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Abstract This study proposes novel optimized stem
geometry with low stress values in the cement using a finite
element (FE) analysis combined with an optimization
procedure and experimental measurements of cement stress
in vitro. We first optimized an existing stem geometry
using a three-dimensional FE analysis combined with a
shape optimization technique. One of the most important
factors in the cemented stem design is to reduce stress in
the cement. Hence, in the optimization study, we mini-
mized the largest tensile principal stress in the cement
mantle under a physiological loading condition by chang-
ing the stem geometry. As the next step, the optimized stem
and the existing stem were manufactured to validate the
usefulness of the numerical models and the results of the
optimization in vitro. In the experimental study, strain
gauges were embedded in the cement mantle to measure
the strain in the cement mantle adjacent to the stems. The
overall trend of the experimental study was in good
agreement with the results of the numerical study, and we
were able to reduce the largest stress by more than 50 % in
both shape optimization and strain gauge measurements.
Thus, we could validate the usefulness of the numerical
models and the results of the optimization using the
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experimental models. The optimization employed in this
study is a useful approach for developing new stem
designs.
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Introduction

Although improvements in the techniques for cementing
and prosthetic design have reduced the incidence of com-
plications of a cemented stem, the average 10-year crude
survival rate for total hip arthroplasty (THA) was 92.5 %
from 1992 to 2003. Revision was the dominant subsequent
procedure, accounting for 86 % of all reoperations. Among
the revisions, aseptic loosening is the primary cause,
accounting for 73.9 % [1]. Although the loosening of a hip
prosthesis is due to a combination of mechanical and bio-
logical factors, a body of fractographic study revealed that
fatigue cracking of the cement mantle is the primary
cement failure mechanism that directly contributes to such
loosening. Evidence from microscopic studies has been
added that in vitro tests and retrieved specimens showed
similar fatigue failure pattern each other [2].

Finite element (FE) analysis has been previously
employed to study the mechanical consequences of cement
failure as well as interface debondings on the load transfer
characteristics of the cemented stem [3, 4]. However, one
of the prerequisites of FE analyses is that they have to be
validated by experimental measurements independently.
Stolk et al. [5] compared the results from strain gauge
measurements to those of FE analyses and developed a pre-
clinical test to assess the two existing stem designs against
cement fracture. Other studies have also validated FE
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analyses by measuring cement strain values [6, 7] by stem
subsidence values [8, 9] and by strain values on the cortical
bone with cemented THA. Although their procedures are
useful for highlighting differences in stress patterns around
different stems, the methods did not include a new ideal
stem design.

A shape optimization technique integrated with FE
analysis is a useful method to develop an optimal
prosthesis design that improves long-term clinical out-
comes as well as functional performance [10, 11].
Accordingly, a common shape optimization object of a
cemented stem incorporates a measure of the stress in
the cement mantle surrounding the prosthesis or the
stem—cement interface with the goal of minimizing the
stress in these areas [12-14]. Although these optimiza-
tion analyses must also be validated experimentally, no
analytical study with cemented THA has been validated
using experimental models. Hence, we cannot know
whether a stem with an ideal geometry developed by FE
analysis combined with an optimization procedure actu-
ally reduces cement stress.

The objectives of this study were to establish a proce-
dure for developing the stem design, develop an optimum
stem geometry, and to validate the usefulness of the
numerical models measuring cement strain directly. This
technique would be beneficial as part of a preclinical
evaluation of the cemented stem in understanding the
mechanical consequences of cement fracture in their
cement mantle.
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Materials and methods

Our study was divided into two parts. A global scheme for
the study procedure is shown in Fig. 1. First, we investi-
gated the optimum stem geometry and the cement mantle
thickness numerically. In this calculation, we used an
adaptive p-method FE analysis together with three-
dimensional computer-aided design (CAD) software for
shape optimization (Pro/ENGINEER, Pro/MECHANICA
20.0; Parametric Technology Corp., Waltham, MA, USA),
which enabled us to use a parametric based CAD model for
an analytical model. Second, to validate the FE analyses,
strain in the cement mantle adjacent to the basic and the
optimum stem was measured directly.

Numerical study

In this numerical study, we used the standardized bone
model data, whose geometry corresponds to the composite
femur, and is typical of cadaveric specimens [5]. As a basic
model, we made a stem similar to the existing Harris
Precoat stem (ZIMMER, Warsaw, IN, USA). The stem had
a collar, a 38-mm head offset, a length of 140 mm from the
collar to the tip of the stem, and the tip had a hemispheric
profile. In the basic model, the cement was assumed to be
of 2.0 mm constant thickness, and it was constructed
30 mm below the tip of the stem. The three-dimensional
FE model was composed of 1,341 hexahedral and wedge-
shaped p-elements (Fig. 2). Polynomial orders of the
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Fig. 2 The finite element g
model used in this study (

p-elements start from 3 and increase to 9 at the most. To
compare the results of numerical studies with those of
experimental studies, we selected the planar loading case
that could be reproduced by the experimental model. We
simulated the simplified heel-strike loading case, which has
been used in several studies [5, 7]. The stem head load of
2.47 body weight (BW) was compressive and applied at
28° lateral to the femur long axis in the coronal plane. The
greater trochanter load of 1.55 BW was tensile and applied
at 40° medial to the femur long axis in the coronal plane. A
body weight of 800 N was used. The distal end of the
diaphysis was fully constrained. All materials were mod-
eled as homogeneous, isotropic, and linear elastic. The
elastic moduli for the cortical and cancellous bone were
taken to be 12.4 GPa and 104 MPa, respectively. Although
these values might be lower than those used in other
studies, the values were the same as those of the composite
femur and were derived from the manufacturers’ data. The
cobalt-chrome stem was assigned an elastic modulus of
210 GPa, and that of the bone cement was 2.2 GPa. The

Poisson ratio for all materials was 0.3. The stem—cement
and cement-bone interfaces were assumed to be com-
pletely bonded.

A shape optimization problem is formulated as a mini-
mization problem, as follows:
Minimize: F(D)
within the design space: d* <d; <d’i=1,6
where D = {d|,ds, .. .ds} is the vector of design parame-
ters, d,d” are the lower and upper limits of design
parameters that are shown in Table 1, and the study object
was to minimize the largest tensile principal stress F(D) in
the cement mantle. Tensile principal stress was used
because bone cement is a brittle material [15]. As the
design parameters, we used the cross-sectional geometries
of the stem, keeping other stem geometries (stem length,
calcar curvature, neck angle, etc.) as constant. A suitable
interpolation of each section is used to describe the entire
stem geometry. An outer geometry of the cement mantle
and a femoral geometry were also kept constant. Conse-
quently, the cement mantle thickness was varied inversely
with the stem size. Design parameters investigated in this
study were the medial-lateral and the anterior—posterior
width at three axial levels (Fig. 3 left and Table 1). A
general class of the quasi-Newton method was used for the
search direction. The optimization iterations were termi-
nated at a convergence criterion, which is when errors in
the norm of the stress are less than 5 %.

Experimental study

Ten composite femora (Model 3306; Pacific Research
Labs, Vashon Islands, WA, USA) were used to compare
the strains in the cement around the basic and optimum
stems. It was reported that synthetic models that replicate
the healthy adult’s human mechanical properties have less
inter-specimen variability and are easy to handle; thus the
femur model appears to be a suitable alternative to
cadaveric specimens, especially for comparative analyses
[5]. We manufactured a basic stem as a control model and
an optimum stem calculated from the shape optimization
by converting the CAD data to computer-aided manufac-
turing (CAM) data. These stems, which were made of
cobalt-chrome, had a surface roughness (Ra = 2.0 um)
similar to the existing Harris Precoat design, although
precoating was not used. To measure the strain in the
cement mantle, six uniaxial strain gauges (QFLA-1-11;
Tokyo Sokki Kenkyujo Co., Ltd., Tokyo, Japan) were
embedded in the medial and lateral cement mantle at three
levels at the stem, parallel to the stem surfaces. We also
placed an additional two strain gauges near the tip of the
stem, parallel to the longitudinal axis of the stem, because
the largest stress was calculated near the tip of the stem in
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Table 1 The design space as well as default values of design parameters and the results of shape optimization are listed

Parameter Design space Results of optimization
Minimum d* Default ¢° Maximum d¥ Optimum dPrt (Cement thickness)
d 4.3 8.8 9.8 4.30 (4.25)
d> 3.0 7.0 9.4 6.96 (2.02)
ds 8.8 12.8 13.8 11.43 (2.69)
dy 8.0 12.0 12.0 11.98 (2.01)
ds 17.0 21.0 22.0 21.50 (1.75)
de 8.0 12.0 13.0 12.70 (1.65)
Units: mm

Minimum, default, maximum and optimum represent lower limits (d"), default values (d?), upper limits (dY), and optimum values (d?pl) of each

parameter. Dimensions in parentheses (cement thickness) represent the calculated cement mantle thickness

Fig. 3 Left drawing shows
design parameters selected in
the optimization. The locations
of the strain gauges are also
shown as eight thick lines. A
dotted line represents the outer
geometry of the cement mantle.
And representative strain gauge- 20
instrumented basic stem, ready
to be implanted into a composite
femur is shown in right picture.
Four strain gauges mounted on a
thin layer of acrylic cement can
be seen on the medial side of the
stem. As for the medial side,
four strain gauges are mounted
on the lateral side

&

the FE analyses (Fig. 4). Instrumentation of each stem was
accomplished by many steps. First, the stems were partially
coated with a 0.3-mm layer of acrylic bone cement (Sim-
plex P; Howmedica, Rutherford, NJ, USA), which was
made using an oversized cast. The oversized cast was made
by a combined impression using two layers of dental resins
(LAB SILICONE, Matsukaze Corp., Kyoto, Japan)
(TOSHICON PASTEL, Sankin Kogyo K., Tochigi, Japan)
around a stem after adhering 0.3 mm thick wax (GC Sheet
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Wax; GC Co., Tokyo, Japan). After the 0.3-mm thick
layers of the bone cement were completed, strain gauges
were embedded on the cement layers (Fig. 3 right). After
all strain gauges were embedded, wires were bound and
placed on the anterior or posterior surfaces of the stem to
avoid the areas where strain gauges were located.

Five instrumented basic stems and five instrumented
optimum stems were implanted into the composite femora
using a standard surgical technique performed by an
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Maximum principal stress

[MPa]

Fig. 4 Tensile principal stress distribution in the posterior halves of
the cement mantle for the optimum (left) and control model (right) are
shown

experienced surgeon. Since we did not change the outer
geometry of the cement mantle in the numerical study, the
same rasp was used for preparing the insertion of both the
basic and optimum stems. The correct stem positioning in
implanted femora was verified on radiographs. The strain
gauges were connected to a data acquisition unit (Remote
Scanner Jr; Nippon Avionics Co., Ltd., Tokyo, Japan), and
the data were transmitted to a personal computer. After
preparation, femora were fixed distally at 11° of adduction.
The load was applied using a cantilever system, which was
similar to that used in other experimental studies [7, 8], and
the cement strains were measured. A vertical force of
800 N was applied to the cantilever using a material testing
machine (AUTOGRAPH AG-250kNE; Shimazu, Kyoto,
Japan). This set up simulated the simplified heel-strike
loading, including the hip-joint contact force and the
abductor force, which was consistent with the numerical
study.

Three repeated measurements were taken for each
specimen, and the strains were averaged over these repe-
titions. Measured and predicted cement stresses were
compared for the strain gauge outputs and the corre-
sponding positions in the FE model. Measurements were
compared between specimens, and outliers were detected
based on the criterion of Chauvenet [16]. Outliers were

detected for two strain gauges in the basic stems and for
two strain gauges in the optimum stems out of the 80 total
strain gauges. Moreover, two optimum reconstructions
contained three strain gauges that did not function after
insertion of the stems. For the remaining data, the mean
stresses and the standard deviations between the specimens
were determined.

Results
Numerical study

In the basic model, the largest tensile principal stress in the
cement mantle was 5.48 MPa near the tip of the stem
(Fig. 4). Another high stress of 2.58 MPa was observed at
the proximal part of the stem.

The optimum stem geometry was calculated by
decreasing the medial-lateral width at the distal and middle
levels (d1, d3) together with increasing the medial-lateral
and anterior—posterior width at proximal levels (d5, d6),
but the anterior—posterior width at the distal and middle
levels (d2, d4) were almost the same as default values (d?)
(Table 1).

In the optimum model, the largest stress of 2.47 MPa
was observed (Fig. 4). Hence, in the numerical study, the
largest tensile principal stress in the cement mantle was
reduced by almost 55 % by changing the stem geometry
and the cement mantle thickness. Considering the fatigue
limit of the bone cement in tensile (=6.7 MPa [2]), this
reduction increases the safety factor from 1.22 to 2.71.

Experimental study

Compressive axial strains were measured on the medial
side while the axial strains on the lateral side were tensile.
The highest axial strains were measured in the cement
mantle near the tip of the stem.

Comparisons between the results of the numerical study
and those of the experimental study are shown in Fig. 5.
We got axial stress values from axial strains and the elastic
modulus of the bone cement. The results of the numerical
studies over-predicted the magnitude of the stresses
determined experimentally near the tip of the stem. Since
the strain gauges were positioned at this level to measure
the large strain calculated in the FE analyses, even a slight
deviation in the positioning of the experimental models
could contribute to large standard deviations and less
experimental strains compared with the calculated strains.
In the experimental study, the largest axial stress measured
in the cement mantle was reduced by almost 51 % with the
optimum stem.
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Fig. 5 Bar charts comparing measured (exp) and predicted (FE) cement stresses for control and optimum stems at four levels of the stem. Mean

stress values and standard deviations are shown

Discussion

A new stem design and a procedure for developing a new
stem design were developed, and the numerical models
were validated by measuring cement strain directly. The
present study was an initial attempt to validate the
numerical results of the optimization of cemented pros-
thesis by experimental models. Based on the results of this
study, a hybrid THA system was developed named “4-U”
(Nakashima Medical CO., LTD., Okayama, Japan). A good
mid-term clinical result was reported using the 4-U system
[17].

In the numerical study, we used the standardized bone
geometry, whose geometry is typical of cadaveric speci-
mens [5], and we used an adaptive p-method FE analysis
tightly integrated to a three-dimensional parameterized
CAD software program for optimization, which enabled us
to use an almost real geometry model in the numerical
study. Several numerical studies have attempted to quan-
titatively assess the effect of implant shape and cement
mantle thickness on cement stress. The distal cement stress
was higher for larger stem cross sections that fit into the
distal part of the canal more tightly, leaving less room for
the cement mantle [18]. Clinical studies also reported that
failure of the stem occurred when the cement mantle in
Gruen zones 5 and/or 6 was too thin [19]. Hence, there is a
fairly general agreement that small cross-sectional area
with thick cement mantle at the distal level of the stem is
preferable. These reports are in agreement with our results
regarding the medial-lateral stem width and the cement
mantle thickness at the middle and distal levels. According
to anterior—posterior stem width, however, we do not rec-
ommend small size in this direction at the distal level,
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although the optimum dimension (d2) was slightly smaller
than the initial value. This concept of the stem geometry
was first described in our previous report [14]. Contrarily to
the distal level, many numerical and experimental studies
reported that by increasing the cross-sectional size of the
stem, decreasing the cement thickness at the proximal level
decreased the cement stress [4, 20]. These results are in
agreement with those of our study regarding the medial—
lateral and the anterior—posterior stem width and the
cement mantle thickness at the proximal level. From what
has been said, we surmise that the optimum cement mantle
is not of uniform thickness. Some researchers also have the
same opinion [21, 22]. Even if any argument remains
regarding its optimum thickness, direct measurements of
the cement mantle revealed that the thicknesses actually
were not constant at each Gruen zone [23]. Our numerical
study indicates that under conditions simulating a single-
legged stance, the cement stress decreased by the optimum
stem geometry with a non-uniform thickness of the cement
mantle.

We should acknowledge some limitations of this study.
First, we used only one planar loading case. We selected
the loading case because it could be reproduced by the
experimental model, and one of the objectives was to
validate the usefulness of the numerical models and the
results of the optimization using the experimental models.
The second limitation is that we selected one stem design
(Harris Precoat) for a basic stem. Selection of other stem
designs might lead to a different optimum stem geometry
and cement mantle thickness. The third limitation is related
to the interface conditions. Although the use of the fric-
tional interface would give more information, we assumed
the interfaces to be bonded.
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Conclusions

This study demonstrated the optimum stem geometry with
smaller cement stress, a procedure for optimum stem
design and a validation study of the numerical models by
measuring cement strain directly. The overall trend of the
experimental study is in good agreement with the numer-
ical study. Although the standard deviation of the experi-
mental results is large near the tip of the stem, we were able
to reduce the cement stresses by more than 50 % in both
the numerical and experimental studies. Thus, we could
validate the usefulness of numerical models and the results
of optimization using experimental models. The optimi-
zation employed in this study is a useful approach for
developing new stem designs.
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