
damage formation in femoral bones using CT-image based finite 
element method (CT-FEM). Two inhomogeneous bone models were 
developed from the CT images of 61 and 87-year-old patients and 
three types of stems were introduced to represent the corresponding 
THA models. Finite element analyses with a nonlinear damage 
analysis were then performed under the lateral bending and torsional 
conditions. It was observed that the implant geometries such as 
shoulder size, stem length, and cross-section shape influenced the 
damage behaviour of the models. The results suggested that the 
elderly patient had higher risk of implant loosening even at lower 
loading magnitude, compared to the younger patient. Several fracture 
locations were also predicted on both femoral models upon the 
complete failure. It was found that the fracture types can be clearly 
classified according to the Vancouver classification and the AO 
Foundation/Orthopaedic Trauma Association.
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INTRODUCTION
Total hip arthroplasty (THA) is a common orthopaedics surgery 
performed as a solution to late-stage hip diseases such as 
osteoarthritis and femoral head necrosis. It is predicted that the total 
annual counts and utilization of THA will continue to grow globally 
in the following years, thus, the number of its complications may 
proportionally increase[1-3]. It has previously been reported that 
some of the common causes of revision surgeries following THA 
are mainly due to the loosening/osteolysis, dislocations, infections, 
and periprosthetic fractures[4]. Some of these causes are believed to 
have relations with bone quality, implant geometry and design[5,6]. 
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ABSTRACT
Total hip arthroplasty (THA) has become a common solution to solve 
end-stage hip diseases of middle and old age patients. However, the 
complications following THA such as bone fracture might depend 
on the bone quality and implant design. A better outcome after THA 
could be achieved through the risk assessment from the early stage. 
Therefore, the aim of this study was to investigate the effects of 
bone quality and THA stem design on the mechanisms of micro-
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Figure 1 Illustrations of three stem models.

In addition, the unique characteristic of bone with its irregular and 
inhomogeneous structure makes it more complex to understand the 
biomechanical related problems[7]. Different bones might produce 
different outcomes after the THA implantation, while different types 
of implant geometries might lead to other consequences. Due to this 
uncertainty, it is risky to simply apply one implant to every bone 
without any perception from the biomechanical point of view.
    Recent years, CT-image based finite element method (CT-FEM) 
has been utilized to understand the biomechanical problems in the 
orthopaedical field[8-14]. Although the bone mineral density (BMD) 
has become the primary clinical parameter to assess the fracture risk 
of bones, recently it was found that an average value of BMD cannot 
be the single parameter which mainly controls the fracture risk in the 
case of vertebral compression fracture[13]. CT-FEM can convert the 
inhomogeneous distribution of BMD into the distribution of Young’s 
modulus, hence able to predict the risk of bone fracture with high 
accuracy introducing the damage mechanics into the non-linear finite 
element analysis. This unique and effective computational method 
has been implemented in a field of bone biomechanics where the 
bone strength and fracture sites were successfully predicted[8-12,14-16], 
while in several classical computational biomechanical studies, the 
risk of bone fracture associated with THA was predicted through 
the evaluation of the stress and strain fields with the assumption of 
unrealistic homogeneous bone structures[17-19]. Meanwhile, studies 
with the use of cadavers could give us some realistic information of 
external fracture modes[20-22]; however it was impossible to perform 
the internal analysis and visualization. 
    The aim of this study was to characterize the effects of bone type 
and implant geometry on the mechanism of femoral fracture using 
CT-FEM. Two different three dimensional femoral models were 
constructed using the CT data obtained from two patients of age 61 
and 87. Three different geometries of femoral stem were also selected 
and inserted into the femoral models to construct six different THA 
models. Then, the damage formations in the THA models were 
analysed using a non-linear finite element method with elemental 
damage models under two different boundary conditions, namely, 
lateral bending and torsion. The effects of bone type and stem 
geometry on the femoral fracture mechanism were then discussed on 
the basis of the computational results.

ANALYSIS METHOD
Construction of intact femoral models
Quantitative CT images of two female patients of 61 and 87-year-
old were used to develop computational models. Both patients were 
diagnosed with stage three of avascular necrosis at the head of the 
right femur. Both CT images had a slice thickness of 0.5 mm. CT-
FEM software, Mechanical Finder version 11.0 (Research Centre 
for Computational Mechanics Inc., Tokyo, Japan), was used to 
develop the three-dimensional FE models of the right femurs. Two-
dimensional femoral bone region of interest (ROI) was selected 
from each slice of the CT images, where the bone region had higher 
CT values than that of the soft tissues such as muscle, ligament and 
adipose tissues. The selected ROI at each CT image was vertically 
stacked to finally form the three-dimensional geometry of the femur. 
Next, the FE model of the intact femur was meshed with 2-mm 
tetrahedral elements for the cancellous bone and inner cortical bone, 
whereas 2-mm triangular shell elements with a thickness of 0.3 mm 
were assigned to the outer surface of the cortical bone. The surface 
shell elements were assigned to express the stiffest layer of the 
cortical bone that cannot be expressed from the CT images[15]. The 

FE models of the 61 and 87-year-old patient were thereafter denoted 
with bone X and Y, respectively. The numbers of solid and shell 
elements of the intact model of bone X and Y were 156509, 191478, 
and 73698, 84954, respectively. The inhomogeneous BMD values 
were introduced into every element by converting the Hounsfield unit 
(HU) into BMD using a linear formula[15]. 

Construction of THA models
Three different types of femoral stem were introduced in this study 
and denoted by stem I, stem II, and stem III. Each stem came 
with a different design and geometry as illustrated in Figure 1. In 
reconstructing the virtual hip arthroplasty, the femoral bone head was 
osteotomized based on the intertrochanteric line to approximately 1 
cm above the lesser trochanter. The osteotomy of the femoral head 
was performed by considering the stem geometry, i.e., the medial 
offset, vertical height, and neck length. The stem was then properly 
aligned into the femoral canal by referring to the mapping view 
from the CT images. The THA models of bone X and Y implanted 
with stem I, II, and III are shown in Figure 2. The FE models of 
bone X implanted with stem I, II and III were constructed with 
162,710, 155,220, 139,579 of tetrahedron solid elements and 62,628, 
61,533, 62,547 of triangular shell elements, respectively. For bone 
Y, 189,777, 185,391, 175,221 of solid elements and 74,766, 74,190, 
75,165 of shell elements were used with stem I, II, and III. The 
materials of the stem and femoral ball were assumed to be Titanium 
alloy and Alumina ceramic, respectively. It is noted that the interface 
between the bone and stem was assumed to be perfectly bonded.

2.3. Boundary conditions
Two different boundary conditions were introduced into the nonlinear 
FE analysis in order to predict the damage formations of the two 
types of femoral bone. These conditions were implemented on 
the basis of the validated and well-established testing protocol for 
periprosthetic femoral shaft fixation[23-27]. In the boundary conditions, 

(a)Stem I                                  (b) Stem II                             (c) Stem III

Figure 2 THA models constructed by combining a femoral model and a stem
(a)Bone X                                                          (b) Bone Y
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two different types of isometric loadings were introduced and they 
were thereafter denoted as lateral bending condition (LBC) and 
torsional condition (TC). The loading direction was set based on the 
angle of α and β, which represent the long axis of the femur in the 
frontal and sagittal plane, respectively. The orientation of loading 
direction for LBC was α = 90°, β = 0°, and for TC, α = 90°, β = 
90°. The boundary conditions, LBC and TC, are shown in Figure 3. 
For both LBC and TC, the magnitude of applied load was set to be 
increased stepwise, ranging from 0 N to 1500 N in 20 steps (75 N 
per step). The selected range of loading magnitude was found to be  
sufficient to demonstrate the damage mechanisms in femoral fracture 
under the same conditions in the previous study[14].

Mechanical theories and material properties
The tensile deformation of all the elements constructing the femoral 
models was assumed to be expressed by the linear elastic response, 
in which the stress-strain relation was characterized by two material 
constants such as Young’s modulus and Poisson’s ratio. On the 
contrary, the compressive deformation of the elements was assumed 
to be expressed by the bi-linear elastic-plastic response, in which 
the stress-strain relation was characterized by Young’s modulus 
and Poisson’s ratio under the linear-elastic behavior and the yield 
stress and the work hardening coefficient under the plastic behavior. 
The Drucker-Prager yield condition was used to assess the onset of 
yielding[15]. Yielding was assumed to take place when the Drucker-
Prager equivalent stress reached the compressive yield stress. Young’s 
modulus and the compressive yield stress of a solid element were 
calculated from the corresponding BMD value of the element using 
the empirical formulae proposed by Keyak et al[28] and Keller[29] as 
shown in Table 1. Poisson’s ratio and the work hardening coefficient 
of all the solid elements were set to 0.4 and 0.05, respectively. Those 
properties of each of the shell elements were chosen so that they were 
equivalent to those of the adjacent solid element located under its 
position. 
    The tensile fracture of a solid or a shell element was assumed to 
take place when the maximum principal stress reached the tensile 
strength which was equal to 0.8 times the compressive yield stress of 
the element[30,31]. On the other hand, the compressive fracture of the 
element was assumed to occur when the minimum principal strain 
reached the fracture strain which was equal to -3,000 micro-strain[31,32].  

Figure 3 Boundary conditions.
(a)LBC               (b) TC

Figure 4 Inhomogeneous distribution of bone mineral density: (a) bone X and (b) 
bone Y.

Figure 5 Comparison of BMD distribution of bone X and bone Y.

Those criterions are summarized in Table 2. Aggregation of shell 
element failures is usually needed to express the femoral fracture of 
the outer cortical surface and compare the fracture behaviour between 
the intact and the THA models. Therefore, in this study, a critical 
condition was set on the basis of the number of failure elements. 1000 

Table 1 Relationship between bone mineral density and the material 
properties [26,27]
Bone mineral density (g/cm3) Young’s modulus (E)

 = 0 0.001
0 <

33,900
 ≤ 0.27
0.27 < 5307

 ≤ 0.6 469

0.6 < 10,200

Bone mineral density (g/cm3) Yield stress (MPa)

 < 0.317 137

0.317 ≤ 114

Table 2   Failure criterions under tensile and compressive stress states.
Stress state Criterion

Tension Initiation of failure σp = 0.8σy

Compression
Transition to yielded state σD = σy

Initiation of failure εp = -3000
σp = maximum principal stress; σy = yield stress under compression; 
σD = Drucker-Prager equivalent stress; εp = minimum principal strain.
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(a)Tensile failure, LBC        

(b) Compressive failure, LBC

(c)Tensile failure, TC 

(d) Compressive failure, TC

 Figure 6 Cumulative number of solid element failures under LBC and TC.

(a) Tensile failure, LBC    

(b) Compressive failure, LBC

(c) Tensile failure, TC 

(d) Compressive failure, TC

 Figure 7 Cumulative number of shell failures under LBC and TC.
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(a) Intact model (b) Stem I model

(c) Stem II model (d) Stem III model

Figure 8 Distributions of solid and shell element failures under LBC.

shell element failures were chosen as the condition and the analyses 
were terminated when the total number of shell element failures 
reached 1000 under either tensile stress or compressive stress state.
    The stress-strain responses of titanium alloy and alumina ceramic 
were assumed to be linear elastic. Young’s modulus and Poisson’s 
ratio were chosen to be 114 GPa and 0.34 for titanium alloy and 370 
GPa and 0.22 for alumina ceramic[33].

RESULTS AND DISCUSSION
Distribution of bone mineral density 
Figures 4(a) and (b) illustrate the inhomogeneous distribution of 
BMD in bone X and bone Y, respectively. The head and neck areas 
of the femurs were vertically cut to have the cross-sectional views of 
the areas. For each bone model, the extraction points were selected 

at every threshold of the contours along the line from distal (D) to 
proximal (P), and the average BMD values were extracted. The BMD 
distributions along the lines are shown in Figure 5. Point A to B and 
F to G indicate the distal cortical bone area of bone X and bone Y, 
respectively. Point B to C and G to H correspond to the areas of bone 
marrow, C to D and H to I are the areas of cancellous bone, while D 
to E and I to J are the areas of cortical bone at the proximal femur 
for both bones, respectively. It was found that BMD values of bone 
X were greater than bone Y in every bone segment, e.g., cortical 
and cancellous bone throughout the distance. A notable difference 
of BMD was observed in the distal cortical, cancellous, and 
proximal cortical bone, i.e., 0.31 g/cm3, 0.13 g/cm3, and 0.43 g/cm3, 
respectively. Obviously aging was thought to be the key factor of this 
finding, where the increased porosity of the elder bone reduced its 
density and mass[34]. 
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(a) Intact model (b) Stem I model

(c) Stem II model (d) Stem III model
Figure 9 Distribution of solid and shell element failures under TC.

Accumulation of element failures as bone micro-damage
Figure 6 shows the cumulative numbers of solid element failures 
under LBC and TC. Figures (a) and (c) and Figures (b) and (d) 
correspond to the element failures generated under tensile and 
compressive conditions, respectively. It can be seen that the solid 
element failures under the tensile stress state were dominant 
compared to the compressive state for both LBC and TC. The 
cumulative numbers tended to gradually increase up to the final load 
level, and rapidly increase at the final load under both LBC and TC. 
It should be noted that the final levels of load of bone X models 
were much higher than those of bone Y models, suggesting that the 
strength of bone X at the final bone fracture was much greater than 
that of bone Y. It is important to see that in bone Y, the stem insertion 
tended to lower the bone strength, while in bone X, the bone strength 
tended to increase due to the stem insertion. Under both LBC and 

TC, the effects of stem design on the element failure behaviour and 
final load level were found to be very small. 
    The cumulative numbers of shell element failures under LBC 
and TC are also shown in Figure 7. Similar to the solid element 
failures, the tensile failures tended to be more dominant than the 
compressive failures. Under LBC, for both bone X and bone Y, the 
numbers of shell element failures under tension and compression 
rapidly increased at the final stage of loading. Thus, the element 
failures were led by the solid elements and then finally the shell 
element failures took place. It is also clearly seen that bone X 
is much stronger than bone Y for both intact and stem insertion 
models.

Distribution of solid and shell element failures
Distribution patterns of element failures as bone micro-damages are 
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Figure 10 (a) LBC and (b) TC.

may produce major damage to the cancellous bones. The bones with 
low strength due to lower BMD may easily be damaged when they 
are in contact with stiffer material, hence resulting in the significant 
number of element failures in stem I model compared to stem II and 
III models.
    It is understood from Figure (b) that bone X with stem I had the 
highest number of element failures at the critical stage under TC. 
This was similar to the bone Y with Stem I under LBC condition. 
In the case of bone Y, however, Stem I and Stem II shared almost 
similar numbers of element failures. The lowest number of element 
failures was obtained by Stem III. This phenomenon might be related 
to the factor of stem length. In this study, both loading configurations 
of LBC and TC will lead the bone to experience the bending 
process, thus, the factor of longer stem length will affect the bending 
behaviour of the bone.

Classification of femoral fractures following total hip 
arthroplasty 
The assessment of the femoral bone fractures was based on 
the resulting failure of shell elements in the THA models. The 
fracture classification of the bone following THA was based on 
the Vancouver Classification and the AO Foundation/Orthopaedic 
Trauma Association (AO/OTA)[40,41]. In the case of LBC, the fracture 
of bone X was located only at the distal diaphyseal segment of the 
femur, while for bone Y, two locations were identified, i.e., distal 
diaphyseal and distal end segment of the femur as shown in Figure 
8 (b)-(d), complete failure of shell element. The fracture located at 
the distal diaphyseal segment drew a parallel view to the Vancouver 

shown in Figures 8 and 9 for LBC and TC, respectively. In those 
images, distributions of solid element failures at the damage initiation 
and the critical load stages, corresponding to the final bone fracture, 
are presented, along with the distributions of shell element failures 
at the final bone fracture (called ‘complete failure’). It is clearly seen 
that bone Y had greater internal bone damages than bone X in both 
damage initiation and critical load stages. In the intact models, solid 
element failures mainly generated in the femoral neck region and the 
distal side close to the knee joint under LBC. On the other hand, solid 
element failures generated in the femoral neck and the middle region 
of diaphysis under TC. It is worth noting that the distal side and the 
middle region corresponded to the fixed regions set as the boundary 
conditions under LBC and TC, respectively. Also, shell element 
failures at the complete failure mainly generated in those regions.
    When a stiffer metallic stem was inserted into the femoral bone, it 
subsequently changes the mechanical environment of the bone. From 
the figures, the presence of stem easily damaged the cancellous bones 
that surrounded the stem in bone Y compared to bone X, where quite 
noticeable damage was seen even in the lower loading magnitude as 
illustrated in the damage initiation stage. Such severe bone damage 
that appeared along the bone-stem interface of bone Y may affect 
the primary stability of the implant after the arthroplasty. Without 
primary stability, the process of osseointegration may probably be 
delayed. In addition, the high number of failure elements at the bone-
stem interface may contribute to the risk of implant loosening due 
to the failure of the cancellous bones surrounding the stem. This 
phenomenon may also contribute to the risk of periprosthetic fracture 
after THA where loosening of the stem was known as one of the risk 
factors[35-39]. 
    The effect of stem geometry and design on the internal bone 
damage, i.e. solid element failures, can be seen in bone X under TC. 
Based on Figure 6(c), each stem exhibited different behaviour of solid 
element failures which occurred between the load 900 N and 1200 
N. Bone X with Stem II initially experienced the increasing trend, 
followed by Stem III and Stem I. This behaviour might be related to 
the different design of stem shoulder. Stem I has the widest shoulder 
width with a rectangular cross-section, while stem III also has a 
rectangular cross-section with smaller shoulder width. The shoulder 
width of stem II is comparable to stem III, however, with a circular 
cross-sectional shape. Differences in the shoulder size and the cross-
sectional shape of the stem might affect the formation of internal 
bone damage. From the observation, smaller shoulder sizes tend to 
have early increments of bone damage compared to the stem with 
wider shoulders. A wider shoulder with a rectangular cross-sectional 
shape could produce a much higher torsional resistance when the 
implant is surrounded by cancellous bones with higher strength. 

Solid element failures within the bone-stem interface at the 
critical stage
The numbers of solid element failures within the bone-stem interface 
at the critical stage are shown in Figure 10. A similar extraction size 
of 70 mm × 70 mm × 180 mm was applied to all models that enclosed 
the area of the bone and the stem. It is clearly seen that the number of 
element failures of bone X was much lower than that of bone Y for 
all stem types. From this finding, it is understood that bone with poor 
quality will experience greater internal bone damage specifically at 
the interfacial area of bone and stem. The small number of element 
failures suggests that bone X may have greater primary stability with 
stem, allowing the osseointegration process to occur. For bone Y, the 
highest number of element failures was obtained at stem I model. 
From this result, it can be said that the stem with larger dimensions 
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classification type C. An oblique fracture pattern was observed in 
both bones. In regard to the fracture located at the distal end segment 
of bone Y, the view is almost similar to type 33-A-2.3, extra-
articular, simple fracture with a transverse pattern from the AO/OTA 
classification. This fracture type was observed to occur at all of the 
THA models of bone Y.
    Shell element failures of Figure 9 (b)-(d) illustrate the prediction of 
bone fracture under TC. The THA models of bone X fractured only 
at the middle diaphyseal segment, while two locations were observed 
for the THA models of bone Y, namely, the middle diaphyseal and 
trochanteric region. The fracture predicted at the middle diaphyseal 
segment was correlated to the type B2 in the Vancouver classification. 
It is observed that the THA models of bone X had a spiral fracture 
pattern, while the THA models of bone Y were similar to the 
transverse pattern. On the other hand, quite noticeable fractures were 
seen at the trochanteric regions of bone Y implanted with Stem II and 
III, which suggests the possibility of Vancouver classification type AG.

CONCLUSIONS
CT-FEM was utilized to predict the damage mechanism between two 
bones with different quality implanted with three types of THA stem. 
The bone quality was successfully assessed through the comparison 
of BMD distribution. It was found that the manipulating parameters 
such as bone quality and implant design influenced the micro-
damage behaviours of the intact bone and THA models. In addition, 
the internal failures were mainly correlated to the implant geometry, 
while the external failures were associated with the boundary 
conditions. The damage mechanisms in both internal and external 
regions could further explain the biomechanical problems such as 
the risk of implant loosening and bone fracture. It is concluded that 
CT-FEM can be a useful tool to elucidate the mechanical problems 
associated with THA and improve the THA design and therefore, 
develop advanced implant designs.
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