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Abstract

Customized prostheses are normally employed to reconstruct the biomechanics of the pelvis after resection due to tumors or accidents.
The objective of this study is to evaluate the biomechanics of the pelvis under different daily activities and to establish a functional
evaluation methodology for the customized prostheses. For this purposes, finite element model of a healthy pelvis as well as a recon-
structed pelvic model after type II+III resection were built for biomechanical study. The biomechanical performance of the healthy and
reconstructed pelvic model was studied under routine activities including standing, knee bending, sitting down, standing up, walking, stair
descent and stair ascent. Subsequently, the strength and stability of the prosthesis were evaluated under these activities. Results showed
that, for the heathy pelvic model, the stresses were mainly concentrated around the upper part of the sacrum and the sacroiliac joint un-
dergoing different activities, and the maximum stress occurred during stair ascent. As for the reconstructed pelvis, the stress distribution
and the tendency of the maximum stress variation predicted for the bone part during all the activities were similar to those of the natural
pelvic model, which indicated that the load transferring function of the reconstructed pelvis could be restored by the prosthesis. Moreover,
the predicted maximum von Mises stress of the screws and prosthesis was below the fatigue strength of the 3D printed Ti-6Al-4V, which

indicated the prosthesis can provide a reliable mechanical performance after implantation.
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1 Introduction

Pelvis is one of the most important load-bearing
structures in human body'"*, and defects could happen
to the pelvis due to tumors or accidents®™*. However,
because of the complex anatomical structure and

proximity of major neurovascular™®, it is difficult to
reconstruct the pelvis after large resection'*>”.
Different types of pelvic prostheses have been de-

[8-10

signed and used for pelvic reconstruction™ . Among

those designs, the saddle prosthesis can be easily im-
planted during surgery''"! but fail to reconstruct the pel-

vic ring structure, therefore it was lessly recommended

(12131 'Modular prothe-

sis can restore the biomechanics of the pelvis well'*'*],

due to the associated failure rates

however, complicated prosthetic components could
increase the instability of the system and the risk of

*Corresponding author: Ling Wang, Hongbin Fan
E-mail: menlwang@xjtu.edu.cn, fanhb@fmmu.edu.cn

failure!'®. Customized prosthesis, with better match in

3,17]

terms of the geometry and fixation™'”), becomes a

suitable option for pelvic reconstruction with satisfied
clinical outcomes!'®.

Biomechanical analysis of the pelvis is the foun-
dation of design and evaluation of the customized
prostheses. However, the biomechanics of the pelvis is
not well understood yet!"?%!. Hao et al*'" studied the
biomechanical performance of the pelvis under the
standing stance gait by using the cadaveric pelvis.
However, due to the individual characteristics of the
anatomical structures and material properties of the
pelvis, it is extremely hard to evaluate the customized
prosthesis for each patient.

Finite Element (FE) analysis, which can accommodate
large individualized differences in bone geometry and
material properties’”>**), has been widely used for stud-
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ying the biomechanics in orthopaedics. Iqbal et al.'®!
studied the biomechanics of the healthy and customized
prosthesis Reconstructed Pelvis (RP) undergoing
standing phase. Volinski et al** studied the healthy
pelvic ring stresses under walking gait. Liu et al.”'¥
evaluated the biomechanical performance of the pelvis
with an adjustable hemipelvic prosthesis under walking,
stair ascent and stair descent. Even though many studies
have been carried out on the biomechanics of pelvis by
using FE methods, the biomechanical performance of
the pelvis under all the routine activities remains un-
clear”!,

In this study, a customized prosthesis was designed
for the pelvic reconstruction based on the clinical de-
mands of a patient with type [I+III pelvic dissection. For
the functional evaluation of the designed prosthesis, FE
model of both the Normal Pelvis (NP) and RP were built,
and the biomechanics of the RP were studied under
multi-activity loading conditions, including standing,
knee bending, sitting down, standing up, walking, stair
descent and stair ascent. Based on the constructed mod-
els, the strength and stability of the customized pros-
thesis were evaluated before the clinical application.

2 Materials and methods

2.1 Clinical information

A 43-year-old female patient, with a height of
160 cm and weight of 51 kg, was referred to Xijing
Hospital (the First Affiliated Hospital of the Air Force
Military Medical University, Shaanxi, China) due to a
left pelvis tumor. type II+III pelvic resection was per-
formed and a customized prosthesis fabricated by 3D
printing technology was implanted to reconstruct the
pelvis. Four screws were used to fix the prosthesis dur-

W Fully fixed

(@)

ing surgery and these four screws were numbered as 1 to
4 inside out starting from the medial pelvis (Fig. 1a).

2.2 Three-dimensional (3D) modeling

The CT images were obtained with the permission
from the ethics committee of the hospital and then they
were imported into Mimics 16.0 (Materialise, Belgium)
for reconstructing triangle-based surface model of the
pelvis. The pelvic surface model was imported into
Geomagic Studio 2012 (Geomagic, USA) to create a
solid model of the pelvis. Afterwards, the solid model
was imported into Solidworks 2013 (Dassault, USA) for
error checking and assembling the screws. The custo-
mized prosthesis was designed by using the topology
optimization method and the details of the designing
were described in our previous research!””. Besides, two
spherical shells were added at the acetabulum to simu-
late the femoral head in Abaqus/CAE (SIMULIA, USA)
software. Finally, the 3D model of the RP was con-
structed (Fig. 1a). The natural pelvic model of the patient
was obtained through the mirror image of the right ilium
(Fig. 1b).

2.3 FE modeling

The material properties of the bones were deter-
mined according to the relationship between Hounsfield
Units (HU) and bone density (p), as well as the rela-
tionship between bone density and Young’s modulus (F)
reported by Leung ez al.*®!. The relations are as follows:

p=0.00069141x HU +1.026716, (1)
E=2017.3p>*%. )

The material properties for the solid part of the
prosthesis and the screws were defined as titanium alloy.

Fully fixed

Fig. 1 Loading and boundary conditions for (a) RP and (b) NP. Fy and F refer to right and left hip Contact Force (CF) respectively.
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The effective Young’s modulus of the porous part of the
prosthesis was 0.8 GPa, which was obtained by the expe-
riment. All the material properties are shown in Table 1.

Tie constraints were used between the sacrum and
ilia to simulate the sacroiliac joint'®. The interface be-
tween bone and screws were also tied together to simu-
late the screw-thread fit””). Friction was set for the
contact points between the prosthesis and bone as well as
the interface between prosthesis and screws with a fric-
tion coefficient of 0.1**1, Spring elements were used to
simulate the pelvic ligaments according to the research
of Hao et al.*"). The parameters of these spring elements
are shown in Table 2. Moreover, only the sacroiliac
ligaments were included into the left side of RP due to
the large resection.

The superior surfaces of S1 vertebra of NP and RP
were fully constrained'* and component forces pre-

sented in Fig. 21"

were applied to the center of the
rigid spherical shells along the X, Y and Z coordinate
axes (Fig. 1) for simulating the routine activities of the
pelvis. The hip contact forces were derived from the HIP
98 database.

For the meshed 3D models, four-node linear tetra-
hedron element (C3D4) was used for the bones and
prosthesis, and 8-node linear element incompatible
modes (C3DS8I) was used for the screws. Moreover,
4-node 3-D bilinear rigid quadrilateral (R3D4) was used
for the spherical shells. Mesh sensitivity analysis was
conducted to eliminate the effect of meshing size. The
optimal mesh size of 2 mm for bones and 1 mm for
prosthesis as well as the screws were found to be suffi-
ciently accurate (relative error of von Mises stress was
less than 5%). The total number of elements for NP and
RP is 118496 and 300772, respectively.

3 Results and discussion

3.1 Results

The maximum von Mises stresses of NP and RP
models for the bone, screws as well as the implant during
routine activities were predicted from the FE models and
summarized in Fig. 3. Unlike the other gaits, the two-leg
stance and one-leg stance are in static status. Therefore,
other than a stress curve, only the maximum von Mises
stresses are provided for these two gaits (Fig. 3a). The
maximum stresses for two-leg stance and one-leg stance

Table 1 Material properties used in present study

Component Material Young’s modulus (GPa) Poisson’s ratio
Left ilium Bone 2.22-9.68 0.3
Sacrum Bone 1.99-9.25 0.3
Right ilium Bone 2.04-9.80 0.3
Implant (solid)  Titanium alloy 110 0.3
Implant (porous) Titanium alloy 0.8 0.3
Screws Titanium alloy 110 0.3

Table 2 Parameters of the spring element

Ligament Stiffness (N-mm ") Number of springs

Sacroiliac 5000 90
Sacrotuberous 1500 30
Sacrospinous 1500 12

Tliolumbar 1000 10
Arcuate pubic 500 15
Superior pubic 500 10

of NP are 11.9 MPa and 32.6 MPa. The maximum
stresses of 10.1 MPa, 16.5MPa and 38.2 MPa were ob-
served on the bone, screws and implant of the recon-
structed pelvic model for two-leg stance. For one-leg
stance, the maximum stresses of 38.4 MPa, 31.5 MPa
and 68.4 MPa were observed on the bone, screws and
implant of the reconstructed pelvic model, respectively.
For the other seven gaits, the magnitude of the maximum
stresses of NP and components of RP during the gait
cycle are shown in Figs. 3b—3h.

The stress distribution of the NP for routine activi-
ties when maximum stress occurred is showed in Fig. 4.
The stress is mainly concentrated around the upper part
of the sacrum and the sacroiliac joint for the normal
pelvic model under all the activities. Among all the ac-
tivities, the minimum and maximum von Mises stresses
of 11.9 MPa and 73.8 MPa were observed during
two-leg stance and stair ascent, respectively. The max-
imum stress was observed around the superior surface of
S1 vertebra for all the activities. Stress distribution of the
pelvis was similar for sitting down and standing up.
However, the maximum von Mises stress in the pelvis
during standing up is 57.3 MPa, bigger than the peak stress
value of 45.8 MPa during sitting down. Moreover, the
stress distribution of the pelvis is similar for stair des-
cent and stair ascent, however, the maximum von Mises
stress during stair ascent is higher than that of stair
descent.
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Fig. 2 Hip contact forces for (a) two-leg and one-leg stance, (b) knee bending, (¢) sitting down, (d) standing up, (¢) normal walking, (f) fast
walking, (g) stair descent, (h) stair ascent. ¢ refers to time. ‘L’ and ‘R’ refer to the left and right legs respectively. x, y and z subscripts refer
to the X, Y and Z coordinate axes respectively (Fig. 1).

For the RP model, the stress distribution of the bone
and prosthesis under routine activities is presented in
Fig. 5 and Fig. 6, respectively. For the remaining part of
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the RP, the stress distribution is similar to that of the NP.
The maximum von Mises stress of 67.9 MPa was ob-
served during standing up for the bone. For the prosthesis,
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Fig. 3 Maximum von Mises stress of the NP and the components of the RP for (a) two-leg and one-leg stance, (b) knee bending, (c) sitting
down, (d) standing up, (¢) normal walking, (f) fast walking, (g) stair descent and (h) stair ascent. ¢ refers to time.

180.2 MPa for the prosthesis during the stair ascent. As
for the screws, the predicted stresses were mainly con-

the stress was concentrated around the interface of the
bone and prosthesis as well as the junction of the solid

part and porous part. The maximum von Mises stress is centrated on screws 1 and 2 who were close to the medical
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5 Max stress 45.8 MPa 57.3 MPa 64.4 MPa
Fast walking Stair descent Stair ascent
0
Max stress 71.5 MPa 65.7 MPa 73.8 MPa

Fig. 4 Von Mises stress distribution of NP during routine activities.
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Sitting down Standing up Normal walking
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W W
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Fig. 5 Von Mises stress distribution of bone in RP during routine activities.
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Fig. 6 Von Mises stress distribution of implant and screws in RP during routine activities.

side of the pelvis, and the maximum von Mises stress of
117.9 MPa was observed at the tip of screw 2 during stair
descent. All the magnitude of maximum stresses for NP
and components of RP under routine activities are
summarized in Fig. 7.

Finally, the prosthesis was fabricated using Elec-
tron Beam Melting (EBM) technology, with 20 um —
53 pum diameter of Ti-6Al-4V powder. The processing
parameters include: the layer thickness of 50 pum,
scanning distance of 0.08 mm — 0.1mm, scanning speed
of 1000 mm's™' — 1300 mm-s '. The prosthesis was
successfully implanted into the patient at Xijing Hos-
pital (Fig. 8). The patient was kept in bed allowing for
the pelvic-surrounding tissue to healing for two weeks
postoperatively. Thereafter, she could walk with the
assistants of canes or walker, and the weight was mostly
borne via the contralateral limb and toe-touching was
allowed for the involved limb. After six weeks, the
patient has obtained full ambulatory status with gait aids.
Unfortunately, the died
three months postoperatively, with no sign of implant

patient of metastasis

loosening or infection.

3.2 Discussion

Based on a clinical case of pelvic II+III recon-
struction, a customized prosthesis was designed and a
functional evaluation methodology was established for
prostheses under different daily activities in this study.
The FE models of NP and RP were built and the bio-
mechanical performance of the normal and reconstructed
pelvic model was investigated for multi-activities in-
cluding standing, knee bending, sitting down, standing
up, walking, stair descent and stair ascent. Moreover, the
strength and stability of the prosthesis were evaluated
under these activities.

For the natural pelvic model, the stress is mainly
distributed around the upper part of the sacrum and the
sacroiliac joint (Fig. 4). Stair ascent is the most dan-
gerous gait among all the routine activities for NP. The
maximum von Mises stress during stair ascent is
73.8 MPa, which is close to the strength of the cortical
bone (80 MPa — 150 MPa)?"l. Advices for designing

@ Springer
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Fig. 8 (a) 3D-printed prosthesis and (b) X-ray image of the re-
constructed pelvis after clinical implantation (provided by Xijing
Hospital).

prostheses of different types can be provided from the
stress distribution. As the stress is mainly transferred
through the sacroiliac joint, it should be very careful
when design the fixation part of the prostheses to con-
nect the joint for type I reconstruction. Moreover, like
the prosthesis presented in this article, the sitting bone is
not reconstructed for type II+I1I because the sitting bone
bears minimum stress and smaller prosthesis could re-
duce the risk of infection.

For the residual bone of the reconstructed pelvic
model, the stress distribution is very similar to that of the

NP bone, i.e., mainly concentrating at the upper part of
the sacrum and the sacroiliac joint. Meanwhile, ac-
cording to the results presented in Fig. 3, the magnitude
and variation of the maximum von Mises stress for the
NP and the remaining bone of RP are similar (below
25%) to each other for all the routine activities. However,
the maximum von Mises stress of the RP remaining bone
is 67.9 MPa during standing up, rather than during stair
ascent. This might be due to the large displacement that
the pelvis moved, as well as large range of motion at the
hip joint, which made the standing up the most danger-
ous instance for the pelvic replacement patient.

The stress on the implant is mainly distributed
around the interface between the residual bone and the
implant as well as the junction of the solid and porous
part. The maximum von Mises stress of the implant is
observed during stair ascent and the magnitude is
180.2 MPa, which is slightly below the fatigue strength
of the 3D printed Ti-6Al-4V (200 MPa — 500 MPa)"*
and far below the yield strength of Ti-6Al1-4V (789 MPa
— 1013 MPa)***!. Even through the maximum von Mises
stress for the porous part of the implant has exceeded the
fatigue strength (13.6 MPa)?**! of the porous structure,
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the mechanical performance, especially for the fatigue
strength of the porous structure will be dramatically
improved with the bone in growth®”). Meanwhile, as the
results presented in Fig. 6, the stress on the porous part is
mainly concentrated at the junction with the solid part
due to the high stiffness mismatch between the solid and
porous part of the implant™®®. Graded porous structure
can provide a gradual change of the material property
from the solid to porous part, which might reduce such a
stress concentration”’*,

Four screws were used to connect the implant and
the left ilium during the surgery. The maximum von
Mises stress of the screws was observed during stair
descent and the magnitude was 117.9 MPa, which is
much lower than the fatigue strength of the traditional
methods made Ti-6A1-4V (310 MPa — 610 MPa)*".
However, as the results showed in Fig. 6, the stress is
mainly concentrated on the two screws closed to the
inside pelvis (screws 1 and 2) compared to the other two
screws (screws 3 and 4). For example, the maximum von
Mises stress is 92.3 MPa, 117.9 MPa, 46.6 MPa and
34.9 MPa for the screws 1 to 4 during stairs descent,
respectively. This means four screws might be not ne-
cessary for such design. It is not always the case that
more screws can be better for fixing the prosthesis since
some of the screws might bear minimum load””’. Addi-
tionally, more screws are associated with more traumas
and greater risk of infection. Thus, it is important to
optimize the number of screws whilst ensuring the sta-
bility of the prosthesis®”).

According to the hip joint contact forces summa-
rized in Fig. 2, the peak value of the hip joint contact
force is varying from 0.7- times to 2.6-times of the body
weight under routine activities. The peak value of con-
tact forces are more than 2.5 times of the body weight for
fast walking, stair ascent and stair descent gait, which
indicated these gaits are the dangerous activities for the
reconstructed pelvis. However, it is not always that
bigger joint contact force means more risk for the pelvis.
It is also influenced by many factors such as the indi-
vidual anatomy and properties of the pelvis, the resec-
tion type, the prosthesis designing, the fixation type and
so on. For example, for the case reported in this research,
stair ascent is the most dangerous gait for the NP,
however, for the residual bone, implant and the screws

of the RP, the maximum von Mises stress was observed
during standing up, stair ascent and stair descent, re-
spectively. Therefore, it is important to understand the
biomechanical performance of the NP and to evaluate
the strength as well as the stability of the prosthesis
especially for the customized prosthesis in all the routine
activities.

4 Conclusion

In this study, a customized prosthesis was designed
for the pelvic type II+III reconstruction. For the func-
tional evaluation of the designed prosthesis, FE model of
both the normal and reconstructed pelvis were built, and
the biomechanics of the reconstructed pelvis were stu-
died under multi-daily activities. For the normal pelvic
model, the stress mainly concentrates around the upper
part of the sacrum and the sacroiliac joint during all the
activities and the maximum stress occurred during stair
ascent. As for the reconstructed pelvis, the stress distri-
bution and tendency of the maximum stress variation of
the bone part during all the activities are very similar to
those of the normal pelvic model, which indicates that
the load transferring function of the RP could be restored
by the customized prosthesis. Moreover, the maximum
von Mises stress of the customized prosthesis and the
screws are below the fatigue strength of the 3D printed
Ti-6Al1-4V, which indicates the customized prosthesis
would have a reliable mechanical performance after
implantation. It is critically necessary to evaluate the
mechanical performance of the customized prosthesis
under various daily activities to identify the worst severe
conditions so that advices could be provided to avoid
dangerous activities, and strength/stability could be
checked before clinical applications.
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