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Abstract: In this paper, an attempt has been made to provide a numerical method for investigating the
mechanical properties of multilayer scaffolding. These scaffolds can be used as implants in bone fractures.
For this purpose two numerical simulation methods are introduced to predict the elastic properties of
multilayer cell scaffolds. These simulations are based on two models: a 3D model with a volumetric
element, and a 1D model with a linear element. To compare the results of these models, three types of
two- and three-layer titanium alloy scaffolds have been simulated by the two methods. Also, Young's
modulus of the scaffolds has been compared with the experimental conclusions of earlier studies. The
results confirm that simulations with 1D models are more cost-effective compared to 3D ones.
Additionally, because of the more reliable agreement of Young's modulus results of numerical modeling
with the linear element (1.8 to 5 times) compared to the volumetric element (11 to 23 times) compared to
the experimental findings, the numerical method with the linear elements can be a reliable tool for
studying multilayer scaffoldings.
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1 INTRODUCTION

One of the innovative methods used in orthopaedics is
based on the design of metallic bone scaffolds and the
implants which imitates the natural structure of the host
bones [1]. Proper design of the scaffolds structure is
considered as a key factor for satisfied clinical
outcomes. An ideal metallic implant, similar to natural
bone, should have sufficient porosity to some extent and
have parts with controlled directional properties. Despite
recent advances in biological materials, the design and
construction of such scaffolds is still a challenge [2]. The
scaffolds for bone implants should be of high strength
against external loading and, in addition, Young's
modulus should be similar to the neighboring tissue
properties of the implant to avoid the protective effect of
stress shielding and bone resorption [3]

Recently, due to the appearance and maturity of the
additive manufacturing technology that has provided the
possibility of manufacturing of arbitrarily complex
shapes in the micro [4] and even nanoscale [5, 6], the
interest in the manufacturing of cellular scaffolds with
proper mechanical properties have been increased. The
mechanical properties of open-lattice cellular scaffolds
are basically dependent on the ingredient materials
selection, structure density, shape, and geometry of the
unit cell that results in the selection of diverse
mechanical properties of the structure. The open-Ilattice
cellular scaffolds can be constructed from long and slim
beams (truss) that usually could be in any profiles
including circular [7, 8], square [9, 10], rectangular, I-
beam or hollow [11, 12].

The scaffolds can be regulated in many different
configurations depending on the intended application.
Cube [13]-[15], truncated cube [16], rhombic
dodecahedron [17], [18]-[21], truncated cuboctahedron
[22], Kelvin cell [23, 24], rhombicuboctahedron [25],
three dimensional Kagome [26], pyramidal [27],
diamond [17, 28, 29], and truncated octahedron [30]-
[32] are the open-lattice cellular morphologies that have
been mostly studied. The mechanical properties of
lattice structures are dependent on the number of layers
in addition to the structure density, shape and geometry
of the unit cell. Therefore, the unit cell shape,
dimensions and number of layers could be changed to
optimize the mechanical properties. A multi-layer
scaffold with a repetitive unit cell for structures that are
particularly used in bio-medicine applications has been
recently discussed by experimental [2], analytical, and
numerical methods [33].

In this researches, the double-layer and three-layer
titanium (Ti6AI4V) scaffolds have been compared. This
research showed that the titanium scaffolds with graded
porosity, besides the decrease of Young’s modulus
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compared to the dense alloy, had significant formability
[2]. The optimal design of porous scaffolds requires
tools that can be used to predict the mechanical
properties of any set of design parameters. There are
three methods such as experimental, numerical and
analytical that can be used to predict the mechanical
properties of porous biomaterials.

The experimental approach is probably a more precise
approach, but it requires the fabrication and mechanical
testing of a large number of samples [34]. performing
large number of experimental tests on cellular structures
can be time consuming and expensive. In order to
investigate further scaffold designs by variation of the
geometrical parameters, a numerical approach should be
used, based on target values to optimize mechanical
properties. Finite element (FA) analysis offers the
possibility to investigate the mechanical properties like
structural modulus, compressive strength and stress
distribution within complex structures to optimize the
requirements for the field of clinical application without
the wuse of scaffold fabrication or destructive
experimental testing [35].

Most of the researches have been conducted on the
ordered homogeneous porosities based on the unit cell
repetition and the multi-layer scaffolds’ researches have
been less studied. The effect of element type on the
results of numerical simulation of multilayer cell
scaffolds has not been investigated so far, which is the
purpose of this study. In this paper, multilayer scaffolds
are numerically simulated with 1D and 3D elements and
the results of mechanical properties of scaffolds under
uniaxial compress load are compared with experimental
results.

2 RESEARCH METHODOLOGY

It has been shown that changes in Young's modulus of
cubic scaffolds with cell dimensions of 3x3x3 and
higher have an approximately linear behavior in regular
cell scaffolds with BCC and diamond unit cells. These
changes were around 1 to 5% for scaffolds with 5x5x5
cell dimensions compared to 7x7x7 ones for different
unit cell sizes [33]. Hence, in regular cell scaffolds,
numerical simulation of a confined number of cube
scaffolds can express the mechanical properties of
extremely large scaffolds. Thus, there is a mismatch at
the boundary of the layers in multi-layer scaffolds owing
to the difference in the porosity of the layers. This
mismatch is not the same at various heights.
Accordingly, the only simplification requisite in the
numerical simulation of multilayer cell scaffolds will be
the geometric frame of the scaffold. In this research, to
validate the correctness of numerical approaches, three
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types of two-layer cylindrical scaffolding (outer
diameter 15 mm and length 35 mm) with a diameter of
0.5 mm strut of titanium alloy under compressive load
based on available information from previous research
were studied by two numerical methods with a
volumetric element and linear element using ANSYS
software “Fig. 1”. The mechanical characteristics of
scaffolds were determined by doing uniform
compression test simulations and compared with
experimental  results.  Furthermore, since the
examination was in the entirely elastic region, it was
assumed that the elastic material was linear.

R3

Fig.1  Samples of two-layer scaffolds formed by the EBM
method [2].

Table 1 Design and geometric parameter of scaffolds [2].
Inner Middle Outer

Scaffold  diameter  diameter  diameter Por(;sny
Gmm)  (11mm) (15 mm) 0

Open BCC-

R1-B Hole BCC-2 Lo 64

R2-D Open D-2 D-1.25 65
hole
Open BCC-

R3-B hole 1.25 BCC-1 22

Diamond

Fig.2  BCC (left) and diamond (right) scaffold cell units.

“Table.1” gives the geometric parameters of the
simulated scaffolds, and “Fig. 2” gives the form of the
unit cells of the specified scaffolds. In “Table.1”, the
first letter of the unit cell name is used next to the name
of the scaffold, the letter B for the BCC unit cell and the
letter D for the Diamond unit cell. The mechanical
properties of titanium alloy (Ti6AI4V) used in the
simulations are listed in “Table. 2”.

Table 2 Mechanical properties of titanium alloy [2].

Properties Symbol Value
Young's modulus Es 114 GPa
Poisson’s ratio N;s 0.37
Yield strength OYs 920 MPa
2.1. Modeling

3D volumetric model and linear model were designed in
AutoCAD software. Also, in the volumetric model, 1/8
of the total scaffold was modeled “Fig. 3” to decrease
the calculation time according to the symmetry of the
scaffold.
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Fig.3  Scaffolding: R1-B (a): volumetric model,
(b): linear model.

Also, in both models, the analysis was considered static.
Furthermore, since the analysis was in the fully elastic
region, the behavior of the scaffold material in the
software was considered linear elastic.

2.2. Simulation with the volumetric element

After loading model in the software, volumetric
elements were used for meshing “Fig. 4”. The nodes on
the three planes xy (z = 0), yz (x = 0), and zx (y = 0) are
restricted to move along each plane to apply the
boundary conditions, as shown in “Fig. 5”. Proper
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rotational conditions are set to evaluate symmetry.
Further, the nodes in contact with the top plane were free
to move along the surface and were limited for the
symmetry of all rotations of these nodes.
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Fig.4  (a): Volumetric element [36], and (b): model (c):
meshed model.

Fig.5  Directions of scaffold volumetric model planes.

After setting the boundary conditions, the processing
operation is performed, and the force and displacement
values are computed. Then, the axial stress of the
scaffold is obtained by dividing the axial force by the
cross-section of the scaffold. Likewise, the axial strain is
obtained by dividing the amount of compression by the
height of the scaffold. Then, the elastic modulus is
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obtained by dividing the applied axial stress by the
resulting axial strain.

2.3. Simulations with the linear element

Linear elements are normally more cost-effective than
the surface and volumetric elements. By using linear
elements, organizing and analyzing large porous
compositions consisting of many struts does not need
much computational effort [37]. Accordingly, first, the
spatial model of the axes of rod structures, the same as
the porous structures of the present research, is entirely
illustrated with AutoCAD software. Then, in Ensis
software, the cross-section of the struts is created, and
the vertices are connected “Fig. 6”.

(b)

Fig.6  The spatial model of scaffolding struts (a): before
and (b): after forming the cross-section of the struts.

Linear Sr— Beam, Truss
(a) Quadratic ey Beam
Cubic T Beam

(b)

Fig. 7  Linear element [36], and the meshed model space.
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Since the struts of open-network cell formations are
usually affected by axial and flexural loads, two- or
three-node beam components can be considered as the
most suitable choice for this idea through program
control “Fig. 7.

After simulating the samples, to apply the boundary
conditions, the nodes at the top of the scaffold are moved
in the direction of the scaffold axis, such that the porous
construction moves to a certain compressive strain.
Additionally, in all simulated porous structures, to
decrease the impact of boundary conditions on the
mechanical characteristics of the scaffold, the nodes at
the bottom plate of the network structure were limited in
three directions (X, y, z = 0). The axial stress of the
scaffold was achieved by dividing the axial force by the
cross-section of the scaffold. Likewise, the axial strain
was obtained by dividing the compression by the height
of the scaffold. Next, the elastic modulus was obtained
by dividing the applied axial stress by the obtained axial
strain. By achieving the maximum stress in the porous
structure and then comparing it with the yield stress of
titanium alloy, the yield strain of the porous structure
was obtained. Then, by multiplying this yield stress in
Young's modulus of the scaffold, the yield stress of the
scaffold is determined. Numerical simulation of
multilayer scaffolds was performed with a linear
element and showed that Young’s modulus and yield
stress in the scaffolds with constant porosity were related
to a unit-cell and the two-layer scaffolds, without
changing Young’s modulus, had higher yield stress [38].

3 RESULTS AND DISCUSSION

3.1. Simulation with the volumetric element

“Fig. 8” presents the stress-strain curve of scaffolding
R1-B achieved by the volumetric element simulation
method.

MPa

0275 055 0825 11

Fig. 8  Stress-strain curve of R1-B scaffolding with the
volumetric element.

“Fig. 9” displays the Von Mises stress obtained by
volumetric simulation of R1-B scaffolding. It also shows
that the maximum stress forms at the layer boundary.

3.2. Simulations with the linear element

“Fig. 10” gives the force and displacement curve of the
R1-B scaffolding, obtained by the linear element
simulation method after 2 mm compression.

A: Static Structural

Equivalent Stress

Type: Equivalent {von-Mises) Stress
Unit: MPa

8701.9 Max
7735

6768.1

58013

4834.4

3867.5

2900.6

1933.8

966.88
0.00071156 Min

Fig. 9  von Mises stress of the R1-B scaffolding with the
volumetric element.

MPa

1463
1097
731

Fig. 10  Stress-strain curve of the R1-B scaffolding with the
linear element.

A: Static Structura
Al Force

A: Static Structural
Directional Deformation

Unit: mm

48323

0.22885 Max 31.601 Max

-106.69
-184.19
-2611

-339.21

-479.88 Min

-57L72
-648.23

(a)

Fig. 11 (a): Radial displacement of unit cell nodes, (b):
Axial force of unit cell struts of the R1-B scaffolding with the
linear element.
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Next, the radial displacement of unit cell nodes “Fig. 11-
a” and the axial force of unit cell struts “Fig. 11-b” are
presented by linear simulation of the obtained R1-B
scaffolding. Using the radial displacement of the nodes,
the deformation of the scaffold will be apparent after
loading. Also, by dividing the force of the unit cell struts
by the cross-section of the strut forming the unit cell, the
axial stress of the strut after loading can be calculated.
By comparing this stress with the yield stress of the
material forming the scaffold, the yield stress of the
scaffold can be estimated.

3.3. Comparison of simulation with volumetric and
linear elements

Because of the increase in the number of components in
the simulation with volumetric elements, and the
significant increase in calculations, the solution time was
much longer than the simulation with linear elements
“Table. 3”.

Table 3 Number of scaffolding elements in volumetric and linear
modeling methods

R1-B R2-D R3-B
Method Number ~ Number Number Number Number Number
of of of of of of
nodes elements nodes elements nodes elements
1/8 of
scaffold 70442 137808 367896 667895 109117 194607
FEM(3D)
whole

scaffold 15240 24924 26892 45544 34867 53776
FEM(1D)

3D/1D 4.62 5.53 13.68 14.66 3.13 3.62

MPa
FEM (3D)

160

FEM (1D) /

—————— Experimental [39]

120
80
40

0.2 0.6 1.0 %

Fig. 12  stress-strain curve of linear, volumetric, and
experimental simulation of R1-B scaffolding.

The stress-strain curve of linear, volumetric, and
experimental simulation of R1-B scaffolding in “Fig.
12” confirms that Young's modulus of the numerical
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method with linear element is (2.26 GPa) 1.8 times that
of Young's modulus of the experimental model (1.25
GPa). But this ratio was about 11 times for the
volumetric element (13.9 GPa).

“Fig. 13” gives a comparison of Young's modulus of the
three scaffolds studied. In the simulation with
volumetric elements, the results are significantly
different from the experimental method. This is because
of the stiffness of the nodes at the vertices and the
surrounding. The difference between these results in
terms of the ratio of strut diameter to cell size (d / L) for
the constant diameter (d) of the strut reveals that, for
large d / L, the density is higher and for small d / L, the
density is lower.

Also, “Fig. 13” shows a better agreement in the results
for Young's modulus of numerical modeling with the
linear element (1.8 to 5 times) compared to the
experimental findings with the volumetric element (11
to 23 times).

40

s L - -#- Experimental [39] A

—&— FEM (1D}

|~ |4 FEM (3D)

R1-B R2-D R3-B
Scaffold

Fig. 13 Comparison of Young's modulus of simulated
models for volumetric, linear and experimental elements.

500pm
I ]

Fig. 14 Scanning electron microscope image of R2
scaffolding after the complete break [2].

The low values of Young's modulus in the experimental
simulation are due to production defects; Such as the
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presence of free bonds and powder particles with
incomplete melting in the scanning electron microscope
image obtained after the complete break “Fig. 14”.
Furthermore, the reduction in Young modulus of R2-D
scaffolding compared to R1-B scaffolding in the
experimental results is owing to the increase in the
number of nodes in diamond-shaped cells compared to
BCC cells, and the addition in the formation defects.
However, the same behavior of Young's modulus yields
numerical modeling with the linear element, and the
experimental method can show that the numerical
method with the linear elements can be a proper tool for
research of multilayer scaffolds.

3.4. Young modulus in different heights scaffolds
Due to the relatively linear behavior of Young's modulus
changes for a height of three cells and higher in regular
scaffolds, to study the effect of scaffold height on
Young's modulus of multilayer scaffolding, in the linear
element simulation method, the considered scaffolds
with a height of 15 mm were as well simulated. The
comparison of these results with the results with 35mm
scaffolding (“Table. 4” and “Fig. 15”) reveals an
approximate similarity (1-5%). Therefore, to reduce the
solution time in the numerical method, scaffolds with
shorter heights can be used. According to the
comparison of the results of regular scaffolding, the
height of the scaffold suitable for the numerical method
equals the height of 5 units of the largest cells
constituting the scaffold.

Table 4 Numerical results of young modulus in different
scaffolds heights

4 CONCLUSION

The comparison of numerical simulations of multilayer
scaffolds with three-dimensional and one-dimensional
models in Ansis software and the findings of
experimental experiments revealed, simulations with
one-dimensional models are more cost-effective
compared to three-dimensional ones. Using a one-
dimensional model, the creation and analysis of large
porous structures with many struts do not need much
computational work. Additionally, because of the more
reliable agreement of Young's modulus results of
numerical modeling with the linear element (1.8 to 5
times) compared to the volumetric element (11 to 23
times) compared to the experimental findings, and the
same behavior of Young's modulus results for different
scaffolds in numerical modeling with the linear element
and experimental method, the numerical method with
the linear elements can be a reliable tool for studying
multilayer scaffoldings.
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