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ABSTRACT

The purpose of this study was to determine fatigue in a porous magnesium bone scaffold. It applies finite element
simulation in assessing bone scaffolding's fatigue behaviour with variations in axial loading based on physiological
activities in humans. By applying the boundary conditions to the solid mechanics model and fatigue simulation, it
subjects each specimen to a different loading of 1000 - 3500 pe, which gives the bone scaffold displacement
variations. The simulation results of fatigue life for the porosity of 30%, 41%, and 55% show that the greater the
loading, the lower the number of failure cycles on the porous magnesium bone scaffold. For a porosity of 30% with a

load of 1000 - 3500 e, it produces the number of failure cycles from 3.99x10% - 3.61 x10%.
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1. INTRODUCTION

When implanted into the human body, the porous
Mg bone scaffold will immediately come into contact
with the cell bone and biomechanically adjust to the
mechanical load of repetitive (cyclic) movements in
human physiological activities. The bone scaffold will
lose its strength because of the bone scaffold's
mechanical response from cyclic movements in the
bone's physiological activities. It is complicated to
predict the lifespan of a bone scaffold, which will fail
because of exhaustion and cause the scaffold struts to
decrease.

In previous studies, researchers have performed
experimental fatigue tests for PLA, zinc, and ferrous
materials [1][2][3][4]. However, to examine the porous
Mg bone scaffold's fatigue behaviour when implanted in
the bone is very complicated and almost impossible to
do with experimental testing. Therefore, in this study,
the authors carry out a finite element simulation
approach using COMSOL Multiphysics 5.4 software
with a solid mechanics and fatigue simulation method.

Studying the relationship  between  human
physiological load variations and fatigue is very
important. Its mechanical behaviour largely determines
the fatigue life of the bone scaffold structure. By
knowing the load changes, the bone scaffold's
mechanical behaviour and fatigue life, when implanted
in the bone tissue, can be predicted and controlled. We
can only verify changes in the load of the Mg porous
bone scaffold structure to the mechanical structure
behaviour and fatigue life because of the bone tissue
degradation phenomenon through a combination of
computational approaches. We expect these results to
provide precise and accurate results in determining the
fatigue cycle's value in a porous bone scaffold.

2. MATERIALS AND METHOD

2.1 Preparation of test specimens

Commercially available pure magnesium rod (25.4
mm diameter and 99.9% purity, Goodfellow Inc.,
Cambridge, UK) cubed (10x10x10) specimen using a
CNC machine (HAAS, USA) [5] (see Figure 1). The
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material tested has the following chemical composition,
as shown in Table 1.

Figure 1 A photograph of cuboid magnesium with
99.9% purity

Table 1. The chemical composition (in wt.ppm) of the
commercially pure Mg with 99.9% purity

Element Al Zn Fe | C Mn | Ni | Si

u
Wtppm | 70 | <20 | 280 | 20 | 170 | <10 | 50

2.2 Mechanical Properties

We performed monotonic testing at room
temperature in a universal testing machine (FastTrack
8874, Instron Norwood, USA). We tested the solid
magnesium specimens for compression at a strain rate
of 0.005 mm / s and a load cell of 25 kN to get their
mechanical properties. Practical methods used to predict
fatigue life in specimens are fracture mechanics, strain
life and a stress life. The strain-based model is suitable
for predicting fatigue at low cycle fatigue. We used the
universal testing machine (FastTrack 8874, Instron
Norwood, USA) for cyclic loading performed under
strain control. We performed cyclic loading using
strain-controlled software (Wave Matrix TM Dynamic
Material Testing Software, Instron, USA).

Normal running conditions average around 1-3 Hz,
so it subjects the sample to compressive loading on a 2
Hz sine wave [6][7] and loading ratio of R = 0.1. From
the experimental test, a typical hysteresis loop stress-
strain curve of compressive loading using strain-
controlled and finally strain-life curve can be generated
using combination Basquin and Coffin-Mansion
equation (1),
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£ Fatigue ductility exponent
Of Fatigue strength coefficient
b Fatigue strength exponent
E Modulus of elasticity

Ag .

= Stress amplitude

The straight-line elastic part can be changed to the
following equation (2)
2 =0, =a; (2N, @)

n
&

This equation is known as Basquin’s equation, in
addition

= =N, ®)

Which is known as the Coffin-Manson relationship,
namely the intersection of the elastic line and the plastic
line, which is called the transition fatigue life, is shown
in the following equation (4),

N, = (i—] %)

For lives less than the deformation is counted as
mainly plastic; however, for more comprehensive data
and more extensive than the deformation is mainly
elastic. The strain-based approach support high-cycle
and low-cycle fatigue; this approach also supports long-
life processes that small plastic strain would be
presented. Here, plastic strain from strain-life data will
be removed, and just Basquin’s equation will remain. A
strain-based approach widely applies in low-cycle and
high-cycle components. After fitting data to get all
strain-life properties, these properties, stress and plastic
strain are counted as independent variables and fatigue
life as the dependent variable as shown mathematically
in equation (5) below,

Fatigue life = f(o;'. &', b. ¢, stress, strain) (5)
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Figure 2 Stress-Strain curve from experimental testing
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Figure 3 S-N curve of strain-based method from experimental testing

Figure 2 and Figure 3 the mechanical properties of
Mg and its fatigue properties can be tabulated in Table
2.

Table 2. Mechanical Properties of magnesium used in

cancellous bone structure [10][11]. These structures'
geometry was labeled as models A, B, and C that
indicate their porosities (see Figure 4). The

morphological indices of the model, including porosity
and surface area, were determined using CAD models

FEA. and presented in Table 3.
Mechanical Properties “value | Table 3. Deta}ils sample porous magnesium scaffold
Monotonic Properties specimens [12] [13].
Young Modulus, E (GPa) 3.5 GPa FE—
Poisson’s ratio 0.35 . Surface Volume
Sample  Porosit per volume
Yield Strength, o, (MPa) 147 2 Y Area(mm?)  (mmd) s
Kin_ematic tang(_ant modulus Krgin 0.05E A 0% 189,90 - 3580.48
Fatigue Properties
Fatigue ductility coefficient, &', 0.425 41% 209.81 44.57 470743
Fatigue ductility exponent, ¢ -1.3 C 55% 225.75 33.83 6673.07
Fatigue strength coefficient, 180
crf',(MPa)
Fatigue strength exponent, & -0.09
- — -
- - - - -
2.3 Fatigue simulation using FEA approach - -
Finite Element Analysis (FEA) is a numerical
approach to analyze the mechanical behaviours of a
porous scaffold, such as structural stiffness and fatigue A c

life [8][9]. The advantage of FEA is its repeatability,
and we can use it to replicate the actual test. For
example, a similar model can be used repetitively to
conduct different simulations, and this is not possible
with destructive experimental tests. This ability opens a
vast opportunity for scaffold sample to be optimized,
such as in morphological parameters.

2.3.1 Geometry and Finite Element Mode

The finite element model of three different porosity
of BCC structure was generated (31%, 41%, 55%)
following the range of porosity (25%-90%) of

Figure 4. Snapshot of three different morphologies of
bone scaffold models [20]

2.3.2 Boundary condition and material input

In the following step, the commercial software
(COMSOL Multiphysics software, Burlington, USA)
was used to simulate a porous scaffold model's stress
distribution and fatigue life. The resulting numerical
three-dimensional contains tetrahedral elements. The
boundary condition of the FEA used in this simulation is
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shown in Figure 5. It defines the prescribed boundary
condition of displacement on the top surface to simulate
the uniaxial load because of the bone's mechanical
loading [14]. Besides, a zero-displacement boundary
condition is assigned to the opposite surface in its
normal. Nodes included in this boundary condition are
confined only in the y-direction but can move freely
inside the x-z plane. The model is fixed in the y-
direction at the bottom, and a load-based strain 1000-
3500 pe is applied to the upper surface according to the
variation in the mechanical load of the bone [14] [15].
The magnesium's nonlinear-elastic/plastic  material
behaviour was modelled with: 3500 MPa as the elastic
modulus, a Poisson's ratio of 0.35, and kinematic
tangent modulus of 0.05 E.

For fatigue analysis, it performs fatigue simulation
using full elastoplastic analysis with a combination of
Basquin and Coffin-Manson equations to predict fatigue
life in low and high cycle fatigue areas.

Displacement
(1000-3500 px)

(11111
00
00
AR

Vixed Constraint

Spesimen
i Bone Seaffold)

—

|

JO00

—

Figure 5 Boundary conditions schematic diagram

2.4 Mesh Convergence

It also performed a mesh sensitivity study in order to
minimize numerical error during the fatigue simulations.
The meshes generated for the numerical models
investigated are based on tetrahedral elements. Mesh
sensitivity analysis suggests that the meshes of about
80,000 elements are sufficient to produce accurate
results compared to meshes with many elements 10,000
to 4,000, and the value of Nf still the same with 200,000
number of elements (see Figure 6).
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Figure 6 Convergence study for fatigue simulation

3. RESULTS AND DISCUSSION

3.1 Stress Distribution on Bone Scaffold

Finite element analysis simulation with physical
studies of solid mechanics will show the stress
distribution on a porous magnesium specimen model. It
shows contour plots on the stress distribution in various
colours, where the red colour shows the high-stress
distribution level, and the blue colour shows the lowest
stress distribution level in porous magnesium specimens
(see Figure 7). The load given is the displacement that
occurs in the cancellous bone when physiological
activity occurs. It is this load that causes the different
distribution of stress on the cancellous bone.

—— ——
= . ;‘;: L
C-» b, =%
- P F Fr——

Figure 7 Stress distribution on bone scaffold

3.2. Simulation results using the fatigue
method

We need the simulation produced by the fatigue
method to analyze structural fatigue, namely the fatigue
cycle. It bases the resulting simulation on three load
variations in displacement: magnitude, 0.005 mm, 0.01
mm, and 0.0175 mm. It will display the simulation
results through a graphical table and visualized in 2
dimensions (see Figure 10). It carried the prediction of
fatigue failure and plastic stress on porous magnesium
out using fatigue analysis software. Table 4, Figure 8,
and Figure 9 show the fatigue failure of the porous
scaffold before degradation with variations of samples
A, B, and C with displacement variations of 1000, 2000,
and 3500 pe.
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Table 4. The relationship of porosity and displacement
to the fatigue life of porous magnesium

Displacement

Cycles of failure

Sample ‘

P (ue) (47)

A 1000 3,99945E+22
/ 2000 1,80717E+19
. ,

(Porosity 30%) 3500 3,60579E+16
5 1000 5,09331E+22
| 2000 2,30144E+19

. .

(Porosity 41%) 3500 4,59198E+16
c 1000 2,03236E+23
\ 2000 2,91072E+20

. ,
(Porosity 55%) 3500 5,79429E+17

Sample C (porosity 55%) with 1000 pe loading
shows the highest fatigue cycle of 2.03x10%, and the
greater the loading, the lower the number of failure

cycles on the porous magnesium bone scaffold.
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Figure 8 Cycles of failure vs porosity
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Figure 10 Contour of effective plastic strain predicted

by FE simulations under axial load.

166



ATLANTIS

PRESS

It carried the prediction of fatigue failure in porous
magnesium out using fatigue analysis software. The
simulation results (see Figure 10) on sample B show
that the loading rate affects the bone scaffold implant's
significant plastic strain. A plot of the significant plastic
strain shows that the greater the loading, the greater the
significant plastic strain. It is indicated by the blue
colour increasing to red. The area with a load of 3500 pe
that experienced the highest significant plastic strain.

CYCLE OF FAILURE (NF)

—-

.w.,Tnas' ! 031

I

00 2000 3500

Cytdde of failure {NT)
m
3

Displaceswnt (us)

Figure 11 Diagram of the effect displacement on the
cycles of failure (Nf)

Fatigue life analysis in this study uses a strain-life as
a control, a mechanical change in the material shown by
the decrease in the material's modulus to a plastic strain
[16]. Several parameters affect fatigue life: a given load,
surface area, and the fatigue parameters [17][18]. The
load significantly given affects the fatigue life of the
magnesium porous. Loading will affect the stress of the
material; the greater the load given, the higher the stress
that occurs so that the fatigue life in porous magnesium
will be faster, as shown in Figure 11. The fatigue cycle
value of porous magnesium implants with low
displacement rates will have a greater fatigue cycle.
Those with a higher displacement rate and
morphological variations with low porosity have a large
cycle of failure rate prediction of fatigue failure in
porous magnesium that was carried out using fatigue
analysis software. The simulation results (see Figure 10)
on sample B show that the loading rate affects the bone
scaffold implant's significant plastic strain. A plot of the
significant plastic strain shows that the greater the
loading, the greater the significant plastic strain. It is
indicated by the blue colour increasing to red. The area
with a load of 3500 pe that experienced the highest
significant plastic strain.

4. CONCLUSIONS

From the results and discussion above, we can
conclude it as follows:

1) The fatigue life of porous magnesium bone scaffold
is affected by the load applied. For sample C
(porosity 55%) with 1000 pe loading shows the
highest fatigue cycle of 2.03x10%%, and the greater

Atlantis Highlights in Engineering, volume 7

the loading, the lower the number of failure cycles
on the porous magnesium bone scaffold.

2) For sample A (porosity 30%) with a load of 1000 -
3500 pe, it produces the number of failure cycles
from 3.99x10% - 3.61 x10%S.

3) Failure cycles for sample A (porosity 30%) have a
more significant fatigue cycle period than sample B
(porosity 41%) and sample C (porosity 55%).

4) This study helps to understand the effect of
variation of loading based on human physiological
activity on porous magnesium bone scaffolding
fatigue. The level of loading affects the bone
scaffolding material's fatigue because the more
significant the load applied will reduce the porous
bone scaffold's fatigue life. Therefore, the bone
scaffold structure against the fatigue cycle must be
considered carefully for the initial degradation
design, suitable for matching the healing or
recovery process in medical applications.
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