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Abstract. It is possible to have a varus or valgus placement of resurfacing hip implants after 
resurfacing hip arthroplasty based on clinical reports. The likelihood of accidents such as sideways 
falls during the recovery process after arthroplasty is higher for the patient due to gait adaptation 
and weaker lower body condition. Hence, a computational study has been conducted to predict the 
risk of bone fracture with different implant placements during sideways fall accidents. A CT image 
of a young adult with hip osteoarthritis was imported into biomechanical software to develop the 
3D inhomogeneous femoral bone model. A model of the Birmingham Hip Resurfacing implant with 
the properties of cobalt-chromium alloy was inserted into the femur during the reconstruction of 
the arthroplasty, which mimics the procedure of clinical practice. The loading and boundary 
conditions were implemented to simulate the sideways fall accident, and the prediction of bone 
fracture was based on the formation of failure elements. The loading magnitude was applied based 
on the patient’s body weight, ranging from the patient’s body weight (1 BW) to five times the 
patient’s body weight (5 BW). The fracture location was predicted to occur at the neck and 
trochanteric area of the femur, with the greatest damage occurring to the bone model implanted 
with varus placement. Our finding concludes that the varus placement of the resurfacing hip implant 
should be avoided whenever possible in clinical practice to sustain bone survivability. 
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1. Introduction 

Resurfacing hip arthroplasty (RHA) is a hip replacement method applied to young 
adults with end-stage hip osteoarthritis (OA) disease (Isaac et al., 2006; Quesada et al., 
2008; Amanatullah et al., 2010; Wagner et al., 2012). Previous studies have discussed the 
positive surgical outcomes of young adults with hip OA who have undergone RHA (Vail et 
al., 2006; Mont et al., 2007; Lavigne et al., 2008; Shimmin et al., 2008). Despite that, 
complications after RHA still exist and have been reported by clinical institutions. Based on 
the clinical reports, the greatest complication that happens to patients who undergo RHA is 
bone fracture (Freeman, 1978; Freeman et al., 1978; Shimmin and Back, 2005). Other 
factors  might  contribute  to  the  failure,  including  patient,  post-operative,  and  surgical 
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factors, which have been discussed previously (Shimmin and Back, 2005; Sershon et al., 
2016). 

However, it is believed that the placement of the RHA implant inserted into the femur 
during the surgical procedure might have a huge impact on the bone condition. 
Biomechanical factors, such as stress shielding, might also lead to implant loosening and be 
oriented toward improper placement during the recovery process (Goshulak et al., 2016). 
Improper placement of the implant might increase the tendency of early bone fracture after 
arthroplasty.  

Since there is a possibility of improper implant placement occurring in RHA, the 
prediction of bone fracture in emergency cases such as sideways falls might further the 
understanding of bone failure after RHA. Patients who underwent hip arthroplasty had a 
higher risk of falling during the recovery process due to gait adaptation and instability 
(Beaulieu et al., 2010) and might face some difficulties in avoiding environmental hazards 
(Brunner et al., 2003). The extreme loading exerted on the hip area during a sideways fall 
can initiate a sudden impact on the area and might lead to the greatest failure, which is bone 
fracture. Although many CT-FEA studies have discussed the effects of different implant 
placements after RHA, no study to date has discussed its consequences in the case of an 
accident. Thus, the current study aims to predict the bone fracture mechanism of intact 
femurs and femurs that are associated with different RHA implant placements during 
sideways fall accidents. 
 

2. Methods 

In this modern era, the combination of computational technology and modern medical 
tools might produce better and more reliable solutions to biomechanical and biomedical 
problems. The importance of technology related to biomechanics has been discussed 
previously (Elfani and Putra, 2013), and various fields, including the medical and health 
sectors, have agreed with the use of the finite element method (FEM). It is known as one of 
the most efficient methods, able to reduce costs and time (Kurdi and Rahman, 2010). In 
modern medicine, a radiation scan is an essential tool to conduct diagnosis and plan future 
treatment. According to Kim and Jung (2013), the computed tomography (CT) scan is a 
useful tool in modern medicine, and is also crucial in solving biomedical-related problems. 
Thus, the combination of CT scans and FEM was applied in this study to predict femoral 
bone strength with several implant placements after RHA.  

2.1. Development of the Femoral Bone Model 
 The femoral bone model developed in this study was based on the CT image of a 47-
year-old patient with hip OA disease that occurred on the left femur. The patient had a body 
weight of 87.6 kg with a body mass index (BMI) of 30.3. The development of the bone model 
was conducted using the biomechanics software Mechanical Finder. The inhomogeneous 
bone model was developed based on the simple linear relationship of the CT value in the 
Hounsfield unit with the intensity of bone density from the CT image (Todo, 2018; Izmin et 
al., 2020). Thus, a three-dimensional femoral bone with the distribution of bone mineral 
density could be generated. The calculation of Young’s modulus and yield strength of the 
bone element was based on previous studies, as shown in Table 1 (Keyak et al., 1997; Keyak 
et al., 2001; Tawara et al., 2010). Figure 1 shows the variation of bone mineral density 
(BMD) and Young’s modulus of the hip OA patient. 
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Table 1 Estimation of young’s modulus and yield strength of the inhomogeneous bone 
model  

Density range Young modulus 

ρ = 0 E = 0.001 
0 < ρ ≤ 0.27 E = 33900ρ2.20 

0.27 < ρ < 0.6 E = 5307ρ+469 
0.6 ≤ ρ E = 10200ρ2.01 
ρ = 0 E = 0.001 

Density range Yield strength (MPa) 
ρ ≤ 0.2 σr = 1.0 × 1020 

0.2 < ρ < 0.317 σr = 137 ρ1.88 
0.317 ≤ ρ σr = 114 ρ1.72 

 

 

Figure 1 Distribution of young’s modulus and BMD of the hip OA patient 

 

2.2.  Properties of the Resurfacing Hip Implant 
 The RHA implant model used in this simulation study was based on the properties of 
the cobalt-chromium alloy (CoCr) with a femoral head size of 50 mm. Table 2 shows the list 
of properties that have been assigned to the implant model (Abdullah et al., 2017). 
 
Table 2 Properties of Cobalt-Chromium alloys (CoCr) 

Material 
Young 

modulus 
(GPa) 

Poisson 
ratio 

Critical stress 
(GPa) 

Yield stress 
(GPa) 

Density 
(g/cm3) 

RHA Implant 230 0.3 0.94 2.7 8.28 

 

2.3. Reconstruction of Resurfacing Hip Arthroplasty 
This study presents eight femur models to be compared during the sideways fall 

accident. The models consist of the intact femur, femur implanted with straight implant 
placement, varus implant placement, and valgus implant placement. There are three models 
developed in the varus and valgus placement zone with an increment of six-degree 
orientation between each placement. The implant placement was based on the cases 
reported by medical institutions, where the average values of 6°–18° were obtained. Figure 
2 shows the implanted femur models developed in this study. 
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Figure 2 Femur models with RHA implant oriented in: (a) straight placement, 0°; (b) +6° varus; 
(c) +12° varus; (d) +18° varus; (e) -6° valgus; (f) -12° valgus; and (g) -18° valgus 

 

2.4.  Loading and Boundary Conditions 
The loading and boundary conditions for the sideways fall were applied based on the 

study conducted by Bessho et al. (2009). The loading and boundary conditions for the 
falling configuration are illustrated in Figure 3. The loading direction applied for the falling 
configuration was based on two criteria: α = 120° (with reference to the femur shaft axis in 
the frontal plane) and β = 0° (with reference to the femur neck axis in the horizontal plane). 
The trochanteric area and distal end area of the femur were fixed for the simulation. For 
this sideways fall condition, the loading magnitude applied started with the body weight of 
the patient (1 BW), and then increased to five times the patient’s body weight (5 BW). The 
increments of loading magnitude from 1 to 5 BW were chosen since there is no evidence of 
the exact loading magnitude for sideways falls. Thus, the current study has predicted that 
the potential loading magnitude might increase to 5 BW loading depending on the fall type 
and condition (Abdullah et al., 2014). Table 3 shows the value of load applied from 1 to 5 
BW. 

 

 

Figure 3 Loading and boundary conditions for sideway fall at different views 

2.5.  Damage Formation Criterion of Elements in Predicting the Risk of Bone Fracture 
The prediction of fracture location and formation was based on the failure of elements 

occurring at the femur model as the load was applied to the femur. The failure of elements 
can be categorized into two criteria: tensile failure and compressive failure. The failure 
criteria of each element are described in Table 4. For tensile failure, the initiation of failure 
of the element was held when the maximum principal stress, 𝜎𝑝  exceeded the 0.8 

compressive yield stress, 𝜎𝑟  which was based on findings in published experimental 
studies.  
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Table 3 Applied load value from 1BW until 5BW 

Body weight (BW) Contact force (N) 

1 859.36 
2 1718.71 
3 2578.07 
4 3437.42 
5 4296.78 

 

Previous experimental studies have stated that the ultimate tensile stress of cortical 
and cancellous bone was 76% and 79% of the compressive yield stress, respectively 
(Keaveny et al., 1994; Kaneko et al., 2003). For compressive failure, there was a two-stage 
process to reach element failure. The yield criterion of Drucker-Prager was adopted. If the 
Drucker-Prager equivalent stress, 𝜎𝐷 exceeded the yield stress, the element was regarded 
as a yielded state (i). After that, the initiation of failure in the compressive direction 
happened when the minimum principal strain, 𝜀𝑝  of an element was lower than -3000 

microstrain in the yielded state (ii). For the case of the strain value, the value was set 
according to previous studies (Røhl et al., 1991; Kaneko et al., 2003) which stated that the 
ultimate strain value of a bone during compressive loading was within the range of -3000 
to -28000 microstrain. 
 
Table 4 Damage formation criterion of an element 

Failure category 
Failure initiation 

Criterion 
Tensile failure σp > 0.8 σr 

Compressive failure 
(i) Transition to yielded state σD > σr 

(ii) Failure initiation εp < -3000 (in yielded state) 

σp : maximum principal stress 

σD : Drucker-Prager equivalent stress 

σr : yield stress 

εp : minimum principal strain 

 

 
3. Results and Discussion 

 The risk of bone fracture for all femurs was predicted by using the biomechanical 
software Mechanical Finder, which applied the damage formation criteria as in the 
literature. 

3.1.  Validation of the Inhomogeneous Femoral Bone Model 
The inhomogeneous bone model in this study has been validated in a previous 

experimental study (Simões et al., 2000), which investigated the pattern of strain 
distribution within the lateral and medial regions of a synthetic femur. In this study, the 
strain distribution was validated by using the intact finite element (FE) femur model. A 
simulation analysis was conducted by referring to the author’s second load case. The loads 
applied to the joint reaction force and abductor muscle force in this results section were 
700 N and 300 N, respectively, with a fixed boundary at the distal end of the femur, which 
is similar to the experiment. Figure 4 shows the comparison of the strain distribution 
pattern obtained from our FE model with the strain distribution pattern of the synthetic 
femur, as in the experimental study. 

The strain pattern produced by the FE model was similar to that reported by Simões et 
al. (2000); however, the differences in strain values between the studies might be due to 
the difference in bone density between human and synthetic femurs. The mechanical 
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behavior of a synthetic femur might be different from the human femur, which is related to 
its cortical and cancellous bone properties (Nicayenzi et al., 2011), thus affecting the strain 
values. Nonetheless, the femur model used in this FE study was verified and sufficient to 
conduct computational analysis.  

 

 

Figure 4 Comparison of strain distribution within the medial and lateral aspects of the femur  

 

3.2.  Failure of Elements during Sideway Fall Condition 
The simulation of the sideways fall accident in this study was done by applying several 

load values. The load was applied from one to five times the patient’s body weight in all 
femur models (intact and implanted) to identify the fracture strength of the femur during 
the sideways fall. The fracture risks were evaluated by the damage formation of the failure 
elements where, to the authors’ knowledge, this approach has not yet been applied to RHA 
models with implants oriented in valgus and varus placement.  

Figure 5 shows the changes of failure elements by body weight increments. The 
comparison was done by obtaining the mean number of element failures for each group of 
placements. The risk of bone fracture was predicted to be higher for the femur implanted 
with varus placement, followed by straight placement and valgus placement. The intact 
femur was found to have the lowest number of failure elements from 1 BW to 5 BW, 
providing evidence that the fracture strength of the femur was reduced by the presence of 
the RHA implant. The changes in failure elements were predicted to increase exponentially 
as a higher load was applied.  

The significant difference in element failures between the intact and implanted femurs 
can be seen as the 4 BW load was applied. The mean number of element failures obtained 
from the implanted femurs exceeded 50 elements, while the intact femur was still below 
that value. Thus, it is understood that the risk of bone fracture is higher for the implanted 
femur when the femur is exposed to a higher loading magnitude. 

In addition, there is a huge difference shown by the implanted femur compared to the 
intact femur after loading with 5 BW. The number of failure elements obtained from the 
intact femur is 35, while 295 elements failed for the varus placement, 250 elements for the 
straight placement, and 165 elements for the valgus placement. The tendency of bone 
fracture increased up to 371% for the implanted femurs in this circumstance, which 
supports the previous statement. 
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Figure 5 Number of failure elements with the increment of bodyweight during sideway fall  

 

3.3.  Fracture Formation of the Femoral Bone during Sideway Fall 
To identify the predicted fracture formation and location during the sideways fall, a 

comparison was made between the intact femur and the implanted femur within the valgus 
-18°, straight placement, and varus +18° placement in the 5 BW load condition. Although 
the highest number of failure elements was obtained at the femur implanted with varus +6° 
(Figure 6), the increase percentage between varus +6° and valgus -6° was lower than the 
femur implanted with varus +18° and valgus -18°. It was found that the highest difference 
of failure elements was between the varus +18° and valgus -18° with an increase of 205%.  

The findings in Figure 7 show that the fracture formations occurred in all models, even 
though the location varied between them. Bone fracture occurred in the area exposed to the 
load due to high-stress concentrations. The element that fractured in tensile failure is 
represented by the cracked solids (white), while for compressive failure, it is represented 
by the crushed (red) and plastic (yellow) solids.  

For the intact femur (Figure 7a), fracture formation is predicted to be located at the 
neck area of the femur. The fracture location for the intact femur obtained in this study was 
comparable to the findings by Bessho et al. (2009) and Abdullah et al. (2014). Also, the type 
of element failure was found to be only in the compressive direction. The absence of the 
RHA implant might be the reason the element failed in such a direction since the femur was 
not affected by bending effects of the implant pin after loading. 

Interestingly, the type of element failure produced by the femur implanted with valgus 
-18° placement (Figure 7b) was similar to the intact femur. The element failures were 
dominated by the compressive failure direction even after implantation with the RHA 
prosthesis. It is believed that the implant pin might contribute to the failure in the tensile 
direction, which is due to the bending effects of the pin; however, its existence is 
insignificant for the femur implanted with valgus -18° placement. In addition to this finding, 
a clear comparison can be seen for the straight and varus placements (Figures 7c and 7d), 
where both femurs have fractured in the tensile failure direction at the bone area within 
the implant pin.  

However, in the case of the implanted femur (varus, straight, and valgus), fracture 
formation was found to be concentrated at the trochanter region of the femur. This might 
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be due to the high compressive stress transferred by the metallic implant to the 
trochanteric area of the femur during the falling condition. The most obvious fracture 
formation is observed at the femur with varus placement, which indicates that the RHA 
implant placement in this zone is most vulnerable to fracture risk. 

According to Fraile Gamarra et al. (2019), the valgus placement of the RHA implant 
might have a preventive effect against fracture, which is demonstrated by the results in this 
study. On the other hand, the femur implanted in varus placement was demonstrated to 
have the highest risk of failure. Therefore, we suggest that the varus placement of the RHA 
implant should be avoided whenever possible, especially in clinical practice. This is  in line 
with recent studies (Sershon et al., 2016) which emphasized the importance of careful 
preparation of the resurfacing hip implant by the surgeon. 

 

 

Figure 6 Number of failure elements between all models in 5BW loaded 
 

 

Figure 7 Comparison of fracture formation between: (a) intact femur; (b) valgus -18°; (c) straight; 
0°; and (d) varus +18° with 5BW applied load from posterior-superior-anterior view 
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4. Conclusions 

 The present study demonstrates the risk of femoral bone fracture in the case of a 
sideways fall accidents. As hip arthroplasty is needed for late-stage hip OA patients, the 
placement of the implant has a huge impact on the survivability of the femoral bone. 
Although all femurs are predicted to fracture at the highest load applied (5 BW), the femur 
implanted in valgus placement shows the lowest fracture formation when compared to the 
varus and straight placements. The result shows that the valgus placement of the RHA 
implant might have a preventive effect against fracture where the possibility of fracture is 
reduced by 44% and 34% compared to the varus and straight placement conditions. The 
increase of failure elements as the implant is oriented from valgus to varus suggests that 
the risk of bone fracture is higher when the implant is positioned in the varus placement 
zone. 
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