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To investigate the biomechanical effect of collars, finite element analyses are carried out through two hip joints that are
implanted using collared and collarless stems, respectively, and an intact hip joint model. For the analyses, the sacrum, coxal
bone, and the cancellous and cortical bones of a femur are modelled using finite elements based on X-ray computed
tomographic images taken from a 27-year-old woman. From the results, it is found that a collar with perfect calcar contact
prevents stem subsidence and decreases the proximal—lateral gap and the lateral stem tilting. Therefore, it can impart
reasonable biomechanical stability for total hip arthroplasty. However, its low load transmission ability and increased stem
tilting effect due to the imperfect contact between the collar and the calcar are found to be serious problems that need to be
solved. Results of clinical follow-up are presented for supporting the computational results.

Keywords: cementless collared stem; stem subsidence; proximal-—lateral gap; stem tilting; calcar resorption; femoral

fracture

1. Introduction

A collar is a projection on a femoral stem, which contacts
with the resected neck of the proximal medial femur,
called calcar, after total hip arthroplasty (THA).
A designed, collared stem is introduced in cemented and
cementless THA to solve the problems of collarless stems,
such as the stress shielding effect and the subsidence of the
stem into the femur (Eldridge et al. 1997; Loudon and
Charnely 1980). However, there is still considerable
controversy about the advantages and disadvantages of
collared stems (Kwong 1990; Meding et al. 1999; Abdul
Kadir et al. 2008). Generally, it is reported that the
advantages of collared stems are (a) the prevention of stem
subsidence and (b) an increase in the axial load
transmission to the calcar when adequate contact is
achieved between the collar and the calcar (Whiteside et al.
1988; Kelley et al. 1993). However, the reported
disadvantage of collared stems is that during THA, it is
difficult to obtain perfect contact between the collar and
the calcar, which impairs the perfect transmission of the
applied load to the femur (Fagan and Lee 1986). Though
perfect contact can be achieved between the collar and the
calcar, it is reported that the transmitted axial stress is still
smaller than the normal stress level of the femur that is
required for avoiding the stress shielding effect (Fagan and

Lee 1986). Furthermore, it has been reported that the varus
deformation of the hip joint arises under a collared stem
(Fagan and Lee 1986). Some long-term clinical follow-up
results show that the presence of a collar has no effect on
proximal femoral osteopeania (Carlsson et al. 1995;
Meding et al. 1999).

In reality, to overcome the disadvantages of collared
stems, a clear understanding of the biomechanical effect of
collars on THA is necessary. In this research, we analyse
comprehensively the biomechanical effects of collars using
computational results and clinical follow-up data. As
cemented femoral prostheses have been replaced by
cementless prostheses recently to prevent the aseptic
loosening of prostheses (Namba et al. 1998; Goetzen et al.
2005), an uncemented prosthesis is selected for this research.
Finite element models of two hip joints that are implanted
using collared and collarless stems, respectively, and an
intact hip joint are constructed and used for the analysis. The
von Mises stresses obtained from the models are compared
with each other for evaluating the load-transmit efficiency of
collars. Furthermore, the stem subsidence, the lateral and
anterior tilting of the stem and the proximal-lateral gap
between the stem and the cancellous bone, which cause stem
micromotion and loosening and can be major causes of
femoral fracture, are analysed.
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2. Methods
2.1 3D reconstruction of an intact pelvis and femur

The 3D reconstruction of an intact pelvis and femur of a
27-year-old woman was carried out using X-ray computed
tomographic (CT) images taken around the hip joint.
Along the axial direction, 446 tomographic images were
taken at intervals of 0.7 mm. Through the CT images, the
sacrum, articular cartilages, left-side coxal bone, and
cortical and cancellous bones of the femur were
reconstructed using the commercial software, MIMICS
of Materialise (see Figure 1(a)—1(f)).

For the articular cartilages, we reconstructed the gaps
between the sacrum and the coxal bone and between the
coxal bone and the femoral head in the CT images because
an X-ray CT system cannot take images of soft tissues
(see Figure 1(b) and 1(d)). The reconstructed, intact hip
joint structure is shown in Figure 1(e).

2.2  Geometric solid modelling and Boolean operation
as a virtual THA

The geometric solid modelling for each reconstructed
model of the intact hip joint was performed using the

software, RapidForm of INUS Tech. Inc., Seoul, Korea.
(see Figure 2(a)—2(e)). In order to reduce the difficulties in
solid modelling, only one half of the sacrum was selected
after considering the symmetric structure of the lower
extremity. Also, the actual structure of the sacrum with
sacral holes was simplified as a structure without holes
(see Figure 2(a)).

For the fabrication of the geometric solid models of
collarless and collared prostheses, CAD data of the PerFix
collarless and collared prostheses of Japan Medical
Materials Co., Ltd, Tokyo, Japan were used. The software,
CATIA of Dassault Systems, Velizy-Villacoublay, France,
was utilised to fabricate the solid models (see Figure 3(a)—
3(e)). Considering the size of the patient’s femur, the size
of the stem and the length of the collar were modified from
the standard CAD data of the PerFix prostheses using
CATIA. The virtual THA, which includes a cutting
process for the solid femoral head and a process for the
insertion of solid collarless or collared prosthesis into
the solid cancellous bone, was performed using Boolean
operations.

The overall geometric solids of the intact hip joint and
the hip joint after THA are shown in Figure 4(a) and 4(b).

Figure 1. The reconstructed (a) sacrum, (b) articular cartilage (between the sacrum and the coxal bone), (c) left side coxal bone,
(d) articular cartilage (between the coxal bone and the head), (e) cortical bone of the femur, (f) cancellous bone of the femur and

(g) entire intact hip joint structure.
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Figure 2. The geometric solid of (a) sacrum, (b) articular
cartilage (between the sacrum and the coxal bone), (c) left side
coxal bone, (d) articular cartilage (between the coxal bone and
the head), (e) cortical bone of the femur and (f) cancellous bone
of the femur.

The zoomed configurations around the proximal parts
of the collarless and collared stems are shown in
Figure 4(c) and 4(d). In this research, the state of perfect
contact between the collar and the calcar is modelled to
investigate the fundamental biomechanical functions of
the collar (see Figure 4(d)).

2.3 Finite element modelling

Compatible 3D finite element meshes were generated
directly in each solid model for the hip joints using the
commercial software, PATRAN of MSC Software Corp.,
Santa Ana, USA. Figure 5(a)-5(d) shows the finite
element models of the hip joints. For simplicity of
modelling, the muscle sets around the hip joint were
extremely simplified based on the muscle paths obtained
from Visible Human Project (VHP, Bitsakos et al. 2005).
Only four paths were selected to prevent the irrational

Figure 3. The geometric solid of (a) cup, (b) liner, (c) head,
(d) collarless stem and (e) collared stem.

Figure 4. The entire geometric solid of (a) intact hip joint,
(b) hip joint after THA, (c) zoomed configuration around
collarless stem and (d) collared stem.
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Figure 5. The entire finite element model of (a) intact hip joint, (b) hip joint after THA, (c¢) zoomed configuration around collarless,
(d) collared stem and (e) the boundary condition for the computations.

deformation of the hip joint (see Figure 5(a) and 5(b)).
Note that the same positions of attachment of the muscle
paths to each finite element model of the coxal bone and
femur were chosen carefully for obtaining consistent
deformation behaviours of the hip joints.

Quadratic tetrahedral elements with 10 nodes were
used for the overall models excepting the muscle paths
for which linear truss elements with two nodes were
used. In all, 113, 325 elements and 162, 403 nodes were
used for the intact hip joint model. For the hip joint
model that was implanted using a collarless stem, the
respective elements and nodes were 115, 944 and 176,

024. For the hip joint model that was implanted using a
collared stem, 116, 883 elements and 176, 610 nodes
were used.

2.4 Material properties and boundary conditions

The relevant materials, such as the sacrum, the coxal bone,
the cortical and cancellous bones of the femur, the
articular cartilages, and the liner and the head of the
prosthesis, were assumed to be isotropic and linear elastic.
The materials for the cup and the stem were assumed to be
isotropic and elastic—plastic with a power-law hardening
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Table 1. The material properties used for the computations.

Elastic modulus (GPa) Poisson’s ratio Yield stress (MPa)
Cortical bone (Kopparti and Lewis 2007) 10.5 0.3 -
Cancellous bone (Kopparti and Lewis 2007) 0.15 0.2 -
Femoral/tibial articular cartilage (Li et al. 2001) 0.012 0.45 -
Stem (Ti-6A1-4V) 110 0.3 970
Cup (Ti-6Al-4V) 110 0.3 970
Head (Ceramic) 380 0.26 -
Liner (UHMWPE) 1.95 0.43 -
exponent of three (Jeon et al. 2009). In particular, a In terms of boundary conditions for the computations,
biocompatible material, viz., Ti alloy (Ti-6Al-4V), was the degrees of freedom in the x-, y-, and z-direction were
selected for the cup and the stem. Table 1 shows the constrained at the nodes on the distal end of the femur. At
material properties of each component; these were used for the nodes on the symmetric surfaces of the sacrum and
the computations. coxal bones, a constraint was applied in the x-direction.
(a)
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Figure 6. The von Mises stress distribution of (a) intact hip joint, (b) intact cortical, (c) cancellous bone, (d) implanted cortical bone,
(e) cancellous bone using collarless stem, (f) implanted cortical bone and (e) cancellous bone using collared stem.
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On the base of sacrum and the facet of a sacral horn,
three times of the woman’s weight, viz., 1647.5N was
applied; this load is transmitted through the L5 lumbar
vertebrae and disc to the sacrum (see Figure 5(e)). The
cup was assumed to be fixed perfectly on the coxal bone.
Furthermore, the contact surfaces between the cup and
the liner and between the head and the stem neck were
tied perfectly with each other. The frictionless contact
condition was applied between the articular cartilages of
the coxal bone and the femoral head of the intact hip
joint, and between the liner and the stem head. For
modelling a cementless femoral stem, a frictional contact
condition with a friction coefficient of 0.4, which was
experimentally measured by Rancourt et al. (1990), was
assumed for the contact surfaces between the stem and

the cancellous bone, and between the collar and the
calcar.

3. Results and discussions

A software package, ABAQUS of Dassault Systems, was
used for the computations. The obtained deformation
shapes with the von Mises stress distributions of the intact
hip joint are shown in Figure 6(a). Figure 6(b) and 6(c)
shows the distributed von Mises stress in the intact cortical
and cancellous bones. A high level of stress distribution is
observed around the femoral neck. The distributed von
Mises stress level in the cancellous bone is considerably
smaller than that in the cortical bone because the hard
cortical bone blocks the transmission of the applied load.
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(a) The lateral stem tilting, (b) another model of a collared stem with imperfect calcar contact and (c) anterior stem tilting.
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In the cancellous bone, the von Mises stress level on the
neck portion is seen to be still higher than in other portions.

Figure 6(d) and 6(f) shows the von Mises stress
distributions of the cortical bones after THA. This figure
shows that the stress levels of the cortical bones after THA
are considerably lower than those of the intact femur.
In particular, the von Mises stress level around the calcar
region of the cortical bones is significantly lower than that
around the intact femoral neck region, even though a
collared stem is used. This means that following THA, the
stress shielding effect can occur in the cortical bone under

not only collarless but also collared stems; this effect
causes calcar resorption after prolonged usage. However,
the cortical bone that is implanted with a collared stem
shows somewhat higher stress levels in the calcar region
than those that are obtained under a collarless stem.
Therefore, in terms of calcar resorption, a collared stem is
somewhat more profitable than a collarless stem.

Figure 6(e) and 6(g) shows the distributed von Mises
stress in the cancellous bones following THA. High stress
levels are observed around the calcar regions of both
cancellous bones, which result from direct contact with
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a stem of high stiffness. Considering the compressive
strength of the cancellous bone, viz., 5 ~ 15MPa (Knaus
1981), local fracture is anticipated around the region,
which can cause stem loosening and micromotion. Another
region of concentrated stress is seen in the contact region
between the stem tip and the cancellous bone. This
concentration of stress suggests a high possibility of local
bone fracture and can be regarded as a cause of mid-thigh
pain (Namba et al. 1998). However, when a collared stem is
used, we see that the concentrated von Mises stress level is
lower than that obtained under a collarless stem. Therefore,
a collared stem is more beneficial than a collarless stem for
reducing the stress level on the cancellous bone.

The geometric tilting of the stem, which can be
regarded as a significant cause of stem micromotion and
loosening, is investigated. Figure 7(a) and 7(c) presents the
lateral and anterior tilting of the stem, respectively. Two
important facts are discerned from this figure. One is that
the tilting of a collared stem is smaller than that of a
collarless stem. This contrasts with the results of Fagan and
Lee (1986), who report the greater tilting of a collared stem
due to the role of the collar as a pivot. The reason for the
smaller tilting of a collared stem in this present study is that
the perfect contact between the collar and the calcar
constraints the stem from tilting. To investigate in detail
the phenomenon of lateral tilting for collared stems,
another model of a collared stem with imperfect calcar
contact is constructed and used for computation (see
Figure 7(b)); the corresponding results are plotted in
Figure 7(a). From the results, it is found that a collared
stem with imperfect calcar contact causes the most severe
tilting of the stem compared with other stems. In this case,
the collar contacts gradually with the resected surface
under applied loading; thereby the stem tilting is increased.
Here, the collar can be seen as playing the role of a pivot.

Another observation is that the anterior tilting of the
stem is also considerably large in comparison with the
lateral tilting of the stem. This is due to the position of
the applied load, which gives rise to a moment that causes
femoral deformation in the anterior direction. As the
collared stem in this research does not have projections in
the anterior and posterior directions, the tilting of the
collared stem is almost similar to that of a collarless stem.
The subsidence of the stem into the femur and the
proximal —lateral gap between the stem and the cancellous
bone are observed. Figure 8(a) and 8(b) presents the
subsidence of collarless and collared stems, respectively.
Considerable subsidence is observed for the case of a
collarless stem, whereas a collared stem causes only a little
subsidence. Figure 9(a) and 9(b) shows the lateral gaps
that are caused by collarless and collared stems. A
collarless stem produces a larger lateral gap than a collared
stem. Therefore, micromotion in the axial and lateral
directions and loosening can be regarded as being easily
caused by collarless stems.

From the results, we confirm that a collarless stem
produces the stem subsidence, a large proximal-lateral
gap, and large degrees of anterior and lateral tilting of the
stem, which cause the stem micromotion in the axial and
lateral directions and loosening, and can be the major
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Figure 10. The clinical results of a 70-year-old female patient (a) right after THA, (b) 2 weeks after THA, (c) 8 weeks after THA using a
PerFix collarless stem; the clinical results of a 49-year-old female patient (d) right after THA, (e) 1 year after THA, (f) 8 years after THA
using the a PerFix collared stem; a typical state of (g) varus deformation of hip joint and (h) the femoral fracture. ((g) and (h) sourced from
http://www .radiologyassistant.nl/en/431c8258e7ac3).
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causes of the femoral fracture. Figure 10(a)—10(c) shows
the clinical follow-up results of a 70-year-old female
patient after THA that used a PerFix collarless stem. In the
figure, the stem subsidence is clearly observed after 2
weeks, and the femoral fracture is found after 8 weeks.

Moreover, we confirm that a collared stem with perfect
calcar contact prevents stem subsidence and induces a small
proximal —lateral gap, besides small degrees of anterior and
lateral tilting of the stem. Therefore, it can impart
proximal —stem fixation under a cyclic load that is applied
over a long period of time. Figure 10(d)—10(f) shows the
results of clinical follow-up for a49-year-old female patient
8 years after THA that used a PerFix collared stem. From
the figure, the biomechanical stability of a collared stem
without any subsidence and femoral fracture is confirmed.
However, there still exists a risk of calcar resorption
because of the low ability of collared stems to transmit load.
The zoomed image in Figure 10(f) clearly shows the
resolved calcar shape. Also, a collared stem that contacts
imperfectly with the calcar increases the lateral tilting of the
stem. Therefore, depending on the status of calcar contact,
and the size and shape of the stem, there exists a possibility
of serious femoral fracture from the varus deformation of
the hip joint (see Figure 10(g) and 10(h)).

4. Conclusions

In this research, the biomechanical effect of collars is
analysed using computational and clinical follow-up
results. A hip joint that was implanted using two
cementless hip prostheses, one collared and the other
collarless, and an intact hip joint are modelled and used for
the computations. From the results, it is found that a collar
that contacts perfectly with the calcar prevents stem
subsidence and decreases the proximal-lateral gap
between the cancellous bone and the stem, besides the
lateral tilting of the stem. Therefore, a collar can impart
reasonable biomechanical stability to the implanted stem.
However, there exists a risk of calcar resorption
because of the low ability of the collar to transmit loads.
Also, a collared stem with imperfect calcar contact
increases the lateral tilting of the stem. As serious anterior
tilting of the stem occurs during femoral deformation, both
the lateral and the anterior tilting of the stem may bring
about the varus deformation of the hip joint. Therefore,
depending on the status of calcar contact, and the size and
shape of the stem, a collared stem can cause femoral
fracture, which is a serious problem to be solved.
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