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a b s t r a c t

Minimally invasive surgery for THR (Total Hip joint Replacement) is attractive for both surgeons and
patients. Since such surgery needs an incision of only 3–4 inches around the hip joint for THR instead of
the traditional, large incision of 10–12 inches, it causes less pain and enables early recovery for patients,
besides facilitating THR for the operating surgeons. In this research, for minimally invasive THR, a unique
type of a cementless stem, named a modular stem, is devised. It consists of two different parts in a stem
that can be joined to and separated from each other. For actualizing themodular stem, Bio-CADmodeling
technique is applied. The bony structure around the hip joint is three dimensionally reconstructed and
its geometric solid model is fabricated. The geometric solid models of modular stems are designed and
their prototypical models are fabricated using an acryl-based polymer. The geometric suitability of the
prototypical modular stems is manually examined. The strength of the stem to sustain the applied load
is evaluated using the finite element method. Finally, various sizes of actual modular stems with circular
or rectangular cross-sections are fabricated using a biocompatible Ti alloy (Ti–6Al–4V). The developed
modular stems will be used in the near future for minimally invasive THR surgery.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

One of the most topical issues in THR (Total Hip joint
Replacement) is minimally invasive surgery [1–3]. In reality, it
is attractive to both surgeons and patients. In this technique,
the replacement of the hip joint is done through an incision of
3–4 in around the hip joint instead of a traditional, large incision
of 10–12 in. Such surgery has some definite advantages over
traditional methods, such as less pain and early recovery for
patients and the facilitation of THR for the operating surgeons.

In practice, this technique necessitates the development of new
types of stem. Many different types of stem have been developed
until now to fulfill the requirements of minimally invasive surgery
for THR. For example, a Birmingham-type stem used in BHR
(Birmingham hip resurfacing) arthroplasty [4], a Lubinus SPII
stem [5], a Mueller curved stem [5], and a narrow stem with two
holes in its shoulder [6] are used in minimally invasive surgery.
However, these stems are associated with some problems, such as
their limited applicability for severely injured hip joints, surgical
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complications with regard to curved stems, the concentration of
stress around holes, etc.

To solve these problems, we develop a unique type of modular
stem. This stem has a joint around its shoulder and separable parts.
Since cemented femoral prostheses recently have been replaced
by cementless prostheses for preventing the aseptic loosening
of prostheses [7,8], a cementless stem is considered. Actually,
different types of modular stem such as the infinity modular
hip system [9], the Richards modular hip system [9] and the
S-ROM modular hip system [10] have been developed due to
off-the-shelf flexibility for customizing proximal and distal canal
filling for THR [11]. However, those stems have limitations for
minimally invasive surgery due to their geometric shapes and
surgical complexities.

For this research, the geometric shape of the modular
stem is devised and actualized based on a Bio-CAD modeling
technique [12,13]. A three dimensional reconstruction of bony
structure around a hip joint and fabrication of its geometric
model were carried out. The geometric solid models of modular
stems and their prototypical models are fabricated. The strength
of the devised stem to sustain the applied load is evaluated
using the finite element method. Finally, the modular stem is
fabricated using a biocompatible Ti alloy, Ti–6Al–4V. Two different
shapes with various sizes of the modular stem with circular or
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rectangular cross-sections are fabricated for minimally invasive
THR surgery.

2. Bio-CAD modeling and computation

2.1. Initial suggestion of modular stems

The two suggested types of modular stem are designed using
the software, CATIA of Dassault Systems. One type of stem has
a circular cross-section while the other has a rectangular cross-
section. The most interesting feature about these unique types of
stem is that each stem has two parts that can be separated or
joined with each other. The adequate size and shape of the stem
can be decided after considering the shape and size of the cortical
and cancellous bones of a patient. For a better fit between the
separable ends of each stem, the upper part of the modular stem
has a protrusion on the central region of its bottom surface and the
lower part has a cavity of the same size and shape as the protrusion
on its top surface. The interference fit keeps the two separate parts
of the stem in close contact and prevents the relativemicromotions
and rotations between the two parts.

Each part of the modular stem can be separately implanted
into the resected hip joint through a small incision around the
hip joint and rejoined together under the implanted state. This
process facilitates successful, minimally invasive THR surgery. The
designed geometric solid models of both types of modular stem
are shown in Fig. 1. Fig. 1(a) shows the stepwise stemwith circular
cross-sectionwhich is devised for preventing the subsidence of the
stem into cancellous bone. Fig. 1(b) shows the rectangular cross-
section stem with grooves on its surface to give spaces for growth
of bone cells.

2.2. Prototypical modular stem models

To actualize our initial idea for the modular stem, first,
the prototypical models that can be used for investigating the
geometric suitability of the modular stem are fabricated. These
models can yield an opportunity for handling the devised stems
manually and for checking their shapes from various angles. Also,
it is possible to verify the geometric exactness and suitability of the
joint of each real model.

The STL output files can be created directly from the solid
CAD model and sent to a rapid prototyping machine, viz., Eden
350 of Object Geometries Ltd. From the STL files, thin layers that
are 0.1 mm thick are built up one-by-one using the specialized
software of the machine until the whole model is formed [14]. The
models are fabricated using an acryl-based polymer (Vero white
830). Two fabricated stems, one with a circular cross-section and
the other with a rectangular cross-section, are shown in Fig. 2 with
their representative sizes. The geometric suitability of the design
is confirmed using the models. Note that each stem in Fig. 2(a) and
(b) have the fin type thin extrusion on their surfaces for preventing
the rotational microdeformation of the stem and micromotion
between the stem and the cancellous bone.

2.3. 3D reconstruction of an intact hip joint

To understand completely the stress distribution around the
hip joint after THR, a 3D reconstruction of the intact hip joint
has been undertaken using X-ray CT (Computed Tomography)
images of a subject, who is a 27-year-old woman. Along the
axial direction, 446 CT images were taken at intervals of 0.7 mm.
Using these images, the sacrum, the left-side coxal bone, and the
cortical and cancellous bones of the femur were reconstructed
using the commercial software, Mimics version 9.0 (Materialise,
Leuvin, Belgium) (see [15]).

Table 1
Material properties used for computations.

Materials Elastic
modulus (GPa)

Poisson’s
ratio

Yield
stress (MPa)

Stiffness
(N/mm)

Cortical bone 10.5 0.3
Cancellous bone 0.15 0.2
Articular cartilage 0.015 0.45
Stem (Ti–6AL–4V) 110 0.3 970
Cup (Ti–6AL–4V) 110 0.3 970
Head (ceramic) 380 0.26
Liner (UHMWPE) 1.95 0.43
Gluteii muscles 634
Adductor muscles 344

2.4. Geometric solid modeling and Boolean operations

The geometric solid modeling for each reconstructed model of
the intact hip joint has been undertaken through the software,
Rapidform 2006 (Inus Technology Inc., Seoul, Korea). In order to
reduce the degree of difficulty of whole solid modeling, only one
half of the sacrum is 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. Using Boolean operations between the geometric solid
models of the intact hip joint and themodular stems, the entire hip
jointmodel after THR is constructed (see [15]). During this process,
we fabricated solid models of stem head, cup, and liner that are
suitable for the modular stems. In particular, we disregarded the
fin type thin extrusion of each stem during their solid modeling to
reduce the complexity. Also, we prepared not only modular stem
models but also the models of the unitary stem with circular or
rectangular cross-sections that does not have joints and separable
parts. The unitary stem models had the same sizes as the modular
stems and were used for comparing the computational results.

2.5. Finite element modeling

Compatible 3D finite element meshes were generated directly
in the complete solid model after iterative calculations using
commercial software, Patran version 2005 (M.Sc. software, Santa
Ana, CA,. USA) (see Fig. 3(a)). For lowering the complexity of
modeling, the muscle sets around the hip joint were simplified
greatly based on the muscle paths [16,17]. Only four muscle paths
of gluteii and adductor muscles were modeled for preventing
implausible deformations of the hip joint and attached directly
to the corresponding nodes on the coxal bone and cortical bone.
Linear spring elements with two nodes were used for the muscle
paths and quadratic tetrahedral elementswith 10 nodeswere used
for the models of the whole bone and the prosthesis. (Average
element and node numbers thatwere used for allmodelswere 113,
002 and 169, 850, respectively.)

2.6. Material properties and boundary conditions

The relevantmaterials, such as the cortical and cancellous bones
of the bony structures, the articular cartilages, and the liner and the
head of the prosthesis were assumed to be isotropic and linear-
elastic [18–20]. The gluteii and adductor muscles were considered
as linear spring [21]. The materials for the cup and the stem
were assumed to be isotropic and elastic–plastic with a power-law
hardening exponent of three [15,22]. A biocompatible material,
Ti alloy (Ti–6Al–4V), was selected for the cup and the stem (see
Table 1).

In terms of boundary conditions for the computations, the
degrees of freedom in the x, y, and z-directions were constrained
at the nodes on the distal end of the femur. At the nodes on the
symmetric surfaces of the sacrum and coxal bones, a constraint
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Fig. 1. Solid models of the hip prosthesis with a modular stem: (a) stem with a circular cross-section and (b) stem with a rectangular cross-section.

was applied in the x-direction. On the base of sacrum and the
facet of a sacral horn, a load for a single leg stance condition that
was three times a woman’s weight, viz., 1764 N, was applied;
this load was transmitted through the L5 lumbar vertebrae and
disc to the sacrum (see Fig. 3(b)). The cup was assumed to be
fixed perfectly on the coxal bone. Further, the contact surfaces
between the cup and the liner and between the head and the
stem were tied perfectly with each other. The frictionless-contact
condition was applied between the liner and the stem head. To
model a cementless femoral stem, a frictional-contact condition
with a frictional coefficient of 0.4 [23] was assumed for the contact
surfaces between the stem and the cancellous bone. This frictional
coefficient brings about the shear stress on the contact surfaces,
which can be a resistant force to the improper subsidence of the
stem during numerical calculation. Also, to model the interference
fit of the upper and lower part of the modular stem, the contact
condition without relative slips between the outer surfaces of the
protrusion and the inner surfaces of the cavitywas applied because
relative micromotions between the two parts must be prevented
in real modular stems. However, the frictionless contact condition

was assumed for the contact surface between the upper and the
lower part.

3. Results

A commercial software package, ABAQUS version 6.6 (Dassault
systems, SIMULIA, RI, USA), was used for the computations. First,
mesh convergence tests were carried out using two different FE
models with 80% and 120% mesh densities of the present model.
The test results show that there are no differences in von Mises
stress distributions in each stem and less than 2% difference in
its maximum values. Through these tests, the suitability of mesh
density of the present model was confirmed.

The obtained von Mises stress distribution of the replaced
hip joint using the modular stem with a circular cross-section
is shown in Fig. 4(a). The stress values above 10 MPa are seen
in the medial and distal regions of the cortical bone of the
femur and the maximum value of the stress in the entire model
is 571.8 MPa in the cortical bone. The stress distributions for
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Fig. 2. The modular stem models fabricated using the rapid prototyping machine: (a) and (b) stems with circular cross-sections; (c) and (d) stems with rectangular cross-
sections.

the upper and lower parts of the modular stem are shown in
Fig. 4(b). We can see that the region just above the shoulder in
the upper part and the medial region below the shoulder in the
lower part experience high levels of stress (greater than 100 MPa).
Interestingly, the stress levels in the protrusion and in the cavity
of each part are very low even though those components help
to integrate both parts. Because the interference fit between the
protrusion and in the cavity was modeled as the contact condition
without relative slips, the condition gives both parts continuous
displacements. Therefore, this is the reason for the low stress levels
in the protrusion and cavity. These low stress levels will be an
advantage of the modular stem that is devised in this research.
The maximum value of the stress is 185.6 MPa in the upper part
and 111.0 MPa in the lower part. Fig. 4(c) shows the stress field
in the cancellous bone. The stress values that are higher than
1.0 MPa are found around the resected region of the cancellous
bone and the maximum stress value in the cancellous bone is
48.84 MPa.

Fig. 5(a) shows the stress distribution of the replaced hip joint
using the modular stem with a rectangular cross-section. The
maximum value of the stress over the entire model is 505.2 MPa
in the cortical bone. The stress distributions for the upper and
lower parts of the modular stem are shown in Fig. 5(b). The region

just above the shoulder in the upper part and the region below
the shoulder in the lower part experience high levels of stress.
The maximum value of the stress is 156.7 MPa in the upper part
and 143.1 MPa in the lower part. Similar to the previous case,
the stress levels in the protrusion and the cavity of each part are
very low. Fig. 5(c) shows the stress distribution in the cancellous
bone. The maximum stress value in the cancellous bone is
43.5 MPa.

To compare the effects of modular stems with those of unitary
stems, the stress distributions of the replaced hip joint using
the unitary stems are presented in Figs. 6 and 7. The material
properties used, the applied load, and the boundary conditions
for the computations were the same as those of the cases of
modular stems. As shown in Fig. 6(a), the maximum value of the
stress around the replaced hip joint using the unitary stem with a
circular cross-section is 574.4 MPa in the cortical bone. The stress
distribution in the unitary stem with a circular cross-section is
shown in Fig. 6(b). A high level of stress is found in the region
around the stem neck, which is similar to the case of the modular
stem with a circular cross-section. The maximum stress in the
stem is 185.7 MPa. Fig. 6(c) shows the stress distributions in the
cancellous bone. Themaximum stress value in the cancellous bone
is 23.8 MPa.
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Fig. 3. (a) Finite element model of the hip joint after THR and (b) applied boundary
condition.

The stress distribution of the replacedhip joint using theunitary
stem with a rectangular cross-section is shown in Fig. 7(a). The
maximum value of the stress around the hip joint is 418.3 MPa in
the cortical bone. The stress distribution in the unitary stem with
a rectangular cross-section is shown in Fig. 7(b). The stress level
and the stress distribution are almost similar to those of the case of
the modular stem with a rectangular cross-section. The maximum
stress in the stem is 155.2 MPa. The maximum stress value in the
cancellous bone is 41.82 MPa as shown in Fig. 7(c).

4. Discussion

For all the four cases, the maximum stress value in each
part is tabulated in Table 2, with the following terminology:
MSS (Maximum von Mises stress in the stem); MSCA (Maximum

Fig. 4. VonMises stress distribution in: (a) the replaced hip joint using themodular
stem with a circular cross-section, (b) the upper part and the lower part of the
modular stem, and (c) the cancellous bone.

von Mises stress in the cancellous bone); MSCO (Maximum von
Mises stress in the cortical bone). From Table 2, it is found that
the maximum stresses in modular and unitary stems with the
same cross-sectional geometry are almost similar. Moreover, the
maximum stress is slightly greater in stems with rectangular
cross-sections than in stems with circular cross-sections but these
values are still much lower than the yield strength of the Ti
alloy, viz., 970 MPa. However, the effects of the modular and
unitary stems on the stress levels of the cancellous and cortical
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Fig. 5. VonMises stress distribution in: (a) the replaced hip joint using themodular
stem with a rectangular cross-section, (b) the upper part and the lower part of the
modular stem, and (c) the cancellous bone.

bones are somewhat different. Under the modular stem with a
circular cross-section, the maximum stress in the cancellous bone
is about 20 MPa greater than that under the unitary stem with a
circular cross-section. Under the modular stem with a rectangular
cross-section, the maximum stress in the cortical bone is about
90MPa greater than that under the unitary stemwith a rectangular
cross-section. In fact, these differences arise from the geometric
differences between the modular and unitary stems. However,
these differences are regarded as small differences that easily can
be reduced by optimizing the shape of the stem.

Fig. 6. Von Mises stress distribution in: (a) the replaced hip joint using the unitary
stemwith a circular cross-section, (b) the unitary stem, and (c) the cancellous bone
of the femur.

Table 2
The maximum value of the von Mises stress in different parts of the replaced hip
joint under all four geometries of the stem.

Cases MSS (MPa) MScA
(MPa)

MScO
(MPa)

Modular stem with a circular
cross-section

185.6 (Upper part) 48.84 571.8110.0 (Lower part)
Modular stem with a
rectangular cross-section

156.7 (Upper part) 43.5 505.2143.1 (Lower part)
Unified stem with a circular
cross-section

185.7 23.8 574.4

Unified stem with a rectangular
cross-section

155.2 41.82 418.3

Based on these computational results, we can validate our
idea of developing a modular stem for minimally invasive THR
and fabricate various sizes of actual modular stems with circular
or rectangular cross-sections using the biocompatible Ti alloy
(Ti–6Al–4V) and a machining center, M2 3AX/5AX of WHACHEON,
Co. Ltd (see Fig. 8). These fabricated specimens actuallywill be used
in the near future by orthopedic surgeons.

5. Conclusions

Cementless modular stems with circular or rectangular cross-
sections for minimally invasive THR are suggested and validated
based on Bio-CADmodeling technique and finite element analysis.
In particular, two unitary stems with circular or rectangular cross-
sections also are modeled and used for the computations for the
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Fig. 7. Von Mises stress distribution in: (a) the replaced hip joint using the unitary
stem with a rectangular cross-section, (b) the unitary stem, and (c) the cancellous
bone of the femur.

sake of comparison. From the results, it is found that the von
Mises stress level and the vonMises stress distributions inmodular
and unitary stems with the same cross-sectional geometry are
almost similar. Moreover, themaximum stress is slightly greater in
stems with rectangular cross-sections than in stems with circular
cross-sections. However, all the maximum stress values are much
smaller than the yield stress (970 MPa) of the material used.
This means that we can use the modular stem for THR within
the safe limit before yielding occurs. Depending on the cross-
sectional geometry of the stems, the maximum stress values in
the cancellous and/or cortical bones under the modular stems
are greater than those under the unitary stems. The maximum
differences are about 20 MPa for the cancellous bone and 90 MPa
for the cortical bone, respectively. However, it is thought that these
differences can easily be reduced by the optimal design of the
shape of the modular stem.

Based on the computational results, various sizes of actual
modular stems with circular or rectangular cross-sections are
fabricated using a biocompatible Ti alloy (Ti–6Al–4V). These stems
facilitate minimally invasive THR for the concerned operating
surgeons. Therefore, they will be used in the near future.
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