CrossMark

ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Ceramics International 40 (2014) 2933-2942

CERAMICS
INTERNATIONAL

www.elsevier.com/locate/ceramint

Investigation of mechanical behavior of CPC/bone specimens
by finite element analysis

Tao Yu™™' Xuan Liu™', Jiandong Ye"*, Ming Zhang™**

Interdisciplinary Division of Biomedical Engineering, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong SAR, China
®Key Laboratory of Specially Functional Materials of Ministry of Education and School of Materials Science and Engineering,
South China University of Technology, Guangzhou 510641, China

Received 9 September 2013; received in revised form 4 October 2013; accepted 4 October 2013
Available online 11 October 2013

Abstract

Calcium phosphate cement (CPC), as an important injectable biomaterial, is extensively used for bone repair in clinical application.
If mechanical properties of CPC match well with that of bone tissue, it can create an appropriate mechanical environment for bone repair. In our
study, the objective was to investigate the responses of bone tissue to CPC in different series of elastic modulus combinations. Finite element
analysis (FEA) was applied to calculate the stress/strain on CPC-bone specimens and to further forecast the potential risky area. The predicted
results indicated that CPC materials and bone tissue had different stress distribution patterns under the same loading condition. For CPC material,
the Von Mises Stress peak occurred in the bone—cement joint area; while for bone tissue, the risky area was located at the bridge area among
trabecular bones. The porous and loose structure of cancellous bone induced a greater Von Mises Stress in bone tissue. Quantitative analysis
indicated that stress/strain distribution was directly correlated with the elastic modulus of material. When Young's modulus of bone and CPC was
1 GPa and 6.10 GPa respectively, the optimal stress matching between bone and CPC was achieved. In sum, this work confirmed that FE

modeling was the ideal method for predicting fracture behavior of bone—CPC specimen both qualitatively and quantitatively.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Recently, minimal invasive surgery has received increasing
attention in craniofacial, dental, and orthopedic application,
because it is less aggressive than the classic surgical method.
Self-setting biomaterials have a great potential in minimal
invasive surgery [1]. The demand of biomaterials for minimal
invasive surgery has induced the development of self-setting
bone cement as injectable and/or moldable bone substitute
[2-4]. CPC, as a highly promising bone substitute material,
has attracted growing attention from scientists and surgeons
recently, because of its injectability, self-setting property, easy
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plasticity, and good biocompatibility [5-8]. Given CPC's
primary mechanical property, it can be used to support bone
tissue, and its mechanical support can decrease the pain of
patients. However, mechanical properties of CPC are not as
good as that of polymethylmethacrylate (PMMA). PMMA has
been used for approximately one hundred years clinically.
Given that PMMA is non-degradable, CPC has better pro-
spects in clinical application. Therefore, researchers have
focused on improving mechanical properties of CPC for years
[10-15]. CPC is usually injected into human trabecular bone,
which means that CPC's strength should match the mechanical
requirements of the local trabecular bone [9]. Success of bone
repair is up to the following two points: whether materials can
appropriately integrate with its surrounding tissues; and
whether the implanted materials can fulfill biomechanical
functions of native tissues. As it is known, bones will adapt
their shape, density and/or internal architecture (in case
of trabecular bone) to changes in loading condition [16,17].
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Table 1
Synthesis condition combination of as-processed ACPs.

ACP CalP ratio Milling time (h) Additive

ACP-1 1.33 2 -

ACP-2 1.67 6 -

ACP-3 1.33 4 -

ACP-4 1.67 4 Strontium carbonate 15 wt%

In case that implanted material exceeds the stress that bone can
bear, risk of secondary bone fracture will increase. Nowadays,
skeletal biomechanics have been focused on how skeletal
tissues are produced, maintained and adapted to biophysical
stimuli in environment as an active response, which is
currently known as mechanobiology [18]. During the bone
repair process, effects of mechanical factor are important.
Thus, how CPC's strength will match the mechanical require-
ments of trabecular bone needs to be verified through
further study.

It is difficult to use traditional material tests to characterize
the mechanical responses of CPC to bone tissue in vivo.
Nowadays, with the development of computer technology,
FEA applied to organic structures is one of the most promising
area of biomechanical and biomaterial researches. Particularly,
FEA has been proven effective in predicting the behavior of
complex structures, such as bone—cement interface [19],
dentin-postinterface [20] and tissue engineering scaffold [21].
The basic concept of FEA is the subdivision of mathematical
model into a finite number of discrete elements. Through the
solution of FEA, a great deal of insight into the internal stress
distribution and deformation of the structure can be provided
and complex material properties in modeling structures can be
handled. The use of micro-imaging reconstruction and micro-
finite element method to design CPC scaffold has been
suggested previously [22], but it has not been applied to
injectable CPC and the micromechanical behavior of bone—
CPC interface.

Therefore, the objective of our work is to use finite element
analysis (FEA) to calculate the stress/strain distribution in
CPC/bone specimen, and thereby estimate their mechanical
behavior under different loading conditions. The primary goals
are: (1) to assess the local deformation and damage develop-
ment in bone—CPC specimens under selected levels of uniaxial
compression; (2) to evaluate the mechanical response to
loading compression on the interface of CPC and bone. With
the insightful information, CPC preparation can be optimized
to provide an appropriate support in vivo, and it is an essential
task to characterize and predict the mechanical behavior of the
complex three-dimensional (3D) structure.

2. Materials and experiments
2.1. Materials preparation

In this work, CPC was prepared by mixing amorphous
calcium phosphate (ACP) and dicalcium phosphate [23]. Four

kinds of CPC were prepared: CPC-1, CPC-2 and CPC-3 were
prepared by mixing ACP (1, 2, 3) and dicalcium phosphate
with the weight ratio of 1:1; CPC-4 was prepared by mixing
ACP-4 and dicalcium phosphate with the weight ratio of 2:1
(detailed in Table 1). The deionized water and cement powders
were mixed in a mortar to obtain a paste with workable
consistency, using a liquid/powder ratio of 0.4 mL/g. The paste
was molded at 24-26 °C and 40-50% humidity. The cement
specimens were stored in an incubator at 37 °C and 97%
humidity.

Bovine trabecular bones were harvested from fresh iliac
crest and used to mix with CPC paste to create bone—cement
composite samples. The rectangular bone coupons were
machined to size and cleaned to remove fatty tissues. The
CPC slurry was placed on the surface of bone coupon to form
a bone—cement interface following a procedure of Tozzi et al.
[19]. The bone—cement specimen was stored for setting in an
incubator at 37 °C and 97% humidity. The processed samples
were used for micro-CT scanning.

2.2. Setting time measurements

The setting times of cements were measured according to
the international standard ISO9917 for dental water-based
cement. Ninety seconds after the end of mixing the CPC
powders with liquid, the indenter (300+5g in mass,
140.05 mm in diameter of the needle) was carefully lowered
vertically onto the surface of cement and allowed to remain
there for 5s. Initial setting occurred when a 1 mm needle
penetrated 25 mm into cement paste. Final set occurred when
there was no visible penetration. Each test was repeated five
times and the average value was calculated.

2.3. Compressive strength tests

Steel cylindrical molds with an inner diameter of 6 mm and
a height of 12 mm were used to prepare the cement columns
for compressive tests. The compressive strength of the
columns were measured using an Instron 5567 testing machine
(INSTRON, Britain) at a crosshead speed of 0.5 mm min~ .
Each measurement was repeated 5 times and the average value
was calculated. The Young's modulus of CPC was calculated
by the linear elastic constitutive law (E=tensile stress/tensile
strain) [24,25].

2.4. Micro-CT image acquisition

Micro-CT image was used to identify submicron structures
for materials. The prepared specimen (scanning dimension:
10 mm x 2 mm x 10 mm) was scanned using viva CT 40
scanner (SCANCO Medical AG, Briittisellen, Switzerland).
The scanner was set at a spatial resolution of 40 pm and a slice
thickness of 20 pm to acquire the micro-architectures of the
bone—ceramic complex. The system was set to a voltage of
70kV and a current of 110 pA. The scanning direction was
perpendicular to the bone—ceramic interface.
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Fig. 1. The finite element model of bone—cement specimen.

Table 2
Setting times, compressive strength and Young's modulus of CPC groups.

CPC Initial setting  Final setting ~Compressive Young's

time (Min) time (Min) strength (MPa) modulus (GPa)
CPC-1 13409 21+1.1 6.48 + 0.5 0.54 +0.04
CPC-2 11+£1.0 20+ 0.9 17.80+ 0.5 1.48 +0.04
CPC-3 18+1.0 44+1.0 2726 +0.3 2.274+0.02
CPC-4 24+34 42+ 1.7 7490 +2.3 6.10 £ 0.02
Table 3
Young’s modulus combination between bone and cement.
CPC-1 CPC-2 CPC-3 CPC-4
(0.54 GPa) (1.48 GPa) (2.27 GPa) (6.10 GPa)
Bone 1 (1 GPa) BIClI BIC2 BI1C3 BIC4
Bone 2 (5 GPa) B2Cl1 B2C2 B2C3 B2C4

2.5. Finite element (FE) model establishment

The micro-CT images of the specimen were imported into
MIMICS v14 software (Materialise, Leuven, Belgium) for
geometry reconstruction and mesh. MIMICS wrap tool was
used to distinguish small details of the trabecular bone. The
segmentation of bone tissue and CPC was manually differ-
entiated through the threshold gray levels in Mimics v14.
ABAQUS package v6.11 (Dassault Systems Simulia Corp.,
Providence, RI, USA) was used for subsequent FE analysis.
The model was meshed with tetrahedral elements. The element
size was determined to be approximately 0.25 mm in both the
bone and cement through convergence tests. The FE model of
the bone—cement complex consists of 77,713 elements and
25,603 nodes. The finite element model of bone-cement
specimen was shown in Fig. 1. Linear elastic constitutive
law [45] was applied for bone tissue and cement, separately.
Trabecular bones with different Young's modulus present
different mechanical characteristics [24-29,36]. In our study,

a chosen value of Young's modulus was given in bone tissue,
and we figured out whether the change of Young's modulus for
materials would affect the stress distribution between material
and trabecular bone or not. The parallel experiments were also
designed to figure out whether the change of values of Young's
modulus for the trabecular bone will affect the stress distribu-
tion between material and trabecular bone or not (Table 3).
The elastic properties were defined by giving Young's mod-
ulus, E, and Poisson's ratio, v. In this study Young's modulus
of 1, 5 GPa [28,29] was assigned to the bone respectively, with
combinations of different material parameters of the cement
(Table 3). These elastic properties were used as input for the
FE simulations. Poisson's ratio of 0.3 [30] was assigned to both
the bone and cement. The interaction between the bone and
cement was modeled using tie constraint. In the stress test of
material sample, the upper and lower surfaces of samples were
polished to make them paralleled surface. And the pressure of
vertical direction alone was tested in our study. Therefore, the
base of sample was fixed and pressure on its horizontal surface
was varied in our model, in order to get statistics which is in
line with measurement.

Two loading conditions were applied to CPC/bone speci-
mens (shown in Fig. 2). The Von Mises Stresses in bone,
cement and the bone—cement interface were compared among
different groups of Young's modulus combinations. For both of
the bone and cement, any element with a Von Mises Stress higher
than the material yield stress was regarded as damaged. During
the simulation of the uniaxial compression tests, the Von Mises
Stress was examined at every increment and analyzed to
investigate the element deformation in compression scale.

3. Results

CPC was first presented by Brown and Chow in 1986
[31,32], which was composed of one or more calcium
orthophosphates. After it was mixed with liquid phase, CPC
could form a self-setting paste and harden within human body.
CPC setting was the result of dissolution and precipitation
process, and the precipitated crystals were responsible for
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Fig. 2. Setting of the boundary conditions and loading: (A) the displacement of 1% compressive strain was applied to each trabecular cube on the vertical direction
and (B) the constant pressure (5 MPa) was applied on the top surface of the sample. The bottom of the sample was fixed in both condition A and B.

cement hardening [33,34]. Generally speaking, CPC's duration
of hardening should be no less than the time a surgeon needs to
perform implantation, and no more than it, so there will be no
delay in operation. Ideally, appropriate mechanical strength
should be achieved within minutes after the initial setting. The
method to assess the rate of a cement hardening was to
measure its setting time and compressive strength, which was
the most commonly used in tests. Table 2 summarizes different
setting times and compressive strength of CPC. The initial
setting times of all the CPC were less than 25 min; even the
longest setting time of CPC-3 was less than 45 min. Table 2
demonstrates different compressive strengths and Young's
modulus of CPC. Different material parameters of CPC were
used as input for FE simulations (Table 3). CPC was set as a
compact structure in FE model due to its dense structure. Fig. 1
exhibits the finite element model of bone—CPC specimens.
Two loading conditions were applied to CPC/bone specimens
(Fig. 2), which were strain mode and stress mode. And 1%
strain was regarded that it was damaged [35].

Figs. 3-5 exhibit the stress distribution of specimens under
damaged condition. In Fig. 3, CPCs are assigned with Young's
modulus of 0.54, 1.48, 2.27 and 6.1 GPa. Applying 1%
compressive strain, the Von Mises Stress distribution of
specimens were trending up with the increment of CPC's
Young's modulus. FE simulation predicted that bone was the
major risky area. Fig. 3 exhibits that bone endures more stress
than CPC; for CPC, more stress appears on the interface
between CPC and bone; for bone, the bridge connecting bone
trabecular units endures the more stress.

Fig. 4 indicates the local Von Mises Stress distribution of
B2Cx series under loading condition of A. In B2Cx series, the
elastic modulus of bone was set at 5 GPa. Under the same test
scale, B2Cx series exhibit greater stress value than B1Cx
series, and the Von Mises Stress distribution of specimens is
also trending up with the increase of CPC's Young's modulus.

The reason is that greater loading force is needed on the
surface of CPC in order to reach the critical condition. FE
prediction in Fig. 4 demonstrates the similar stress distribution
with that in Fig. 3.

Fig. 5 exhibits a magnified view of stress distribution on the
interface of bone and cement. Under the strain mode, interface
demonstrates the greatest stress value in CPC. Stress value of
CPC is trending up with the increase of CPC's elastic modulus.
There is concentration of stress on the interface.

In clinical application, stress mode is the most commonly
used loading condition. In stress mode, a persistent loading is
applied on repair material. Fig. 6 exhibits the stress distribution
of BICx series under the stress mode with 5 MPa. In B1Cx
series, CPC's elastic modulus has a minor effect on its stress
distribution. The bone tissue bears more stress, compared with
CPC. The stress on bone predicted by FE modeling is trending
up with the increase of CPC’s elastic modulus.

Fig. 7 exhibits the stress distribution of B2Cx series.
Compared with the results in Fig. 6, bone in Fig. 7 bears
more stress. The results indicate that the stress on bone is
trending up with the increase of bone's elastic modulus, but the
stress distribution of CPC is trending down with it. The same
results occurred in the test of bone—CPC interface.

Fig. 8 exhibits model of bone—CPC specimen with three
transverse planes, which are chosen to calculate the average
Von Mises Stress and strain quantitatively. Fig. 9 exhibits the
quantitative stress distribution on different transverse planes.
Under the persistent loading pressure of 5 MPa, the average
stress value in B1Cx and B2Cx series is less than 3.5 MPa.
The elastic modulus of material has a minor effect on the
average stress of plane (a) and plane (c). In B1Cx series, the
stress of plane (b) in CPC is trending up with the increase of
CPC's elastic modulus, but the stress of plane (b) in bone is
opposite. Results in B2Cx series are similar with B1Cx. The
stress values of bone at the interface of BICx series are less
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Fig. 3. The stress distributions on B1Cx series predicted from the FE model under the loading condition A. Cx: C1-C4.

than that in B2Cx series. Fig. 10 exhibits the quantitative
average strain on different transverse planes. Under the surface
pressure of 5 MPa, the strain value of CPC section is less than
that of bone section. The elastic modulus has a great effect on
the strain distribution of plane (a) and plane (bl) in CPC. For
plane (b2) and plane (c), the strain value of bone in BI1Cx
series are larger than B2Cx series.

4. Discussion

The mechanical properties of bone is up to its composition
and structure, but the composition of living tissues is not
stable, and it changes with factors such as mechanical
environment, age, disease, nutrition and so on [36]. The
interdependency of mechanical properties and microstructure
is so important that it is one of the fundamental objectives of
materials science to understand mechanical properties of the
tissue-implanted material complex in clinical application. In
1959, Vose and Kubala [37] first pointed out the correlation
between ultimate bending strength and mineral content. Then
the research about implanted biomaterials began to address the
question how much strength was appropriate for bone tissue.
In recent years, CPC has been used frequently in clinical
application, where trabecular bones are directly exposed to
CPC. For all kinds of CPC, their Young's modulus is not
narrowly distributed around a constant value, but widespread
over an extensive range of values [38—40]. Young's modulus
of CPC is highlighted here, because it represents its inherent

property [41]. The objective of this study is to investigate the
response of bone tissue to CPC with different series of elastic
modulus combinations.

The hydration behavior of CPC is a solution—precipitation
process for phosphates, and the following neutralization
reaction of acid and alkali acts as the driving force. Under
different synthesis conditions, as-processed ACPs in our work
showed different dissolution behaviors, which induced differ-
ent hydration behaviors in the process of CPC setting, and then
as-processed CPCs exhibited different duration of hardening
and mechanical properties (Table 2). In FE modeling, two
kinds of loading condition were applied on CPC/bone speci-
mens (Fig. 2). The FE predictions demonstrated that elastic
modulus of bone and CPC significantly affected their stress
distribution. In mechanics, Von Mises Stress is generally used
to describe strength. Compressive strength is used to describe
material property with a uniaxial loading tension. Under the
loading condition, Von Mises Stress in the sample can reflect
the load-bearing capacity of specimen [42]. Under the strain
mode, the Von Mises Stress is trending up with the increase of
CPC’s Young's modulus (Figs. 3 and 4). Figs. 4 and 5 exhibit
that there is a larger stress at the interface of bone—CPC. This
phenomenon is coincided with Tozzi's study [20], which
reported that the largest loading stress occurred on the interface
of bone and biomaterial.

Under the stress mode, the elastic modulus has a minor
effect on the stress distribution of CPC (Figs. 6 and 7), and the
stress value of bone tissue is larger than that of CPC. The most
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Fig. 4. The local predicted stress distributions on B2Cx series from the FE modeling under the loading condition A. Cx: C1-C4.

Fig. 5. The stress distributions in cement of B2Cx series from the FE modeling under the loading condition A.

stressed area of CPC is on the interface of bone—-CPC, where
the stress distribution is trending up with the increase of CPC's
Young's modulus. When Young's modulus of CPC is relatively
small, bone will be under more stress, which will increase the
risk of second fracture of bone.

The quantitative analysis (Figs. 8—10) indicates that different
transverse planes of bone—CPC specimen present different

stress values. In CPC, the joint area of bone—CPC endures the
largest stress. Under the surface pressure of 5 MPa, bone and
CPC bear the same stress. In the joint area of bone—CPC, the
stress on plane bl is trending up with the increase of CPC's
Young's modulus; but the stress on plane b2 is trending down
with it. For all the bone-CPC combinations, B1C4 is the
optimal one. The test results indicate that structure of material
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Fig. 6. The stress distributions on B1Cx series of specimen under the loading condition B.
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Fig. 7. The stress distributions on B2Cx series of specimen under the loading condition B.
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a : cement

b : bone-cement interface

¢ : bone

Fig. 8. The FE model of bone—cement sample: (a) cement; (b) bone—cement
interface; (c) bone. In the FE analysis, three transverse planes were chosen to
calculate the average stress and strain quantitatively. The average stress and
strain=sum of the stresses and strains/number of total nodes for each
transverse plane.

Oa cement Bbl cement at interface

O b2 bone at interface Oc bone

=
= N - L
= = =

12 F

K

Stress (MPa)
=

BICl BIC2 BIC3 BlC4 B2C1 B2C2 B2C3 B2C4

Fig. 9. The average stress in the transverse planes of the specimen predicted
from FE modeling under the loading condition B.
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Fig. 10. The average strain in the different transverse planes of the specimen
predicted from FE modeling under the loading condition B.

affects the stress distribution significantly. The average strain
predicted by FE modeling in Fig. 10 indicates that higher
elastic modulus induces less strain. All of these results
indicated that FE modeling is the ideal method for predicting

fracture behavior of bone—CPC specimen both qualitatively
and quantitatively.

In 1892, Wolff first pointed out the relationship between
bone structure and applied loads [43]. With different applied
loads, bone was clearly anisotropic in both principal values of
stiffness and direction changes, which was a remodeling
process for bone except for the change in apparent density
[44]. In sum, FE predictions indicate that Von Mises Stress of
specimen correlates closely with elastic modulus of material.
The mechanical properties of CPC can be adjusted by
controlling the setting reaction of it. CPC will exhibit appro-
priate mechanical properties, by way of controlling the
reactivity of CPC, so as to match the elastic modulus of bone
tissue.

5. Conclusion

The results proved that FE modeling was an ideal method
for predicting mechanical behavior of bone—-CPC specimen
both qualitatively and quantitatively. Structure of CPC and
bone affected the stress distribution significantly. FE model
exhibited that stress value of bone was greater than that of
CPC under the same loading condition. For CPC, the interface
of bone and CPC endured the largest stress, and there was a
stress concentration on the interface. For all the bone—-CPC
combinations, B1C4 was the optimal one. FEA was proved to
be an effective method to optimize the mechanical perfor-
mance of implanted material in vivo. In addition, it was also
possible to predict the initial stimuli of implanted material by
FEA in our future researches, in order to analyze and propose a
material design with a specific function.
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