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Numerical reconstruction of injuries
in a real world minivan-to-pedestrian collision
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Purpose: The purpose of this study was to evaluate the capability of the Total Human Model for Safety (THUMS) – pedestrian model in
predicting pedestrian injuries, and to investigate pedestrian injury mechanisms in minivan collisions via numerical reconstruction of a real
world minivan-to-pedestrian impact case. Methods: A typical minivan-to-pedestrian collision case was selected from the In-depth Investiga-
tion of car Accidents in Changsha (IVAC) database. The THUMS middle-size adult male FE model and a minivan front FE model were then
employed to represent the case participants and injuries to the pedestrian’s lower limb, thorax and head were reconstructed. Finally, the
capability of the THUMS model in predicting pedestrian injuries and pedestrian injury mechanisms in minivan collisions were analyzed
through comparisons between predictions and the accident data. Results: The results show that the THUMS has a good capability in predict-
ing pedestrian thorax injuries, but a lower prediction of leg bending moment and brain strain. The extra bull bar concentrates crash load to
pedestrian’s leg and raises tibia/fibula fracture risk, thorax injuries in the struck side are mainly from direct contact at the lower chest level,
lung injury in the non-struck side could be caused by inertia force from the heart. Rotational acceleration shows good match with brain strain
and could be the key mechanism for concussion. Conclusions: The results suggest that further improvement in biofidelity of the THUMS
model is still needed. The findings also offer basic understanding on pedestrian injury mechanisms in minivan collisions.
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1. Introduction

Pedestrians are regarded as an extremely vulner-
able and high-risk group of road users since they are
unprotected during vehicle impacts. The report of
World Health Organization indicates that pedestrians
account for about 22% of all deaths on the world’s
roads, and this proportion is much higher in low in-
come area [28]. Accident data show that injuries to
pedestrians’ head, thorax and lower limbs dominate all
AIS2+ injuries in vehicle-to-pedestrian crashes [20].
A good understanding of injury mechanisms of these
body regions in real world impact scenarios is impor-
tant for pedestrian protection [14], [20]. Accident

reconstruction using numerical simulations provides
an effective approach for this [2], [8], [17], [23].

Multi-body and finite element (FE) human body
models were used as the main tools for predicting
pedestrian kinematics and injuries in real world vehi-
cle-to-pedestrian collisions in previous studies. For
example, Nie et al. [17] reconstructed real world
crashes using multi-body human body models to un-
derstand pedestrian kinematics in vehicle impacts. But
detailed analysis of injury biomechanics in crashes are
not available in this study due to the high simplifica-
tion of multi-body human body models. Thus FE mod-
eling was widely used for prediction of detailed injury
biomechanical in real world vehicle-to-pedestrian col-
lisions. Huang et al. [8] reconstructed pedestrian head
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injuries using an isolated FE human head model to
build the relationships between predicted physical
parameters and real pedestrian head injuries in acci-
dents. Isolated FE lower limb models were also used
for reconstruction of pedestrian leg injuries, such as
the study from Wang et al. [23], where an FE lower
limb model was employed to predict long bone frac-
tures in real world passenger car-to-pedestrian colli-
sions. However, these studies on reconstruction of
detailed pedestrian injuries in real world crashes only
focused on a particular body region, using isolated
models of the corresponding body parts, so the con-
strains from the linked body parts may affect the pre-
dictions (kinematics and injuries) of the target body
region, for example, may influence of neck constrain
forces on head [1] and upper body mass on lower
limbs [9]. Therefore, reconstruction of real world
pedestrian injuries using a full body model is likely to
be more valid. The Total Human Model for Safety
(THUMS) is an example of a full body pedestrian model
widely used in studies of pedestrian injuries [3], [13],
[29]. However, evaluation analysis of the THUMS
capability for predicting pedestrian injuries in real
world collisions is still scarce.

On the other hand, in developing countries with wide
rural areas, like China, minivans are far more popular
than developed countries with the advantages of large
passenger carrying capacity, low price and low fuel con-
sumption. It was reported that over 30,000 minivans
were involved in accidents in 2012 in China, which
caused 6,865 deaths and around 35,000 injured [12].
Thus, pedestrian safety issue in minivan collisions is
worthy of attention in China. But biomechanical analy-
ses of pedestrian injuries in minivan collisions are still
rare, especially those based on reconstruction of real
world cases.

Therefore, the purpose of this study is to evaluate
the capability of the THUMS pedestrian model in pre-
dicting pedestrian injuries (including head, thorax and
lower limbs injuries) and to investigate pedestrian in-
jury mechanisms in minivan collisions via numerical
reconstruction of a real world minivan-to-pedestrian
impact case.

2. Materials and methods

2.1. Information
of the minivan-to-pedestrian

impact case

A minivan-to-pedestrian impact case which has
detailed information about vehicle, pedestrian, impact
scenario and injuries was selected for this study. This
accident case was captured in China by the In-depth
Investigation of car Accidents in Changsha (IVAC)
work team. The impact scenario is shown in Fig. 1 as
the onsite sketching which includes the initial direc-
tion of vehicle driving and pedestrian walking, impact
and final locations of the vehicle and pedestrian. This
is a typical pedestrian accident with the victim being
struck by a running minivan from the right side when
crossing the road. Basic information of this case is
summarized in Table 1, including the details and their
sources. The impact speed was calculated in a previ-
ous study [12] based on the data from multi-body
modeling reconstruction, kinetic energy theorem cal-
culation (v = 3.6*2 µgL1/2: v is the impact speed in
km/h, µ is the friction coefficient = 0.7 for dry road
surface, g = 9.8 m/s2 and L is the breaking distance)

Fig. 1. Field sketching and involved minivan of the accident case
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and an interview with the driver. The injuries of the
victim’s head, thorax and lower limb were extracted
from the injury report provided by the hospital and the
corresponding Abbreviated Injury Scale (AIS) level
for each injury was given according to the AIS code
system [5].

2.2. Human body FE model

The Total Human Model for Safety (THUMS)
Academic Version 4.02 AM50 pedestrian fracture
model was used and configured into a walking gait
stance to simulate the victim involved in the above
accident case (Fig. 2). The selection of this gait stance
was based on the impact scenario (pedestrian was
struck from the right side), deformations of the mini-
van (Fig. 1) and injury information. In particular, two
deformed marks in the bull bar reflect the step dis-
tance, the relative position between the bonnet and
windscreen deformation center and the observed face
bruises from glass fragments reply a forward rotation

Fig. 2. THUMS Academic Version 4.02 AM50 pedestrian model
and gait stance

of the upper body (body rotates forward around the
superior-inferior axis of the pedestrian). Thus, a gait
stance of struck leg (right) lagging and non-struck leg
(left) leading with a certain step distance was selected
according to previous studies [3], [13].

The THUMS Academic Version 4.02 AM50 pedes-
trian fracture model was built based on the CT scan data
of a 39-year-old male with a height of 173 cm and
a weight of 77.3 kg, which generally match the posture
of the victim. This model can predict brain and internal
organ injuries, skeletal fractures and ligament ruptures
[22]. The biofidelity of the models for segment body
region components and the kinematics of the whole
body model were validated against cadaver tests [27].

2.3. Minivan front FE model

A minivan front FE model was extracted from
a full scale FE model of a production minivan which
is close to the design of the vehicle involved in the
accident case (Fig. 3). The initial minivan FE model

Fig. 3. Comparison of the shape of the minivan front FE model
and the minivan involved in the accident case

Table 1. Summary of the crash case

Item Category Details Source
Model 2008 Dongfeng EQ6362PF
Dimension [mm] 3640 × 1560 × 1925
Mass [kg] 985

Manufacturer
Minivan

Impact speed [km/h] 45 Calculation
Age [years] 40
Height [cm] 172Pedestrian
Weight [kg] 68

Victim

Lower limb Right tibia shaft fracture (AIS2)

Thorax
Bilateral pulmonary contusion (AIS4)
Multiple rib fractures (AIS3)

Main injuries
from primary contact

Head Concussion (AIS2)

Hospital
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has been validated against rigid-wall frontal im-
pact test data in our project and used in simulations of
vehicle-pedestrian collisions in previous studies [7],
[26]. In the current study, the windscreen model was
redefined using a valid approach proposed by a previ-
ous study based on head impactor-to-windscreen crash
test data [19]. Unfortunately, the difference in stiff-
ness between the model and real van is not able to be
compared due to lack of data, but this difference is not
likely to be very big considering the very similar cost
of manufacture for vehicles at this level.

2.4. Simulation setup
and injury assessment metrics

A minivan-to-pedestrian impact simulation model
was then developed using the above pedestrian and
minivan front FE models, where the initial contact
location was defined based on the deformation traces
on the accident minivan (Fig. 1). The impact speed
was defined as 45 km/h from the right side of the pe-
destrian according to the case information (Fig. 1,
Table 1). Similar to previous studies [3], [13], friction
coefficients of 0.3 and 0.7 were applied to contacts of
minivan-to-pedestrian and the ground-to-pedestrian
feet, respectively.

Injury metrics, such as leg lateral bending mo-
ment, Thoracic Trauma Index (TTI), Normalized Half
Thorax Deflection (NHTD-the maximum change in
distance between right side and the sternum-to-spine
centerline normalized with respect to the initial full tho-
rax width) as well as the maximum Head Impact Power
(HIPmax) and Cumulative Strain Damage Measure at
the critical level of 0.2 (CSDM0.2) were extracted or

calculated based on the impact simulation output (the
formulations for TTI and HIP are provided in the Ap-
pendix A). All selected injury metrics were wildly
used for assessing injuries of the corresponding body
regions, as observed in the accident case (Table 1),
particularly leg lateral bending moment is for tibia
fractures [10], TTI and NHTD are for thoracic injuries
[11], and HIPmax [16] and CSDM0.2 [8] are for concus-
sion. The selection of HIP for brain injury prediction
was also based on our recent findings where HIP
showed a better correlation with real pedestrian brain
injuries than other kinematics-based injury criteria
such as BrIC, HIC, GAMBIT and RIC [24]. Then, the
probability of each injury was calculated based on
these predicted injury metrics using the corresponding
injury risk curves derived from previous studies and
was compared with the injuries observed from the real
world case.

3. Results

3.1. Kinematic response

In Figure 4, the whole-body kinematics of the
THUMS model during the impact was shown. An
obvious upper body forward rotation was predicted
and the contact starts from thigh to the upper edge of
the bull bar, followed by lower leg-to-the-bull bar
frame, pelvis-to-the-bonnet leading edge, thorax-to-
the-bonnet rear/widescreen lower frame and head-to-
the windscreen. In Figure 5, the deformation traces in
the minivan between the simulation and accident data

Fig. 4. Predicted kinematics of the THUMS pedestrian model in the collision case
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were compared. Clearly, the locations and character-
istics of the predicted deformation traces in the mini-
van FE model can generally match that of the real
minivan, excepting the run through broken wind-
screen.

3.2. Injury prediction

In Figure 6a the location of the right tibia frac-
ture between the FE simulation and X-ray data were
compared. Based on the figure, it can be clearly
stated that the location of the predicted tibia frac-
ture is similar to that of the real case, but not like
the real world case, in the simulation the fibula was
also fractured and the detailed fracture characteristic
of the tibia could not been predicted. In Figure 6b, the
predicted pedestrian thorax deflection together with
the CT data from the hospital were shown. Signifi-
cant thorax deflection and six rib fractures in the

right side were predicted, which refers to the severe
nidus of right lung injury as observed from the chest
CT data.

In Figure 7a, the predicted time history of the lateral
bending moment for the struck leg and the peak value in
the injury risk curves of tibia fracture were shown [10].
At the fracture time (21 ms), leg lateral bending mo-
ment reached the maximum value of 205 Nm, which
indicates a 13–40% risk of tibia fracture. The pre-
dicted TTI and NHTD in the risk curves of thorax
injuries proposed by [11] were shown in Fig. 7b. The
predicted TTI value of 215 g indicates a 98% risk of
AIS3+ and 86% risk of AIS4+ thorax injuries, respec-
tively. Similarly, the predicted NHTD value of 0.34
also shows high risk of AIS3+ (92%) and AIS4+
(73%) thorax injuries. Figure 7c shows the predicted
HIPmax and CSDM0.2 values in the injury risk curves
for concussion [8], [16]. The predicted HIPmax value
of 23 kW and CSDM0.2 value of 0.36 indicate a 98%
and 26% risk of concussion, respectively.

Fig. 5. Comparison of deformation traces in the minivan between the simulation and accident data

(a)      (b) 

Fig. 6. Predicted long bone fractures (a) and thorax deflection and rib fractures (b) together with X-ray and CT data from the hospital
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4. Discussion

4.1. Injury predicting capability

The reconstruction of the impact boundary condi-
tion (gait stance, impact direction and pedestrian ori-
entation) of the selected minivan-to-pedestrian colli-
sion case was firstly evaluated with the good matches
of deformation traces on the minivan front between
the predictions and the real world case and the clear
upper body forward rotation (Figs. 4 and 5). This pro-
vides basic validity for injury prediction analysis.

However, the predicted lower limb injuries are not
in line with the real case, where the left fibula which
is non-injured in the real case fractured in the simula-

tion (Fig. 6a). In fact, the injury type of tibia fracture
only (24%) is not as common as the case with both
tibia and fibula being fractured (54%) in real world
vehicle-to-pedestrian collisions [18]. The THUMS
pedestrian model predicted the most common leg long
bone fracture type. However, the predicted tibia frac-
ture risk of 13–40% based on leg lateral bending mo-
ment (205 Nm) is quite low (Fig. 7a), compared to the
predicted von Mises stress and maximum strain. Fig-
ure 8 shows that the predicted maximum tibia von
Mises stress prior to the fracture reached 192 MPa,
which is substantially higher than the average yield
stress of tibial cortical bone (129 MPa) from cadaver
tests [21]. The maximum strain exceed the threshold
of 2.14% (control parameter of fracture in the model)
defined in the THUMS fracture model, which is also
significantly higher than the average ultimate strain of

Fig. 7. Predicted leg lateral bending moment time history and the peak value in the tibia fracture risk curves
adapted from Kerrigan et al. [18] (a), TTI and NHTD values in the thorax injury risk curves adapted from Kuppa [20] (b),

HIPmax and CSDM0.2 in the risk curves for concussion adapted from Newman et al. [28] and Huang et al. [16] (c)

(a)

(b)

(c)
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tibial cortical bone (1.5%) from cadaver tests [21].
Similarly, low fracture risk of bending moment versus
high fracture risk of maximum strain was also pre-
dicted for the tibia in a previous study using the recent
version (4.01) THUMS pedestrian model [29]. Thus,
these results may suggest that the THUMS tibia model
is kind of too “soft” in predicting bending moment,
compared to stress and strain, which means that fur-
ther study of the material properties might be needed.

Fig. 8. Predicted right tibia stress
and strain distribution prior to the fracture

The results in Fig. 6b and 7b indicate that the pre-
dicted thorax injuries are similar to that observed from
the real collision case. In particular, the predicted six
rib fractures and high AIS3+ (>90%) and AIS4+ (70%)
thorax injury risks (referring to TTI and NHTD) show
good agreement with the real multiple rib fractures
(AIS3) and bilateral pulmonary contusion (AIS4)
(Table 1), respectively. These predicted thorax injury
risk might be higher if a minivan FE model with
similar stiffness to the real case were used, since the
windscreen lower frame of the minivan FE model
seems to be softer than the real case car considering
the larger deformation of this area in the simulation
compared to the accident data (Fig. 5). Nevertheless,
these findings proved the goodness of the THUMS
model in predicting real world thorax injuries. This has
also been verified in previous reconstruction studies of
a real impact case [6] and cadaver tests [29].

For brain injuries, the predicted injury risk of con-
cussion varies from injury metrics, the concussion risk
based on the CSDM0.2 (26%) is significantly lower
than that based on the HIPmax (98%) (Fig. 7c). This
may be largely caused by the fact that the CSDM0.2

curve and HIPmax curve are not from the same sample,
as the CSDM0.2 curve was based on reconstruction of
43 vehicle-to-pedestrian collisions using a FE human
head model [8] and the latter was built from recon-

struction of 24 professional football cases using the
Hybrid III ATDs (Anthropopathic Test Device) [16].
In addition, the differences in definitions of materials
for brain tissues and modeling choice for the brain-
skull interface between the THUMS head model and
the FE human head model used by Huang et al. [8]
may also lead to difference in brain strain prediction
[25], and thus affecting the predicted concussion in-
jury risk. Furthermore, the stiffness difference be-
tween the minivan FE model and the real case car may
have effects on brain strain and HIP prediction due to
the influence on shoulder and head contact boundary
[3], [20], and then affecting the level of predicted
injury risk. Therefore, it is difficult to evaluate the
biofidelity of the THUMS head model for brain injury
prediction based on the results of the current study.
However, these results may suggest to further check
the materials of the THUMS brain model in terms of
strain prediction, considered together with the com-
ments from previous findings using the THUMS head
model, where the stiffness of the THUMS brain model
was adjudged somewhat too high [25].

4.2. Injury mechanism
in minivan-to-pedestrian collision

Fig. 6a shows that the tibia and fibula fractures oc-
curred just below the beam of the bull bar. This im-
plies that the lateral bending caused by the inertia
mass of leg below the beam and the concentrated
contact force between pedestrian’s leg and the beam
are the key mechanisms for the tibia fracture. To ver-
ify this observation, a simulation using a FE minivan
model without the bull bar (all other conditions are the
same as in the reconstruction simulation) was con-
ducted and the predicted leg bending is shown in Fig. 9.

Fig. 9. Pedestrian lower limb dynamic response in the collision
with a minivan front without the bull bar
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The removal of the bull bar significantly reduced leg
bending and no fracture was observed in the compari-
son simulation. This indicates that bull bars could
raise pedestrian lower limb injury risk, and thus it
suggests to removing bull bars from the minivan front
for pedestrian lower limb protection similar to previ-
ous studies [7].

Significant thorax deflection was predicted in the
struck side, which was caused by contact with the
bonnet end/windscreen lower frame and resulted in
six rib fractures and serious compression to the right
lung (Figs. 4 and 6b). The inertia force from the heart
leaded compression to the left lung. The largest rib-
cage deflection occurred at the lower thorax level
(8th–12th ribs) due to the relatively flat structure of
the minivan front and the tapered shape of human
ribcage in the coronal plan. This is probably an im-
portant reason for the higher thorax injury risk in mi-
nivan-to-pedestrian collisions, compared to bonnet
type vehicles where more evenly contact between
pedestrian thorax and vehicle was observed. Similar
understanding of pedestrian thorax injury mechanism
in flat end vehicle collisions was also reported in pre-
vious studies based on accident data [12] and FE
simulations [26]. The above kinematic predictions are
in agreement with the CT data well, where the nidus
in both right and left lung is at the lower thorax level,

and the nidus in the right lung starts from the outside
while that in the left lung starts from the internal side
(Fig. 6b).

Brain strain is regarded as an effective predictor
for diffuse brain injury [20]. Thus, the time history
curves for head impact power (HIP) and head linear
and angular acceleration were shown together with the
brain strain nephogram (at different points of time) to
have a better understanding on the mechanism of con-
cussion (Fig. 10). These data indicate that head angu-
lar acceleration shows better match with the brain
strain than HIP and linear acceleration. This implies
that angular acceleration plays a dominant role on con-
cussion, which is similar to the observation in a previ-
ous study based on tests using live subhuman primates
and physical models [15].

4.3. Limitations

There are several limitations to this study. Only
one crash was reconstructed due to the lack of detailed
injury data (X-ray and CT) in other cases, reconstruc-
tions of more real world cases are needed in the fur-
ther study to evaluate the injury predicting capability
of the THUMS model and to understand pedestrian
injury mechanisms in minivan collisions. There could

Fig. 10. Predicted time history curves for HIP (a), head linear (b) and angular (c) acceleration and brain strain nephogram

(a)

(b) (c)
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be some differences in stiffness between the minivan FE
model and the real case minivan, which could affect
injury predicting accuracy. More open access FE
models of real world vehicles would be helpful for future
studies of crash reconstruction. The THUMS model
(77.3 kg) seems to be fatter than the victim (68 kg),
which may affect the impact power and contact load-
ing transmission. However, previous study of accident
data showed that weight within the range of 61–90 kg
has no significant influence on pedestrian risk [30].
Further study is needed to verify this data. The pedes-
trian posture wax approximately estimated based on
logical inference, which could affect pedestrian dy-
namic responses and injuries [3], [13]. The concussion
risk curves applied in this study were derived from
reconstruction analysis using either isolate human
head FE models [8] or ATDs [16]. Both have limita-
tions in representing full scale human body.

5. Conclusions

A real world minivan-to-pedestrian crash was re-
constructed using the THUMS pedestrian model.
Comparisons of predictions and accident data indicate
that the THUMS has a good capability in predicting
pedestrian thorax injuries observed in the real world
case, but a lower prediction of leg bending moment
and brain strain even when tibia/fibula fractures and
high HIP value were predicted. Analysis of injury
mechanism in the minivan collision shows that the
extra bull bar concentrates crash load to pedestrian’s
leg and raises tibia/fibula fracture risk; thorax injuries
in the struck side are mainly from direct contact and
ribcage deflection at the lower chest level; lung inju-
ries in the non-struck side could be caused by inertia
force from the heart; rotational acceleration shows
good match with brain strain and could be the key
mechanism for concussion. Furthermore, the method
demonstrated in the current study could be used for
more extended research on reconstruction of in-depth
accidents and further improvement of human body
models.
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Appendix A:
Definition for TTI and HIP

The TTI is an acceleration criterion which takes
account of the age and weight of the test subject as
well as the spinal acceleration [4]. The TTI is defined
as follows:

ref
accacc )12TRIB(

2
1age4.1TTI

M
M

++∗= , (A1)

where age is given in years, RIBacc [g] is the maxi-
mum lateral acceleration of the fourth or eighth ribs
(depending on which is higher) on the ipsilateral side,
T12acc is the maximum lateral acceleration [g] of the
twelfth thoracic spine, M [kg] is the subject’s mass
and Mref [kg] is the reference mass (75 kg as a 50th%
adult male).

Newman et al. [16] proposed the Head Impact
Power (HIP) index, which takes all head motions in
six degrees into consideration for assessing brain in-
jury. The HIP can be described as follows:

,
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where m and I are the mass and moments of inertia for
the human head respectively, while a and α are the
linear and rotational accelerations of the head respec-
tively. The subscripts show the acceleration and inertial
components and the maximum HIP was proposed for
predicting brain injuries (especially for concussion).
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