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Abstract: Total hip arthroplasty (THA) is a common orthopedic surgery, and almost only choice for those patients who
suffer severe osteoarthritis. Zweymüller stem, one of the most reliable stems, is considered to be appropriate for elderly
patients. However, the structural effectiveness of trochanteric shoulder for primary stability has not been clear yet. This
research intended to perform a finite element analysis to explore the necessity of trochanteric shoulder for the primary
stability. Realistic simulation models with a femoral bone model and three stem designs were carefully constructed.
Analysis of relative sliding micromotion between bone and stem revealed that the shoulderless design has an acceptable
primary stability. It was also suggested that the proximal broad design could be unnecessary for rectangular diaphysealfixation stems. This kind of simulation research can be an instruction to develop new design of cementless design to
both achieve less invasive surgery and excellent duration.
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1. INTRODUCTION
Currently, hip joint health has been one of the very
concerning medical issues in the worldwide aging
societies. Due to aging and other external factors such
as overtaking alcohol and sterol, the processing of
bone remodeling is thought to be inhibited gradually,
and result in non-traumatic osteoporosis and even
osteoarthritis (OA), eventually [1, 2]. Clinically, the most
effective therapy for severely damaged hip joints with
OA is total hip arthroplasty (THA). A typical artificial hip
joint used in THA is composed of metallic stem,
ceramic ball, polymeric liner and metallic acetabular
cup. Among of these components, the stem plays an
important role in transferring biomechanical load to
femur by directly or indirectly contacting with the bone.
There are two types of stems, namely, cemented stems
contacting with femur through a layer of acrylic bone
cement and cementless stems directly connecting with
femur by osseointegration. Recently, the cementless
stems have commonly been used in THA, due to their
great long-term survivorship.
Mont et al. tried to categorize the THA stems into 6
different types on the basis of the amount of osseous
contact and the location of fixation [3]. Among of them,
Type 3C stem, also known as Zweymüller stem, has
been well prevailing in Europe. Compared with other

*Address correspondence to this author at the Research Institute for Applied
Mechanics, Kyushu University, 6-1 Kasuga-koen, Kasuga, Fukuoka 816-8580,
Japan; Tel: +81-92-583-7762;
E-mail: todo@riam.kyushu-u.ac.jp
E-ISSN: 2313-0954/21

designs, the characteristic design of Zweymüller stem
has its unique advantages, but also some
corresponding problems. It has a rectangular crosssection and tapered shape, providing great primary
stability by three-point fixation at metaphysealdiaphyseal junction and proximal diaphysis [4]. This
fixation feature has let Zweymüller stem be a preferred
choice for very aged patients, especially whose hips
are suffering severe bone mass loss of femoral cortex
at metaphyseal area.
Conventional Zweymüller stem is also known to
possess an extensive shoulder, which was introduced
to provide extra mechanical stability during the initial
period after THA. Subsequently, the long-term stability
can be achieved by bone on-growth on the porous
surface of the stem. While as the fundament of longterm stability, the primary stability is susceptible to
external loadings. It can raise the relative sliding motion
between bone and stem, finally resulting in the failure
of fixation [5, 6]. In order to introduce the shoulder,
however, the proximal lateral femur have to be thinned.
This increases the risk of avulsion fracture of the major
trochanter. Such fracture weakens abductor and gluteal
and causes thigh pain [7]. Furthermore, although a
twenty-year follow-up investigation demonstrated that
the survival rate of Zweymüller stem was comparable
with the other cementless stems [8], this author also
pointed out that the extensive proximal shoulder could
be the main disadvantage because of the bone-sparing
implantation. Actually, some orthopaedic surgeons
think that an optimized design of stem must satisfy the
condition of less invasive surgery. At the same time,
© 2021 Savvy Science Publisher
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some orthopaedists doubt that the stem shoulder may
not be necessary to prevent rotation and subsidence,
due to the enough primary stability obtained by its
characteristic three-point fixation and rectangular
cross-section [7]. However, this has not been
elucidated from biomechanical points of view.
The objective of the present study was to
understand the effects of trochanteric shoulder of
typical Zweymüller stem on the mechanical behavior of
femur using CT-image based finite element analysis.
CT-images of a femur was used to construct a threedimensional femoral bone model, and CAD models of
Zweymüller stems were combined with the femoral
model to develop three different types of THA model.
Finite element analysis was then performed to
characterize the effects of stem design on the
mechanical performances of the femur such as the
localized energy concentration and the rotational
stability.
2. METHODS
2.1. Construction of Femoral Bone Model and THA
Models
CT images of a femur of 83 years-old male were
used to construct a three-dimensional femoral solid
model using a bone analysis software, Mechanical
Finder 9.0 (RCCM, Co., Japan). Solid models of
Zweymüller stem were also prepared using the
corresponding CAD data of three different designs.
Firstly, the head of the femoral model was incised
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carefully, and then the stem models were inserted into
the femoral model to simulate a realistic situation of
THA. The medullary cavity was automatically created
by superimposing the femoral and stem models. A
ceramic ball model was also attached to the top of the
stem. Three different THA models are shown in
Figure 1. The three different designs of stem are called
preserve α, β, and γ corresponding to shoulderless
(Figurs (a) and (b)), transitional (Figures (c) and (d))
and conventional design (Figures (e) and (f)),
respectively.
2.2. Finite Element Analysis
Finite element models were developed using the
THA models with 2 mm tetrahedron elements and 0.3
mm shell elements. The shell elements were used to
express the cortical bone. The numbers of the
tetrahedron and shell elements and nodes were
612,597, 22,173, and 116,375 for α model and
617,391, 22,253, and 117,645 for β model and
632,145, 22,543, and 120,913 for γ model.
Average bone mineral density (BMD) of each
element was estimated assuming the linear relation
between BMD values and corresponding CT values of
the images. Young’s modulus and the compressive
yield stress of each element were then calculated from
the corresponding BMD value using the empirical
formulae established by Keyak, et al. [9]. Distributions
of BMD and Young’s modulus on the surface and on
the cross-sectional area are shown in Figure 2. It is
clearly seen that the distribution pattern is very similar

Figure 1: Scenograph of models and stems. (a) & (b) stem α, a shouldless design; (c) & (d) stem β, a transitional design; (e) &
(f) stem γ, a conventional design; (g) Loading conditions, including an axial compression of 960N and a rotational force of 480N.
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Figure 2: The distribution of (a) bone mineral density and (b) Young’s modulus along the femur.

to real femur in which cortical bone has higher BMD
values than porous cancellous bone. The stem and the
ball were assumed to be made of titanium alloy and
alumina ceramic, respectively. Young’s modulus and
Poisson’s ratio are 114 GPa and 0.34 for titanium alloy
and 370 GPa and 0.22 for alumina. The interface
between bone and stem was set to satisfy a contact
condition with a frictional coefficient of 0.4 to allow
relative sliding motion along the interface.
The boundary conditions are also shown in Figure
1(g). The loading conditions were chosen to simulate a
torsional movement under compression [10]. A vertical
compressive force of 960 N was applied to the top of
the ball, and a horizontal force of 480N was also

allocated to the proximal side of the ball. The distal end
(condylar surface) and the middle point of the femur
were totally constrained as shown in Figure 1(g). The
linear elastic analysis was conducted to analyze and
compare the elastic deformation behaviors of the
models.
2.3. Analysis of Relative Motion
The green area shown in Figure 3(a) corresponds to
the bone part in which the stem was inserted and
contacted. The green and yellow areas in Figure 3(b)(d) are the stem parts contacting the green area of
bone part shown in Figure 3(a). The yellow area in
Figure 3(e) indicates the bone part around the stem

Figure 3: Illustration of selected area to calculate the displacement. (a) Green area presents bone elemented contacting with
stem. (b)-(d) Green and green areas corresponded to stem elements contacting with bone. Yellow areas denoted the shoulder
portion of the stem. (e) Yellow area mean the bone elements contacting with shoulder portion of stem.
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shoulder, which is the distinctive part of three stem
designs. Accordingly, the yellow areas in Figure 3(b)(d) present the stem parts around the shoulder
contacting the yellow area of bone shown in Figure
3(e). The width of these oblique blocks, yellow area in
Figure 3(b)-(e), is about 30 mm. The upper surfaces of
the oblique blocks are parallel to the incision of the
femoral neck. x, y and z-displacement components of
nodes of bone and stem elements at the selected
oblique blocks were obtained from the results of the
finite element analysis. x and y-displacement
components of a node were then used to evaluate the
rotating angle of the node around the shoulder using
the following formula:

"x%
! = arctan $ '
#y&

(1)
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Then the average value of the rotating angles was
obtained for each of the THA models. The difference
between the average z-displacements of nodes of bone
and stem elements in the selected areas, the whole
stem (Figure 3(a)) and the shoulder region (Figure
3(e)), was defined as the relative subsidence. The
relative total micromotion was also examined as the
average value of the distance between bone and stem.
3. RESULTS
Distribution patterns of the strain energy density
(SED) on the cross-sectional surfaces are shown in
Figure 4(a). It is seen that high mechanical
concentrations were generated at the points which
contacted the edges of the shoulder in the proximal
regions and the tips pf the stems in the distal regions.

Figure 4: Distribution and maximum values of strain energy density on the cross-sections of mid-portion.
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The maximum SED values in the proximal and distal
regions are also shown in Figure 4(b). Preserve α
model exhibited the highest SED values of all the three
designs.
The primary stability is illustrated in Figure 5 by
means of the relative subsidence, rotating angle of
stem and relative total micromotion around the stem
shoulder during the simultaneous axial compression
and torsion. The relative subsidence is the first
indicator of primary stability of the whole stem
contacting with bone. Preserve α model displayed the
deepest subsidence of 67µm as shown in Figure 5(a).
The minimum of 32µm was found in Preserve γ model.
The relative subsidence increased with decreasing the
width of stem shoulder. However, the relative
subsidence around the stem shoulder did not perform
such trend as shown in Figure 5(b). The relative
subsidence around the stem shoulder of Preserve α
model was close to that of Preserve γ model.
Figure 4(c) showed that the stem rotating angles
were almost identical. Figure 4(d) revealed that

Figure 5: Parameters related to primary stability.
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Preserve α model performed the largest micromotion of
138µm. The minimum value of 121µm was found in
Preserve β, although the difference between Preserve
β and γ was 3µm.
4. DISCUSSION
Sugiyama confirmed that the torsional loading could
be a determinant in loosening of cementless femoral
implants in THA [5, 6]. If a stem is not able to apply
enough torque to arise the motion of contacting bone
simultaneously, it will raise higher sliding micromotion
between bone and stem. Many routine activities
including leg-raising load dramatic torque on hip joints,
such as up and down stairs, walking, standing up and
sitting down. Bergmann verified that a 100-kilogram
people can produce a torque around stem of 47 Nm
without friction when stairs up [11]. Unfortunately, it
was impossible in MF9.0 to observe and record stem
torque, due to the restriction of the software. Hence,
this study measured stem rotating angle during the
torsion as an indicator of torque. Greater rotating angle
was considered as the result of less torque applied at
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the bone. In this simulation, rotating angle is almost
same observed in three stems, suggesting very similar
torque loading probably, thus similar torsional stability.
Effenberger assumed that cementless stem is fixed
at metaphyseal wall, moreover, proposed that proximal
broad prosthesis with greater shoulder width introduced
less surface load on prosthetic bearing to achieve a
better primary stability [12]. According to this, one
would consider that preserve α should subside more,
due to less shoulder width. However, fixation at weak
metaphyseal wall is not capable of affording enough
resistance, especially for aged patients with
osteoporosis. Matthias and Shigemura argued that a
rectangular stem can achieve fixation at firm diaphysis
by 4 corners locking into endosteal bone to provide a
strong primary stability [7, 13]. In this case, since
trochanteric shoulder is not a weight-bearing area, the
effect of shoulder width is not important for the stability.
This point matched the result of similar relative
subsidence around the shoulder between three stems
in this simulation.
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shoulderless design, Preserve α, would be acceptable
in total hip arthroplasty. This could be an instruction to
develop new design of cementless design to achieve
less invasive surgery and also obtain excellent
duration.
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