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Abstract  

 

Periprosthetic bone loss following total hip arthroplasty (THA) is a serious concern leading 

to the premature failure of implant. Based on Wolff’s law, a stiff prosthesis induces a huge 

bone loss at the vicinity of the implant. Therefore, designing flexible implants and 

investigating its effect on bone remodeling process is of paramount for the purpose of 

developing long lasting prosthesis. In this study, bone remodeling around a relatively new 

biomimetic polymer composite-based (CF/PA12) hip implant was compared to that in a 

metallic one (made from Titanium) using the mechano-biochemical bone adaptation model 

(irreversible thermodynamic-based model). The results revealed that the composite stem 

results in fewer density changes (bone loss) compared to Titanium one. The amount of bone 

loss predicted with the Ti stem was approximately 21% which is greater than that found in the 

presence of the CF/PA12 stem (i.e. 9%). 

 

1. Introduction  

 

Periprosthetic bone loss following total hip arthroplasty (THA) is a serious concern leading to 

the premature failure of implants. The uneven load sharing between the implant and the bone 

is believed as one of the main causes of bone loss (stress shielding phenomenon) [1]. 

According to the Wolff’s law, the reduction of mechanical stress causes bone to adapt itself 

by reducing its mass, either by getting thinner (external remodeling) or by becoming more 

porous (internal remodeling) [1].  

 

Stress shielding phenomenon is attributed to implant design [2, 3] and pre-operative bone 

quality [4, 5]. Nowadays, composite materials are attractive for the implantation purposes as 

they can withstand high stresses while provide flexible structure [6, 7]. Since it is not always 

feasible to follow-up the long-term behavior of the bone after implantation, it is important to 

develop realistic models to predict the bone evolution and thus monitor bone loss. In this 

investigation, a mechano-biochemical model (thermodynamic-based model) which considers 

a coupling between the mechanical loading and biochemical affinity of reactions as a stimulus 

for bone remodeling [8-10] was used to predict the bone density distribution around a 

biomimetic hip stem made from polymer composites (carbon fiber polyamide 12: CF/PA12) 

[11].  
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2. Materials and methods 

 

2.1. Mechano-biochemical model   

 

In the mechano-biochemical model (thermodynamic-based model), bone is considered as an 

open thermodynamic system that exchanges matter and energy with its surrounding. All 

biochemical reactions describing the mechanism of bone remodeling (i.e. formation of 

multinucleated osteoclasts, old bone decomposition, production of osteoblast activator, 

osteoid production, and calcification) obey the general form of Menten-Michaelis enzyme 

reaction [12]. The thermodynamic model was validated in previous studies [8-10]. The 

equations governing the bone remodeling process were developed based on the coupling 

between mechanical and biochemical fluxes or forces. In order to include the mechanical 

effects onto the biochemical reactions, the standard law of mass action was modified as 

follows:  
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where the rate and affinity of the th  biochemical reaction are denoted by r  and A , 

respectively. Phenomenological and reaction rate coefficients are shown by ijl  and jk , 

respectively. (1)d  stands for the first invariant of the strain rate tensor representing the rate of 

volume change. i  and i  are the stoichiometric coefficients of substance iN  entering and 

leaving the th reaction, respectively. And, the concentration of substance iN  is denoted by 

 iN . 

 

Using the modified version of the law of mass action, a system of differential equations 

(governing the bone remodeling mechanism) was derived. These equations yielded the time 

evolution of concentration of substances participating in the biochemical reactions of bone 

remodeling. The solution of these equations was expressed in terms of the reaction rate, the 

initial concentration and flux of substances as well as the effect of mechanical load on the 

biochemical reactions. All model parameters can be found in [10]. 

 

The bone density (ρ) was related to the initial bone density (ρ0), the normalized concentration 

of old bone ([ _ ]Old B ) and new bone ([ _ ]New B ) according to: 

 

  0 [ _ ] [ _ ]Old B New B     
            (2) 

 

Using the empirical power law relationship provided by Carter and Hayes [13], the modulus 

of elasticity of the bone was calculated by: 
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where ENew_B and EOld_B represent the elastic modulus of new and old bone, respectively. 
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2.2. CAD models and finite element analysis (FEA) 

 

The CAD model of large left 4
th

 generation composite femur (model 3406, sawbones, 

Vashon, WA, USA) was imported into SolidWorks software (SolidWorks Corp., Dassualt 

Systèmes, Concord, MA, USA) for the purpose of virtual implantation (details are provided in 

our previous work [10]). The CAD model of hip stem was also developed by commercially 

available software (CATIA V5R13, Dassault systemes, Montreal, CA).  

 

In order to obtain the bone density distribution throughout the intact femur, the prepared CAD 

model was imported into ANSYS (ANSYS Inc., Canonsburg, Pennsylvania, USA). In the 

first iteration of the numerical simulation, the inner (cancellous) and outer (cortical) layers 

were modeled as homogenous structures with an initial density of 0.98 gr/cm
3
 (ρ0) which 

represents an average value of cortical bone with 1.64 gr/cm
3
 and cancellous bone with 0.32 

gr/cm
3
. To model the intact femur, the material properties of cortical were assigned to the 

outer layer of the femur [14]. Furthermore, the inner layer, and the hip implant were 

considered to consist of cancellous bone with properties taken from [14]. In the next 

iterations, the new properties of each element were calculated based on the concentration of 

Old and New bones remained/produced inside the element. 

 

The bone and the internal polymeric core of the implant were meshed by ten-node higher 

order three dimensional (3D) tetrahedral solid elements (SOLID187), whereas, the composite 

layers (laminate) were meshed using SHELL181 elements. The contacts between all surfaces 

were considered to be perfectly bonded similar to [1, 15]. All the interfaces were also meshed 

by CONTA174 and TARGE170. 

 

In order to simulate the physiological loading, muscle and hip joint reaction forces regarding 

45% of gait cycle were applied to the models [16, 17]. To avoid any stress concentration, 

muscle and hip joint reaction forces were distributed over several nodes of greater (and lesser) 

trochanter and femoral head, respectively. To avoid rigid body motion, the degrees of 

freedom of all nodes at the distal femur were fixed (Figure 1). 

 

 

Figure 1. Location of loads and constraints applied on the models. 
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The thermodynamic-based model was applied to the meshed model in ANSYS Parametric 

Design Language (APDL). FEA yielded the trace of the strain tensor to calculate the values of 

Old and New bone concentrations for each element. The density and modulus of elasticity of 

each element were then obtained by using Eqs. (2) and (3), respectively. The new material 

properties were used for the next iteration, and the process was repeated until no significant 

change in the density of the elements was observed (further details can be found in our 

previous works [8, 10]). 

 

To simulate bone remodeling in response to THA, the elements of the femoral head (and 

neck) of the intact femur were removed (unselected). The material properties of hip implant 

(Titanium or composite) were assigned to the hip implant. The initial material properties of 

each element of immediate post-operative femur were chosen from the same element in the 

post convergence-intact femur. The joint reaction force was also transferred to the hip implant 

head. Finally, the mechano-biochemical model (thermodynamic-based model) and 

convergence criteria were applied again.  

 

It should be mentioned that the composite hip stem was composed of a 3 mm thick 

substructure made of several layers of CF/PA12 and an internal polymeric core with the 

Young’s modulus and Poisson’s ratio of 1 GPa and 0.2, respectively [11, 18]. The material 

properties of CF/PA12 are listed in Table 1 and were assigned to the hip implant by ACP 

(Pre) module of ANSYS Workbench 14.5. The stacking sequence of the composite was 

(±45
o
)6. 

 

Material Properties Value/Type 

EL 66.5 GPa 

ET 2.72 GPa 

GLL 19.5 GPa 

GLT 2.7 GPa 

νLL 0.04 

νLT 0.26 

Ply Type Woven 

Table 1. Material properties of CF/PA12 lamina. 

 

The metallic hip stem was made of Ti6Al4V with the Young’s modulus and Poisson’s ratio of 

114 GPa and 0.3, respectively [19]. 
 

3. Results and Discussion 
 

3.1. Pre-operative bone density distribution    

 

Bone density distribution throughout the intact femur obtained by using the thermodynamic-

based model is illustrated in Figure 2. The range of bone density varies between 0.35 and 1.75 

gr/cm
3
 which agrees with clinical observations [20, 21].  

 

The maximum value of the bone density was observed in the outer cortex at mid-shaft region. 

In addition, dense trabecula was found in the region between the location of hip joint reaction 

force and the calcar. Similarly, such a dense cancellous bone carrying the stress from the 

superior contact surface to the calcar region of the medial cortex was observed in the study  

conducted by Kuhl and Balle [15]. 
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Figure 2. Density distribution in the intact femur obtained by the thermodynamic-based model. 

 

3.2. Percent change in the bone density  

 

Figure 3 demonstrates the percent change of femoral density in response to THA using both 

Titanium and composite hip implants. In both scenarios, the maximum periprosthetic bone 

loss was observed in the calcar region which is consistent with clinical observations [22]. 

Furthermore, the maximum bone formation was seen in the distal region of the hip stem 

which is due to the distal load transfer from the stem to the bone. 

 

As illustrated in Figure 3, the stiffness of the hip implant plays a key role in the periprosthetic 

bone density distribution. It can be seen that the range of bone loss in the lateral/medial 

regions of the femur in response to Titanium hip implant (25% to 40%) was greater than that 

resulted from a composite one (10% to 25%). The amount of bone loss predicted with the 

Titanium stem was approximately 21% which is greater than that found with CF/PA12 stem 

(i.e. 9%). These results agree with the fact that more flexible implants provide less stress 

shielding. 

 

 

Figure 3. Percent change of femoral density in the presence of (a) Titanium (b) composite hip implant. 
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Table 2 shows the femoral density changes at the vicinity of the composite hip implant 

(Gruen zones [23]). It reveals that periprosthetic bone loss induced by the composite 

prosthesis (the flexible stem) is approximately the same (~ 10%) in all Gruen zones which is 

similar to Huiskes et al. [1] study using a flexible hip stem with the material properties of 

cortical bone.  

 

Zone # Bone loss % 

1 8.6 

2 9.8 

3 10.5 

4 8.7 

5 9.7 

6 9.5 

7 9.7 

Table 2. Periprosthetic bone loss induced by the composite hip implant.  

 

3.3. Limitations of the study  

 

Although the results agreed well with the bone morphology and literature, the model has 

some limitations and simplifications. Firstly, the concept of coupling is based on linear non-

equilibrium thermodynamics and thus is phenomenological. Therefore, we cannot relate it 

directly to actual mechanosensing or mechanotransduction processes in cells. Secondly, in the 

simulations, the mechanical stimuli do not include any viscous effects. Thirdly, we 

disregarded kinetics of some of the known control mechanisms in bone remodeling such as 

the RANKL-RANK-OPG chain. Fourthly, in the proposed model the computational steps are 

unrelated to real time. However, the convergence of the iterative process was assumed when 

no significant change in the density of the elements was observed which is considered as the 

long-term response, from the clinical point of view. 
 

4. Conclusions 

 

The results of bone remodeling simulations revealed that CF/PA12 composite stem results in 

fewer density changes (bone loss) compared to Titanium made stem. This shows the benefits 

of composite-based stems in reducing the negative effect of stress shielding phenomena which 

is likely to reduce future periprosthetic fracture. 
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