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Normal hips and the hips covered with protective brace**
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Abstract

BACKGROUND: Finite element method has become an important means for biomechanical study against sideways falls because

of its unlimited sample size, small experimental error and good repeatability.

OBJECTIVE: To establish three-dimensional normal pelvis and brace-covered pelvis models and then to analyze the stress, strain

and displacement distribution during sideways fall and to verify the effectiveness of hip brace.

METHODS: Digital human Abaqus 6.51 software was used to build three-dimensional normal pelvis and brace-covered pelvis
models. The rigid constraint surface was fixed. The whole pelvic model was loaded with 2 m/s loading. The stress, strain and
displacement variation with time and contours were detected prior to and after wearing the hip brace.

RESULTS AND CONCLUSION: Compared with the normal model, the contact force between the pelvis and the ground, the
maximal compression strain of the cancellous bone when the maximal contact force between the pelvis and the ground generated,
the maximal strain of the greater trochanter and femoral neck, the maximal von-Mises stress of the greater trochanter and femoral

neck, and the mean stress of the greater trochanter and femoral neck were significantly reduced in the brace-covered pelvis model

during sideways falls. These findings indicate that the hip brace can play a protective role in the greater trochanter, and effectively
reduce the incidence of intertrochanteric fractures during sideways fall.

INTRODUCTION

Many factors lead to a sideways fall in the elderly,
including decreased responsiveness, balance, vision
and muscle strength; while physiological factors,
drugs and environment variation exacerbate the
incidence of sideways falls!". Hip fractures are
common in the elderly during sideways falls?, such
as femoral neck and intertrochanteric fractures that
are often serious. We designed a hip brace, and
analyze the effectiveness of this brace by using the
finite-element method aiming to provide the basis for
clinical application of the brace.

MATERIALS AND METHODS

Design
A three-dimensional finite-element analysis with a
single sample.

Time and setting

The experiment was conducted at the Biomechanical
Laboratory of Shanghai Jiao Tong University
between August 2009 and March 2010.

Materials

Mechanical Virtual human pelvis slices were
established by using Digital human Abaqus6.51
software. There were 10 000 frozen section images
(Figure 1).

Computer hardware configuration: AMD Dual Core

5 000 + Hyper-Threading CPU, 4 G DDR800 memory,
200 G hard drive, 6 800 GT dual 128 M PCIE
graphics card, and 19-inch LCD display (China's
Lenovo Computer Company).

Major equipments and software: Mimics 10.01
(Materialise Company, Belgium; dual-source CT (GE

Siemens Somatom Definiton, GE, Germany);
Simpleware2.1 (Simpleware Company, UK);
Abaqus6.51 (Abaqus Company).

Figure 1 Mechanical virtual human pelvis

Methods

Establishment of a normal pelvis model

A whole finite element model of the hip was obtained
from the ABQUS software, including bone structure,
ligaments, joints and soft tissue.

Establishment of a brace-covered pelvis model
A protective brace was placed at the greater
trochanter of the established normal pelvis model.
The hip brace consisted of 2 cm thickness soft foam
and 2 mm thickness polypropylene rigid material
which were simulated using linear elastic materials.
The material properties are listed in Table 1.

Table 1 The material properties of the model
ltem Density Young's Poisson
(g/cm®)  modulus (MPa) ratio
Cortical bone 1.8 22700 0.3
Cancellous bone 0.29 600" 0.2
Muscle 0.749 C10=85.5 kPa 0.495
Co1=21 .38 kPa

Soft brace 1.8 10" 0.3
Rigid brace 1.8 1 500! 0.3
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Three-dimensional finite-element model loading and
analysis

Assumptions: The mechanical properties of involved
biomaterials were assumed to be homogeneous, continuous
and isotropic. During the sideways fall, the dynamic response
of the pelvis to the ground impact lasted very short duration,
only 20 ms, as a result of which, joint movement could be
ignored. In the finite element analysis, the acetabulum and
sacroiliac joints were omitted, and the articular cartilage and
cancellous bone were fused together for the finite element
analysis!"™.

Load constraints: The rigid constraint surface was fixed. The
acceleration of gravity was 9.8 m/s®. The whole pelvic model
was loaded with 2 m/s loading. The friction coefficient of the
Pelvis in contact with the ground was 0.5°7),

The data were input into the solver for calculation of the
stress, strain and displacement variation with time and
absolute size prior to and after wearing the hip brace. When
the calculations were completed, the finite element
post-processing module of the ABQUS software was used,
and related results were exported.

Main outcome measures
The stress, strain and displacement variation with time and
contours prior to and after wearing the hip brace.

RESULTS

Successful model establishment

Hip and brace models with realistic shapes were successfully
established, shown in Figure 2. The model nodes, element
type and number are seen in Table 2.

Figure 2 The finite element model of the hip with brace

Table 2 The model nodes, element type and number

ltem Cortical bone SR Soft tissue  Land surface
bone

Number of 7 023 13 370 39010 308
nodes

Type of Tetrahedron  Tetrahedron Tetrahedron  Tetrahedron
element

Number of 5453 11 960 36 046 225
element

Time-depended variation of the contact force between
the pelvis and the ground during sideways fall (Figure 3)
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Figure 3 Variation of the contact force between the pelvis and
the ground in a time-depended manner

Figure 3 shows that the contact force increased gradually
during the whole process of sideways falls, and it was 8 000 N
at 14 ms for the pelvis without brace and 2 100 N at 12 ms for
the pelvis with brace, which was significantly reduced in the
latter one. The variation of contact force was basically similar in
the pelvis with or without brace.

The maximal compression strain of the cancellous bone
when the maximal contact force between the pelvis and the
ground generated during sideways falls (Figure 4)

a: The pelvis without brace

b: The pelvis with brace

Figure 4 The maximal compression strain of the
cancellous bone when the maximal contact force
between the pelvis and the ground generated

It can be seen from Figure 4 that the maximal compression
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strain of the cancellous bone when the maximal contact force
between the pelvis and the ground generated was 0.012 for
the pelvis without brace, and the maximal compression strain
at the fusion site of the femoral neck and ischium was 0.007.
When the maximal compression strain of the cancellous bone
is 0.015, the fractures can be of appearance®. Therefore, it is
most likely to result in fractures of the greater trochanter. The
maximal compression strain of the cancellous bone was
decreased to 0.003 78 in the pelvis with brace.

Time-depended variation of the maximal compression
strain values when the maximal strain of the greater
trochanter occurred during sideways falls (Figure 5)
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Figure 5 Time-depended variation of the maximal
compression strain values

a: The pelvis without brace

b: The pelvis with brace

Figure 6 The maximal von-Mises stress of the greater
trochanter and femoral neck when the maximal
contact force between the pelvis and the ground
generated

It can be seen from Figure 5 that when the maximal strain of the
greater trochanter occurred during sideways falls, the maximal
compression strain values for the pelvis without brace
increased firstly, then reached the peak at 14 ms, and finally
decreased with time. However, the maximal compression strain
values for the pelvis with brace changed little at different time
points, which were relatively steady.

The maximal von-Mises stress of the greater trochanter
and femoral neck when the maximal contact force between
the pelvis and the ground generated during sideways falls
(Figure 6)

As shown in Figure 6, the maximal von-Mises stress values of
the greater trochanter and femoral neck were 19.77 and

8.22 MPa for the pelvis without brace, respectively, when the
maximal contact force between the pelvis and the ground
occurred, while those for the pelvis with brace were

decreased significantly to 2.118 and 3.035 MPa.

Time-depended variation of the mean stress of the
greater trochanter and femoral neck (Figures 7, 8)

6548

16
14 F
12 F
10 F
08 F
06 |
04
02 |

O | T I N T N N N I N N S R R
0123456 78 91011121314151617181920
Time (ms)

The mean stress of the greater
trochanter (MPa)

a: The pelvis without brace

09
0.8 |
0.7 F
0.6 [
05 |
04 F
03 |
02 |
01 f

0 [ TN T T TN NN NN T T T TN N TN N T Y O A A |

The mean stress of the greater
trochanter (MPa)

01234567 8 91011121314151617181920

Time (ms)
b: The pelvis with brace

Figure 7 Time-depended variation of the mean stress of the
greater trochanter

As shown in Figures 7 and 8, regions of stress concentration
were basically same between the pelvis with and without
brace during sideways falls. However, the mean stress values
of the greater trochanter at the maximum were decreased from
3.077 (for the pelvis without brace) to 0.843 MPa (for the pelvis
with brace). In addition, the mean maximal stress values of the
femoral neck changed little, which were 4.176 MPa and
4.469 MPa. Overall, the mean stress of the greater trochanter
in the pelvis with brace was significantly decreased, indicating
P.O. Box 1200, Shenyang
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that the brace played a role in the prevention of greater
trochanter fractures.
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Figure 8 Time-depended variation of the mean stress of the
femoral neck

DISCUSSION

Clinical significance of this hip brace

The physiological factors for sideways falls in the elderly cannot
be changed, but we can enhance the stability of the elderly to
walk and reduce damage severity through the external support
during sideways falls. For this purpose, the authors designed a
hip brace that had a significant protective effect on the pelvis
and spine during sideways falls.

This biomechanical analysis also confirmed that the impact
force between the pelvis and ground was significantly
decreased for the pelvis with brace as compared with the pelvis
without brace; the maximal intertrochanteric stress and
displacement were also significantly lower, indicating that the
hip brace is effective during sideways falls.

Clinical significance of the three-dimensional finite element
model of the pelvis with brace

The finite element method has been widely used because of its
repeatability, visibility and intuitionistic property®. In this study,
digital human Abaqus 6.51 software was used to build
three-dimensional normal pelvis and brace-covered pelvis
models. Based on the impact between the pelvis and ground
during sideways falls, the rigid plane was built to simulate the
ground. The model structure was complete enough to fully
simulate the the force of the pelvis during sideways falls. The
contact force between the pelvis with brace and ground
increased gradually during the whole process of sideways falls
(20 ms), and reached peak at 14 ms. Simultaneously, the
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maximal compression strain of the cancellous bone was found
at the greater trochanter and fusion site of the femoral neck and
ischium, especially at the great trochanter. This explained why
the incidence of greater trochanter and femoral neck fractures
is highest in the elderly during sideways falls, which provides a
certain reference for prevention of sideways falls in clinics. The
contact force between the pelvis and ground as well as regions
for stress concentrations were similar between the pelvis with
and without brace, except the maximal stress reduced
significantly, especially that of the great trochanter, indicating
the hip brace and the pelvis modes are really effective. The
findings from this study provide an effective finite element
model and research ideas for prevention of pelvis injury during
sideways falls.

Features and limitations of the pelvis model with brace

In this paper, the finite element analysis of biomechanical
issues related to sideways falls provided a good theoretical
support for the hip brace. Various factors are involved in
sideways falls that are transient events under multi-system
controls and very complicated. During the sideways fall, the
dynamic response of the pelvis to the ground impact lasted very
short duration, only 20 ms, as a result of which, joint movement
could be ignored. In the finite element analysis, the acetabulum
and sacroiliac joints were omitted, and the articular cartilage
and cancellous bone were fused together for the finite element
analysis. In the process of a sideways fall, the muscles around
the hip will produce a strong contraction to resist slipping and
restore body balance so as to play a protective role!*. Although
considering the muscle and other tissues in the modeling, we
ignored the protective effects of muscle contraction on human
body, which is the inadequacy of this study.

We compared the force of the pelvis during sideways falls and
found that the stress value of the greater trochanter in the
pelvis model with brace was dramatically decreased,

indicating that this hip brace had a protective role in the great
trochanter and which provides a biomechanical basis for the
clinical application of the hip brace.
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