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Available online: 30 August 2025 context of additive manufacturing. Uniform porous structures with

porosities of 40% (P40), 50% (P50),and 60% (P60) are designed, along
with a gradient porous structure with an average porosity of 50%

Keywords (ZP50). Fused Deposition Modelling (FDM) serves as the fabrication
Fused deposition modelling,triply method for these TPMS-based structures. The printing accuracy,
periodic minimal surfaces, mechanical properties and energy absorption characteristics of the
mechanical properties,energy TPMS porous structures with different porosity are investigated. A
absorption comprehensive evaluation reveals that the actual porosity deviates

from the designed values by less than 4%, affirming the reliability of
the design approach. Notably, an increase in porosity correlates with
an increase in ultimate yield strength, reaching a peak value of 8.644
MPa for P40. Additionally, ZP50 shows a 15.54% higher yield strength
than P50 under similar porosity conditions. This advantage persists up
to a strain level of 26%, where ZP50 also outperforms P50 in energy
absorption characteristics. The findings enrich the understanding of
the mechanical behaviour of small-scale curved porous structures
created through additive manufacturing. The research offers valuable
insights for engineering applications that require optimized porous
structures, thereby contributing to advancements in the additive
manufacturing field.

1. Introduction

Triply periodic minimal surfaces (TPMS) are surfaces with zero curvature at any point and varying periodically in
space. TPMS structures of various shapes can be obtained by controlling the relevant parameters of different types
of implicit functions [1].TPMS porous structures have structural characteristics such as small unit density, high
specific surface area and light weight, and functionally can achieve excellent load-bearing capacity [2], energy
absorption properties [3], thermal conductivity and biocompatibility [4], and have wide application prospects in
many fields such as aerospace, mechanical electronics and biomedicine [5-7].

Traditionally, the preparation accuracy of TPMS structures is difficult to control, but with the rapid
development of additive manufacturing technology, the problem of difficult preparation of TPMS structures has
been basically solved. It has also promoted the research on the design as well as the performance of TPMS
structures by domestic and foreign scholars [8-9]. Sharma et al. [10] reviewed the design, fabrication, and
performance of triply periodic minimal surface-based mechanical metamaterials produced by additive
manufacturing, highlighting their structural advantages, application challenges, and future prospects. Kumar et al.
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[11] designed and parameterized TPMS lattice structures using a combined computational and experimental
approach, and systematically evaluated their mechanical performance. Qiu et al. [12] designed three-dimensional
functionally graded triply periodic minimal surface structures and systematically investigated their mechanical
properties under different loading conditions. Sun et al. [13] analyzed the compression properties of the molded
structures based on the design of TPMS structures by selective laser melting (SLM). The morphology of the TPMS
structure was observed and the defects of the porous structure prepared by SLM were analyzed. The results
showed that the compressive mechanical properties of different cellular structures are governed by the relative
density. The cell geometry and the sheet-based Ti6Al4V alloy TPMS structures achieve excellent energy
absorption capacity, which can be attributed to the smooth interconnected curved surfaces of the sheet-based
TPMS structure and optimized process parameters. Al-Ketan et al. [14] investigated cellular steel solids with shell-
like periodic architectures fabricated by selective laser sintering and systematically analyzed their mechanical
properties and energy absorption performance. Alizadeh et al. [15] prepared Gyroid polylactic acid (PLA) scaffolds
by fused deposition modeling and obtained the compressive elastic modulus and yield strength of the scaffolds.
The results showed that both the dense PLA and porous PLA scaffolds showed elastic-plastic deformation
behavior in both building and transverse directions. Cecen et al. [16] used fused deposition modeling technology
to design and fabricate polylactide (PLA)/polyhydroxyalkanoate (PHA) scaffolds with specific porosity. The
mechanical properties of lattices based on triple periodic minimal surfaces (TPMS) were investigated. The results
indicated that enhanced pore size control can be achieved by 3D printing techniques. Peng etal. [17] designed and
prepared two types of triple periodic minimal surfaces (TPMS) with homogeneous and gradient properties using
fused deposition modeling (FDM). The effects of relative density and loading rate on the mechanical properties
and deformation behavior of the structures were analyzed. In addition, the mechanical response characteristics
and deformation modes of the gradient structures are not affected by the loading rate, while the uniform
structures show significant softening behavior.

Despite some progress in current research on the design, preparation, and mechanical properties of uniform
and gradient porous structures, there is a need for further investigation into the relationship between design
parameters, pore characteristics, mechanical properties, and energy absorption capacity. In this study, uniform
and gradient porous structures were designed with different levels of porosity based on the Primitive structure,
which has demonstrated excellent fabrication performance in TPMS. These structures were fabricated using the
fused deposition technique. The pore characteristics were examined using a Scanning Electron Microscope and
the mechanical properties evaluated through compression testing. The objective is to uncover the influence of
relevant structural parameters on the compression performance and energy absorption characteristics of TPMS
porous structures. By doing so, this research aims to establish a design foundation for expanding the engineering
applications of porous structures.

2. Porous Structure Design

2.1 Uniform Porous Structure Design

Modeling methods based on triply periodic minimal surface porous structures usually use implicit sinusoidal
periodic functions for the approximate expression of TPMS surfaces by the following Equation [18]:

Oy = 2 A cos[27(r) /5, +p,]=T W

where Ak is the amplitude factor, r is the position vector, hx is the kth lattice vector in inverse space, &k is the
wavelength of the period, p« is the phase, and t is the threshold.

In order to obtain the TPMS structural model more accurately, the ideal structural model can be obtained by
establishing different types of implicit expressions. In this paper, the Primitive structure with good fabrication
properties is chosen [19-20], and the implicit expression of this structural model is given in the following Equation
[21]:

Q= cos(zTﬂx) + cos(zTﬂy) + cos(zTﬂz)-t =0 (2)

where L is the edge length of the TPMS single cell in the x, y, and z directions, mm. The subscript P refers to the
abbreviation of Primitive structure. The implicit surface of the Primitive structure can be constructed by the
triangular periodic functions in the x, y, and z directions in equation (2). The implicit surface polygonization
algorithm is used to model the triply periodic minimal surface to obtain the CAD model of the Primitive porous
structure, as shown in Fig. 1.
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(@) (b)
Fig. 1 Primitive porous structure CAD model (a) Primitive minimum surface; (b) Primitive porous structure

From equation (2), it can be seen that the internal porosity of the Primitive structure can be regulated by
changing the magnitude of t. The relationship between the porosity P and t is fitted using Matlab software, and the
fitting results are shown in Fig. 2. It can be seen that the relationship between P and t for the Primitive structure
is linear and the value of the desired P corresponding to t can be obtained by the fitted function.
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Fig. 2 Relationship between porosity P and threshold t of Primitive porous structure

2.2 Linear Gradient Porous Structure Design

In order to obtain the Primitive porous structure with a linear gradient, the linear porosity gradient equation of ¢
versus z-axis is constructed using the implicit surface structure design method of the linear gradient, which is
shown in equation (3). According to the required porosity, coefficients a and b can be derived by the method of
coefficients to be determined, thus controlling the range of gradient variation of porosity.

Q= cos(zTﬁx) + cos(zTﬂ y)+ cos(zT” z)-(a+b*z)=0 (3)

For a comprehensive comparison, set L =3 mm and 0 <X, y, z< 32 mm in Equations (2) and (3), and design a
uniform Primitive porous structure with 40%, 50%, and 60% porosity, i.e., P40, P50, and P60, using equation (2).
Design a uniform Primitive porous structure with an average porosity of 50% and a linear gradient along the z-
axis using equation (3). Design a uniform Primitive porous structure with 60% and 40% porosity at the bottom
and top of the gradient structure, i.e., ZP50. The designed model was materialized using Materialise Magics 22.0
software, and the X-Y plane schematic and solid models of different porous structures are shown in Table 1.
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Table 1 The X-Y plane schematic and solid model of the different porous structures
Type XY Solid Model

(@ Uniform-40% (P40)

(b)  Uniform-50% (P50)

() Uniform-60% (P60)

(d) Gradient-60%-40% (ZP50)

2.3 Materials and Methods

PLA Disc-shaped filament material, 1.75 mm in diameter was supplied by Beijing Taier Times Technology Co. The
FDM 3D printer used was ET4, Shenzhen Aynet Technology Co., Ltd; The electronic analysis balance with precision
0.001 g, are from Qingdao Jingcheng Instrument Co., Ltd. The scanning electron microscope used was EVO-18, Carl
Zeiss AG (Zeiss Group). The microcomputer-controlled electronic universal testing machine used are UTM6104,
Shanghai Sanshi Machinery Manufacturing Co. The STL model of the porous structure was imported into the
slicing software of the FDM machine for processing. Four porous structures, namely uniform porous structure:
P40, P50, P60, and gradient porous structure: ZP50 as well as a solid block of the same volume, were molded using
the Enable ET4 molding machine. The molding process parameters were kept constant, with a printing
temperature of 210 °C, a layer thickness of 0.2 mm, a scanning speed of 90 mm/s, and the other parameters use
the factory defaults. The FDM molded porous structure samples can be seen in Fig.3.
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Fig. 3 Porous structures samples fabricated by FDM

The average porosity of porous structures was measured using the weighing method [22] with the Equation

(4) :

ﬁ:[—ml _’"ZJ*100% 4)
ml

where mj is the mass of the solid structure with the same form factor as the porous structure, and m: is the mass
of the porous structure after forming.

Based on the ASTM D1621 standard, uniaxial quasi-static compression tests were performed at 50 kN load at
room temperature using the UTM6104 tester at 2 mm/min, with three specimens tested for each structure. The
sample is placed in the centre of the platen as shown in Figure 4, ensuring that the pressure is transmitted in a
vertical direction. A digital camera was used to record the compression process at a height parallel to the
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specimen. The microcomputer system allows the acquisition of the displacement and pressure at the pressure at
each moment, and the corresponding strain can be obtained based on the displacement of the indenter. According
to the equivalent cross-sectional area of the porous structure and the pressure load, the corresponding stress data
can be obtained, and finally obtain the corresponding stress-strain curve.

= =

Plate

Load direction

Plate

Fig. 4 Schematic diagram of compressive test

An EVO0-18 scanning electron microscope (SEM) from Zeiss, Germany, was used to characterize the surface
morphology as well as the rod diameter morphology of the samples, and the pore characteristics of the molded
porous structures were analyzed based on the SEM images of the samples.

3. Results and Discussion

3.1 Pore Characterization

Each sample was weighed using an electronic analytical balance, and the average porosity of the porous structure
was calculated according to equation (4). The designed porosity and actual measured porosity were compared, as
shown in Fig. 5. The actual porosities of the measured samples are smaller than the designed values, and the
deviations are between 1.5% and 4%. These deviations are caused by the precision of the 3D printer, unfused
powder, and shrinkage during the molding process [23]. Notably, for the uniform structures, the deviation in
actual porosity diminishes as the designed porosity (P) increases. Moreover, the ZP50 structure, characterized by
its gradient variation, exhibited a slightly smaller deviation in actual porosity compared to the P50 structure with
equivalent design porosity.
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Fig. 5 Comparison between the design and actual porosity of porous structures
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Macroscopic and microscopic features of the porous structure were meticulously analysed using both optical
miscroscopy and Scanning Electron Microscopy (SEM), as illustrated in Fig. 6. Panels al-d1 of Fig. 6 reveal the
absence of material obstruction within the post-fabrication structure, confirming well-interconnected pores and
overall structural integrity. This substantiates the feasibility of employing Fused Deposition Modelling (FDM) in
the creation of Triply Periodic Minimal Surfaces (TPMS) porous structure, all of which exhibited seamless, defect-
free surfaces. According to Equation (4), the empirically measured porosity for both uniform and gradient porous
configurations was consistently lower than the design structure as corroborated by Fig. 4. This discrepancy is
largely due to the adhesion of semi-fused material on the porous structure's surface, as depicted in Fig. 6, panels
a3-d3, leading to a reduction in actual porosity.

As porosity increases, the structure's surface area diminishes, resulting in decreased adherence of unformed
powder and, consequently, a reduction in porosity deviation. Elevated porosity levels also induce incomplete
molding of certain support elements, adversely affecting the final product's quality, as evidenced in Fig. 6, panel
c3. These findings align with those reported by Fan [24], indicating that some powder particles fail to achieve a
fully molten state, thereby causing a minor deviation between actual and designed pore dimensions, as illustrated
in Fig. 6, panels a2-d2.

For identical porosity levels, the ZP50 structure exhibits a lower deviation in porosity compared to the P50
structure. This is attributable to the gradient nature of the ZP50 configuration, which comprises a range of varying
porosities (P40-P50-P60), as delineated in Table 1 (d).

0.5mm

0.5mm

Fig. 6 Macroscopic and microscopic morphology of porous structures (al-a3) P40; (b1-b3) P50; (c1-c3) P60; (c1-
c3) ZP50

3.2 Compressive Performance

The compressive stress-strain curves for the uniform and gradient porous structures are depicted in Fig. 7. The
yield strength values shown in Table 2 are obtained from Fig. 7. It can be seen that the yield strength of the uniform
Primitive structure decreases with porosity, with the maximum yield strength of 8.644 MPa for the P40 structure
and the minimum yield strength of 4.311 MPa for the P60 structure, see Table 2. This decrease in yield strength
with increasing porosity is attributed to the reduction in wall thickness of the porous structure, consequently
leading to lower modulus of elasticity and yield strength. This relationship between increased porosity and
reduced yield strength is further validated by the work of Zhang et.al [25]. This study highlights the unique
mechanical characteristics, such as yield strength, elastic modulus, and yield strength, of the gyroid-type TPMS
lattice structures.

In relation to the effect of gradient porous structures on mechanical characteristics, the ZP50 structure shows
a 15.54% higher yield strength than the P50. The ZP50 achieves a strength of 7.533 MPa, while the P50 reaches
6.362 MPa, as presented in Table 2. This difference in strength is attributed to the gradual variation in unit cell
type and porosity in the ZP50 structure. This indicates the higher mechanical capabilities of the gradient porous
structure. Such a combination of graded porosities and structures not only retains the characteristics of uniform
structures but also highlights the distinct responses of the graded structures, aligning with findings in other
research [26]. During compression, porous structures typically experience linear elastic deformation, leading to
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yielding, and ultimately failure. Specifically, the ZP50 structure, with its gradient porous nature, displays a non-
uniform stress and strain distribution. This is evident in Fig. 7b, where the plateau phase of the ZP50 curve shows
more pronounced fluctuations and noticeable softening compared to P50. These fluctuations in ZP50 are

attributed to structural weakening rather than strain rate variations.
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Fig. 7 Compressive stress-strain curves (a) Uniform porous structure; (b) Uniform vs gradient porous structure

Table 2 Elastic modulus and yield strength of TPMS porous samples

Type Porosity Yield strength Elastic modulus
(%) (MPa) (MPa)
40 8.64+0.15 41.53+0.02
Primitive 50 6.36+0.13 33.82+0.07
60 4.31+0.24 32.94+0.11
Z-Primitive 50 7.53+0.07 40.98+0.08

Fig. 8 in subchapter 3.2 and 3.3, we added fundamental reasons on occurrence of the phenomena, as follows:
Fig. 8 shows the deformation behavior of the uniform and linear gradient porous structure during the compression
process. It can be seen that the uniform porous structure is firstly damaged in the middle part during the
compression process, and gradually barreling from the top and low end to the middle part until it is compacted,
as shown in Fig. 8a. The middle layer of the porous structure undergoes initial yielding and gradually deforms at
an inclination of approximately 45°. Eventually, it is completely crushed, as depicted in Fig. 8b. As mechanical
compression proceeds, the uniform porous structure begins to produce layer-to-layer mutual compression. After
passing through the elastic region plastic strain occurs and a deformation pattern of localized collapse occurs.
Through continued compression, the collapse continues from layer to layer, eventually leading to overall fracture
deformation. The gradient porous structure did not have uniform strength, so failures is not due to barreling, and
it can happen at any layer of weakness. During the compressive deformation process, the designed porous
structure changes in a linear gradient due to the linear gradient. The compressive stresses applied at each
structural level are first released at the weakest pore structure of the scaffold, leading to the formation of relative
slip between the inner layers of the porous structure. Under continuous application of compressive force, the
porous structures with different strengths cracked one after another. The interlayer slip continues to extend to
the porous scaffolds surrounding their pores. This eventually leads to complete fracture and collapse of all layers
of the porous structure.
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Fig. 8 Deformation behavior of porous structures (a) Deformation behavior of uniform porous structures; (b)
Deformation behavior of gradient porous structures

e=15% e=45%

3.3 Energy Absorption Characteristics

The properties of porous structures in terms of energy absorption are of great interest. It is one of the important
indicators for the evaluation of porous structures [27]. The formula for calculating the total energy absorption per
unit volume is shown in Equation (5).

W, = [o(s)e (5)
0

where W: is the total energy absorption per unit volume, o(¢) is the pressure at strain ¢, € is the strain.

The stress-strain values of the porous structure and equation (4) are used to plot the curve of W: versus €
for the porous structure, as shown in Fig. 9. The larger the slope of the We-¢ curve, the better the energy absorption
characteristics of the structure [28]. From Fig.8a, it can be seen that W increases with strain €. For the uniform
porous structure, the slope of the We-¢ curve showed the magnitude of P40 > P50> P60. This indicates that the
total energy absorption per unit volume, W,, decreases with porosity, which is in agreement with previous studies
[29-30]. From Fig. 9b, the ZP50 structure has better energy absorption characteristics than P50 up to 26% ¢ under
the same porosity. Above 26% ¢, the energy absorption characteristics are weakened, which is attributed to the
structural weakening in ZP50 as shown in Fig. 7b.
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Fig. 9 We-¢ curves of uniform and gradient porous structures (a) We-¢ for P40, P50 & P60; (b) We-¢ for P50 & ZP50

4. Conclusion

(1) The uniform primitive porous structure was designed based on the triply periodic minimal surfaces, and the
relationship between P and t of this structure was established. The porosity gradient equation was introduced to
obtain a linear gradient porous structure model.

(2) The uniform and gradient porous structures with different porosity were printed and formed by the Fused
Deposition Modelling (FDM) technique. The pores within the formed structure were well penetrated and the
structure was basically uniform. The deviation in porosity between the designed and fabricated samples was less
than 4%. This shows that using FDM for additive manufacturing is both cost-effective and promising when making
TPMS porous structures.
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(3) Different levels of porosities, 40%, 50% and 60%, influence the mechanical and energy absorption
properties of the porous structure. The yield strength of the uniform Primitive porous structure decreases with
porosity. This occurs because higher porosity leads to thinner walls in the structures, which reduces their
elasticity and strength.

(4) Comparing uniform and gradient porous structures with the same porosity, the energy absorption
efficiency of the gradient porous structure (ZP50) is 287 J/m3, which is slightly higher than uniform porous
structure (P50) up to a strain of 26%. However, beyond this strain, the energy absorption of ZP50 becomes lower
than that of P50.
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