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Purpose: The purpose of the current study is to understand pedestrian kinematics, biomechanical response and injury risk in high
speed vehicle crashes. Methods: Vehicle-to-pedestrian crashes at the impact speeds of 40 km/h (reference set) and 70 km/h (analysis set)
were simulated employing FE models of a sedan front and an SUV front together with a pedestrian FE model developed using hollow
structures. The predictions from crash simulations of different vehicle types and impact speeds were compared and analyzed. Results: In
crashes at 70 km/h, pedestrian head-vehicle contact velocity is by about 20–30% higher than the vehicle impact speed, the peak head
angular velocity exceeds 100 rad/s and is close to the instant of head-vehicle contact, brain strain appears two peaks and the second peak
(after head contact) is obviously higher than the first (before head contact), and AIS4+ head injury risk is above 50%, excessive thorax
compression induces rib fractures and lung compression, both sedan and SUV cases show a high risk (>70%) of AIS3 + thorax injury,
and the risk of AIS4 + thorax injury is lower than 40% in the sedan case and higher than 50% for the SUV case. Conclusions: Pedestrians
in vehicle crashes at 70 km/h have a higher AIS3 + /AIS4 + head and thorax injury risk, high vehicle impact speed is more easily to
induce a high head angular velocity at the instant of head-vehicle contact, brain strain is strongly associated with the combined effect of
head rotational velocity and acceleration, and pedestrian thorax injury risk is more sensitive to vehicle impact speed than the head.
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1. Introduction

Studies have proved that the New Car Assessment
Programs (NCAP) have improved vehicle safety per-
formance for pedestrian protection by employing the
subsystem impact tests [12], [13], [17], [24]. How-
ever, almost all NCAPs in the world only focus on the
vehicle impact speeds at or below 40 km/h [1], [2],
which can only cover the pedestrian cases below 5%
fatality risk, i.e., more than 95% of pedestrian deaths
occurred in the vehicle impacts above 40 km/h [19],
[22]. The current situation is that more than 270,000
pedestrians are still killed on the road every year [29].

These may suggest that current vehicle passive safety
evaluation for pedestrian protection should raise the
requirements to focus on the scenarios at an impact
speed significantly higher than 40 km/h, where kine-
matical and biomechanical understanding on pedes-
trian response in crashes at high impact speeds are
needed.

Currently, finite element (FE) modeling using hu-
man body models with high biofidelity has become
the main approach for pedestrian safety research. In
the past decades, FE simulations have provided a lot
of valuable information for understanding of pedes-
trian injury mechanism and vehicle front-end safety
design. For example, isolated body lower limb models
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were employed in analysis of pedestrian leg injury
mechanism and vehicle bumper system optimization
[9], [15], [16], [23]; the THUMS (Total Human
Model for Safety) model was widely used for studies
of pedestrian kinematics and injury prediction [5],
[10], [11], [20], [28]. However, most existing studies
of pedestrian passive safety only considered the sce-
narios at the impact speeds of 40 km/h or below,
kinematical and biomechanical understanding on pe-
destrian response in crashes at a high impact speed is
scare. On the other hand, vehicle-to-pedestrian crash
simulations at high impact speeds are limited due to
the poor computational stability of human body FE
models, as most human body FE models were devel-
oped using solid elements which are easy to cause
error termination of simulations from negative volume
in high speed impacts. To solve this issue, the authors
of the current study recently developed and validated
a pedestrian FE model with high computational sta-
bility in high impact energy scenarios [10], which can
be used as the effective tool for pedestrian biome-
chanical analysis in high speed vehicle crashes.

Therefore, the purpose of the current study is to
analyze pedestrian kinematics, biomechanical response
and injury risk in high speed vehicle crashes using FE
simulations. To achieve this, the recently developed
pedestrian FE model with high computational stability
were employed, and comparative analysis was con-
ducted between vehicle crashes at high (70 km/h) and
mid-high (40 km/h, as the reference) speeds, and be-
tween sedan and SUV impacts. Since most serious
and fatal injuries are to the head and thorax, the analy-
sis mainly focuses on the response of pedestrian head
and thorax.

2. Materials and methods

2.1. The pedestrian FE model
with hollow structures

In a previous study [10], Li et al. developed a pe-
destrian FE model with high computational efficiency
and stability by replacing the subcutaneous fat and
skeletal muscle in the THUMS model with hollow
structures (HS), named as THUMS-HS pedestrian
model (Fig. 1). In the THUMS-HS pedestrian model all
tissues of the head, ribcage and internal organs were
kept as defined in the original THUMS mode (i.e., solid
elements); the fat and skeletal muscle were modeled as
hollow structures with grids in the size of 30 × 30 ×

30 mm using shell elements of 1.5 mm in thickness and
plastic material which can predict the mechanical prop-
erties of the solid skeletal muscle and subcutaneous fat
[10]. The biofidelity of the THUMS-HS pedestrian
model was validated against cadaver tests data and
showed good match to the test results [10], particularly
the predicted mechanical properties such as force-
displacement and moment-displacement curves from
the lower limb, force time history curves from the pel-
vis, abdomen, thorax and shoulder were within the
corridors of cadaver test data. Additionally, the trajec-
tories of the head, T1, T8 and pelvis of the THUMS-
HS model in a sedan impact were close to those of the
average level of cadaver tests [10]. The THUMS-HS
pedestrian model also showed high computational ef-
ficiency, and stability in vehicle-to-pedestrian crash
simulations [10]. Considering the good properties of
high biofidelity and high computational efficiency, and
stability, the THUMS-HS pedestrian model was em-
ployed to predicate pedestrian kinematics and biome-
chanical response in vehicle crashes in the current
work. In the current work, strain thresholds was defined
to leg long bones (tibia = 0.015, fibula = 0.023 and
femur = 0.017) and ribs (0.025) in the THUMS-HS
model for simulating fractures, while skull fracture was
not considered since the deleted meshes in realizing
fractures by FE method may distort the brain response.

Fig. 1. The THUMS-HS pedestrian model

2.2. Vehicle front FE models

To consider the common vehicle types on the road,
FE models of a sedan (Toyota Camry 2012) front and
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an SUV (Toyota RAV4 1997) front were created based
on the full scale vehicle models downloaded from the
NCAC website [17]. The frontal structures of the
original vehicle models were extracted with the rear
part of both vehicle models being removed from the
A-pillar, where the mass of the removed parts (behind
A-pillar) was attached to the vehicle front parts to
keep the total mass of the full vehicle, and the position
of the attached mass was set to keep the location of
center of mass (Fig. 2). The material properties of the
windshield were redefined using the parameters evalu-
ated using pedestrian head impactor tests in a previous
study [21].

2.3. Vehicle-to-pedestrian
crash modeling

Based on the above mentioned THUMS-HS pe-
destrian model and vehicle front FE models, vehicle-
to-pedestrian crash simulation models were developed
(Fig. 3). For a comparative analysis, vehicle-to-pede-
strian crash simulations were defined at the speed of
40 km/h (reference set) and 70 km/h (analysis set),

respectively. The impact speed (40 km/h) for the ref-
erence set was based on the impact speed in C-NCAP
and Euro-NCAP subsystem tests [1], [2], while the
70 km/h selected for the analysis set was according to
the 50% pedestrian fatality risk observed from real
world accidents [19], [22]. Similarly to previous
studies [5], [11], [20], the initial contact location was
set at the center line of the vehicle in the width direction
and friction coefficients of 0.3 and 0.7 were applied to
the pedestrian-vehicle contact and pedestrian-ground
contact respectively. The above-mentioned vehicle-to-
-pedestrian crashes were calculated under the envi-
ronment of LS-DYNA software [14].

The predicted dynamic response including overall
kinematics, brain strain distribution and thorax com-
pression from the simulations were employed for analy-
sis. Head injury criterion CSDM (Cumulative Strain
Damage Measure) and thorax criterion injury NHTD
(Normalized Half Thorax Deflection) were then cal-
culated from the predicted brain strain and thorax com-
pression, respectively. These selected injury criteria can
reflect biomechanical response of the corresponding
body regions and were wildly used for assessing seri-
ous injuries together with the risk curves for AIS4+

(a)      (b)

Fig. 2. Vehicle front FE models of sedan (a) and SUV (b)

(a)      (b) 

Fig. 3. Vehicle-to-pedestrian impact simulation setup: sedan crash (a) and SUV crash (b)
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injuries [7], [11], [25]–[27]. To show the difference, the
predictions from the simulations at 70 km/h were com-
pared with those from crashes at 40 km/h.

3. Results

3.1. Pedestrian kinematics

In Figure 4, the predicted overall kinematics of the
THUMS-HS pedestrian model in sedan and SUV

crashes at the impact speed of 70 km/h and 40 km/h,
respectively, are shown. For sedan crashes, when the
impact speed is 70 km/h, the upper body tends to ro-
tate at about 30 ms with the thorax thorax-bonnet (rear
part) contact at 60 ms and head-windscreen (middle-
lower part) contact at 80 ms, while in the 40 km/h
impact, the upper body tends to rotate at about 40 ms,
the thorax-bonnet (central part) contact and head-
bonnet (rear end) contact occur at 80 ms and 115 ms,
respectively. For the SUV crash at 70 km/h, thorax-
bonnet (rear part) contact starts from about 45 ms and
head-windscreen (lower edge) contact time is at 70 ms;
while in the SUV crash at 40 km/h, the thorax-bonnet

Fig. 4. Pedestrian kinematics in sedan and SUV crashes at 70 km/h and 40 km/h
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(central part) contact and head-bonnet (rear end)
contact happen at 65 ms and 110 ms, respectively.
Clearly, there is more sliding of the pedestrian on the
vehicle bonnet in the crashes at 70 km/h than those of
40 km/h for both sedan and SUV cases.

In Figure 5, pedestrian head contact velocity (lin-
ear and angular) and acceleration (linear and angular)
predicted from crashes under different impact boundary
conditions are compared. The general trends of head
linear or angular velocity as a function of time are
similar between different crashes, while the peak value,
peak time, and contact velocity (the velocity at the in-
stant of head contact) are distinguished. At the instant of
head contact its linear velocity is 94 km/h and the angu-
lar velocity is 122 rad/s in sedan crashes at 70 km/h,
these are significantly lower in crashes at 40 km/h
(head linear velocity = 53 km/h and angular veloc-
ity = 29 rad/s). For the SUV case, the head linear
contact velocity is 82 km/h with an angular velocity
of 110 rad/s when the pedestrian was struck at
70 km/h, which are obviously higher than those (head
linear velocity = 36 km/h, angular velocity = 13 rad/s)
in the crash at 40 km/h. The maximum head linear

acceleration is 456 g and 608 g for sedan and SUV
crash at 70 km/h receptively, and the peak time is
about 5 ms after the head contact. The maximum head
linear acceleration is 368 g and 421 g for sedan and
SUV crash at 40 km/h, respectively, and which occur
at the second peak in the time 10–15 ms after head
contact. For head angular acceleration, in crashes at
70 km/h (vs. 40 km/h), the maximum value is about
40000 rad/s/s (vs. 31400 rad/s/s) in the SUV case and
exceeds 27000 rad/s/s (vs. 19300 rad/s/s) in the sedan
case, and a obviously larger peak width was observed
in the impacts at 70 km/h.

3.2. Head and thorax
biomechanical response

The predicted brain strain distribution and thorax
compression in sedan and SUV crashes are shown in
Figs. 6 and 7, respectively. The brain of the THUMS-HS
model experienced two strain peaks during the
crashes (Fig. 6). The deformation direction of the
brain is opposite to each other between these two

Fig. 5. Time history of pedestrian head linear velocity (related to the vehicle), angular velocity, liner acceleration
and angular acceleration in sedan and SUV crashes (the dots on the curves indicate the head contact time)
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strain peaks, where the brain deforms toward the
vehicle during the first strain peak, while this is to-
ward the direction of vehicle moving at the second
strain peak. The first brain strain peak is at the time
near head contact in crashes at 70 km/h, but this oc-
curs at the time about 20 ms before the head contact
time in crashes at 40 km/h. The second brain strain
peak appears at the time 10–20 ms after head contact

for all crashes. Generally, the brain shows more seri-
ous strain in crashes at 70 km/h than 40 km/h. In
Figure 7, obvious compression to the thorax of the
THUMS-HS model in both sedan and SUV crashes
at 70 km/h can be seen, which is more serious than
that of crashes at 40 km/h. The excessive thorax
compression in crashes at 70 km/h induces rib frac-
tures and lung compression (Fig. 8).

Fig. 6. Predicted brain strain distribution in sedan (a) and SUV (b) crashes
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(a)      (b) 

Fig. 7. Predicted thorax compression in sedan (a) and SUV (b) crashes
(the ribcage in red shows the maximum deformation)

Fig. 8. Predicted rib fractures and lung compression in sedan (a) and SUV (b) crashes at 70 km/h (struck from the right side)

(a)

(b)
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3.3. Head and thorax injury risk

In Figure 9, the probabilities of serious (AIS3+/
AIS4+) head and thorax injuries estimated based on
the predicted CSDM (the critical level of 0.25 was

used) and NHTD values are shown. The injury risk
curves for the head and thorax are from the study of
Takhounts et al. [25] and Kuppa et al. [7], respec-
tively. CSDM0.25 values indicate that the risk of
AIS3+ head injury is above 60%, while AIS4+ head
injury risk is above 50% for sedan and SUV crashes at
70 km/h, and this is below 40% in crashes at 40 km/h.
For crashes at 70 km/h, both sedan and SUV cases
show a high risk (>70%) of AIS3+ thorax injury, the
risk of AIS4+ thorax injury is lower than 40% in the
sedan case and higher than 50% for the SUV case.
The predicted risks of AIS3+ and AIS4+ thorax injury
are lower than 30% for crashes at 40 km/h.

4. Discussion

4.1. Kinematics

In Figure 4, it can be seen that the head contact lo-
cation in the simulations at 70 km/h is on the wind-
screen area for both sedan and SUV crashes, the head
WAD (measured wrap distance) is 2,120 mm and
2,080 mm for the sedan and SUV case, respectively.
The head contact location for the crashes at 40 km/h is
on the bonnet rear end area, where has a shorter WAD
(sedan = 1910 mm, SUV = 1760 mm). This may suggest
that the vehicle safety evaluation for pedestrian head

protection should use an WAD higher than 2,100 mm if
scenarios at high impact speeds are to be considered.
Thankfully, the updated test procedures in Euro-
NCAP and C-NCAP extended the headform impactor
test area from WAD of 2,100 mm to 2,300 mm, but
the impact speed is still at 40 km/h [1], [2].

The predicted results indicate that the head contact
time in crashes at 70 km/h is before 80 ms (Figs. 4, 5),
which is much earlier than that (after 100 ms) of the
collisions at 40 km/h. This implies that development
of pedestrian airbags needs to consider the variation of
head contact time from vehicle impact speed. The head
linear velocity at the instant of head-to-vehicle contact
in crashes at 70 km/h is clearly (by about 20–30%)
higher than the vehicle initial speed, and this trend is
more significant in the sedan case (head linear contact
velocity = 94 km/h) than the SUV case (head linear
contact velocity = 82 km/h) (Fig. 5). In crashes at
40 km/h, the head linear contact velocity is higher
than the vehicle speed in the sedan case (head linear
contact velocity = 53 km/h), but lower than the vehi-
cle impact speed in the SUV case (head linear contact
velocity = 36 km/h) (Fig. 5). The head angular veloc-
ity at the instant of head-to-vehicle contact in crashes
at 70 km/h exceeds 100 rad/s and the peak of head an-
gular velocity is close to the head contact time (Fig. 5).
By contrast, in the crashes at 40 km/h, the head angu-
lar velocity at the instant of contact is below 30 rad/s
and the peak head angular velocity appears about 15 ms
before the head contact (Fig. 5). This indicates that the
high vehicle impact speed is more easily to induce
a high head rotation velocity at the instant of head-
vehicle contact. A previous study reported that head
rotation velocity above 50 rad/s together with linear
contact velocity above 30 km/h could substantially

(a)      (b)

Fig. 9. Predicted head (a) and thorax (b) injury risk based on the predicted CSDM and NHTD
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increase pedestrian head injury risk in vehicle crashes.
This may suggest that greater attention should be paid
to head rotation motion in high speed vehicle crashes
than collisions at middle-lower speed. The sedan cases
show a higher head rotation than SUV cases for all
simulations. It seems that the relatively lower ratio of
bonnet leading edge height to that of human body
center of gravity in the sedan case raises the rotation
of the upper body, hence, increasing head impact ve-
locity. Similar trend was also observed in previous
studies [5], [6]. The above findings indicate big differ-
ences in head kinematics between crashes at 70 km/h
and 40 km/h and may provide reference for headform
impactor tests considering pedestrian head protection
in high speed vehicle crashes.

4.2. Biomechanical response

The biomechanical response indicates that high strain
is mainly to the central and marginal regions of the
brain tissue (Fig. 6). This is due to the fact that the
translational and rotational motion of the head result
in deformation and shear to the brain entity and brain-
skull interface, where greater inertia in the central
region causes high strain, and the marginal region is
stretched by shear force inducing high strain. The
brain strain appears two peaks and the second peak
(after head contact) is obviously higher than the first
(before head contact) (Fig. 6). This is because that the
first peak occurs before head-vehicle contact due to
head rotation without linear impact, while the second
peak (after head contact) was caused by combined load
of head linear impact and rotation, which is stronger
than the load of rotation only. The results also show
that the vehicle impact speed only affects the magni-
tude of pedestrian brain strain but not the general trend.
Combining the results presented in Figs. 5 and 6, it can
be found that the first brain strain peak occurs at the
time close to the maximum value of head rotation
velocity, and the angular acceleration peak (occurring
at the time of the second brain strain peak) aggravates
the brain strain together with the angular velocity,
though, the angular velocity at the time of second
brain strain peak is lower than that at the time of first
brain strain peak. These findings suggest that brain
strain is strongly associated with the combined effect
of head rotational velocity and acceleration, which is
inline with previous view on mechanisms for brain
injuries [3], [4], [27]. The above findings suggest that
reducing vehicle impact speed, stiffness of head con-
tacting area and pedestrian head rotation motion
would benefit for pedestrian protection.

Simulation results show severe ribcage compres-
sion to the pedestrian in vehicle crashes at 70 km/h,
which lead to multi rib fractures and large lung com-
pression and hence high injury risk (Figs. 8 and 9).
While the compression of pedestrian ribcage is rela-
tively small in vehicle crashes at 40 km/h, the pre-
dicted thorax injury risk is also low (Figs. 7 and 9).
These implies that pedestrian thorax compression is
highly sensitive to vehicle impact speed. This is be-
cause that pedestrian thorax compression is from blunt
impact load from contact with the bonnet, where the
impact energy is mainly determined by the contact
velocity which strongly associated with vehicle im-
pact speed. Considering compression and its rate (or
velocity) are both key factors for mechanism of hu-
man thorax injury [8], [26], the situation in high vehi-
cle impact speed is much worse. On the other hand,
the difference in pedestrian thorax compression be-
tween sedan and SUV crash at 70 km/h is bigger than
that in crashes at 40 km/h, since the high impact en-
ergy in crashes at 70 km/h leads to large bonnet de-
formation to reach the underlying stiff points. Thus
crashes at high impact speeds require much larger
bonnet deformation space.

4.3. Injury risk

The predictions show that the pedestrian head has
a high risk of AIS4 + injury and thorax has a high risk
of AIS3 + injury in crashes at 70 km/h, which are
significantly higher than those in the cases at 40 km/h
(Fig. 9). The high linear (>80 km/h) and angular
(>100 rad/s) head impact velocity together resulted
the high AIS4+ head injury risk in crashes at 70 km/h.
The predicted AIS4 + head injury risk is higher in
SUV crash than that of sedan case at 70 km/h (Fig. 9),
though the head has a higher linear and angular ve-
locity at the instant of head-to-vehicle contact in the
sedan case (Fig. 5). This might be mainly due to the
higher stiffness of head contact location in the SUV
crash, where the head contact location is closer to the
windscreen lower frame (Fig. 4). The area close to the
windscreen lower frame still threaten pedestrian head
safety as reported in NCAP tests even at 40 km/h.
There is no doubt that contacts on this area leaded
to high head injury risk in as observed in current
simulations when the impact speed is much higher
than 40 km/h. For the thorax, the simulations indicate
that the risk for AIS3+/AIS4+ thorax injury in vehicle
crashes at 40 km/h is low (<30%), but the gap in pe-
destrian thorax injury risk between crashes at 70 km/h
and 40 km/h is much greater than that for head injury
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(Fig. 9). This may imply that pedestrian thorax injury
risk is more sensitive to vehicle impact speed than the
head. There are two reasons for this finding, one is
that the head injury risk to brain strain is not as sensi-
tive as the thorax injury risk to its compression, an-
other is that the brain strain is not as sensitive to vehi-
cle impact speed as thorax compression.

The above findings suggest that the current vehicle
are still faraway from safe design for pedestrian head
and thorax protection in high speed crashes, though
most vehicle models showed good performance in
headform impactor tests (impact speed = 40 km/h) as
reported by C-NCAP (https://www.c-ncap.org/) and
Euro-NCAP (https://www.euroncap.com/). Given the
difficult in improving vehicle design, pre-crash speed
control based on active safety system such as AEB
might be the effective way to reduce pedestrian seri-
ous and fatal injury risk on the road.

4.4. Limitations

There are several limitations to the current study.
Firstly, only one high impact speed and two vehicle
models were selected for analysis though there are
both representative, more crash scenarios would be
considered in further work. Secondly, the THUMS-
HS pedestrian model has been validated for predicting
cadaver kinematics and mechanical response, but the
detailed tissue response has not been validated in actual
pedestrian impact cases. However, considering the good
predicative capability of the original THUMS model in
reconstruction of pedestrian thorax and head injuries
[11], and the consistency of the the THUMS-HS
model and THUMS model in bone and internal organs
[10], the predictions in the current study are plausible.
The suspension characteristics was not considered in
the simplified vehicle front model since this is supposed
to be not sensitive to pedestrian response. Nonetheless,
the analysis has shown new insights into pedestrian
kinematics and biomechanical response in vehicle crash
loading and these predictions can be used to guide fu-
ture vehicle safety assessment and design.

5. Conclusions

The current study makes the first attempt to under-
stand pedestrian kinematics and biomechanical response
in high speed vehicle crashes. The modeling results in-
dicate significant differences in pedestrian overall
kinematics and head and thorax biomechanical re-

sponse between vehicle crashes at 70 km/h and 40 km/h.
In particular, compared to crashes at 40 km/h pedestrians
in vehicle crashes at 70 km/h have a earlier head and
thorax contact time and longer WAD, high head contact
velocity, more serious brain rotation and higher brain
strain, bigger thorax compression, and hence a higher
AIS3+/AIS4+ head and thorax injury risk. The analysis
indicates that high vehicle impact speed is more easily to
induce a high head angular velocity at the instant of
head-vehicle contact, brain strain is strongly associated
with the combined effect of head rotational velocity and
acceleration, and pedestrian thorax injury risk is more
sensitive to vehicle impact speed than the head. The
observed high risk of serious head and thorax injuries to
pedestrians in high speed vehicle crashes imply that it is
still a big gap to achieve safe vehicle design for pedes-
trian protection in all accident scenarios.
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