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Objective: To conduct a biomechanical study of the whole reconstructed pelvic ring using a modular hemipelvic
endoprosthesis.

Methods: A subject-specific finite-element (FE) model of the whole pelvic ring, including the pelvis, sacrum and main
ligaments, was constructed. Type II+III pelvic resection was simulated on the FE model. Then a three-dimensional model
of a reconstructed pelvic ring with a modular hemipelvic endoprosthesis was developed, and FE analysis performed to
compare the stresses along the bilateral arcuate lines of the reconstructed and normal pelvis in the bipedal standing
position. Comparison between bilateral stress distributions along the sciatic notch was also performed. The character-
istics of load transmission within the endoprosthesis were also studied.

Results: No significant difference in the stresses along the bilateral arcuate lines was observed between the recon-
structed and normal pelvis. The stress distribution on the prosthesis along the sciatic notch paths was significantly greater
than that on the unaffected side in the same position. The peak stress of the implant on the S1 vertebral body was 182.9
MPa under a load of 600N. Study of load transfer on the implant showed that the posterior side of the column between
the point of iliac fixation and the acetabulum was subject to the greatest stress.

Conclusion: This FE study showed that a modular hemipelvic endoprosthesis can restore load transfer between the
sacrum and acetabulum on simple standing. Future implant design should aim to decrease the stress concentration and
make the biomechanical performance more balanced.
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Introduction

Resection and reconstruction for pelvic tumor is a par-
ticular challenge for orthopaedists, especially in regard to
choosing the appropriate reconstruction method1,2. The
high rates of infection and other complications after
allograft reconstructions, and the desire for better func-
tional results, have lead to the development and wide-
spread use of endoprosthetic reconstruction methods3.
Many different techniques of endoprosthetic reconstruc-
tion have been reported, including the saddle, custom-
made and modular pelvic prostheses, and the Schoellner
pedestal cup1,2,4–6. The modular hemipelvic endoprosthe-
sis has been reported to have a satisfactory early clinical

outcome6. However, pelvic prostheses are products that
still lack adequate design solutions. A better understand-
ing of the mechanics for pelvic reconstruction could lead
to an improved implant design and decreased mechanical
complication rates.

It is difficult to assess the stress or strain distribution
throughout the entire reconstructed pelvis using simpli-
fied mathematical models, implanted prostheses, or
via experiments with cadaveric tissue. An alternative
approach to the analysis of pelvic mechanics is the finite
element (FE) method, which can accommodate large
intersubject variations in bone geometry, material prop-
erties and major ligaments. Nowadays, FE method
technology is mature enough to allow the creation of
subject-specific finite element models based on computed
tomography data7.

The goal of this study was to develop a subject-specific
FE model of an entire pelvic ring including the
pelvis, sacrum and major ligaments. The present authors
speculated that the modular hemipelvic endoprosthesis
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could restore force transmission and weight bearing along
the anatomic axes in the bipedal standing position,
and aimed to confirm this by determining the character-
istics of stress distribution along the arcuate lines and
sciatic notch paths. They further wanted to investigate
the characteristics of load transmission within the
endoprosthesis.

Materials and methods

A 40-year-old female cadaveric entire pelvic ring
(weight 50 kg, height 164 cm) was selected. The anatomi-
cal and X-ray appearance of the pelvis was normal, with
no evidence of deformities. The specimen was first
immersed in water and then CT scanned to prevent beam-
hardening artifacts8.

The procedure of 3D model reconstruction adopted
can be summarized in the following three steps: (i) extrac-
tion of the three-dimensional bone surface; (ii) genera-
tion of the finite element mesh; and (iii) mapping of the
materials for each element based on voxel Hounsfield
units9. The image data was imported into Mimics version
12.0 (Materialise, Leuven, Belgium) for editing and model
reconstruction. To complete isolation of the hard tissue,
the region growing function was used. Because the left
pelvis, right pelvis and sacrum are not connected, multiple
regions growing were applied using different masks and
colors (Fig. 1). Because of the thresholding function, some
of the cancellous bone was not included. Filling of the
voids was accomplished by using several editing tech-
niques including cavity fill, draw, and local thresholding.
Each mask was then converted into a 3D surface model.
Then a volumetric four-node liner solid tetrahedral mesh
was created from the final surface triangle element using
Abaqus 6.7 (Simulia, Providence, RI, USA). The number
of elements and nodes of the models were recorded
(Table 1). Inhomogeneous material properties were auto-
matically mapped onto the FE model by the Mimics using
the relations rCa = 0.0008Hu-0.8037, rCa = 0.626rapp, E
= 2017.3rapp2.46, Poisson’s ratio = 0.33,10–12. Major liga-
ments were simulated by spring elements in Abaqus to

complete the pelvic ring 3D model development based on
the study of Phillips et al.13 (Fig. 2).

Boolean operations were used to simulate Type II+III
resection of the left pelvis (Enneking classification system
4) in the 3D pelvic model. The computer aided design files
of the modular hemipelvic endoprosthesis were provided
by the manufacturer. The solid model of the prostheses
consisted of an artificial acetabulum with 11 537 ele-
ments, iliac fixation base of 21 339 elements and pubic
connection elements and single screw of 11 727 elements.
The defects caused by the drilled holes created in the
pelvis by the operative procedures were subtracted from

Figure 1 Initial 3D computer surface
model of the pelvis and sacrum using
Mimics.

Table 1 Number of nodes and elements of the finite element
meshes

Model type Parameter Left pelvis Right pelvis Sacrum

Surface Model Elements 7 402 7 248 8 854
Nodes 3 703 3 624 4 387

Solid Model Elements 25 291 25 051 32 909
Nodes 6 186 6 186 7 871
Volume(mm3) 303 757 275 393 183 901

Figure 2 A volumetric four-node liner solid tetrahedral mesh of the
pelvic ring was established. Main ligaments were simulated by
spring elements in Abaqus.
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the bone. Then the surface mesh of the iliac resection
surface, screw holes and iliac surface adjacent to the holes
were remeshed (Fig. 3). The defect in the left pelvis was
remeshed with new volumetric elements of 41 415. The
screw holes were created in the bone by Boolean opera-
tions which corresponded exactly to the screws used in
real surgery. The exact position of the prosthesis was veri-
fied using the Mimic simulation function. For the pros-
thesis, the material properties of titanium alloy (TiAl6V4)
were employed. The Young’s modulus was set to 110 GPa
and the Poisson’s ratio to 0.314. Contact between the
implant and bone was modeled using a surface-to-surface
algorithm. The rough coefficients of friction used were m =
0.3 for contact between screws and bone structures, while
the interface between different prosthetic parts was con-
sidered bounded15. A simple vertical load of 600N on the
S1 vertebra was simulated without consideration of the
muscular forces.

In order to determine whether the modular hemipelvic
prosthesis could restore force transmission and weight
bearing along the anatomic axes in the bipedal standing
position, paths along the bilateral arcuate line and sciatic
notch were made on the reconstructed FE model. Von
Mises stresses were identified at nodes belonging to the
paths and compared with those of the normal pelvic FE
model. The load transmission part of the implant was also
analyzed. The von Mises stresses distributed on the ante-
rior, posterior and lateral sides of the implant load trans-
fer structure were recorded.

Statistical analysis
The difference between stress levels on the arcuate lines

in the two models and stress along both sciatic notch
paths was tested for significance by the paired-samples
t-test (SPSS, V16.0, SPSS, Chicago, IL, USA).

Results

All FE analysis plots were done at the same stress scale
level and all stresses plotted were von Mises. Figure 4
shows the results of the von Mises plot on the recon-
structed pelvis. No significant difference was observed in
the von Mises stresses along the bilateral arcuate lines
between the reconstructed pelvic model and normal
pelvic FE model with the current load configuration (t =
0.18 P = 0.75) (Fig. 5A). The stress distribution on the
prosthesis along the sciatic notch paths in the simple
standing position was significantly greater on the affected
side than on the contralateral side (t = 0.03 P = 0.02)
(Fig. 5B).

The peak stress on the implant was 182.9 MPa under
the loading configuration of 600N on the S1 vertebral
body. The stress concentration at the point of iliac fixation
was at the conjunction between the lateral wing and the
base. Von Mises stresses at the anterior, posterior, medial
and lateral sides of the load transfer structure are depicted
in Figure 6. The stress distribution was inhomogeneous,
that is, the highest stress was observed on the posterior
side, followed by the lateral side, especially in the proximal
part and the anterior, medial side.

Discussion

The modular hemipelvic endoprosthesis has been
reported to have a satisfactory early clinical outcome6.
However, prostheses used for pelvic defect reconstruction
are products that still lack adequate design solutions.
A better understanding of the mechanics of the
entire reconstructed pelvic ring could lead to improved
implant design, decreased mechanical complication rates,
improved surgical approaches, and a suitable framework

Figure 3 Remeshing after simulation of
iliac resection and screw holes.
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for preoperative surgical planning. It is difficult to assess
the stress or strain distribution throughout the entire
reconstructed pelvis using simplified mathematical
models or via experiments on cadavers. Therefore, a
subject-specific FE model of the entire pelvic ring, includ-
ing the major ligaments, was developed.

Based on FE methodology, a numerical model was
developed to study the biomechanics of a pelvis recon-
structed with the modular hemipelvic endoprosthesis.
Homogeneous, isotropic and linear elastic material prop-
erties are most commonly used in FE models9,14–16.
Although FE prediction of cortical strains is not statisti-
cally different from the subject-specific model when an
average cortical thickness is used, when constant cortical
bone thickness and trabecular bone elastic modulus are

used, the model is significantly more rigid than the
subject-specific model7. Subject-specific FE analysis of the
skeleton is a very powerful tool for biomechanical
research, and has been adopted in clinical applica-
tions9,11,16. The commonest way of constructing subject-
specific models is by deriving information from CT
images. Information on the mechanical properties of
bones can be derived from CT data, using a mathematical
relationship between CT values and the mechanical prop-
erties of the bone9,17. The advantage of the entire pelvic
ring model with major ligaments is that it has the poten-
tial to enable study of the mechanical performance of the
whole pelvis when subject to complex physiological
loading configurations like the gait cycle. Also, because the
FE model is capable of comparing various bone defects

Figure 4 (A) Anterior and (B) posterior view of von Mises stress distribution on the reconstructed pelvis subject to a load of 600N on the S1
vertebral body.

Figure 5 (A) Six points were chosen from both sides of the arcuate line. The solid line represents the von Mises stress of points in an intact
pelvic ring, and the dashed line represents the reconstructed entire pelvic ring with illustration on the top. (B) Comparison of von Mises stress
distribution along the posterior side of the implant (dashed line), which was in almost the same position as the implant sciatic notch and
unaffected sciatic notch (solid line).

Orthopaedic Surgery (2010), Volume 2, No. 4, 272–277 275

© 2010 Tianjin Hospital and Blackwell Publishing Asia Pty Ltd



and different reconstructions, the choice of a particular
reconstruction method for a specific defect can be based
on quantifiable mechanical simulations.

FE study of the reconstructed pelvis showed that the
modular hemipelvic endoprosthesis can restore load
transmission between the sacrum and acetabulum,
although the stress distribution was not exactly the same
as the physiological conditions reported by Dalstra18. No
significant difference between reconstructed pelvis and
physiological condition was observed for von Mises
stresses along the bilateral arcuate lines. The anterior
pelvic girdle was assess as restored with the current
implant design, although slightly greater stress was found
near the sacroiliac joint on the unaffected side, and a
relatively lesser stress distribution was observed on the
anterior surface of the prosthesis. This may indicate that
stress shielding occurs on the medial and lateral sides of
the reconstructed hemipelvis. This was confirmed by
study of the characteristics of stress distribution along the
bilateral sciatic notch paths.

The greatest stress level was found on the posterior side
of the load transfer structure in the prosthesis. This stress
concentration may be accompanied by stress shielding on
the medial side. Also, study of the load transfer on the
implant showed that the posterior side of the column
between the iliac fixation part and acetabulum had the
greatest stress value. Future implant design could be opti-

mized towards meeting the mechanical demands of load
transmission in the endoprosthesis.

Some limitations of the present work must be consid-
ered when evaluating the results presented here. The
major limitation was that the current FE numerical model
was not validated by mechanical experiments. Verification
and validation is important in extracting clinically rel-
evant data from FE simulations19. However, the errors of
prediction of a FE model may be decreased when the
model is used to compare stresses under different condi-
tions. Some other limitations also need to be noted. First,
for the pelvis, no muscle loading was used in this study.
Muscular forces would definitely affect the biomechanical
response of the system, because the inclusion of these
forces has been found to decrease the occurrence of stress
concentration within the cortex13. However, this would
have no influence on the comparisons. Second, because
only a simple standing load configuration was investigated
in this study, the stress response of the implant cannot
reflect biomechanical characteristics in daily activities,
such as climbing stairs, walking and standing up from a
chair. These might need further evaluation.

In summary, this FE study of the reconstructed pelvis
showed that the modular hemipelvic endoprosthesis can
restore load transfer between the sacrum and acetabulum.
Future implant design should aim to decrease the stress
concentration and make the biomechanical performance
more balanced. Moreover, further studies are necessary
for improvement of pelvic implant design.
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