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Abstract

This study employs a computational approach to analyse the impact of morphological changes on the structural properties
of biodegradable porous Mg subjected to a dynamic immersion test for its application as a bone scaffold. Porous Mg was
immersed in a dynamic immersion test for 24, 48, and 72 h. Twelve specimens were prepared and scanned using micro-CT
and then reconstructed into a 3D model for finite element analysis. The structural properties from the numerical simulation
were then compared to the experimental values. Correlations between morphological parameters, structural properties, and
fracture type were then made. The relative losses were observed to be in agreement with relative mass loss done experimen-
tally. The degradation rates determined using exact (degraded) surface area at particular immersion times were on average
20% higher than the degradation rates obtained using original surface area. The dynamic degradation has significantly
impacted the morphological changes of porous Mg in volume fraction, surface area, and trabecular separation, which in turn
affects its structural properties and increases the immersion time.

Keywords Dynamic immersion test - Finite element analyses - Dynamic degradation - Porous magnesium - Morphological
parameters

1 Introduction of biodegradable metal can be determined extensively by

means of weight loss measurement and electrochemical

Bone scaffolds made of biodegradable metal for cancellous
bone replacement has been shown to be promising scaffolds
for triggering new bone matrices and are good for load-
bearing purposes while the bone is healing. The degradation
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analyses, both of which are in vitro test measurements.
However, it is very difficult to measure the degradation
of biodegradable metal inside animal bones using in vivo
measurement. Therefore, for animal testing measurement,
degradation is often determined using computed tomog-
raphy (CT). From the CT data set, parameters such as the
morphological and structural properties of the remaining
degraded material can be analysed using an image analyser
and finite element analysis (FEA), respectively. At the same
time, new tissue that grows while the bone is healing can
also be closely monitored. Cancellous bone acts as the host
tissue once the scaffold is implanted. It possesses a complex
micro-architecture, which plays a major role in determining
cancellous bone properties and bone quality (Judex et al.
2003; Shi et al. 2009). In order to effectively integrate bone
scaffold with the host tissue, the physical characteristics
of the scaffold such as porosity and mechanical properties
should be similar to those of cancellous bone (Bose et al.
2012). In addition, controlled degradation rate of the mate-
rials—as structural supports—at the earliest stage of bone
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healing is critically important (Zheng et al. 2014). Biode-
gradable metals such as magnesium and its alloys have fas-
cinating features that make them suitable as bone scaffolds.
Mg has the potential to degrade in vivo without causing
toxicological problems (Zheng et al. 2014 ). Besides that, it
induces stimulatory effects in bone growth due to the forma-
tion of bone apatites such as hydroxyapatite crystals (Bigi
et al. 1993) and possesses mechanical properties similar to
human cancellous bone (Md. Saad et al. 2016). Therefore,
to track the physical changes in porous magnesium under a
dynamic degradation environment, the degradation rate and
morphology were analysed using CT measurement data sets
and the structural properties were determined using FEA.

Cancellous bone is a key structural support in load-
bearing applications. Besides supporting more than 75%
of the total body weight (Liu et al. 2009), it also acts as
a counter load through the cortical bone structure. The
proficient micro-architecture of a cancellous bone struc-
ture significantly functions as an absorber upon mechani-
cal loading. Mechanical loads from physiological activities
induce tensile, compressive, and shear stresses on the cor-
tical bone. These are adjusted by the bore of the cancel-
lous bone (Liu et al. 2009). These stresses are important
for triggering the bone remodelling process to provide bone
strength. The mechanical properties of the material such as
modulus of elasticity, compressive and tensile strength are
also important. These properties are highly dependent on
viscoelasticity (depending on the load applied) and anisot-
ropy (depending on load orientation) (Helgason et al. 2008).
The relationship between the morphological and structural
properties of cancellous bone was measured via experimen-
tal works as well as computational methods (Syahrom et al.
2011). The structural properties have been widely assessed
through compression tests in experimental works; however,
acquiring the morphological information of materials by
means of experimental works is difficult and almost impos-
sible (Sulong et al. 2016). Computational methods are much
more preferred, as they provide the morphological details of
materials up to the micro-level, especially for irregular or
complex porous structures.

A scaffold with a porous structure is known to promote
tissues interlocking, cell migration, and nutrient transport as
well as osteo-integration with replaced host tissues (Gong
et al. 2015). Another advantage of using a porous structure
is that the pore size and surface area of the scaffolds can
be controlled and regulated precisely to the desired forms,
shapes, and structural property (Lewis 2013; Syahrom et al.
2013; Bobe et al. 2013; Cheng et al. 2016). Similar to can-
cellous bone, different skeletal sites have different porosi-
ties depending on their functional properties. The Young’s
modulus of cancellous bone usually decreases as porosity
increases (Shimko et al. 2005). The percentage porosity of
human cortical bone is between 2 and 7% (Renders et al.
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2007), while cancellous bone is between 30 and 95% porous
(Snyder et al. 1993; Morgan and Keaveny 2001; Renders
et al. 2007; Tamburaci and Tihminlioglu 2018).

Commercially, available porous scaffolds for orthopaedic
applications have been made from non-degradable bioma-
terials. These porous bone scaffolds are intended to replace
the damaged cancellous bone, with the focus on hip and
knee surgery applications (Balla et al. 2010). However,
compared to Fe-based and newly introduced Zn-alloys, Mg
and its alloys are considered to be the most suitable bio-
degradable metals for potential bone scaffold applications
(Staiger et al. 2006; Zheng et al. 2014). Mg can be easily
found in human bone tissue since its function is essential
in human metabolism (Vormann 2003). Mg holds interest-
ing mechanical properties close to those of human bone
(Witte et al. 2008; Gu et al. 2009; Jasmawati et al. 2017).
The structural properties of Mg are controllable and can be
regulated precisely by constructing a porous structure with
a Young's modulus that closely matches cancellous bone
(0.01-2.0 GPa) (Gibson 1985; Snyder et al. 1993; Morgan
and Keaveny 2001 ; Renders et al. 2007). The degradation of
Mg-based alloys is initiated on the exposed surface area of
the materials, which are immersed in a solution of chloride
ions in a non-oxidising medium. These further degrade and
extend to the entire surface. The deterioration of materials
increases with prolonged time immersion. Usually, assess-
ment of the degradation behaviour of porous Mg for bone
scaffold applications is determined via static immersion
tests, which is also known as the gold standard (Cheng et al.
2016). However, the dynamic immersion test has also been
used, transcending the typical techniques, as it integrates the
environment of fluid movement passing through cancellous
bone (Md. Saad et al. 2016; Md Saad et al. 2017; Md Saad
and Syahrom 2018). The degradation rate and structural
properties of porous magnesium under a dynamic immer-
sion test with a constant flow have been reported by Md.
Saad et al. (2016). However, the analysis of morphological
changes and growth of new tissues in the biomaterials used
for bone scaffold application under such an environment has
not yet been reported and thus could further contribute to the
state-of-the-art research in this field.

Micro-CT is a non-destructive technique, which has the
proven capability to analyse tissue engineering applica-
tions (Hedberg et al. 2005; Mistry et al. 2010; Fischerauer
et al. 2013; Yu et al. 2018). The method provides a means
to assess the micro-architecture of bone tissues as well as
bone scaffolds, before and post-implantation (Hedberg
etal. 2005; Mistry et al. 2010; Bobe et al. 2013; Feyerabend
2014). The mechanical integrity of the bone scaffold could
be anticipated through the micro-CT technique, in which
its morphological changes as a structural support are ana-
lysed. The mechanical strength of the bone scaffold is largely
determined by its degradation behaviour, especially while
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the bone is healing (Angrisani et al. 2016). However, the
micro-CT can only be used in vitro, ex vivo or in vivo for
small animals (Bissinger et al. 2016).

Hypothetically, large physical changes in porous struc-
tures may cause a reduction of their structural properties
(i.e. elastic modulus). Therefore, the correlation between
progressive degradation due to the effect of micro-damages
and structural properties can be verified through computa-
tional works, which also further strengthens results obtained
from experimental works. Ideally, the porous scaffold for
cancellous bone replacement should function temporarily as
a buffer to the damage. In this way, the scaffold could serve
to encourage the regeneration of new tissues and act as a
structural support while the new tissues grow and the porous
scaffold degrades. Still, the degradation time of porous Mg
must be monitored to prevent the loss of structural support,
and this could be analysed via finite element analysis. To
the best of our knowledge, this study is among the first to
analyse the morphological changes and structural properties
of biodegradable porous Mg for bone scaffold application
under a dynamic immersion test using the computational
approach.

2 Materials and methods
2.1 Production and degradation of porous Mg

For the purpose of this study, three types of cuboid samples
(5% 5% 3 mm) with three different percentages of porosity
(30%, 41%, and 55%) were used, as shown in Fig. 1. These
cuboids are made from a commercially pure magnesium rod
(25.4 mm diameter and 99.9% purity) obtained from Good-
fellow Inc, Cambridge, UK, and fabricated using a CNC
machine (HAAS, USA). The pore size of the specimen is
800 pm. Table 1 gives an overview of the geometries of the
porous magnesium. After the fabrication process, the speci-
mens were cleansed from any excess materials and chemicals

Fig. 1 The three types of porous Mg specimens used in this study

Table 1 Overview of the detailed geometries for the porous Mg spec-
imens (Md. Saad et al. 2016; Md Saad et al. 2017)

Type Porosity (%) Surface Volume (mm?®)  Mass per
area (mm°®) surface area
(kg/m?)
A 30 189.30 52.87 0.44
B 41 209.81 44.57 0.34
e 55 225.75 33.83 0.24

using air jets and an interdental brush (Tepe, USA). Prior to
surface polishing, the specimens were immersed in acetone
for 15 min. The outer surfaces of the specimens were then
ground using #800 and #1200 grit paper and then ultrasoni-
cally cleaned in acetone for 15 min. The specimens were
desiccated in a vacuum chamber for 1 h prior to degradation
tests. The porosity of the Mg samples was between 30 and
55%. However, the chosen porosity is shown to be compa-
rable to cancellous bone mechanical properties to prevent
stress shielding effects. Furthermore, higher porosity of
porous Mg could lead to total lost mechanical integrity of
the structure due to the fast degradation.

The porous Mg was subjected to a dynamic degradation
test under moving simulated body fluid (SBF) at 0.025 m/
min with pH and temperature levels of 7.4 and 37 °C+ 1 °C,
respectively (Md. Saad et al. 2016; Md Saad et al. 2017). The
dynamic immersion test rig was set to have laminar flow. A
peristaltic pump was used to provide a constant flow rate of
0.025 ml/min with a Reynolds number (Re) of 5.44 for the
SBF throughout the 2-mm-diameter tube channel. The SBF
was made of (8.035 g) NaCl, (0.355 g) NaHCO;, (0.225 g)
KCI, (0.231 g) K,HPO,-3H,0, (0.311 g) MgCl,-6H,0,
(39 ml) HCI 1.0 M, (0.292 g) CaCl,, (0.072 g) Na,SO,, and
(6.118 g) Tris-buffer. The specimens were immersed for
24 h, 48 h, and 72 h. The tested specimens were then rinsed
with deionised water and dried up in a vacuum chamber for
1 h. A diluted chromic acid solution (H,CrO,) was used to
clean the corrosion products on the tested specimens.

2.2 Morphological characterisation

The mechanical testing subjected to compression test
involved 36 specimens. There were three groups of poros-
ity (30%, 41%, and 55%) and four groups of degradation
time configurations (0 h, 24 h, 48 h, and 72 h) with three
replications (Md. Saad et al. 2016). Meanwhile, for the
computational method, a single specimen from each group
was used. The micro-CT images of the cleaned specimens
(n=12) were obtained using a Skyscan 1172 micro-CT
device (Kontich, Belgium) at a voxel resolution of 17.2 um.
The micro-CT images were imported into ImageJ (Rasband,
W.S., Imagel, US National Institutes of Health, Bethesda,
MD, USA) to analyse the parameters of ratio of degraded
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volume to total volume (BV/TV), surface area, and trabecu-
lar separation (Tb.Sp).

Trabecular separation (Tb.Sp) was determined through
the local thickness of the selected volumetric region (space)
in between average surface-to-surface trabecular. The Tb.Sp
at a single point in the porous structure is described as the
diameter of the greatest sphere that corresponds within the
space, which contains the point, as shown in Fig. 2. The
reported Th.Sp mean number is an arithmetic mean of the
pointwise Tbh.Sp values. The arithmetic mean was calcu-
lated using Imagel and BoneJ plugin in the trabeculae thick-
ness section. However, in this case, the voxels representing
the non-solid structure parts were filled with the greatest
spheres. Thus, Tb.Sp is the average thickness of the filled
cavities.

2.3 Segmentation technique

Greyscale images from the micro-CT images in dicom for-
mat were used to reconstruct the three-dimensional model
of the specimens. The data set includes 2D images of porous
Mg with a slice thickness of 0.172 mm. The images were
imported into Mimics software (Materialise, Belgium) to

Fig. 2 Trabecular separation
(Tb.Sp) of Specimen A prior to
the immersion test

construct a 3D model of the degraded porous Mg, as shown
in Fig. 3. A region of interest (ROI) was defined and reduced
as much as possible, so that the specimen would be encap-
sulated by the minimum number of black voxels (i.e. air).
The ROI is defined by a rectangular shape of 4 mm x 6 mm
(larger than the cross-sectional area) and a height of 6 mm.

The optimal threshold value is defined as that which
achieves segmented volumes closest to reality or in other
words, when the difference in the volumes, Vaewal — Vimodel» 18
minimum. The optimal threshold value can be reached via a
manual iterative segmentation in the Mimics Software. The
flowchart of the iterative segmentation based on threshold-
ing optimisation is shown in Fig. 4a. The porous magnesium
specimen images obtained from the CT scanners consist of
greyscale information. Mimics software allows the user to
create 3D model based on the grey values (Hounsfield units
in CT images) within these images. A grey value is a num-
ber association between the material density of the scanned
object and the grey values assigned to each pixel in the
image data. Because of this, Mimics (MIMICS; materialise,
Louvain, Belgium) has the flexibility to create models from
any geometry distinguishable within the scanned data. By
grouping together similar grey values, the image data can be

greatesl
sphere

Section View

| P Tbsp
. calculation

\ /
L P

Fig. 3 3D reconstruction of Specimen C (percentage porosity of 55%) from micro-CT images using Mimics software after 72 h of immersion
time. The sample was scanned in air. The micro-CT scan setting was at voltage of 100 kV with current of 100 uA, and rotation step was at 0.5°
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segmented, and models can be created. This type of segmen-
tation is called thresholding which yields accurate models.
Based on the initial testing and trial-and-error, Region grow-
ing threshold-based (upper/lower) algorithm was decided to
be used in this study. The unit of threshold values is Houns-
field unit (HU). In Mimics software, thresholding is used to
classify all pixels within a certain Hounsfield range as the
same colour or mask. Lower greyscale range was column
threshold values, while upper greyscale range was 3056 HU.
The final threshold used in the subsequent analysis was 725
HU. First, a range of greyscale values was chosen in order
to achieve segmentation of the specimens. Next, the vol-
ume model of the specimen was set and a mask computed.
The volume of the specimen must be the same as the actual
model. The real volume of the scaffold after degradation
(Ve 18 known from the experimental data, for which the
actual volume was calculated by dividing the scaffold mass
with the pure Mg density (1.74 g/em?).

The validation stage compares the volume of the scaffold
model and the actual volume. If the condition is not fulfilled,
the optimisation stage, which iteratively adjusts the thresh-
old value, is again conducted in order to obtain a model vol-
ume that matches the actual volume. This procedure is time
consuming because if the greyscale chosen is not appropriate
(Fig. 4b), the user will have to start over, change the range of
threshold, and compute the mask again. A comparison of the
3D models from the iterative threshold is shown in Fig. 4c.

Table 2 shows a comparison of the volume determined
from the CT images and the actual volume. From the results,
it can be seen that the proposed iterative segmentation
method provides reliable results, presenting accurate values
that match the intrinsic resolution of the CT images.

2.4 Degradation determination

Degradation rate (DR) was approximated using micro-CT
through the reduction in volume (AV), instead of using
weight loss by means of experiment. The calculated vol-
ume loss from the original (prior to testing) volume to the
current (after testing) volume at a particular immersion time
was then converted to mass loss using the density (p) of Mg
(1.74 g/lem?), resulting in the degradation rate (mg/cm?/day),
as per Eq. (1):

DR = =% M

T

where AW is the mass loss, A is the surface area of the bone
scaffold, and ¢ is the immersion time. Through the micro-CT
scanning, the exact surface area was used to determine the
degradation rate of the porous Mg which rather used area of
the specimen prior to test. With this exact surface area, the
in situ degradation rate could be obtained which contributes
towards real condition.

2.5 Compression test

Compression testing was performed using a universal testing
machine (The FastTrack 8874, Instron, Norwood, USA). The
mechanical properties of porous Mg specimens before and
after immersion tests were evaluated under the compression
test, at a strain rate of 0.005/s using a 25-kN load cell (Md.
Saad et al. 2016). The elastic modulus was determined as per
ASTM D1621 and ISO 13314 standards. The testing proce-
dure for both standards was used to measure the mechani-
cal properties of porous and cellular metals (Vesenjak et al.
2016). Three replications were done.

The reconstructed 3D models were converted to finite
element meshes. Marc Mentat software (MSC Software,
Santa Ana, CA) was used for finite element simulation.
The 3D model of the degraded porous Mg was assigned
homogenous, isotropic, and elastic—plastic properties. Prior
to the numerical analyses, the Young’s modulus of pure solid
magnesium was determined by conducting compressive tests
using solid samples. An average value from the compressive
tests was then used as input for all numerical simulations.
An ideal plasticity model was assumed for all simulations
presented in the present investigation. The Young’s modulus
value was set to 3.5 GPa, and a Poisson’s ratio of 0.35 was
chosen to correspond to the properties of dense trabecular
bone tissue with an apparent density of 1.74 g/fem®. The
model was developed with tetrahedral, pentahedral, and hex-
ahedral elements with an average value of (107896 +£9447
elements).

The compression test was simulated via finite element
method to determine the behaviour of the structure of non-
degraded and degraded porous Mg. The boundary condi-
tions used in the finite element analysis (FEA) are shown in
Fig. 5. A time-dependent displacement boundary condition
was defined on the top surface to simulate the moving platen
of an experimental test rig. Time-dependent boundary con-
ditions refer to the nodes assigned on the top surface to be
solved in a finite domain. In addition, a zero-displacement
boundary condition was assigned to the opposite surface in
its normal direction, simulating a stationary compression
platen. Nodes included in this boundary condition were
confined only in the y-direction but were allowed to move
freely inside the x—z plane. The macroscopic compression
strain limit was set to € = (.3 for the computational tests. A
plastic strain of 30% was chosen for the scope of this study
since plasticity is predicted to occur within the specified
plastic strain range.

2.6 Statistical analysis
Statistical analyses were performed using IBM SPSS Sta-

tistics 23 (IBM Corp, USA). Pearson’s correlation test was
conducted to predict the structural properties of porous Mg
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«Fig. 4 lterative segmentation: a flowchart of the iterative segmenta-
tion based on thresholding optimisation, b an example of the scaf-
fold model segmentation based on the iterative thresholding method
in Mimics software, and ¢ a comparison of the 3D models from the
iterative threshold

by volume fraction (BV/TV), bone surface area, and trabecu-
lar separation (Tb.Sp).

3 Results
3.1 Degradation characterisation

Figure 6 shows the degradation of the porous Mg specimen
which was determined using micro-computed tomography
measurement. Figure 6a shows the relative volume loss of
porous Mg with increased percentage difference in poros-
ity as the time of immersion increased. The loss of volume
in the specimen increased as the percentage of porosity
increased. Figure 6b demonstrates the relative surface area
loss of the specimen, which increased as the time of immer-
sion increased. The specimen with a higher percentage of
porosity shows a huge loss of surface area compared to oth-
ers. The loss of surface area curve for Specimens A and B
shows a similar trend, in which the increment in surface area
loss gradually decreased as time of immersion increased.
Meanwhile, Specimen C was observed to lose more sur-
face area as immersion time increased. Figure 6¢ shows the
degradation rate of the porous Mg specimen with different
percentages of porosity using original surface area. After
24 h of immersion time, Specimen B showed a higher deg-
radation rate followed by Specimens C and A. Meanwhile,
after 48 h, all specimens showed almost similar degradation
rates. After 72 h, Specimen C showed the highest degrada-
tion rate followed by Specimens B and A. Figure 6d shows
the degradation rate of specimens with different percentages
of porosity, which were calculated using surface area and
determined by micro-CT measurement at their respective
immersion time. The degradation rate of Specimen C was
higher after a 24-h immersion time, followed by Specimens
B and A, which showed a similar trend after 48 and 72 h.
Meanwhile, after 72 h, the degradation rate of Specimen C
increased compared to the other specimens, which saw a
decrease.

3.2 Mechanical characterisation

Figure 7a shows the elastic modulus of the specimens deter-
mined by experiment and simulation. The elastic modulus
determined by simulation is in good agreement with the
experiment, in which all samples showed a clear downward
trend in modulus value with increasing porosity percentage

and immersion time. Figure 7b shows a comparison of
compressive stress—strain curves between the experimen-
tal and finite element simulation for Specimen A prior to
the immersion test (A0). The relative modulus was based
on the slope of the stress—strain curve. The modulus for
experiment and simulation was 1991 MPa and 2016 MPa,
respectively. When the strain exceeded 0.05, the experimen-
tal data dropped significantly and vice versa for the simula-
tion. Figure 8 demonstrates the principal elastic strain of the
specimens with different percentages of porosity after the
dynamic immersion test under a uniaxial compression test.
Specimen A shows an oblique fracture at 45°, while Speci-
mens B and C experienced global fracture. From Fig. 8, the
experimental results and predictions from FEA were also
compared within the same group of specimen morphologies.
It can be concluded that elastic strain from the FEA results
suggests a similar collapsing pattern indicated by red dashed
lines. It is interesting to note that some simulation results
are slightly above the range of experimental data. This may
be explained by the fact that numerical models are selected
from one of three specimens used for the experimental tests.
In the case of B24, for example, the numerical simulations
overpredicted the elastic modulus for this group sample’s

morphology.
3.3 Morphological characterisation

Figure 9 shows the charts of morphological changes of
porous Mg after being subjected to the dynamic immersion
test up to 72 h. Figure 9a shows the volume fraction changes
in the specimens. The volume fraction of each specimen was
seen to decrease over time. After a 72-h immersion time, the
percentage of porosity (1—volume fraction) for Specimens
A (30%), B (41%), and C (55%) increased to 50%, 53%, and
72%, respectively. Figure 9b illustrates the changes in sur-
face area of porous Mg for each specimen, which decreased
as immersion time increased. The surface area of Speci-
mens A and B gradually decreased by 17% and 22%, while
Specimen C showed an abrupt decrease in surface area by
44%, after the 72-h immersion time. Figure 9c shows the
changes in trend for trabecular separation in each specimen,
which increased as immersion time increased. After the 72-h
immersion time, the trabecular separation changes for Speci-
mens A, B, and C were 47%, 46%, and 69%, respectively.

3.4 Mechanical degradation

Figure 10 shows the correlation between elastic modulus
and morphological parameters of porous Mg before and
after being subjected to tests. The elastic modulus from the
simulation was used to analyse any correlation with speci-
men morphology. The morphological parameters acquired
from the micro-CT analyses are volume fraction (BV/TV),
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Table2 Summary of the virtual model created with manual iterative
threshold segmentation

Iterative  Threshold Volume of Mim-  Actual Percent-
values (HU) ics model (mm®)  volume age error
(mm®) %
#1 =592 50.58 39.89 26.82
#2 —407 46.32 39.89 16.13
#3 0 41.61 39.89 4.33
#4 110 40.57 39.89 1.72
#35 150 40.19 39.89 0.77
#6 186 39.87 39.89 0.03
#7 200 39.73 39.89 0.39
#8 240 39.41 39.89 1.19
#9 267 39.16 39.89 1.82
#10 300 38.89 39.89 249
#11 1076 3253 39.89 18.53
#12 1416 28.83 39.89 27.72
5 A S, C3E, S, S,
e = Esiesiiisics =
3 = _||,[:[ i : =
: =
o ol 4

Fig. 5 Boundary conditions applied on the porous Mg

surface area, and trabecular separation (Tb.Sp). Figure 10a
shows the correlation between the elastic modulus and vol-
ume fraction (1—porosity) of the specimens. The speci-
mens with a higher volume fraction demonstrated a higher
elastic modulus. As the time of immersion increased, the
volume fraction as well as the elastic modulus for all spec-
imens decreased in an orderly manner. The volume frac-
tion of Specimens B and C showed a sudden drop based
on the steep slopes as compared to Specimen A, which
gradually decreased. The volume fraction of Specimen C
was greatly reduced after 72 h, thus resulting in a low
elastic modulus. From the statistical analyses, volume
fraction significantly impacted elastic modulus with a p
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value < 0.005 and the correlation coefficient, r, between
volume fraction and elastic modulus was 0.94.

Figure 10b shows the correlation between elastic modulus
and surface area of the specimen. The surface area for all
specimens decreased in an orderly manner as time of immer-
sion increased, which resulted in a decrease in elastic modu-
lus. Specimens A and B showed almost a similar decline
pattern compared to Specimen C. The gradual decrease in
surface area after 24-h immersion time resulted in smallest
changes in elastic modulus as compared to specimens that
demonstrated a huge loss in surface area. From the statistical
analyses, surface area significantly impacted elastic modu-
lus with a p value < 0.005 and the correlation coefficient
between surface area and elastic modulus was 0.57.

Figure 10c shows the correlation between elastic modulus
and trabecular separation of the specimen. The trabecular
separation for all specimens increased in an orderly man-
ner, resulting in elastic modulus to decrease accordingly.
The initial value of trabecular separation for all specimens
was almost similar; however, the result was different for
elastic modulus. The large changes in trabecular separa-
tion for Specimen C correlated with a huge drop in elastic
modulus after the 72-h immersion time. From the statistical
analyses, trabecular separation significantly impacted elastic
modulus with a p value <0.005 and the correlation coef-
ficient between trabecular separation and elastic modulus
was —(.85.

4 Discussion

Porous Mg is suggested to be used as cancellous bone
replacement due to its mechanical properties, which is
almost equivalent to cancellous bone properties. The nature
of the cancellous bone environment promotes bone remod-
elling to happen provided that physiological activity also
occurs. This activity induces pressure differentials on the
bone, causing the bone marrow to flow. The movement of
the bone marrow passing through the porous structure trig-
gers mechanical stress through mechanobiological signal-
ling that activates bone remodelling process and preserves
bone quality. This is why, once porous Mg is implanted,
it will be exposed to the cancellous bone environment and
will not only serve as a device to enhance tissues growth,
but also most importantly to act as a load-bearing structure
during the bone healing process. The dynamic degradation
of porous Mg under the simulated human cancellous bone
environment has been reported elsewhere (Md. Saad et al.
2016). However, there are some parameters such as mor-
phological parameters that cannot be fully obtained through
experimental works. Therefore, micro-CT measurement was
used to obtain the comprehensive mechanical characteristics
of porous Mg as a load-bearing structure. Degradation rate
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by means of micro-CT determination is a non-destructive
measurement technique useful, especially for clinical use.
Besides being advantageous for clinical use, this technique
also enables the acquisition of morphological parameters,
which may be impossible to obtain through experimental
works. In addition, the growth rate of the new tissue matrix
can also be identified using this technique. Hence, the mor-
phological index effects such as volume fraction (BV/TV),
bone surface area, and trabecular separation (Tb.Sp) on elas-
tic modulus of porous Mg can be determined. However, this
method is costly.

Relative volume loss determined by the micro-CT analy-
sis, as shown in Fig. 6a, demonstrates that relative volume
loss increases as the time of immersion increases, whereby
the specimen with a higher percentage of porosity indicates
greater volume loss compared to others. The pattern of vol-
ume loss is in agreement with relative mass loss reported
elsewhere (Md. Saad et al. 2016). In this study, the recon-
structed volume for the specimens in the experimental works

was similar. For the volume loss, it is relative to specimens
prior to degradation test. However, in this paper, losses were
calculated relative to the specimens prior to degradation
which was different from the experiments that calculated
mass loss. The percentage of volume loss was calculated by
volume difference from sample A at 0—48 h. The missing
part is the actual sample specimen at 0 h. Fabrication tech-
niques and cleaning procedure were standardised causing the
scanned specimen at 0 h to be the same. It is believed that
the scanned prior degradation specimen is in range with the
experiments that calculate mass loss. However, there must
be small deviation when compared to mass loss. Meanwhile,
through the micro-CT analysis, the loss of surface area could
also be measured after the specimen was subjected to the
dynamic degradation test, which might have been impos-
sible to obtain through experimental works (Feyerabend
2014). As presented in Fig. 6b, the relative surface area loss
increases as the time of immersion increases; the percentage
of porosity also increases. The larger the exposed surface
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Fig.7 a Elastic modulus of the specimens determined by experi-
ment and simulation (Md. Saad et al. 2016) and b Comparison of
compressive stress—strain curves between the experimental and finite
element simulation for Specimen A prior to the immersion test (AQ).
Specimen A prior to the immersion test (AQ). The range of modulus
experimental values for specimen AQ, A24, A48 and A72 h was as
follows (2425-1991 MPa), (1494—1087 MPa), (14161029 MPa), and
(1266-1072 MPa), for specimens B0, B24, B48, and B72 was (2439-
1723 MPa), (1173-876 MPa), (977-751 MPa) and (746-668 MPa)
and for specimens C0, C24, C48, and C72 was (1572-1330 MPa),
(749-509 MPa), (734-454 MPa), and (526-298 MPa), respectively

area of Mg to the fluid medium, the faster the degradation
process in proportion to the surface contact available (Bobe
etal. 2013). A significant trend in the loss of surface area for
Specimen C after the 72 h of immersion time was identified
due to the larger surface contact which resulted in more deg-
radation than the others. Figure 6¢ and d shows the degrada-
tion rate of porous Mg determined by micro-CT; however,
the difference between them is the surface area used, which
are the original and degraded surface areas, respectively.
Both degradation rate trends demonstrate agreement with
the previous work (Md. Saad et al. 2016). The degrada-
tion rate using original surface area obtained in this study
(Fig. 6¢c) shows a slightly different pattern compared to
previously reported work using weight loss measurement.
After the 24-h immersion time, Specimen B degraded faster

@ Springer

compared to Specimen C and all the specimens showed
similar degradation rates after the 48-h immersion time. In
contrast, degradation rates using exact (degraded) surface
area at a particular time (Fig. 6d) demonstrated an average
degradation rate of 20% higher than the original surface area
(Fig. 4¢). Therefore, predictions that take into account the
use of actual surface area will result in higher degradation
rates. In terms of accuracy, the degradation rate calculation
must include the actual value of surface area, so that the real
in situ degradation rate can be obtained (Bobe et al. 2013).

This present study uses twelve specimens by measur-
ing their morphological parameters using micro-CT scan,
and mechanically characterising the specimens using FEA.
The obtained compression test results were then validated
with experimental works (Md. Saad et al. 2016). Figure 7a
demonstrates the range of experimental value and the point
of simulation results for the compression test. The elastic
modulus from the experimental work was in line with simu-
lation. This shows that the prediction of structural proper-
ties through FEA can be used to predict the correlations
between the structural properties and morphological param-
eters of degraded porous Mg. The simulation data show an
underestimated elastic modulus at =0, and closely overes-
timated elastic modulus from experimental data at 1 =24,
48, 72, which is caused by the segmentation of the degrada-
tion model. Although the percentage error was close to the
real structure, it was anticipated that the complexity of the
degradation model to be altered, where a specific region,
especially the thin strut of the degraded region, indicated
the inclusion of error (overlapping) elements. Meanwhile,
Fig. 7b shows good agreement between experimental and
simulation data for up to 0.05 strain. Elastic modulus for
both conditions was 1991 MPa and 2016 MPa, respectively.
The slope of the elastic region for the simulation was steeper
than the experimental model. This shows that the simulation
model was very threshold dependent, while the experimental
model was not although both moduli coincided. However,
beyond that, the theoretical stress—strain curve significantly
dropped due to plastification and fracture (break) from the
experimental work because porous Mg is a brittle material.
The simulation curve gradually increased (known as the
plateau region) past the 0.05 strain. This is because the FE
software only considered the yield strength of the material
acquired from the experimental data. Therefore, the fracture
was not taken into account and the stress increased up to
0.3 strain. FEA of bone scaffold for bone regeneration has
been extensively studied (Lacroix et al. 2009; Milan et al.
2009; Planell et al. 2009; Boccaccio et al. 2010; Williams
and Mccullough 2017; Uth et al. 2017). Uth et al. (2017)
reported that the experimental modulus, designed experi-
ment predicted modulus, and COMSOL predicted modu-
lus of the bone scaffold modelled are 5.07+0.17 MPa,
8.50 MPa, and 6.09 MPa, respectively. The overestimated
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Fig.8 Contour plots of the
fracture patterns after dynamic
immersion test: a specimen A, b
specimen B, and ¢ specimen C,
and principal plastic strain con-
tours from FEA: d specimen A,
e specimen B, and f specimen
C. All specimens were tested
after 48 h of immersion

Principal elastic strain

(d)

difference between experimental and predicted moduli is
67% and 20%. The modulus of this bone scaffold was very
low as compared to cancellous bone modulus in the range
of 0.05-25.9 MPa. However, in the present study, the porous
Mg either before or after degradation has shown comparative
modulus towards the cancellous bone structure.

The fracture line of porous Mg after the dynamic immer-
sion test, as shown in Fig. 8, indicates that there are two
types of fracture: oblique and global. Oblique fracture can
be observed in Specimen A from both the experimental and
FEA analyses of the magnesium scaffold structures. This
type of fracture mode may be attributed to the ductility of the
material. Plastification continues to form a band of collapse
as it travels to randomly weak regions. For Specimen A, an
oblique fracture was observed in the experimental tests and
FEA simulation. A collapse band of 45° can be seen from
Fig. 6a and d. In addition, a study reported that most cancel-
lous bone generally have global fractures; however, there are
still some cancellous bone specimens that have oblique and
local fractures (Syahrom et al. 2011). The random alteration
of porous Mg due to degradation has caused large changes
to the specimen with a higher percentage of porosity. The
localised degradation has weakened the struts of the speci-
men, which was identified to cause Specimen C (Fig. 8c)
to show a two-line fracture. This fracture is associated with
high trabecular separation, as shown in Fig. 9¢ (Perilli et al.
2008). This information is crucial in applying the bone scaf-
fold for load-bearing purpose. The fracture characteristic is

0.15 0.30

similar to actual cancellous bone, which could represent the
damage behaviour of the scaffold once implanted to prevent
different directional stress effects.

The alteration to the structure due to degradation mecha-
nism has caused significant changes to the morphological
indices of porous Mg as immersion time increases, as shown
in Fig. 9. These changes are important to predict the reduc-
tion in structural properties of porous Mg as bone scaffold
serves as a load-bearing structure while bone heals and new
tissues form. The volume fraction, surface area, and trabecu-
lar separation of the specimen were significantly correlated
over immersion time. The specimen with a higher percent-
age of porosity was vulnerable to greater morphological
changes due to dynamic degradation mainly because of the
larger surface area contact. However, it is not typical for a
porous specimen with a higher percentage of porosity to
directly correlate with a high surface area. As reported by
Syahrom et al. (2013), a porous specimen usually has a simi-
lar percentage of porosity with different surface areas due to
the design of its morphological structure.

The effects of morphological changes on the elastic
modulus are shown in Fig. 10. All morphological param-
eters were reduced significantly after the 24-h immersion
time, except for Specimen C, which showed gradual reduc-
tion after 72 h. This is related to the rigorous degradation
process that occurs in the first 24-h immersion time. This
results in shrinkage of structure and reduces the effective
modulus. As the time prolongs, the passive layer built up
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on top of the surface slows down the degradation rate,
resulting in a slight change in structure (Md Saad et al.
2017). The morphological parameters such as volume
fraction, surface area, and trabecular separation had a
strong correlation with elastic modulus, as demonstrated
in Fig. 10a, b, and d (Syahrom et al. 2011). The current
condition is not suitable for cancellous bone replacement
due to its materials itself. However, it is believed that a
suitable coating to increase the pure Mg corrosion resist-
ance is enough than alloying element. This is because in
terms of structural properties, porous Mg has shown to be
a match with cancellous bone. The appropriate structural
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properties to cancellous bone are crucial to prevent stress
shielding effects which could lead to other complications.
The only thing to be modified is the corrosion resist-
ance through coating so that the porous Mg could serve
as biodegradable metal which is a temporary device for
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tissue regeneration and structural support for load-bearing
purposes.

The porous Mg geometry that is present in this study
is basically the idealised structure for cancellous bone
replacement. There are several types of geometry for
bone scaffold application using biodegradable metal that
depend on their manufacturing process. The open porous
scaffold of the Mg alloy AZ91D was processed using the
negative salt (NaCl) pattern moulding, and their percent-
age of porosity was 72-76% (Witte et al. 2007a, b). The
honeycomb structure of porous Mg was fabricated using
laser perforation technique to obtain highly ordered porous
structure with a porosity percentage of 48% (Geng et al.
2009). The open porous Mg scaffolds were fabricated
using the titanium wire space holder (TSWH) method
which had a porosity percentage of 55% (Cheng et al.
2016). Porous Mg scaffold which was fabricated with Mg
fibres was lined up perpendicular to each other to form net-
work structure unit. Fifteen network structure units were
layered, and then hot pressing was used to bind the fibres
to one another. This technique is known as fibre deposition
hot pressing (FDHP) for fabricating porous Mg scaffolds
which had 33-54% percentage of porosity (Zhang et al.
2014). The lotus type of porous Mg was fabricated using
metal/gas eutectic unidirectional solidification method (Gu
etal. 2010). The lotus type of porous Mg had ordered and
aligned long cylindrical pores with 28% of porosity. Fur-
thermore, the ordered and controllable porous structure
techniques for Young’s modulus of the porous Mg can be
controlled precisely by adjusting the porosity and arrang-
ing the pores (Bose et al. 2012; Jiang and He 2014). In
this study, the mechanical properties of porous Mg have
been matched with the cancellous bone structure. How-
ever, the porous Mg geometry can be improved through
controllable porosity as well as surface area using new fab-
rication techniques such as additive manufacturing. This
technique improves the porous Mg geometry for nutrient
transport and bone remodelling. It is significant that Mg
is important to many physical functions (Castiglioni et al.
2013). In fact, the degradation products of Mg produce
a good hydroxyapatite product for bone formation (Bigi
et al. 1993). The main concern for porous Mg to become a
reliable bone scaffold to be used in clinical studies is their
low corrosion resistance which leads to fast degradation
(Bobe et al. 2013). The state of the art of the bone scaf-
fold made of Mg is that it not only serves as a temporary
device to encourage new bone formation but also acts as
a structural support for load-bearing purposes. The fast
degradation leads the scaffold to beat its purposes. This
shows that the coating to porous Mg would ensure better
scaffolding. Coating materials such as polycaprolactone/
bioactive glass composite (Yazdimamaghani et al. 2015)
and calcium-orthophosphate (Dorozhkin 2014) are among

widely used. Therefore, it is important for porous to have
surface modification to prolong the degradation time and
structural integrity.

The study is subjected to some limitations. One limita-
tion is that the micro-CT measurement of each specimen
was not repeated. The study obtains a set of micro-CT data
of twelve specimens. Selection of specimen from one group
(for example, after the 24-h immersion time) was taken ran-
domly by assuming that their degradation was almost similar
from the macro-level perspective. This is where computer
simulation is preferred because it does not cost as much as
micro-CT measurements. However, the model constructed
from the greyscale images is dependent on the threshold.
The optimum threshold attained depends on the greyscale
images (Enyedi et al. 2005). Therefore, the best techniques
to provide data which are closer to the experimental data are
the adaptive methods.

5 Conclusion

The present study evaluates the relationship between mor-
phological changes and structural properties of porous Mg
using dynamic immersion test. A micro-CT technique was
used to quantitatively measure the degradation rates and
morphological changes of porous Mg. From the scanned
data scan, 3D models were reconstructed and their struc-
tural properties were analysed using FEA. The correlation
between the obtained structural properties and morphologi-
cal parameters was identified, and their level of significance
was investigated. The degradation rates determined using
exact (degraded) surface area at particular immersion times
(Fig. 6d) were on average 20% higher than the degradation
rates obtained using original surface area. Dynamic deg-
radation is shown to significantly impact the morphologi-
cal changes of porous Mg such as volume fraction, surface
area, and trabecular separation with p values <0.005. This in
turn affects the structural properties of porous Mg. Finally,
through micro-CT scan, degradation determination becomes
closer to the real conditions. Using the exact surface area,
the in situ degradation rate can be obtained which will con-
tribute to the real condition.
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