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• A novel Mg implant design having a
coral-like open-cell porous interior and
an outer solid casing was developed
successfully

• Implant with 70%~75% porosity and
0.5 mm wall thickness had the optimal
structural strength and degradation rate

• Degradation rate of porous interior was
significantly faster than that of outer
casing due to the nature of porous struc-
ture

• The porous structure of the novel im-
plant did benefit the ingrowth of bone
tissue and expedite the healing process
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The aim of this study was to use degradation prediction and in-vivo evaluation to inspire a novel design of mag-
nesium (Mg) implant having a coral-like open-cell porous interior and an outer solid casing. In this design, the
porous interior acts as a bone-mimic channel for tissue infiltration and cell adhesion, while the solid casing en-
ables better structural strength and integrity. Different porosities of porous interiors, combined with different
wall thicknesses of outer casing, were designed. By implementing a continuum damage mechanics (CDM)-
based biodegradation model into finite element simulations, the mechanical properties and degradation rates
of the implant were predicted. The results showed that the implant with 70%–75% porosity and 0.5 mm wall
thickness had the optimal structural strength and degradation rate. This implant structure was then fabricated.
Compression tests and X-ray computed tomography (CT) scanning were carried out to investigate the material
properties and the structural transformation of the implants respectively. Moreover, an in-vivo rabbit model
was used to evaluate the degradation behaviours of the implant at different time points. The results showed
that this novel Mg implant had a relatively sturdy material strength and the porous structure did benefit the in-
growth of bone tissue and expedite the healing process.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
ct.polyu.hk (C.P. Lai).
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1. Introduction

Magnesium (Mg)-based alloys have good potential as biodegradable
implant material for in-vivo implantation [1–4]. Compared with tradi-
tional biodegradable implant materials, such as polymers and bioglass
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[5,6], Mg-based alloys show their unique characteristics, such as light
weight, similar density with bone, and they provide an essential ele-
ment of the biological system during degradation [7,8]. Also, it is not re-
quired to carry out a secondary surgery for implant removal after
implantation. It would greatly reduce the patients' risk of health and
psychological issues [9]. Several clinical studies of biodegradable Mg al-
loys have been carried out to evaluate and compare the performance
with traditional non-degradable implant materials, such as stainless
steel and Ti alloys. The results demonstrated that biodegradable Mg al-
loys have a good biocompatibility, biodegradability and acceptable me-
chanical properties. Some specific compositions of Mg alloys were
selected and commercially available as bone substitutes/fixation de-
vices [10–13]. Comparedwith othermarket-availablemetallic biomate-
rials, the elastic modulus and yield strength of Mg-based alloys are
closer to those of natural bone. Thus, they can minimize the possible
stress shielding and provide adequatemechanical properties [14]. How-
ever, themajor drawbacks of theseMg implants are their low corrosion
resistance and the occurrence of subcutaneous gas cavities after implan-
tation [15]. Alloyingwith different elements [16,17] and surfacemodifi-
cations [18,19] seems a proper solution to control the degradation rate
of Mg alloys for orthopaedic applications. Recent studies reveal that
the corrosion resistance of Mg-based alloys could be improved with
the formation of a protective zinc phosphate layer during corrosion
[20,21]. Moreover, Zn can improve ductility and has little effect on ten-
sile properties. Thus, it can be used to strategically control the corrosion
reaction between Mg and body fluid [22]. Rare earth elements have
been proposed for alloying to improve the overall degradation rate of
Mg-based alloys [23–25]. Previous studies have been performed on
these alloys with varying Zn content [26]. It was found that the tensile
strength and corrosion resistance of Mg alloy would be improved with
increasing Zn content. On the other hand, Mn is an essential element
for metabolism of living cells and organism, but over 1% would be
shown poisonous effect to cell viability and its proliferation [15,23,27].
Therefore, Mg-3%Zn-1%Mn is the optimal one and thus selected in this
study.

To further stimulate the ingrowth of tissue and tailor the density dis-
tribution to meet the special requirement of strength, modulus and de-
formation during implantation, a compelling potential alternative
would be the use of porous materials produced by different processes/
methods [28,29]. Mg materials with a porous structure have been
found to serve as high-potential orthopaedic biomaterials and gained
considerable attention for their improved properties from solid struc-
tures [30]. These structures are super lightweight, and their elasticmod-
uli are closer to that of natural bones, which would minimize stress
shielding and implant loosening. The interconnected pores allow bone
tissues, blood vessels and cells to access the voids and provide a large
surface area for them to grow, as well as deliver biological factors such
as proteins and genes, hence enhancing the formation of new bones. It
has been reported that bone ingrowth was faster and deeper for porous
implants compared to solid ones [31]. However, the large surface area of
a porous structurewould also lead to increasedMg oxidation and hence
a high degradation rate. In addition, porous structures haveweaker ten-
sile strength compared to solid materials; they could easily deform
when an external load is applied. Therefore, porous implants with a
suitable solid casing would provide better structural integrity and
meanwhile control the degradation rate of internal porous implants,
thus matching the bone growth rate for better bone recovery.

Normally, the biodegradation of the existing implants is obtained ex-
perimentally from in-vitro and/or in-vivo tests. Such tests are very cru-
cial but rather costly and time-consuming. Also, it is very difficult to
achieve biodegradation in in-vivo tests because of the complex experi-
mental setups to mimic the human body environment [32]. Eventually,
this leads to lengthy and labour-intensive studies, resulting in very low
cost/performance ratios. To overcome these long-lasting pre-clinical
drawbacks, the finite element (FE) approach is believed to be the
most effective in predicting the degradation behaviours of solid-type
biomaterials in the living body. At present, there are twomain constitu-
tive models, i.e., the physical model formulated with the adoption of
Nernst-Planck equation and the continuum damage mechanics
(CDM)-based degradation model [33,34]. Deshpande [35] studied the
corrosion of some commercially available Mg-based alloys (e.g., AZ91,
AZ31, etc.) by combining a physical model with adaptive meshing to
two-dimensional (2-D) simple geometries. However, only the corrosion
of thosemedical grade alloys with relatively high percentage of Mg (i.e.,
≥90%) is considered in this biological study [36].Wu et al. [37] evaluated
and validated the degradation behaviour of absorbable metallic stents
(AMS) during a pre-clinical study based on CDM. Grogan et al. [38] pro-
posed an FE corrosion model based on CDM that enables the analysis of
corrosion-induced geometric discontinuities on the overall mechanical
integrity of specimen. Similarly, Gastaldi et al. [39] developed a contin-
uum damage parameter approach to assess the overall stent damage in
terms of heterogeneous corrosion behaviour on an AMS scaffold. By
using an adaptive meshing scheme, Grogan et al. [40] developed a
more efficient computational FE strategy based on the Arbitrary La-
grangian Eulerian (ALE) adaptive meshing, which can explicitly track
the three-dimensional geometry variation of AMS during its corrosion.
Although the physical corrosion model has the advantage of describing
multi-physics corrosion processes, it lacks the consideration ofmechan-
ical property changes against the material's corrosion response [41].
Therefore, it is not so suitable to simulate the biodegradation of a
metal implant with complex load-bearing conditions in body implanta-
tion. While the CDM-based biodegradation model, which accounts for
the reduction in material integrity due to degradation environment
and mechanical loading, should be a more appropriate alternative.

Therefore, themain objective of this studywas to design a novel bio-
degradable implant which has the advantages of both solid Mg-3%Zn-
1%Mn alloy and its porous structure. In which, the solid casing enables
better structural integrity while the porous interior acts as a bone-
mimic channel for tissue infiltration and vascularization, benefitting
cell adhesion and growth. Different porosities of the porous interior
combined with different wall thicknesses of the outer casings of im-
plants were designed; then, FE simulations with the implementation
of a CDM-based biodegradation model were performed to predict the
mechanical properties and degradation rate of such novel implant
structure. Thus, the optimal implant structure was obtained and then
fabricated accordingly. Furthermore, compression tests and X-ray CT
scanning were carried out to investigate the material properties and
the structural transformation of the implants, respectively. Moreover,
an in-vivo model was performed on the mid-position of a rabbit's hu-
merus to evaluate the degradation behaviours of the implant at differ-
ent time points. Eventually, it is believed that the open-cell porous Mg
implant proposed in this study can provide an effective solution for fu-
ture design in orthopaedic implantation, which benefits both structural
integrity and bone healing.

2. Experimental methods

2.1. Design and preparation of the coral-like open-cell porous Mg implant

In this study, Mg-3%Zn-1%Mn was selected as raw materials of the
implant specimens. This composition has been tested by various in-
vitro studies to verifymechanical and degradation properties, which en-
ables subsequent in-vivo tests [27]. The coral-like open-cell porous
structure was produced by a modified infiltration method [31] with a
water-soluble salt as space holder. In order to meet the functional and
strength requirements of the porous structure, the pore sizes and poros-
ity are typically ranged from 0.8 mm to 1.0 mm and 65% to 75% respec-
tively [42–44]. The mixture gases of carbon dioxide and sulphur
hexafluoride was applied to prevent oxidation during fabrication. The
protective gas was applied to avoid oxidation during the process and
to provide an external pressure to drive the molten metal towards the
custom-made spaceholders. The specimenswere laundered thoroughly



Table 1
Detailed structure parameters of the novel porous Mg implant.

Numbering Porosity of porous interior (P) Wall thicknesses of outer casing (T)

1 65% 0.3 mm
2 70% 0.3 mm
3 75% 0.3 mm
4 65% 0.5 mm
5 70% 0.5 mm
6 75% 0.5 mm
7 65% 0.7 mm
8 70% 0.7 mm
9 75% 0.7 mm
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through a dilute alkaline solution NaOH (0.1 M) [27] after cooling and
then sterilized by autoclave for the upcoming experiments.

In this study, the mid-position of a rabbit's humerus was se-
lected to evaluate the degradation of the implanted specimen. As
the bone in this region is generally cylindrical, the current study
just focuses on a regular tubular structure. Nevertheless, other
complex structures will be further studied in the future so as to
understand the correlation between the structure and the degrada-
tion behaviour. Therefore, the specimens were wire-cut into a cy-
lindrical shape and then assembled to a solid Mg casing with an
outer diameter of 5.5 mm and a height of 6 mm. Such size makes
the specimen suitable for implantation in the humerus of the
selected rabbit model in this study [45]. To ensure the bonding
strength between the porous interior and outer solid casing for im-
plantation, interference fit was adopted during the assembly, i.e.,
the tubular outer casing was heated first to increase its inner diam-
eter, and then the porous interior was inserted into the casing
under the external force. Subsequently, the casing was cooled and
then bonded tightly with the porous interior. The shear test results
show that the bonding strength between porous interior and outer
solid casing reached 3.77 MPa, which makes the fabricated implant
capable to maintain mechanical integrity during the healing proce-
dure [46–48].

To obtain the optimal structure of the novel implant, different
porosities of the porous interior combined with different wall
thicknesses of the outer casing of the implant were designed and
modelled. The configuration of the implant design refers to Fig. 1,
and the detailed structure parameters are shown in Table 1. Then,
FE simulations were performed to predict the mechanical proper-
ties and degradation rates of these implant structures, and only
the optimal implant structure was fabricated for the subsequent
in-vivo test, thus to reduce the number of trials and adhere to the
3R principles of animal experimentation.
2.2. Hydrogen evolution tests

In order to measure the hydrogen evolution of Mg implants, the
modified immersion tests in the simulated body fluid following ASTM
G31 [49] were employed and conducted for this hydrogen evolution
for Mg-1-3%Zn-1%Mn. The size of the specimens for this test was the
same as stated in Section 2.1, i.e., Ø 5.5 mm × 6 mm. Each specimen
was immersed in the simulated body fluid with a CO2-bicarbonate
buffer [50] or its equivalent at around 37 °C for approximately 210 h.
The changes of hydrogen evolution in the solutionweremonitored reg-
ularly to study the corrosionmechanisms of these specimens. For details
of the setup for the measurement of the hydrogen release rate, please
refer to our published paper [27].
Solid Mg 
casing 

Coral-like porous 
Mg interior 

Wall 
thickness (T)

H
=6

 m
m

 

Ø=5.5 mm 

Fig. 1. Configuration of the novel implant design for orthopaedic application.
2.3. Compression test and X-ray CT scanning for implant assessment

In this study, the mechanical strength and porous structure of the
implant specimen with size of Ø 5.5 mm × 6 mm were evaluated by
compression tests and X-ray CT scanning respectively. The compression
tests were carried out on an MTS 810 testing machine according to the
standard ASTM E9-09 [51]. Compressive loading was applied on the
specimen and increased with a controlled speed of 0.1 mm/min until
the fracture of the specimen. The stress-strain curves of the material
were recorded and plotted; thus, the elastic modulus, yield stress and
ultimate compressive stress were obtained to evaluate the strength of
thematerial. In addition, amicro-focus high-resolutionX-rayCT system,
YXLON FF35 CT,was employed to detect the internal porous structure of
the specimen both before and after compression as well as the three-
dimensional (3-D) voxel models of those implants at different time
points post-implantation. During theX-ray CT scanning, the tube source
was operated at 110 kV voltage and 100 μA current; 1800 projections of
2-D X-ray imaging were captured in a 360° rotation, and then 3-D vol-
ume CT data were reconstructed using the in-house CERA reconstruc-
tion spooler. A high-resolution of 8.9 μm was achieved and such
resolution is sufficient enough to detect the degradation process of the
internal porous structure of theMg implant [52]. The profile and porous
structure of the specimen were visualized with the aid of VGStudio
MAX; thus, the pore size, porosity and degradation rate of the implant
specimen were obtained. The compression test and X-ray CT scanning
setups are illustrated in Figs. 2 and 3, respectively.
2.4. In-vivo rabbit model for degradation evaluation

In-vivo tests were modified based on standard practice ASTM F763-
04 [53]. A total of 12 New Zealand White (NZW) rabbits weighting ap-
proximately 2–3 kg and around 2.5 months old were selected as animal
models and underwent tests at three time points (i.e. 1.5-month, 3-
month and 4-month). These animals were divided into three groups,
Fig. 2. Setup of the compression test for the implant strength assessment.

astm:G31


Fig. 3. X-ray CT scanning for the implant using YXLON FF35 CT system.

Fig. 5. Radiographic photo of the humerus after surgical operation to check and confirm
the implant position (Day 0).
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each group having four animals at each time point, i.e., three animals
were implanted, and one animal was served as control. Doses of pre-
emptive meloxicam (0.6 mg/kg s/c) and enrofloxacin (5 mg/kg s/c)
were injected to the animals prior to surgery. The rabbits were sedated
by acepromazine (1mg/kg, intramuscular injection), followed by intra-
muscular injection, a mixed solution of ketamine (35 mg/kg) and
xylazine (5 mg/kg) was used for anaesthesia and buprenorphine
(10 mg/kg) was administered for antibiotic purposes.

An incision/opening with a segmental defect region of 6–8 mm long
was created approximately at the midshaft of the LHS humerus of the
animal after anaesthesia. The Mg-based porous implant with size of Ø
5.5 mm × 6 mm was then placed at the fracture region and fixed by
the usual fixation devices, i.e., one Ti-plate and four Ti-screws. After im-
plantation, the muscles and skin wound were closed by simple suture
(absorbable, 4/0, and nylon, 4/0, respectively). During the surgical oper-
ation for the Mg implant, as shown in Fig. 4, the inhalation anaesthesia
wasmaintained, followed by an endotracheal intubationwith amixture
of isoflurane (2% in volume) and oxygen (0.5 l per min) under sponta-
neous respiration. The surgical region was stabilized by bandage and
checked by X-ray imaging to confirm that the implant is positioned
properly after surgery, as shown in Fig. 5, and weekly throughout the
implantation. All images were taken under 40 kV for 10-second
exposures.

Post-operative carewith antibiotics (Enrofloxacin, 10mg/kg, Subcu-
taneous injection for five consecutive days) and analgesics
(Buprenorphine, 0.01 mg/kg, Subcutaneous injection every 8–12 h for
3–5 consecutive days) was applied to all animals to keep them alive
with limited ambulatory procedures. Regular food and water were pro-
vided during post-operative care. Special attentionwas paid for any rab-
bit that did not consume any water after the surgery. At least 100 ml/
day of fluid was injected subcutaneously, and an Elizabethan collar
was worn by any animals that have chewed on the incision. At the
end of the experimental time point, the rabbits were euthanized and
their humerus was harvested for micro-CT analysis. The in-vivo
Fig. 4. Photo of the surgical operation for the novel Mg implant implantation.
experiments of this study were approved by the Animal Subjects Ethics
Sub-committee (ASESC) under approval number 14-15/43-ISE-R-
OTHERS and Use of Experimental Animals Permit by The Third Xiangya
Hospital of Central South University under approval number of SYXK
2014-0013. Also, it is confirmed that this test was performed in accor-
dance with relevant guidelines and regulations.

2.5. Ex-vivo preparation and X-ray CT scanning for degradation analysis

All animals were anaesthetized by intracardiac injections of
acepromazine maleate tranquillizer (1 mg/kg) and sacrificed with an
overdose of pentobarbital (Dorminal, 150mg/kg) via intravenous injec-
tion at the marginal ear vein at the end of each time point (i.e., 1.5-, 3-
and 4-month). Thehumerus sampleswith implants andfixationdevices
were dissociated from the animal by saw. Surrounding soft tissues in-
cluding skin and muscles were removed and packed in saline wet
gauze for performing subsequent ex-vivo X-ray CT scanning using the
YXLON FF35 CT system with image pixel size ranging from 9 to 18 μm.
The reconstructed 2-D and 3-D CT images were acquired and visualized
using the software VGStudioMAX. The residual implant was segmented
from the surrounding bone using the surface determination function to
obtain its volume and surface area. By analysing the constructed CT im-
ages of the porous structure, the porosity and pore size of each sample
can be measured, while the 3-D shape and geometrical data on the
voids/pores and the degraded implant were captured for the subse-
quent degradation determination.

2.6. Histological procedure

The truncated samples were rinsed by distilled water for 5 min and
dehydrated according to the following procedures: dehydrated in 70%
isopropyl alcohol for 4 days, in 95% isopropyl alcohol for 4 days with 2
changes and finally in 100% isopropyl alcohol for 4 days with 2 changes.
Those dehydrated samples were infiltrated by xylene or its substitutes
for pre-embedding process, for 5 days with 2 changes until the tissue
sample convert into transparent. After fixation and pre-embedding,
the samples were infiltrated with 100% methyl methacrylate (MMA
1) and 100 ml MMA 1 and 2 g dibenzoyl peroxide (MMA 2) for
7 days. Then, the samples were embedded in 100 ml of MMA 2 and
4 g of dibenzoyl peroxide and 25 ml of dibutyl phthalate and placed at
a 37degC oven for 7 days for polymerization. The embedded samples
were placed at room temperature for hardening. The sample blocks
were cut to a section with thickness of 0.3 mm by the diamond cutting
band and polished to a thickness of 0.07 mm by a micro-grinding sys-
tem for staining.

Those bone sections were rinsed in 0.5% acidic alcohol for 30 s to re-
move the polymerized MMA on the surface. Giemsa solution was
freshly prepared by diluting 20 ml of Giemsa (MERCK 1.09204.0100)
into 100 ml deionized water and pre-heated at 57degC for 20 min be-
fore staining process. The sections were then cleaned by distilled
water and dried by filter paper. Giemsa solution was added to the sec-
tion until the whole embedded surface was covered. The sections with
stain were placed at 50 °C for 20 min and washed by distilled water to
remove excess stain and acidic alcohol.
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To identify the growing bone after in-vivo test, Alizarin red staining
was employed for calcium staining. Alizarin red dye solution was pre-
pared by dissolving 2 g of Alizarin red S into 100 ml of distilled water
and adjusted the pH value between 4.1 and 4.3 by ammonium hydrox-
ide. The bone sectionswere placed in Alizarin red dye solution for 5min,
rinsed by distilledwater to remove excess dyes and dehydrated in 100%
propyl alcohol. A very thin glass should be placed over the bone sections
to protect and enhance the optical evaluation.

3. CDM-based model for implant biodegradation prediction

Implementing the FE code for biodegradation prediction requires
not only the 3-D shape and geometric data about the sponge structure,
but also the theoretical biodegradation model. During the implantation
for the bone loss region under loading, the Mg-based alloy mostly cor-
roded under the micro-galvanic degradation whereas stress degrada-
tion is also very sensitive to the Mg-based alloy because of different
load-bearing situations. Concerning a comprehensive model in this
study, a modified CDM-based degradation model considering not only
micro-galvanic corrosion [41], but also the varying mechanical proper-
ties against the degradation response of the porousmaterial, was devel-
oped. This CDM-based approach introduces a local damage parameter
D, which accounts for a reduction in themechanical integrity of thema-
terial due to degradation. An effective stress tensor ~σ is also introduced.
This is expressed as

~σ ¼ σ= 1−Dð Þ ð1Þ

where σ is the undegraded stress tensor. Initially, D = 0 indicates that
the material is intact while D = 1 means the material has been
completely degraded and has lost its load-bearing ability. The degrada-
tion is assumed to be observable on the free surfaces of the elements,
and its evolution is considered on the FEmeshes within the geometrical
model. The degradation damage parameter D is supposed to be a linear
combination of micro-galvanic degradation DM and stress degradation
DS, formulated as

D ¼ DM þ DS ð2Þ

Generally, the evolution law for micro-galvanic degradation can be
expressed as

�DM ¼ kMδM=Le ð3Þ

where kM is the kinetic parameter of the degradation process, which can
be obtained through in-vitro and in-vivo tests by considering biological
conditions and degradation responses such as pH, body fluid flow rate,
temperature differences, formation of Mg oxides and hydrogen evolu-
tion etc. δM is the material characteristic dimension which contains not
only the immersed outer surfaces but also the inner surfaces of the con-
nected pores in the porous structure; Le is the FE mesh characteristic
length. For the axisymmetric element, the Le can be expressed as

Le ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Ae2πl

3
p

ð4Þ

where Ae is the surface arear of the element and l is the distance from
the element centroid to the symmetry axis.

In addition, the evolution law for stress degradation is defined as

�DS ¼ Le=δSð Þ Sσ �
eq= 1−Dð Þ

� �R
if σ �

eq≥σ thN0 ð5Þ

�DS ¼ 0whenσ�
eqbσ th ð6Þ

whereσeq
∗ represents the equivalent stress andσth is the threshold value

of critical equivalent stress, belowwhich the stress degradation process
does not occur. S and R are material constants related to the kinetics of
the stress degradation; δS is a characteristic dimension of the stress deg-
radation process.

In order to obtain the solution of Eq. (5), an initial state of the mo-
ment t = 0 is considered, i.e.,

DSjt¼0 ¼ 0 ð7Þ

Thus, at a time interval from step n to n+1with a time increment of
Δt, the stress degradation can be written as

DS t þ Δtð Þ ¼ DS tð Þ þ Le=δSð Þ 1− 1−Δt Rþ 1ð Þ Sσ �
eq

� �R
� �1=Rþ1

( )
ð8Þ

The material flow behaviour is described by an elasto-plastic mate-
rial model. In which, the strain is decomposed as two parts

ε ¼ εe þ εp ð9Þ

where εe and εp represent the elastic and plastic parts, respectively.
According to the classical Mises-type theories of metal plasticity, the

flow rule of εp can be given by [54]

�εp ¼
ffiffiffi
3
2

r
�pN ¼

ffiffiffi
3
2

r
Fy
K

� �n

N ð10Þ

where �p is the accumulated plastic strain rate, K and n are the material
viscosity parameters. 〈〉 is theMcCauley operator;N is the unit vector of
the yield surface Fy. And the Fy can be written as

Fy ¼
ffiffiffi
3
2

r
‖~σ 0‖−Q ; ð11Þ

where Q is the deformation resistance which follows the isotropic hard-
ening rule, and its specific form is

Q ¼ Q0 þ Qs; ð12Þ

where Q0 and Qs are the initial and the subsequent deformation resis-
tances, respectively.

The evolution law of the resistance Qs can be expressed as

�Qs ¼ β Q sat
s −Qs

	 
 �p; ð13Þ

whereQs
sat is the saturated value ofQs,β controls the evolution rate ofQs.

The proposed CDM-based biodegradation model can be imple-
mented within an FE package (e.g. ABAQUS) by developing a user-
defined material subroutine (VUMAT). A flowchart for the VUMAT is
shown in Fig. 6. For the FE simulations, the geometrical model of the
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implant was meshed with 3D 4-node linear tetrahedral elements
(C3D4). Compressive loading was imposed on the top surface of the po-
rous geometrical model to mimic the load-bearing conditions during
implantation. It is assumed that only elements on the external or ex-
posed surfaces are degraded. D of an element reaches 1 means the ele-
ment is completely degraded. Then the element will be removed from
the mesh set, its neighbouring elements become new degradation sur-
faces. The ALE implementation can also be achieved using ABAQUS/
Standard combining user subroutines UMESHMOTION, UETERNALDB
and UFIELD [40]. It has been proved to be more efficient and less
mesh-sensitive than those element removal approaches. By moving
the facet along its inward-pointing normal, the facet velocity v can be
determined. The prediction of CDM-based biodegradation can then be
presented in terms of the quantity vt, which is the degradation ratemul-
tiplied by degradation/immersion time. This can be considered an
equivalent one-dimensional ‘biodegradation distance’. In this study,
the 3-D shape and geometric data on the voids/pores inside the porous
structure obtained from the X-ray CT systemwas input into the FE code.
The kinetic parameters and characteristic dimensions obtained through
in-vitro and in-vivo tests, as well as the material constants (i.e., relative
density, elastic modulus E, anisotropic hardening parameters, etc.) ac-
quired from compressive tests, were employed in the CDM-based bio-
degradation model.
4. Results and discussions

4.1. Predictedmaterial properties and degradation rates of different implant
structures

The predicted material properties (i.e., elastic modulus, yield
strength and ultimate compressive strength) of the porous implants
with different porosities of the porous interior and wall thicknesses of
the outer casing are shown in Fig. 7. It can be seen that the elastic mod-
ulus and strength of the implants decreasedwith an increase in porosity
at a specific wall thickness of the outer casing. In addition, these proper-
ties clearly increased as the wall thickness increased at a specific poros-
ity of the porous interior. Therefore, it can be concluded that lower
porosity and a thicker outer casing allow for better strength and higher
modulus of the implant. Tomeet the requirements of the implant's yield
strength and the ultimate compressive strength (black dash and dash
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Fig. 7. Predicted material properties of the porous Mg implants with different structures.
The blue dash line indicates the required Young's modulus of the implant; The black
dash and dash dot lines represent the required yield strength and ultimate compressive
strength of the implant, respectively.
dot lines shown in the figure), the predicted strength values should be
above the black dash lines, thus implants 4–9 are the desired specimens.
In addition, to ensure that the implant modulus is close to the natural
bone, i.e., the predicted modulus values are preferably near the blue
dash line, implants 4–6 are further selected. Therefore, porous implants
with 0.5 mm thickness of the outer casing and 65%–75% porosity of the
porous interior are themost suitable structure for thematerial property
requirement.

Before the implementation of the FE model for degradation predic-
tion, the CDM-based degradationmodelwas calibrated based on the re-
sults of in-vitro tests. Details of the setup of in-vitro test can be referred
to our published work [23–27]. Structure of implant 4 was selected and
thematerial parameters involved in the degradationmodel are listed in
Table 2. The stress-strain relation andmass loss from the FE degradation
model at different time-points were compared with the observed in-
vitro tests in Figs. 8 and 9 respectively. It can be seen that the CDM-
based degradation model is capable of capturing the experimental me-
chanical response and mass loss rate of the implant over time.

Furthermore, implants 4, 5 and 6 were used for degradation predic-
tion (see Fig. 10). To better reveal the internal structure of these im-
plants, one typical 2-D section from each implant was extracted, and
the predicted degradation results of these sections at different time
points are shown in Fig. 11. It was found that the outer casings of
these implants were basically not degraded until the 1.5-month time
point, and then they were degraded slowly, but most of them remained
until the 4-month time point. For the porous interiors with different po-
rosities, they degraded faster than the outer casing, and most of them
had degraded by the fourth month. More specifically, implant 4, with
a porosity of 65%, had the most undegraded porous interior during the
4-month implantation, while the outer solid casing degraded the
most. The reason may be that the fewer internal channels of implant 4
causes the degradation to be shifted from the porous interior to outer
solid casing, thus accelerating the degradation of outer solid casing.
However, when the porosity of the implant increases to 70% or more
(i.e., implants 5 and 6), the porous interior almost completely degraded,
but the outer solid casing had the most remaining. Since the rapid deg-
radation of the porous interior would be conducive to the growth of
bones and tissues, and the remaining outer solid casing would ensure
the strength and the stability of the implant during thewhole implanta-
tion period, implants 4 and 5 can be considered to have the most suit-
able structure for orthopaedic application. Hence, implants with P of
70%–75% and T of 0.5 mm were fabricated accordingly for the subse-
quent mechanical test and in-vivo assessment.

4.2. Implant strength, structural and hydrogen evolution assessment

The stress-strain curve of the porous Mg implant, as well as the
physical pictures of the implant sample at three typical strain levels
(i.e., 0, 0.085 and 0.112), are shown in Fig. 12. In addition, the stress-
strain curve of the complete porous Mg specimen is also shown in
Fig. 12 for comparison. It can be seen that the yield strength of the im-
plant increases significantly from 5.9 MPa to 58.3 MPa when the outer
solid casing is adopted, and such increase in strength is just slightly
lower than that of complete solid casting structure [15]. Thiswould con-
ducive to the stability of the implant during implantation. During the
test, the Mg implant could be steadily compressed to 0.085 strain with
a maximum stress of 110 MPa. There was then a sudden decrease in
stress accompanied by cracking of the casing at the top of the implant,
indicating a brittle fracture of the outer solid casing. After that, the cas-
ing was no longer protective, and the porous Mg interior would endure
compressive loading until 0.112 strain.

The microstructure of the fabricated specimen is shown in Fig. 13.
The outer tubular casingwasmade by extrusion process; thus, a refined
structure could be observedwith the average grain size of 15–30 μm.On
the other hand, the average grain size of inner porous Mg was
100–200 μm. This phenomenon could be explained by the ingot after



Table 2
Material parameters for the degradation model prediction.

kM δM σth S R δS Q0 Qs
sat β K n

0.005 0.1 mm 95 MPa 0.007 mm−2 h−0.5 N−1 2 0.07 mm 55.4 MPa 52.5 MPa 2.5 30 6.2
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melt and cooled under the faster cooling rate, the surface of the ingot
during semi continuous casting impedes the primary crystal grain
growth caused the coarse grain structure. Furthermore, Fig. 14(a)
shows the 2-D CT images of the un-deformed implant specimen. It
was observed that the shape of the internal poreswas close to spherical,
and the average pore size and porositywere 1.02mmand 68.2%, respec-
tively. Furthermore, the 2-D CT images of the deformed specimen at
strains of 0.085 and 0.112, were constructed. It was found that the aver-
age pore size of the porous structure remained almost unchanged dur-
ing deformation, indicating that stress was mainly applied to the
casing instead of the porous structure. After 0.085 strain, the casing
cracked, and hence, the porous structure began to be compressed, and
the pore size and porosity decreasing slightly to 1.01 mm and 10%,
respectively.

These results indicate that the strength of the implant structure was
sufficient for implantation applications. In addition, the calculated elas-
tic modulus from repeated compression tests of the specimen is
2.58 GPa, which is closer to that of natural bone and can thus minimize
stress shielding. The ultimate compressive strength of the implant is
110 MPa, which is similar with the strength of animal bones (107 ±
1.6 MPa) [55]. Referring to the 2-D CT images, the casing and pore
could withstand a strain of 8.5% with very small deformation; after
that, the protection of the casing becomes invalid, and the porous struc-
ture endures the external load. During the recovery period, the implant
togetherwith fixation deviceswere provided sufficientmechanical sup-
port to fix the fractured bones. The mechanical robustness is a critical
factor in the design of orthopaedic applications.

In addition, the hydrogen evolution of Mg-1-3%Zn-1%Mn is illus-
trated in Fig. 15. In general, the hydrogen gas was released steadily
over the immersion period, but the steeper slope was found in themid-
dle stage of the test (time=50–100 h) for specimenMg-2%Zn-1%Mn. It
was observed that the solid case was corroded first at the initial stage
(time = 0–50 h) and the porous structure was then corroded to accel-
erate the overall hydrogen release rate. As the immersion time in-
creased, the corrosion rates of specimens Mg-1%Zn-1%Mn and Mg-3%
Zn-1%Mn were slowed down because the protective zinc phosphate
layers were formed at the later stage of the test (time N 100 h)
Fig. 8. Stress-strain curves for the original and degraded porous Mg implants based on in-
vitro tests and FE simulations at different time-points.
[56,57]. The reactions between magnesium, zinc and phosphate in the
simulated body fluid are shown as below:

3Mgþ 2Hþ 2H2PO4−→Mg3 PO4ð Þ2 þ 3H2 ð14Þ

3Zn2þ þ 2H2PO
4− þ 2Hþ þ 4H2Oþ 6e−→Zn3 PO4ð Þ2 � 4H2Oþ 3H2ð15Þ

However, the overall hydrogen release rate of specimen Mg-2%Zn-
1Mn was increased during the same period. This phenomenon can be
explained by the competition between formation of the protective
film and degradation of the Mg alloy; the degradation was dominant
in the process. In short, only Mg-3%Zn-1%Mn exhibited a stable and rel-
atively low hydrogen evolution rate. Based on the above findings, the
proposed implant designwithMg-3%Zn-1%Mnwas able to fulfil theme-
chanical robustness and hydrogen evolution requirements and the sub-
sequent in-vivo analysis was then carried out.

4.3. In-vivo assessment

As stated in Section 2.4, a total of 12 rabbits were used for the in-vivo
assessment. One of them died from loss of appetite, and plate disloca-
tion was observed 2 weeks after surgery. Due to severe plate bending
and pin dislocation caused by overweight, malunion of bone was
found in another rabbit. The rest of the 10 animals exhibited normal
mental health and wound recovery during the observation period. The
mobility of all animals recovered seven days after the surgery, and
their weight steadily increased. The weight change of all rabbits during
the in-vivo test is shown in Table 3.

4.4. X-ray radiography

Fig. 16 shows the X-ray radiographs of the tested animals after sur-
gery (Day 0, 1.5-month, 3-month and 4-month post-operation). It was
found that almost no gas bubbles were observed after implantation
due to the special characteristics of the implant structure, i.e., the porous
structurewasfirst degraded, and hydrogen gaswas generated in the po-
rous channels and was trapped by the solid casing. The hydrogen gas
Fig. 9. Percentage of mass loss over time obtained from FE predictions and in-vitro tests.



Fig. 10. Typical 2-D sections of the selective implants (nos. 4, 5 and 6) for the degradation process analysis of their internal structures.

Fig. 11. The simulated degradation processes of the 2-D sections for implants 4, 5 and 6 at 1.5-, 3- and 4-month time points. The damage parameter D indicates how much the element
degraded (0 = no damage; 1.0 = totally damaged).
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Fig. 12. Stress-strain curves of the porous Mg implant and the complete porous Mg
specimen, as well as the physical pictures of the implant sample at three typical strain
levels (i.e., 0, 0.085 and 0.112).

Fig. 14. 2-D X-ray CT images of the porous Mg implant at compressive strains of (a) 0,
(b) 0.085 and (c) 0.112.
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was then dissolved in the blood/body fluid nearby and absorbed by the
body through the blood circulation. Compared to porous interior, the
degradation rate of the solid casingwas relatively slow due to oxidation
films were formed during the degradation process and improved the
corrosion resistance of implant [58,59]. The implant degraded steadily,
and bone tissue growth was observed at the defect region. Bone conti-
nuity was observed in the 3-month and 4-month groups but not in
the 1.5-month group. Compared with other findings [60,61], gas film
formation depends on the chemical composition and the dimension of
specimens. Also, soft callus formation was observed at 1.5-month; the
implant was surrounded by a small amount of soft tissues, however,
very less of soft tissues can be found around the bone defect region in
the control group. The overall size of the defect region was becoming
larger, which is double the original bone diameter. This could be ex-
plained by the occurrence of intramembranous ossification and bone
tissue being formed from the edge of the defect gap towards the centre.
A bone cuff was formed around the defect region; the implant was to-
tally enclosed by fibrous tissue and cartilage. The bony bridge was ini-
tially formed by soft callus, and the overall size of such bone cuff was
2.5 times the original bone diameter at 3-month group. In the control
Fig. 13. The microstructure of the fabricated porous Mg implant.
group, soft callus was formed at the defect region, but the overall size
of bone cuff was 1.5–2 times at the same time point. Bone integrity
was not observed at this stage. Hard callus formation was observed in
the 4-month group and bone continuity improved. No gap was ob-
served at the defect region. The overall dimension of the defect region
was reduced and stable, and bone remodelling was beginning. The sim-
ilar phenomenon was observed in the control group. However, bone
continuity could not be improved until 4-month post-implantation.

4.5. Degradation and histological analysis of the implant

To obtain the experimental degradation rate, the harvested humerus
samples together with the surrounding tissues and residual implants at
1.5, 3- and 4-month post-implantation were scanned by a high-
resolution X-ray CT system. 3-D voxel models of the whole implant
under in-vivo test at different time points could be visualized after re-
construction, as shown in Fig. 17. Since degradation mainly occurred
at the porous interior of the implant, the porous structures inside the
outer casingwere also extracted and shown in Fig. 17. A slight degrada-
tion was observed at the porous interior after 1.5-month post-
implantation. The overall volume and structure of the porous interior
were still identified. At 3-month post-implantation, degradation still oc-
curred, and all sharp regions of the casing were corroded. On the other
hand, the porous structure corroded significantly, and itwas hard to dis-
tinguish the pore distribution. At 4-month post-implantation, the po-
rous structure could no longer be identified, and most of it had
degraded.

The residual volume of each implant sample was measured and ob-
tained after 3-D reconstruction which was segmented from the sur-
rounding bone using the surface determination function to obtain its
Fig. 15. Hydrogen evolution of Mg-1-3%Zn-1%Mn specimens.



Table 3
Weight comparison of all tested animals during the in-vivo test.

Time
point

Label Weight (kg) Difference
(%)

Remark

Initial Final

1.5-month 2D 3.10 3.58 +15.48
2E 3.34 3.55 +6.28 Severe plate bending and pin

dislocation
2F 3.04 3.38 +11.18
2G 2.30 2.58 +12.17 Control

3-month 3D 2.22 3.36 +51.35
3E 2.38 3.54 +48.74
3F 2.02 2.21 +9.40 Died during the test
3G 1.94 3.16 +62.89 Control

4-month 1D 2.28 3.49 +53.07
1E 2.28 3.54 +55.26
1F 2.42 3.46 +42.98
1G 2.18 3.04 +39.44 Control
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volume and surface area. According to ASTMG31-72, the averaged deg-
radation rates were calculated using Eq. (6):

DR mm year−1	 
 ¼ ΔV=SA � t ð16Þ

where DR is the degradation rate, ΔV is the change in volume, SA is the
implant surface area and t is the implantation time. The average degra-
dation rates for theMg implants were calculated inmillimetres per year
(mm year−1), assuming uniform degradation. Although localized deg-
radation occurs in-vivo test, this assumption has been widely used for
simplistic measurements.

The calculated degradation rate of the whole implant using Eq. (16)
is shown in Fig. 18. It was found that the degradation rates differ at dif-
ferent post-implantation time points. The findings reveal that the vol-
ume of the whole implant at 1.5-month post-implantation had slightly
increased and led to a negative degradation rate (−0.0296mmyear−1).
This could be explained by the formation and degradation of a protec-
tive Mg(OH)2 layer which served as a barrier to protect the casing and
porous structure. It leads to a relatively slow degradation rate and min-
imize hydrogen evolution during the 1.5- to 3-month implantation.
Fig. 16. X-ray radiographs of the porous Mg implant (upper row) and control (lo
From the reconstructed 3-D X-ray CT images in Fig. 17, implant surfaces
in contact with the body fluid, i.e., the top and bottom of the implant,
showed initial signs of degradation. Surfaces in contact with bones
were less susceptible to degradation, as the bones provided protection
for the implant. The average degradation rate then increased to
0.0263 mm year−1 at the 3-month implantation, which could be attrib-
uted to the gradual degradation of the internal porous structure. It
should be noted that the changes in volume include not only the degra-
dation of the implant itself but also the newly grown bone tissue inside
the porous structure, and this makes the overall degradation rate of the
implant much slower than that of the in-vitro test. At the 4-month im-
plantation, there was a rapid increase in degradation rate
(0.0777mmyear−1) because of the breakdownof theseMg(OH)2 layers
and the further fast reaction between Mg and tissue fluid, and such cy-
clic reactionwill continue until the implant vanished. Since the reaction
of Mgwas very active, it kept degrading to release a large amount of Mg
ions andMg chlorides to the surrounding region,which stimulates bone
tissue growth at the defect region.

In addition, it was found that the degradation rates of the porous in-
teriorwere significantly faster than that of the outer casing, and thus the
porous interior contributes to most of the degradation of the entire im-
plant. Therefore, the degradation of the porous interior plays a predom-
inant role to controlling the degradation process of the whole implant
throughout the implantation period. These results were expected be-
cause of the nature of the porous structure [62], whose interconnected
pores provided channels to enable the flowof body fluids, thus resulting
in accelerated degradation of the implant and meanwhile benefitting
the ingrowth of bone tissue and expediting the healing process.

The histological analysis showed that an abundant of calcified callus
was spread around the implant with a thin gasfilm after 3months post-
implantation, see Fig. 19. It was observed that the bone growth around
the implant and segmental defect location was promoted and stimu-
lated by magnesium ions. However, the degradation rate of porous
structure (interior part) and the solid casing (outer part) was not uni-
formity. The porous structure was first degraded, and gas was trapped
by the solid casing. The hydrogen gas was dissolved in the blood and
absorbed by the body through the blood circulation. An opaque by-
wer row) after the surgery (Day 0, 1.5-, 3- and 4-month post-implantation).

astm:G31


Fig. 17. 3-D voxel models of the whole implant and porous interior under in-vivo test at different time points (1.5-, 3- and 4-month).
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product was observed at the porous section while the case was fairly
complete after 3 months post-implantation. Moreover, the degradation
rate of the solid case was relatively slow compared with the porous
structure. It is because oxidation filmswere formed during the degrada-
tion process and improved the overall corrosion resistance of the im-
plant [59,60]. A thin layer of gas film between the implant and newly
formed calcified callus could be observed near the outer casing after
3months post-implantation. Such gasfilmwas in favour of the bone tis-
sue adhered on the implant and hinder the bone tissue. The average size
of gas film was then reduced and dispersed at 4 months post-
implantation which the gas was absorbed by surrounding tissues and
enter to the bone remodelling stage.
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Fig. 18. Degradation rate of the novel Mg implant at 1.5-, 3- and 4-month post-
implantation.
5. Conclusions

This study successfully developed a novel Mg implant structure de-
sign having a coral-like open-cell porous interior and an outer solid cas-
ing. The configuration of the implant was designed and optimized with
the aid of FE simulations. The results indicated that the novel implant
with 0.5 mm thickness of the outer casing and 70%–75% porosities of
the porous interior was the most suitable structure for the material
properties and degradation requirements. The optimal structure of the
implant was then fabricatedwith a strength of 110MPa, whichwas suf-
ficient for implantation applications, and the measured elastic modulus
was 2.58 GPa, which is closer to those of natural bone and thus canmin-
imize stress shielding. In addition, X-ray CT scanning showed that the
average pore size and porosity of the implant were 1.02 mm and
68.2% respectively, and the structural transformation analysis demon-
strated that the casing could withstand as a protective layer under the
strain of 8.5% with very small deformation.

Furthermore, the results of X-ray radiography revealed that the
novel Mg implant was degraded steadily. Bone continuity was not ob-
served in the 1.5-month group but it was seen in the 3-month and 4-
month groups. At the 4-month implantation, the hard callus formation
was observed, the bone continuity had improved, the overall dimension
of the defect region had reduced, and the bone remodelling was begin-
ning. The results of X-ray CT scanning showed that the volume of the
whole implant at 1.5-month post-implantation had slightly increased
and led the negative degradation rate (−0.0296 mm year−1) due to
the formation and degradation of protective Mg(OH)2 layers. The aver-
age degradation rate then increased to 0.0263 mm year−1 at 3-month
time point, which could be attributed to the gradual degradation of
the porous interior. At 4-month time point, there was a rapid increase
in degradation rate (0.0777 mm year−1) due to the breakdown of
these Mg(OH)2 layers, and a further fast reaction between the Mg and
tissue fluid. In addition, it was found that the degradation rates of the
porous interior were significantly faster than those of the outer casing



Fig. 19. Histological macro-photographs of Alizarin red S staining of the formed calcified tissue after 3 months post-implantation.
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due to the nature of the porous structure, whose interconnected pores
provided channels to enable the flow of body fluids. This resulted in ac-
celerated degradation of the implant, meanwhile benefitting the in-
growth of bone tissue and expediting the healing process.
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