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SUMMARY 
A 2D model of HAp matrix (bone mineral phase) around a 
carbon nanotube (CNT) inclusion is considered to determine 
its mechanical response to loading. The parameter of stress 
intensity on a crack tip which is in conjunction with 
remodeling process of bone tissue is studied through finite 
element modeling (FEM). Results are compared with the case 
that collagen fiber (CF) exists instead of the CNT inclusion. 
Modeling shows significant changes in the state of this 
parameter when material properties of the inclusion are 
changed. It can be concluded that replacing CFs in natural 
bone with CNTs leads to alteration of living functions of bone 
tissue. 
 
INTRODUCTION 
CNTs are biocompatible materials which can find applications 
for tissue engineering and other aspects of biomedical 
engineering [1,2]. CNTs have been introduced as scaffolds for 
the growth of living tissues, specifically, as potential scaffolds 
in bone tissue engineering. They can provide a suitable 
environment for bone regeneration and growth, because of 
their chemical characteristics and bioactivity [3,4]. Having the 
highest tensile strength known, CNTs on the other hand, are 
also capable of inducing enhanced mechanical properties to 
the regenerated bone tissue, given that chemical functionalized 
CNTs attract bone mineral ions and reinforce the bone mineral 
phase formed on them [5]. 
 
Recent experimental studies suggest the use of CNTs as 
templates for bone material regeneration [3]. CNTs provide a 
suitable environment for adhesion and proliferation of bone 
cells [4]. Moreover, nucleation of bone mineral ions has been 
observed on chemically functionalized CNTs. The functional 
group attached to the CNT attracts the calcium ions and 
subsequently by exposure to phosphate ions forms 
hydroxyapatite (HAp), a bioceramic material similar to bone 
mineral phase [5,6]. Consequently, a composite material is 
formed consisting of CNTs (reinforcement phase) and HAp 
(matrix). 
 
The nano-composite can be viewed as an imitation of natural 
bone, since CNT takes the role of CF –organic phase– as the 
template for mineralization of HAp [7]. CNT also can provide 
tensile strength for the matrix just like what CF does in 
hierarchical structure of bone [8]. The geometric dimensions 
of both CNTs and CFs are also in a closely comparable range 
(diameter of a few nano-meters and length of a few hundred 
nano-meters). 

 
The mechanical response of this artificial bone tissue 
improves significantly in comparison with natural bone, i.e. 
HAp-collagen. This may be promising from the point of view 
of making a stronger, stiffer bone tissue for implantation or as 
a cure to some bone diseases such as osteoporosis. However, 
obvious alterations in the mechanical behavior of this new 
bone tissue can have an effect on mechanical and living 
functions of bone (e.g. rate of bone remodeling process which 
ultimately dictates the mechanical properties of the bone 
tissue). 
 
In this research, a simple model of a representative volume 
element (RVE) of the CNT-HAp composite is presented and 
compared with the case of HAp-CF (natural bone 
composition), in order to predict the behavior of key role 
mechanical functions of the composite material which are in 
correspondence with and responsible for stimulating and 
initiating the bone adaptation and remodeling process.  
 
MODEL 
A 2D model of a RVE of HAp matrix including a single 
inclusion representing a CF or a CNT, in transverse plane is 
adopted. Considering a pre-existing crack near the inclusion, 
the effect of changing the material properties of the inclusion –
from soft CF to stiff CNT– upon the stress intensity near the 
crack tips is analyzed. Crack extension is assumed to take 
place in the plane of the CNT/CF cross-section. CNT and CF 
are modeled as solid cylindrical fibers. The interface between 
the inclusions and the HAp matrix is assumed to be perfect 
bonding; this assumption is shown to be valid for longitudinal 
RVEs with high aspect ratio CNTs [9]. Linear elastic behavior 
and plane stress condition are also assumed. Finite element 
analysis is carried out for modeling the mechanical response 
of the RVE. 
 
Assumed isotropic elastic material constants for Young’s 
modulus and Poisson’s ratio of HAp, CNT, and CF are 130 
GPa and 0.3, 1 TPa and 0.28, and; 1.25 GPa and 0.4, 
respectively. 
 
RESULTS AND DISCUSSION 
According to Fig. 1, in the RVE with the CNT inclusion, 
maximum stress intensity occurs at the right crack tip. 
However, in the RVE with CF inclusion, maximum stress 
intensity is observed in Fig. 2 to be at the left crack tip which 
is significantly larger than the maximum stress intensity in 
Fig. 1. This means that stiff CNT decreases the stress intensity 



at the facing crack tip (left), suggesting that there is a halt in 
the susceptibility of the crack growth in that site. However, 
soft CF tends to increase the stress intensity at the facing crack 
tip, which makes the crack prone to grow and propagate 
towards the CF. In other word; CNT repels the crack while CF 
attracts the crack growth. 

 

Figure 1: FEM showing stress intensity in the RVE with a 
CNT inclusion. Maximum stress intensity at right crack tip 

 

Figure 2: FEM showing stress intensity in the RVE with a CF 
inclusion. Maximum stress intensity at left crack tip 

It is implied that CNT reinforced bone tissue is more resistant 
to the growth of cracks, which initially are formed in very 
small size and usually are referred to as the common term of 
“microcracks”. Microcracking is a well-known toughening 
mechanism in natural living bone which mechanically behaves 
as a quasi-brittle material [10]. Formation of microcracks is a 
natural response of the bone tissue to the applied loads during 
daily activities. 
 
Microcracking, as a mechanical stimulant, is believed to be 
responsible for initiating the bone remodeling process, which 
results in the activation of bone forming cells to make new 
bony materials in the affected site. This activation happens 
when a change in the mechanical state of the material is 
observed by mechanosensor cells in bone, due to bone 
resorption or microcracks formation [11]. A careful view on 
this point, therefore, implies that inclusion of CNT as 
reinforcement will have definite effects on the quality of the 
microcracking process and by decreasing the formation of 
microcracks may cause severe alterations in the bone living 
functions. 
 
CONCLUSIONS 
The possible change in the microcracking mechanism, as a 
result of replacing CFs with CNTs, is considered as an 
important factor in relation with activation of bone remodeling 
process. Initial finite element modeling results show that CNT 
as an inclusion which is much stiffer than CF slows down the 
micro-crack growth and propagation in the interstitial bone 
material in comparison with the case in which CFs exist. It is 
believed that higher conceivability of microcracking 
occurrence augments the rate of bone remodeling process, 
while is apparently less pronounced in such a nano-composite 
due to the presence of CNT and this may be assumed as a 
drawback to the artificial bone living functions. 
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