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Abstract: Triply periodic minimal surfaces (TPMS) became an effective method to design porous
scaffolds in recent years due to their superior mechanical and other engineering properties. Since the
advent of additive manufacturing (AM), different TPMS-based scaffolds are designed and fabricated
for a wide range of applications. In this study, Schwarz Primitive triply periodic minimal surface
(P-TPMS) is adopted to design a novel porous scaffold according to the distribution of the scaffold
stress under a fixed load with optimized thickness to tune both the mechanical and biological
properties. The designed scaffolds are then additively manufactured through selective laser melting
(SLM). The micro-features of the scaffolds are studied through scanning electron microscopy (SEM)
and micro-computed tomography (CT) images, and the results confirm that morphological features of
printed samples are identical to the designed ones. Afterwards, the quasi-static uniaxial compression
tests are carried out to observe the stress–strain curves and the deformation behavior. The results
indicate that the mechanical properties of the porous scaffolds with optimized thickness were
significantly improved. Since the mass transport capability is important for the transport of nutrients
within the bone scaffolds, computational fluid dynamics (CFD) are used to calculate the permeability
under laminar flow conditions. The results reveal that the scaffolds with optimized structures possess
lower permeability due to the rougher inner surface. In summary, the proposed method is effective
to tailor both the mechanical properties and permeability, and thus offers a means for the selection
and design of porous scaffolds in biomedical fields.

Keywords: triply periodic minimal surface; porous scaffolds; optimized thickness; mechanical
properties; permeability

1. Introduction

Various types of porous structures can be found in natural biomaterials, such as bones,
wood, and honeycombs [1]. In recent years, porous structures began attracting increasing
attention in many industrial fields thanks to their high stiffness-to-weight ratio, excellent
load bearing capacity, and high energy absorption [2]. Benefiting from these advantages,
many studies focused on the application of porous structures in bone scaffolds [3,4]. The
increasingly growing traumatic injuries and congenital defects increased the need for
bone-mimicking scaffolds [5,6]. Therefore, the investigation on the design and manufacture
of porous bone scaffolds is necessary and promising.

Porous scaffolds can be classified based on the regularity of their internal architectures,
including the stochastic scaffolds and the non-stochastic scaffolds [7]. The stochastic
scaffolds involve the pores with random shapes and size distributions, such as those
formed using salt-leaching and gas-foaming techniques [8]. However, stochastic scaffolds
possess some disadvantages, such as uncontrollable mechanical properties and local stress
concentration. By contrast, the non-stochastic scaffolds are defined as complex architectures
containing an array of element bodies that are repeatedly aligned in the 3D space, such as
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cubic, octahedron, and truncated [9]. The physical properties of non-stochastic structures
largely depend on the design of internal characteristics, including pore size, pore shape, and
relative density [10]. Therefore, the properties of non-stochastic scaffolds can be effectively
tuned by rational design of the pore shape, relative density, and specific surface area, and
thus, these scaffolds are universally adopted in the design of bone scaffolds.

There are many factors to consider when designing bone scaffolds, such as geometry,
mechanical properties and permeability [11]. Meanwhile, it is also necessary to consider
the manufacturing process of the bone scaffolds to achieve desirable accuracy. In recent
years, additive manufacturing (AM) provided a feasible method for producing complex
parts with high precision and efficiency [12]. The metallic powders are fused by the laser
beam and assembled to form three-dimensional metal parts with rough surfaces that are
adapted to the growth needs of cells. Selective laser melting (SLM) is the most frequently
used AM technique for the fabrication of metal implants [13]. Numerous studies show
that SLM offers a number of advantages, including high mechanical load capacity, tunable
density, excellent precision, low cost, ready-to-use product, the ability to tune properties by
adjusting process parameters, and the ability to produce complex structures with minimal
support structures [14]. Bobbert et al. [15] designed several different types of porous
scaffolds, which were then manufactured by SLM to mimic the topological, mechanical,
and mass transport properties of trabecular bone to a great degree. The result showed that
SLM-printed scaffold had high printing accuracy and could meet the mechanical properties
of bone scaffolds.

In recent years, triply periodic minimal surfaces (TPMS) drew tremendous atten-
tion to the design of bone scaffolds due to their capabilities in the control of pore size
and porosity [16]. There are many types of TPMS structures, such as primitive, gyroid,
diamond, and IWP [17]. These TPMS structures have smooth surfaces, uniform curva-
tures, and self-supported features that are very suitable for being manufactured by AM.
In addition, the mechanical properties, fatigue resistance, and permeability of TPMS are
also excellent [18]. Moreover, TPMS structures can provide large surface area and pore
interconnectivity, which are conducive to cell adsorption and growth [19]. Wang et al. [20]
designed several groups of primitive-based scaffolds that were then fabricated by SLM.
The results show that the mechanical properties and permeability of the scaffolds were
good to be used as bone tissue replacement. Al-Ketan et al. [21] analyzed the mechanical
performance of TPMS-based structures and strut-based structures, and they pointed out
that the TPMS-based structures possessed superior mechanical properties.

Bone scaffolds with proper mechanical properties should have adequate load-bearing
capacity and fatigue resistance, as well as the ability to reduce stress shielding. Various
mechanical properties of TPMS-based scaffolds were extensively investigated. Al-Ketan
et al. [21] designed several periodic scaffolds with different classes of topologies and in-
vestigated the mechanical properties of these periodic cellular structures by quasi-static
compression experiments, and the results indicate that the sheet-based structures had
superior mechanical properties among all the tested structures. Sun et al. [22] investigated
the mechanical properties and deformation mechanisms of three types of TPMS sheet-based
structures and found that the compressive mechanical properties had an approximately
positive relationship with the relative density. In addition, Novak et al. [23] characterized
the stress–strain relationship and deformation behavior of TPMS-based sheet structures
under both quasi-static and dynamic loading. They found that different types of speci-
mens had the same global deformation behaviors in both testing. Li et al. [24] designed
some Gyroid-based structures and investigated the compressive behavior of the printed
specimens experimentally under static and dynamic loading. They concluded that the
mechanical properties, including yield stress, plateau stress, and energy absorption of
the printed structures, exhibit certain loading rate sensitivity. Overall, the mechanical
properties of TPMS-based scaffolds are significantly affected by their topologies, so it is an
effective method to enhance the mechanical performance by adjusting the cell topology.
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Mass transport plays a crucial role in the effective exchange of nutrients and wastes
that are required for cell proliferation and differentiation [25]. The permeability of scaffolds
is an important factor affecting their ability of nutrient transmission. Therefore, the per-
meability of the scaffolds needs to be investigated. Santos et al. analyzed the permeability
of 3D-printed TPMS scaffolds experimentally and revealed that TPMS structures could
achieve higher permeability values compared with other porous structures [26]. Castro
et al. [27] considered the permeability as a function of the geometry of TPMS with a combi-
nation of numerical and experimental methods. The outcomes revealed that the design of
the unit cell had a noticeable effect on permeability. Compared to experimental analyses,
CFD recently gained significant attention with the capacity to provide immediate results
as an alternative and economical approach. Numerous CFD analyses were conducted to
evaluate the permeability of various types of scaffolds [28]. Ali et al. [29] investigated the
fluid flow within the scaffolds using computational fluid dynamic (CFD) analysis, and the
results show that the permeability of the scaffolds was governed by their architecture and
any changes in the size of channels would reduce permeability. Asbai-Ghoudan et al. [30]
used CFD to calculate permeability for three TPMS-based scaffolds and the results show
that permeability increased with porosity at different rates, highlighting the importance
of pore distribution and architecture. Ma et al. [14] indicated that the roughness of the
scaffolds’ surfaces can influence transmission performance, especially for the scaffolds with
small pore sizes.

Despite intensive research on TPMS-based scaffolds, few studies focused on the
optimization of the unit cell of TPMS to improve their performance. In recent years, the
research on the optimization of the unit cell of TPMS to improve their performance drew
great interest. Jia et al. [31] proposed an enhanced design method based on local shell
thickening of the unit cell of TPMS. Liu et al. [32] proposed a novel design method for
a composite porous structure based on TPMS and geodesic B-spline hollowing. Wang
et al. [33] used the Sigmoid function surface splicing method to splice different TPMS
structures, and designed three novel types of composite TPMS-based porous structure.
The experimental and FEA result indicates that these methods were effective and reliable
to obtain the unit cell of TPMS with better mechanical properties. In this paper, a new
type of TPMS-based scaffolds is proposed by optimizing the unit cell of Schwarz Primitive
TPMS (P-TPMS). The whole scaffold is constructed by arraying the optimized unit cells
and then fabricated by SLM. In addition to the mechanical properties, the permeability
is also investigated to verify the feasibility of the optimized scaffolds for mimicking the
physical properties of human bones. The remainder of the paper is organized as follows:
Section 2 introduces the design of the proposed scaffolds and experimental details. Both the
experimentally and numerically obtained results are provided and discussed in Section 3.
We conclude the paper briefly in Section 4.

2. Methodology
2.1. Design of P-TPMS Scaffolds

The P-TPMS was generated in this work according to the mathematical definition as
expressed by Equation (1) and as shown in Figure 1a.

cos(
2π

L
x) + cos(

2π

L
y) + cos(

2π

L
z) = C (1)

where L is used to define the unit length, and C controls the geometry of the surface,
varying from −1.0 to 1.0. Two types of P-TPMS unit cells with a shell thickness of 0.4 mm
and 0.6 mm and unit length of 2π mm were initially designed. Subsequently, the designed
unit cells were optimized using static stress for simulation by setting a fixed load on the
top surface of the models and fixed on the bottom surface, as illustrated in Figure 1d, and
then used the topological simulation to optimize the inner surface under relatively small
stress in the Solidworks software (Dassault Systems, Waltham, MA, USA). Three different
topologically optimized unit cells were obtained by setting different optimization objectives,
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as shown in Figure 1e. Specifically, the models with 0.4 mm sheet thickness were optimized
to 11.5%, 16.4%, and 21.4%, respectively, while the models with 0.6 mm sheet thickness
were optimized to 12.6%, 18.2%, and 25.6%, respectively. In order to verify the performance
of optimized models, models with the same porosities but uniform sheet thickness were
also designed, as shown in Figure 1b. The whole of the scaffolds were designed by arraying
the designed unit cells in three directions, as illustrated in Figure 1c,f. To distinguish
different scaffolds, they are named according to their sheet thickness and optimization
degree. P0.4 and P0.6 represent scaffolds with sheet thickness of 0.4 mm and 0.6 mm,
respectively. In addition, A, B, and C represent scaffolds from a low optimization degree
to a high optimization degree, while 1 represents the optimized model, and 2 represents
the non-optimized model with the same solid volume. For example, the model with shell
thickness of 0.4 mm and optimization degree of 11.5% is named as P0.4A1.
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2.2. Additive Manufacturing of Scaffolds

Figure 2 shows the obtained P-TPMS scaffolds that were manufactured via SLM. All
samples were manufactured using a DiMetal-280 machine (LaserAdd Company, Guangzhou,
China). Each type of structure was produced three times for the compression testing. The
used material was 304L powder, the chemical composition of which is illustrated in Table 1.
The powders have nearly spherical shapes with a wide range of particle size distribution,
the D10, D50, and D90 of the powder are at 21.42 µm, 33.59 µm, and 51.53 µm, respectively.
The process parameters were a laser power of 170 W, scanning speed of 1000 mm/s, layer
thickness of 0.03 mm, and beam diameter of 80 µm.

Table 1. Chemical composition of the 304L stainless steel powders.

Element Fe Si Cr Ni Mn C O S P

wt% Bal. 0.43 19.35 9.53 0.71 0.006 0.056 0.005 0.010
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Figure 2. Fabricated samples by SLM.

2.3. Morphological Characterization

The mass of each printed sample was measured by an electric balance (0.1 g). The
volume of each sample could be achieved through dividing mass by the theoretical bulk
density (7.8 g/cm3). The morphology of the sample was detected by a mirco-computed
tomography (CT) scan and scanning electron microscopy (SEM). To reduce the time and
cost, only a sample of P0.6B1 was selected as the representative. A micro-CT scanner
(Phoenix v|tome|x, General Electric, Frankfurt, Germany) with a 21.36 µm resolution was
used to scan the samples with an accelerating voltage of 180 kV, and a current of 200 mA.
Additionally, 2D slice images were obtained from the scanning process and then used to
analyse the residual powders and inner strcutures.The 3D model was rebuilt to analyse
the surface appearance and the manufacturing deviation. SEM (SU5000, Hitachi, Tokyo,
Japan) at a 15 KV accelerating voltage was used to observe the surface characteristics of the
samples, and images can show the contour and hatching tracks, as well as the powders
adhering to the surface.

2.4. Quasi-Static Compression Testing

The samples were compressed at a prescribed loading rate of 2 mm/min using an
electronic testing machine (MTS Landmark, Eden Prairie, MN, USA, 50 KN) along the
production direction, until the displacement increased to 70% of the sample height. Samples
were placed at the center of the circular plate and only the upper plate was allowed to
move downwards to compress the samples, and the lateral expansion was not restricted, as
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illustrated in Figure 3a. The force and displacement were recorded and the stress–strain
curves could be obtained. The deformation of the samples was captured through a digital
camera. As shown in the Figure 3b, the elastic modulus (E) was determined by the slope of
the straight line within the elastic region of the stress–strain curves, the yield strength (σs)
was determined by the intersection of the stress–strain curve at a 0.2% offset line parallel
to the elastic line, and the compressive strength (σc) was obtained through the first peak
stress in the curve.
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Figure 3. (a) Schematic diagram of compressive test; (b) schematic of elastic modulus and strength;
and (c) boundary conditions for CFD analysis.

2.5. CFD Analysis

CFD simulations were carried out to examine the dependency of the permeability and
velocity distributions of the optimized unit cell. The pressure drop and permeability were
used to quantify transmission performance between different structures. The boundary
conditions for the CFD analysis are shown in Figure 3c. Due to the repeatability and the
symmetry of the scaffold, the number of units in the three orthogonal directions were
constructed as 1 × 1 × 4 to reduce the simulation time. The fluid domains above the
scaffold were added to avoid the boundary effect. The flow direction of the fluid at the
inlet was vertical, and the velocity was 1 mm/s. The pressure of the outlet was set to 0 Pa
and a no-slip condition was applied on the walls. For the analysis, water was selected as
the fluid with a density of 1 g/mm3 and a viscosity of 1 × 10−9 MPa·s. In this work, the
simulation was conducted obeying the Navier–Stokes equation and then the permeability
of each model was calculated according to Equation (2). All the symbols in the equation
are listed in Table 2.

K =
v·µ·L

∆P
(2)

Table 2. Parameters for calculating the permeability.

Symbol Description Unit

K the permeability coefficient mm2

L the length of the model mm
∆P pressure difference MPa

µ
the dynamic viscosity
coefficient of the fluid MPa·s

v the velocity of the fluid mm/s



Materials 2022, 15, 7084 7 of 15

3. Results
3.1. Manufacturing Fidelity and Morphological Analysis

The volume between the fabricated samples and the idealized CAD models are com-
pared and presented in Table 3 and Figure 4. The obtained results indicate an increase in
the volume compared to the design models with a deviation from design value in the range
of 3.39–15.12%, and the volume deviation of the optimized samples is larger than the same
volume samples.

Table 3. Volume, mass, and densities of samples.

Type Actual
Volume (mm3)

Theoretical
Volume (mm3) Mass (g) Average Relative

Density (%) Deviation (%)

P0.4A1 2169.62 ± 15.29 1988.59 17.14 ± 0.12 14.71 ± 0.10 9.45 ± 0.77
P0.4A2 2153.59 ± 1.58 1988.59 17.01 ± 0.01 14.60 ± 0.01 7.95 ± 0.08
P0.4B1 2117.72 ± 12.70 1875.28 16.73 ± 0.10 14.36 ± 0.09 13.45 ± 0.68
P0.4B2 2021.94 ± 4.18 1875.28 15.97 ± 0.03 13.71 ± 0.03 7.33 ± 0.22
P0.4C1 2015.19 ± 9.47 1760.67 15.92 ± 0.07 13.66 ± 0.06 15.12 ± 0.54
P0.4C2 1956.96 ± 7.80 1760.67 15.46 ± 0.06 13.27 ± 0.05 10.51 ± 0.44
P0.6A1 3118.57 ± 2.15 2933.09 24.64 ± 0.02 21.14 ± 0.01 6.32 ± 0.07
P0.6A2 3032.49 ± 7.33 2933.09 23.96 ± 0.06 20.56 ± 0.05 3.39 ± 0.25
P0.6B1 2940.93 ± 10.20 2744.79 23.23 ± 0.08 19.94 ± 0.07 7.15 ± 0.37
P0.6B2 2899.58 ± 4.18 2744.79 22.91 ± 0.03 19.66 ± 0.03 5.64 ± 0.15
P0.6C1 2735.44 ± 8.20 2493.18 21.61 ± 0.06 18.55 ± 0.06 9.72 ± 0.33
P0.6C2 2618.99 ± 19.64 2493.18 20.69 ± 0.16 17.76 ± 0.13 5.05 ± 0.79
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Figure 5 shows the SEM images of the outer surface and inner surface of an optimized
P-TPMS scaffold. In general, no macro-defects (cracks, pores, and deformation) are ob-
served, showing good printability of the samples. The staircase effect can be seen along
the building direction and some particles are adhered to the surface. Additionally, it can
be noted that excess powders are adhered to the surface of the sample, especially for the
downward-facing surface and lateral surface, resulting in the increased thicknesses. As for
the bottom surface, a notably rough morphology can be observed due to a large amount
of released heat during the solidification of the printed layers, resulting in the adjacent
powder melting and sticking to the surface [21]. As for the lateral surface, there are metal
powders hanging on the surface because there is no support at the sharp corners of the
edges during the manufacturing process. When comparing the inner and outer surfaces, it
can be found that the inner surface is rougher due to the topology optimization. The reason
behind this is that the sheet thickness of the optimized samples is constantly changing
compared to the samples with a uniform sheet thickness, while the diameter of the laser
beam is constant during the layer-by-layer processing process.
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Figure 5. SEM images of the surface of fabricated parts. (a–c) Outer surface of P0.6C1 and (d–f) inner
surface of P0.6C1.

The manufacturing accuracy of the as-built samples is further analyzed using CT
scans. Figure 6a,b shows the deviation maps of the reconstruction models and the deviation
distribution of the optimized scaffolds. It is indicated that the main deviations distribute in
the range from −0.1 mm to 0.1 mm, and the majority of the deviation is around 0 mm, which
demonstrates that the deviation can be controlled at a very limited level. Furthermore,
Figure 6c shows micro-voids and cracks. These internal voids are inevitable for AM parts
and generally attributed to the trapped gas and insufficient fusion of the powder during
the manufacturing process [34]. Overall, the printed samples are consistent with the CAD
models, there are no obvious defects or damaged cells on the printed samples and the
deviation can be controlled effectively during the AM process.
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3.2. Mechanical Properties

Figure 7a,b shows the compressive stress–strain curves and the captured images of
the compressive deformations and failure mechanisms of P0.4A and P0.6C at four different
strain levels (10%, 30%, 50%, and 70%). It is found that all samples are quite similar in
the compressive deformations and failure mechanisms. The failure starts from the middle
layers, showing a horizontal and progressive collapse layer by layer. As for the stress–strain
curves, four stages can be observed according to the trend of the curves. Specifically,
the curves initially rise up with a constant slope, which is called the elastic stage. The
second stage starts when the curves depart from the linear response and entered the non-
linear regime, where stress keeps increasing and reaches an initial peak at approximately
0.04–0.06 strain. After the peak stress, the sample begins to show obvious deformation,
followed by drop in the curves. Then, it enters the third stage of plateau stress, where
the deformation keeps taking place, and some noticeable stress fluctuations in the curve
with the continuous increase in strain are observed. Compared to scaffolds with 0.6 mm
thickness, the scaffolds with 0.4 mm thickness experience severe fluctuations, which are
mainly due to the stress softening caused by the buckling of the local unit cell [22]. The
plateau stage continued until the onset of the densification at around 0.6–0.7 strain, then
the whole scaffold failed and the curve started to raise dramatically.

The mechanical properties of all samples including elastic modulus, compressive strength,
and yield strength are illustrated in Figure 7c–h. The mechanical properties of all samples are
improved with the decrease in the porosities, and this is the same trend as the experimental re-
sults of other scholars [14,21,35]. The Gibson–Ashby model is the most notable and commonly
accepted model for the prediction of the mechanical performance of porous scaffolds. This
model indicated that the mechanical performance of porous scaffolds is positively correlated
with the porosity, or relative density [36]. It can be observed that the elastic modulus, com-
pressive strength, and yield strength of all scaffolds increases with relative density increases,
which is consistent with expectations of the Gibson–Ashby model. However, there is no
linear relationship between the optimization degree of the scaffolds and the performance
improvement. Figure 7c,d shows the elastic modulus of the scaffolds; the elastic modulus
of P0.4 and P0.6 are improved in range of 3.4–13.1% and 3.5–10.6%, respectively. For P0.4,
P0.4B has the largest optimization degree:, as the elastic modulus increases from 1056.6 MPa
to 1193.9 MPa by 13.1%. For P0.6, P0.6A has the largest optimization degree, as the elastic
modulus increase from 1660.0 MPa to 1836.0 MPa by 10.6%, but the P0.6B and P0.6C scaffolds
have a relatively low improvement, which is only 3.5%.

Moreover, it can be found from Figure 7e,f that the compression strength of all P0.6
scaffolds were improved to roughly the same degree in the range of 6.4–8.7%. However, for
the compression strength of P0.4 scaffolds, the improvement of P0.4A was only 3.4%, while
the improvement of the P0.4B and P0.4C structures reached a relatively high level of 10.2%
and 8.2%, respectively. In addition, we can conclude from Figure 7g,h that the increase in
yield strength of P0.6 scaffolds was generally at a relatively high level, with the minimal
degree of 8.8%. For the P0.4 scaffolds, only P0.4B had a 12.0% increase, while the increases
in P0.4A and P0.4C were only 3.8% and 5.7%, respectively.

3.3. Fluid Permeability

Figure 8 shows the velocity distributions of several representative samples from the
CFD simulation. To compare the mass transport properties among different scaffolds,
the pressure drop (∆P) and the permeability (K) values of each model were calculated.
Figures 9 and 10 show the pressure drop and the permeability of all scaffolds with 0.6 mm
sheet thickness.
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Similar velocity distribution can be observed for both scaffolds with either uniform
sheet thickness or optimized sheet thickness. The velocity distribution is irregular, except
in the vertical direction. The velocity contours show that the flow velocity at the center
of the entrance and outlet of the unit cell is the highest, and gradually decreases along
the radial direction from the center to the internal boundary. The speed in the center of
the unit structure is high, which is beneficial for transporting the cells and nutrients and
oxygen through the whole scaffold. The lower speed can be seen around areas that are
closer to the boundary of the internal curved surface. This phenomenon is conducive to
the adsorption of cells and nutrients on the inner surface of the scaffold. The flow rate of
the optimized unit cells is higher than the same volume unit cells, and it increases slowly
and basically remaines at a fixed value with the improvement of the optimization degree of
unit cells, but the flow rate of the unit cell with uniform sheet thickness decreases gradually.
This is because the sheet thickness of the same volume unit cell gradually decreases and
larger inlet and outlet pores can be observed. These results indicate that the degree of
optimization barely affects the flow rate, and the main factor affecting the flow rate is the
size of the inlet and outlet pores of the unit. We can also observe that the high-velocity area
of the same volume unit cells is more elongated, while the high-velocity area of optimized
unit cells is shorter. This phenomenon is caused by the change in the inner wall of the
optimized unit cells.
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As shown in Figure 9, the pressure distribution is uniform between different structures
and the pressure has a linearly gradient decreasing tendency from the inlet to the outlet
among all scaffolds. According to the permeability results in Figure 10, the unit cells with a
higher optimization degree have higher permeability, and the optimized unit cells have
higher permeability than the scaffolds with uniform sheet thickness. The reason is that
more materials of unit cells were removed with the topology optimization, and the unit cells
gained larger space inside, and in general, higher porosity results in higher permeability.
After topology optimization, many potholes appeared on the inner surface of the unit cells,
which makes the internal structure more complex and causes the surface area and surface
frictional forces to increase, which is more conducive to cell adsorption. The permeability
of this study ranges from 50.5 × 10−9 m2 to 63.3 × 10−9 m2, and the values are in the
range of previous results on porous scaffolds, and they are slightly larger than that of some
human bones [30]. However, they are of the same order of magnitude, and the permeability
of trabecular bones is dependent on the region of the human body, and the span of the
permeability of human bones is large [15]. However, compared with CT-reconstructed
model, the idealized CAD model has certain limitations in the CFD simulations. This is
because the as-built samples have some dimension deviations with idealized CAD models.
Compared with the idealized CAD model, the as-built samples have some dimension
deviations, which would affect the mass transport characteristics. To further investigate the
permeability of the model, more details on the modeling with further analysis are required
in future works.

4. Conclusions

This study designed a novel P-TPMS scaffold with an optimized thickness of two
different thicknesses and three different optimization degrees. To verify the performance of
the proposed P-TPMS scaffolds, the morphology, mechanical properties, and permeability
were comprehensively investigated and compared. The main findings and conclusions of
this study are as follows:

(1) Combining the micro-CT reconstructed models and captured SEM images, no
macro-defects were observed, only some particles adhered to the surface and
some microstructural defects in the form of micro-voids and cracks. Samples with
optimized sheet thickness had larger volume deviation and a rougher inner sur-
face than the samples with uniform sheet thickness. The majority of the deviations
of the optimized scaffolds were around 0 mm. Therefore, the designed scaffolds
could be additively fabricated by SLM successfully with acceptable deviations.

(2) In terms of mechanical behavior, the elastic modulus, yield strength, and compressive
strength of the samples with optimized sheet thickness were greater than the samples
with uniform sheet thickness. However, the degree of optimization of the scaffolds
had no linear relationship with the performance improvement. In addition, all sam-
ples exhibited similar failure modes. The mechanical properties of all the samples
increased with increasing relative density, which is consistent with expectations of the
Gibson–Ashby model.

(3) The CFD simulation demonstrated that all of the samples had similar velocity distri-
bution and pressure distribution. The velocity showed a slight upward trend with the
improvement of the optimization degree, and the optimized unit cells had higher ve-
locity compared to the same volume unit cells. However, the permeability of scaffolds
with optimized sheet thickness was slightly smaller than that of the uniform sheet
thickness ones.

In summary, the mechanical properties and permeability of scaffolds designed using
the proposed method were optimized to some extent, and the scaffolds were found suitable
for use in bone scaffolds. The work in this study provides valuable guidance on designing
and manufacturing porous scaffolds. In our future work, we will study the selection
criterion for the optimization, as well as the effects of optimization degree on performance
improvement, in order to achieve the optimal configurations.
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