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Abstract: Cellular structures are broadly used because of their exclusive properties in 
tissue engineering. This research proposes a new method, both in design and 
manufacturing, to engineer their mechanical properties considering gradient material and 
geometrical features and evaluate the possibility of using created structures as bone 
implants. Schwarz-primitive surface has been utilized to design cellular structures with 
different porosities and unit cell sizes. A total of 18 cellular structures were designed and 
fabricated using the SLS 3D printer with a new unconventional approach in adjusting the 
settings of the machine, and their mechanical properties were extracted. The structures' 
internal properties were evaluated using the FESEM. Comparing the mechanical 
compressive test results showed that adjustments in material and geometry improved 
mechanical properties (such as the compressive moduli, compressive strength, and yield 
strength). For instance, in 3 mm samples, the elastic modulus in material gradient and 
geometrical gradient structures is 20% and 73 % higher than the minimum values of the 
uniform structure. FESEM imaging revealed that adjusting the absorbed energy by 
powders (controlled by laser characteristics) leads to the formation of natural voids with 
diameters in the range of 6 to 144 μm for the gradient structures. Evaluation of the 
designed structures showed that 6 of them (4 uniform porosity and 2 geometrically 
gradient) have mechanical behavior of the desired tissue. The research outcomes can 
assist in optimizing manufactured parts by SLS 3D printers with internal and external 
controlled properties to obtain more desirable mechanical characteristics, especially for 
tissue engineering applications. 
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1 INTRODUCTION 

Design, fabrication, and mechanical analysis of cellular 

structures are currently widely studied by many 

researchers due to their low density, controllable internal 

material properties, and high surface-to-volume ratio [1-

4]. The applications of these remarkable structures cover 

different industries, such as automotive and aerospace. 

However, it is not limited to this, and they are utilized as 

tissue scaffolds to heal bone defects, heat exchangers 

with optimized design, and filters [5-7].  

The Triply Periodic Minimal Surface (TPMS) is one of 

the theories that can be exploited to design controlled 

and optimized structures with different unit cells and 

porosities [8]. In recent years, studying and optimizing 

cellular structures' mechanical properties using TPMS 

have been an exciting subject for many researchers [7], 

[9-11]. TPMS could be applied to design cellular 

structures with gradient properties either by changing 

geometrical or material parameters. Gradient cellular 

structures are suitable for bone implant design cases, 

considering the desired bone tissue behavior. By 

optimizing the structure's mechanical attributes, a 

customized implant can be produced for a particular 

patient's bone (such as hip bone or jaw). In that case, the 

structure's mechanical properties would reflect the 

tissue's properties correctly [12-15]. Another example is 

the topology optimization of a bending beam applicable 

in the aerospace and automotive industries [16]. 

Additive Manufacturing (AM), a state-of-the-art 

technology, can be used to make customized and 

controlled cellular structures.  

One of the AM methods is Selective Laser Sintering 

(SLS), which is capable of customizing both internal and 

external properties of cellular structures [17-19]. SLS 

employs powdered materials to perform selectively 

sintering operations layer by layer to produce a complex 

3D object [20]. The fabricated part using SLS shows 

suitable mechanical properties, which can be used as 

end-use production [21]. Some parameters have to be 

optimized to produce a desirable cellular structure in 

SLS 3D printing.  

These parameters are laser Power (P), Laser beam Speed 

(LS), and Hatch Space (HS). The relation between these 

parameters can determine the energy absorbed in 

powders called Energy Density (ED), as given in 

Equation (1). Energy density is a criterion to determine 

the density of parts in SLS 3D printing [20]. For 

instance, by increasing the laser power in SLS 3D 

printing, ED is increased, and as a result, a denser part 

with fewer holes is created. Thus, by adjusting the ED, 

the volume fraction (porosity) of cellular structures can 

be adjusted [22-23]. 

 

𝐸𝐷 = 𝑃/(𝐻𝑆 × 𝐿𝑆) (1) 

This research aims to investigate and compare the 

mechanical properties of cellular structures designed 

based on the Schwarz-primitive minimal surface, 

considering the material and geometrical gradient 

properties. Some unique initial settings of the SLS 

printer are adjusted through the manufacturing process. 

A total of 18 cellular structures with three different unit 

cell sizes from 3 to 5 millimeters and different porosities 

in the range of 40% to 70% are fabricated using the 

selective laser sintering 3D method. The mechanical 

properties of the structure, such as elastic modulus and 

yield stress, are measured by mechanical compressive 

tests. Field emission scanning microscopy is utilized to 

obtain the internal characteristics of the material 

gradient cellular structures. Finally, as a practical 

example, the application of proposed cellular structures 

as a bone implant for cancellous bones is presented. The 

results are evaluated and discussed, which can help both 

researchers and manufacturers, especially in the field of 

tissue engineering, to obtain their optimized fabricated 

parts by SLS 3D printers with internal and external 

controlled properties. 

2 METHODOLOGY 

2.1. Design Procedure 

The theory of Triply Periodic Minimal Surface (TPMS) 

is used for cellular structures' design. TPMS can be 

introduced by an implicit function (f (x,y,z)) in Equation 

(2), where t specifies the deviation from the base levels 

of the shape and determines the volume fraction of the 

minimal surfaces [24-25]. 

 

𝑓(𝑥, 𝑦, 𝑧) = 𝑡 
 

−1 ≤ 𝑡 ≤ 1 
(2) 

 

Among the minimal surfaces, there are Schwarz-

primitive, Schwarz-diamond, and Schoen-gyroid [26-

28]. Figure 1 shows a unit cell of these three surfaces. 
The Schwarz-primitive minimal surface's fluid 

permeability is higher than other minimal surfaces, 

which is a good factor for many applications, especially 

tissue scaffolds and bone implants [24].  
 

   

(a) (b) (c) 
Fig. 1 Three examples of minimal surfaces: (a): Schwarz-

primitive surface, (b): Schoen-gyroid surface, and (c): 

Schwarz-diamond surface [29]. 
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Considering the advantages of the Schwarz-primitive 

surface in tissue engineering, it was exploited in this 

study to prepare cellular structure shapes. Equation (3) 

describes the Schwarz-primitive minimal surface 

function, fp, where ni is the number of the repeated unit 

cells in i-direction, and Li is the size of each unit cell in 

mm [25]. 

 

𝑓𝑃(𝑥, 𝑦, 𝑧) = cos(𝜆𝑥𝑥) + cos(𝜆𝑦𝑦) + cos(𝜆𝑧𝑧)      (3) 

 

𝜆𝑖 = 2𝜋 × 𝑛𝑖/𝐿𝑖    𝑖 = 𝑥, 𝑦, 𝑧          
 

Figure 2 shows a simple unit cell used in this study. 

Here, three sets of mechanical and geometrical attributes 

of the Schwarz-primitive unit cell are considered, as 

demonstrated in “Fig. 3”. 
 

Fig. 2 The Schwarz-primitive unit cell used in this study. 

 

 

 

Fig. 3 Schematic of the design procedure. 

 

First, 12 Uniform Structures (US) with uniform porosity 

along the Z-axis were designed and manufactured with 

the following attributes: 3 different unit cell sizes (3, 4, 

and 5 (mm)) and four different porosity values (40,50,60 

and 70%). Note that in this research, the size of 3 and 4 

(mm) parts was 24*12*12 (mm3), and the dimensions of 

the 5 (mm) parts were 30*15*15 (mm3). In the next 

steps, three cellular structures with gradient porosity by 

changing the unit cells' porosity along the Z-axis were 

produced, which are called Geometrical Gradient (GG) 

T
P

M
S

 t
h
eo

ry
 (

S
ch

w
ar

z
-P

ri
m

it
iv

e 
S

u
rf

ac
e)

Uniform Structures 
(US)

(12 cellular 
structures)

cell size: 3 (mm)
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poristities: 

40%, 50%, 60%, 70%

Gradient Structures

Geometrical Gradient 
(GG)

(3 cellular structures)

cell size: 3 (mm)
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from 40% to 70% 
along the Z-direction.
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Material Gradient 
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(3 cellular structures)

cell size: 3 (mm)

cell size: 4 (mm)

The geometrical 
porosity is 50% and 

the ED value reduces 
from 0.047 to 0.025 

along the Z-direction.cell size: 5 (mm)
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structures. The unit cell sizes were 3, 4, and 5 (mm), and 

the porosity value of unit cells varied from 40% to 70%.  

Finally, three cellular structures with gradient material 

porosity along the Z-axis were created by changing the 

SLS machine's laser power from 10 to 19 (watts), as is 

discussed in the literature [29]. These parts are called 

Material Gradient (MG) structures. The manufactured 

parts had 3, 4, and 5 (mm) unit cell sizes, and all of the 

MG structures had a geometry porosity of 50%. Figure 

4 illustrates the material porosity of the structures along 

the Z direction. According to Equation (1), the ED of the 

structures was calculated and was in the range of 0.025 

(J/mm2) to 0.0475 (J/mm2) along the Z-axis.  

 

 
Fig. 4 Energy density's values in the material gradient 

structures. 

2.2. Modelling Cellular Structures 

A code was developed in MATLAB, employing 

Schwarz-primitive minimal surfaces (Equation (3)) to 

draw and create cellular shapes. According to Equation 

(3), by changing the parameter t, the volume fraction and 

porosity of the cell structure can be adjusted. After 

creating the initial geometry in MATLAB, a function 

was used to transform the geometry into a Standard 

Triangle Language (STL) file. Then, the Geomagic 

plug-in for SOLIDWORKS was utilized to obtain 

desired cellular structures with smooth surfaces. The 

output of the design steps in this research can be seen in 

“Fig. 5”. 

 

 

 

 

 

 

(a)  (b)  (c) 
Fig. 5 Design steps: (a): 3D model extracted from the 

MATLAB script, (b): Converted STL file to Step file, and (c): 

Smoothed surfaces of the model. 

2.3. Manufacturing of the Cellular Structures 

All cellular structures were manufactured by the T1 

R230 Pro SLS 3D printer. Polyamide 12 (the 

commercial name is PA2200), a commonly used 

biocompatible material for SLS 3D printer, was used as 

the raw material. The powder had a density of 1.01 

(g/cm3), and its mechanical properties under various 

printer settings (different EDs) were tested according to 

ASTM-D695 [30] for four models having 24*12*12 

(mm3) sizes. These structures are called solid bulks.  

In “Table 1ˮ, the manufacturing parameters for 

structures are written concerning different structure 

types. The parameters for the uniform and geometrical 

gradient structures are the same. Each material gradient 

structure was divided into four sections, having various 

EDs coming from different laser powers.  
 

Table 1 Manufacturing Parameters utilized in SLS 3D printer for fabricating cellular structures. 

Structure Type Section P (W) LS (mm/s) HS (mm) 

Layer 

Thickness 

(mm) 

ED (J/mm2) 

Uniform Structures (US) - 16 1600 0.250 0.120 0.040 

Geometrical Gradient (GG) - 16 1600 0.250 0.120 0.040 

Material Gradient (MG) 

1 10 1600 0.250 0.120 0.025 

2 13 1600 0.250 0.120 0.0325 

3 16 1600 0.250 0.120 0.040 

4 19 1600 0.250 0.120 0.0475 

 

The porosity of the manufactured structure can be 

represented by Equation (4) [31], in which, Vm is the 

total volume of cellular structures, Vp is the actual 

volume of material, Wm is the mass of the cellular 

structures, and ρ is the density of the material. 

 

(4) 

 

0.025 J/mm2 

0.032 J/mm2 

0.040 J/mm2 

0.047 J/mm2 
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The Adam scale (model HCB 1002) with a 0.01g 

resolution is used to determine the mass of all 18 cellular 

structures and four solid bulks to calculate structures' 

porosity. In “Fig. 6”, some manufactured cellular 

structures can be seen concerning different unit cell sizes 

(left to right: 3, 4, and 5 (mm)). Figure 6a represents 

examples of uniform cellular structures with 50% 

porosity, and “Figs. 6b and 6c” represent GG structures 

and MG structures, respectively. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 6 Some manufactured cellular structures: (a): uniform 

structures with 50% porosity, (b): geometrical gradient 

structures, and (c): material gradient structures. 

2.4. Mechanical Testing 

The mechanical compression tests were conducted on all 

structures by an Instron-4208 testing machine at a strain 

rate of 1 (mm/min), according to ASTM D695 [30], as 

shown in “Fig.7”. The elastic modulus and the yield 

stress considering 0.2% strain offset for each structure 

were obtained using the stress-strain curve. 

 

(a)                                     (b) 
Fig. 7 Mechanical testing on cellular structures: (a): 

material gradient structure, and (b): uniform cellular 

structures with 60% porosity and 4 (mm) unit cell size. 

 

2.5. Morphological and Internal Characteristics of 

Cellular Structures 

The structures were imaged using Field Emission 

Scanning Electron Microscope (FESEM) HIT 4160 02, 

under vacuum conditions with pressure of 1e-7 (Torr), 

approximately 1.33322e-5 (Pa), to observe the 

differences in the gradient properties of MG structures 

(“Fig. 8a”). Before scanning, a 1.5 (nm) gold layer was 

coated on the structures to enhance the imaging process 

(“Fig. 8b”). 

 

 
(a)                                             (b) 

Fig. 8 Morphological tests setup: (a): FESEM, and (b) a 

sample of cellular structures coated with a gold layer.  

3 RESULTS AND DISCUSSION 

3.1. Manufacturing Characteristics of Cellular 

Structures 

The utilized energy density in the manufacturing process 

directly influences material porosity, and structures with 

gradient properties could be created by adjusting this 

parameter. After fabricating structures, their actual 
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density and amount of porosity were measured. Figure 9 

shows the effect of energy density on actual density and 

the amount of porosity for four solid bulks. By 

increasing the ED from 0.025 to 0.047 (J/mm2), the 

density of solid bulks changed from 0.905 to 0.963 

(g/cm3). Thus, the ratio of porosity in solid bulk models 

varied from 10.36 to 4.61, which means that a better 

powder fusion or, in other words manufacturing a denser 

structure has happened in solid models by increasing the 

ED. Table 2 shows the deviation between actual and 

designed porosity for uniform and gradient cellular 

structures. Different produced structures have been 

named according to their unit cell dimensions and 

porosities (i.e., US-3mm40% refers to a uniform 

structure part with 3 (mm) unit cell size and 40% 

porosity). Further evaluation in the results of Table 2 

reveals that in all cellular structures with a uniform 

porosity, by increasing the value of intended porosity, 

the deviation between actual and designed porosity at 

first ascends then after 60% porosity declines.  

 

 

 
Fig. 9 Effects of energy density on actual density (𝜌)     

and amount of porosity for four solid bulks. 

 

Table 2 The absolute deviation between actual porosity and design porosity for uniform and gradient cellular structures 

Type of Structure Model Name 
Design Porosity  

(%) 

Actual porosity  

(%) 

Absolute Deviation  

(%) 

Uniform Structures 

US-3mm40% 40 42.13 2.13 

US-3mm50% 50 52.6 2.6 

US-3mm60% 60 66.15 6.15 

US-3mm70% 70 72.69 5.69 

US-4mm40% 40 42.13 2.13 

US-4mm50% 50 52.31 2.31 

US-4mm60% 60 64.41 4.41 

US-4mm70% 70 73.67 3.67 

US-5mm40% 40 40.3 0.3 

US-5mm50% 50 51.13 1.13 

US-5mm60% 60 63.41 3.41 

US-5mm70% 70 71.85 1.85 

Geometrical 

Gradient 

GG-3mm 55 (Mean) 50.52 -4.48 

GG-4mm 55 (Mean) 52.55 -2.45 

GG-5mm 55 (Mean) 53.19 -1.81 

Material Gradient 

MG-3mm 55 (Mean) 57.18 2.18 

MG-4mm 55 (Mean) 54.28 -0.72 

MG-5mm 55 (Mean) 54.37 -0.63 

 

 
 

In GG structures, the actual average porosity for models 

is less than the average calculated design porosity, which 

might be caused by the manufacturing parameters of the 

SLS 3D printer, such as gradient temperature in the 

powder bed, which adversely affected the density of 

structures, and consequently, changed the porosity of 

cellular structures. In all types of structures, it is 

observed that structures with bigger unit cell sizes have 

smaller deviations between their intended and actual 

porosities, which shows that for models with smaller 

cavities, the design and fabrication are more similar. In 

MG structures, the calculated porosity and test outcomes 

are in good agreement. The overall analysis of 

deviations in design and tests depicts that MG structures 

are more akin to the intended shapes compared to GG 

structures. Hence, the changes in the geometry of 

structures are more effective than changes in material 

properties in terms of the SLS 3D printer's 

manufacturing accuracy. 
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3.2. Mechanical Tests Results 

3.2.1. Mechanical Properties of the Material with 

Different Energy Densities 

The stress-strain diagram for solid bulks is presented in 

“Fig. 10”. The elastic modulus of materials declines by 

increasing the ED, but the yield stress, strain at yield 

point, and ultimate compression strength amplify. As 

mentioned in [32], when ED reaches the top value, the 

powder particles are damaged or burnt by excess heat 

from the laser.  

So it is expected that this effect causes the elastic 

modulus to decrease even in small quantities. However, 

the range of elasticity and also yield stress is increased. 

Thus, using SLS 3D printing as a manufacturing method 

can improve the elastic range of structures, which is an 

essential feature for many applications. The mechanical 

characteristic of four solid bulks is illustrated in “Table 

3ˮ. 

 
Table 3 Mechanical properties of solid bulks 

Part  

Number 

ED 

(J/mm2) 

E 

(GPa) 

𝜎𝑦 

(MPa) 

𝜎𝑈𝐶 

(MPa) 

𝜀𝑦 

% 

1 0.025 1.27 26.28 55 2.15 

2 0.0325 1.23 30.64 61 2.8 

3 0.04 1.17 41 71 4.2 

4 0.0475 1.16 44.5 78 4.7 

 

 

 
Fig. 10 Stress-Strain diagram for PA2200 with different 

ED values. 

 

 

 

 

 

 

3.2.2. Mechanical Properties of Cellular Structures 

The outcome of extracting structures' mechanical 

properties is presented in this section. Figure 11 shows 

the stress-strain diagram for all cellular structures with 

different porosities. “Table 4ˮ summarizes all the 

attributes obtained from “Fig. 11”, including the elastic 

modulus, compressive strength, yield strength, and yield 

strain. It should be noted that for the uniform structures, 

these attributes are both in the range of actual tissue (for 

different porosities) and the average values. However, in 

GG and MG structures, only average quantities exist 

because the porosity is not identical. 

As presented in “Table 4ˮ and illustrated in “Fig. 12”, by 

increasing the porosity from 40 % to 70 %, elastic 

modulus decreases in uniform cellular structures. The 

elastic modulus for both geometrical and material 

gradient structures is less than the average elastic 

modulus of uniform structures. For instance, in 3 (mm) 

cellular structures, the uniform structure's average 

elastic modulus is 0.32 (GPa). In comparison, for 

geometrical and material gradient structures, this value 

is 0.26 and 0.13 (GPa), respectively. However, suppose 

the elastic modulus of gradient cellular structures is 

compared with the elastic modulus range in uniform 

cellular structures.  

In that case, it will be found that the elastic modulus in 

gradient structures has been improved in comparison to 

uniform structures. For example, in GG-3mm and MG-

3mm, the elastic modulus is 73 % and 20 % more than 

the minimum value of elastic modulus in the uniform 

structure, respectively. This result confirms that gradient 

properties in cellular structures can improve the overall 

elastic behavior of the structure. 

Figure 13 explains the effect of porosity on the 

compressive strength of cellular structures. According to 

this figure and “Table 4ˮ, the compressive strength of 

cellular structures with geometrical and material 

gradient properties is higher than the minimum value of 

the aforementioned parameter in uniform cellular 

structures. For instance, in structures with 3 (mm) cell 

size, the difference between US and GG structures and 

US and MG structures is 1200% and 800%, respectively. 

Besides, the results show that the compressive strength 

in MG structures is more than GG structures, which 

indicates that modifications in the parameters of the SLS 

3D printer, such as laser power, have a more significant 

impact on the compressive strength improvement. 
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Table 4 Mechanical properties of cellular structures  

 

Type of 

Structures 
Model Name 

Elastic Modulus 

(GPa) 

Compressive Strength 

(MPa)  

Yield Strength 

(MPa)  

Yield Strain 

(%) 

Uniform 

Structures 

US-3mm40% 0.43 30 16 3.5 

US-3mm50% 0.38 21.3 11.5 3.1 

US-3mm60% 32 4.8 1.17 0.74 

US-3mm70% 0.16 1.4 0.5 0.65 

US-4mm40% 0.45 37 13.7 3.4 

US-4mm50% 0.35 20.5 9.3 2.9 

US-4mm60% 0.235 9 2.1 1.2 

US-4mm70% 0.18 1.8 0.8 0.55 

US-5mm40% 0.52 25.3 14.2 2.9 

US-5mm50% 0.38 21 10 2.8 

US-5mm60% 0.28 9 2.2 1 

US-5mm70% 0.16 2.1 0.6 0.55 

Geometrical 

Gradient 

GG-3mm 0.26 18 7.2 3.6 

GG-4mm 0.32 6 5.7 5.5 

GG-5mm 0.21 9 3.8 2 

Material 

Gradient 

MG-3mm 0.13 12 8 6.6 

MG-4mm 0.2 16 6.4 3.4 

MG-5mm 0.22 15 6.5 3.15 
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(a) (b) 

 
(c) 

Fig. 11 Stress-strain diagram considering different porosities and structure types for cellular structures with unit cell 

sizes of: (a): 3 (mm), (b): 4 (mm), and (c): 5 (mm). 
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(c) 

Fig. 12 Elastic modulus of cellular structures considering 

different porosities and structure types in: (a): 3 (mm), (b): 4 

(mm), and (c): 5 (mm) structures. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 13 Compressive strength of cellular structures 

considering different porosities and structure types in: (a): 3 

(mm), (b): 4 (mm), and (c): 5 (mm) structures. 

 
As shown in “Fig. 14”, the gradient properties have a 

notable impact on cellular structures' yield strength. For 

instance, in MG cellular structures, yield strength is 

increased compared to the average yield strength of 

uniform cellular structures (except in MG-5mm with a 

difference of 3%). On the other hand, in GG cellular 

structures, yield strength values are lower than the 

average values in uniform structures (the differences are 

between 0.2% and 43%). However, there is a substantial 

increase in this value compared to the minimum yield 

strength of the uniform cellular structures, which 

displays improvement in the structure's mechanical 

properties (“Table 4ˮ).  

 

 
(a) 

 
(b) 

 
(c) 

Fig. 14 Yield strength of cellular structures considering 

different porosities and structure types in: (a): 3 (mm), (b): 4 

(mm), and (c): 5 (mm) structures. 

 

Figure 15 shows the strain at the yield point of the 

cellular structures. For all gradient cellular structures, 

the yield strains are higher than the average yield strain 

in uniform cellular structures. The most significant 

difference is observed in MG cellular structures with 3 

(mm) unit cell size, which is three times bigger than the 

average yield strain in the corresponding uniform 

cellular structure. Thus, it can be seen that the gradient 

properties (whether material or geometrical) seriously 

affect the strain value at the yield point and lead to higher 

yield strains in comparison to uniform cellular 

structures. 
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(b) 

 
(c) 

Fig. 15 Yield strain of cellular structures considering 

different porosities and structure types in: (a): 3 (mm), (b): 4 

(mm), and (c): 5 (mm) structures. 

 

3.3. Morphological and Structural Properties of 

Material Gradient Structures 

The structural properties of MG cellular structures were 

analyzed using the FESEM imaging method. MG-3mm 

and MG-4mm structures' dimensions were 24*12*12 

(mm3), but MG-5mm structures' length, width, and 

height were 15, 15, and 30 (mm), respectively. Here the 

results are given for different sections of the MG-5mm 

part in “Fig. 16 and Fig. 17”. As shown in “Fig.16”, by 

decreasing the ED along the Z-axis, the size of voids in 

the cellular structure increased, and consequently, the 

porosity amplified along the Z-axis. Figure 17 illustrates 

the size of the created voids, which varies from 6 to 144 

microns. This examination shows the influence of 

modifications in the ED, which is the base step of 

fabricating intended MG properties in cellular 

structures.    

3.4. Case Study: Application of Proposed Cellular 

Structures as an Implant for Trabecular Bone 

One of the applications of cellular structures is their use 

as implants for bone tissue. As an applicable case study, 

the use of fabricated cellular structures as a cancellous 

bone implant is investigated. The cancellous bone has a 

porosity between 30 and 90 % [33], and its elastic 

modulus is in the range of 50 and 500 MPa [34]. Also, 

the compressive strength of this tissue is between 2 and 

12 MPa [34].  

  

 

   
(a) (b) (c) 

   
(d) (e) (f) 

Fig. 16 The influence of increasing the porosity value by 

decreasing ED along the Z-axis: (a): z=5 (mm), (b): z=10 

(mm), (c): z=15 (mm), (d): z=20 (mm), (e): z=25 (mm), (f): 

z=30 (mm). 

 

  
(a) (b) 

  
(c) (d) 

 

Fig. 17 The size of created voids in MG structures along 

the Z-axis: (a) z=7.5 (mm); (b) z=15 (mm); (c) z=22.5 (mm); 

(d) z=30 (mm). 
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According to Table 4, the comparison between 

fabricated parts and mentioned bone showed that except 

for the uniform structure with a unit cell size of 5 (mm) 

and a porosity of 40%, all other printed structures have 

an elastic modulus in the range of the porous bone tissue. 

Moreover, six of the structures have compressive 

strength in the range of cancellous bone tissue, including 

four structures with a uniform porosity (US-3mm60%, 

US-4mm-60%, US-5mm60%, and US-5mm70%) and 

two structures with geometrical gradient porosity (GG-

4mm and GG-5mm). The compressive strength of 

fabricated material gradient structures is greater than the 

compressive strength of cancellous bone tissue and, 

therefore, will not have similar behavior.  

4 CONCLUSION 

Cellular structures are used for different purposes, 

including tissue scaffolds, heat exchangers, and filters, 

thanks to having unique properties. In the present study, 

several cellular structures have been designed and 

manufactured considering various attributes, including 

materially and geometrically engineered gradient 

properties. Three types of cellular structures (uniform, 

geometrical gradient porosity, and material gradient 

porosity) were fabricated using the Selective Laser 

Sintering (SLS) 3D printer utilizing minimal Schwarz-

primitive surfaces with porosities between 40 and 70 

percent. The initial settings of the SLS printer are 

controlled in an unconventional approach. Also, a case 

study of utilizing cellular structures as a bone implant 

was performed. The structures with gradient properties 

prove to have better mechanical properties compared to 

uniform cellular structures, especially on yield strength 

and strain at the yield point. Moreover, it is observed that 

the material gradient structures have better mechanical 

characteristics, such as yield stress, in comparison to 

geometrical gradient ones. The designed cellular 

structures were examined in terms of mechanical and 

structural properties to be used as cancellous bone tissue, 

and six structures comply with the mechanical and 

structural characteristics of the desired texture and are 

suitable for this application. In this research, a new 

procedure for adjusting manufacturing parameters in the 

SLS process regarding the porosity of structures has 

been presented, which can be exploited to obtain 

optimized and desired cellular structures with controlled 

internal and external properties.  
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