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Abstract 
Gait disorders contribute to the risk of falls and successive injuries, especially to elderly popula-
tions. The risk of falls becomes higher for hip osteoarthritis (OA) and hip arthroplasties patients 
due to poor balancing and gait impairment. Bone adaptation and bone loss are fundamental issues 
in considering the changes of bone behavior and gait pattern. In this study, computational analysis 
of the lower limbs was conducted to estimate the bone adaptation after hip arthroplasties proce-
dure. 3D inhomogeneous model of lower limb was developed from computed topography (CT- 
based) data of 79 years old patient with hip osteoarthritis problem in left limb. Two types of arth-
roplaties were constructed in the left limb, namely total hip arthroplasty and resurfacing hip 
arthroplasty using commercial biomedical software, Mechanical Finder v6.1. Prosthesis stem and 
acetabular cup of THA were modelled as titanium alloy material (E = 114 GPa, v = 0.34), femoral 
ball and bearing insert as alumina properties (E = 370 GPa, v = 0.22). Meanwhile, RHA implant was 
assigned as Co-Cr-Mo material (E = 230 GPa, v = 0.30). Contact between both implants and bone 
were considered to be perfectly bonded at the interface. A load case of quiet standing position was 
conducted in this analysis with 60 kg of the patients’ body weight. The load was applied at the 
cross sectional lumbar vertebra and fixed at the distal of femoral shafts. Results show different 
patterns of stress distribution in right and left (operated) limbs for hip OA, THA and RHA models. 
An indication of stress alteration on both limbs after arthroplasties suggested that the bone adap-
tation occurred. The higher percentage of change in the left limb projected that the adaptation was 
more critical in operated limb. 
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1. Introduction 
Total hip arthroplasty (THA) and resurfacing hip arthroplasty (RHA) are two approaches that commonly used 
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for hip osteoarthritis (OA) treatment. Advantage and disadvantage of each procedure were still discussed till 
nowadays, especially in promoting long term stability. In general, RHA approaches only requires a small 
amount of femoral head removal or resurfacing techniques while THA demand for total replacement. Conti-
nuous improvement of surgical techniques and design of implant [1] [2] had encouraged the long term perfor-
mance. Concern of bone remodeling, prosthetic loosening [3] and gait performance after surgery [4] are a few 
criteria that mostly relate to the survival of the arthroplasty process. Above all, understanding the bone adapta-
tion factor plays an important role in considering the performance at primary stage. Changes of bone behavior 
were initially predicted on the resulting stress and strain distribution.  

Computational analysis had extensively used to predict the stability and performance of hip arthroplasties. 
Most studies were focused on the affected (osteoarthritis) and operated (arthroplasties) limb where the prosthesis 
implanted. Unfortunately, the hip OA disease presence had altered the performance of both affected and non- 
affected limbs [5]. The similar observation applied with the presence of artificial hip joint which also reflects to 
non-operated limb [6] [7]. In rehabilitation study, Kiss (2010) [5] had recognized that the motion and functional 
abilities of affected hip was restricted while non-affected hip demonstrate a compensation mechanism for gait 
stability [8]. Correspondingly, the non-operated limb was expected to demonstrate greater force and moment to 
compensate for the operated limb. Therefore, the development of lower limb model in this study was important 
to predict weight distribution and bone adaptation in both operated and non-operated limbs. 

The objective of this paper was to investigate the effects of different hip arthroplasties on bone adaptation in 
lower limb, namely total hip arthroplasty (THA) and resurfacing hip arthroplasty (RHA). Finite element analysis 
on both operated and non-operated limbs was conducted to promote primary understanding of gait stability.  

2. Material & Methods 
2.1. Development of Finite Element Model 
Finite element (FE) model of the lower limb employed in this analysis was constructed based on computed to-
mography (CT) image data of a 79-year old female patient with hip osteoarthritis (OA), collected from Kyushu 
University Hospital, Japan. Different gray scales extracted from the CT image presenting the variety of bone 
density and consequently creating the inhomogeneous 3D model. The procedure was conducted using commer-
cial biomedical software, Mechanical Finder v7.0 while estimation of young modulus distribution was generated 
based on Keyak et al. [9]. Description of the calculation was indicated in Table 1 while FE model and variant of 
young modulus was illustrated in Figure 1. 

2.2. Material Properties of Hip Arthroplasties 
Two types of arthroplasties were considered in this study, namely total hip arthroplasty (THA) and resurfacing 
hip arthroplasty (RHA). Both were modeled based on commercial products and implanted into the left limb 
which was suffering from hip osteoarthritis (OA). The hip cartilage model was defined as homogeneous in the 
lower limb model with elastic modulus of 0.004 GPa and Poisson ratio of 0.4. In THA model, ceramic-on-ce- 
ramic (CoC) type of implant was used which presenting Alumina ceramic as femoral ball and acetabular liner. 
The prosthesis stem and acetabular cup were assigned as biocompatibility material, namely titanium alloy. 
Meanwhile, cobalt chrome material was determined in the RHA model for both acetabular cup and prosthesis 
pin. Illustration of lower limbs with THA and RHA was shown in Figure 2 while the details of material proper-
ties used in both arthroplasties were described in Table 2. 
 
Table 1. Estimation for young modulus and yield strength of inhomogeneous bone [4]. 

Density Range Young Modulus (MPa) Density Range Yield Strength (MPa) 

ρ = 0 E = 0.001   

0 < ρ ≤ 0.27 E = 33900ρ2.20 ρ ≤ 0.2 σyield = 1.0 × 1020 

0.27 < ρ < 0.6 E = 5307ρ + 469 0.2 < ρ < 0.317 σyield = 137ρ1.88 

0.6 ≤ ρ E = 10200ρ2.01 0.317 ≤ ρ σyield = 114ρ1.72 

ρ = 0 E = 0.001   
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Table 2. Mechanical properties of total hip and resurfacing hip arthroplasties. 

 Model Material Elastic Modulus, E (GPa) Poisson Ratio, v 

THA 

Acetabular cup Titanium Alloy 114 0.34 

Bearing liner Alumina 370 0.23 

Femoral ball Alumina 370 0.23 

Prosthesis stem Titanium Alloy 114 0.34 

RHA 
Acetabular cup Cobalt Chrome 230 0.30 

Prosthesis pin Cobalt Chrome 230 0.30 
 

           
(a)                                                       (b) 

Figure 1. (a) Finite element model of lower limbs and (b) Distribution of young modulus in inhomogeneous model. 
 

  
(a)                                                       (b) 

Figure 2. (a) 3D model of lower limbs with THA (left) and RHA (right) on left limb. (1) Acetabular cup; (2) Bearing liner; 
(3) Femoral head; (4) Prosthesis stem; (5) Hip cartilage; (6) Right limb; (7) Left limb; (8) Prosthesis pin and (9) Acetabular 
cup. (b) Description of loading, boundary condition and designated regions. 
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2.3. Loading & Boundary Conditions 
The posture of quite standing with foot side-by-side position contributes to functional and structural equivalent 
in the lower limbs [10]. Thus, the respective loading condition was considered in this study by applying the pa-
tients’ body weight of 60 kg to the cross-sectional of a lumbar vertebra. The distal ends of the femoral shaft 
were fixed at all directions for boundary condition. All three models were analyzed on the similar loading condi-
tion to predict the bone adaptation effects in the lower limbs with hip arthroplasties. The description of the 
loading and boundary condition was illustrated in Figure 2(b). 

3. Results & Discussion 
Biomechanical behavior and prediction of bone adaptation in the analysis was presented in corresponding to 
equivalent stress (Drucker-Prager) distribution and changes of maximum principal stress after implantation. The 
observation of the stress alteration was conducted on both operated and non-operated limbs which further esti-
mated the contribution to gait adaptation.  

3.1. Distribution of Equivalent Stress in Lower Limbs with Arthroplasties 
Stress shielding phenomenon is a common issue that related to hip arthroplasties. It occurred when there was a 
mismatch in the elastic modulus of two materials. The presence of stiffer materials of arthroplasties will domi-
nate the bodyweight loading and consequently unloaded the surrounding bones. Bones with reduced load were 
expected to experience bone resorption and become weak [11]. Results shown in Figures 3(a)-(c) indicated the 
variation of equivalent stress in three different models of lower limbs which representing limb with hip OA, 
THA and THA, respectively. A similar scale was applied in all cases to ease assessment and comparison. Dif-
ferent stress variations were predicted in lower limbs after arthroplasties especially in the left (operated) limb. In 
hip OA model, pattern of stress variation in left and right limbs were different. On left limb which were affected 
by hip OA, higher stress was predicted on femoral shaft. Stress was concentrated at the femoral neck and the 
distal end of the femoral shaft in right limb. A different variation on both limbs may caused by osteoarthritis ef-
fects on left hip joint. Biomechanically, hip OA experienced lesser elastic modulus as compared to healthy bone. 
Besides, alteration of the physical structure and shape due to the disease may contribute to the findings [12].  

In THA lower limb model as shown in Figure 3(b), the pattern of stress distribution was obviously differed at 
left limb. Proximal region of femoral shaft experienced lesser stress while higher stress at middle and distal re-
gions. Meanwhile, only small changes were estimated in the right limb as compared to hip OA model. The exis-
tence of stiffer prosthesis stem and the procedure of femoral head removal in THA contributed to the reduced 
stress in the bone. Dissimilar findings in RHA lower limb, stress was decreased in all regions of femoral shaft  

 

               
(a)                                 (b)                               (c) 

Figure 3. Variation of equivalent stress (Drucker-Prager) in lower limbs with (a) hip OA, (b) THA and (c) RHA. 
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after the implantation. The right limb also experienced similar findings, but in smaller scale. However, the pat-
tern of stress almost similar to that observed in hip OA model. The results were significant as the implant in 
RHA only required for minimal bone removal and the implant was designed as cobalt chrome material with a 
higher modulus of elasticity. 

3.2. Prediction of Bone Adaptation in Operated and Non-Operated Limb 
Three different regions in femoral shaft were assigned to observed stress behavior which were proximal, middle 
and distal region. The peak value of maximum principal stress of the respective region was selected to calculate 
the prediction of stress and bone adaptation after arthroplasties. Figure 4 illustrated the cross-sectional view of 
operating limb after THA and comparison of the peak value of maximum principal stress at the respective re-
gions. Results showed that in proximal region, both operated limbs experienced reduced stress which might lead 
to bone resorption. Limb with THA indicated 46.25 percent of stress reduced while RHA limb at 53.71 percent. 
Presence of prosthesis stem in lower limbs had created a mismatch material in the bone, which lead to stress 
shielding phenomena and further contributes to biomechanical instability. At medial and distal regions, in-
creased stress was measured in THA model up to 58.34 and 39.08 percent, respectively. The bone thickening 
was predicted as the stress was totally transferred to the bone at the distal end of prosthesis stem. Meanwhile, the 
whole operated limb with RHA were projected to experience bone resorption as middle and distal regions also 
indicated reduced stress around 20 - 45 percent. 

Performance of non-operated limb was normally neglected in analysis as most researchers more interested 
and concentrated in operating limb. However, research of rehabilitation studies had observed that the gait adap-
tation was also occurring in non-operated limb of arthroplasties’ patient [13]. In biomechanical point of views, 
the problems might be initiated by the changes of bone behavior after arthroplasty procedure. Thus, evaluation 
and analysis of the non-operated limb might contribute to the understanding of bone and gait adaptation. Find-
ings of non-operated limb as illustrated in Figure 5 showed that stress was reduced at all regions for both THA 
and RHA cases. The comparison was made between the arthroplasty model and hip OA model to estimate the 
bone adaptation. Right limb for RHA model experienced more stress changes as compare to THA model. The 
alteration was calculated up to 40.26 percent, 29.21 percent and 38.2 percent at proximal, middle and distal re-
gion, respectively. Meanwhile, only minimum changes were predicted in THA model around 6 to 18 percent. 

The factor of stiffer material of implant might be the reason of great differences (reduced magnitude) in RHA 
model. However, the pattern of stress distribution in the model was observed to be almost similar to that pre-
dicted in hip OA model. Instead of smaller changes, proper stress distribution along the limb was also important 
as it will promote bone growth and long term stability [14]. The current findings were supported by a rehabil-  
 

 
Figure 4. Cross-sectional view operated limbs and the peak value of maximum principal stress in a left limb model at dif-
ferent regions to estimate bone adaptation. 
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Figure 5. Cross-sectional view non-operated limbs and the peak value of maximum principal stress in right limb for THA 
(left) and RHA (right) models at different regions. 
 
itation study, which reported the characteristic of surface hip arthroplasty allowed the gait to return to most 
normative pattern compared with THA [4]. 

A number of limitations in the present study were identified. Variability of different physiological loading and 
consideration of muscle reaction was not conducted. Body-mass index (BMI) and muscle strength factors were 
contributed to gait balancing and stability [15] [16], further evaluation of stress-strain stimuli and muscle reac-
tion in lower limbs should be considered for better estimation.  

4. Conclusion 
The results of the present study discovered basic understanding of load distribution in the lower limb and pre-
diction of bone adaptation after arthroplasty on the resulting stress distribution. Changes of stress variation in 
both limbs suggested both operated and non-operated limb were potential to experience bone adaptation. Lower 
limbs with resurfacing hip arthroplasty indicated a similar pattern of stress distribution to that predicted in hip 
osteoarthritis model. Stress alteration was more critical in RHA limb compared with THA limb model. 
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