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Abstract

The mechanical properties of tissue scaffolds are essential in providing stability for
tissue repair and growth. Thus, the ability of scaffolds to withstand specific loads is
crucial for scaffold design. Most research on scaffold pores focuses on grids with pore
size and gradient structure, and many research models are based on scaffolding with
vertically arranged holes. However, little attention is paid to the influence of the
distribution of holes on the mechanical properties of the scaffold. To address this gap,
this research investigates the effect of pore distribution on the mechanical properties of
tissue scaffolds. The study involves four types of scaffold designs with regular and
staggered pore arrangements and porosity ranging from 30% to 80%. Finite element
analysis (FEA) was used to compare the mechanical properties of different scaffold
designs, with von-Mises stress distribution maps generated for each scaffold. The
results show that scaffolds with regular vertical holes exhibit a more uniform stress

distribution and better mechanical performance than those with irregular holes. In
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contrast, the scaffold with a staggered arrangement of holes had a higher probability of
stress concentration. The study emphasized the importance of balancing porosity and

strength in scaffold design.

Keywords: Mechanical Influence, Tissue Scaffolding, Different Geometries, Pore
distribution, FEA

1. Introduction

Bone remodelling is an essential process for human growth and development and the
bone damage is a cause of bone remodelling. However, if the lost or damaged bone area
is large, the bone cannot heal through its remodeling process [1]. In the repair of tissues
or organs, tissue transplantation and allogeneic tissue replacement have certain
limitations. The emergence of tissue engineering (TE) has solved this problem. Tissue
scaffolding provides not only mechanical functions for damaged parts but also
accelerates tissue repair by incorporating biological factors that can be used to stimulate
tissue repair to the scaffold [2]. Bone tissue engineering scaffolds also have individual
requirements as a substitute for modern biological bone. Excellent scaffolding should
strike a balance between biocompatibility and mechanical properties [3]. Scaffolding
needs to be biocompatible, biodegradable, and will not produce harmful substances to
disrupt the environmental balance in the body. While being highly porous, the
mechanical properties of its structure should also be excellent, with a certain degree of
toughness and load-bearing capacity, providing a particular automated environment for

tissue repair [4].

Metals have been studied as materials for tissue scaffolding due to their promising
mechanical properties and biocompatibility. These materials exhibit physical properties,
such as Young's modulus, that closely resemble those of bones, but surpass bones in
terms of structural strength and stability [S]. Among them, Titanium, as one of the
biocompatible elements, is a promising material for implants and compared to solid
ones, porous structures offer several advantages. As an example, implants with porous

materials show improved bone ingrowth [6-7]. The range of Young's modulus of human
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bone tissue is about 4-30 GPa [8]. Due to the risk of stress shielding, it is crucial to
ensure that the Young's modulus of the scaffold matches that of the surrounding tissues.
Titanium alloy is an optimal choice as it has a lower Young's modulus than traditional
alloys, allowing for a closer match to the natural bone structure. Additionally, this
material offers excellent corrosion resistance, making it an attractive option for medical
applications [9]. A porous titanium scaffold shows a good match with bone tissue. It
can promote the growth and differentiation of cells on the scaffold [10], and by
adjusting the porosity in the structure of a titanium scaffold, it can have more suitable

mechanical properties for implantation in the human body [11].

The emergence of computer-aided tissue engineering (CATE) has become an
indispensable field in tissue engineering [12]. Among various analysis methods, finite
element analysis (FEA) is an effective method in modelling mechanical responses of a
scaffold structure. Most studies have shown that the mechanical performance results
simulated by FEA are basically consistent with the actual compression test results [13-
14], which significantly reduce the cost of experiments for evaluating performance of
custom scaffolds [15]. Numerical simulations are mainly used to obtain the apparent
Young’s modulus and to check the strength of tissue scaffolds. These two mechanical
properties are related to whether the scaffold can have a certain support ability in the
body or not [16]. To prevent stress shielding [17], whether tissue engineering
scaffolding can simulate the mechanical properties of human bone is a crucial concern
[18]. Titanium alloy as the material and modelled as Schwarz's minimal surface based
on the ISM method. The finite element results show that the stiffness of the scaffold
model obtained by parameterization meets the stiffness range of human cortical bone
[19]. As a functionally graded structure of bone, its mechanical strength will change
with the arrangement. The emergence of functionally graded scaffolding (FGS) is to
simulate the changing structure of natural bones designed a three-layer gradient lattice
based on FGS to achieve functional gradient by changing the thickness of the support
rod [20-21]. Compared with a uniform crystal lattice, the design of a graded crystal

lattice can meet the different requirements for mechanical properties of different parts.
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Different from network structure, it has proved that a gradual lattice scaffold based on
the sheet structure has better absorption capacity and stable growth of absorption
efficiency and moreover, shows a better mechanical property [22]. In addition, to satisfy
the mechanical properties similar to those of natural bone, the biocompatibility of the
scaffold must also be satisfied. The proliferation and growth of osteoblasts as an
example to study the biological activity of functionally graded titanium alloy structures.
The results show that this structure is conducive to cell adhesion and proliferation [23].
In vitro cell tests conducted on scaffolds that meet the range of mechanical properties
of human bones. They also used Ti6Al4V as the material to design three scaffolds that
change the strut orientations to change the structure. In vitro tests show that human
osteoblasts have a strong ability to synthesize on this titanium scaffold [24]. Compared
to untreated scaffolds with mechanical properties similar to human cancellous bone, the
biological activity of porous titanium scaffolds that have undergone chemical treatment
and heat treatment has been significantly improved [25].

For the design of the pores of tissue scaffolds, most of the scaffolds as mentioned above
consider the design factors of the scaffold pore size or gradient pores, and the
arrangement of the holes is usually orderly. The purpose of this research is to explore
the influence of pore distribution on the mechanical properties of scaffolding. Four
design types of scaffolds were considered. Finite element analysis (FEA) was used to
compare the apparent Young’s modulus of different design types with regularly
arranged pores and staggered pores. Besides, to predict the influence of porosity on

various design parameters, the scaffold porosity range of 30% to 80% were studied.

2. Methodology

2.1 Design Porous Scaffolding

The Siemens NX software is used to produce 3D models of scaffolds. Through the
standard Boolean process, the pore structure is superimposed on the cube and the
cylinder. The superimposed pore structure is circularand square, thus eight different

designs of scaffolds were created as shown in Figure 1. Changing the shape of the basic
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unit block of the scaffold and its porosity and hole arrangement are the main design
methods. The cubic scaffold is in 10 mm x 10 mm x 10 mm, where the cylindrical
scaffold is in 10mm diameter and 10 mm height. Cylindrical structures A and B display
regular square and circular porous arrangements measuring 0.98mm x 0.98 mm and 1.1
mm in diameter, respectively, while structures A' and B' exhibit the same patterns but
in a staggered arrangement. Cubic structures C and D also show regular square and
circular porous arrangements of the same dimensions, with staggered arrangements

present in structures C' and D'.

A A’ B B
c c

Figure 1: Porous Scaffolds (A) Cylindrical with regular square porous arrangement (A”)
Cylindrical with staggered square porous arrangement (B) Cylindrical with regular
circular porous arrangement (B’) Cylindrical with staggered circular porous
arrangement (C) Cubic with regular square porous arrangement (C’) Cylindrical with
staggered square porous arrangement (D) Cylindrical with regular circular porous
arrangement (D”) Cylindrical with staggered circular porous arrangement

D

The apparent Young’s modulus of natural bones decreases with porosity increasing. To
satisfy mechanical properties and biological activity, the porosity is usually set in the
range of 66% to 88% [26]. In this study, the porosity used was 30 to 80% to investigate
the influence of the pore distribution on the mechanical properties of the scaffold and
explore the range of porosity in which the titanium scaffold meets the range of apparent

Young’s modulus of human bone.
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The porosity is the percentage of the pore volume to the original total volume of the
material without openings. Know the volume of the designed unit porous model through
the software. The porosity of the designed tissue engineering scaffold is defined

according to the following formula

VRem

P=(1-") x 100% (1)

Where Ve, 1s the volume of the cell porous model and V is the original volume of the

model.

The number of holes for each designed scaffold and the position of the holes on the
scaffold are the same. The porosity here is mainly obtained by controlling the size of
the holes. By keeping Constant the pore size and changing numbers and their
distribution, different porosities can be obtained. However, to obtain a scaffold with a
specific porosity, due to the change in porosity, the distribution and number of pores
on the scaffold will also change, which may result in very different internal structures
with different porosities. The internal structure may also affect the mechanical
properties of the scaffold. Therefore, to avoid this situation, the size of the pores has

been changed to obtain different porosities.
2.2 Finite element analysis (FEA)

Siemens NX12 was used for the finite element models to predict the mechanical
responses of different designs of tissue scaffolds and evaluate the influence of porosity
on the apparent Young’s modulus of scaffolds. The material used for numerical analysis
is titanium alloy (Ti6Al4V) which is an excellent bone substitute material. Its material
properties are assigned as Young's modulus E=110 GPa and Poisson's ratio v=0.3.

To balance the accuracy of the FE model and the calculation time, the sensitivity of the
mesh was analyzed, Figure 2 shows the Convergence graph of a cubic scaffold with a
50% porosity square hole. Considering the geometric intricacies, the use of a hexagonal

mesh may lead to distorted meshes. Thus, for accurately capturing the significant
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variations in porosity, it is more practical to use a 3D tetrahedron elements despite the

overall simplicity of the geometry. Additionally, to ensure the reliability of the obtained

oNOYTULT D WN =

results, a mesh convergence study has been conducted as shown in Figure 2. Based on
10 the convergence study the grid size of 0.7mm is selected and respective number of

elements is 60345 as shown in Figure 3.
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43 Figure 2: Convergence of Maximum Displacement with Respect to Number of
Element
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Figure 3: 3D Model with 0.7mm mesh size

The boundary conditions used to evaluate the mechanical performance of the scaffold
are shown in the Figure 4. A simulated axial compression test was carried out on the
model. A force was applied to face block A in axial direction, and constraints were
added to the opposite face of the scaffold to prevent its displacement. The total axial

force applied to the shown surface is equal to SN.

Figure 4: Boundary condition and load applied to the scaffold

Considering the load amount and displacement results obtained by FEA simulation, the

apparent Young’s modulus of scaffolds with different porosities were calculated by
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applying formula (2). Since the apparent Young’s modulus of the scaffold under a

specified porosity is constant, it can be seen from the formula that the magnitude of the

oNOYTULT D WN =

applied load will not affect the apparent Young’s modulus of the scaffold, so for easy

10 calculation, the force applied here is SN.

11 FL
12 Es= ()

16 Where F is the applied load, L is the initial length of the model, A is the initial cross-

18 sectional area, and AL is the displacement of the support after the load is applied.

22 3. Results and discussion
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- von Mises stress distribution of cylindrical scaffold with square hole.

Finite element models for eight types of scaffolds with regular and irregular holes were
developed and their mechanical properties were calculated. Figure 5 shows the von
Mises stress distribution of a scaffold with a cylindrical basic unit shape. For tissue
engineering scaffolds, it is generally believed that scaffolds with high porosity can
better promote cell aggregation and blood vessel formation. However, too high porosity
will reduce the mechanical strength of the scaffold [27]. Therefore, it is very important
to make a balance between porosity and strength of a scaffold. So, von Mises stress

distribution map of the scaffold with a porosity of 70% is selected here.

As shown in Figure 5 (A), the maximum stress of a scaffold with vertically ordered
holes mainly occurs at the pillar below the loading surface. The maximum stress of the
scaffold with staggered holes in Figure 5 (B) is concentrated on the round surface. The
stress of the scaffolds of both designs can be seen on the surface where the load is
applied. Compared with the regularly arranged square-hole scaffold (Figure 5A), the
stress of the staggered-hole scaffold B is more widely distributed on the circular surface,

and the maximum stress is on the loading surface. In a recent study, similar stress
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distribution was obtained where the stress was highest on loading surface [28]. Its stress

concentration distribution is regular, symmetrical up and down, and mainly distributed

oNOYTULT D WN =

on the pillars far from the center of the cross section. The maximum stress of A is

10 smaller than that of B, which is about one-third.
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Figure 6: von Mises stress distribution of cylindrical scaffold with round hole
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As for the stress distribution of the scaffold with round hole type, as shown in Figure
6, different behaviours are observed, and their stress is almost not distributed on the
round surface. The stresses in Figure 6 (A) and (B) are mainly concentrated on the
central pillar inside the scaffold and closest to the loading surface. The farther away
from the centre of the loading surface, the smaller the stress of the A scaffold. The stress
concentration of the staggered round-hole scaffold (B) is mainly concentrated on the
pillars near the centre of the circle. And its maximum stress value is the largest among
all scaffolds designed, as high as 72.09 MPa, which is about 11 times that of regularly
arranged scaffolds. In all cylindrical scaffolding, the maximum stress of a scaffold with
regular vertical holes is smaller than that of a scaffold with irregular holes. Among the

four models, the lowest maximum stress Figure 5(A) is 3.314 MPa.
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49 Figure 7: von Mises stress distribution of cubic scaffolding with square hole

52 Different from the porous cylindrical element scaffold, the von Mises stress distribution
of the cubic element scaffold is mainly located inside the scaffold. Figure 7 (A) shows
that the scaffold with square holes arranged vertically shows a more uniform stress
distribution. The stress of scaffold A is mainly concentrated on the pillars in the same

direction as the loading load. The stress on the vertical pillar is minimal and almost 0.
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Similar results were obtained for cubical shape scaffold design. In the experimentally
validated FEM, showed that the stress distribution has same pattern as the study [29].
In another study, similar results were obtained the stress was high on the porous area
of their proposed cubical shape scaffold, while no stress occurs on the diagonals [30].
Its loading capacity is better, and the maximum stress is only 0.768 MPa. The stress
distribution of the scaffold with irregularly arranged holes (Figure 7(B)) is concentrated,

mainly on the pillars closest to the load application surface.
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Figure 8: von Mises stress distribution of cubic scaffolding with round holes
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The scaffold with round holes Figure 8(A) has a more regular stress distribution, and
its stress gradually increases toward the center of the model and the surface where the
load is applied. The stress of the staggered round-hole scaffold (Figure 8(B)) is also
very concentrated, and it is also distributed on the pillar closest to the loading surface.
Still, a small amount of stress distribution can be clearly seen on the loading surface,
and its maximum stress distribution is at the center of the circle on the pillar nearby.
Among them, the vertical arrangement of square-hole scaffolds in Figure 7 (A) has the
smallest maximum stress among the eight designs of scaffolding, which is about 1/93
of that of the scaffolds with staggered round holes in Figure 6 (B). The design with the
most massive stress among the cubic scaffolds is the cubic scaffold with staggered
round holes. According to Figures 7 and 8, it can be seen that when the holes are
arranged in the same way, the scaffold with square holes is less likely to have stress
concentration than the round hole scaffold, and its stress distribution is more uniform.
Especially in Figure 7(A), the stress is more evenly dispersed inside the scaffold. Such

scaffolding has better mechanical performance, and the structure is not easily damaged.

Combined with the above results, it is shown that the staggered arrangement of holes is
more likely to cause the stress concentration of the scaffold than the scaffold with a
more regular vertical arrangement of holes. The stress of the cylindrical element
scaffold in this arrangement is mainly concentrated on the surface where the load is
applied, while the stress of the cubic element scaffold is mainly concentrated on the
pillar closest to the surface although it is distributed inside the model. Regardless of
whether the scaffolds have round holes or square holes, their maximum stress is always
higher than that of scaffolds arranged vertically due to the more concentrated stress.
And the maximum stress of the round hole cylindrical scaffold (Figure 6 (D) is the
largest among these eight models. The shape of the hole will also affect the stent. The
loading capacity of a round hole is not as good as that of a square hole, and the
maximum stress is concentrated near the loading surface, which is more likely to cause

stress concentration.
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Cylindrical scaffolding
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Figure 9: The relationship between the porosity and apparent Young’s modulus of
cylindrical scaffold

Figures 9 and 10 show the variation of the apparent Young’s modulus of the scaffold
with porosity. The results show that for these eight models, the apparent Young’s
modulus decreases as the porosity changes due to the evolution of pore size, and there
is a linear behaviour between the porosity and the apparent Young’s modulus. It can be
seen from Figure 9 that for the cylindrical scaffold, whether the shape of the hole is
round or square, the apparent Young’s modulus of the two regular porous scaffolds is
almost the same under the same porosity. The staggered perforated scaffolding shows
different behaviours. When the porosity of the staggered round-hole scaffold is less
than or equal to 50%, its apparent Young’s modulus is higher than that of the regularly
arranged scaffold. This behaviour may be since when the porosity is low, the internal
structure of the scaffold is more solid due to the staggered offset. When the porosity is
higher than 50%, its apparent Young’s modulus is reduced to less than that of scaffolds
with regular holes. Regardless of the porosity of the staggered square-hole scaffold, its
apparent Young’s modulus is smaller than the other three models. And its reduction is
relatively significant, with a slight rebound between 50% and 60%, but it is still a

downward trend in the end. It can be seen in Figure 9 that the apparent Young’s
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modulus of the two staggered porous scaffolds is different under low porosity. As the
apparent Young’s modulus increases, their apparent Young’s modulus gradually tends
to be consistent. For cylindrical scaffolding, the shape of the hole has little effect on the
mechanical properties. Especially after the porosity is higher than 60%, the apparent
Young’s modulus of scaffolds with the same hole arrangement and different hole types

are the same.

Cube scaffolding
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Figure 10: Relationship between the porosity and apparent Young’s modulus of cube
scaffolding

When the basic shape of the scaffold is a cube (Figure 10), no matter the way of the
holes is square or round, the apparent Young’s modulus of the scaffold with the
staggered porous arrangement is smaller than that of the regularly arranged holes at any
porosity. For the scaffold with the regular porous arrangement, when the porosity is
less than or equal to 60%, the apparent Young’s modulus of the two is almost the same
at any porosity. With the increase of porosity, the apparent Young’s modulus of the
scaffold with square holes under high porosity is more significant than that with round
holes. However, the two staggered porous scaffolds exhibit similar behaviour at a low
porosity of 30%. When the porosity is higher than 40%, as the porosity increases, the
apparent Young’s modulus of the round-pored scaffold decreases rapidly, and the

apparent Young’s modulus apparent Young’s of the scaffold has been smaller than the
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square hole. Cube scaffolding is different from a cylinder, and the shape of the hole
does not affect the scaffold with low porosity. When the porosity is high, the apparent

Young’s modulus of different hole types is slightly different.

The results show that with the increase of porosity, the apparent Young’s modulus of
tissue engineering scaffold gradually decreases. The decrease in mechanical properties
caused by high porosity will damage the scaffold prematurely, which will limit the
choice of tissue scaffold porosity [31]. Regardless of the scaffold design, under the
same porosity, the apparent Young’s modulus of the scaffolds with two different hole
arrangement designs is quite different, and the tissue engineering scaffold with the holes
arranged vertically has a better apparent Young’s modulus. The mechanical properties

of scaffolding are not only affected by porosity, but also by the arrangement of holes.

The apparent Young’s modulus of human cortical bone has an extensive elastic range
due to the difference in the location of the bone test and the test conditions, and its
apparent Young’s modulus is between 7.4 and 31.6 GPa [32]. Tissue scaffolding with
high porosity can promote the growth and value-added of cells in the body [33].
Scaffolding, as a substitute for damaged tissues or organs, must satisfy the combination
of biocompatibility and mechanical properties. Therefore, the main concern here is the
mechanical properties of scaffolds with porosity higher than 50%. The regular porous
cylindrical scaffold satisfies the apparent Young’s modulus range of human cortical
bone at a porosity of 50% to 60%, and the apparent Young’s modulus of round holes is
slightly higher than that of square holes. It is worth noting that the staggered round-
hole scaffold also meets the requirements under this porosity. For cubic scaffolds, the
apparent Young’s modulus of the two regularly arranged scaffolds meets the conditions
when the porosity is higher than 60% and less than 80%, and their apparent Young’s
modulus is larger than that of the cylindrical scaffold with the same porosity. Although
the apparent Young’s modulus of the staggered square-hole cubic scaffold is not as
good as that of the regular arrangement, it also conforms to the apparent Young’s

modulus range of cortical bone within the porosity range of 50% to 80%. Comparing
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the above scaffolding, it can be found that the regularly arranged square-hole cubic
scaffolding performs best in all scaffolding designs, that is, it has excellent mechanical

properties under high porosity.

4. Conclusions

This study designs eight tissue engineering scaffolds with cubes and cylinders as
essential elements, utilizing round and square holes to investigate the effect of pore
distribution on mechanical properties through finite element analysis. The research
concludes that cylindrical scaffolds with circular holes have a slightly higher apparent
Young’s modulus within the 30%-50% porosity range. Scaffolds with vertically
arranged holes exhibit better loading capacity but are more prone to stress concentration.
The apparent Young’s modulus of cube-based designs is higher than that of cylinder-
based designs at any porosity, and the shape of the hole has little effect on the
mechanical properties of the scaffold. The cubic scaffold with a regular porous
arrangement performs the best in mimicking the mechanical properties of human
cortical bone. Misaligned holes decrease the mechanical properties of scaffolds with

the same porosity.
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