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A B S T R A C T 
 

Traumatic Brain Injuries (TBIs) are a pressing global public health issue, impacting tens of millions of  
individuals annually. Vulnerable road users (VRUs), such as pedestrians, are vastly overrepresented in 
the worldwide TBI statistics. To evaluate the effectiveness of injury prevention measures, researchers 
often employ Finite Element (FE) models of the human body to virtually simulate the human response 
to impact in real-world road traffic accident scenarios. However, VRU accidents occur in a highly 
uncontrolled environment and, in consequence, there is a large amount of variables (covariates), e.g. 
the vehicle impact speed and VRU body posture, that together dictate the injurious outcome of the 
collision. At the same time, since FE analysis is a computationally heavy task, researchers often need 
to apply extensive simplifications to FE models when attempting to predict real-world VRU head 
trauma. To help researchers make informed decisions when conducting FE accident reconstructions,  
this literature review aims to create an overarching summary of covariates that have been reported 
influential in literature. The review provides researchers with an overview of variables proven to have 
an influence on head injury predictions. The material could potentially be useful as a basis for choosing 
parameters to include when performing sensitivity analyses of car-to-pedestrian impact simulations. 

 
 

1. Introduction 

Traumatic Brain Injuries (TBIs) are an urgent and 
world-wide public health concern, affecting up to 69 
million individuals each year [1]. Such injuries may have 
fatal outcomes or severe effects on cognitive, physical 
and behavioral functions- returning to “normal baseline 
functioning” after such an injury can take months, if not 
years [2]. Global estimates show that out of the tens of 
millions of annual TBI occurrences, half can be linked to 
road traffic collisions [1]. Vulnerable road users (VRUs) 
- that is, pedestrians, cyclists, and powered two- and 
three-wheeler riders - are particularly overrepresented in the 
statistics [3]. In order to mitigate this public health burden, 
there is an evident need of targeted intervention strategies. 

Evaluating the effectiveness of potential prevention 
measures is simply not possible without the fundamental 
knowledge on injury mechanisms. To characterize injury 
mechanisms under real-world conditions, researchers 
often turn to the indispensable procedure of accident 
reconstructions, in which laws of classical mechanics are 
used in combination with physical evidence to determine 
how and why an accident, and any sustained injuries, 
occurred. Employing computational models to reconstruct 
real-world accidents is a particularly popular option, as 
they offer a cost-effective, highly reproducible and robust 
alternative to the more traditional experimental approaches 
involving crash test dummies or human cadavers, i.e. Post 
Mortem Human Subjects (PMHS). 

A widely used tool for computational accident 
reconstruction is Finite Element (FE) analysis, which 
is a numerical method routinely used in various engineering 
practices to predict the response of physical objects 
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subjected to different types of loading. FE techniques can 
be used to create virtual, anatomically-detailed human 
surrogates, or so-called Human Body Models (HBMs), 
which in turn can be used to simulate the human response 
to impact. As opposed to dummies, an HBM or an FE 
head/brain model can offer measurements of tissue-based 
metrics for injury assessments, such as changes in strain 
of the brain tissue during loading (Figure 1). This enables 
researchers to get deeper insights into the injury mechanisms 
of specific tissues during dynamic loading scenarios, such 
as road traffic accidents [4]. 

 

 
Figure 1. Reconstructions of real-world accidents using an HBM 
and/or FE head/brain model can be used to study the tissue-based 
mechanisms behind TBI, such as changes in strain of the brain 
tissue during loading. 

 

Yet, using FE to reconstruct road traffic accidents 
is a challenging task. VRU collisions occur in a highly 
uncontrolled and unmonitored environment, and in 
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consequence, there is a large amount of variables that 
together dictate the injurious outcome of the event. Some 
of these variables, or covariates, can heavily influence 
the dynamic response of the human body, the severity of 
injuries, and the overall body kinematics. Well-recognized 
influential covariates are for example the vehicle impact 
speed [5–7] and the VRU’s posture prior to impact [8–10], 
although, judging by the current body of literature, the list 
of covariates is long. 

The reader should bear in mind that FE analysis 
is a computationally expensive method in which the 
computational cost grows with the level of detail of the 
model. Besides that, generating and modifying FE models 
is a notoriously time-demanding task. For these reasons, 
a modeler often strives to reduce the size and complexity 
of the problem, trying to balance the acceptable extent 
of accuracy with the time needed for pre-processing and 
computation. Hence, researchers are customarily bound to 
employ a wide variety of simplifications to FE models 
when investigating VRU collisions, models which are later 
used to draw conclusions about head injury mechanisms 
and injury risk. For example, some researchers disregard 
the influence of subject anthropometry and/or posture, and 
instead use HBMs with generic geometries [11–13], while 
others disregard the influence of cars’ detailed design by 
using simplified or generic FE car models [13, 14]. 

At the same time, the output of an FE simulation is highly 
sensitive to boundary conditions and input parameters, and 
the reports on influential covariates in car-to-VRU collisions 
are piling up. The question arises whether the simplifications 
that are commonly adopted in the field are sufficient to 
capture the complex dynamics of a real-world head impact. 
Researchers may be making simplifications that are not 
motivated by the current state of knowledge in the field. 
To help researchers make informed decisions when carrying 
out computational accident reconstructions, an overarching 
summary of reported identified covariates is needed. 

This report embodies a literature review aiming to 
summarize the current state of knowledge on covariates 
in car-to-pedestrian head traumas. The objective is to 
identify the variables reported to have an influence on 
head injury prediction in such impact scenarios, compiling 
which aspects that are of importance for performing accident 
reconstructions. Ultimately, this review aims to provide 
researchers with a list of covariates which would function 
as a general guideline, a checklist if you will, for performing 
VRU accident reconstructions using FE. The material could 
be used as a basis for choosing parameters to consider during 
accident reconstructions, as well as parameters to include 
when performing sensitivity analysis. 

 

2. Review Method 

This literature review is meant to be informative rather 
than all-compassing. A set of articles were chosen based on 
search words and search blocks, and then filtered out based 
on relevancy to the research question. 

The literature search was primarily conducted using 
the KTH Library search service Primo. The following 
combination of keywords was considered as a base for the 
literature review: ("effect*" OR "influence*" OR "impact 
of") AND ("head" OR "brain") AND ("pedestrian*" OR 
"vulnerable" OR "VRU") AND ("car*" OR "vehicle*"). The 
search block resulted in 77 papers. 

The research questions were answered by a 
targeted/focused literature review. Cited papers in key 
articles were also included in the review. 

2.1. Delimitations 
Pedestrian impacts can be divided into three phases. 

The first phase involves the initial contact phase, during 
which the pedestrian wraps around the front-end of the 
vehicle. The second phase is the flight phase, during which 
the pedestrian separates from the vehicle and is projected 
away of the vehicle. The third phase incorporates the 
rolling and sliding motion against the ground [15]. The 
third phase, involving secondary impacts to the ground, 
will be disregarded in this literature review. This is firstly 
because of the potential computational hindrance this would 
introduce in an FE reconstruction- FE simulations of the 
ground-strike would demand significantly longer simulation 
time. Secondly, several researchers have pointed out how 
seemingly unpredictable post-impact kinematics are, even 
at low speeds, due to the complexity of the many variables 
involved in a crash [5, 16]. Thirdly, many researchers have 
reported that ground contact account for a small percentage 
of head injuries in car impact cases [6, 17, 18]. Reported 
head injuries seem more likely to be sustained from impacts 
with structural parts of the impacting vehicle than the ground 
[18]. 

Of course, the modeling of the human body and 
head/brain, including the constitutive models of tissues, part 
constraints, the mesh, contact settings and so forth, has 
an important influence in the prediction of head injuries. 
However, detailed head/body FE modeling is excluded from 
the scope of this study. 

 

3. Terminology 

In this section, short explanations on the vocabulary used 
in the processed articles will be provided. 

3.1. Injury metrics 
In the reviewed articles, the risk of head injury is often 

evaluated in terms of a chosen quantitative risk metric, 
or an injury criterion. An injury criterion correlates a 
physical parameter, such as acceleration, with the probability 
of head injury. In automotive safety, head acceleration 
measurements using crash test dummies have conventionally 
been used in head injury assessment [19]. The most widely 
used and acknowledged criteria is the so-called Head 
Injury Criterion (HIC), which was originally based on the 
assumption that the head’s Center of Gravity (CoG) linear 
acceleration and its duration alone is an indicator of injury 
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[20]: 
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Here, 𝑡2 − 𝑡1 is the critical time period of deceleration 
during impact (usually 15 ms, also known as HIC15) and 
𝑎(𝑡) is the resultant deceleration of the head CoG at time 𝑡. 
For reference, if HIC exceeds 1000 the case is commonly 
regarded as life threatening [21]. 

The brain has for long been acknowledged to be sensitive 
to rotations [22]. Since HIC does not take rotational motion 
into account, authors have presented a variety of different 
global injury criteria. The Generalized Model for Brain 
Injury Threshold (GAMBIT) [23], the Head Impact Power 
(HIP) [24], the Brain Injury Criterion (BrIC) [25], and the 
Universal Brain Injury Criterion (UBrIC) [26], are some 
examples of suggested kinematics-based injury criteria, 
many of which include terms of rotational kinematics. 

There are also many tissue-based injury metrics for 
assessing brain injury risk. Examples of such criteria 
include the Maximum Principal Strain (MPS), which 
measures the maximum tensile strain experienced by the 
brain tissue during an impact, and the Cumulative Strain 
Damage Criterion (CSDM), which is a measurement of the 
accumulative volume of brain tissue that endures a specific 
level of strain. 

A common metric used for quantifying the translational 
movements of the head during impact is the head’s Peak 
Linear Acceleration (PLA), while Peak Angular Velocity 
(PAV) and Peak Angular Acceleration (PAA) are used when 
assessing rotational head kinematics. Within this context, 
PLA, PAV and PAA are always measured relative to the 
head’s CoG. 

3.2. Common assessment methods 
The reviewed studies often choose to evaluate 

standardized tests to simulate the most common 
pedestrian-vehicle crashes. Test specifications and rating 
systems for assessing the pedestrian injury potential of 
vehicle front structures has previously been developed 
by the European Enhanced Vehicle-Safety Committee 
(EEVC), and are also included in the European New Car 
Assessment Program (EuroNCAP) car rating program. 
The ratings involve four subsystem impactor tests: adult 
headform impacts against the hood or windshield base, 
smaller headform impacts representing children against 
the hood, and upper legform impacts against the Bonnet 
Leading Edge (BLE) and bumper, see Figure 2. These 
impact configurations are frequently employed as they 
provide standardized, repeatable measures of vehicle safety 
in real-world pedestrian accidents. 

The tests are designed to mimic a 40 km/h car-pedestrian 
impact with a pedestrian moving laterally across the path 
of the car. 40 km/h is chosen since it is considered to be a 
critical speed for the onset of serious/fatal injuries [27], and 
is thus a frequently evaluated impact velocity. 

 
 
 
 
 
 
 
 

 
Figure 2. EuroNCAP pedestrian safety test protocol. 

 
 

Apart from HBMs and FE head models, researchers 
often employ Rigid Body Models (RBMs) to simulate 
pedestrian accidents. RBMs consist of rigid (undeformable) 
bodies joined together to mimic the overall human structure, 
mass, mass distribution, and joint movements. Unlike 
HBMs, RBMs cannot model tissue deformation. Yet, they 
are well-suited for parametric studies, as they can provide 
relatively good accuracy at a low computational expense. 

Researchers often use CORrelation and Analysis 
(CORA) scores to compare time-history signals, such 
as head impact velocity over the duration of an impact, 
between test data and simulations. A CORA score of 0 
indicates no correlation of the pulses, while 1 indicates a 
perfect near-perfect correlation. The CORA rating system is 
particularly common when comparing FE models to PMHS 
experiments. 

3.3. Car terminology 
A car involves many structural components, of which the 

front-end structure of the vehicle is of most significance for 
pedestrian impacts. In Figure 3, important car features are 
named and illustrated. The Wrap Around Distance (WAD) 
and Bonnet Leading Edge (BLE), which are consistently 

referred to in this report, are illustrated in the figure as well. 
Passenger vehicles can be divided into several 

classifications based on their use and characteristics. 
The geometry, in particular the front-end profile of vehicles, 
varies among car classes. They usually have distinctly 
different BLE heights, BLE shapes, bonnet lengths and 
hood/windshield inclinations. Representative front-profiles 
of a sedan, Sports Utility Vehicle (SUV) and a van are 
shown in Figure 3. 

The yaw angle describes the orientation of the car 
relative to a fixed reference direction, usually the direction 
of the road or a global reference frame (e.g., north). It 
represents the car’s rotational position around its vertical (z) 
axis. A change in yaw angle indicates that the car is rotating 
or "yawing" to the left or right. The steering angle is the input 
provided by the driver (via the steering wheel) to control the 
direction of the front wheels. 

Pitching of a vehicle occurs during braking and refers to 
a rotational motion of a car’s body which causes the front end 
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Figure 3. Terminology used in the reviewed literature. 

 

to dip downward and the rear end to rise. Pitching occurs due 
to braking deceleration, transferring the car’s weight from 
the rear to the front wheels. 

The hood hinge is typically located at the rear corners, 
below the hood, and are the structural components of the car 
that allows the hood to open and close. The hood stoppers 

are the cushioned resting points for the hood when closed. 
The cowl refers to the structural component located below 
the windshield base and the hood edge of a vehicle. This 
area typically houses heating and ventilation systems, and 
contains the drainage channels and windshield wipers and 
wiper arm linkages. 

 

4. Results: Identified covariates 

More than 40 different covariates, reported to 
influence head impact kinematics and injury outcome 
in car-to-pedestrian collisions, have been identified in this 
review, see Figure 4. The covariates were broadly divided 
into six main categories. The first category of covariates 
relates to the front-end geometry of the impacting vehicle. 
The second category, local car stiffness, relates to the 
stiffness of the impacting surface of the car, at the region 
of head impact, while the third category, global vehicle 

stiffness, relates to vehicle stiffness not necessarily at the 
region of head impact. The fourth category relates to subject 

anthropometry, while the fifth relates to the subject’s 
pre-impact conditions. The final categories relate to the 
impact kinematics and applied boundary conditions. 

Most of the listed covariates have a considerable 
influence on the head impact location. The impact location 
has, judging by the body of literature processed in this 
review, a large influence on the likelihood of injury. Many 
of the covariates also influence the kinematic motion of the 
head, which is important to consider in car-to-pedestrian 
impacts, since it not only determines the head impact 
location, but also the head impact velocity, rotational 
kinematics and forces behind the head strike. 

In the following subsections, the listed covariates will be 
explained in more detail. 

4.1. Vehicle front-end geometry 
There seems to be a consensus in the field that one of 

the main factors dictating the head impact characteristics 
is the geometry of the vehicle front-end. The vehicle 
geometry dictates where on the vehicle surface the head 
impacts, which in turn, as further explained in Section 4.2.1, 
can determine the forces and kinematics sustained by the 
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Figure 4. Influential variables affecting head impact response in car-to-pedestrian impacts, both in terms of head kinematic response and 
head injury prediction. The factors written in cursive have been identified by the authors as potential covariates, but without any findings 
in literature. They can be interpreted as knowledge gaps within the field. 
*Previous publications suggests that these covariates are not particularly influential for head impact prediction. 

 

pedestrian’s head. There are many factors that together make 
up for the vehicle front-end geometry, and some of these 
factors are listed in this section. 

It is generally believed that the shape of the vehicle 
front-end influences the energy associated with the 
car-to-pedestrian collision, while the general stiffness 
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(scrutinized in Section 4.2 and 4.3) of the vehicle might 
determine the corresponding force of the impact [28]. 

4.1.1. Car class 

The main features of the front-end geometry will be 
determined by the classification of the vehicle. There is a 
convincing amount of evidence suggesting that the vehicle 
class, and conversely the front-end profile geometry, of 
the impacting vehicle in a car-to-pedestrian impact has an 
immense effect on head injury outcome [6, 7, 18, 28–47]. 
Mainly, the vehicle class will influence where on the vehicle 
the head strikes: due to the differing BLE heights, SUVs and 
light trucks pose a greater risk of head impacts to the hood, 
while sedans and other passenger vehicles pose a greater risk 
of windshield head impacts [18, 43]. This difference can be 
depicted by the experimental findings of Kerrigan et al. [48], 
who performed full-scale PMHS impacts comparing lateral 
impacts with a small sedan to impacts with a large SUV. 
High-speed video frames of the head impacts (Figure 5) 
clearly shows how the highly situated hood of an SUV results 
in head-to-hood contact rather than head-to-windshield. 

 

Figure 5. High-speed video snapshots of head impacts of a crash 
dummy (left column) and PMHS (right column) impacted by a 
small sedan (top row) and a large SUV (bottom row). Figure 
adapted from Kerrigan et al. [48]. 

 

There is evidence suggesting that some car classes also 
pose a greater hazard to pedestrians than other cars [6, 18, 38, 
48]. For instance, SUVs have been shown to increase injury 
and fatality risk among pedestrians compared to smaller, 
passenger vehicles [6, 38]. Researchers generally attribute 
this to the difference in BLE height among car classes, 
which is an important covariate of head injury likelihood, 
see further details under Section 4.1.2. 

There might be stiffness differences between different 
car classes, particularly since stiffness is generally believed 
to correlate with mass [6]. The differing stiffness properties 
of vehicle classes can be illustrated by the findings of 
Martinez et al. [49], who summarized the results of 69 sets of 
physical legform and headform impact tests against vehicle 
fronts in form of average stiffness mappings of different 

car classes, see Figure 6. SUVs resulted in notably higher 
headform HIC scores from hood and windshield impacts 
compared to other vehicle classes, suggesting a stiffness 
variation among vehicle classes. 

Simms et al. [6] claim that the windshield construction 
of SUVs compared to sedans are similar. 

4.1.2. BLE height 

The influence of the height of the BLE on head injury 
has been extensively researched and is undoubtedly, judging 
by the many published studies on the topic, one of the main 
vehicle features influencing the head impact characteristics 
in car-to-pedestrian collisions [6, 28, 29, 36, 45, 50–54]. In 
particular, the BLE height, which is strongly related to the 
vehicle class, seems to dictate where on the vehicle the head 
strikes. For impacts with adult pedestrians, a car with a high 
BLE and long hood result in head contact on the bonnet 
top, while a short BLE and a short hood tend to result in 
windshield impacts [43]. Seemingly, the BLE height affects 
how the body rotates about the pelvis and how much of the 
pedestrian’s body mass is engaged in the initial impact. This 
influences the energy being transferred to the head during 
collision. 

For example, Shi et al. [52] performed 252 
car-to-pedestrian impact simulations using RBMs, including 
a range of vehicle front-end designs and impact velocities, 
and could demonstrate that the BLE height was the leading 
governing factor of the head impact location. Moreover, 
Anderson and Doecke [29], showed that a high BLE 
increased neck loads in car-to-pedestrian collisions, which 
could lead to amplified HIC estimations. The study was 
based a large set of RBM car-to-pedestrian simulations 
(324 in total), involving a variation of vehicle geometries, 
pedestrian orientations, impact speeds and braking levels. 

4.1.3. BLE shape 

Some researchers have pointed out that the shape 
of the BLE has an influence on head PLA and PAA 
in car-to-pedestrian collisions. For instance, Tolea et al. 
[45] used RBMs to investigate how changes in geometric 
parameters of the vehicle front-end, such as the BLE 
height, hood length, hood inclinations and BLE radius, 
affected the head kinematics of an impacting pedestrian. 
A significant influence of the BLE radius, describing the 
roundness/sharpness of the BLE, on the head impact PAA 
and PLA was observed. A set of different car classes was 
included in the analyses, including sedans, SUVs and vans. 
Furthermore, in lateral vehicle impacts of PMHS, several 

authors have observed the occurrence of sliding/slipping 
of the subject over the bonnet during the contact phase. 
Kerrigan et al. [55] hypothesizes that such sliding up the 
hood by PMHS is promoted by a smooth sloping shape of the 
hood. It has been acknowledged that sliding has an influence 

on head impact kinematics [36, 56–58] (details on sliding is 
included in Section 4.6.6). 
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Figure 6. Mappings of average headform HIC scores and maximum legform bending of different vehicle segments for a variation of car 
classes: super minicars (SMC), small family cars (SFC), large family cars (LFC), multipurpose vehicles (MPV) and sport utility vehicles 
(SUV) (left to right). Red areas on the hood and windshield indicate high headform HIC score (<1350), while green indicate low HIC 
scores (<1000). Figure adapted from Martinez et al. [49] with permission from the authors. 

 

4.1.4. Hood length 

Together with the BLE height, the hood length can 
dictate whether or not the head impact will be on the hood 
or on the windshield [28, 43, 45]. Generally speaking, a 
passenger vehicle with a long hood would result in a head 
impact on the hood, in the same way as a vehicle with a 
highly situated BLE would. Correspondingly, a vehicle with 
a short hood would likely result in a head impact against the 
windshield [18, 28, 59]. 

4.1.5. Hood inclination 

Ahmed et al. [60] simulated headform impacts on three 
points on a vehicle hood with three different hood inclination 
angles (6°, 8°, 10°). For a head impact on the centerline and 
middle of the hood, the estimated HIC varied significantly, 
where an inclination angle of 10° resulted in a HIC score of 
1900 and an inclination angle of 6° resulted in a HIC of 1200, 
indicating that the hood incline might be very influential in 
the response of head-to-hood impacts. A number of other 
researchers have brought up the hood inclination as an 
influential parameter for predicting head impact response 
[54, 61]. 

4.1.6. Windshield inclination 

Several researchers have identified the inclination 
angle of the windshield to be influential to head impact 
kinematics [62–64]. For instance, Wang et al. [64] drew 
this conclusion based on pedestrian FE-coupled RBM 
simulations, simulating 45 km/h lateral head-to-windshield 
impacts. The authors reported that both HIC and PAA were 
significantly affected by the inclination of the impacting 
windshield, which varied between 24° and 50° (evaluated 
with 2° intervals). Within the evaluated interval of angles, 
the HIC varied between 360 and 1200, while the PAA 

ranged between 10,000 and 23,000 rad/s2. Similar results 
were observed by Lyons et al. [65], who studied the influence 
of the windshield angle (20° to 55°) in sedan-to-pedestrian 
impacts at 40 km/h using RBMs. It was shown how an 
increase in windshield angle could reduce the head PAA by 
up to 18%, see Figure 7. 

4.1.7. Bumper height 

Yang et al. [53] performed a sensitivity study involving 
lateral car-to-pedestrian collisions at different impact 

 

 
 

Figure 7. Variation of PAA with windshield inclination in 40 km/h 
lateral sedan-to-pedestrian impacts using RBMs. Figure adapted 
from Lyons et al. [65] with permission from the authors. 

 
 

velocities and different bumper heights, simulated using an 
pedestrian FE-coupled RBM. The researchers were able to 
show that the estimated HIC was almost unaffected by the 
bumper height (ranging between 275 to 500 mm above 
ground level). These findings are supported by other studies, 
see e.g. [66] or [36]. 

4.1.8. Bumper lead 

In a parametric study, Li et al. [36] investigated the 
influence of various shape parameters on the prediction of 
head injuries in lateral impacts at an impact speed of 40 
km/h using RBMs. The researchers reported no considerable 
effect of the bumper lead (the protrusion of the bumper) on 
the head impact velocity in simulations. Bumper leads of 50, 
100 and 200 mm were included in the analysis. 

4.2. Local vehicle stiffness 
This section relates to covariates that are associated with 

the stiffness of the impacting surface of the car at the region 
of head impact. 

4.2.1. Impact location 

The impact location of the head is a major determinant of 
head injury severity, mainly due to the variation in stiffness 
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properties over different locations on the vehicle front-end 
and its underlying structures [32, 36, 39, 40, 43, 45, 67, 68]. 
Many authors point out some regions of the car that are 
notably stiffer than others, and thus pose a greater risk of 
head injury. These regions are the windshield edge and 
bottom corners [6, 28, 39, 43, 45], A-pillars [6, 28, 39, 43], 
cowl [6, 28, 39, 43], hood/fender seam [28, 39, 69], hood 
hinge and stopper [28, 39, 43], and wiper pivot [39]. Some 
of the more compliant parts of the vehicle, which also pose 
less head injury risk, are the center of the windshield and, if 
the under-hood clearance is large enough, the center of the 
hood [39]. 

To illustrate the vehicle stiffness variations of a vehicle 
front-end, the results from a set of standard headform 
experiments carried out by Mizuno and Kajzer are provided 
[70], see Figure 8. The headform tests were aimed to 
replicate a 40 km/h pedestrian impact, and the impact 
angle was set to 65°, following standardized pedestrian test 
procedures. 

 

 
Figure 8. Variation in HIC scores of Japanese cars for various head 
impact locations, based on headform impacts representing 40 km/h 
impacts performed. Figure borrowed from Mizuno and Kajzer [39]. 

 

In line with the presented work of Mizuno and Kajzer 
[70], Watanabe et al. [68], who performed 72 FE simulations 

using a variation of vehicle models, pedestrian models (5th, 

50th and 95th percentile) and vehicle speeds, observed that 
the head contact force was strictly related to the impact 
location on the vehicle. High impact forces were estimated 
when the HBM head impacted metal parts such as the 
hood and A-pillar, compared to when the head impacted 

the windshield glass. It was concluded that different vehicle 
regions pose different risk of head injury. Supporting 
findings were presented by Longhitano et al. [37], who 
analyzed pedestrian crash data covering pedestrian crashes 
in six US cities between the years of 1994 and 1998. The 
researchers were able to link the pedestrian risk of severe 
injury to different regions of the car, see Figure 9. 

 

 
Figure 9. Distribution of AIS 3+ injuries for passenger cars. 
AIS 3+ refers to injuries classified as serious, severe, critical, 
or unsurvivable. A majority of severe head injuries were due to 
contact with the windshield. Figure borrowed from Longhitano et 
al. [37]. 

 

 

4.2.2. Hood clearance 

Studies have shown how the hood clearance, which 
is the distance between the hood and the stiff underlying 
engine components, has a large influence on the head 
injury likelihood in head-to-hood impacts [43, 71–76]. The 
available hood deformation space can hinder a pedestrian 
from contacting underlying components, which are usually 
very stiff and, thusly, particularly hazardous. Fredriksson 
et al. [71] studied free falling headform impacts on a 
physical hood model with an underlying, adjustable plate 
mounted underneath. It was demonstrated how an increase 
of under-hood distance from 20 mm to 100 mm could reduce 
the HIC scores from 5000 to 500. The increase in under-hood 
distance was also shown to reduce the estimated CSDM from 
20% to 0%. In conclusion, contact with stiff engine structures 
has a significant contribution to head injuries. This occurs if 
there is an insufficient clearance between the outer hood at 
the region of head impact. 

4.2.3. Outer hood structure and stiffness 

Several researchers have emphasized how the structure 
and stiffness of the hood is influential for HIC predictions in 
head-to-hood impacts [43, 77–79]. The hood design varies 
among car manufacturers and car models, and design choices 
such as feature lines can have an effect on the predicted head 
impact response. 

Using full-body HBMs to simulate head-to-hood 
impacts, Chen et al. [77] demonstrated how stiffness 
changes (within reported ranges) in terms of hood thickness, 
elastic modulus and yield stress of the outer hood panel had 
an influence in estimated HIC values. On average, the HIC 
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was more than doubled due to a thickness increase in both 
the inner and outer hood panel of around 1 mm. However, 
in most scenarios involving a hood stiffness increase or 
decrease, no statistically significant change in BrIC was 
observed. 

By simulating headform impact response in hood 
impacts, Nie et al. [80] showed how head accelerations, both 
in terms of HIC and PLA, can increase significantly if the 
head impacts a hood feature line. The feature lines change 
the available deformation space for the head, influence the 
head’s rotation and rebound. 

4.2.4. Hood reinforcement design 

As for the outer hood layer, the inner hood layer varies 
in design among car models. An example of variations in 
designs of the inner hood panel, or the hood reinforcement, 
is presented in Figure 10. Several researchers point out that 
the design of the hood reinforcement has an influence on 
head kinematics [67, 69, 74, 79]. It is obvious that head 
impacts close to a “rib” of a hood reinforcement differs in 
head impact response compared to head impacts close to a 
“hole” in the reinforcement. Similar to the hood clearance 
(see Section 4.2.2), this can be attributed the available 
crush space. When the crush space is small, e.g. at a hood 
reinforcement rib, the head impact will result in higher HIC 
scores compared to when the crush space is large, e.g. at a 
hood reinforcement hole. 

 

 
Figure 10. Examples of hood reinforcement structure designs. 
Figure borrowed from Lv et al. [69]. 

 

 

4.2.5. Cowl structure and stiffness 

By FE analysis, researchers have found that head impacts 
on the cowl top of the vehicle result in significantly higher 
HIC values compared to other parts of the vehicle [69, 81], 
and that the stiffness of the cowl has an influence on head 
impact response in those impacts [82]. Other researcher 
stress that the hood overhang over the cowl might be of 
importance in head impacts near the cowl region [43]. A 
portion of severe head injuries have been attributed to the 
vehicle cowl (see Figure 9), thus this region of the car should 
be modeled with the same care as the windshield and hood. 

4.2.6. Fender structure 

In one study, the fender structure has been deemed 
influential [69]. The parting, where the hood continues to the 
fender, is reported to be notably stiff, which is also visualized 
by Mizuno and Kajzer [70] (recall Figure 8). According to 

Lv et al. [69], the stiffness of the fender parting could be 
explained by the reduced crush space close to the fender 
brackets. 

4.2.7. Attachment of hood 

Otubushin et al. [67] points out that the constraint 
between the inner hood panel and the outer hood panel is 
influential in head injury outcome. By numerical simulation, 
the researchers showed that having no constraints versus 
connecting the two hood layers with rigid links changed peak 
accelerations with 10% in headform impacts to the hood. The 
boundary support of the hood has also been shown to affect 
HIC values in full-scale lateral HBM head-to-hood impacts, 
see Section 4.2.9. 

4.2.8. Windshield structure and stiffness 

Chen et al. [77] compared two different windshield 
stiffnesses in lateral car-to-pedestrian impacts. In one 
configuration, the yield stress of the outer glass layers and 
the elastic modulus of the plastic interlayer was set to 20 
MPa respective 1.4 GPa, while in the other configuration 
the corresponding values were set to 4 MPa and 1 GPa. 
The researchers concluded that softening and stiffening of 
the windshield had a statistically significant effect in the 
predicted HIC value (8% difference in HIC), whilst the BrIC 
was left essentially unaffected (BrIC values were estimated 
to 1.386 and 1.384). 

Munsch et al. [83] implies that the design factor related to 
the windshield which has the most effect on HIC is the glass 
thickness. The thicker the glass, the higher the magnitude of 
HIC. Munsch et al. [83] suggest that the yield stress of the 
glass and the PVB, and the PVB thickness has negligible 
influence on PLA and HIC in comparison. 

How the windshield is modeled in the FE simulation has 
shon to be very important. Alvarez et al. [84] compared two 
modeling approaches of windshields in head-to-windscreen 
impacts. One modeling approach involved modeling the 
two layers of glass and intermediate layer of PVB as two 
coinciding shell layers, of which one was able fracture. The 
second technique involved a three-layered-shell modeling 
approach, separated by the distance of thicknesses. The 
authors emphasize how the choice of windshield modeling 
had a large effect on the predicted brain strains. 

Munsch et al. [83] further showed that the constitutive 
modeling of the windshield might be important when 
predicting head injuries in pedestrian collisions. The 
researchers conducted physical experiments with headforms 
impacting a vehicle side window, and demonstrated 
that three-layered laminated glazing, composed by two 
glass-layers separated by a plastic interlayer, produces 
significantly lower head injury risk compared to tempered 
glass (bare in mind, that tempered glass has gradually been 
replaced by laminated glass, and is not really used in modern 
vehicles). 

Simms et al. [6] reported, based on a set of RBM 
simulations of frontal and lateral pedestrian impacts at 
different impact speeds and using different car classes, that 
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the pedestrian head loading in head-to-windshield impacts is 
governed by the deformation behavior of the windscreen. As 
the windshield breaks, the stretching of the plastic laminate 
acts to substantially increase the estimated HIC scores. The 
forces affecting the head will be determined by how and 
when the glass fails, and how much the laminate is stretched. 

4.2.9. Hood hinge, hood stopper and wiper pivot 

stiffness 

Mizuno and Kajzer [39] performed headform impacts to 
a car, simulating a 40 km/h pedestrian collision, and found 
that the locally high stiffness of the hood hinge, hood stopper 
and wiper pivot had a major effect on HIC. The HIC was 
extremely high (>5000) for impacts on the hood hinge and 
the hood stoppers, see Figure 8. A total of 38 impact tests 
were performed on different areas of the car, including the 
cowl. 

Chen et al. [77] investigated how the head impact 
response was influenced by strengthening or weakening 
of the hood boundary support in full-scale lateral HBM 
head-to-hood impacts. The boundary support was altered by 
modifying the thickness and material parameters of hinges 
on both sides of the hood. It was found that an increased 
stiffness of the hood hinge supports had a statistically 
significant effect on HIC scores, although the head did not 
directly impact the hood hinge in these simulations. 

4.3. Global vehicle stiffness 
This section relates to covariates that are associated 

with the stiffness of the impacting surface of the car, not 
necessarily at the region of head impact. 

4.3.1. Pre-deformation of hood by torso and 

extremities 

Chen et al. [77] performed 54 full-scale HBM 
simulations of lateral car-to-pedestrian impacts, including 
variations in HBM posture, orientation, anthropometry, 
impact location and vehicle stiffness in the test matrix, and 
emphasized that the pre-deformation of the hood caused by 
the torso, shoulder and upper extremities caused changes in 
head response that was not reflected in head-only impacts 
using a headform impactor. 

4.3.2. Outer hood thickness and stiffness 

In Section 4.2.3, it was shown how head impacts to the 
hood of a vehicle is highly influenced by the compliance 
of the hood. But the stiffness properties of the hood has 
also shown to influence head response in head-to-windshield 
impacts. Simms et al. [6] used RBMs to simulate a lateral 
head-to-windshield impact at 54 km/h, demonstrating how a 
20% stiffer hood increased the estimated HIC by 20% (from 
2200 to 2600). 

4.3.3. Bumper stiffness 

Liu et al. [36] investigated the influence of various shape 
parameters on the prediction of head injuries in lateral 
impacts at an impact speed of 40 km/h. The authors reported 
that the bumper stiffness affected the WAD by delaying the 

time of head contact. However, the head impact velocity was 
not notably affected. 

4.3.4. BLE stiffness 

In studies performed using RBMs, the stiffness of 
the BLE has been shown to have little effect on the 
head kinematics [9, 36, 50]. For example, Elliott et al. 
[50] varied the BLE stiffness in simulations of lateral 
car-to-pedestrian impacts and found that the head impact was 
largely unaffected by doubling or halving the BLE stiffness 
(1-2% difference in WAD and head rotation). Other authors 
confirm that there have been no reported relationships 
between the stiffness of the BLE and HIC scores [28, 43]. 

4.4. Pedestrian anthropometry 
In recent decades, a large amount of research has been 

published, reporting on the importance of accounting for 
subject anthropometry for injury prediction [46, 55, 58, 68, 
85–89]. 

Yan et al. [89] showed the importance of accounting for 
subject anthropometry by comparing the impact response 
between two generic HBMs, representative of two different 
populations. The statistically-derived body and skeleton 

morphology of the HBMs represented a 50th percentile 

American/European male HBM (THUMS AM50) and a 50th 

percentile Chinese male. In lateral impacts with different car 
classes, the authors could report significant differences in 
the predicted severity of brain and skull damage between 
the two models. For instance, in identical lateral 40 km/h 
impacts with a sedan, the predicted MPS between the who 
models were 23% higher for the Chinese HBM (0.86 versus 
0.7), suggesting that pedestrian anthropometry, in particular 
among different populations and ethnicities, should not be 
neglected. The two models differed 9.6 cm in height and 10 
kg in weight, and the authors do not report on whether the 
most influential factor was the height/size, weight or body 
morphology of the HBM. 

Furthermore, it has been suggested that subject height 
has a particularly large influence on the head impact location 
and the head impact velocity [40, 42, 51, 58]. Schroeder et 
al. [42], who looked at PMHS tests, observed that shorter 
subject’s heads tended to collide with the hood, while the 
taller subjects more often collided with the windshield. Subit 
et al. [88] compared the impact kinematics in 40 km/h lateral 
impacts of four full-scale PMHS of different statures. Two 
PMHS were targeted to be relatively short subjects (154 and 
161 cm), while the other two were relatively tall (182 and 
183 cm). It was shown that HIC and PLA increased with 
body height. Short PMHS produced shorter WAD, while tall 
PMHS experienced more sliding. 

The fact that taller pedestrians experience head contact 
farther up the vehicle, as well as more sliding, has also been 
demonstrated in previous PMHS tests by Kerrigan et al. [55]. 
Kerrigan et al. suggested that the stature of the pedestrian 
could directly result in a difference in head injury risk, as a 
taller pedestrian risks contact with stiffer structures of the 
vehicle, such as the cowl. The findings also suggest that the 
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mass of the pedestrian has an influence on hood deformation 
at pelvis contact. 

Paas et al. [86] compared different scaling techniques 
of HBMs and concluded that adding a scaling factor to 
adjust the HBM stature and mass improved the prediction 
of the WAD, head impact velocity, trajectories and overall 
CORA rating, in comparison to a generic, unscaled HBM. 
Per example, for one PMHS experiment, the CORA rating 
was increased from 0.50 to 0.63 by global scaling of the 
HBM to match the PMHS stature. Kerrigan et al. [55] has 
previously shown how a global scaling factor of HBMs is 
not sufficient to predict pedestrian PMHS response in lateral 
impacts, indicating that Body Mass Index (BMI, calculated 
by dividing the subject’s mass with their squared height) and 
overall body shape has an influence, and not solely the body 
height and mass. 

Chen et al. [85] reconstructed PMHS impacts of lateral 
impact tests using two PMHS targeting an obese population. 
By comparing geometrically morphed HBMs with a generic 
HBM, the authors could demonstrate how poorly the 
generic-shaped HBMs captured the PMHS head kinematics 
and injury risks, whereas the morphed HBMs reproduced 
biofidelic responses in terms of head trajectories, velocities, 
accelerations and strains. 

4.5. Pedestrian pre-impact conditions 
4.5.1. Pre-impact posture and gait 

The pedestrian posture has been shown to be highly 
influential for head impact kinematics in pedestrian 
collisions [8–10, 41, 46, 50, 51, 58, 90]. For instance, in 
a set of RBM simulations, Elliott et al. [10] showed that 
head impacts are influenced by the timing of the vehicle 
impact relative to the pedestrian gait cycle, see Figure 11. 
The gait affects the upper body rotation, which ultimately 
affects the head impact velocities over the gait cycle, as 
well as the head impact location on the vehicle. The gait’s 
influence on head impact response and impact location in 
lateral collisions was further confirmed in a study by Peng 
et al. [41], who studied a similar simulation setup. 

4.5.2. Subject orientation angle 

Several researchers have demonstrated the importance 
of the pedestrian’s orientation angle relative to the vehicle 
for head injury prediction [9, 35, 91]. Tamura et al. [91] 
performed a series of pedestrian collisions using an HBM 
and reported that the pre-impact pedestrian orientation 
angle considerably affected the contact force, head velocity 
and CSDM. Coley et al. [9] reconstructed a real-world 
car-to-pedestrian accident and, in agreement with Tamura 
et al. [91], stated that the pedestrian orientation angle 
relative to the car at impact is one of the main parameters 
behind estimations of HIC values. Liu et al. [35], who 
performed a parameter sensitivity analysis of a simulated 
lateral pedestrian impact, also observed a strong association 
between estimated HIC values and the pedestrian orientation 
angle. 

4.5.3. Subject initial position relative to vehicle 

In this context, the subject initial position relative to the 
vehicle relates to the translational position of the pedestrian 
in front of the vehicle (how much right or left of the vehicle 
the pedestrian is located). 

Coley et al. [9] reconstructed a real-world 
car-to-pedestrian accident using RBMs and urged that 
the pedestrian’s initial position relative to the car prior to 
impact is one of the main parameters behind estimations of 
head injury risk. The subject position relative to the vehicle 
would dictate where on the vehicle the head would strike, 
which in turn will affect the force behind the impact (recall 
Figure 8). 

4.5.4. Pre-crash reaction 

Soni et al. [90] performed 40 volunteer experiments, 
where the volunteer was subjected to a simulated accident 
situation on a two-way traffic street-crossing. The volunteer’s 
postural changes, speed and orientation was documented 
using Vicon markers, compiling a dataset of accident 
avoidance strategies, such as running, stopping and stepping 
back. Based on the dataset, Soni et al. then performed 
RBM simulations of car-to-pedestrian impacts, with the 
initial conditions based on the 40 obtained volunteer 
reactions. These simulations were compared with a baseline 
simulation, where the pedestrian model was positioned in 
a typical walking posture. For all simulations, the same 
car model was used, striking the pedestrian at 40 km/h. 
The results suggested that the avoidance reaction had an 
influence on the head impact location, head kinematics and 
HIC. However, the position of the struck-side leg (whether 
or not the left or right leg was leading prior to impact) was 
proven far more influential on the injury predictions than the 
crash avoidance reaction. 

4.5.5. Muscle activation/tonus 

Alvarez et al. [8] used FE simulation to investigate 
the effect of neck tonus on a pedestrian-to-vehicle impact 
on a generalized hood. Head impacts against a car was 
simulated using a pedestrian HBM with a relaxed neck, and 
subsequently compared with simulations in which the neck 
muscle tonus of the HBM was increased. It was concluded 
that the neck muscle tonus had a negligible effect on the 
predicted brain strains (1 to 14% change in MPS). The 
muscle tonus could however influence the head rotation 
during a vehicle collision, which in turn could alter the 
orientation of the head prior to impact [92]. 

4.6. Impact kinematics 
4.6.1. Pedestrian speed 

Selected studies suggest that the speed of the pedestrian 
prior to lateral vehicle collisions has minor effect on the head 
impact response [10, 35]. Elliott et al. [10] performed a set 
of RBM simulations of lateral car-to-pedestrian collisions, 
varying the vehicle speed, pedestrian speed and pedestrian 
gait. While the pedestrian speed had influence on the head 
impact location, the head rotation and head impact velocity 
was largely unaffected. 
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4.6.2. Vehicle speed 

There is convincing amount of evidence suggesting that 
vehicle impact speed is one of the most influential covariates 
affecting head injury outcome in car-to-pedestrian collisions 
[5–7, 10, 17, 32, 34–36, 39, 41, 46, 51, 68, 71, 74, 93]. 
The impact speed reportedly dictates the magnitude of HIC 
values [5–7] and head impact velocities [93]. 

Looking at records of pedestrian accidents that 
occurred during the years 1999-2007, comprising 2127 
car-to-pedestrian collisions, a strong dependence on impact 
speed and fatality risk was found. The risk of fatality at 50 
km/h impacts was found to be more than twice the risk at 
40 km/h, and more than five times higher than the risk at 30 
km/h [94]. 

4.6.3. Vehicle steering/yaw angle 

Researchers have pointed out that the steering angle is 
influential for the head-to-vehicle impact outcome. Wang et 
al. [7] used RBMs to investigate the influence of vehicle 
steering angle in car-to-pedestrian collisions and concluded 
that different vehicle steering and evasive maneuvers result 
in more lateral head collision forces and accelerations, which 
may influence head impact severity. 

Pan et al. [95] performed a parametric study of vehicle 
steering maneuvers in simulations of a 40 km/h cyclist 
collision using whole-body HBMs. The simulation matrix 
included four vehicle yaw angular velocities and five 
different impact locations. It was proven how the yaw angle 
had a significant effect on the WAD, HIC, CSDM and head 

impact kinematics. The yaw angle effect on HBM kinematics 
and head angular accelerations is illustrated in Figure 12. 

 

Figure 12. Illustrative figures showing how vehicle yaw angle may 
affect the body kinematics and head PAA in a cyclist impact. The 
different graphs illustrate different relative starting positions of the 
pedestrian. The figures are borrowed from Pan et al. [95] with 
permission from the authors. 

 

 

4.6.4. Vehicle braking deceleration 

In a study using headform impacts on a vehicle hood, 
Fredriksson et al. [71] was able to show how a 10 km/h 
reduction in impact speed, corresponding to the deceleration 
of an automatic braking system, could decrease the HIC 

 

 

 

 
Figure 11. Top: The phases of the gait cycle. Bottom: Head impact velocity and rotation of the head at impact changes over the course of 
the gait cycle in lateral vehicle impacts. Figure borrowed from Elliott et al. [10] with permission from the authors. 
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values by up to 92%, followed by significant reductions in 
predicted brain strains. 

Kawabe et al. [51] studied lateral impacts of a pedestrian 
HBM and showed that deceleration had an effect on the head 
trajectory and thus the head impact location (quantified by 
the WAD). The head kinematics can be affected as well. In 
Figure 13, the HBM’s head CoG velocity curves with and 
without deceleration of an impacting vehicle (starting from 
40 km/h) is presented. 

 

 
Figure 13. HBM head CoG velocity during a lateral car impact at 
40 km/h, with and without an applied braking deceleration of the 
striking vehicle. The figure is borrowed from Kawabe et al. [51]. 

 

 

4.6.5. Vehicle pitching due to braking 

Researchers have reported that pitching due to vehicle 
braking has slight effect on the head impact location or 
WAD, and insignificant effect on head kinematics [96, 97]. 

This conclusion was drawn by Fredriksson et al. [96], 
who modeled vehicle pitching by introducing a 1° rotation 
of the impacting vehicle in a study using FE simulation and 
pedestrian dummy experiments. By comparing the impact 
with and without the 1° pitch, it was shown how vehicle 
pitching due to braking has slight effect on the head impact 
location, but in the cases where the head impact locations 
were the same, no significant influence of the pitching was 
observed in head kinematics. 

4.6.6. Pedestrian sliding 

Several researchers point out that the head impact 
kinematics and impact point will be influenced by the 
pedestrian sliding/slipping up the hood [36, 55–58]. An 
illustration of pedestrian slippage/sliding is seen in Figure 
14. Seemingly, it is not fully understood yet why and when 
sliding/slipping along the hood occurs. 

Paas et al. [58] hypothesizes that the amount of sliding 
over the hood is determined by the pelvis-to-BLE height 
ratio. For large ratios, the subject’s mass come into play 
as well. Based on PMHS tests, Paas et al. observed that 
subjects with a highly situated pelvis (as for tall subjects) 
and larger mass displayed more sliding compared to shorter 
and lighter subjects. The sliding had a pronounced effect 
on the head impact kinematics and impact locations. It 

 

 
 

Figure 14. Illustration of sliding/slipping phenomenon in 
pedestrian lateral impacts: no slippage to the left, slippage to the 
right. Observe how the slipping changes the impact point of the 
head. Figure borrowed from Kerrigan et al. [55]. 

 
 

was further claimed that sliding increased the head impact 
velocity by reducing the momentum transfer between the car 
and pedestrian. Kerrigan et al. [57] has hypothesized that 
the sliding distance could be further influenced by clothing, 
bonnet slope angle, BLE shape, friction and damage 
pattern on the BLE and hood. Liu et al. [36] hypothesizes 
that the sliding/slipping movement is connected with the 
knee lateral deflection. A large knee lateral deflection 
would “restrict” the slipping movement and exaggerate the 
rotational movement of the upper body towards the hood top. 
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4.7. Boundary conditions 
4.7.1. Release time 

Schroeder et al. [42] performed impact tests on four 
PMHS. One of the four subjects were released slightly 
earlier than the other subjects (the authors do not present the 
release time difference in quantitative terms). This resulted 
in different torso rotation compared to the other subjects, 
affecting the head trajectory and consequently, the head 
impact point on the car. Based on these findings, it can 
be hypothesized that the release time of the pedestrian is 
important, also in numerical simulations. 

4.7.2. Relative ground level 

Raising or dropping the pedestrian ground level relative 
to the vehicle will directly influence the body kinematics and 
the head impact location of a pedestrian. The relative ground 
level will determine the location of the knee and hip joints 
with respect to the vehicle. Furthermore, it will determine 
the location of the pedestrian’s CoG relative to the vehicle 
[87]. This is important in the context of this report since, 
among other things, the kinematics of the pelvis has been 
shown to be an important determinant of the overall upper 
body kinematics, including the head [55, 88]. 

4.7.3. Car-to-pedestrian friction 

Elliott et al. [50] studied the head’s trajectory, 
translation, impact location, impact time and impact velocity 
in a series of RBM simulations of lateral car-to-pedestrian 
impacts. The researchers observed no changes in the head 
impact conditions when the friction coefficient between the 
vehicle and pedestrian was doubled or halved from a value 
of 0.3. 

4.7.4. Vehicle mass 

Vehicles of different classes and models may have 
different masses. However, mass variation alone is not a 
particularly important covariate for car-to-pedestrian injury 
prediction. It has been shown that the mass difference 
between smaller cars and SUVs are negligible for pedestrian 
injury prediction, as the mass difference would result in 
almost no change in momentum transfer in the primary 
impact [6, 38, 43]. Meaning, the substantial mass difference 
between a passenger car of 1200 kg and a SUV of 1600 
kg, and even larger trucks, will not have notable effect on 
pedestrian injury risk. 

4.7.5. Influence of other body parts 

By comparing full-body HBMs with head-only FE 
models, it has been asserted that the body parts below the 
head, in particular the neck, are influential for the head 
impact kinematics [98, 99]. 

Elbow and shoulder impact have an effect on head 
rotation in lateral pedestrian collisions. Based on 
observations from four PMHS tests, Paas et al. [100] 
point out that elbows and shoulders provide additional 
support for the thorax and consequently change neck 
boundary conditions, increasing rotational accelerations 
towards the impacting vehicle. 

Ishikawa et al. [101] compared RBM simulations with 
PMHS tests and suggested that the influence of the lower 
body motion to the upper body response seems insignificant 
during the initial car-to-lower-extremities contact, in terms 
of trajectories. The researchers further claim that, during the 
period between initial contact and the body rotation towards 
the hood, the upper extremities have an influence on the 
movement of the upper body. 

Studying PMHS impacts, Paas et al. [58] observed that 
the upper arm and shoulder altered the head kinematics. The 
angle of the upper arm in lateral impacts had an influence on 
the head velocity. 

Both Kerrigan et al. [55] and Subit et al. [88] 
concluded that the kinematics of the pelvis was an important 
determinant of the overall upper body kinematics. In turn, 
the pelvic kinematics response is determined by its height. 
These conclusions were drawn based on observations from 
PMHS impact experiments. 

4.8. Knowledge gaps 
Despite significant advances on this topic, several areas 

remain underexplored, offering opportunities for future 
research. The authors identified a number of potential 
covariates that were not brought up in the body of literature 
reviewed in this study. These knowledge gaps are presented 
in this section and are also highlighted in Figure 4, written 
in italic font. 

4.8.1. Body composition and HBM mass distribution 

Usually, when an HBM is being scaled or morphed, the 
HBM is globally reshaped, without deforming fat tissue and 
muscle tissue, and sometimes even bone, separately. Many 
authors also tune the density of the soft tissues uniformly of 
an HBM to adjust its total mass. After morphing, scaling 
or density tuning, no attention is usually given to the 
resulting CoG or mass distribution or the HBM. In reality, 
the same BMI pedestrian can have very different body 
compositions and body mass distributions (Heymsfield et 
al. 2007). It has also been reported that tissue properties 
can vary with age and sex. For example, bone density will 
generally decrease over time, and age-related bone loss 
can be more pronounced in females compared to males 
(Mumtaz et al., 2020). Ultimately, whether the HBM mass 
distribution (CoG), which can be influenced by variations 
in body composition, sex and age, has a non-negligible 
contribution to pedestrian impact response has not been 
covered in literature. No authors have so far covered or 
proven whether or not the HBM mass distribution, or the 
HBM’s CoG, would explicitly influence the predicted head 
impact response. 

4.8.2. Choice of statistical body shapes 

The 50th percentile American/European male is the 
most common target anthropometry of some of the most 
frequently used HBMs, such as THUMS, GHBMC and 
SAFER. In the processed literature, most authors choose an 

American/European 50th percentile male for their analysis. 
If geometrical morphing is performed to achieve a targeted 
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BMI, statistical body shapes based on American/European 
bodies have mainly been used, e.g. using UMTRI [102] or 
SMPL [103]. It is not well-known if statistical body shapes 
of equal BMI differ significantly among different datasets, 
and whether or not the choice of statistical body model 
subsequently would have a significant influence on injury 
predictions in car-to-pedestrian impacts. 

4.8.3. Choice of FE models 

Researchers in the field all use their choice of HBM, 
and there are nowadays several to choose from (THUMS, 
GHBMC, VIVA+, SAFER etc). Whether the choice of 
HBM is an important covariate in predicting head injuries 
in car-to-pedestrian impacts remains unclear. Likewise, 
there are many available FE vehicle models being used in 
FE accident reconstructions, some of them simplified to 
modular car models, while some of them are as detailed 
as a real-world vehicle. Assuming the front-end profile of 
the vehicles are similar, would the choice of vehicle model 
have a significant influence on the head impact predictions? 
An area that remains underexplored is whether the choice 
of HBM or vehicle model have a significant effect on head 
injury predictions. 

4.8.4. Settling of HBMs and feet-to-ground friction 

It seems to be praxis to settle an HBM to the 
ground before simulating an impact. The settling implicates 
allowing your HBM to rest under gravity for a short time 
window prior to impact, settling the feet on the ground. 
No authors seem to cover whether or not this simulation 
step is actually important. Is the ground and the HBM 
settling necessary for accurate head injury predictions of 
head-to-vehicle impacts? This goes hand-in-hand with the 
question of whether the feet-to-ground friction is influential 
to head impacts, a topic that neither has been addressed in 
literature. 

4.8.5. Ground clearance 

Researchers have investigated the influence of several 
car-related measurements, including the height of the BLE, 
the length of the hood, the height and lead of the bumper 
height and so forth. However, to the authors knowledge, 
no researcher has investigated the influence of the ground 
clearance, meaning the distance between the ground and the 
lowest point of the vehicle front. Hypothetically, the risk 
with a too large ground clearance is that the feet and ankles 
might wrap under the vehicle, hindering any sliding/slipping 
on the vehicle hood, or change the rotation around the pelvis. 
Investigating whether or not the ground clearance should be 
modeled with care or not in FE accident reconstructions of 
vehicle-to-pedestrian collisions could be relevant. 

4.8.6. Windshield boundary conditions 

It has been shown that the windshield frame/borders 
are notably stiff and particularly hazardous to pedestrians, 
see Figure 8. However, no authors scrutinize how this 
windshield frame should be modeled in FE. Are rigid 
boundary conditions for the windshield edge, which is 

suspected to be used by most authors, valid? The boundary 
conditions of the windshield might influence the initiation 
and pattern of predicted windshield cracks, and should thus 
be investigated. 

 

5. Discussion 

In this review, variables reported to have an influence 
on head injury predictions in vehicle-to-pedestrian collisions 

have been identified and listed. The listed variables, 
referred-to as covariates, relate to the modeling of both the 
impacting vehicle and the impacted pedestrian, as well as 
the impact conditions. The summary of covariates presented 

in this review can be used to make more informative 
decisions when carrying out VRU accident reconstructions 
with FE techniques, helping researchers to avoid making 
simplifications of FE models that compromise the accuracy 
of numerical head injury predictions. The presented material 
could also be used when selecting parameters to include in 

sensitivity analyses of car-to-pedestrian impact simulations. 
The summary of findings presented in this review 

highlight important aspects of conducting car-to-pedestrian 
accident reconstructions. First of all, it is imperative to take 
a subject’s anthropometry and body posture into account- 
generic, unpositioned HBMs are simply not adequate to 
capture pedestrian head traumas correctly. Second, head 
injuries in a car-to-pedestrian accident can simply not be 
accurately predicted using generic vehicle models- the car’s 
front-end geometry, its stiffness and construction plays an 
outsized role in predictions of head impact response. Thirdly, 
the impact conditions must be thoroughly derived- the 
impact velocity, braking and yaw angle is far too influential 
to be roughly estimated. On the other hand, this review 
also showed, that a modeler aiming to predict pedestrian 
head impact response using FE can pay less attention to 
other aspects, such as precisely modeling the bumper of an 
impacting vehicle. 

A key limitation of this study is the relatively small set of 
literature included in the review. Some relevant research may 
have been overlooked, and the conclusions drawn may not 
fully represent the breadth of the field. However, despite this 
limitation, the review highlights some of the most important 
findings from the relevant studies available. The purpose 
of the study was to provide an informative overview of 
the current state of research on covariates in pedestrian 
accidents rather than being all-encompassing. While not 
exhaustive, the selected literature captures the core insights 
and trends in the field, offering valuable contributions to the 
understanding of the topic. 

It should also be mentioned, that the conclusions drawn 
by the studies referenced in this review were primarily drawn 
from studies using RBMs rather than HBMs. While RBM 
simulations can provide useful insights, they fail to capture 
the complex, deformable nature of the human body, limiting 
their accuracy in representing real-world biomechanics. In 
consequence, many of the references studies only evaluate 
kinematics-based injury risk metrics, such as HIC, while a 
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small subset of them also evaluate tissue-based metrics, such 
as MPS. Therefore, whether some of the listed covariates 
actually influence brain deformation has not been fully 
proven. 

This review has highlighted several important 
knowledge gaps within the current literature, which 
present valuable opportunities for advancing the field. 
The listed gaps remain underexplored or inconsistently 
addressed. By focusing future research on these areas, 
researchers can help refine existing models and improve 
practical applications. Addressing these gaps will not only 
enhance the knowledge but also lead to more accurate and 
efficient accident reconstructions. The identification of 
these gaps serves as a roadmap for future studies, providing 
a direction for advancing research in this area. 
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