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ABSTRACT 
Lattice structures are widely used in bone tissue scaffold designs due to interconnected porous structures 
that mimic the natural extracellular matrix (ECM) to treat large bone defects. This study investigated 
the mechanical behavior of scaffolds with different pore architectures and porosity ratios using 
experimental and numerical methods. In addition, mechanobiological potentials of scaffolds were 
evaluated in terms of the specific energy absorption and the specific surface area. Three different 
geometries were created by varying the combination of vertical, horizontal, and diagonal struts to 
evaluate the geometric factor and 50%, 62.5, and 75% porosity ratios are examined as potential 
permeabilities. Compression tests were performed to calculate stiffness values and energy absorptions 
of the scaffolds. Finite element simulations were used to obtain stiffness values of scaffolds. The specific 
energy absorptions of scaffolds were calculated under 4 N compressive load as a representative of 
potential body loads. According to the results, it was found that pore architectures and porosity ratios 
had crucial effects on stiffness values, energy absorption levels, specific energy absorption, and specific 
surface area which may lead to significant differences in bone remodeling. The highest specific energy 
absorption was observed in the scaffolds designed with only diagonal struts with 75% porosity. The 
highest specific surface area was observed in the scaffolds designed with the combination of vertical, 
horizontal, and diagonal struts with 75% porosity.  

 
Keywords: Bone Tissue Scaffold, Mechanical Behavior, Mechanobiology, Bone Regeneration, Finite 
Element Analysis, Polylactic Acid (PLA) 

 
 

1. INTRODUCTION 
Bone tissue undergoes continuous remodeling 
processes that regulate bone formation and 
resorption throughout life [1-4]. The 
remodeling process allows bone tissue to 
regenerate, repair microdamage, and adapt to 
external mechanical loads [5-8]. Large defects 
in bone tissue can be caused by severe trauma 
or cancer, and they cannot be healed by 
remaining bone tissue. There are therapeutic 
methods to treat large bone defects, such as 
autograft, allograft, and xenograft. 
Nevertheless, these methods have some 
limitations in surgical operations due to 
insufficient tissue, the lack of donors, and 
immunity problems [9-12]. Tissue engineering 
has emerged as a promising alternative to 
traditional approaches for treating large bone 

defects [13-16, 20]. The tissue engineering 
approach uses different components such as 
cultured cells, scaffolds, and growth factors to 
facilitate tissue regeneration [17].  Bone tissue 
scaffolds replace extracellular matrix (ECM) 
that stimulates bone regeneration by mimicking 
the native tissue [18-19]. Since bone tissue 
scaffold plays a crucial role in bone tissue 
engineering, it should possess the following 
properties: porous structures to allow bone cell 
growth, vascularization, and diffusion of 
nutrients; mechanical strength to carry external 
loads during the bone-forming process; 
biocompatibility and biodegradation [20-24]. 
Moreover, bone remodeling is a 
mechanobiological phenomenon that can be 
affected by mechanical stimulation [1, 25-28]. 
Therefore, mechanical stimulation on scaffold 
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has an important effect on bone regeneration, 
and it can be adjusted by changing pore 
architecture and porosity ratio. Studies have 
demonstrated that pore architectures in 
scaffolds significantly determine mechanical 
properties, including strength, stiffness, and 
energy absorption [29-31]. In addition, the 
porosity ratio in the scaffold has essential 
effects on mechanical behavior, surface area, 
and interconnectivity, which are vital for bone 
regeneration [32]. In a study by Dawson et al., 
it was reported that the rate of bone tissue 
regeneration may increase with increasing 
scaffold porosity [33]. On the other hand, 
Buizer et al. explained that scaffolds with a high 
porosity ratio can show higher bone tissue 
ingrowth than scaffolds with a lower porosity 
ratio [34]. The reason is that the specific surface 
area of scaffolds increases with the porosity 
ratio and affects cell adhesion, growth, and 
nutrient-oxygen transportation. 
The additive manufacturing technique, which 
has seen significant improvements in the last 
few decades, plays a pivotal role in scaffold 
production by allowing the creation of scaffolds 
with the desired pore architecture and porosity 
[35]. Lattice structures are well-known 
structures especially used in scaffold production 
which brings the advantage of controllability of 
manufacturing with Fused Deposition 
Modeling (FDM). The ability to create different 
pore architectures and porosity ratios in bone 
tissue scaffolds leads to different mechanical 
stimulation levels. As a result, the bone 
regeneration process can be controlled by 
changing pore architectures and porosity ratios 
with the help of flexible additive manufacturing 
methods. Polymers, particularly popular 
biomaterials used in tissue engineering, have 
many attractive properties, such as 
biocompatibility and biodegradability [36]. One 
of the most popular biomaterials used in bone 
tissue scaffolds is polylactic acid (PLA) due to 
its compressive strength and its high 
compatibility with additive manufacturing [37]. 
   
This study adopts a comprehensive approach to 
determine the mechanical behavior of bone 
tissue scaffolds with different pore architectures 
and porosity ratios. Three different pore 
architectures, Basic Cube (BC), Body-Centered 
Structure (BCS), and Body-Centered Cubic 
(BCC), were selected, and their designs were 
adjusted to achieve 50%, 62.5%, and 75% 

porosity ratios. The mechanical behavior of the 
scaffolds was determined using a combination 
of experimental and numerical methods. The 
experimental methods involved compressive 
tests, while the finite element method was used 
to predict the behavior of the scaffolds in the 
linear-elastic region. The mechanical properties 
of the scaffolds were also evaluated in terms of 
the specific energy absorption and the specific 
surface area under a 4 N load, forming the 
desired stress levels on the bone tissue 
scaffolds. 
 
2. MATERIALS AND METHODS 
2.1. Design and Printing of Bone Tissue 
Scaffolds 
Three pore architectures and porosity ratios 
were chosen to design bone tissue scaffolds. 
These pore architectures were named Basic 
Cube (BC), Body-Centered Structure (BCS), 
and Body-Centered Cubic (BCC).  The design 
of scaffolds, voxel meshed scaffolds, and 3D-
printed scaffolds are illustrated in Figure 1.  
The main reason for choosing these three 
designs is to create various combinations of 
axial and bending loadings so that the influence 
of different stresses can be investigated in 
detail. BC scaffolds present only struts in 
vertical and horizontal directions with major 
axial stress distribution. BCS scaffolds grant all 
bending loading with no axial support. On the 
other hand, the joints of all struts create a large 
surface area for bone cells to attach. BCC 
scaffolds combine axial and bending elements 
and therefore arise both stress types.  
 
The well-known advantage of these three 
structures is that three-region (linear, plateau, 
and densification) force-displacement behavior 
can easily be controlled as suggested by Gibson 
[38]. However inconceivable disadvantages 
such as intense joint area along with possible 
printing deficiencies also need to be examined 
carefully. An auxiliary factor for choosing these 
specific lattice designs is that porosity can be 
assigned easily by changing basic parameters 
such as the length and cross-section of struts. 
The design parameters of the unit scaffold are 
shown in Figure 1a, and each unit scaffold was 
designed for 50%, 62.5%, and 75% porosity 
ratios. The naming of scaffolds is derived from 
combination their pore architectures and 
porosity ratios and is given in Table 1.  
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The unit scaffolds were patterned twice in the x, y, and z directions, and the periodic scaffolds were 
obtained. In addition, the specific surface  
 

Figure 1. The Design of Scaffolds, Voxel Meshed Scaffolds, and 3D-Printed Images (a) Design of Unit 
Scaffolds (b) Design of Periodic Scaffolds (c) Voxel Meshed Scaffolds (d) 3D-Printed Scaffolds 

 
Table 1. Design Parameters and Properties of Scaffolds 

Scaffold 

Length 
of 

Periodi
c 

Scaffol
d Edge  
(mm) 

Length 
of Unit 
Scaffol
d Edge  
(L mm) 

Length 
of Unit 
Scaffol

d 
Porous 
Edge (l 

mm) 

Diamete
r of Rod 
(D mm) 

Porosit
y Ratio 

(%) 

Surfac
e Area 
(mm2) 

Volum
e 

(mm3) 

Specifi
c 

Surfac
e Area 
(mm-1) 

Mass 
(mg) 

BC50 5.400 3 1.290 - 50.220 275.02
3 

67.800 4.056 86.925 

BC62.5 5.270 3 1.540 - 62.550 271.60
4 

54.820 4.954 70.575 

BC75 5.145 3 1.800 - 74.080 252.72
0 

40.820 6.191 56.125 

BCS50 5.390 3 - 1.000 51.640 254.72
4 

75.430 3.377 94.600 

BCS62.5 5.470 3 - 0.860 62.500 250.68
1 

61.380 4.084 79.025 

BCS75 5.580 3 - 0.690 74.630 233.09
6 

44.070 5.289 54.475 

BCC50 5.500 3 2.000 0.880 49.960 374.58
5 

83.250 4.500 105.80
0 

BCC62.
5 

5.500 3 2.000 0.660 62.450 369.32
0 

62.470 5.912 75.900 

BCC75 5.500 3 2.000 0.350 75.840 326.31
9 

40.200 8.117 55.275 

area of scaffolds was determined by dividing 
the surface area by volume. The design 

variables and properties of scaffolds are given 
in Table 1. 
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Table 2. Printing Parameters 
Parameter Value 

Nozzle Temperature 200 0C 

Nozzle Diameter 0.25 mm 

Build Plate Temperature 60 0C 

Printing Speed 30 mm/s 

Layer Thickness 0.1 mm 

Infill Density 100% 
 
The designed periodic scaffolds were printed 
with Ultimaker 3 Extended 3D printer based on 
fused deposition modeling (FDM). Polylactic-
acid (PLA) filament with 2.85 mm diameter was 
utilized to print periodic scaffolds. Printing 
parameters are given in Table 2. 
 
PLA is approved by Food and Drug 
Administration (FDA) as biomaterial and 
therefore printing parameters are already well-
characterized thank to its wide range of use. All 
scaffold geometries and all porosities are 
produced using the same parameters to avoid 
unexpected factors affecting consistency. 
Printing parameters such as infill, nozzle 
diameter, and temperature may also influence 
mechanical properties, therefore stable 
production is critical for proper evaluation of 
differences between designs, and this was made 
possible with the parameters given in Table 2.  
 
2.2. Mechanical Behavior of Periodic 
Scaffolds 
The mechanical behavior of periodic scaffolds 
with different pore architectures and porosity 
ratios were determined by compression test. 
Compression tests were performed using a 
universal test machine (Shimadzu AGS-X) at 
Bursa Technical University Mechanical Testing 
Laboratory. The universal test machine has 1 
kN maximum load capacity. Compression test 
speed was selected as 0.3 mm/min. 
Compression tests were carried out up to 2.5 
mm displacement for each scaffold, and force-
displacement data was recorded using 
Trapezium X software. Stiffness values were 
calculated from the slope of the linear region of 
force-displacement curves for each scaffold. 
The total energy absorption value (ET) for each 
scaffold was determined from the area under the 
force-displacement curve using Equation 1. 
 

𝐸𝐸𝑇𝑇 = � 𝐹𝐹𝐹𝐹𝐹𝐹
𝛿𝛿

0
 (1) 

 
where δ is displacement and F is compression 
force. Moreover, each scaffold's specific energy 
absorption (SEA) value was calculated using 
Equation 2 [39]. 
 

𝑆𝑆𝐸𝐸𝑆𝑆 = 𝐸𝐸𝑇𝑇 𝑚𝑚�  (2) 
 
where ET is the total energy absorption and m is 
the mass of the scaffold. The mass of the 
scaffolds was measured by Radwag 
220∓ 0.0001g analytical balance. 
  
2.3. Finite Element Analysis of Periodic 
Scaffolds 
Finite element analyses were performed on 
periodic scaffolds to obtain stiffness values, von 
mises stress, and equivalent strain distributions. 
The structure is meshed similar to voxel 
meshing with a length of 125 µm for all 
scaffolds. Each voxel mesh element had linear 
8-node brick element properties [40]. Voxel 
meshed periodic scaffolds with three different 
pore architectures for 75% porosity ratio are 
given in Figure 1c. As boundary conditions, the 
bottom side of the scaffolds were fixed, and 
nodal displacement was applied perpendicular 
to the upper side of the scaffolds. The boundary 
conditions of scaffolds are illustrated in Figure 
2. 
 

 
Figure 2. Boundary Conditions of Finite Element 

Analysis for Scaffold 
 



Şenasoy and Lekesiz /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY  8:2 (2024) 173-184 

177 
 

The material properties of scaffolds were 
assumed to exhibit linear-elastic behavior in the 
finite element analysis. Young’s modulus of 
scaffold material is taken as 1350 MPa. The 
porous nature and imperfections in structures 
due to FDM procedure are adjusted by equating 
experimental stiffness in linear region to 
stiffness obtained from FEM analysis of basic 
cube with 75%. This scaffold is chosen due to 
its high potential as the most robust scaffold. 
Elastic modulus obtained from this justification 
yields a good match for other geometries (Basic 
Cube and Body-Centered Cubic) and other 
porosities (50% and 62.5%). 
 
Poisson’s ratio of scaffold material was 
assumed to be 0.3 in the finite element analysis. 
The stiffness values of scaffolds were calculated 
from the slope of force-displacement curves 
obtained from linear finite element analysis. To 
obtain von Mises stress and equivalent strain 
distributions of scaffolds, 4 N load, which 
creates 1-2 MPa stress on scaffolds, was 
selected in the finite element analysis since 1-2 
MPa stress in scaffolds is the desired stress level 
[41].  
Post-yielding (plasticity and damage) behavior 
of the material is not considered in the analysis 
because excessive deformation is not acceptable 
for scaffolds. As mentioned previously, the 
stress level for optimum bone growth is 
significantly less than yielding stress. 
Furthermore, newly formed bone shares stress 
and stress decreases as the bone remodeling 
process continues, therefore, plasticity and 
damage are not involved in the process.  
 
All linear-elastic finite element 
implementations are done using custom 
MATLAB coding written by authors. 
 
3. RESULTS AND DISCUSSIONS 
3.1. Stiffness Values of Periodic Scaffolds 
The stiffness values obtained from the 
compression test and finite element analysis are 
given in Figure 3. As the porosity ratio of 
scaffolds increases, their stiffness values start to 
decrease in both compression tests and finite 
element analysis results. BC scaffold had the 
highest stiffness values for all porosity ratios 
since it consisted of thick vertical and horizontal 
struts rather than BCS and BCC scaffolds. 
Although the BCC scaffold had vertical and 
horizontal struts in addition to diagonal struts, 
the BCC scaffold's vertical and horizontal struts 

were thinner than the BC scaffold. Therefore, 
the BCC scaffolds had the second-highest 
stiffness values for all porosity, except in the 
finite element analysis, where 50% porosity 
ratio was observed. The BCS scaffolds had the 
lowest stiffness values for all porosity ratios in 
experimental results. 
 

 
Figure 3. Stiffness Values of Periodic Scaffolds 

 
When the experimental and finite element 
analysis results are compared, it is seen that they 
are close to each other except for the BCS 
results. BCS geometry involves only diagonal 
struts, and this leads mostly to bending loading 
which forces joints to rotate while joints are 
mostly modeled as fixed support in analytical 
models [38]. The length of the struts is also 
smaller, and this makes transverse shear 
comparable with flexural stress as in short 
beams. Furthermore, joints have the highest 
volume because the number of struts meeting at 
a common joint is also the highest. This leads to 
multiple concave surfaces around the joint and 
these surfaces may not be printed as modeled on 
the FE model. Therefore, a smooth joint with 
fixed support characteristics is not a valid 
assumption for these structures. On the other 
hand, transverse shear cannot be captured well 
in FEA. The mismatch can be attributed to these 
factors; however, printing deficiencies may also 
influence this mismatch. As indicated in the 
previous section, scaffolds were printed using 
fused deposition modeling (FDM). Printing 
parameters may affect the mechanical 
properties of scaffolds used in bone tissue 
engineering. Dimensional precision and 
accuracy in 3D printing are crucial for 
fabricating scaffolds with the desired 
mechanical properties. In addition, the 3D 
printing process can contain imperfections in 
the printed scaffolds, which can significantly 
affect the mechanical properties of scaffolds. 
These imperfections may be irregularities in the 
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printed layers, differences in material 
deposition, or incomplete fusion between 
layers, leading to variations from the desired 
pore geometry and mechanical properties of 
scaffolds, affecting their performance in bone 
tissue engineering. Differences between the 
experimental and finite element analysis results 
in BCS scaffolds may be related to the printing 
imperfections since BCS scaffolds consist of 
only diagonal struts, and printing diagonal struts 
are more complex than vertical struts. 
 

3.2. Stress and Strain Distributions of 
Periodic Scaffolds  
In bone tissue engineering applications, 
scaffolds are required to remain in the linear 
region under mechanical stimulation, and the 
desired stress levels on scaffolds under 
mechanical stimulation are approximately 1-2 
MPa. Von Mises stress and equivalent strain 
distribution of scaffolds obtained from finite 
element analysis are illustrated in Figure 4. It 
was found that as the porosity of the scaffolds 
increased, the von Mises stress and equivalent 
strain values increased. The BCS75 scaffold 

Von Mises Stress Distribution Equivalent Strain Distribution 
BC50 BC62.5 BC75 BC50 BC62.5 BC75 

      
BCS50 BCS62.5 BCS75 BCS50 BCS62.5 BCS75 

            
BCC50 BCC62.5 BCC75 BCC50 BCC62.5 BCC75 

      
Figure 4. Von Mises Stress and Equivalent Strain Distributions for Scaffolds under 4 N Load 

 
had the highest Von Mises stress and equivalent 
strain values. When Von Mises stress and 
equivalent strain values of scaffolds were 
compared with each other at the same porosity 
ratio, the BCS scaffolds had the highest values. 
The BCC scaffolds had the second-highest 
values, and the BC scaffolds had the lowest 
values. These results were consistent with the 
stiffness values of scaffolds. However, Von 
Mises' stress and equivalent strain values of the 
BCS75 scaffolds under 4 N load were 
approximately twice higher than those of other 
scaffolds.  In bone tissue engineering 
applications, it should be taken into 
consideration that BCS75 scaffolds may fail 
due to their high Von Mises stress and 
equivalent strain values compared to other 
scaffolds. 
 
 
 

3.3. Mechanical Behavior of Periodic 
Scaffolds under Compression Loading 
Scaffolds under compression loading exhibit 
three different regions. These are elastic, 
plateau, and densification regions. Plateau 
region happens because of post-yielding 
behavior of PLA and densification occurs as a 
result of the failure of PLA. These three regions 
typically indicate the porous and cellular 
structure of scaffolds [38]. In the elastic region, 
struts of scaffolds exhibit linear behavior. After 
the elastic limits of scaffolds are exceeded, the 
plateau region starts. In this region, scaffold 
struts can exhibit elastoplastic or brittle 
behavior depending on the scaffold material 
[38]. Moreover, if the struts of scaffolds are 
slender enough, buckling in scaffold struts can 
be observed. Therefore, the force in the plateau 
region almost stays constant while displacement 
is increasing. After the plateau region, the 
scaffolds start to collapse in the densification 
region, and the struts of the scaffolds stack up 
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with each other [38]. Therefore, the force starts 
to increase. These regions have a crucial effect 
on the energy absorption behavior of scaffolds. 
The force-displacement behavior and the 
energy absorption behavior of periodic 
scaffolds obtained from compression tests are 
shown in Figure 5. 
 
For scaffolds with 50% porosity, elastic and 
densification regions were more prominent up 
to 2.5 mm displacement while there was a 
gradual increase in stiffness between elastic and 
densification regions. Thick struts in 50% BCS 
create stacked and stiffer joints and therefore 
structure experiences a hardening as 
compression is sustained. This results in a 

shorter plateau region.  On the contrary, slender 
struts in 75% porous scaffolds create more 
flexible joints and more chance of collapsing by 
buckling which means an extended plateau 
region. 
 
For scaffolds with 62.5% porosity ratio, BCS 
scaffold reached the densification region first, 
therefore BCS62.5 scaffold had the highest 
force value at 2.5 mm displacement. By 
recalling that BCS involves only diagonal struts 
behaving mostly as beams, a possible 
explanation for this phenomenon is that short 
beams for 62.5% lead dominantly to shear 
loading and therefore fail prematurely. Beams 

  
a) b) 

Figure 5.  Compression Test Results of Periodic Scaffolds a) Force-Displacement Graphics b) Energy-
Displacement Graphic 

 
are even shorter for 50% porous scaffolds; 
however, joint stiffness is also higher as 
explained in the previous paragraph and 
therefore, strut failure is less likely. 
  
For 75%-porous scaffolds, only BCS75 reached 
the densification region, while BC75 scaffold 
remained in the plateau region. Therefore, 
BC75 scaffold had the lowest force value at 2.5 
mm displacement. 
  
When the energy absorption behavior of 
scaffolds in Figure 5b were examined, it was 
observed that as the porosity of the scaffolds 
increases, the amount of energy absorption also 
increases. In 50% porosity ratio, it was seen that 
the BC scaffold had the highest energy 
absorption amount at the end of 2.5 mm 
displacement. The BCC scaffold had the 
second-highest energy absorption amount, and 
the BCS scaffold had the lowest energy 
absorption amount. These results were 
proportional to the stiffness results of scaffolds. 
In the 62.5% porosity ratio, the energy 

absorption was proportional to the stiffness 
values of scaffolds up to 2 mm displacement. 
However, the BCS scaffold exhibited the 
highest energy absorption at 2.5 mm 
displacement. This changing behavior may be 
attributed to the compression behavior of 
scaffolds. The BCS62.5 scaffolds reached the 
densification region after 2 mm displacement, 
while the BC62.5 and BCC62.5 scaffolds were 
still in the plateau region. In the 75% porosity 
ratio, although the energy absorption amounts 
were proportional to the stiffness values of 
scaffolds up to 1 mm, the energy absorption 
behavior changed after 1 mm displacement. 
Finally, the BCC75 scaffolds had the highest 
energy absorption at 2.5 mm displacement. The 
BC75 scaffolds had the highest stiffness among 
75% porosity scaffolds but it has the lowest 
energy absorption amount at the 2.5 mm 
displacement. Since the struts of BC scaffolds 
were slenderer than those of BCS and BCC 
scaffolds, they underwent buckling damage in 
the plateau region. Therefore, it couldn’t carry 
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the load and had the lowest energy absorption 
amount at 2.5 mm displacement. 
 
3.4. Evaluation of Mechanobiological 
Potentials of Periodic Scaffolds 
The mechanical properties of bone tissue 
scaffolds play a crucial role in bone tissue 
regeneration. Since the bone regeneration 
process is a mechanobiological phenomenon, 
the strain energy distribution, especially on the 
bone tissue scaffold, critically impacts long-
term bone regeneration [1-4, 43]. Therefore, 
different strain energy distributions in bone 
tissue scaffolds can lead to the formation of 
heterogeneous bone density [44]. In this study, 
the effect of strain energy on bone regeneration 
behavior in bone tissue scaffolds was evaluated 
by using compression test data up to 4 N loading 
for bone tissue scaffolds. The specific energy 
absorption was determined by dividing the total 
strain energy obtained up to 4 N loading by the 
mass of the scaffold. The specific energy 
absorption may be assumed as mechanical 
stimulation in the bone regeneration process, 
and higher mechanical stimulation on bone 
tissue scaffold may lead to higher bone 
regeneration. Therefore, the specific energy 
absorption amount is one of the vital 
mechanical properties in designing bone tissue 
scaffolds [44]. Furthermore, the specific surface 
area of bone tissue scaffolds is one of the 
important factors in bone tissue engineering 
since it affects bone tissue regeneration 
processes [45].  
 
Cell adhesion, infiltration, and proliferation on 
3-D scaffolds are already confusing topics that 
have not been investigated comprehensively in 
the literature. Therefore, geometry and 
mechanics relation to cell behavior is not clear 
yet. The continuum of this work will solely 
focus on these issues. On the other hand, it is 
already well known that bone cells are highly 
sensitive to mechanical stimulation via 
receptors in osteocyte-type cells. This 
sensitivity mostly results in complex procedures 
of bone regeneration which includes both 
formation and resorption. Based on preliminary 
work on in-vitro 3-D bone scaffolds, cells are 
sympathetic to both mechanical stimulation and 
largely curved surfaces [45].  
 
The results of the specific energy absorption 
and the specific surface area for bone tissue 
scaffolds are depicted in Figure 6. According to 

the figure, the results of specific energy 
absorption were generally proportional to the 
stiffness values of bone tissue scaffolds, i.e., the 
stiffest structure BC50 has the lowest specific 
energy while the softest structure BCS75 has 
the highest specific energy. This is the result of 
the high deformation capacity of the overall 
scaffold rather than individual strut 
deformations. In other words, struts remain in 
the linear elastic region without reaching the 
yielding point even for higher overall 
deformations.  This can be attributed to the fact 
that joints experience less resistance, and this 
leads joints to behave more like a pin joint 
rather than a fixed support resulting in a larger 
joint rotation. Larger rotation of joints means 
larger overall deformation without struts to 
reach yielding stress.  
 
For scaffolds with the same pore architecture, 
the specific energy absorption of all scaffolds 
decreased as the porosity ratio increased. The 
BCS75 scaffold had the highest specific energy 
absorption amount under 4 N loading since it 
had the lowest stiffness value. 
 
On the other hand, the BC50 scaffold had the 
lowest specific energy absorption since it had 
the highest stiffness value. When the specific 
surface areas of bone tissue scaffolds were 
examined, it was determined that the pore 
architecture of scaffolds had a significant effect 
on the specific surface area.   
  

 
Figure 6. Specific Energy Absorption – Specific 
Surface Area Graph for Bone Tissue Scaffolds 

 
Moreover, the specific surface area of all 
scaffolds increased as the porosity ratio 
increased in scaffolds with the same pore 
architecture. The highest specific surface area 
was observed in the BCC75 scaffold. However, 
the lowest specific surface area was found in the 
BCS50 scaffold. This means one can create 
more surface area for bone cells to attach for 
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BCC75 using less material and this creates 
efficiency while one needs to use more material 
to create surface area for BCS50 which is 
inefficient. However, surface area is not the 
only factor influencing cell growth and 
mechanical stimulation is also an important 
factor where specific energy becomes more 
critical.   
 
Optimization algorithms can be utilized based 
on results produced in this work to evaluate how 
to change parameters for better bone 
remodeling. However, bone remodeling on 3-D 
scaffolds still requires extensive research to 
identify the procedure in detail. At first glance, 
a scaffold combining stimulation with the high 
specific surface area would lead to optimum 
design and therefore, some design between 
BCC 75 and BCS 75 seems the best option. This 
may be possible by joining diagonal struts in the 
middle of the adjacent strut rather than all at the 
center of the cube. However, these types of 
structures are projected to lead to several 
manufacturing issues. 
 
4. CONCLUSION 
This study aimed to evaluate the usage of 
scaffolds with different pore architectures and 
porosity ratios in bone tissue engineering in 
terms of mechanical properties using the 
compression test and finite element analysis. 
Basic Cube (BC), Body-Centered Structure 
(BCS), and Body-Centered Cubic (BCC) were 
chosen as pore architectures for bone tissue 
scaffolds. The porosity ratios of scaffolds were 
adjusted by changing the design parameters of 
the scaffolds. The stiffness values, energy 
absorption behaviors, and specific energy 
absorptions for bone tissue scaffolds were 
obtained from compression tests. The specific 
energy absorption was calculated under 4 N 
compressive loading, forming the desired stress 
level on the scaffold. The Von Mises stress, and 
equivalent strain distributions on scaffolds 
under 4 N loading were obtained from finite 
element analysis. Moreover, the stiffness values 
of scaffolds were calculated from finite element 
analysis. The compression test and finite 
element analysis results for scaffolds are 
summarized below. 
 
• As the porosity ratios of all scaffolds 

increased, the stiffness values decreased in 
both experimental and finite element 
results. 

• BC50 scaffold had the highest stiffness 
value since it had thicker vertical and 
horizontal struts than the other scaffolds. 
BCS75 scaffold had the lowest stiffness 
value since it only consisted of diagonal 
struts. 

• The results of stiffness values obtained 
from the compression test and finite 
element analysis were found to be 
consistent with each other except for BCS 
scaffolds. Since the printing processes of 
diagonal struts were more complex than 
vertical and horizontal struts, these 
inconsistent results of BCS scaffolds may 
be related to the printing imperfections. As 
the printing imperfections have an essential 
effect on the stiffness values of scaffolds, 
they should be considered in the design and 
printing of scaffolds. 

• The maximum Von Mises stress, and 
equivalent strain levels of the BCS75 
scaffold were almost twice that of the other 
scaffolds. Therefore, BCS75 scaffolds may 
fail in usage. 

• The energy absorption level increased as 
the porosity ratio decreased. BC50 scaffold 
had the highest energy absorption level, 
while the BC75 scaffold had the lowest. 
The energy absorption levels were 
proportional to the stiffness values of 
scaffolds at the 50% porosity ratio. 
However, the plateau region's behavior 
started to dominate the scaffolds' energy 
absorption levels at the 62.5% and 75% 
porosity ratios. 

• BCS75 scaffold had the highest specific 
energy absorption level, while the lowest 
specific energy absorption level was 
observed in the BC50 scaffold. The specific 
energy absorption level increased as the 
porosity ratio increased in scaffolds with 
the same pore architecture. 

• BCC75 scaffold had the highest specific 
surface area, while the lowest specific 
surface area was found in the BCS50 
scaffold. It was determined that the specific 
surface area increased as the porosity ratio 
of scaffolds with the same pore architecture 
increased. It was also observed that pore 
architecture significantly impacted the 
specific surface area. 

 
The specific energy absorption and surface area 
are essential properties of bone tissue scaffolds. 
BCS75 scaffold had the highest specific energy 
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absorption, while BCC75 scaffold had the 
highest specific surface area and the second 
highest specific energy absorption. Therefore, it 
is considered advantageous to use the BCC75 
scaffold in bone tissue engineering. 
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