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Abstract. While the seatbelt restraint has significantly improved occupant safety, the protection efficiency still needs fur-
ther enhance to reduce the consequence of the crash. Influence of seatbelt restraint loading on chest injury under 40 km/h
has been tested and documented. However, a comprehensive profiling of the efficiency of restraint systems with various
impact speeds has not yet been sufficiently reported. The purpose of this study is to analyse the effect of the seatbelt load-
ings on chest injuries at different impact speeds utilizing a high bio-fidelity human body Finite Element (FE) model. Based
on the whole-body frontal sled test configuration, the current simulation is setup using a substitute of Post-Mortem Hu-
man Subjects (PMHS). Chest injury outcomes from simulations are analysed in terms of design variables, such as seatbelt
position parameters and collision speed in a full factorial experimental design. These outcomes are specifically referred to
strain-based injury probabilities and four-point chest deflections caused by the change of the parameters. The results in-
dicate that impact speed does influence chest injury outcome. The ribcage injury risk for more than 3 fractured ribs will
increase from around 40 to nearly 100% when the impact speed change from 20 to 40 km/h if the seatbelt positioned at the
middle-sternum of this study. Great injuries to the chest are mainly caused by the change of inertia, which indicates that
chest injuries are greatly affected by the impact speed. Furthermore, the rib fracture risk and chest deflection are nonlin-
early correlated with the change of the seatbelt position parameters. The study approach can serve as a reference for seatbelt
virtual design. Meanwhile, it also provides basis for the research of chest injury mechanism.

Keywords: impact speed, seatbelt loading, chest injury outcomes, computational biomechanics, fracture risks.

Introduction

Chest injury is one of the most common injuries among
vehicle accident injuries. In addition, the incidences of se-
rious chest injuries are 5.5 and 33% in National Automo-
tive Sampling System (NASS) and Crash Injury Research
and Engineering Network (CIREN). Among the study
samples, 59.3 are male and 40.7% are female. However,
57.5% are restraint when the accident happened (Nirula,
Pintar 2008). Moreover, chest injury also makes up of
13% of moderate injuries in vehicle accidents (Ruan et al.
2003). At the same time, rib fracture is the major and most
common form of chest injuries that can result in mortality
and severe morbidity (Baker et al. 1974; Kent, Patrie 2005)
and the location of the rib fracture may reflect the direct
link between the injuries of ribcage and inner organs (Na-
hum, Melvin 2002). Rib fracture as well as costal cartilage
fracture are generally happened in the chest injury cases.

However, the fracture happened in costal cartilage will
not cause the serious consequence to our health. Thus, rib
fracture study with various restraint system loadings can
provide useful information to the study of thoracic injury
protection efficiency. Based on the sled experiments, the
influence of impact speed and seatbelt loadings on chest
injures including chest deflections and rib fractures need
to be deeply investigated.

A series of eight Post-Mortem Human Subjects
(PMHS) full-size impact experiments are conducted by
Shaw et al. (2009), which contributed to the way of the
frontal impact biomechanics research. These experiments
can provide valuable data to biomechanics study, and serve
as a basis for the validation of biomechanical Finite Ele-
ment (FE) model (Crandall et al. 2011). Meanwhile, these
experimental results demonstrate that it is difficult to find
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the correlation between amount of chest injuries (like de-
flections and rib fractures) and the mechanical properties
(Shaw et al. 2009). However, the position of the seatbelt
and impact speed may have influences on the chest injury.

Compared with PMHS experiments, the technique
of computational method allows for fast and accurate
response while reproducing experimental results (Pou-
lard et al. 2014). With the quick updating of high-per-
formance computers and software calculation algorithms,
FE method based on computer-aided characteristics has
played an increasingly significant role in occupant safety
studies. Furthermore, using frontal biomechanical Human
Body Model (HBM) to perform chest injury research un-
der collision conditions has been an applicable and ad-
vantageous approach. Among these studies, Poulard et al.
(2015) analyses different chest injuries caused by different
spine curves or morphology using the HBM based on the
frontal impact experiments. Wang et al. (2016a, 2016b)
uses a self-developed FE chest model to study the vari-
ous criteria in rib fracture and the stress/strain associated
chest injuries under different impact conditions. Hu ef al.
(2015) examines the passenger chest injuries in a collision
by virtual experiment method and concludes that chest is
the most serious injured segment among road crash in-
juries. Cai et al. (2013) introduces a new chest FE model
based on the Chinese figures for road crash study. With
the development of biomechanical HBM and biological
material, these HBMs become more sophisticated, and can
well reflect the human response during the collision.

Most of the current injury indexes are the macro fig-
ures obtained from experiments. The widely used one is
the chest deflection, which is indicative of the risk of chest
injuries such as living space of the chest internal organs.
This indicator has been introduced to New Car Assess-
ment Program (NCAP). However, the macro indicator is
produced and calculated by the response of mechanical
dummy. However, it cannot effectively reflect the stress/
strain response under various loading conditions as well
as the injuries of soft tissues. Analysis of stress and strain
in ribcage can reflect the mechanism of chest injury dur-
ing the impact and provide the reference for improving
protection efficiency of the seatbelt. Experimentally, it
is difficult to place many sensors for study of the injury
mechanism in detail. Therefore, coupling the experiment
with the computational method is particularly meaningful
for the study of occupant chest injury.

Previous studies have addressed the influence of seat-
belt restraint systems using a strain-based probabilistic
forecasting method (Forman et al. 2012) on the chest in-
jury. Results have concluded that the seatbelt positional
parameters contribute to the chest injury outcomes.
However, in those cases the severe chest injury could be
observed at the impact speed of 40 km/h for a frontal
sled impact. As a comparison, all the experimental data
demonstrated high risk of rib fracture (2 more fractured
ribs were observed in all of the sled tests). The accurate
quantitative prediction of the rib fractures cannot be dis-
tinguished in frontal sled test at 40 km/h, which lead to

difficulty in identifying the difference between simulation
results (Xiao et al. 2017). Therefore, sensitivity studies un-
der various impact speeds with the same seatbelt can give
a better understanding of the results. Thus, the method for
chest injury can show a new way on analysis of the injury
mechanism. probabilistic prediction.

This study intends to investigate the influence of the
impact speed on the chest deflections and chest injury
risks. The model was created according to the whole-body
sled frontal impact by utilizing a verified FE HBM. A full
factor Design Of Experiments (DOE) was then established
with factors of the seatbelt position, the seatbelt angle and
the impact speed.

1. Methods and materials

A DOE was established to test the influence of the seat-
belt position parameters and impact speed on chest injury
outcomes (Figure 1). The parameters and the range of the
factors were determined based on the sled test data. A
parameter analysis was carried out by using a new HBM
(Gayzik et al. 2011).

1.1. Reference test

A regular seatbelt restraint PMHS was positioned on the
test sled. Eight male PMHSs, which were similar to the
50th percentile stature (in the US) were used. The test sled
was developed according to the widely used middle size
vehicle in the US (Ford Taurus) and a deceleration pulse
applied in the experiment was the same for all the PMHS
tests, of which the deceleration pulse was corresponding
to an impact speed of 40 km/h (Shaw et al. 2009). The
restraint system was the regular seatbelt from Narricut™
and the webbing characteristics were discretized and used
in the seatbelt material property definition (6...8% elon-
gation, 26.7 kN minimum tensile strength). During this
test, the kinematic traces were recorded by the Vicon™
kinematic motion capture system in six degrees of free-
dom. All the injury outcomes were captured by Computed
Tomography (CT) scan and dissection. These tests were
reported and analysed in aspects of chest maximum com-
pression (Shaw et al. 2009), spine kinematics (Crandall
et al. 2014), restraint/surface force (Ash et al. 2013) and
3D kinematic animation (Donlon et al. 2015). Another
study based on these tests was published in terms of the
influence of spine curves on chest injuries (Poulard et al.
2015).

The deflection measuring locations were selected ac-
cording to the Test Device for Human Occupant Restraint
(THOR) dummy. Two measuring points in upper chest
were defined at the 4th rib and 40 mm from the sternum
vertical centerline (Figure 2), meanwhile, the upper left
measuring point was located near the heart. Another two
measuring points in lower chest were positioned at about
80 mm away from the sternum vertical centerline at the
8th rib. All chest deflections were calculated according to
the local coordinate system at the 8th thoracic vertebra
along the forward direction (Shaw et al. 2009).
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Figure 2. Diagram between measuring points
and seatbelt position

1.2. Belt FE model

Global Human Body Models Consortium (GHBMC) ver-
sion 4.2 was the 50th percentile male FE HBM. GHBMC
model was then built upon experimental data. Derived
from this model, a new generation of HBM were devel-
oped for biomechanical studies by research institutions
with the support of automobile manufacturers. This HBM
contains various types of elements and nodes (2197853
and 1259333, respectively). Moreover, GHBMC model
had been verified (Gayzik et al. 2011) in segment level
(like head and chest) and whole body level. The bio-fi-
delity of the chest was also validated in studies of whole-
body level (Park et al. 2013, 2016) and rib segment level
(Li et al. 2010a, 2010b). Among these verification studies,
Park et al. (2013, 2016) did experimental verification for
the biomechanical properties of the model in the pas-
senger side under side impact conditions to improve this
model so as to achieve better kinematics. In this study,
contact algorithms mainly involved were automatic sur-
face to surface contact between the human chest and seat-
belt as well as automatic single surface or interior contact
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Figure 3. Seatbelt loading and unloading curves

Figure 4. Sectional view of the chest

among the internal organs. The parameters of the seatbelt
(loading and unloading curves) were simulated consid-
ering experimental data (Figure 3). The contact friction
coefficient between the seatbelt and the HBM was set to
0.4 in order to keep the defined seatbelt path.

A reference to occupant torso anatomical structure in-
cluded the spine, ribs, costal cartilage, sternum, clavicle,
scapula, pelvis and internal organs (Figure 4). According
to anatomy, a rib consists of the thin cortical bone and
internal trabecular bone. As far as the FE model was con-
cerned, the cortical bone was simulated by the shell ele-
ment with the size of 3...5 mm. The hexahedral 8-node
solid elements were used to simulate the medullary bone
structure. These two types of bones were connected by
sharing-nodes method in the FE model. Most of the in-
ternal organs and soft tissues were simulated by solid ele-
ments.

Biomaterial characteristics or parameters of the model
were based on material biomechanics experiment. In this
belted occupant model, bones were simulated based on
elastic-plastic material, and soft tissue in chest and abdo-
men was characterized by properties of viscoelastic ma-
terials and super-elastic material model (Table 1). The
default settings of rib failure strains in cortical bone was
0.018 (Kemper et al. 2007) and in trabecular bone was
0.13 (Kent et al. 2005). The heart was represented by the
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*MAT_HEART_TISSUE as described in Equation (1),
wherein C, B, B,, B; were diastolic material coefficient, E
was the Lagrange—Green strains and J was the Jacobian of
the deformation gradient tensor. The lung was represented
by the *MAT_LUNG_TISSUE as described in Equation (2),
wherein C, A, a, B, C;, C, were material coefficient and I
was invariants of the Green strain.

W(EJ)=5-(e@=1) W, (1),

Q=B,-E} +B, -(Eh, + B}y + B}y + B4 )+

By (EIZZ +E3, + Ef; +E§1); (1)
W(Ip I ) =%e(&'1%+[3-[2) +

&-(A(”Cz) _1)

A-(1-C,) ’

Azzg-(11+12)—1. )

Meshing was conducted based on clinical Magnetic
Resonance Imaging (MRI) and CT scans of organs and
bones external geometries. According to the literatures,
the thickness of rib cortical map to the ribs surface was
0.7...1.2 mm with respect to the position of ribs (Wang
et al. 2014; Choi, Lee 2009). Moreover, the clavicle corti-
cal thickness was 1.7 mm (Andermahr et al. 2007; Duprey
et al. 2010). Furthermore, the thickness of sternum corti-
cal bone was set to 2.0 mm (Ito et al. 2009).
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Chest injury mechanism was developed according to
the rib bending test, which referred to criteria based on
the strain, stress and a combination thereof. The ultimate
strain was necessary in the calculation of the probabilistic
prediction method based on strain analysis considering
the age or injury level (Forman et al. 2012). Therefore, ele-
ment elimination was not required in this new probabil-
istic method. Previous studies had shown that the model
without element elimination functionality can also accu-
rately predict the kinematic response and chest deflections
(Motozawa et al. 2015; Xiao et al. 2015).

1.3. Simulation matrix

In the present study, GHBMC was utilized in frontal car
crash according to the frontal test regulations - like Fed-
eral Motor Vehicle Safety Standard (FMVSS) 208 (Hollow-
ell et al. 1998). Injury sensitivity analysis of the FE model
was also introduced to predict the risks of fractures under
different shoulder seatbelt loadings, defined by the seatbelt
position, the seatbelt angle and the impact speeds (Table 2).
The simulation of this study was established according to
the configuration of the reference tests. The belted occu-
pant model under sled test condition had been validated
(Xiao et al. 2017) via the comparison of the kinematic
traces, seatbelt forces and chest deflections between refer-
ence tests and simulations. Different deceleration pulses
scaled from the test deceleration pulse were introduced to
represent the impact speeds of 20 and 30 km/h to investi-
gate the influence of the impact speeds on the chest injury

Table 1. Material parameters of the bones and main organs in the chest

Material model | P€nsity Young’s Poisons | Yield stress | Tangent modulus

[g/cm’] | modulus [GPa] ratio [MPa] [GPa]
Rib cortical elastic-plastic
(Li et al. 2010a; Iwamoto et al. 2002) |rate dependent 2 1.5 0.3 88 2.3
Rib trabecular elastic-plastic
(Li et al. 2010a; Zhao, Narwani 2005) | rate dependent 1 0.04 0.45 22 0.001
Sternum cortical elastic-plastic
(Iwamoto et al. 2002) rate dependent 2 10.18 0.3 65.3 23
Sternum trabecular elastic-plastic
(Li et al. 2010a; Zhao, Narwani 2005) | rate dependent 1 0.04 0.45 22 0.001
Costal cartilage .
(Forman et al. 2010) elastic 1 0.05 0.4 - -
Vertebrae ..
(Zhao, Narwani 2005) rigid 2 0-354 0.3 N -
Clavicle cortical elastic-plastic
(Astier et al. 2008) rate dependent 2 ? 0.3 80 0.9
Clavicle trabecular elastic-plastic
(Astier et al. 2008) rate dependent 1 0.5 0.4 18 0.01
Intervertebral disc .
(Zhao, Narwani 2005) Elastic 1 0.005 0.4 - -
Heart hyper elastic 1 |C=1.085kPa, B, = 24.26, B, = 40.52, B, = 1.63, "P=2.4825 GPa
(Deng et al. 1999) ) >l T2 TP T TS )
Lung transversely 0.288 “K =2.66 MPa, A = 0.1 mm, C = 1.115-10~3 MPa,
(Yuen 2009) anisotropic ’ o =0213,=-0.343,C, = 1.002-1073 MPa, C, =2.04

Notes: "P is pressure in the muscle tissue; “K is bulk modulus.



Transport, 2020, 35(6): 669-678

Table 2. Definition of the levels of three factors

Level Belt position | Belt angle [°] | Sled speed [km/h]
1 | top-sternum 40 20
2 | mid-sternum 50 30
3 | bottom-sternum 60 40

outcomes. The variable of shoulder seatbelt path was de-
fined from the shoulder seatbelt centerline position. Other
seatbelt paths correspond to the variability observed in
the experiments in terms of seatbelt position and seatbelt
angle. The route used to define the lap seatbelt were kept
at the same location during this study.

A full factor DOE study, which consisted of twenty-
seven simulations was performed based on the mentioned
belted occupant model. All the establishments were fin-
ished according to the test environment. All simulations
were performed with LS-DYNA Massively Parallel Pro-
cessing (MPP) in the mode of dynamic FE solver (ver-
sion 970, Livermore Software Technology Corporation,
Livermore, CA, US). In the continuous study, the simula-
tion ID was defined using the combination of characters
and numbers. The B meant the seatbelt position and the
E meant the seatbelt angle (Figure 2). And the numbers
followed these characters were the corresponding levels
of these factors. The impact speed was shown at last. For
example, B2E2(40) referred to a simulation in which the
seatbelt position was in level 2, the seatbelt angle was in
level 2 and the test impact speed was at 40 km/h.

2. Results

Two indexes of the rib fracture risk and the chest deflec-
tion were used as the judgments to evaluate the injury
of chest caused by the parameters: the impact speed, the
seatbelt angle and the seatbelt position.

2.1. Chest deflection

The four measuring points were located at Upper Right
(UR), Upper Left (UL), Lower Right (LR) and Lower Left
(LL) (Figure 2).

Impact speed played an important role in the peak
chest deflection study. As the impact speed increased,
both of the amount of chest compressions and extensions
would increase with the exception of one special meas-
uring location, which was shown in UR measuring point
(Figure 5). The deflection increase of UR measuring point
was not obvious (about 3 mm) between results from im-
pact speed at 30 and 40 km/h. Nevertheless, their increase
rates were not the same. For example, changes in the UL
and LL were both more than 20 mm, and the change in
UR was less than 15 mm. In addition, the extent of chang-
es in the left ribcage measuring points were larger (more
than 20 mm in the left) than that in the right ribcage (less
than 15 mm in the right), especially for the simulation
with a low seatbelt position and a large seatbelt angle. The
chest deflections would increase with the increase of seat-
belt angle under the three study impact speeds. Variations
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of chest deflections at four measuring points were all of
significance, the p-values of which were lower than 0.05.

However, judging from the numerical analysis (ampli-
tude), the left side of the chest increased more than the
right one. The amounts of peak deflection variation with
the change of seatbelt angle were all in the same changing
direction. This means the peak deflection would increase
in upper two points and decrease in lower two points with
the increase of the seatbelt angle. There was no obvious
influence of impact speeds on the difference of deflection
amplitude cause by the variation of seatbelt angle. The
changes of four measuring points were different in direc-
tion and amplitude. Specifically, some of the deflections
would increase with the increase of seatbelt angle (LL),
meanwhile, some of the deflections would decrease (UL)
during this process (Figure 5).

a) ..
50 Deflection - speed sensitivity
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F 351
E 304
=
S 251
b
& 20
v
a2 15 A
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Figure 5. Peak chest deflection sensitivity with study
parameters of impact speed (a), seatbelt position (b) and
seatbelt angle (c): “+” - extension; “~” - compression
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The changes resulting from the influence of impact
speeds at all the four measuring points (15...25 mm) were
more significant compared with those resulting from seat-
belt parameters (most of them less than 10 mm) judg-
ing from the peak deflections. Specifically, the amount of
deflections in the left side varied more, which was up to
more than 20 mm compared with those in the right side.

2.2. Rib fracture results

The maximum strain was calculated in accordance with
the probabilistic prediction method (Forman et al. 2012)
based on the post processing. Besides seatbelt position pa-
rameters and impact speed, injury level (number of frac-
tured ribs) and age were also considered in the fracture
risk calculation. The age used in this study was 55, which
was the average age of the 8 test subjects in the reference
test and represented the age of old people. Fractured ribs
appeared in almost all simulation cases (25 out of 27 simu-
lations). With the increase of the fractured ribs, the injury
risks would decrease (Table 3). The results were divided
into four different groups in different colours to represent
the ribcage fracture risk of low, medium, serious and high.
The difference between each group was 25%.

Predicted risk for more than n fractureribs

a)

Possibility [%]

Number of fracture ribs

— o — B2E2(20) — e— B2E2(30) B2E2 (40)

Predicted risk for more than n fracture ribs

Possibility [%]

—

1+ 2+ 3+ 4+ 5+ 6+ 7+ 8+ 9+

Number of fracture ribs

- - BIE2(20) —e— BIE2 (30) B1E2 (40)

Predicted risk for more than n fractureribs
e 100 —— e - —- —e
80 \ N
60 N

40 \ Y
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(g
7/

20 »

0 S
| . . . . . , +————e—

1+ 2+ 3+ 4+ 5+ 6+ 7+ 8+ 9+

Number of fracture ribs

— - B3E2(20) — e— B3E2(30) B3E2 (40)

If the seatbelt position changed from top-sternum to
middle-sternum, the injury risks would increase. Mean-
while, when the seatbelt position changed from middle-
sternum to bottom-sternum, the injury risks would in-
crease too.

The injury risks would decrease with the decrease of
the seatbelt position at a small seatbelt angle. In addition,
the exception was that the injury risks would increase with
the decrease of the seatbelt position at other two specific
seatbelt angles.

Impact speed had a dominant influence on the chest
injury risks (Figure 6) judging from the injury prediction
results. Especially for the lower impact speed, the frac-
ture risk decreased significantly (most of the results were
lower than 50%). With the increase of impact speed, the
probability of fracture would increase accordingly, and
the rate of change in each section was basically identical.
Among these results, there were rarely serious chest inju-
ries (mostly happened in seatbelt position level 3 for less
than 4 more fractured ribs), and most of the predicted
injury levels were less than two fractured ribs at the im-
pact speed of 20 km/h. When the impact speed increased
to 30 km/h, the number of resulting fractured ribs would

Predicted risk for more than # fractureribs

b)

=

£

2

3

(="

Number of fracture ribs
— - — B2E1(20) — e— B2E1(30) B2E1 (40)
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Figure 6. The influence of impact speed on chest injury (number of fractured ribs)
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reach 3 more and even 5 more fractures in some cases for
high injury risks (higher than 75%). Thus, all the cases un-
der this impact speed were generally classified as serious
injury risks, which was rating as Abbreviated Injury Scale
(AIS) 3+. When collision speed increased to 40 km/h, 5
more fractured ribs would appear in all individual case,
which was a serious situation in the event of a pure seatbelt
restraint frontal collision. All these cases with impact speed
of 30 km/h and 40 km/h should be paid special attention.

The impact speed had a dominant influence on chest
injury outcomes. The influence of seatbelt on the chest
injury was identical for different particular speeds. Specifi-
cally, the fracture risk was greatly affected by seatbelt posi-
tion, while also obviously though little slightly effected by
seatbelt angle. In particular, with the increase of the seatbelt

Impact speed-rib fracture sensitivity (right side)
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position, the ribcage injury risk would rise obviously (more
than 25% increase). The fracture risk is negatively corre-
lated with seatbelt angle, which meant the ribcage injury
risks would increase while the seatbelt position changed
from top-sternum to bottom-sternum. However, when the
seatbelt was 40 degrees, the changing trend will reverse,
which meant when the seatbelt became lower the injury
risks would decrease (changed from B1E1 to B1E3). The
changing trends of the fracture risk of each rib (Figure 7)
can match the changing direction of the Table 3. The lower
ribcage ribs would be greatly influenced (more than 25%)
by the impact speed, due to the directly loading from the
seatbelt. The upper ribcage especially from rib 2 to rib 5
in both sides were seldom or slightly influenced (less than
10%) by the variation of seatbelt loading and impact speed.

Impact speed-rib fracture sensitivity (left side)
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Figure 7. Influence of impact speed on fracture risk results of each rib
Table 3. Predict risks of certain number of fractured ribs
) ) Predicted risk for more than n fracture ribs
Simulation ID
1+ 2+ 3+ 4+ 5+ 6+ 7+ 8+ 9+

B1E1(20) 38.89% 2.78% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
B1E2(20) 8.33% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
B1E3(20) 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
B2E1(20) 97.30% 77.28% 39.24% 10.22% 0.96% 0.0% 0.0% 0.0% 0.0%
B2E2(20) 97.30% 77.28% 39.24% 10.22% 0.96% 0.0% 0.0% 0.0% 0.0%
B2E3(20) 94.60% 68.06% 29.98% 6.79% 0.58% 0.0% 0.0% 0.0% 0.0%
B3E1(20) 100.0% 100.0% 100.0% 88.86% 51.67% 15.6% 2.11% 0.0% 0.0%
B3E2(20) 100.0% 100.0% 100.0% 89.11% 52.12% 15.32% 1.73% 0.0% 0.0%
B3E3(20) 100.0% 100.0% 100.0% 97.69% 80.32% 45.64% 15.34% 2.55% 0.0%
B1E1(30) 100.0% 91.34% 59.11% 21.13% 3.26% 0.16% 0.0% 0.0% 0.0%
B1E2(30) 94.09% 65.57% 26.53% 5.11% 3.6% 0.0% 0.0% 0.0% 0.0%
B1E3(30) 73.26% 29.46% 5.32% 0.29% 0.0% 0.0% 0.0% 0.0% 0.0%
B2E1(30) 100.0% 100.0% 100.0% 98.75% 81.92% 45.03% 13.77% 2.05% 0.0%
B2E2(30) 100.0% 100.0% 100.0% 100.0% 82.88% 43.98% 12.82% 1.85% 0.0%
B2E3(30) 100.0% 100.0% 100.0% 97.57% 79.61% 45.10% 15.80% 3.20% 0.36%
B3E1(30) 100.0% 100.0% 100.0% 100.0% 99.75% 96.82% 84.26% 57.66% 27.22%
B3E2(30) 100.0% 100.0% 100.0% 100.0% 100.0% 99.01% 91.55% 70.13% 38.96%
B3E3(30) 100.0% 100.0% 100.0% 100.0% 100.0% 99.90% 98.59% 91.54% 72.22%
B1E1(40) 100.0% 100.0% 98.92% 89.11% 61.08% 26.81% 6.6% 0.79% 0.0%
B1E2(40) 100.0% 98.51% 88.32% 62.65% 30.86% 9.53% 1.66% 0.14% 0.0%
B1E3(40) 97.68% 83.2% 51.82% 20.48% 4.61% 0.52% 0.02% 0.0% 0.0%
B2E1(40) 100.0% 100.0% 100.0% 100.0% 99.88% 98.34% 90.41% 69.77% 39.86%
B2E2(40) 100.0% 100.0% 100.0% 100.0% 99.93% 98.88% 92.89% 75.52% 47.32%
B2E3(40) 100.0% 100.0% 100.0% 100.0% 99.94% 99.11% 94.16% 78.97% 52.41%
B3E1(40) 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 99.99% 99.71% 97.38%
B3E2(40) 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 99.99% 99.76% 97.64%
B3E3(40) 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100% 99.97%
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3. Discussion

3.1. Study method and HBM

Rib fractures rarely occur at the 10th ribs in both sides
of the ribcage in the road accidents, but likely to occur in
current simulation study. The underlying cause should be
the different ribcage shapes. Different shapes of human
chest will cause different contact areas between seatbelt
and chest (Kent et al. 2005). In particular, chest subsid-
ence will vary among different ages and peoples. This will
also lead to different injury outcomes of the ribcage. In
this case, the injury risks of ribcage or each rib will be
different. In particular, CT reconstructed lateral view of
the thoracic cage illustrating age-related change in the rib
slope according to Kent et al. (2005).

Fractures also rarely occur in the first ribs due to the
protection of clavicle. However, in the present study, great
stress/strain concentration area often appeared near the
joints between ribs and costal cartilage. Meanwhile, frac-
tures of sternum and costal cartilage are common in the
experiments (Shaw et al. 2009), but hard to detect in the
simulation. There exists a need to address these issues in
the future.

3.2. Effect of material model application

Application of soft tissue biomaterials in constitutive mod-
el will have a critical impact on the final result of chest
injury (Murakami et al. 2006). In this study, we selected
material constitutive model among certain conditions can
improve the accuracy of injury results, because the com-
pressive load imposed to the bone structure as well as soft
tissue structures generated by seatbelt tension loads. Soft
tissue materials in the HBM are defined by using super-
elastic and visco-elastic models, which are well developed
biological material models in LS-DYNA. These material
models can well represent collision responses of a biome-
chanical material.

3.3. Chest deflection

A high impact speed can provide a large kinematical en-
ergy. Thus, inertia has a very large influence on chest tor-
sional. Specifically, different amount of inertia will lead to
different chest injury outcomes (Xiao et al. 2017). There-
fore, reducing ribcage fractures by means of limiting the
rotation of the chest should be effective. Chest deflection
is associated with the position of the seatbelt. Meanwhile,
it is also related to the seatbelt contact area. But at this
stage, with a certain seatbelt, other ways like increasing
the contact area may be a possible way to reduce the chest
deflections. The results indicate that the chest injury is in-
fluenced by the seatbelt position. Therefore, the occupant
should be restrained in a right seatbelt position (Xiao
et al. 2017).

However, trends of the chest deflections of the up-
per two and the lower two measuring points in the speed
sensitivity study are consistent (they do not change in the

same direction with the change of impact speed), which
may result from the ribcage stiffness reduction caused by
influence of VICON markers, which are rigid metal mark-
ers (Shaw et al. 2009).

3.4. Rib fracture risk

The influence of impact speeds on rib fracture risk is much
more than the influence of seatbelt parameters. Risks of
rib fracture numbers will increase with the increase of im-
pact speed. This due to the energy of the impact is linear
correlation to the square terms of impact speed. Results of
rib fracture suggested that a seatbelt angle of 40 degrees
with the seatbelt at top-sternum would result in a small
injury risk of the whole ribcage compared with other seat-
belt loading conditions.

According to the analysis on influence of impact speed
and seatbelt position parameters on ribcage strain analysis
(fracture risks), the fracture risks of the 6th to 10th ribs
are high in all simulation cases, especially ribs on the left
ribcage. This is also observed when other boundary condi-
tions are used (Xiao et al. 2015). The reason is there are
no other bones protection in the lower torso except ribs,
which means nearly all the seatbelt loading will directly
be applied on these ribs. As a comparison, the clavicle will
uphold most of the seatbelt load in the upper torso.

3.5. Relationship between fracture
risk and deflection

The influences of impact speed on rib fracture risks and
chest deflections are similar, which indicates that there are
some links between these two chest injury indexes (Kent
et al. 2005). According to the test (Shaw et al. 2009), the
seatbelt is positioned with the reference to a middle point
of sternum. The seatbelt angle in the sled tests is about 50
degrees relative to the vertical centerline of the sternum.
Research on rib fracture risk summarized that the ribcage
had relatively higher crash resistance under the condition
of high seatbelt position (top-sternum), small seatbelt an-
gle and low impact speed. While four-point chest deflec-
tion study shows that the peak deflection would be small
under the condition of high seatbelt position, small seat-
belt angle and small impact speed.

Injury risks and chest deflections are two different
descriptions of the chest injury. However, there are also
some differences between them. The fracture risk is as-
sociated with the area of the contact surface, while the
chest deflection is associated with the twist of the ribcage.
In particular, increasing the contact area (like reduce
seatbelt angle) will lead to lower rib fracture risk, and
reducing the twist (like high seatbelt position) will lead
to smaller chest deflections. Contact area and twist will
also affect both deflections and injury risks depending on
which factor is the superior. This shows that there were
differences and associations between the rib fracture risks
and chest deflections. Chest deflection is a macro index,
which is widely used to evaluate the chest injury. It can
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reflect (Kent et al. 2005) the injury severity of the ribcage.
The deflections cannot give us more detailed information
about the chest injury, compared with the strain analysis,
which was carried out to better understand the mecha-
nism of chest injury with rib fractures. In addition, the
strain and stress is more accurate to reflect the potential
risk of the rib fractures.

Conclusions

In order to improve the protection efficiency of the seat-
belt restraint system, the seatbelt influence on chest in-
jury under different impact speeds is investigated using a
verified belted HBM in terms of the influence of impact
speed on the chest deflection and fracture outcomes. The
conclusions can be drawn as follows based on the results:

- the impact speed has a significant influence on the
chest injury risk. Meanwhile, the correlation between
seatbelt loadings and injury response is of nonlinear
feature. Besides, the influence of the different seatbelt
loadings caused by seatbelt position parameters;

- the ribcage fracture risk is determined based on a
strain analysis to reflect the change of injury mecha-
nism caused by the impact speed, which predicts the
potential injury outcomes of the chest;

- four-point chest deflections reflect the more detailed
compression at four locations caused by the seatbelt
loading rather than the maximum deflection.
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