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Abstract 
 
Pedestrians represent one of the most vulnerable road users. In the U.S., pedestrian fatalities show an increasing trend from 11% of 
total traffic fatalities in 2007 to about 15% in 2015. The rapid advancement in finite element (FE) technology, material testing, and 
computational power promotes FE car-to-pedestrian collision (CPC) simulations as a very useful component in the vehicle design 
process (e.g., in designing deployable devices for pedestrian head protection). The objective of this study was to investigate the 
sensitivity of pedestrian kinematics and injury outcomes to pedestrian anthropometry, vehicle shape, and pre-impact conditions (e.g. 
vehicle speed, relative position of pedestrian to the vehicle). Three pedestrian FE adult models (5th percentile female-F05-PS, 50th 
percentile male-M50-PS and 95th percentile male-M95-PS) and a child model (6 year-old-6YO) developed and validated by our group 
were employed in this study. The geometry of these LS-DYNA® models were reconstructed from medical images of adult volunteer 
subjects or obtained from literature data (child model). Their material properties were assigned based on the Global Human Body 
Models Consortium (GHBMC) M50 occupant model (adult models) and from literature data (child model). Four simplified vehicle 
models corresponding to a family car, a roadster, a multi-purpose vehicle, and a sport utility vehicle were also used in this study. The 
geometric and front-end stiffness properties of these models were obtained based on current European car models. Then, CPC FE 
simulations were performed successfully in a Design-of-Experiments (DOE) fashion where the pedestrian anthropometry, vehicle 
shape, and pre-impact conditions were considered as variables. The pedestrian kinematics and the injuries were recorded at the end 
of each simulation (the head-to-vehicle contact). The results showed significant sensitivities of both pedestrian kinematics and injury 
outcomes which are not currently considered in pedestrian subsystem tests. For example, the head impact resultant velocity showed to 
increase for taller subjects (M95, M50), who impacted the vehicle into the windshield region compared to the shorter subjects (6YO, 
F05) who impacted the vehicle hoods. The results presented in this study could help both automotive manufacturers and government 
agencies to develop more pedestrian-friendly vehicles and to improve the current pedestrian safety regulations. 

 
 
 

Introduction 

 Pedestrians represent one of the most vulnerable road users. According to the World Health 
Organization (WHO), the total number of fatalities recorded in traffic accidents is about 1.25 million each year 
worldwide [1]. In the U.S., pedestrian fatalities show an increasing trend from 11% of total traffic fatalities in 
2007 to about 15% in 2015 [2]. 

During vehicle-pedestrian interaction, the pedestrian biomechanical and injury responses are influenced 
by various pre-impact variables. For example, significant differences were observed in terms of head injuries 
with respect to pedestrian anthropometry [3]. At the lower extremity level, more severe injuries were observed 
in heavier pedestrians possibly due to the greater inertia. In addition, traffic accident statistics analyses revealed 
higher pedestrian morbidity and mortality in accidents involved light trucks and vans compared to passenger 
cars  [4, 5]. However, a correlation of pedestrian biomechanics and injuries relative to the pre-impact variables 
were not clearly defined. Therefore, the effect of these pre-impact variables should be investigated to improve 
the design of vehicle for pedestrian protection. 

Recently, the rapid advancement in finite element (FE) technology, material testing, and computational 
power promotes FE car-to-pedestrian collision (CPC) simulations as a very useful component in pedestrian 
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protection. While the post mort human surrogate (PMHS) test provide the most biofidelic responses, this 
method is not suitable in design of experiment (DOE) study due to its high cost and unreproducible 
characteristics. Thus, various pedestrian FE models should be developed and validated to be used the DOE 
study. In this study, three adults and one child pedestrian FE models developed and validated previously were 
used to investigate the effect of the anthropometry, vehicle shape, and pre-impact conditions during CPC 
simulation. 
 

Methods 
 
Pedestrian FE models 

 The pedestrian FE models corresponding to a 6-years-old (6YO-PS), 5th percentile female (F05-PS), 50th 
percentile male (M50-PS), and 95th percentile male (M95-PS) anthropometries were developed and validated by 
our group [6-8]. These FE models were developed based on the geometry reconstructed from medical images of 
adult volunteer subjects (Table 1) or obtained from literature data (child model) [6]. The external anthropometry 
data and surface scans were integrated together for the generation of a non-uniform rational basis spline 
(NURBS) patchwork of the small female, average male, and large male outer surface in neutral standing 
posture. Surface data was symmetrized using methods described in literature [9]. A multi-modality protocol was 
used to acquire data in a pedestrian posture [10].  

 The mesh of the M50 model was mostly adapted from a 50th percentile male occupant (M50-O) model 
[11-16] and the F05 and M95 FE models were obtained by morphing a M50 model (Figure 1). The M50 model 
was morphed to target small female and large male geometries by using the outer surface and landmark data 
acquired from the small female and large male subjects using a radial basis interpolation function – thin plate 
spline approach [17]. Due to the morphing procedure, all modeling aspects including the number of nodes, 
elements, material types, and contact definitions are carried forward from the M50 model [18]. Only several 
elements were manually edited until their mesh quality was above the Global Human Body Model Consortium 
(GHBMC) quality thresholds [6]. The defined material properties of the pedestrian models were based on the 
GHBMC M50-O model. 

 

Table 1. Data for the volunteer subjects 

Subject Age (years) Height (cm) Weight (kg) 

Small female (F05) 24 149.9 48.1 

Average male (M50) 26 174.9 78 

Tall male (M95) 26 189.5 102.5 
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Figure 1. Schematic development procedure of adult pedestrian FE models 
 
Vehicle FE models 

 Representative generic vehicle FE models of Family Cars (FCR), Roadsters (RDS), Multi-purpose 
vehicles and superminis (MPV), and Sport Utility Vehicle (SUV) [19] were used in this study.  The geometry of 
these models was obtained by parametrization of current European cars corresponding to each vehicle category 
(Figure 2). The structure of each vehicle FE model consists of outer shell layer, an interface layer, and a foam 
layer resting on a rigid skeletal structure (the bottom layer) [19]. The structural properties of vehicle FE models 
were calibrated based on the corresponding average curves recorded in impactor FE simulations performed with 
validated FE models of current European cars. 
 

 
Figure 2. Schematic generic vehicle FE models 

 
Car-to-pedestrian impact simulation s 

 The pedestrian FE models (6YO-PS, F05-PS, M50-PS, M95-PS) were impacted laterally by the four 
generic vehicle FE models in order to study their kinematic responses with respect to the anthropometry, 
vehicle shape, and pre-impact conditions. The pedestrian FE models were positioned laterally at the centerline 
of the generic vehicle FE models (Figure 3). The posture of the FE model was set to mid-stance with the legs 
apart walking towards the vehicle centerline and the rearward leg being impacted first by the vehicle based on 
the pedestrian testing protocol of European New Car Assessment Program (Euro NCAP) [20]. Then, the vehicle 
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with 40 km/h initial velocity impacted to the pedestrian FE model. In addition, the velocity of head impact to 
the vehicle was calculated at the head CG. The static/dynamic friction coefficient were defined 0.3 for both the 
vehicle-pedestrian and the pedestrian-ground.  

During simulation, the components of head impact velocity relative to the vehicle along the test 
directions (50°-child and 65°-adult from a plane parallel to the ground) used by the European Experimental 
Vehicle Committee (EEVC) headform test procedure were calculated (Table 2) [21]. In addition, the maximum 
Head Injury Criterion (HIC15) values were calculated at the head CG (filtered SAE 180). 

 
Figure 3. FE simulation setup: M50 pedestrian model with FCR vehicle 

 
Results and Discussion 

 
 Overall, both the head impact time (HIT) and wrap around distance (WAD) showed an increase as the 
pedestrian model stature increased (Figure 4). In addition, pedestrian kinematics predicted by FE models 
showed significant differences in terms of vehicle shape (Figure 5). For example, the predicted F05’s WAD 
ranges from 1,352 mm (SUV) to 1,673 mm (RDS), while the predicted M50’s WAD ranges from 1,762 mm 
(SUV) to 2,125 mm (RDS).  
 

 
Figure 4. WAD vs. HIT with respect to the vehicle shape 

 

40 km/h 
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The shortest values of HIT and WAD were observed during the SUV impacts and the largest values 
were observed during the RDS impacts. In terms of the head contact point to the vehicle, impacts to the hood 
were observed in the short stature models (6YO-PS and F05-PS) (Figure 5). The higher stature models (M50-PS 
and M95-PS) predicted mostly head contact to the windshield or to the SUV hood. 

 
Figure 5. Head contact point to the vehicle 

 Mostly, the head impact velocity increase as the pedestrian’s height increases. No correlation between 
vehicle shape and head impact velocity was observed. 

Table 2. Head impact velocity with respect to the vehicle types 
 6YO F05 M50 M95 

 
50° 

velocity 
(m/s) 

HIC15 (g) 
65° 

velocity 
(m/s) 

HIC15 (g) 
65° 

velocity 
(m/s) 

HIC15 (g) 
65° 

velocity 
(m/s) 

HIC15 (g) 

FCR 5.47 68.6 7.98 177.8 7.66 563 6.0 662.4 
RDS 4.62 237.6 7.80 442.4 6.73 813.2 4.95 205.8 
MPV 5.70 76.5 8.62 144 6.08 642.6 2.63 731 
SUV 4.82 88 10.46 306.3 6.66 116.3 8.86 107.7 

 
 The results presented by this preliminary study recommend the development of pedestrian active 
protection systems which can apply the best restraint system based on specific pre-impact conditions of a 
certain pedestrian accident. For example, the parameters of current and future pedestrian protection systems 
(e.g. pedestrian airbags, pop-up hoods, etc.[22-24]) could be selected from look-up tables based on the detected 
stature of pedestrian and its position relative to the car [25, 26]. We believe that the current pedestrian FE 
models and other future pedestrian FE models will be very useful in performing a huge number of CPC 
simulations for development of future adaptive pedestrian systems.  
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