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Purpose: The purpose of this quantitative study is to investigate the differences of the injury mechanism caused by two different
types of seatbelt loads on the occupant’s chest. Methods: The finite element analysis is employed to compare the different responses of
the human body model, including comparison of kinematics, chest accelerations, seatbelt forces and chest injury outcomes regarding
chest deflections and rib fractures. Results: The calculated rib strain—stress response from simulations in force-limiting seatbelt are higher
than that in the regular seatbelt. The forward movement and torso twist are both great in simulations with force-limiting seatbelt. Moreo-
ver, there are obvious differences in the injury outcomes of chest deflections and rib fracture risks under the different seatbelt loads.
Conclusion: Results indicate that the chest deflections and rib fracture risks are negatively correlated under the load of the force-limiting
seatbelt, However, they are positively correlated to and determined by the seatbelt peak load of the regular seatbelt. This paper can pro-

vide a reference for study of the chest injury mechanism and protection efficiency of seatbelt.
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1. Introduction

A recent statistical analysis shows the number of
injury cases in traffic accidents is still quite large
though the number of fatal injuries has been decreas-
ing dramatically [18]. Among all traffic injuries, the
most common cases encountered are chest injuries,
especially in frontal impact [19]. About 70% of mor-
bidity injuries are related to chest segment in frontal
crash [26] and most of them are related to ribs. Ribs
are the primary structure of the thorax and fractures of
ribs are the most common and critical chest injury [1].
Chest injuries to the elderly are especially serious and
of particular concern [11]. One of the facts is that the
ribs of the aged people are more vulnorable than the
youngsters because of their mechanical properties
[22]. Unfortunately, the study on the chest injuries in
accidents for the elderly is not sufficient.

Most chest injuries, especially for the elderly, come
from seatbelt loads [4], [29], meanwhile, the influence
of large distribution load from safety airbags on the
chest injuries is not significant, especially on rib
fractures [11]. The seatbelt is the main restraint of
occupants in frontal impact. Different seatbelt loads
can lead to different kinematic responses and injury
outcomes during the impact [28], [29] due to their
different functionalities, therefore, they should be
thoroughly analyzed.

Most studies about chest injury mechanism are
performed by rib bending test [8], [9] or by applying
loads to the whole thorax [27]. The influence of the
seatbelt restraint system on chest injury is also inves-
tigated via simplified sled test [16]. However, there
are few reports about the study of chest injuries util-
izing a whole scale sled test. Meanwhile, biomechani-
cal experiments can provide important data to verify
the finite element (FE) models [3] and finite element
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analysis is also a complement to the experiments with
detailed physical parameters of strain and stress re-
sponse. So, simulation study based on biomechanical
experiments can be an effective approach to get the
more credible results.

There are several chest injury indexes which can
represent the chest injuries. Among these, chest de-
flections and rib fractures caused by the restraint sys-
tems are considered the focus of biomechanics study
[2]. Chest deflections can reflect the fracture risks of
ribs and sternum in frontal crash [12]. Meanwhile, the
positions of these fractures can represent the injury of
the whole ribcage and injury risks of inner organs
[17]. Strain/stress analysis is a useful approach to the
injury mechanism. To predict fracture risks with com-
putational method, the rib fracture probabilistic pre-
diction method [5] was utilized based on the post
processing of strain besides the usual index like chest
deflections and accelerations.

In order to investigate the different chest injury
mechanisms caused by seatbelts loads, two simula-
tions are established with a belted human body model
(HBM) based on the frontal sled test configuration.
The kinematics, chest accelerations, seatbelt forces,
4-point chest deflections and rib fracture risks were
analyzed and compared between two simulations of
utilizing regular seatbelt and force-limiting seatbelt.

2. Materials and methods

The human body model used in this study is the
GHBMC (Global Human Body Models Consortium)
version 4.2, which was developed according to the
latest biomaterial test and volunteer data. There are
total of 2197853 elements and 125933 nodes in this
model. The main contact algorithms involved in the
model were the automatic surface to surface contact
between seatbelt and chest as well as automatic single
surface contact among the inner soft tissues.

The chest model included the spine, ribs, costal
cartilage, sternum, clavicle, scapula, pelvis and inter-
nal organs. The chest was simulated according to the
anatomical structure using the material properties
from the literature [7]. In the chest of the model,
bones were simulated based on elastic-plastic mate-
rial, and soft tissues were modeled by using super-
elastic material model. Most of the internal organs
were simulated by the combination of shell and solid
elements. According to anatomy, a rib consists of the
thin cortical bone and internal trabecular bone. The rib
cortical bone was simulated with 3 layers of shell

elements with the thickness of 0.7—1.2 mm, and hexa-
hedron solid elements for the soft rib cancellous bone.
Sharing nodes method was used to connect these two
elements. Most of the inner organs (including liquids)
and other soft tissues were simulated by solid element
except for stomach by airbag. The bio-fidelity of this
GHBMC model had been verified on different levels [6].
Particularly, the chest was also confirmed and im-
proved in segment level [13], [14] or the whole body
level [20], [21] to have good bio-fidelity. Therefore,
this human body model can be used in the following
study especially for chest injury mechanism.

Two different seatbelt loads were applied by using
two types of seatbelts. The finite element seatbelt was
created with material parameters from the manufac-
turer. The seatbelt was simulated by the combination
of 1D beam element and 2D shell element. The shell
element was used to simulate the contact between the
seatbelt and the body, what provides the load to the
chest. Meanwhile 1D beam element was used to con-
nect the seatbelt fix points in sled and belt with shell
elements. The loading and unloading curves of the
seatbelt were defined in these elements to make the
responses of the seatbelt in the simulation the same as
the responses in the test. The forces of the 1D beam
elements on the upper shoulder, lower shoulder and
lap belts were used to represent the seatbelt load on the
chest. The loading and unloading curves (Fig. 1) were
defined according to the tension test, in which the
limiter’s setting of force-limiting seatbelt was 2.7 kN.
Contact friction coefficient 0.4 was selected in the
contact between the chest and belt.

Seatbelt curves
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Fig. 1. The loading and unloading curves of regular (dark)
and force-limiting (grey) seatbelts

The simulation was established according to the
same boundary conditions as these of sled test (Fig. 2)
which was named the Gold Standard (GS) test [25].
This sled was built according to the widely used mid-
dle size vehicle in the USA. The deceleration pulse
applied on the sled was corresponding to the impact
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speed of 40 km/h, which was the speed also found in
the crashes statistics for serious chest injuries with seat-
belt restraint occupant. The coordinate system located at
the sled was defined as follows. The forward direction
was defined as the positive X-direction and the down-
ward direction as positive Z-direction. The kinematics
measuring points were recorded by motion capture
system, and these points were the head, the first tho-
racic vertebra (T1), the eighth thoracic vertebra (TS),
the second lumbar vertebra (L2), the fourth lumbar ver-
tebra (L4), the pelvis and two shoulders (Lsh and Rsh).
The bio-fidelity of this established whole model had
been validated via the comparison of kinematics,
forces and deflections [30].

Impact pulse

Fig. 2. The belted occupant model and impact pulse

Four-point chest deflections were defined accord-
ing to the measuring devices in THOR (Test Device
for Human Occupant Restraint) dummy [24]. These
measuring results can reflect the independent deflec-
tion at four locations of the chest. They were located

90ms

at 40 mm from the sternum vertical centerline in the
rib 4 and at 80 mm from the sternum vertical center-
line in the rib 8. These deflections were more infor-
mative than the maximum chest deflection which was
generally used in former dummy test. Strain—stress
analysis was adopted to study the tolerance and pre-
dict chest injury risks. In particular, rib fractures were
determined by the ultimate strain/stress. The distribu-
tion of the strain/stress can reflect the locations of
fractures and the change of fracture risks. The rib
fracture risk prediction method was based on the post
process of strain analysis [5]. Age and injury level
were also taken into account when calculating the
fracture risks.

The simulation matrix (Table 1) was built to analyze
the differences of chest injury mechanism caused by
different seatbelt loads. Two simulations were con-
ducted with LS-DYNA MPP.

Table 1. Simulation matrix

Simulation Seatbelt loads
S1 Load of regular seatbelt
S2 Load of force-limiting seatbelt
3. Results

3.1. Kinematics

The entire impact process lasted for around 175 ms
and the biggest difference between the two simula-
tions happened from 90 ms to 120 ms. Thus, the com-

120ms

Fig. 3. Comparison of kinematic process (first row: regular seatbelt, second row: force-limiting seatbelt)
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parison figures (Fig. 3) selected were at 0 ms, 90 ms,
120 ms and 150 ms.

Comparison of the kinematic process demonstrated
that the human body in force-limiting seatbelt would
move forward and further and twist less. Meanwhile,
the rotation movement of head and two shoulders was
little and the change of the chest shape was small.
Moreover, force-limiting seatbelt can significantly
reduce the torso rotation. A big difference was found
at 120 ms when the human body still went forward in
simulation of force-limiting seatbelt. Meanwhile, the
body reached the furthest position and went backward
in the regular seatbelt simulation.

|
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Fig. 4. Comparison of kinematic trace in measuring points
(solid line: force-limiting seatbelt, dash line: regular seatbelt)

The kinematics traces (Fig. 4) can clarify the re-
sults of the kinematic process. The body displacement
in the X-direction was larger in the force-limiting
seatbelt, and the contact process duration lasted for
175 ms which was longer than the contact duration
of regular seatbelt. The decline in Z-direction was
about 6 mm to 13 mm smaller than the regular one.
The difference in the kinematics mainly appeared
in head and the upper torso (head, T1, T8, L2), and
the greatest one occurred in T1 with 180 mm. The
torso rotation in the regular seatbelt was larger than
the rotation in force-limiting one. When the peak
of forward displacement occurred, the rotation dif-
ference was 16 mm in head as well as 28 mm and
56 mm for the two shoulders between the two seat-
belt loads. The body rotation in the simulation of
force-limiting seatbelt simulation was quite small,
especially in the two shoulders. In contrast, the
body rotation in the simulation of regular seatbelt
was more noticeable.

3.2. Chest accelerations

Chest acceleration can reflect the change rate of
speed which is an indicator of inner organ injury. All
the acceleration curves were processed using SAE
filter at 60 Hz. The comparison of chest accelerations
(Fig. 5) between the two simulations showed that the
function of force-limiting seatbelt would last longer
(about 40—-50 ms) in holding the human body position.
Chest acceleration curves in both simulations were
nearly the same for the first 48 ms. Then, differences
occurred after they both reached the peak accelera-
tions at about 50 ms. The peak chest accelerations
were 23.76 g at 52 ms for regular seatbelt, and 16.82 g
at 52 ms for force-limiting seatbelt.
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Fig. 5. Comparison of chest accelerations

Chest accelerations in both simulations started be-
coming distinctive after 25 ms, and the first peak ap-
peared at 37.5 ms. After that, the acceleration in regular
seatbelt simulation would rise again until reach the sec-
ond and biggest peak. Then the curve dropped to the
acceleration 0 g at 125 ms. In a comparison, several
similar amplitude peaks appeared during the period
50-80 ms in force-limiting seatbelt. Then, the curve de-
creased slowly to acceleration 0 g at around 175 ms.

3.3. Seatbelt tension force

The seatbelt forces were measured at three locations
(the upper shoulder belt, the lower shoulder belt and the
right lap belt) to identify the loads in different parts of
the seatbelt. The difference of seatbelt force can directly
reflect the functionality of seatbelt force limiter (Fig. 6).

It can be observed that once the load of force-
limiting seatbelt went up to 2.7 kN, the force value
remained constant (at 2.7 kN) until the torso began to
move backwards. However, the function time was
longer. The force would change with the torso move-
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ment position and the seatbelt function also lasted
longer in force-limiting seatbelt. As a comparison,
regular seatbelt force would increase until the torso
reached the far forward position. However, regular
seatbelt directly held the whole torso with slight elon-
gation, and functioned for this kind of seatbelt would
last for a shorter time.
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Fig. 6. Comparison of the seatbelt tension forces

If closely inspected, some noticeable differences
can be observed between the two simulations in seat-
belt forces. The periods of the regular seatbelt func-
tion force were 15 ms to 25 ms less than the force-
limiting ones in three seatbelt tension measuring posi-
tions. The peak force of lower regular shoulder belt
was also higher than the force of force-limiting belt.
The force change was the same as the upper shoulder
belt without a smooth period. The force and process of
the lap belt in the two kinds of seatbelts were nearly
the same, although the force in regular seatbelt in the

later period of this comparison was lower. There were
two stages in the regular seatbelt because the chest
was a stiffness variable rate system, while for the
force-limiting seatbelt, there was no obvious change
of the slop in the force curves. The differences be-
tween these forces of two seatbelts were 3.19 kN in
upper shoulder belt, 1.81 kN in lower shoulder belt
and 0.02 kN in right lap belt.

3.4. Chest deflection

The processes of 4-point chest deflections were
compared (Fig. 7). The chest deflection measuring
locations were the upper right (UR), the upper left
(UL), the lower right (LR) and the lower left (LL).
The results indicated that the deflections had the same
tendencies in both simulations though the particular
values varied.

The changing of the deflection process between the
simulations with two different seatbelts were almost
identical. Chest deflections in UR, UL and LL were all
compression, and the deflection in LR went in the op-
posite direction of other three measuring points. All
deflections showed significant differences between two
seatbelt simulations, which indicated the loads of the
two seatbelts were different. The biggest difference
happened in the LL regarding force-limiting seatbelt,
which meant the compression at this measuring point
became less and far less than the extension compared
with regular seatbelt. Although the duration time of the
force-limiting was longer than that of the regular seat-
belt (except LR), the peaks in both simulations oc-
curred nearly at the same time. Deflection processes of
LR in both simulations were nearly the same especially
for the first peak. This LR point was also the farthest
measuring point from the seatbelt. These results may
illustrate that the influence of the seatbelt parameters on
the deflection of this point was very small. The signifi-
cant compression time of measuring points UR and UL
were 40 ms later than the time of regular seatbelt.
While the LL would go extension at 25 ms then com-
press at 75 ms in force-limiting seatbelt, the LL deflec-
tion would keep compressing from 50 ms until the end
of regular seatbelt simulation.

Comparing the chest peak deflections in the two
simulations, all the deflections in force-limiting seat-
belt were lesser than the ones in regular seatbelt. The
extensions were also large, which meant the safety
space for inner organs would become larger. The big-
gest difference of 20 mm was found in LL measuring
point. The differences at the upper torso measuring
points were no less than 10 mm.
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UR chest deflection
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Fig. 7. Comparison of 4-point chest deflections (“~”: compression, “+”: extension)

2.5. Strain and stress analysis

The strain and stress were usually used to deter-
mine the chest injury mechanism. The reference strains
of 0.018 [9], 0.027 [15] and stresses of 124.3 MPa [15],
143.4 MPa [23] were used in the legend of the contour
plots. These values were obtained to define the
fracture tolerance. Strain and stress distribution plots
can illustrate the injury locations and injury possibili-
ties. Judging from the strain/stress plots, the rib 6 to
rib 10 had a high tendency to fracture, which was also
noted in the sled test [25]. Most of the peak strains
—stresses of each rib happened in the period from
100 ms to 130 ms.

The strains of the regular seatbelt simulation were
widely distributed over the areas of peak value (Fig. 8)
and these distribution areas were similar to those in
the force-limiting seatbelt. There were significant
differences of strain among rib 5, rib 7, rib 8 in left
and rib 4 in right, in which there were more high
strain spots in the lateral ribcage. The strain distribu-
tion areas in rib 1 on both sides of the two simulations
were also different in which the high strain area was
larger than in the case of the force-limiting one.
Though the values were nearly in the same level for
other ribs, there were nearly no high strain area in
upper ribcage. The changes of peak strains and high

strain areas from 100 ms to 130 ms, were small in
both simulations.

Regarding the ribcage stress distribution (Fig. 9),
the peak value was found in the force-limiting seatbelt
simulation. Most of the high stress areas were located
near the joint between rib and costal cartilage espe-
cially in the rib 1 and rib 6 to rib 9. There were more
than one peak stress spots or areas of each rib in the
simulation of regular seatbelt, especially the rib 7 and
rib 8 in left. There was a large high stress area in the
right ribcage in force-limiting seatbelt simulation,
especially from rib 6 to rib 8. High stress arcas were
also found in rib 1 and rib 6 to rib 8 on two sides in
both simulations. The high stress area occurred in
regular seatbelt changed a little more than the force-
limiting one, especially in left lateral ribcage. Mean-
while, the peak stresses did not change much.

3.6. Fracture risks

First principle strain was utilized in the prob-
abilistic method in the chest injury prediction. For
clarity, the rib fracture risks were divided into four
groups: lower than 25%, 25 to 50%, 50 to 75% and
higher than 75%, which represented the low, mid-
dle, serious and high injury risk of fracture, respec-
tively. The age used in this study was 55-year-old,
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Fig. 8. Strain distribution of the ribcage (first row: regular seatbelt, second row: force-limiting seatbelt)
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Fig. 9. Stress distribution of the ribcage (first row: regular seatbelt, second row: force-limiting seatbelt)

which represented the average age of the subjects in  risks of rib 1 and rib 6 to rib 11 on both sides were
the sled tests. close to 100%. Meanwhile, high injury risks mostly

Most of the fracture risks were found in the force- happened in left rib 7 to rib 9 and rib 11 in regular seat-
limiting seatbelt simulation (Fig. 10). Specifically, the  belt simulation. Besides, the fracture risks of other ribs
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Table 3. Comparison of ribcage injury risks in different seatbelt simulations (@55-year-old)

] ] The prediction risks of n+ fractured ribs

Simulation ID
1+ 2+ 3+ 4+ 5+ 6+ 7+ 8+ 9+
S1 100.00% | 100.00% | 100.00% | 100.00% | 99.93% 98.88% 92.89% 75.52% 47.32%
S2 100.00% | 100.00% | 100.00% | 100.00% | 100.00% | 100.00% 100.00% 100.00% 100.00%

were smaller in regular seatbelt than those in force-
limiting simulation, especially for ribs in the right
ribcage. The risk differences between the two
simulations of rib 6 to rib 11 on the right side were
about 50%, in while the predicted risks of rib 2 to
rib 5 on both sides and rib 12 on both sides were
small in both simulations, which meant no fracture
would occur in these ribs. The results of rib fracture
risks from the two simulations in rib 1 and rib 6 to
rib 10 were large because of the different kinematic
results and seatbelt function times. The differences
of rib fracture that happened in the simulations
were attributed to the torso twist regarding the seat-
belt path. In this study, the left ribcage was more
sensitive to the deflection and rib fracture risks.
Peak deflections in left ribcage were much larger
than those in right.

The fracture risks of the whole ribcage would
change with the increase of the number of fractured
ribs (Tab. 3). When the number of fractured ribs was
less than 4+, the injury risk would always be 100% in
both seatbelt simulation results though the number of
fractured ribs rose. When the number of fractured ribs
was greater than 5+, the injury risks would decrease
accordingly in regular seatbelt simulation with the
increase of number of fractured ribs. As for 7+ frac-
tured ribs, the risks would decline from 92.89% (7+)
to 47.32% (9+), meanwhile, injury risks were always
closed to 100% if the number of fractured ribs was no
less than 9+ in force-limiting seatbelt simulation. This

indicated there would be at least 10 fractured ribs in
the ribcage in the simulation of force-limiting seatbelt.
Most of the fracture risks were more than 90%, which
were very serious.

4. Discussion

Different seatbelt loads will have unique influ-
ence on the chest injuries. Seatbelt should prevent
the excessive chest deflection as well as reduce the
injury risk during the impact. As far as the force-
limiting seatbelt, in concerned the chest compression
is small and the injury risk is high. In this case, air-
bags should be used with force-limiting seatbelt to
limit rib fracture risks by reducing forward move-
ment. However, the chest deflection is large and the
injury risk is small for regular seatbelt. Therefore,
the regular seatbelt alone can well protect the ribcage
(ribs) though the injury is still serious. Meanwhile,
the chest deflection may reflect that other chest inju-
ries are also serious. This can explain the fact that
the airbag and force-limiting seatbelt are common
equipment in the frontal row, while the back row
usually equipped with the regular seatbelt.

Two sets of chest injury outcomes exhibit dif-
ferent trends in the two seatbelt-load simulations.
The correlation between the two injury indicators,
chest deflection and injury risk is inconsistent in the
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force-limiting seatbelt model, such as the chest de-
flection is large, while the injury risk is high, and
the correlation between these indicators of regular
seatbelt simulation is consistent, in which the rib
fracture risk is high when the chest deflection is
large.

According to the study of Shaw [25], there are no
obvious fractures found in the ribcage when the force-
limiting seatbelt test is performed under the speed of
30 km/h. But in the current study, chest injury is seri-
ous at 40 km/h. This indicates there is a specific speed
between 30 km/h and 40 km/h, which is the speed for
airbags to get function. If the impact speed is greater
than this specific speed, only the regular seatbelt or
the force-limiting seatbelt combined with airbags will
provide a good protection of chest from frontal im-
pact. If the impact speed is smaller than this specific
speed, the force-limiting seatbelt alone will perform
well in the protection. The regular seatbelt can be used
isolated at the speed of 40 km/h or 30 km/h. Mean-
while, the force-limiting seatbelt can be used alone at
a speed of 20 km/h or with other equipment when
used under a speed of 40 km/h.

In this study regarding the bio-fidelity validation
with the sled test, the tensioner of seatbelt which
may affect the seatbelt loads is not included. How-
ever, the belt pretensioner is now widely used in cars
to reset slack on the belt and to attract the passenger
to seat during the accident. This solution has also
been very important for the obtained values of forces
and displacements on the chest. Therefore the influ-
ence of belt pretensioner should be conducted in the
future.

Seatbelt load can affect the chest injury outcomes.
The seatbelt will elongate, though the load will re-
main at a certain level when the tension force reaches
the setting of force limiter in the force-limiting seat-
belt. So, the chest deflections are less. But the regular
seatbelt has a very huge peak force which will cause
serious deflection. This indicates the peak seatbelt
force and the seatbelt elongation will affect the final
chest deflection.

This study is conducted based on the sled tests
with restraint of seatbelt only. This means when the
impact speed is higher than 40 km/h, the load strength
would be too high to analyze the injury mechanisms
regarding rib fractures for the test subjects. Besides,
the impact speeds like more than 80 km/h are seldom
studied because of the fatal boundary conditions to the
occupant even equipped with the ordinary safety
equipment like seatbelts and airbags. Therefore, right
now the simulations at the impact speeds of more than
40 km/h are not conducted in this study.

5. Conclusions

The difference of chest injury mechanism caused
by two different seatbelt loads was investigated by
means of frontal sled test simulation with a human body
model. Then, the injury mechanism was analyzed with
respect to the kinematics and dynamics from two
simulations. The results can provide a better under-
standing of the chest injury mechanism and the study
method can serve as a reference to the improvement
of the seatbelt protection efficiency.

The results show that deflections and rib fracture
risks are negatively correlated for the force-limiting
seatbelt, which is determined by the forward dis-
placement and seatbelt load duration. However, they
are positively correlated to and determined by the
seatbelt peak load for the regular seatbelt. Further-
more, there is a difference in the chest injury out-
comes between the two chest loads due to the seatbelt
unique function.
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