstructions confirm that the printed strut surfaces and pore geometries closely reproduce the intended
CAD features (deviations<3.93%). Future work will include SEM characterization to further validate FDM sur-
face fidelity. This study used FDM-printed PLA to explore TPMS design principles. Although process-induced
deviations occurred, they align with typical FDM tolerances [36]. Future work will verify these trends using
metal SLM and multi-material printing to decouple geometry-driven effects from process-specific artifacts.

3.2. Compression properties and deformation behaviour

3.2.1. Deformation

The stress-strain curves of uniform and gradient porous structures, shown in Figure 5, illustrate the mechani-
cal behavior under compression. The deformation process consists of three key stages as outlined by SALEH
et al. [39]. In the linear elastic stage, an increase in porosity from 30% to 50% leads to a decrease in the slope of
the curves, indicating a reduction in the elastic modulus. This increase also extends the plateau region, which is
characterized by a relatively constant stress level. This phenomenon occurs due to the reduction in the thickness
of the porous structure as porosity increases, leading to a decrease in overall compressive strength and stiff-
ness. As strain increases, porous structures with lower porosity transitioned into the densification phase earlier,
characterized by a steady increase in stress. This phenomenon is attributed to the increased wall thickness and
smaller pore size, which limit the available volume for material densification. Similar observations regarding
the relationship between porosity and mechanical performance have been reported in previous studies [40, 41],
further supporting the findings of this study.

The distinction lies in the behavior of uniform and density-gradient Primitive porous structures, which
exhibit fluctuations during the plateau stress phase. This behavior indicates a progressive failure of individual
layers throughout the compressive process. The curves of the P structures show a repeating pattern of fluctua-
tions, suggesting that one layer after another was crushed during compression [42]. The curves of the U-P-30,
U-P-40, and G-P-40 structures show fluctuations at the plateau stress stage, indicating that the deformation mech-
anism is similar for all three structures, as depicted in Figure 7(a). The U-P-30, U-P-40, and G-P-40 structures
reached the densification stage in sequence, with increasing porosity leading to earlier densification, as shown
in Figure 5(a). Figure 6 shows that the first layer collapses at approximately 0.15 strain for the U-P-50 samples,
a phenomenon also observed in Figure 7(a). This behavior is attributed to the high pore density of the U-P-50



[ er | FAN, H.L.; YASSIN, A., revista Matéria, v.30, 2025

20
@ ® | — ug3o
- - U-G-40
U-G-50
15 15F —-— G-G-40 /
g g /
= 7
S10 Sl %
8 ] -0
£ = L
7] & e
5 st oITTmme T
7 o
T
Sl
Fi
0 [ 1 1 1 1 1
0 10 20 30 40 50 60
Strain(%)

— G-P-40

Stress(MPa)

0 10 20 30 40 50 60
Strain(%)

Figure 7: Stress-strain curves of uniform and gradient porous structures: (a) Primitive; (b) Gyroid; c¢) Primitive
and Gyroid.

structure and the overall buckling triggered by the collapse of the first layer during compression. Figure 5(c)
compares the curves of the structural gradient G&P samples with the density gradient G-P and G-G samples,
all having the same porosity. At low strain levels, the G-G porous structures exhibited behavior comparable to
that of the G-P porous structures. At higher strain levels, the G-G porous structure reduced the magnitude of
fluctuations in the plateau stress phase observed in the G-P structures and increased the yield strength of the G-G
structure. Various technical applications, such as impact and ballistic protection, can benefit from this behavior,
particularly due to the improved mechanical performance under high strain conditions.

As illustrated in Figure 8, the uniform and density gradient G porous structures primarily exhibited shear
failure. The deformation predominantly occurred along the specimen’s diagonal direction, which is in agreement

£=0.40 €=0.40 £=0.40
U-G-40 G-G-40 G-P&G-40
Figure 8: Compressive deformation of uniform and gradient porous structures.
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with the findings of [43], where similar shear failure modes were observed. In contrast to the P structure, the G
structure mainly displays a ‘V’-shaped deformation pattern, differing from the layer-by-layer sequential defor-
mation seen in the P structure. Figure 8 shows that the U-P structure forms ‘X’-shaped shear bands, while the
U-G structure develops ‘V’-shaped shear bands at a strain of 0.4. Notably, the G-P&G specimens exhibited a
characteristic drum-shaped shear band pattern. Although SEM fracture surface analysis was not performed in
this study, our observations are consistent with common failure modes observed in TPMS lattices, where the
high-porosity regions initiate failure. Future work will include SEM analysis to directly observe the fracture
surfaces and confirm the post-failure mechanisms.

3.2.2. Mechanical properties

The yield strength and elastic modulus of TPMS porous structures are shown in Figure 9. Figure 9(a) shows that
the yield strengths of U-P structures are 11.26 MPa and 2.24 MPa at porosities of 30% and 50%, respectively.
Figure 9(b) shows that the elastic modulus decreases from 309.8 MPa to 167.1 MPa. Consequently, the yield
strength and elastic modulus of P structures declined as porosity increased. Similarly, Figures 9(a) and 9(b) show
that the yield strength and elastic modulus of uniform G structures decreased as porosity rose from 30% to 50%.
These findings align with experimental results reported by other researchers [40]. This decrease in mechanical
performance is attributed to the larger pore sizes and thinner walls caused by the higher porosity.

The Figures 9(a) and 9(b) show that the yield strength of U-P-40 (8.56 MPa) is higher than that of G-P-
40 (7.78 MPa) by 10.03% despite having the same porosity. This outcome occurred because the G-P-40 sample
initially failed in the top layer, which had lower porosity compared to the U-P-40 sample. The elastic modulus
of U-P-40 (243.7 MPa) was higher than that of G-P-40 (151.9 MPa). This result can be attributed to the greater
load capacity resulting from the increased cell thickness of the P structure. However, the yield strength of U-G-
40 (4.48 MPa) is lower than that of G-G-40 (5.27 MPa) by 14.99% with the same porosity. The elastic modulus
of G-G-40 (140.7 MPa) is greater than U-G-40 (135.9 MPa). The results indicate that the mechanical properties
of porous structures are affected by variations in pore density and the specific design of the cell structure.

The Gibson-Ashby theory provides a framework for establishing the connection amid yield strength,
elastic modulus, and relative density, a method commonly employed in prior research [44]. The Gibson-Ashby
predictive model is represented by the following mathematical equations:

E p )" \
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ES N
o ’ 0
o*="=C,| 2| =c,a-p¥" ©)
O-S N
(@ (b)350
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-~ 8H
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£ 4r £100
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Figure 9: Mechanical properties of uniform and gradient porous structures: (a) Yield strength; (b) Elastic modulus.
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Figure 10: Gibson-Ashby patterns fitted for TPMS structures: (a) compressive modulus and (b) yield strength
as a function of the relative density.

Where FE is the elastic modulus. ¢ represents yield strength. p* stands for porosity of TPMS porous
structure. £ corresponds solid samples’ elastic modulus. o denotes yield strength. p_stands for density. E/E
serves as the relative elastic modulus. o/c_ denotes relative yield strength. p/p stands for relative density. ¢,
and c_represent the design variables. 7, and n_ stand for scaling factors of which the values are associated with
the lattlce arrangement. The relatlonshlps among relative yield strength (c*), relative elastic modulus (£*) and
relative density were determined, as illustrated in Figure 10.

The results indicate that £/E and o/c, for the various porous structures increase as porosity decreases.
The P structures exhibited better mechanlcal characterlstlcs than the G structures as evidenced by the E/E and
o/c_ curves, which were greater at the same porosity. The difference in o/c_ between the P and G structures w1th
minimal at 50% porosity but gradually increased with rising relative den51ty

3.3. Energy absorption performance

TPMS porous structures are widely utilized in energy absorption applications, where their performance is deter-
mined by the sum of energy absorbed in each unit volume. Furthermore, the energy absorbed from the initial
loading point up to the onset of the densification phase can be calculated as described in prior studies [45].

W, =[o(e)de (10)
0

Where W_denotes the total energy absorption per unit volume, o(¢) represents the stress corresponding
to strain €, and € represents the strain.

The strain cutoff at 0.4 was chosen as it corresponds to the onset of densification for most TPMS struc-
tures, where energy absorption is most effective. While extending the cutoff to 0.6 or densification onset would
likely increase the total absorbed energy, this would primarily reflect the material’s resistance to compression
rather than effective energy dissipation. Future studies will investigate energy absorption over a wider strain
range to capture the full energy dissipation behavior, including the densification phase. The results for strains up
to 0.4 are outlined in Table 3. As illustrated in Figure 11, energy absorption efficiency improves with increasing
porosity, but the overall energy absorption capacity is also influenced by the timing of the deformation phases.
For structures with lower porosity, the linear elastic deformation phase and the densification phase occur earlier
in the loading process, which limits their total energy absorption capacity. In contrast, higher porosity TPMS
structures can deform more extensively before densification begins, allowing them to absorb a greater amount
of energy. This characteristic is particularly beneficial for applications where extended energy dissipation is
critical, such as in crash barriers or protective packaging.

The energy absorption of each unit volume in the U-P-30 structure was 5.46 J/mm?®, whereas that of the
U-G-30 was 4.18 J/mm?. The two structures demonstrated higher elastic energy absorption per unit volume
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Table 3: Energy absorption of the samples.

PROPERTIES | U-P-30 | U-P-40 | U-P-50 | U-G-30 | U-G-40 | U-G-50 | G-P-40 | G-G-40 | G-P&G-40
We(J/mm?) 5.46 3.29 - 4.18 1.90 1.15 2.71 1.91 2.30

(9]

N

Energy absorption W (J/mm3)
N w

o

0.0 0.1 0.2 0.3 0.4

Strain
Figure 11: Energy absorption per unit volume versus strain curves of porous structures.

compared to other TPMS structures. In addition, the energy absorption efficiencies of G-P-40, G-G-40, and
G-P&G-40 with the same porosity are measured as 2.71, 1.91, and 2.30, respectively. The unit cell type used in
the TPMS structure also has a significant impact on energy absorption performance. For instance, the U-P-30
and U-P-40 generally demonstrated higher energy absorption per unit volume compared to U-G-30 and G-P-40,
despite having similar porosities. This can be attributed to the differing geometrical and mechanical behaviors
of the unit cells. The Primitive unit cell, with its more compact and structurally supportive geometry, allows for
more efficient deformation under compressive forces, leading to a greater ability to absorb energy before failure.
This comparison highlights the importance of cell design selection to achieve the desired energy absorption
characteristics. TPMS structures with gradient porosity exhibited significantly higher energy absorption effi-
ciency compared to uniform TPMS structures with the same porosity. The gradual transition in porosity across
these gradient structures allows for more controlled deformation under compressive loading. This results in a
more effective distribution of stress and a higher overall energy absorption capacity, particularly in dynamic
or impact scenarios. The ability to design structures with a continuous change in porosity provides a versatile
solution for applications where high energy dissipation is required without compromising the structural integ-
rity of the material. The U-P-50 sample exhibited premature failure under compression at lower strains due to
excessive deformation in the low-density regions, preventing us from reaching the 0.4 strain cutoff for energy
absorption calculations. As such, the energy absorption value for this condition is not available.

As illustrated in Figure 11, energy absorption efficiency improves with increasing porosity, but the over-
all energy absorption capacity is also influenced by the timing of the deformation phases. For structures with
lower porosity, the linear elastic deformation phase and the densification phase occur earlier in the loading
process, which limits their total energy absorption capacity. In contrast, higher porosity TPMS structures can
deform more extensively before densification begins, allowing them to absorb a greater amount of energy. This
characteristic is particularly beneficial for applications where extended energy dissipation is critical, such as in
crash barriers or protective packaging.

4. CONCLUSIONS

This study investigated the mechanical properties, deformation behavior, and energy absorption performance of
uniform, gradient, and structural gradient TPMS porous structures, fabricated using fused deposition modeling
(FDM). The following key conclusions were drawn from the results:
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(1

2

3)

(4)

The measured porosities of the uniform porous structures were slightly lower than the designed values,
with deviations ranging from 1.27% to 3.82%. This suggests that the FDM process provides a high level of
manufacturing precision, with deviations well within acceptable limits for typical 3D printing applications.

Uniform and gradient porous structures exhibited distinct deformation behaviors under compression.
Increasing porosity resulted in a decrease in yield strength and elastic modulus, with the Primitive (P) struc-
tures consistently outperforming the Gyroid (G) structures at the same porosity levels in terms of mechani-
cal strength. The gradient TPMS structures demonstrated superior mechanical performance, particularly in
the G-P and G-G configurations, where variations in material density contributed to enhanced mechanical
properties.

The deformation process of the porous structures under compression was characterized by three key stages:
the linear elastic phase, plateau stress phase, and densification phase. The P structures showed a more
gradual transition between these phases, while the G structures exhibited a more abrupt shift. The gradient
structures, particularly those with a G-P configuration, displayed improved mechanical performance under
high strain conditions, which is beneficial for impact and ballistic protection applications.

Increasing the porosity of the structures resulted in enhanced energy absorption capabilities, as more void
space is available for energy dissipation. Notably, the P structures exhibited higher energy absorption com-
pared to the G structures at the same porosity. Additionally, the gradient G structures demonstrated an even
higher energy absorption capacity than their uniform counterparts, emphasizing the potential of gradient
designs for applications requiring high energy dissipation.
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