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Abstract

Custom-made pelvic prostheses are normally employed to reconstruct the biomechanics of the pelvis for improving patient’s life
quality. However, due to the large demand of biomechanical performance around the pelvic system, the customized prosthesis needs to be

studied for its strength and stability. A hemi-pelvic finite element model, including a custom-made prosthesis and the surrounded main
ligaments, was created to study the strength and stability of the system. Based on the developed finite element model, the relationship
between the pre-stress of the screws and the biomechanical performance of the reconstructed pelvis was investigated. Results indicate that
the pre-stress should not exceed 1000 N during surgery in order to prevent fatigue fractures from happening to screws. Moreover, four

screws were removed from the pelvic system without affecting the fixing stability of the system, which provide surgical guidance for

surgeons in terms of safety and fixation.
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1 Introduction

The pelvis is one of the most important structures in
the human body, contributing to the stability and pro-
tection of the inner organs''!. Among the three compo-
nents of the pelvis, the ilium is the most frequently af-
fected by tumors, and is therefore a common site for
reconstruction”, Pelvic reconstruction after large re-
section remains a challenge in surgery owing to its
complex anatomical structure.

Pelvic prosthesis is the primary means of pelvic
reconstruction after an internal hemipelvectomy'..
There are many types of pelvic prostheses such as

], saddle prostheses[6’7],

10]

modular pelvic prostheses'*’
pedestal cups®, and custom-made pelvic prosthesis”
Among them, custom-made prostheses can provide a
better match with the patient’s residual bone tissue!',
which in turn can reduce the risk of infection, chance of

{10, Therefore,

dislocation, or failure of the implan
custom-made prostheses are increasingly used nowa-
days.

Owing to their complex structure, studies on the

*Corresponding author: Ling Wang
E-mail: menlwang@mail.xjtu.edu.cn

biomechanics of the pelvis are quite rare. It is difficult to
assess the stress or strain distribution throughout an
entire reconstructed pelvis using simplified mathemati-
cal models or implanted prostheses, or experimentally
using cadaveric tissue!'?. However, the Finite Element
(FE) method has intrinsic advantages of restricting in-
dividual differences without the need for equipment or
environmental variations!"*). It can be customized to the
specific patient by gathering the geometric and material
properties from the subject’s own Computer Tomo-
graphic (CT) or Magnetic Resonance (MR) images““.
Thus, the FE method is becoming increasingly popular
in pelvic biomechanics research and is playing a critical
role in a failure analysis and revised prosthesis de-

L1577 Although some FE studies on custom-

signs!
made prostheses have been carried out, studies on the
influence of the pre-stress of the screws on the biome-
chanical performance of a Reconstructed Pelvis (RP) are
rarely reported.

The aim of this study was to investigate the rela-
tionship between the pre-stress of the screws and the

biomechanical performance of an RP. For this purpose, a

@ Springer



444 Journal of Bionic Engineering (2018) Vol.15 No.3

hemi-pelvic FE model, including a custom-made pros-
thesis and the main ligaments, was created from the CT
scanning data of the patient. The stress distribution of
the RP under different pre-stress situations was investi-
gated. The maximum pre-stress of the screws was de-
termined based on the fatigue strength of titanium alloy.
Moreover, four screws on the alar part of the implant
were removed and the stress distribution of the RP under
different pre-stress situations was also calculated.

2 Materials and methods

2.1 Clinical information

A 64-year-old male patient, 168 cm in height and
68 kg in weight, was referred to the outpatient service of
the People’s Hospital of Inner Mongolia due to a left
pelvic tumor. A customized prosthesis was implanted
into the patient with 14 screws to reconstruct the pa-
tient’s pelvis. According to the clinical records, the pa-
tient passed away six months after surgery, with no sign
of infection or implant loosening. The patient’s CT im-
ages were obtained before surgery with the permission
from the ethics committee of hospital. Based on these
CT images, a three-dimensional (3D) model of the pelvis
was reconstructed, and a Finite Element Analysis (FEA)
was carried out to determine the effects of pre-stresses of
the screws on the performance of the pelvic prosthesis.

2.2 3D solid modeling

The CT images were imported into Mimics 16.0
(Materialise, Belgium) to construct triangle-based sur-
face models of the sacrum, and the right and left ilia.
These surface models were imported into Geomagic
Studio 2012 (Geomagic, USA) for refinement and crea-
tion of the solid 3D models. These solid 3D models were
then imported into UG 11.0 (Siemens PLM, USA) for
error checking, and screws were then added into the
installation holes of the implant. These screws were
simplified as cylinders to facilitate the FEA applied at a
later stage. The custom-made prosthesis was designed
and manufactured based on the instructions of a surgeon.
Finally, the solid 3D model of the RP was obtained.
However, the patient’s Normal Pelvis (NP) cannot be
obtained directly because the left ilium was affected by
tumor. Therefore, the NP was reconstructed through the
mirror image of the healthy ilium onto the left side in

Mimics. Then the same processes described above were
used to generate the 3D model of the NP.

2.3 FEA model

Owing to their complex structure, four-node linear
tetrahedron elements (C3D4) were chosen for the bones
and implant, and were meshed using Hypermesh 14.0
(Altair, USA). For better accuracy, the screws were
meshed by using the C3D8I (8-node linear elements,
incompatible modes) in Abaqus/CAE (6.14, Dassault,
France).

According to previous research regarding the rela-
tionship between Hounsfield units and bone density, as
well as the relationship between bone density and
Young’s modulus, the pelvic materials were assigned
using Mimics software based on the different grey val-

ues (H.U) using the following relations!'®!:

p =0.00069141 x H.U + 1.026716, (1)
E =2017.3p>*. )

The implant was fabricated using Selective Laser
Melting (SLM) technology, and the equipment is
EOSINT M280 (EOS Germany). The material applied
was Ti-6Al-4V powder with particle size ranged from
15 um to 53 um. The material of the screws was also
defined as titanium alloy. All materials used in this study
are listed in Table 1.

The interfaces between the sacrum and ilia were
tied because the bones of elderly persons are fused at
these locations'"”. Friction occurred at the contact points
between the implant and bones, with a friction coeffi-
cient of 0.1%”. Tie constraints were used between the
screws and bones to simulate a screw-thread fit. Tie
constraints were also used between the implant and
SCrews.

According to a study by Hao et al.*!) the major
pelvic ligaments were simulated using spring elements

Table 1 Material properties used in present study

Young’s modulus

Component Materials (GPa) Poisson’s ratio

Left ilium - 2.07-9.89 0.3
Sacrum - 1.95-8.84 0.3

Right ilium - 2.04—-9.62 0.3
Implant Titanium alloy 110 0.3
Screws Titanium alloy 110 0.3
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in Abaqus with a constant stiffness. The parameters of
these spring elements are provided in Table 2. The
sacrotuberous, sacrospinous, pubic, and iliolumbar
ligaments were excluded on left side of the RP model
because of the wide resection on the left side of the
pelvis[w].

A vertical load of 810 N (1.2-times the body weight)
on the S1 vertebra was applied (Fig. 1) without consid-
ering the muscular forces, which are negligible in a
pelvis model according to a study by Dalstra et al.**. In
addition, a bolt load was applied on the surface below

Table 2 Parameters of the spring elements

Ligament Stiffness (N-mm ") Number of springs
Sacroiliac 5000 45
Sacrospinous 1500 12
Sacrotuberous 1500 30
Iliolumbar 1000 10
Superior pubic 500 10
Arcuate pubic 500 15

the nut to simulate the pre-stress of the screw. In this
case, the relationship between this pre-stress and the
biomechanical performance of the RP can be analyzed
by applying different pre-stress levels.

In this paper, three static conditions of the pelvis
were calculated, i.e., a two-leg stance, a healthy leg
(right side), stance, and an injured leg (left side) stance.
The nodes on both acetabulum cups were constrained to
within five degrees of freedom (with the exception of a
horizontal translation) for the two-leg stance, whereas
the nodes on left and right cups were fully constrained
within all degrees of freedom for the left and right leg
stance, respectively!'” (Fig. 1).

The mesh sensitivity was investigated, and a mesh
size of 2 mm was found to be sufficiently accurate be-
cause the relative error between mesh sizes of 2 mm and
1.5 mm was below 5%. The number of elements for the
right ilium, sacrum, left ilium, implant, and screws was
66943, 33043, 84389, 52686, and 21731, respectively.

U2=U3=URl=UR2=UR3=0
(@

Ul=U2=U3=UR1=UR2=UR3=0

©

Fig. 1 Loading and boundary conditions. (a) Two-leg stance; (b) unhealthy leg stance; (c) healthy leg stance (with four screws removed).
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Fig. 2 Von Mises stress distribution of normal pelvis during (a) two-leg stance; (b) right leg stance; (c) left leg stance, and reconstructed
pelvic during (d) two-leg stance, (e) healthy leg stance, and (f) unhealthy leg stance.
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Fig. 3 Von Mises stress distribution under different pre-stresses (with all screws).
3.2 RP analysis (with all screws)
3 Results

3.1 NP analysis

The maximum von Mises stress for the two-leg
stance, right-leg stance, and left-leg stance of the NP
model was 8.0 MPa, 13.7 MPa, and 18.8 MPa, respec-
tively, and the stresses were mainly distributed at the

sacroiliac joint for the above three-mentioned conditions.

Because of the stress shielding, the stresses were mainly
distributed at the alar part and pecten pubis of the im-
plant for the RP (Fig. 2).

The stress distribution of the RP under different
pre-stress situations was calculated. It can be seen that
the stress gathered and spread around the screws as the
pre-stress increased (Fig. 3).

When the pre-stress was zero, the maximum von
Mises stress was 5.9 MPa for the bone model, 67.2 MPa
for the implant and 61.7 MPa for the screws for the
two-leg stance situation. However, for a healthy leg
stance and an unhealthy leg stance, the maximum
von Mises stress of 9.7 MPa, 83.7 MPa, 95.9 MPa, and
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Fig. 4 Maximum von Mises stresses in (a) bone, (b) implant, and (c) screws under different pre-stresses (with all screws).
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Fig. 5 Von Mises stress distribution under different pre-stresses (four screws removed).
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9.5 MPa, 132.0 MPa, and 154.7 MPa was observed at
these three parts, respectively. The maximum von Mises
stresses in the bone, implant, and screws were quite
different when the pre-stress was small (below 500 N);
after that, the maximum von Mises stresses were in-
creased approximately linearly with an increase in the
pre-stress (Fig. 4). Moreover, in nearly all occurrences,
the maximum stress of the screws was bigger than the
maximum stress of the implant, and the maximum stress
of the implant was bigger than the maximum stress of
the bone.

3.3 RP analysis (four screws removed)

The stress distribution on the implant and screws
was calculated with four screws removed from the RP
system, and the results were shown in Fig. 5. With the
exception of those positions where the screws were re-
moved, the stress distribution results (after removing
four screws, shown in Fig. 5) are basically the same as
the results shown in Fig. 3.

After removing four screws, when the pre-stress
was zero, the maximum stress was 5.9 MPa for bone part,
71.2 MPa for the implant and 71.0 MPa for the screws
for the two-leg stance situation, whereas for a healthy
or unhealthy leg stance, a maximum stress of 9.8 MPa,
90.0 MPa, and 96.2 MPa and 10.4 MPa, 156.7 MPa, and
170.2 MPa was observed for these three parts, respec-
tively. The results of the maximum von Mises stress
under different pre-stress situations are shown in Fig. 6.
Compared to the results of the RP model with all screws
(Fig. 4), the magnitude and variation of the stresses
shown in Fig. 6 are quite similar.

3.4 Comparison of NP and RP

To compare the stress distribution between the NP
and RP models, 11 points on the pelvic ring were se-
lected, and the stresses at these selected points are
summarized in Fig. 7. For the RP, the stresses of
the selected points were measured under a pre-stress of
1000 N.

4 Discussion

In this article, a RP FE model was developed and
the relationship between the pre-stress of screws and the
biomechanical performance of an RP was investigated.

On basis of the RP model, four screws were removed
and the effects of fixation types of the implant on the
performance of the RP were investigated.

When the pre-stress was zero, the highest von
Mises stress was observed during the injured leg stance,
and the peak stress of this stance is 20% — 40% larger
than the peak stress of a healthy leg stance, and ap-
proximately 1.5- to 2-times greater than the peak stress
of a two-leg stance. However, the maximum von Mises
stresses in the bone, implant, and screws for the three
static pelvic conditions were increased linearly, and the
difference of each part decreased with an increase in the
pre-stress.

However, the pre-stress cannot be increased in-
definitely, and is constrained by the strength of the
structure. In these three static positions, when the
pre-stress is below 2000 N, the maximum von Mises
stress of the RP is 614.6 MPa, lower than the yield
strength of Ti-6Al-4V alloy (789 MPa — 1013 MPa)'**),
which indicated the strength of the designed prosthesis
can sustain the static loading requirement. Moreover,
given that the implant and screws will be affected by the
sustained impact load during its service life, the fatigue
strength of the prosthesis should also be guaranteed, and
in this case, the maximum stress should be far below
the fatigue strength limitation of the titanium alloy
(310 MPa — 610 MPa)™*. For an unhealthy leg stance,
the maximum von Mises stress of one screw is
337.2 MPa when the pre-stress is 1000 N (approximately
2.6 N-m). When the pre-stress is increased to 1500 N,
there is already a large area of the screw with a stress of
greater than 310 MPa (Fig. 8b). Therefore, the pre-stress
should not exceed 1000 N during surgery to avoid a
fracture from screw fatigue.

It is not always the case that more screws can im-
prove the fixation of a prosthesis, since some screws
might bear minimum load. Additionally, more screws
mean more traumas and greater risk of infection, which
is not ideal for the patient to recover. Therefore, one of
the purposes in our manuscript is to reduce the number
of screws whilst ensuring the stability of the prosthesis.
Therefore, by removing four screws (Fig. Ic) from the
original system and calculating the stress of the recon-
structed pelvis, comparison shows that the magnitude
and distribution of the stresses were basically the same
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Fig. 6 Maximum stresses in (a) bone, (b) implant, and (c) screws under different pre-stresses (four screws removed).
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Fig. 7 Selected nodes on pelvic ring of (a) normal and (b) reconstructed pelvises, and the von Mises stresses at the selected nodes during
(c) two-leg stance, (d) healthy leg stance, and (e) unhealthy leg stance.

in the bone is quite different (below 50%), it is still
lower than the fatigue strength of the cortical bone

when the same screw pre-stress was applied for both
cases. For these two RP models that applying the full

number of screws and removing four screws, when the
pre-stress is below 3000 N, the difference in maximum
von Mises stress in the implant and screws is below 15%
and 17%, respectively. Although the maximum stress

(37 MPa — 57 MPa)™*.

As the results shown in Fig. 7, due to the stress
shielding, the stresses of the nodes on the implant (nodes
7-10) of the RP were 1.1-to 20-times greater than the
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Fig. 8 Von Mises stress distribution of a screw when the pre-stress
is (a) 1000 N and (b) 1500 N for an unhealthy leg stance.

stresses of the nodes on the same positions that near the
sacroiliac joint and the symphysis pubis regions of NP.
However, for the rest of the regions, the stress distribu-
tion profiles were similar between NP and RP. Moreover,
for the two RP models that applying the full number of
screws and removing four screws, the stresses of the
selected points were basically the same. Therefore,
custom-made prosthesis can restore the load transferring
of the pelvis and four screws can be removed during
surgery to reduce trauma.

There are certain disadvantages to our work. Pre-
vious experimental studies have found that the resultant
force acting through the hip joint during normal walking
is around 300% the Body Weight (BW)*®!, and can reach
up to 1000% the body weight when running and jump-
ing?”*®. Therefore, further studies should investigate
the stress on the pelvis during more strenuous activity.

5 Conclusion

Using the FE method, the effects of the pre-stress
and fixation type of screws applied on the biomechanics
of an RP with a custom-made implant were studied. It
can be found that the stress gathers around the screws
and the maximum von Mises stress of the RP system is
increased with the increase in pre-stress when different
pre-stress levels were applied. Pre-stress value was
suggested to be set below 1000 N when the fatigue life
of the screw was considered. Moreover, on the supposi-
tion that the surgeon used too many screws on the alar
part of the implant, four screws were removed from the
original RP system and the stress of the RP was calcu-

lated. Compared to the stress of the RP that all screws
applied, the magnitude and distribution of the stresses
were basically the same. This indicated that those four
screws can be removed without affecting the stability of
the prosthesis.
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