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ABSTRACT 

 

Increasing death figures for pedestrian accidents on the roadside has made it one of the most 

important problems to overcome worldwide. Increasing demand for pedestrian protection is taking a 

significant role for the automotive manufacturers for vehicle designs that minimize pedestrian injuries 

and fatalities. During a collision event, it is essential to understand the pedestrian-vehicle kinematics 

and injury mechanisms by examining the biomechanical responses and the vehicle front-end profile. In 

this study, pedestrian impact analyses with full-size human models (AM 50th-THUMS) are first carried 

in the Finite Element (FE) LS-DYNA workbench to explore the kinematics and injury parameters in a 

pedestrian-car collision. Due to their computational cost and their lack of models availability issues, 

modeling and simulations are then investigated in the multi-body MADYMO workbench instead. Multi-

body ellipsoidal car models are developed and utilized along with different pedestrian models of 

different sizes. The comparison of results are performed with a Design of Experiment (DOE) approach 

to investigate the importance of different design parameters. The full-size pedestrian responses are quite 

sensitive to many impact conditions such as the exact location and the speed of impact. Pedestrian 

subsystem impactor models are then developed and utilized for better assessment of pedestrian 

kinematics. The upper legform, lower legform, and adult headform models are individually utilized to 

examine the potential injuries using FE simulations. The development of a simplified FE model of the 

Flex-Pli for its biofidelic structure is carried out to examine the pedestrian lower extremities during the 

impact. Another aspect of this study represents the material selection for a vehicle hood and frontal-end, 

for better protection of pedestrians. The models, methods, and results from this study can be utilized in 

the design of vehicle front-end such as hood, bumper, etc. along with material changes and therefore 

investigation of potential injuries and fatalities to pedestrians as well as development of future 

pedestrian impact protection regulations. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Recently, pedestrian fatalities in the United States have grown sharply. From 2009 to 2018, 

the number of pedestrian fatalities increased by 53% (from 4,109 deaths in 2009 to 6,283 deaths in 

2018). By comparison, the combined number of all other traffic deaths increased by 2%. Along with 

the increase in pedestrian fatalities, pedestrian deaths as a percentage of total motor vehicle crash 

deaths increased from 12% in 2009 to 17% in 2018. The last time pedestrians accounted for 17% of 

total U.S. traffic deaths was over 35 years ago, in 1982 [1]. 

Studies previously conducted by the Governors Highway Safety Association (GHSA), based 

on preliminary data reported by State Highway Safety Offices (SHSOs), paved the way to further 

research into the recent rise in pedestrian fatalities. Culminating data from all 50 U.S. states, the 

current study observed a concerning increase in pedestrian fatalities in 2015 through to 2019. 

Pedestrians are the most vulnerable road users among all road user categories since they 

are unprotected in vehicle impact scenarios. Pedestrians are the second largest category of motor 

vehicle deaths after occupants. (GHSA) estimates that the nationwide number of pedestrians killed 

in motor vehicle crashes in 2018 was 6,227, an increase of four percent from 2018. Each year 

thousands of pedestrians are killed or injured in road traffic accidents worldwide, resulting in 

substantial economic losses due to fatalities and long-term consequences. The proportion of 

pedestrian fatalities is a significant concern in many other countries, such as the United Kingdom, 

Germany, and Japan [2]. 

According to the data available from the U.S. Department of Transportation’s Fatality 

Analysis Reporting System, in the year 2002, 4,808 pedestrians were killed in traffic crashes, a 
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decrease of 13 % from the 5,549 pedestrians killed in 1992. There were 71,000 pedestrians injured 

in traffic crashes in 2002. One- fourth of the children between 5 and 9 years old killed in traffic 

crashes in 2002 were pedestrians, and 6% of all youth under age 16 injured in traffic crashes were 

pedestrians [3]. 

Studies have shown that as the impact speed decreases from 40km/h to 30 km/h, the 

probability of severe head injury will decrease from 50% to lower than 25%. The number of 

the killed pedestrian is between 12-45 %, while the number of pedestrian collisions represents 4-

8% from the overall number of the traffic accidents. The result indicates a high risk of pedestrian 

death in collision with a  vehicle. The majority of the collisions  occurred in urban areas. T h e  

number of pedestrian deaths in urban areas were 68% of the overall number of deaths [3]. 

Table 1.1 Pedestrian Fatalities and Percentage of Total Traffic Fatalities 2008-2017 [4]. 

Fatalities 

 

 

Year 

 

Pedestrian 

Fatalities 

 

All Other 

Traffic 

Fatalities 

Combined 

 

Total Traffic 

Fatalities 

 

Pedestrian Deaths as 

a Percent of Total 

Traffic Fatalities 

2008 4,144 33,009 37,423 12% 

2009 4,109 29,774 33,883 12% 

2010 4,302 28,697 32,999 13% 

2011 4,457 28,022 32,479 14% 

2012 4,818 28,964 33,782 14% 

2013 4,779 28,115 32,894 15% 

2014 4,910 27,834 32,744 15% 

2015 5,495 29,990 35,485 15% 

2016 6,080 31726 37,806 16% 

2017 6,075 31,156 37,133 16% 

2018 6,283 30,277 36,560 17% 

Fatalities 

During 2009 to 2018, the number of pedestrian fatalities in the U.S. increased by 53%, from 

4,109 in 2009 to 6,283 deaths in 2018 Table 1.1 [4] [5]. This translates into more than 2,100 

additional pedestrian deaths in 2018 compared with 2009. While pedestrian deaths have been 

increasing, traffic deaths have only risen by 2%. For the first half of 2019, the NHTSA projected a 
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3.4% reduction in traffic fatalities compared to the first half of 2018. The 2019 preliminary data 

suggests a continuation of the diverging trends in overall traffic deaths (which have either increased 

slightly or decreased slightly in recent years) and in pedestrian deaths (which have increased sharply 

since 2009) [1]. 

The vehicle front primarily impacts pedestrians with a high frequency in vehicle- pedestrian 

accidents. Most of these impacts occur at crash speeds of up to 40kmph. Crash tests developed 

by government research laboratories and European Experimental Vehicle Committee (EEVC) are 

available for the data required. The subsystem test procedures can be implemented to detect the 

vehicle front local stiffness and impact energy which are the main factors to cause pedestrian 

injuries. Developing a new vehicle with a pedestrian-friendly front that can meet the system test’s 

requirement, must have an effective approach for the new vehicle front design to minimize the risk 

of pedestrian injury in an unavoidable accident. Although the number of pedestrian deaths has 

decreased dramatically over the past two decades, they still account for 11 % of motor vehicle 

deaths [6]. 

 

Figure 1.1 Pedestrian Fatalities by Low Light Level [7]. 

 

The rest of those killed in motor vehicle crashes are vehicle occupants (drivers and 

passengers), motorcycle riders, bicyclists, and others. Comparing the pedestrian fatalities by gender, 

female pedestrian fatalities account for 11 percent of the total females killed in motor vehicle 
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crashes. Male pedestrian fatalities make up approximately 12 percent of the total males killed in 

crashes. Darkness poses an exceptionally high risk for those traveling by foot. On a national basis, 

about 75 percent of pedestrian fatalities in 2017 occurred after dark, as shown in Figure 1.1 [7]. 

The number of deaths in motor vehicle crashes maintained at around 43,000 per year 

between 1997 and 2006. In some groups, notably among motorcycle riders, deaths have been 

increasing. Meanwhile, the pedestrian crash fatality rate continues a long-term decline. Since 1997, 

pedestrian fatalities have declined by 10 percent. This is the largest decrease in motor vehicle deaths 

in any person category. 

A review of FARS data shows that pedestrian crash deaths declined between 1997 and 2006. 

In 1997, there were an estimated 85,010 police-reported pedestrian crashes, and 5,321 of those 

incidents resulted in pedestrian deaths. In 2006, these figures declined to 67,573 for pedestrian 

crashes and 4,784 for pedestrian crash deaths, a 20-percent decrease for pedestrian crashes (subject 

to sampling errors) and 10-percent reduction for pedestrian crash deaths. This trend points out that 

pedestrian crashes are dropping faster than pedestrian crash deaths. Pedestrian crashes on a 

downward trend since 1999 is represented [8]. 

Accidents involving light-weight vehicles were three times more likely to involve severe 

injuries and are almost three and a half times more likely to result in death. The research was 

conducted by investigators based at the Harborview Injury Prevention & Research Center 

(HIPRC) and the Center for Applied Biomechanics at the University of Virginia. The evidence of 

a significantly greater risk of severe injury and death to pedestrians caused by light truck crashes 

supports the importance of technical tests to evaluate vehicle safety for passengers and pedestrians 

[9]. 

One study showed that about 85 % of pedestrian collisions occur in urban areas, and about 

15 percent in rural areas. However, 25 % of fatal pedestrian crashes occur in rural areas, reflecting 



5 
 

the generally more severe pedestrian collisions outside urban areas. Though most pedestrian crashes 

occur in urban areas, 60 % of all pedestrian crashes in urban areas do not occur at intersections; this 

compares to 75 % of child pedestrian crashes, which occur not at an intersection. The percentages 

that do occur at intersections vary by crash type. Age is also a variable of importance, with 75 

% of child pedestrian crashes not at intersections, contrasting with most of the elderly collisions at 

intersections. 

Figure 1.2 represents the study from 2009 to the first six months of 2019, pedestrian fatalities 

paired with annual data of pedestrian deaths led the GHSA to project 6,590 pedestrian fatalities in 

2019, this would represent a five percent rise from 2018 or approximately 300 additional pedestrian 

fatalities. This projection highlights a continuation of an increasing trend in pedestrian deaths going 

back to 2009. It would be the largest annual number of pedestrian fatalities in the U.S. since 1988 

as shown in Figure 1.3 [1]. Alcohol impairment for the driver and for active pedestrian was reported 

in about half of traffic crashes that resulted in pedestrian fatalities in 2018. One-third of fatally 

injured pedestrians ages 16 and older with known test results had a blood alcohol concentration 

(BAC) of 0.08 grams per deciliter (g/dL) or higher. 

 

Figure 1.2 U.S. Pedestrian Fatalities: 2009-2019 [1]. 
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Figure 1.3 U.S. Pedestrian Fatalities 1988-2019 [1]. 

 

The Pedestrian Collision Data Study (PCDS) shows that injuries to the lower limbs are more 

important than injuries to other body parts. In severe pedestrian injuries, the frequency of lower limb 

injuries is second only to head injuries.  

Table 1.2 Percentage of Pedestrian Crash Types [10]. 

 

 

Pedestrian Crash Types 

% of 

crashes 

Crossing at intersection 32% 

Crossing mid-block 26% 

Not in road (e.g., parking lot, near curb) 9% 

Walking along road/crossing expressway 8% 

Backing vehicle 7% 

Working or playing in road 3% 

Other 16% 

Total 100% 

 

About 80% of vehicle collision injuries on the thighs, knees and calves are caused by bumper 

contact. Overall, 74% of pedestrian traffic accidents occurred in places without traffic control, 7% in 

places with stop signs, and 17% in places with traffic signals. Table 1.2 [10]. shows the percentage 
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change in pedestrian collisions. However, this crash varies depending on the type of crash. When 

pedestrian collisions involve vehicles turning at intersections, the proportion of traffic accidents 

where there are traffic lights is 63%, and the overall incidence is 17%. Regarding the speed limit, 

most pedestrian collisions occur where the speed limit is low or moderate [11]. 

Alcohol is an important factor in pedestrian crashes. Study showed that between 42 and 

61 percent of fatally injured pedestrians had BAC levels of 0.10 or greater. There is some indication 

that pedestrians who have been drinking pose a greater threat to pedestrian safety [12].  A total of 

2,015 pedestrians killed in traffic crashes in 2018 had BACs of 0.08 or higher. An estimated 16% of drivers 

involved in fatal pedestrian crashes with known test results had a BAC of 0.08 or higher. 

Pedestrian death has grown steadily from 12% to 16% in recent years. Partly, this may be the 

result of passenger vehicles offering greater protection for passengers through changes in design and 

additional safety equipment, thereby decreasing the chance of fatal injuries. On the other hand, 

pedestrians do not benefit from occupant-oriented vehicle crashworthiness improvements and could 

account for a greater proportion of overall traffic fatalities. The trend toward equipping more vehicles 

with automatic braking and pedestrian-detection technologies could help reduce pedestrian 

collisions. The finding that people aged 45-54 accounts for the highest proportion of pedestrian 

deaths with BACs greater than or equal to 0.08% (followed by the 55-64 age group) indicate that 

alcohol impairment is not just a young person’s problem, as some may perceive.  Therefore, mature 

adults should be included in any targeted messaging or safety campaigns related to the dangers of 

impaired walking. This report provides insights into crash factors documented in FARS that can help 

inform state and local safety officials efforts to reduce pedestrian fatalities. These factors include the 

time of day, types of roads, the role of alcohol impairment and changes in the passenger vehicle fleet:  

Approximately 75% of pedestrian fatalities occur after dark, and recent increases in pedestrian 

fatalities occur mainly during the night. Between 2009 and 2018, the number of nighttime pedestrian 
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fatalities increased by 67%, compared to a 16% increase in daytime pedestrian fatalities. The growing 

prevalence of nighttime pedestrian fatalities suggests a need to prioritize engineering and 

enforcement countermeasures to improve safety at night (e.g., improved street lighting, nighttime 

enforcement patrols).  

❖ More than half of all pedestrian fatalities in 2018 (59%) occurred on non-freeway arterials. 

Challenging crossing locations such as multilane urban arterials often have bus stops or land 

use patterns that require pedestrians to cross busy roads. Countermeasures such as rectangular 

rapid flashing beacons, pedestrian-hybrid beacons, curb extensions and pedestrian refuge 

islands have been shown to improve pedestrian safety in these environments.  

❖ Most pedestrian fatalities occur at non-intersection locations. Although it is impossible to 

make all non-intersection locations safe or suitable for pedestrian activity, there are 

opportunities to improve pedestrian safety at midblock locations through speed enforcement 

and management, along with increased street lighting.  

❖ Consumption of alcohol is a significant factor contributing to injury and death. An estimation 

of 33% of total fatalities involved a pedestrian with a BAC of at least 0.08%. Approximately 

16% of drivers involved in these crashes also had a BAC of at least 0.08%. Pedestrian safety 

can be enhanced by conducting high-visibility impaired driving enforcement in areas with 

robust nighttime pedestrian activity.  

❖ Pedestrians struck by a large SUV are twice as likely to die as those struck by a car. Changes 

in the design include softer vehicle fronts, pedestrian-detection systems, and the blunt front 

ends of light-weight trucks. More aerodynamic designs lower the risk of fatalities in the event 

of a collision. For now, local efforts to reduce speed limits and speeding in pedestrian zones 

can reduce the severity of light-truck pedestrian collisions. Although passenger cars are the 

largest category of vehicles involved in fatal crashes, the number of pedestrian fatalities 
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involving SUVs increased at a faster rate — 81% — from 2009 to 2018 than passenger cars, 

which increased by 53% [13]. 

❖ Reducing pedestrian fatalities and serious injuries is a significant hurdle in crash-safety 

research. Recent statistics of accidents indicate that pedestrian fatalities account for almost 

10% of all traffic-related deaths in Europe, 13% in the U.S, and almost 30% in Japan, among 

the advanced, industrialized nations [14]. The proportion of pedestrian deaths and severe 

injuries is notably higher in less developed countries experiencing great vehicle ownership 

[15]. 

 

Figure 1.4 Number of Smartphones in Active Use (Millions) [16]. 

Figure 1.4 represents the data of number of smartphones in active use. Regarding cellphone 

use, which can be a significant source of distraction for all road users, the reported number of 

smartphones in active use in the U.S. increased by 4% from 2017 to 2018, and by more than 

400% from 2009 to 2018. Analysis of data from the National Electronic Injury Surveillance 

database shows the number of cellphone-related emergency department visits is increasing in 

parallel with the prevalence of cellphone use in the U.S [16].  



10 
 

1.2 Pedestrian Injury Criteria 

Studies carried out since the  1970s were based on different approaches with pedestrian 

substitutes such as biological specimens, mechanical dummies, and mathematical models, and real-

world accident samples. Hence, injury levels, injury criteria, pedestrian injury biomechanics and 

their connection with the analysis of real-world car-pedestrian accident reconstruction are briefly 

described. 

The injury biomechanics field deals with mechanical loads, particularly impact loads on 

the human body. Due to this mechanical load, a body region will experience mechanical or 

physiological changes. These changes are called biomechanical responses. The mechanism involved 

is called the injury mechanism, and the severity of the resulting injury is named the injury severity. 

An injury criterion is a physical parameter or a function of several physical parameters, which 

correlates with the body’s injury severity under consideration. There are many proposals for 

ranking and quantifying injuries. Anatomical scales describe the injury in terms of its anatomical 

location, the type of injury and its relative severity. The most accepted anatomical scale worldwide 

is the Abbreviated Injury Scale (AIS). The AIS distinguishes the following levels of injury shown 

in Table 1.3. 

Table 1.3 Abbreviated Injury Scale (AIS) [17]. 

AIS Score Injury 

0 No injury 

1 minor 

2 moderate 

3 Serious  

4 severe 

5 critical 

6 Maximum injury  

9 unknown 

 

An injury parameter is a physical parameter or a function of several physical parameters, 

which correlates well with the body’s injury severity. under consideration. Many schemes have 
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been proposed for ranking and quantifying injuries. 

The numerical values have no significance other than to designate order. Many injury 

criteria are based on the acceleration forces, displacements, and velocities. Some injury criteria 

need a  mathematical evaluation of a time history signal. The biomedical codes, including 

MADYMO, offers the possibility to perform some of these injury parameter calculations. 

Anatomical scales describe the injury in terms of its anatomical location, the type of injury 

and its relative severity. Most injury criteria are based on accelerations, relative velocities or 

displacements, or joint constraint forces. These qualities must be requested with standard output 

options. The criteria often need some mathematical evaluation of a time history signal. MADYMO 

performs these injury parameter calculations. The following injury parameter calculations are 

available [17]. 

❖ Gadd Severity Index (GSI) 

❖ Head Injury Criterion (HIC) 

❖ Neck Injury Criterion (FNIC) 

❖ 3ms Criterion (3MS) 

❖ Thoracic Trauma Index (TTI) 

❖ Femur Loads 

Injury parameter calculations for the HIC, GSI and 3MS are carried out on a selected bodys 

acceleration signal. The TTI calculation is carried out on the linear acceleration signals of two 

selected bodies. These linear acceleration signals must be defined under the Linear Acceleration 

keyword. 

1.3 Pedestrian Injury Biomechanics 

The most common pedestrian injuries include thorax to the lower and upper region and the 

head region of the body. This injury and their biomechanics evaluation are discussed here. 
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1.3.1 Head Injury Criterion 

Head Injury Criteria (HIC) is frequently the most challenging standard to meet. Based on 

earlier work by Versace and colleague proposed the Head Injury Criterion (HIC) and was later 

modified by NHTSA. This criterion is based on the Gadd Severity Index interpretation. HIC is an 

empirical formula based on experimental work. The HIC does not simply represent a maximum data 

value but represents data integration over a varying time base. The HIC is based on data obtained 

from three mutually perpendicular accelerometers installed in the head of the ATD in accordance 

with the dummy specification. Head Injury Criterion (HIC) is developed as an indicator of the 

likelihood of severe head injury. The Head Injury Criterion, or HIC, by NHTSA is described by the 

following expression [17]. The HIC expression is shown in Equation (1.1): 

         (1.1) 

where: t1: Initial time (sec) of the interval during which HIC attains maximum value. 

t2: Final time (sec) of the interval during which HIC attains maximum value. 

In automotive testing, HIC when there is a of head contact impact. According to the Federal 

Motor Vehicle Safety Standards (FMVSS) and FAA regulations, the HIC should not exceed 1000 

for 36ms Δt (maximum time duration) or 700 for 15ms Δt (maximum time duration duration) [17]. 

1.3.2 Thorax 

The lateral impact to the thorax is the most common in truck-pedestrian impact. The 

pedestrian thorax injury mechanism is typically associated with blunt trauma due to the flat 

bonnet top or the relative flat edge that impacts the thorax without penetration. The thorax 

contact location on the truck front is different due to the pedestrians' age and size.  The thorax 

injuries of adults and older children are mainly attributed to bonnet-top impacts.  
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Figure 1.5 Side View of the Thorax Structure [18]. 

 

A typical side view of the thorax structure shown in Figure 1.5. Small children are more 

likely to sustain thorax injuries at impact with the bonnet front edge and truck’s front face. In a 

truck-pedestrian lateral impact, the thorax is accelerated towards the bonnet and then decelerated 

suddenly due to a blunt bonnet impact. The thorax injuries can attribute to three mechanisms: the 

compression of the thorax, the viscous loading within the thorax cavity, and internal loading to 

the internal organs.  

1.3.3 Pelvis 

The pelvis shown in Figure 1.6 can be injured by lateral impact with a stiff bonnet edge or 

bonnet top. In Truck-Pedestrian impact, the compressive force to the pelvis is the dominated injury 

mechanism. The pelvis shown in fig. can be injured by lateral impact with a stiff bonnet edge or 

bonnet top. The injuries to this body segment often involve one or more of the following structures: 

pubis, acetabulum (hip socket), spine, and proximal femur. Accidents involving small children are 

less likely to produce pelvis fracture than do accidents with adults. 

The research on the pelvis’ response to lateral impacts was conducted with cadaver 

specimens at different institutes. In these studies, the lateral responses have been described in 
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terms of impact, force, and acceleration of the pelvis, and compressive deflection. The injury 

criterion for pelvis linear acceleration is 50g to 90g value [19]. 

  
 

Figure 1.6 Sketal Segments of Pelvis [19].  

 

1.3.4 Lower Extremities 

Injuries to the pelvis have been included with leg injuries as the corresponding contact 

resulting in pelvic injury are exactly to those producing upper leg injuries. In analysing, the injuries 

to the legs a total of nine body sections have been used to examine the criteria. The sections of the 

lower extremities correspond to the skeletal structure and were pelvis, left femur, left knee, left tibia 

and fibula, left ankle and foot, right femur, right knee, right tibia and fibula and right ankle and foot. 

Although the sections have been described mainly in terms of skeletal structure, they include the soft 

tissue and skin surrounding the bone. The most severe injury to each portion from contact with either 

the vehicle or the ground was determined for comparison. 

In a study by Ashton [20] examined that pelvic or leg injuries were sustained by 72 children, 

56 adults and 51 elderly adults: minor injuries were sustained by 71% of the children, 46% of the 

adults and 22% of the elderly adults sustained. General contact with the vehicle was responsible for 

71% (63%-74%) of all the pelvic or leg injuries. The importance of the vehicle as a cause of injury 
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was found to vary with the severity of injury: overall 50% (42%-58%) of the minor pelvic or leg 

injuries compared to 99% (93%-99%) of the non-minor pelvic or leg injuries were caused by vehicle 

contact. Minor injuries to the pelvic, femur, or tibia/fibula were caused mainly by vehicle collision 

whilst minor injuries to the knee or ankle and foot resulted mainly from ground contact: 84% (76%-

85%) of the minor injuries to the pelvis, femur or tibia/fibula and 16% (1 3%- 34%) of the minor 

injuries to the knee or ankle and foot resulted from vehicle contact [20]. 

Knee injuries were the most frequent type of minor pelvic or leg injury sustained accounting 

for 42% of these injuries [20]. Femur injuries were the most frequent non-minor pelvic or leg injury 

sustained by children. For adults and elderly adults tibia/fibula injuries were the predominant non-

minor pelvic or leg injuries. The second most frequent non-minor pelvic or leg injuries sustained by 

adults were injuries to the femur. For elderly adults however pelvic injuries outranked femur injuries 

as the second most important non-minor pelvic or leg injury. 

The incidence and severity of the injuries sustained was related to impact speed: overall 54% 

of the pedestrians in the speed range 0-20km/h, 85% in the range 21-40km/h and all those struck at 

speeds above 60km/h sustained a pelvic or leg injury [20]. For non-minor injuries the comparable 

figures were 4%, 42%, 63% and 89%. This increase in injury severity with impact speed was solely 

due to an increase in the severity of vehicle contact injuries with impact speed: virtually all the ground 

contact injuries being minor injuries. 

 In car-pedestrian collisions fracture of the leg often occurs, especially of the lower leg. 

Therefore, fracture joints have been implemented at the second upper leg joint and all three lower leg 

joints. On multibody platform all fracture joints are spherical joints. Initially, they are locked and 

will be unlocked as the local fracture trigger signal exceeds the fracture level while estimating the 

injury levels. In the unlocked situation, there is no stiffness defined. Bumper lead appeared to have 



16 
 

an effect on the incidence of fractures , there being a higher incidence of fractures with decreasing 

bumper lead angle 

 

Figure 1.7 MADYMO Pedestrian Leg Model [18]. 

Figure 1.7 show the schematic representation of major injuries and joints in a car-pedestrian 

lateral collision and MADYMO model. The leg is based on the physical pedestrian leg model that is 

comparable and similar with the leg of the Hybrid III dummy model. In both the upper and lower leg 

spherical joints have been implemented in order to model bending and fracture which can represents 

the flexible bending during the event of crash. 

1.4 Biomechanical Thresholds 

The threshold and injury criteria used in research on pedestrian safety are summarized in 

Table 1.4, based extensive studies in the last three decades [2]. All these tolerance levels are t h e  

acceptance levels of the  EEVC proposal and from the  European Passive Safety Network [20]. 

The injury-related parameters can be used for evaluating the safety performance of the vehicle 

front structures. The HIC value is the most used criterion for a head injury in crash safety research 

and used to assess the risk of pedestrian head/brain injuries for many years. Further, Institutes like 

EEVC are examining the material properties of human tissues in dynamic impact conditions. The 
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lower extremities are more critical to examine as the primary contact with vehicle model is severe in 

result leads to severe injury score. 

Table 1.4 Threshold and Injury Criteria for Pedestrian Body Segments [2]. 

 

Parameter Body Segments Tolerance levels 

 

 

Force 

Tibia 4 kN 

Knee 2.5 kN 

Femur kN 

Pelvis 4 kN 

 

HIC36 / HIC15 

Adult 1000/ 700 

Child 1000/ 700 

 

Linear Acceleration 

Head 80g 

Thorax 60g 

Tibia 150 g 

Angular 

Acceleration 

Head 3000 rad/s2 

Rotation Angle Knee 15 deg 

 Neck 60 deg 

 

Bending moment 

Knee 350 Nm 

Tibia 200 Nm 

Femur 220 Nm 

Shear Dislocation Knee 6 mm 
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CHAPTER 2 

LITERATURE REVIEW 

2.1  Development of Pedestrian Testing Methods 

Progressively four groups have been working on developing of test procedures to be used in 

identifying the degree of pedestrian protection afforded by a given vehicle. They are the United States 

National Highway Traffic Safety Administration (NHTSA), the European Experimental Vehicles 

Committee (EEVC), the International Standards Organization (ISO) and the International 

Harmonized Research Activities (IHRA). This individual group has approached the task by 

developing component, or sub-system, tests rather than a whole system dynamic test; this is largely 

because of (1) intractable difficulties in conducting the process in full-scale collisions between a 

pedestrian dummy and a vehicle, (2) the need for a family of dummied to represent the pedestrian 

population (child through adult) and (3) protection about the bio fidelity of a pedestrian dummy. 

Toyota Motor Research Group has developed a full human finite pedestrian dummy THOR 

v4 to assess the injury during a collision. A full-scale pedestrian crash test dummy, POLAR II, has 

been developed by Honda R&D in collaboration with GESAC and the Japan Automobile Research 

Institute. The Society of Automotive Engineers has a Pedestrian Dummy Task Group, developing 

limits and criteria for a full-scale pedestrian dummy. However, at this stage, these dummies are 

intended primarily for use in research. Neither has been referred to in any regulation of vehicle design 

with theses pedestrian dummies. 

During the 1980s, the United States National Highway Traffic Safety Administration 

(NHTSA) was progressively involved in developing vehicle impact test regulations and methods for 

pedestrian protection. Although Notices of Proposed Rule Making were prepared, this work was 

suspended in 1992. (NHTSA, 1993) Today, there is some research being conducted in this area by 
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NHTSA as the United States Government’s participates and conducts the International Harmonized 

Research Activities Pedestrian Safety Working Group (IHRA PS).  

2.2  European Experimental Vehicles Committee 

More than 7000 pedestrians and 2000 pedal cyclists are killed every year in a road accident 

in the European Union, while several hundred thousand are injured. However, differences between 

the individual member countries are remarkable. Annual pedestrian fatalities per million inhabitants 

rank from 10 in the Netherlands to 47 in Greece, and pedestrian fatalities per 100 road accident 

fatalities rank from 12 in France to 32 in Great Britain [21]. The front of a passenger car impacts a 

large proportion of pedestrians and cyclists, this was recognized by the European Enhanced Vehicle 

Safety Committee (the former European Experimental Vehicles Committee) and Working Groups of 

EEVC performed several studies in this field. Based on this research, various recommendations for 

the front structure design of passenger cars were developed.  

Moreover, test methods and regulations have been proposed to assess pedestrian protection. 

In the spring of 1987, one of these proposals was discussed by the EEC ad-hoc working group 'ERGA 

Safety. It was concluded that the proposal’s basis was promising; however, additional research was 

needed to fill up some gaps. The EEVC was asked to co-ordinate this research, and at the end of 

1987, EEVC Working Group 10 µPedestrian Protection was set-up [22]. 

The group’s mandate was to determine test methods and acceptance levels for assessing the 

protection afforded to pedestrians by the fronts of cars in an accident. The test methods should be 

based on sub-system tests, essentially to the bumper, bonnet cutting-edge and bonnet top surface. 

The bumper test should include the air dam; the bonnet cutting-edge test should include the headlight 

surround and the cutting-edge of the wings; the test to the bonnet top should include the scuttle, the 

lower edge of the windscreen frame and the top of the wings. Test methods should be considered to 

evaluate each part of the vehicle structure's performance concerning both child and adult pedestrians 
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at the car to pedestrian impact speeds of 40 km/h. The different impact characteristics associated with 

changes in the car front’s general shape should be allowed for by variations in the test conditions 

(e.g., impact mass and velocity, the direction of impact).  

         The EEVC WG10 started its activities in January 1988. Both governments (represented mainly 

by research institutes) and the automobile industry were represented in the working group. A 

programmed was set-up intended to develop the required test methods as described by the mandate. 

The studies necessary to develop test methods have been summarized in the first report of EEVC 

WG10, presented to the 12th ESV Conference in 1989 [23]. These development studies included 

full-scale dummy tests, cadaver tests, accident reconstructions, accident data analysis, and computer 

simulations. Furthermore, the developed test proposals had to be tested against representative cars of 

current designs to determine the proposals’ feasibility. The compatibility with existing regulations, 

other safety features and basic operational requirements for cars were assessed. These studies were 

performed in 1989/1990 by a European consortium acting under contract to the European 

Commission and the auspices of EEVC. The consortium consisted of BASt, INRETS, LAB/APR, 

TNO and TRL. The studies were completed in June 1991 and were summarized individually in 

technical reports [27-29]. The summary report [24] included an Annex called "Frontal surfaces in the 

event of impact with a vulnerable road user - proposal for test methods". This work was also 

summarized in a second EEVC WG10 report, presented to the 13th ESV Conference in 1991 [25].  

To align themselves with producing changes and improvements, the third and final report 

written by the EEVC WG10 (Working Group 10) was written in 1994. As described in [24] this 

report built upon previous reports proposed test methods. The test methods were updated and 

included in the Annex "Frontal surfaces in the event of impact with a vulnerable road user proposal 

for test methods". Following the dissolve of WG10, the 15th ESV Conference [26], were updated on 

the latest activities untaken by the former members. 
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Figure 2.1 summarizes the EEVC WG17 pedestrian protection test methods. In May 1997, 

the former members of EEVC WG10, on request of the EEVC Steering Committee, met again to 

discuss technical progress and new developments with respect to the EEVC pedestrian protection test 

methods. Based on these discussions, the Steering Committee decided in June 1997 to set-up a new 

EEVC working group WG 17 Pedestrian Safety- with two main tasks: 1. Review of the EEVC WG10 

test methods (final report 1994) and propose possible adjustments considering new and existing data 

in the field of accident statistics, biomechanics, and test results (to be completed within one year). 

Prepare the EEVC contribution to the IHRA working group on pedestrian safety.  

 

Figure 2.1 Pedestrian Protection Test Methods Proposed by the EEVC WG10 [46]. 

 

        The activities of WG17 concerning the first task only are summarized in this report. New data 

in the field of accident statistics, biomechanics and test results are described, respectively. Further 

improvements to the sub-system impactors are investigated. 

2.1.1  Lower Leg and Knee 

A recent study concerning the shearing and bending effects in the knee joint at high speed 

(i.e., 40 km/h) lateral loading was studied by WG17. When the preloaded knee joint of cadavers was 

exposed to bending deformation, the two most common initial damage mechanisms occurred when 

the knee was bent laterally at an average angle of 15° for ligament avulsion failure or at an average 
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angle of 16° for diaphysis/metaphysis failure. When the preloaded knee joint of the cadavers was 

exposed to a shearing deformation, the two most common initial damage mechanisms occurred at an 

average lateral shearing displacement of 16 mm epiphysis failure or an average 28 mm 

diaphysis/metaphysis failure. The average peak shearing force acting at the knee joint level in these 

latter cases was 2.4 kN and 2.9 kN, respectively, while the peak bending moment in these shearing 

tests was 400-500 Nm [27]. 

The fixation method of the cadaver’s femur combined with the severity of the impacts, 

caused extreme damage to the bones and ligaments in several cases. The most common injury 

mechanisms in both the bending and the shearing test were related to bone fractures, indicating the 

severity of these tests [21]. 

Based on the same cadaver tests, an acceptance level has been proposed by JARI/JAMA, 

consisting of a combination of a maximum bending angle and a maximum shear displacement [14]. 

WG17 is not in favor of this approach since these phenomena occur at a different point in time and 

should not be combined.   

The cadaver tests discussed above confirm the lateral bending stiffness of the legform knee 

ligaments of 300-330 Nm, as chosen by WG10. It was already mentioned in the final WG10 report 

that the 100-150 Nm knee bending moments obtained from low-speed cadaver tests seemed to be 

unrealistic [25]. This statement is confirmed by WG17.  

2.1.2  Upper Leg and Pelvis  

WG17 considered new accident reconstructions using the upper legform impactor necessary 

for    three reasons:  

• The proposed WG10 acceptance levels still had to be confirmed. 

• The impactor was modified after a hidden load path was found.  
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• There seems to be an imbalance between the current test requirements and the injury risk 

in real accidents with modern cars. On the other hand, since modern cars do not pass the 

current bonnet cutting-edge test requirements, few femur injuries occur in reality.  

Dynamic test results are a static coefficient of 1.69 for the tibia bending moment to failure 

[28]. If this coefficient is applied to the static femur bending moment to failure of 310 Nm for male 

subjects, this will result in a dynamic bending moment to failure of 524 Nm. The average length of 

male femurs is 455 mm [29]. At the same time, the µ working length of the EEVC upper legform 

impactor is only 310 mm. The corrected bending moment measured by the impactor would then be 

357 Nm. The French representative in WG17 proposed an acceptable level of 360 Nm for the lateral 

upper legform bending moment.  

The JARI performed a series of 12 accident reconstructions using the upper legform impactor. 

These tests’ injury risk functions for femur and pelvis AIS 2+ injuries based on lateral femur forces6 

and bending moments have been developed [30]. The results seem to be influenced considerably by 

the age of pedestrians. WG17 believes that the approach used results more in a fracture distribution 

curve than in an injury risk curve. Moreover, the zero risk values were chosen at quite a high level, 

i.e., at the WG10 acceptance levels.  

WG17 recommended an injury risk level of 20%, resulting in 4.23 kN and 226 Nm for the 

logistic (dose-response) risk and 5.58 kN and 362 Nm for the cumulative average risk. WG17 decided 

to increase the WG10 acceptance levels to the mean value of both methods. This increase in 

acceptance levels will contribute to a better balance between test and real accident injuries. The mean 

values from both methods at a 20% injury risk level are 4.9 kN and 294 Nm, rounded to 5.0 kN and 

300 Nm, respectively. The impactor response and pedestrian injuries response in the full-scale 

vehicle-pedestrian impacts were compared at the same vehicle impact location across a wide range 
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of impact condition, and with a resulting changes in vehicle hood stiffness which will result in 

different response trends between the impactor response and head response.  

2.1.3 Head 

In the final report of EEVC WG10 [26], the following sentence is included: Confirmation is 

still necessary for the child acceptance level of 1000, although it is mentioned in the literature that a 

HIC value of 1000, when used with the NHTSA head impact system, was verified as an accurate 

indicator of the threshold of serious head injury through the experimental reconstruction of real 

pedestrian cases involving adults and children. Recently NHTSA has evaluated different techniques 

for developing child dummy protection values [31]. Several techniques, including scaling of adult 

data and accident reconstructions, have been evaluated. It was concluded that no single method or 

set of data stands out clearly as the best choice, because actual biomechanical data are insufficient 

and limited applicability. Therefore, it is recommended by NHTSA to use HIC 1000 for a 6-yr child 

since this value has been an established limit for both adult and child dummies for many years and 

is proven to be effective in limiting serious injury. WG17 accepted this NHTSA recommendation. 

ISO/TC22/SC12/WG6 is currently discussing the HIC protection value for children, which may lead 

to new considerations. 

2.1.4  EEVC Dynamic Testing Criteria 

WG17 has evaluated the performance of real vehicles with respect to the EEVC test methods 

in several programs. Computer simulations are used more and more in the development process of 

new vehicles or components. To define the input conditions for the sub-system impactor tests, 

computer simulations were also used by WG17, beside dummy and cadaver tests. Recently 

streamlined cars indicate that the impact energy of the currently described upper legform to bonnet 

cutting-edge test is too high for these vehicle shapes. A proposed requirement made by EEVC for 

dynamic testing criteria for upper legform test is shown in Table 2.1.  As per the regulations, the 
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upper legform impactor to vehicle test is projected with impact velocity as specified as 11.1 m/s. The 

moments at the outer positions are required to have a maximum difference of 20 Nm to satisfy the 

testing criteria. Moreover, it is required that the difference between the maximum forces must be 

below 0.5kN with vehicle. 

Table 2.1 EEVC Dynamic Testing Criteria [23]. 

 

 

Adult headform is impacted on vehicle hood with an initial velocity of 11.1 m/s at a drop 

angle of 65 degrees to the horizontal phase. Translational accelerations were recorded from the Head 

accelerometer node during the simulation. During experimental testing, the headform models x, y, 

and z accelerations were measured on impact. Moreover, the resultant head acceleration was 

calculated. The FEA acceleration results for the adult headform impactor not less than 225g and not 

more than 275g. Headform estimation is contrasted in Table 2.2, where the minimum and maximum 

allowable resultant accelerations, and the maximum FEA resultant acceleration in units of g’s. 

Table 2.2 Headform Acceleration Testing Criteria. 

 

 

Measured Resultant 

Acceleration (g) 

Minimum 

Acceleration 

Maximum 

Acceleration 

225 275 

 

2.1.5  Structure of the Legform Impactor and its Modeling  

Considering previous studies and other legform impactors that have been used for pedestrian 

safety analyses, some points should be considered, e.g., similar legform impactor models are often 

commercial, and no precise, relevant engineering data are available for use by other researchers the 

geometrical and mechanical properties of different parts and the method for modeling a legform 

impactor are described in detail for the first time in the literature. To ensure that the legform strikes 

Value Lower Limit Upper Limit 

Maximum Peak Forces (kN) 1.2 1.55 

Center Bending moment (Nm) 190 250 

Outer Bending moment (Nm) 160 220 
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with its lower portion at the correct observed height above the ground, a correction is determined 

with its action of gravity when the legform is in free motion. 

The proposed legform impactor model’s main idea is to introduce a simple model using a few 

components to achieve acceptable results in a relatively short time. In some legform impactor models, 

the results achieved in the required standard static and dynamic tests do not apply to the whole range 

of applications. 

 

Figure 2.3 EEVC Pedestrian Subsystem Impact Test Features (EEVC/WG17) [45]. 

 

         Pedestrian protection is a worldwide concern, especially in European countries. The European 

Enhanced Vehicle Safety Committee (EEVC/WG10 and WG17) proposed a component subsystem 

test for cars to assess pedestrian protection [32]. 

          To determine the bumpers aggressiveness using a legform impactor, impact is imposed at 40 

km/h horizontally in line with the automobile. The lower leg acceleration, knee shearing 

displacement and knee bending angle are measured. A pedestrian subsystem impact representation 

is shown in Figure 2.3. The femur and tibia are represented by two cylinders, each of 70 mm outer 

diameter. The femur and tibia's geometrical properties, such as mass, moments of inertia and center 

of gravity, are specified in the EEVC/WG17 report [32]. The femur and tibia are covered by artificial 

flesh and skin. *MAT_FU_CHANG_FOAM is used for modeling the flesh and skin, respectively. 
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The EEVC WG17 upper leg test as used in Euro NCAP was reviewed. Previous work also reveals 

shortcomings of the EEVC WG17 test set-up while performing the test.  

2.2  International Standards Organization 

In 1983 the International Standards Organization’s (ISO) Technical Committee on Road 

Vehicles established a Working Group to “Develop a method for discrimination between passenger 

car front ends as to their relative behavior when impacting a pedestrian”. (ISO/TC22/SC10, 

Document N173, 1983) The Working Group (WG2) met for the first time in 1988. The secretariat is 

based at the Japan Society of Automotive Engineers. There was substantial common membership 

with EEVC Working Group 10 [33]. 

Consequently, it is not surprising that the work programs of the two groups were like each 

other. The recommendations of the ISO Group do differ somewhat from those of WG 10, however. 

For example, the child and adult headforms are of the same diameter (165 mm) and 3.5 and 4.5 kg 

mass, respectively. Since the late 1990s, the emphasis on international activity in pedestrian safety 

and vehicle design has transformed from the ISO Working Group to that of the International 

Harmonized Research Activities program. 

2.3  Euro NCAP and Australian NCAP 

Three 'New Case Assessment Programs' (NCAP) undertaking pedestrian impact tests have 

been recently introduced: Europe NCAP, Australian NCAP (ANCAP) and Japan NCAP (JNCAP). 

All these tests follow the procedures developed by the EEVC. Given the outdated EEVC criteria, 

many vehicles have already updated their designs to exceed compliance with the previous 

regulations. Therefore, many assessments expect the level of pedestrian protection provided by car 

fronts to exceed that originally proposed by the EEVC. The Euro NCAP quickly realized a 

discrepancy between cars that somewhat exceeded the EEVC requirements and those that greatly 

exceeded them; therefore, they introduced a lower limit of protection to highlight this discrepancy. 
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From Phase 3, a sliding scale system of points scoring has been used. This involves two limits for 

each parameter, a more demanding limit (higher performance), beyond which a maximum score is 

obtained and a less demanding limit (lower performance), below which no points are scored. For 

each impact site in the pedestrian tests, a maximum of two points is available. Where a value falls 

between the two limits, the score is calculated by linear interpolation [33]. 

2.4  Research on Pedestrian Impact Analysis 

Wen et al. correlated the Stability and Sensitivity of the THUMS Pedestrian Model and its 

Trauma Response during the collision. In this dynamic approach, the THUMS 4.0 human model is a 

finite art system that includes the skeleton structure and internal organs. THUMS model has been 

compared at the level of the limbs [34] and successfully validated test against rigid impactor tests 

during frontal lateral and oblique. Nevertheless, the responses carried out during these tests were 

overall force-displacement characteristics and not at the trauma and injury level [35]. Overall, the 

THUMS traumas output against the autopsy were adequate and sometimes differed from the 

postmortem report because of uncertainties in pedestrian walking speed, bonnet stiffness and 

windscreen material modelling properties. Consequently, further research is needed to investigate 

whether human models are accurate enough and adequate to capture trauma injury levels during a 

collision. 

Masoumi and Mohammed et al. [36] worked on studying the most significant bonnet material. 

They examined the study based on pedestrian head impact collision data. The Head Injury Criterion 

(HIC) considers the extent of a head injury after an impact collision. Mousimi and Mohammed bonnet 

design and material evaluation, therefore, had to fulfil the requirements of pedestrian safety to reduce 

the severity of head injuries. Test analysis is performed using a child and adult headform. Testing of 

energy absorption of aluminum bonnet is smaller than steel and composite ones and for maintaining 

the aluminum hood at the same level of stiffness, it is necessary to increase the thickness. Their studies 
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concluded that the head acceleration and the displacement indicated that the composite bonnet had a 

stronger effect than steel and aluminum.  

Mizunoc conducted comparative analysis of vehicle-bicyclist and vehicle-pedestrian accident 

study in Japan [37]. For an impact with a car, a vehicle-bicycle collision, and a kinematic collision 

simulation behaviour not observed by pedestrians are investigated. It was discovered that the bicyclist's 

head tended to collide with the car in a backwards motion, compared to a pedestrian's head. The main 

factors that determine the impact of the bicyclist's head were found to be the position of initial contact, 

the geometry of the car's bonnet, and the bicycle's velocity.  

Teng, and Nguyen [38] presented a study on the development and validation of FE models of 

impactor for pedestrian testing. The certification of legform test was observed in both static and 

dynamic impact simulations. 

Paulozzi [39] described the relation between motor vehicle type and the risk of fatally 

injuring a pedestrian. The risk of killing a pedestrian was measured as the number of pedestrian 

fatalities per billion miles of vehicle travel by each vehicle type in the US in 2002 as reported by 

the National Highway Traffic Safety Administration’s Fatality Analysis Reporting System. Rates 

for each vehicle type by sex, age, and rural/urban roadway type and rate comparisons using 

relative risks (RR) and 95% confidence intervals (CIs) are measured. Outcomes reflect how a 

vehicle’s characteristics (mass, front end design, and visibility) and its degree of interaction 

with pedestrians affect its risk per mile. Modifications in vehicle design might reduce pedestrian 

injury. The greatest impact on overall US pedestrian mortality will reduce the risk from the light 

truck category. 

Gabler and Hollowell [40] studied the aggressivity of light trucks and vans in traffic 

crashes. The goal of this paper is to examine LTV aggressively in vehicle-to-vehicle crashes. The 

specific objectives are to define the nature of the problem through an examination of crash statistics 
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and to explore the relationships between crash aggressivity and vehicle design characteristics. 

Abvabi Nasr study describes the Lower extremity injuries in vehicle-pedestrian collisions using 

a legform impactor model where the author has changed the bumper's material properties [32]. 

Athale studied sensitivity analysis of pedestrian collision with a small car. This research 

concentrates on carrying out a sensitivity analysis for the pedestrian impact with a  small car and 

determines the injuries sustained by a  head from its resultant acceleration. The dummies used 

are 6-year-old child ATD, fifth percentile female Hybrid III ATD and 50th percentile male Hybrid 

III ATD at three different speeds [41]. 

Ronghe studied the analysis of the pedestrian-compact car, pedestrian-SUV impact. This 

research concentrates on the kinematic study of pedestrian-vehicle accident for 50th percentile 

male Hybrid III ATD, 6-year-old child ATD and 3-year-old child ATD with a compact car, SUV, 

and minivan. The impact of the pedestrian with t h e  vehicle is considered at two different 

speeds [42]. 

Stammen research investigated the vehicle bumper system's performance with EEVC 

Pedestrian legform. It focused on the pedestrian lower extremity protection level offered by the front 

bumper in the U.S [43]. 

Korrapati compared the kinematic responses of the Hybrid III standing dummy and 

pedestrian human model kinematics in a vehicle-pedestrian collision [44]. This study was conducted 

to evaluate the effects of bonnet height, bonnet angle, pedestrian impact positions and vehicle speed 

on the pedestrian impact responses. 

Yamada et al. [45] compared the study between the kinematic behavior of cyclist and 

performance of cyclist helmet for a human head injury in a vehicle‐to‐cyclist collision. The injury 

mechanism of the cyclist’s head and lower extremity in car-to-cyclist accidents were examined. The 

kinematic behavior if the whole body and the interaction of car, cyclist and bicycle were numerically 
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investigated using finite simulation with FE models of a human head with a helmet and without a 

helmet during the collision. The study indicated that the head impact simulations that the liner of the 

helmet deformed locally and bottomed out in high-speed impact. As a result, high deceleration on the 

headform impactor was generated despite wearing the helmet. The helmet can prevent skull fracture 

and brain strain significantly. It has concluded that there is a potential that helmets can protect the 

head injury in impacts against the A‐pillar. 

2.5  Summary of Literature Review 

The available literature on pedestrian impact responses and impact protection can be 

classified into the following four categories: 

I. Pedestrian full-scale impact models 

II. Pedestrian subsystem approach 

III.Pedestrian protection 

IV.Implication and regulations 

These four categories are individually listed in Table 2.3. 

Table 2.3 Literature Review in Groupwise Tabular Form. 

 

No Paper title  
 

Author (Date)  Conference / Journal  
 

Category I: Pedestrian Full-Scale Dummy Modeling Approaches 

1 “Evaluation of the response of 

mechanical pedestrian knee 

joint impactors in bending and 

shear loading” [46] 

Bhalla, K., Bose D., 

Madeley N. J., Kerrigan J., 

Crandall J., Longhitano D., 

& Takahashi Y., (2003) 

19th ESV conference, Japan 

2 “Assessment of Polar II 

Pedestrian Dummy for Use in 

Full-Scale Case 

Reconstructions” [47] 

Stammen, J., & Ko, 

Byungkon. (2003) 

Accident Reconstruction Journal 

3 “Development and Application 

of the New Pedestrian 

Dummy” [48] 

Akiyama, A., Okamoto, 

M., & Rangarajan, N., 

(2001) 

17th ESV, Amsterdam, 

Netherlands 

4 “Development of a finite 

element model of the total 

human model for safety 

Maeno Tomoyuki, & 

Hasegawa Junji, 2001 

17th international ESV conference 
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(THUMS) and application to 

car-pedestrian impacts” [49] 

5 “Validation of Lower 

Extremity Model in THUMS” 

[50] 

Chawla, Mukherjee, 

Mohan &Parihar (2003) 

Department of Mechanical Engineering, 

Indian Institute of Technology. 

6 “Load and Impact Conditions 

for Head Injuries in Car-to-

Pedestrian and Car-to-Cyclist 

Accidents – A Comparison of 

Real Accidents and 

Simulations” [51] 

Yong, Chen., Jikuang, 

Yang., & Dietmar, Otte., 

(2006) 

Research Center of Vehicle and Traffic 

Safety, State Key Laboratory of Advanced 

Design 

7 “Literature review of 

pedestrian fatality risk as a 

function of car impact speed” 

[52] 

Shu-Ling, Chong., Li-Wei, 

Chiang., & John Carson, 

Allen., (2011) 

Accident Analysis & Prevention  

8 “Pedestrian crashes: higher 

injury severity and mortality 

rate for light truck vehicles 

compared with passenger 

vehicles” [53]  

Roudsari, B, S., Mock, C, 

N., Kaufman, R., 

Grossman, D., Henary, B, 

Y., & Crandall, J., (2003) 

Injury Prevention  

Category II: Pedestrian Subsystem Approach 

1 “Compatibility problems in 

frontal, side, single car 

collisions and car-to-pedestrian 

accidents in Japan” [54] 

Koji Mizuno & Janusz 

Kajzera (1991) 

Accident Analysis & Prevention  

2 “Pedestrian and Cyclist 

Impact: A Biomechanical 

Perspective” [55] 

 

Ciaran, Simms., & Denis, 

Wood., (2008) 

Part of the Solid Mechanics and Its 

Applications book series  

 

3 “Experiments for establishing 

pedestrian impact lower limb 

injury criteria” [56] 

Kerrigan, J., Bhalla, K., 

Madeley, J., Funk, J., Bose, 

D., & Crandall, J (2003) 

SAE Transactions 

4 “Tolerance of the human leg 

and thigh in dynamic latero-

medial bending” [57] 

Kerrigan, J., Drinkwater, 

D., Kam, C., Murphy, 

D.B., Ivarsson, B., 

Crandall, J., & Patrie, J., 

(2004) 

International Journal of Crashworthiness  

5 “Injury pattern and response of 

human thigh under lateral 

loading simulating car-

pedestrian impact” [58] 

Matsui, Y., Schroeder, G., 

& Bosch, U., (2004) 

Society of Automotive Engineers 

6 “Pedestrian lower limb injury 

criteria evaluation: A finite 

element approach” [59] 

Arnoux, P., Cesari, D., 

Behr, M., Thollon, L., & 

Brunet, C., (2005) 

Traffic Injury Prevention  
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7 “Dynamic response corridors 

and injury thresholds of the 

pedestrian lower extremities” 

[60] 

Ivarrson, J., Lessley, D., 

Bhalla, K., Bose, D., 

Crandall, J., & Kent, R., 

(2004) 

IRCOBI Conference 

8 “Pedestrian injury mechanisms 

& criteria: A coupled 

experimental and finite element 

approach” [61]  

Masson, C., Arnoux, P.J., 

Brunet, C., & Cesari, D., 

(2005) 

Experimental Safety Vehicles Conference 

Category III: Pedestrian Protection 

1 “Pedestrian Protection - An 

Evaluation of an Airbag 

System Through Modelling 

and Testing” [62] 

Holding, P., Chinn, B., 

Happian-Smith, J., (2005) 

Experimental Safety Vehicles Conference 

2 “Active Pedestrian Protection” 

[63] 

Mccarthy, M., Simmons, I., 

(2001) 

TRL Ltd 

3 “Design of a pedestrian 

protection airbag system using 

experiments” [64] 

Hyun-Ik, Yang., Yong-

Won, Yun., Gyung-Jin, 

Park., (2015) 

Proceedings of the Institution of 

Mechanical Engineers, Part D: Journal of 

Automobile Engineering 

4 “Development and evaluation 

of a kinematic hood for 

pedestrian protection” [65] 

Krenn, M., Mlekusch, B., 

Wilfling, C., (2003) 

SAE paper 

4 “Viscoelastic shear responses 

of the cadaver and Hybrid III 

lumbar spine” [66] 

Begeman, P., Visarius, H., 

Nolte, N., & Prasad, P., 

(1994) 

SAE Transactions, SAE Paper No. 942205 

5 “Correlation of field injuries 

and GM hybrid III dummy 

responses for lap-shoulder belt 

restraint” [67]  

Nyquist, G., Begeman, P., 

King, A., & Mertz, H., 

(1980) 

Journal of Biomechanical Engineering  

6 “Injury biomechanics research: 

an essential element in the 

prevention of trauma” [68] 

Viano, D., King, A., 

Melvin, J., & Weber, K., 

(1989) 

Journal of Biomechanics 22(5) 

7 “A note on the head injury 

criterion (HIC) as a predictor 

of the risk of skull fracture” 

[69] 

Hertz, E., (1993) 37th Annual Proceedings of the AAAM  

Category IV: Implication and regulations 

1 “A generalized acceleration 

model for brain injury 

threshold (GAMBIT)” [70] 

Newman, J. IRCOBI Conference, 1986. 

2 “A proposed new 

Biomechanical head injury 

assessment function — The 

maximum power index” [71] 

Newman, J., Shewchenko, 

N., and Welbourne, E. 

Society of Automotive Engineers 

Conference 
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3 “Head injury prediction 

capability of the HIC, HIP, 

SIMon and ULP criteria — 

New injury criteria for the 

head” [72] 

Marjoux, D., Baumgartner, 

D., Deck, C., and 

Willinger, R., 

New injury criteria for the head. Accident 

Analysis and Prevention  

4 “Mechanical and electrical 

responses of the squid giant-

axon to simple elongation” 

[73] 

Galbraith, J.A. and 

Thibault, L., 

Journal of Biomechanical Engineering, 

Transactions of the ASME 115(1),  

5 “On the development of the 

SIMon finite element model” 

[74] 

Takhounts, E., Eppinger, 

R., Campbell, J., 

Tannouns, R., Power, E., 

and Shook, L. 

Stapp Car Crash Journal  
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CHAPTER 3 

OBJECTIVES AND METHODOLOGY 

3.1  Motivation 

 Over the past few years, most attempts to reduce pedestrian fatalities and injuries have 

focused solely on isolation techniques, such as pedestrian bridges, public education, and traffic 

regulations [20-22]. Developing pedestrian-friendly vehicles is one solution for reducing the 

pedestrian fatality rate. Manufacturers currently attempt to produce enormous benefits for vehicle 

occupants enhancing pedestrian safety when impacting a vehicle with compliant bumpers, 

dynamically raised bonnets, and windscreen airbags [25-27]. To assess the degree of pedestrian 

protection of a vehicle, it is necessary to develop an efficient evaluation and analysis methodology 

to examine vehicles for pedestrian protection. Significant advancements have improved pedestrian 

safety, and studies have been undertaken on occupant responses and injuries during impacts using 

human surrogates, dummies, and computer simulations. The Volpe National Transportation Systems 

Center (Volpe), in support of the National Highway Traffic Safety Administration (NHTSA), 

developed and exercised a methodology to estimate the potential safety benefits for production 

pedestrian crash avoidance/mitigation (PCAM) systems. Full-scale dummy and pedestrian subsystem 

tests are used to predict pedestrian injuries resulting from impacts with cars.  

 The demand and use of computational human body models are suitable for investigation, 

especially considering muscular tone effects on occupant motions and injury outcomes. 

❖ By pedestrian impactor testing, considerable effort has been put into understanding occupant 

responses and injuries in vehicle impact scenarios. 

❖ To assess the degree of pedestrian protection of a vehicle, it is necessary to develop an 

efficient evaluation and analysis methodology to examine vehicles for pedestrian protection.  
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❖ Active safety devices can potentially accomplish a further reduction in the number of fatalities 

due to automotive accidents. 

❖ The current work focuses on pedestrian injuries, developing full-scale pedestrian and sub 

systems, and vehicle models.  

❖ Pedestrian-friendly vehicles are examined as strategies one solution for reducing the 

pedestrian fatality rate. 

Recently, computer technology developments have allowed applied mathematicians, 

engineers, and scientists to solve previously intractable problems. Simulation tools for predicting 

occupant or pedestrian kinematics and injury criteria include MADYMO, Pam Crash, and LS-

DYNA3D [75]. 

The EEVC, IHRA and Global Technical Regulation (GTR) have developed pedestrian 

subsystem test methods that assess vehicle capabilities to protect pedestrian during accidents. In 

EEVC/WG17, the pedestrian protection test consists of three impact tests: the headform impactor to 

bonnet top test, the lower legform impactor and the bumper test. In pedestrian collisions, leg injuries 

are the most prevalent injuries in nonfatal pedestrian accidents (about 38% of all injuries) [32]. 

This study follows the comparison of HYBRID III dummy model with Full-size Human 

model (THUMS v4) to examine the kinematic behaviour during the frontal collision. By introducing 

the subsystem testing method with EEVC regulations criteria for the pedestrian upper legform, and 

adult head-form system models using a computational methodology to consider and evaluate 

pedestrian fatalities.  The kinematics of the impactor subsystem to a car is evaluated for a different 

material model in this study; the 50th pedestrian THUMS model is used to give contrast with the FE 

impactor model. In final phase of this study developing the lower leg i.e. Flex-Pli impactor model on 

FE platform to compare the results with testing model. The developed FE Flex-Pli impactor model’s 

main idea is to achieve acceptable results using test conditions in a relatively smaller period. 
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Consequently, there is a requirement to execute analysis by varying the parameters in simulations of 

the FE pedestrian impactor model and properly investigating of pedestrian injuries.  

3.2  Objectives 

The risk of pedestrian injury in a collision with a car is related to several parameters, such as 

vehicle design and its structure, speed and the direction of the car movement. Finite element modeling 

and simulation can be utilized to examine the vehicle and pedestrian collision to improve pedestrian 

protection in various circumstances.  

 The goal of the study is to propose advancement in pedestrian impact protection and 

pedestrian impactor models. To achieve this goal, the following objectives have been identified: 

• To develop, utilize and compare various pedestrian impact modeling approaches: 

❖  Full-Size Finite Element Pedestrian Models 

❖  Full-size Multibody Pedestrian Models  

❖  Pedestrian Subsystems Impactor Models 

• To develop and compare the responses of detailed pedestrian models impact with different 

approaches for different vehicle models: 

❖ Full Vehicle FE Car Model  

❖ Ellipsoidal Car Model 

• To develop and utilize the pedestrian subsystem models for lower legform, upper legform 

and adult headform for pedestrian protection evaluation. 

• To propose and investigate the effectiveness, protection of pedestrian technology modeling 

advances as well as in reducing impact severity during collision using computational and 

methods. 
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This research aims to carry out an analysis of the full-size pedestrian model on a finite element 

workbench along with multi-body simulation with different pedestrian sizes. By using the pedestrian 

impactors subsystem, the collision with a finite element car model can be evaluated. The results of 

the injuries sustained by pelvis and in terms of its, bending moment, contact forces and head 

acceleration are obtained using LS-DYNA workbenches. The explicit LS-DYNA code is used to 

verify the vehicle performance against the biomechanical limits. Moreover, the pedestrian impactor 

models simulate with finite composite front vehicle model to contrast the results. Therefore, the 

results contrast with different material front of the vehicle parameter to estimate the injuries and 

forces. Further, with the development of lower extremities Flex-Pli where it designed to enhance the 

bio-fidelity of the lower extremities, the study has examined the bone fracture, knee ligament failure 

injuries, and pelvis with its independent developed impactor. 

3.3  Methodology 

  Based on the objectives of this research, the methodology of this study is grouped into four 

phases and concentrates on the following: 

1. In Phase I, the Hybrid III 50th Percentile adult male standing model from LSTC is used 

to examine the kinematics responses of the dummy and vehicle during the frontal 

collision. As the standing model is not accurately validated due to its rigidity in lower 

extremities, the study is further investigated with the 50th pedestrian human dummy 

model (AM 50th-THUMS).  The computational human body model has been validated 

using potentially powerful new tools to study injury mechanisms, thereby improving 

vehicles' safety designs. 

2. In Phase II, pedestrian crash analysis on different size pedestrian model on MADYMO 

workbench is conducted to examine the frontal design and injury parameters. The models 

can predict the shape and trends of the upper and lower leg, head, chest and pelvis 
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responses and the contact forces. To investigate a range of pedestrian-vehicle collisions, 

the full-sized pedestrian along with 3 yr., 6 yr. pedestrian models are impacted at 27 

km/h and 40 km/h horizontally in line with the vehicle model.  

3. In Phase III, the upper legform impactor and adult headform models are impacted on the 

frontal side of the car at a velocity of 40 km/h. The biomechanical responses and most 

crucial factors affecting upper leg injuries including upper leg contact forces, bending 

moments, and head accelerometer are evaluated using the finite element models 

developed and executed in the Ls-Dyna platform. 

4. In Phase IV, the same pedestrian impactor models are assessed and compared on 

composite vehicle model front- end to estimate the injury score and material behavior 

on the frontal side. Furthermore, a simplified Flex-Pli FE model with reasonable bio-

fidelity is developed. The model is constructed with knee ligament elongation 

measurements testing, three femur and four tibia moment measurements. For these 

characteristics, the Flex-Pli version is used for future pedestrian GTR regulations. 

The Overall methodology for this study is shown in Figure 3.1. 

 

 

Figure 3.1 Methodology Flow Chart for This Research. 

Advancements in 

Pedestrian Protection 
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3.4  Finite Element Method 

To begin an impactor-vehicle collision, the CAD design and model representation, are needed 

to be developed. The legform impactor model is obtained from the Livermore Software Technology 

Corporation (LSTC) and the vehicle model taken from the National Crash Analysis Center (NCAC) 

[76]. Making the FE discrete models organized, the respective models need to be verified the 

parameters that encompass the regulation criteria EEVC EG17 and EURO NCAP regulations. The 

explicit code runs to verify vehicle performance against the collision criteria and simulation between 

the car and the impactor. The impactor responses which represent the lower extremity can be 

determined. The simulations depict crucial results related to the lower extremity injuries, which is 

especially important in evaluating the legform model. As the impactor model striking the car led to 

ligament injuries, the friction forces may cause the pedestrian to be moved aside in front of the car 

model. Although the legform's kinematics is slightly different, the results from the full-size THUMS 

pedestrian model are used for further evaluation and comparison. 

3.4.1  LS-DYNA 

LS-DYNA is a highly advanced general-purpose nonlinear finite element program that can 

simulate complex real-world problems. The distributed and shared memory solver provides short 

turnaround times on desktop computers and clusters operated using Linux, Windows, and UNIX. 

With LS-DYNA, Livermore Software Technology Corporation (LSTC) aims to provide methods to 

seamlessly solve problems requiring [77]. LS-DYNA is a general-purpose finite element program 

capable of simulating complex real-world problems. It is used by the automobile, aerospace, 

construction, military, manufacturing, and bioengineering industries. LS-DYNA is optimized for 

shared and distributed memory Unix, Linux, and Windows-based platforms, and it is fully quantified 

by LSTC. The code's origins lie in highly nonlinear, transient dynamic finite element analysis using 

explicit time integration. "Nonlinear" means at least one (and sometimes all) of the following 
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complications: Changing boundary conditions (such as contact between parts that changes over time) 

Large deformations (for example, the crumpling of sheet metal parts). 

Nonlinear materials that do not exhibit ideally elastic behavior (for example, thermoplastic 

polymers) "Transient dynamic" means analyzing high speed, short-duration events where inertial 

forces are essential. Typical uses include: Automotive crash (deformation of chassis, airbag inflation, 

seatbelt tensioning), Explosions (underwater Naval mine, shaped charges), Manufacturing (sheet 

metal stamping), LS-DYNA's potential applications are numerous and can be tailored to many fields. 

In each simulation, any of LS-DYNA's many features can be combined to model a wide range of 

physical events. An example of a simulation, which involves a unique combination of features, is the 

NASA JPL Mars Pathfinder landing simulation which simulated the space probe's use of airbags to 

aid in its landing. LS-DYNA is one of the most flexible finite element analysis software packages 

available [77]. 

LS-DYNA consists of a single executable file and is entirely command-line driven. 

Therefore, all that is required to run LS-DYNA is a command shell, the executable, an input file, and 

enough free disk space to run the calculation. All input files are in simple ASCII format and thus can 

be prepared using any text editor. Input files can also be prepared with the aid of a graphical 

preprocessor.  

3.5  Multibody Method MADYMO 

3.5.1  Introduction to MADYMO 

MADYMO (Mathematical Dynamic Models) is a software package that allows users to 

design and optimize the vehicles' crash safety performance efficiently, quickly, and cost-effectively 

[78]. It is generic multi-body and finite element software with a range of specific features for 

impact simulation. MADYMO provides analysis in the time domain based on explicit integration 

techniques. It is used extensively in design and engineering companies and departments, research 
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laboratories, and universities. MADYMO has proven its value in numerous application fields, often 

supported by verification studies using experimental test data. While automotive safety is 

MADYMO's main field of application, other markets include biomechanical research, comfort 

analysis, bus, truck, train safety, vehicle dynamics, and sports. 

 
 

Figure 3.2 MADYMO 3D Structure [29]. 

 

MADYMO combines in one simulation program the capabilities offered by multi-body 

(for the simulation of the gross motion of systems of bodies connected by kinematical joints) and 

finite element techniques (for the simulation of structural behavior). Figure 3.2 shows the structure 

of MADYMO Software code. A model can be created with only finite element models, or only 

multi-bodies, or both. 

The multi-body algorithm in MADYMO yields the second time derivatives of the degrees 

of freedom in an explicit form. The number of computer operations is linear in the number of 

bodies if all joints have the same number of degrees of freedom. This leads to an efficient 

algorithm for large systems of bodies. At the beginning of the integration, the initial state of the 

systems of bodies must be specified in terms of joint positions and velocities. Several kinematic 

joint types are available with dynamic restraints to account for joint stiffness, damping and 

friction. Joints can be locked, unlocked, or removed based on user-defined circumstances. 
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The interaction between bodies and finite elements is modeled. It allows for different time 

integration methods to be used for the equations of motion of the finite element part and the multi-

body part. The integration methods used are conditionally stable and, therefore, limit the 

maximum time step that can be used. The finite element module can be sub-cycled concerning the 

multi-body module using different time steps for each module to increase the entire analysis's 

efficiency. 

Multi-body elements in MADYMO can be separated into three groups: the inertial 

system, the multi-body system, and the null system. The elements used to model the seat, floor 

and other immovable objects belong to the inertial system. The elements that are affected by 

acceleration fields and contact forces are included in the multi-body system. The 

Anthropomorphic Testing Device (ATD) is an example of this type of system. A typical crash model 

consists of an ATD as a multi-body system placed in a seat that forms a part of the inertial space.  

Joints usually connect multi-body systems. 

3.5.2  Multibody Systems 

A multi-body system is a system of bodies. Any pair of bodies in the same system can be 

interconnected by one kinematic joint. The MADYMO multi-body formalism for generating the 

motion equations are suitable for systems of bodies with a tree structure and systems with 

closed chains. Systems with closed chains are reduced to systems with a tree structure by 

removing a kinematic joint in every chain. Removed joints are subsequently considered as 

“closing” joints. For each (reduced) system with a tree structure, one body can be connected to the 

reference space by a kinematic joint, or the motion relative to the reference space of one body 

can be prescribed as a function of time. 

Several multi-body systems can be defined in MADYMO. A multi-body system is a set of 

bodies interconnected by kinematic joints. Two sets of bodies are separate multi-body systems 



42 
 

when there are no kinematic joints between the two sets. The interconnection structure of a 

multi-body system is implicitly defined in the input file. Kinematic joints connect the bodies and 

define the structure of the multi-body system. 

3.5.3  Kinematic Joints 

A kinematic joint restricts the relative motion of the two bodies it connects. A specific type 

of kinematic joint is characterized by how the relative motion of two bodies is constrained. The 

relative motion allowed by a joint is described by quantities called joint degrees of freedom. The 

number depends on the joint. In MADYMO, the most common joint types are spherical joints, 

translational joints, revolute joints, cylindrical joints, planar joints, and universal joints. 

 
Figure 3.3 Examples of Single And Multi-Body Systems with Tree Structure [29]. 

 

A system of bodies is defined by -1) the bodies: the mass, the inertia matrix, and the 

location of the center of gravity, 2) the kinematic joints: the bodies they connect, the type, and 3) 

the location and the orientation, and 4) the initial conditions. Figure 3.3 shows the tree structure of 

the multi-body system. In addition, the shape of bodies may be needed for contact calculations or 

post- processing (graphics) purposes. Applied loads on bodies can be modeled with the force 

models described in the following chapters. The multi-body joint method determines the complete 

dummy model with flexible deformation. 
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Figure 3.4 Constraint Load in a Spherical Joint [29]. 

 

A kinematic joint shown in Figure 3.4 is referred to by the number of bodies connected 

by the joint. The constraints imposed by a kinematic joint cause a load on the pair of interconnected 

bodies, the constraint load.  

 
 

    Revolute Joint                       Translational Joint 

 

 
 

    Spherical Joint                                     Universal Joint 

 

Figure 3.5 Different Types of Joints [29]. 

 

This load is such that the pair of bodies' relative motion is restricted to a motion that does 

not violate the constraints imposed by the kinematic joint. The constraint loads on the separate 
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bodies are equal but opposite. Constraint loads can be used to assess the strength of the joint. For 

every kinematic joint, there corresponds to a dynamic joint model. Different types of joints are 

shown in Figure 3.5. It is a force model that defines the elastic, damping and friction loads that the 

kinematic joints relative motion. For most joints, an elastic, damping and friction load can be 

specified for every joint degree of freedom. The load is either a force or a torque depending on the 

joint's degree of freedom is a translation or a rotation, respectively. 

3.5.4  Force Interaction 

MADYMO offers a set of standard force accelerations and contacts of bodies with each 

other or their surroundings. These are discussed in the following subsections. Figure 3.6 gives a 

clear and concise idea of this concept. Finite element structures can be used for the driver, 

passenger-side airbag and knee bolster. An input data file is then set up, which specifies the bodies' 

mass distribution, the connections between the bodies and the joint properties, and for finite element 

structures. 

 
Figure 3.6 Examples of Systems of Bodies with Force Interactions [29]. 

 

3.5.5  MADYMO ATD Database 

Simulations are done using well- validated ATD databases. Two dimensional and three-

dimensional databases of ATD models are available in MADYMO. A broad range of MADYMO 

ATD models are available. The standard models of the child and adult hybrid III dummies are 3 and 
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6-year-old children, 5th percentile female, 50th percentile male and 95th percentile male hybrid III 

dummy models. The 50th percentile male ATD hybrid dummy represents an “Average” of the USA 

adult male population. Different dummy models and sizes are available in the MADYMO database, 

and shown in Figure 3.7. 

 
 

Figure 3.7 MADYMO Pedestrian Models [20]. 

 

Two other versions of the Hybrid III have been developed, the 5th percentile small female 

and the 95th percentile large male. In this research, the 6-year-old child dummy, 5th percentile female 

hybrid III dummy, the 50th percentile male Hybrid III dummy, and 95th percentile male Hybrid 

dummy is used. The database of human model has been validated on segment as well as on full body 

level, against an detailed set of volunteer and PMHS (Post Mortem Human Surrogates) tests. 

Table 3.1 Weight and Geometry Information for Hybrid III Family ATDs [29]. 

 

Comparison of Weight, Sitting Height, and Structure for HYBRID III Family 

 

S.no  
12 mo 

Child 

3 yr 

Child 

6 yr 

Child 

5% 

Female 

50% 

Male 

Weight (lb) 22.0 34.1 51.6 108.0 172 

Structure (in) 29.4 37.2 45.0 59.1 69.0 

Sitting Height (in) 18.9 21.5 25.0 31.0 34.8 
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Pedestrian models, each consist of 52 rigid bodies in 7 configuration branches. Sixty-four 

ellipsoids and two planes describe the outer surface. Comparison of weight and geometry for the 

HYBRID III family dummies is shown in Table 3.1. The data for the dimensions of the ellipsoids are 

determined from technical drawings at TNO. It is possible to adjust the dimensions if necessary, for 

an adequate description of the contacts. The child Hybrid III dummy models have the same 

characteristics: scaling those of the 50th percentile male Hybrid III model. 
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CHAPTER 4 

FULL SIZE PEDESTRIAN IMPACT WITH FINITE ELEMENT PEDESTRIAN 

MODELS 

 

4.1 Background 

In recent years there has been a significant reduction in the number of fatalities in 

pedestrian collisions. It has been a challenge for researcher for reduce the injuries sustained by the 

occupant in car accident. With dramatically increase in development of computing and modelling 

techniques, occupant and pedestrian safety models went through the development of crash test 

dummies, human models, and multi-body mathematical models. During the previous years, 

various crash test dummies have been used for research purposes and in automotive crash safety 

tests. However, their strength and endurance behaviour are different from real humans since the 

dummies are intended for repeated use in crash tests. The development of a Finite Element model 

of the Hybrid III has been necessitated by the increased demand in reducing the injury during the 

collision. A numerical testing model would provide an essential tool to assess in the understanding 

of the complex pedestrian kinematics and loading mechanism occurred in the crash event. 

Currently there are number of simulation packages available to assess the structural model 

including vehicle, occupant, and restrain system. The dynamic modelling to finite element 

pedestrian human model (THUMS 4.0) is examined by Toyota Research lab and available to test 

biomechanical responses on finite element platform. THUMS v4.0 is a state of art human model 

which includes a skeleton structure, as well as internal organs and soft tissues, which makes it a 

suitable candidate to do the FE testing. Finite element with codes such as LS-DYNA has a major 

advantage to model the occupant as well as to test the dynamics involved between the vehicle 

structure. 
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4.2 Hybrid III 50th% Male Standing with Mini SUV 

During this simulation, the Hybrid III standing dummy model is crucial to get accurate 

results during a collision with a mini-SUV van as the dummy is composed of many parts and joints, 

modified from the side impact dummy. Rigid body models can accurately predict the behavior of 

almost-rigid dummy parts, such as the extremities. However, during collision Hybrid III is carried 

away with the car’s speed rather than penetrating with the frontal side of the SUV, as shown in 

Figure 4.1. 

The flexible body approach or multi-body approach is more capable of understanding 

pedestrian collision's kinematics. The finite element method can accurately predict a broader range 

of responses. However, this will be at the expense of great cost in terms of both computation time 

and modelling effort. To prevent this drawback, the manufacturer must build more restraint 

pedestrian dummies since the requirements for assessing pedestrian safety are becoming more 

challenging.  

 

Figure 4.1 HYBRID III Standing Dummy Impacting with a Mini SUV. 

 

4.3  Finite Element Modeling and Analysis of Full-Size Pedestrian  

A new pedestrian dummy, called "THUMS", has been developed by the Toyota research 

group. It can be used as a tool for the investigation of the mechanism of pedestrian accidents and 
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the assessment of vehicle aggressiveness to pedestrians. The description of the dummy "THOR" 

leads to a new generation occupant dummy in its body structure to reproduce human body 

kinematics in the event of a collision with a vehicle more precisely. Its knee has a human-like 

structure, with condyles which has a shape similar to that of a human knee, meniscus, cruciate 

ligaments and collateral ligaments. Tibia of THUMS is made of urethane which bending 

characteristic is that of the human tibia. These features make the lateral bending and shearing 

responses of the leg and knee more human-like and the whole-body kinematics more human-like. 

A simple finite element representation of the THUMS model shown in Figure 4.2. 

 

Figure 4.2 THUMS Full Scale Human Finite Element Model. 

The impact configurations were necessary to understand the causes of injuries to 

pedestrians and develop a method of assessing the pedestrian's kinematics. Type-approval tests 

using impactors do not include the full kinematics of vehicle impact with a pedestrian, which is 

very significant in terms of injuries sustained by the pedestrian. The aim of this study is rooted in 

three main parameters that distinguish the dummy from the legform impactor, namely: Upper body 

contact forces, the bending moment of the THUMS human model comparing upper leg-form 
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impactor subsystem and head acceleration between the THUMS model and adult headform 

impactor subsystem. Subsystem energy distribution while in contact with Finite vehicle model 

during the collision 

4.4  Kinematics of FE Pedestrian Model Simulation with a Sedan at 40 km/h 

The pedestrian model-FE car model impact was related at 40 km/h velocity parallel to the 

vehicle's longitudinal axis, and initial conditions of analyses. The initial setup of finite element 

workbench for THUMS model with Toyota Camry FE model is shown in Figure 4.3, whereas 

Figure 4.4 represents the kinematic response of the collision during each time interval. 

 

Figure 4.3 Finite Vehicle Impact Simulation Setup. 

 
Figure 4.4 Kinematic Responses of THUMS Pedestrian Model. 
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Figure 4.5 Post-Simulations of THUMS Human Model. 

 

A post-simulation of the THUMS human model with sedan vehicle is depicted in Figure 

4.5. The stress-strain distribution is carried out with a simple averaging method and a stress 

distribution is obtained through the Von Mises method. 

4.5  FE Simulation Discussion 

Various crash test dummies have been used for research purposes and in-car safety tests. 

However, their strength and endurance characteristics are different from real humans since the 

dummies are intended for repeated use in crash tests.  

Although THUMS was well-validated in several impact situations, at this stage, it is not so 

easy to utilize the model for practical purposes, such as in designing safety vehicles and the 

development of effective restraint systems. When THUMS is used with a total vehicle model for 

safety vehicle designs, the result would be a large-scale model that would take considerable time 

to run on current computers. Even though computer performance has improved dramatically, it is 

still inadequate to analyze a reasonable amount of CPU time. 

The total numbers of elements and nodes for the whole body of the updated THUMS are 

281,260 and 184,242, respectively. The smallest time step of the updated THUMS is 2.7e-07, 
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which would realize relatively low computational costs compared to some more detailed human 

body FE models. The total number of elements for whole body is about 2 million. The 

computational time of this simulation using the whole-body model for 200ms was 140h 59 min 

with 64 CPU. 

Overall, due to the computational cost for FE-car model are quite expensive and time 

consuming, the use of multibody simulations on MADYMO platform is carried out next. 
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CHAPTER 5 

FULL-SIZE PEDESTRIAN IMPACT ANALYSIS WITH DIFFERENT PARAMETERS 

5.1  Background 

Real accidents can be studied in detail by reconstructing the accident using computer 

models such as finite element (FE) or multibody models. One challenge in pedestrian accident 

reconstructions is that a number of variables—such as velocity, posture, position relative to the 

vehicle, etc.—can vary significantly. Often, the most time-consuming step in pedestrian accident 

reconstructions is finding a correlation between the kinematics of the simulations and the evidence 

from the accident. One way to decrease this time could be to use a multibody program to determine 

the setup and then apply this to a full-body FE model. Previously, to save computational time, 

some studies have used a combination of multibody simulations and FE simulations where the 

kinematics until impact were computed by the multibody program. However, for this to be efficient 

in testing, the multibody model should show similar kinematical response when compared with 

physical test or FE simulations.  The influence of vehicle front shape and the design of potential 

countermeasures to minimize pedestrian contact injuries, and a suitably validated computational 

model is a much more efficient tool for understanding these than cadaver experiments.  

MADYMO offers a powerful and extensive human model database that can determine with 

the test plan. Simplified multibody vehicle models were built in MADYMO platform with similar 

geometry based on to represent the vehicles tested in crash scenario. In general, variety of ATD’s 

models on MADYMO workbench have been developed and applied to vulnerable road user 

crashes. These have been validated based on lower extremity bending and shear loadings, the head 

response including acceleration and force, head trajectories, whole-body kinematics etc. However, 
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all models are validated for the vehicle impact only, and model validations for ground contact are 

so far lacking.  

5.2  Multibody Vehicle Development 

MADYMO utilizes both multi-body analyses, which simulate the gross motion of the 

system of bodies connected by complicated joints and finite element techniques used to simulate 

structural behavior. 

The finite element divides the actual continuum into finite volumes, surfaces, or line 

segments. Each element deforms according to the specified load-deformation relationship. The 

continuum is then analyzed as a complex system composed of relatively simple elements where 

continuity is ensured along all boundaries between elements. These elements are interconnected 

at a discrete number of points or nodes. The data required for the simulation include initial nodal 

positions and velocities, the nodes corresponding to each element. 

The vehicle model, shown in Figure 5.1 is developed representing a similar geometry 

compared to the FE model used, but with fewer components to the frontal side and making one 

body system, planes and ellipses are connected to make the vehicle geometry. The seat and floor 

are modelled by rigid, and they are connected to the vehicle system. In this car model, the velocity 

performed are at 27kmph, and 40kmph, respectively. The moment of inertia is about the X-axis, 

corresponding to the center of gravity. The equivalent stiffness of the vehicle ellipsoidal design 

car is represented similar to the finite element model. The load-deformation characteristic curves 

are assumed to be the same when modelling the car crash with pedestrian model and legform 

impactor. 

The description of the car model’s design gives a specification of the bumper Centre height 

as 509mm. The Windshield length as 820mm, with the center of gravity acting in the middle of 
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the car. The speed is defined by initial joint velocity and the car's overall weight corresponding to 

the FE model. 

 

Figure 5.1 Ellipsoidal Sedan Car Vehicle Model. 

 

Other size car model, such as SUV model, is also developed in this study by simply 

adjusting the front-end of the car. Figure 5.2 represents the modified SUV vehicle model. The 

vehicle model is constructed with multiple rigid ellipsoids representing the windshield, hood front, 

bumper, and tires, respectively. A geometrical ellipsoidal face is added on the top of the hood and 

locked with global vehicle center of gravity. The front-end design is also adjusted to provide higher 

stiffness for SUV-pedestrian contact. 

 

Figure 5.2 Ellipsoidal SUV Vehicle Model. 
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5.3  Pedestrians and Multibody Vehicle Setup and Computational Matrix 

This sections outlines the pedestrian impact investigation with different test condition 

parameters to estimate the injury parameters at different body location. The dummy response are 

calculated at major speed conditions that occur during vehicle-pedestrian crash dynamic tests. To 

ensure that dummies used for impact crash testing behave adequately when subjected to these 

unique loading conditions, comparisons of the results are performed to understand the kinematic 

responses. 

In this study, test parameters are designed to understand the range of ATD articulation, 

force contact points, and force magnitudes. A broad range of MADYMO pedestrian models are 

available. The standard models of the child and adult dummies are 3-year-old child, 6-year-old 

child, 5th percentile female, 50th percentile male and 95th percentile male models [20]. Figure 5.3 

represents the pedestrian models for different sizes. 

 

Figure 5.3 Madymo Pedestrian Model Database. 

❖ Pedestrian model consists of 52 rigid bodies, in 7 configuration branches. The outer 

surface is described by 64 ellipsoids and 2 planes. 

❖ The pedestrian models accurately predict the global kinematics. The models also represent 

the impact points on the vehicle, especially for the head. 

❖ The models can reasonably predict the occurrence of fractures in the upper and lower legs 

during the impact between the pedestrian and the vehicle. 
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❖ The models can represent the shapes of the upper and lower leg, head, chest, and pelvis, 

trends of accelerations and the contact forces. 

Table 5.1 Comparison of Weight, Sitting Height and Structure of HYBRID III Family [29]. 

 
 

 

To minimize as many variables as possible in case of resultant acceleration between ATD’s 

range during a vehicle collision. Table 5.1 represents geometrical and inertial information for 

different pedestrians. The computational test matrix performed at different speeds in MADYMO 

workbench is shown in Table 5.2. 

Table 5.2 Computational Test Matrix on MADYMO Platform. 

 

 

Car-Model 

 

Pedestrian ATD Type 

 

Vehicle Speed 

km/h 

 

Ellipsoidal Sedan Car Model 

50th Pedestrian Model 27  

50th Pedestrian Model 40  

 

Ellipsoidal SUV Car Model 

50th Pedestrian Model 27  

50th Pedestrian Model 40  

 

Ellipsoidal Sedan Car Model 

3-year-old child Pedestrian model 27  

3-year-old child Pedestrian model 40  

 

Ellipsoidal Sedan Car Model 

6-year-old child Pedestrian model 27  

6-year-old child Pedestrian model 40  

Comparison of Weight, Sitting Height, and Structure for HYBRID III Family 

 

S.NO  
12 

mo 

Child 

3 yr 

Child 

6 yr 

Child 

5% 

Female 

50% 

Male 

Weight (lb) 22.0 34.1 51.6 108.0 172 

Structure (in) 29.4 37.2 45.0 59.1 69.0 

Sitting Height (in) 18.9 21.5 25.0 31.0 34.8 
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5.3.1  Kinematics of Pedestrian Model with an Ellipsoidal Sedan Car Model at 27 km/h 

The pedestrian model-ellipsoidal car model impact was related at 27 km/h velocity parallel 

to the vehicle's longitudinal axis, and initial conditions of analyses were mentioned in EEVC 

Working Group 17. Figure 5.4 shows the full scale 50th pedestrian-car model collision impact setup 

with gravity acting in the -Z direction. 

 
Figure 5.4 Full Scale Pedestrian Model with Car at 27 km/h. 

 

 
Figure 5.5 Pedestrian Model Collision with an Ellipsoidal Car. 
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The Kinematic collision responses at different time intervals for the full-scale pedestrian 

model are shown in Figures 5.5. The behavior is estimated when a strike occurs with a pedestrian 

model at 27 km/h analysis. 

 

Figure 5.6 Knee Resultant Force. 

 

The maximum knee resultant force in the pedestrian model was reviewed with the EEVC 

testing criteria, and depending upon the impact forces, the collision responses are noted. The 

maximum resultant knee force obtained as 1988 N for a run of 200ms. The simulation results are 

shown in Figure 5.6. 

 
Figure 5.7 Head Resultant Acceleration. 
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The resultant acceleration response is shown in Figure 5.7. The head acceleration increases 

if the car model's strength is more at a higher impacted speed to get the collision responses. The 

resultant head acceleration gives the highest result as soon as the collision occurs at a time interval 

of 120ms between the ellipsoidal car model. The maximum acceleration obtained for this analysis 

is 130g for a run of 200ms. 

5.3.2  Kinematics of Pedestrian Model with an Ellipsoidal Sedan Car Model at 40 km/h 

The second testing method with the pedestrian - ellipsoidal car model impact is simulated 

at 40 km/h velocity parallel to the vehicle's longitudinal axis, and initial conditions of analyses as 

per in EEVC Working Group 17. Figure 5.8 shows this pedestrian-car model collision. 

 
Figure 5.8 Pedestrian Model Collision with an Ellipsoidal Car. 

 

The maximum knee resultant force in the pedestrian model was reviewed with the EEVC 

testing criteria, and depending upon the impact forces, the collision responses are noted. The 

maximum resultant knee force obtained as 4500 N for a run of 200ms. The simulation result on 

the knee force is shown in Figure 5.9. The resultant acceleration response is shown in Figure 5.10. 

The head acceleration increases if the car model's strength is more at a higher impacted speed to 
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get the collision responses. The resultant head acceleration gives the highest result as soon as the 

collision occurs at a time interval of 120ms between the ellipsoidal car model. The maximum 

acceleration obtained for this analysis is 387 g for a run of 200ms. 

 
Figure 5.9  Knee Resultant Force. 

 

 
Figure 5.10 Head Resultant Acceleration. 

 

5.3.3  Kinematics of Pedestrian Model with an Ellipsoidal SUV Car Model at 27 km/h 

The pedestrian model-ellipsoidal car model impact was simulated at 27 km/h velocity 

parallel to the vehicle's longitudinal axis, and initial conditions of analyses were mentioned in 

EEVC Working Group 17. Figure 5.11 shows the impact setup for the pedestrian model and 

ellipsoidal SUV model. 
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Figure 5.11 Full Scale Pedestrian Model with a SUV Car Platform. 

 

 
Figure 5.12 Pedestrian Model Collision with an Ellipsoidal SUV Car At 27 km/h. 

 

During the collision with a SUV ellipsoidal car parameter, the pedestrian dummy is carried 

away with front-end acceleration resulting in lower back spine and back-end brain injuries, 

respectively. The impact duration at different time interval is observed in Figure 5.12. The 

kinematic comparison of the pedestrian dummy with the SUV model is estimated at the head and 

lower knee region.  
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Figure 5.13 Resultant Knee Force. 

 

Due to different heights in the SUV model compared with the regular sedan model, the 

head acceleration is observed to be more and effecting to head injuries. During a kinematic 

collision, it is observed that head collision occurs at the front-end after 160ms time interval. In 

contrast, the lower knee region is made more critical during the first duration of the simulation. 

 
Figure 5.14 Load-cell Force. 

The maximum knee resultant force in the pedestrian model was reviewed with the EEVC 

testing criteria and, depending upon the impact forces, the collision responses are noted. The 

maximum resultant knee force obtained as 1890 N for a run of 200ms. The simulation result is 

shown in Figure 5.13. The load-cell forces captured from the analyses are shown in Figure 5.14, 
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respectively. The load-cell force generally corresponds to the left leg 3L position, i.e., the end 

portion of the femur region. The load-cell for the above analyses is obtained as 2320 N for a run 

of 200ms. 

The resultant acceleration response is shown in Figure 5.15. The head acceleration 

increases if the car model's strength is more at a higher impacted speed to get the collision 

responses. The resultant head acceleration gives the highest result as soon as the collision occurs 

at a time interval of 120ms between the ellipsoidal car model. The maximum acceleration obtained 

for this analysis is 158 g for a run of 200ms. 

 
Figure 5.15 Head Resultant Acceleration. 

 

5.3.4  Kinematics of Pedestrian Model with an Ellipsoidal SUV Car Model at 40 km/h 

The pedestrian model-ellipsoidal SUV car model impact was simulated at 40 km/h velocity 

parallel to the vehicle’s longitudinal axis, and initial conditions of analyses were mentioned in 

EEVC Working Group 17. Figure 5.16 shows the impact setup for the pedestrian model and 

ellipsoidal SUV model. The kinematics of the pedestrian obtained from the simulation corresponds 

with vehicle front-end geometry and stiffness defined. 
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Figure 5.16 Pedestrian Model Collision with an Ellipsoidal SUV Car at 40 km/h. 

 

The maximum knee resultant force in the pedestrian model was reviewed with the EEVC 

testing criteria, and depending upon the impact forces, the collision responses are noted. The 

maximum resultant knee force obtained as 3560 N for a run of 200ms.  

 
Figure 5.17 Knee Resultant Force. 

 

The simulation result for pedestrian collision is shown in Figure 5.17. The load-cell forces 

captured from the analyses are shown in Figure 5.18 respectively. The load-cell force is generally 
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corresponding to the left leg 3L position i.e., end portion of femur region. The load-cell for the 

above analyses is obtained as 3987 N for a run of 200ms. 

 
Figure 5.18 Load-cell Force. 

 

The resultant acceleration response is shown in Figure 5.19. The head acceleration 

increases as the car models frontal stiffness is higher and at a higher impacted speed. The resultant 

head acceleration gives the highest result as soon as the collision occurs at a time interval of 120ms 

between the ellipsoidal car model. The maximum acceleration obtained for this analysis is 239 g 

for a run of 200ms. The maximum peak occurred during first 50 ms time duration. 

 
Figure 5.19 Head Resultant Acceleration. 
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5.3.5  Kinematics of a 3-yr. Child Pedestrian Model with an Ellipsoidal Sedan Car Model 

at 27 km/h 

The pedestrian model-ellipsoidal car model impact was simulated at 40 km/h velocity 

parallel to the vehicle’s longitudinal axis, and initial conditions of analyses were mentioned in 

EEVC Working Group 17. Figure 5.20 shows the impact setup for a three-year old pedestrian 

model and ellipsoidal car model. 

 
Figure 5.20 3 yr. Pedestrian Model with an Ellipsoidal Car. 

 

 
Figure 5.21 3 yr. Pedestrian Model Collision with an Ellipsoidal Car at 27 km/h. 
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The impact duration at different time interval is observed in Figure 5.21. The kinematic 

comparison of the three-year old pedestrian dummy with car model is estimated at the head and 

lower knee region. The maximum knee resultant force in the pedestrian model was reviewed with 

the EEVC testing criteria and, depending upon the impact forces, the collision responses are noted. 

The maximum resultant knee force obtained as 380 N for a run of 200ms. The simulation result 

for pedestrian collision is shown in Figure 5.22. The maximum peak occurred at 60 ms time for 

resultant knee forces. 

 
 

Figure 5.22 Resultant Knee Force. 

 

 
Figure 5.23 Load-cell Force. 
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The load-cell forces captured from the analyses are shown in Figure 5.23 respectively. The 

load-cell force generally corresponds to the left leg 3L position; i.e., the end portion of the femur 

region. The load-cell for the above analyses is obtained as 455 N for a run of 200ms. During the 

simulation maxmim peak occurred at 50 ms where the maximum surface contact is obtained with 

its internal engergy output. 

 
Figure 5.24 Head Resultant Acceleration. 

The resultant acceleration response is shown in Figure 5.24. The head acceleration 

increases if the car model’s strength is more at a higher impacted speed to get the collision 

responses. The resultant head acceleration gives the highest result as soon as the collision occurs 

at a time interval of 120ms between the ellipsoidal car model. The maximum acceleration obtained 

for this analysis is 101 g for a run of 200ms. 

5.3.6  Kinematics of a 3-yr. Child Pedestrian Model with an Ellipsoidal Sedan Car Model 

at 40 km/h 

The pedestrian model-ellipsoidal car model impact is simulated at 40 km/h velocity parallel 

to the vehicle’s longitudinal axis, and initial conditions of analyses were mentioned in EEVC 

Working Group 17. Figure 5.25 shows the kinematic comparison between a 3 yr. old child 

pedestrian model and ellipsoidal car model collision. 
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Figure 5.25 3-yr. Pedestrian Model Collision with an Ellipsoidal Car at 40 km/h. 

The maximum knee resultant force in the pedestrian model was reviewed with the EEVC 

testing criteria, and depending upon the impact forces, the collision responses are noted. The 

maximum resultant knee force obtained as 1140 N for a run of 200ms. The simulation result for 

pedestrian collision is shown in Figure 5.26. The maximum peak for knee contact occurred at 40 

ms time frame and gradually decreases in force due to the flipping of the pedestrian model and 

defined stiffness of the front-end. 

 
Figure 5.26 Resultant Knee Force. 
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The load-cell forces captured from the analyses are shown in Figure 5.27 respectively. The 

load-cell force generally corresponds to the left leg 3L position; i.e. end portion of the femur 

region. The load-cell for the above analyses is obtained as 890 N for a run of 200ms. The peak 

force is occurred at 15ms. 

 
Figure 5.27 Load-cell Force. 

The resultant acceleration response is shown in Figure 5.28. The head acceleration 

increases if the car models strength is more at a higher impacted speed to get the collision 

responses. The resultant head acceleration gives the highest result as soon as the collision occurs 

at a time interval of 120ms between the ellipsoidal car model. The maximum acceleration obtained 

for this analysis is 188g for a run of 200ms. 

 
Figure 5.28 Head Resultant Acceleration. 
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5.3.7  Kinematics of a 6-yr. Child Pedestrian Model with an Ellipsoidal Sedan Car Model 

at 27 km/h 

The pedestrian model-ellipsoidal car model impact was simulated at 27 km/h velocity 

parallel to the vehicle’s longitudinal axis, and initial conditions of analyses were mentioned in 

EEVC Working Group 17. Figure 5.29 shows the kinematic comparison between a 6 yr. old child 

pedestrian model and ellipsoidal car model collision. 

 
Figure 5.29 6 yr. Pedestrian Model with an Ellipsoidal Car. 

 

 
Figure 5.30 6 yr. Pedestrian Model Collision with an Ellipsoidal Car at 27 km/h. 
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The impact duration at different time interval is observed in Figure 5.30. The kinematic 

comparison of the 6-yr.old pedestrian dummy with car model is estimated at the head and lower 

knee region. The maximum knee resultant force in the pedestrian model was reviewed with the 

EEVC testing criteria, and depending upon the impact forces, the collision responses are noted. 

The maximum resultant knee force obtained as 870 N for a run of 200ms. The simulation results 

for 6 yr. child pedestrian model during the impact with sedan vehicle is shown in Figure 5.31 

accordingly. 

 
Figure 5.31 Resultant Knee Force. 

 
 

Figure 5.32 Load-cell Force. 
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The load-cell forces captured from the analyses are shown in Figure 5.32, accordingly. The 

load-cell force generally corresponds to the left leg 3L position, i.e., the end portion of the femur 

region. The load-cell for the above analyses is obtained as 790 N for a run of 200ms. 

 
Figure 5.33 Head Resultant Acceleration. 

 

The resultant acceleration response is shown in Figure 5.33. The head acceleration 

increases if the car model’s strength is more at a higher impacted speed to get the collision 

responses. The resultant head acceleration gives the highest result as soon as the collision occurs 

at a time interval of 120ms between the ellipsoidal car model. The maximum acceleration obtained 

for this analysis is 117 g for a run of 200ms. 

5.3.8  Kinematics of 6-yr. Child Pedestrian Model with an Ellipsoidal Sedan Car Model at 

40 km/h 

The pedestrian model-ellipsoidal car model impact was simulated at 40 km/h velocity 

parallel to the vehicle’s longitudinal axis, and initial conditions of analyses were mentioned in 

EEVC Working Group 17. Figure 5.34 shows the kinematic comparison between 6 yr. old child 

pedestrian model and ellipsoidal car model collision. The 6 yr. old child model carried away with 

primary contact. 
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Figure 5.34 6 yr. Pedestrian Model Collision with an Ellipsoidal Car at 40 km/h. 

 

The maximum knee resultant force in the pedestrian model was reviewed with the EEVC 

testing criteria and depending upon the impact forces, the collision responses are noted. The 

maximum resultant knee force obtained as 1600 N for a run of 200ms. The simulation result for 6 

yr. child pedestrian collision is shown in Figure 5.35. The load-cell forces captured from the 

analyses are shown in Figure 5.36 accordingly. The load-cell force generally corresponds to the 

left leg 3L position, i.e., the end portion of the femur region. The load-cell for the above analyses 

is obtained as 1350 N for a run of 200ms. 

 
Figure 5.35 Resultant Knee Force. 
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Figure 5.36 Load-cell Force. 

 
Figure 5.37 Head Resultant Acceleration. 

 

The resultant acceleration response is shown in Figure 5.37. The head acceleration 

increases if the car models stiffness is higher and at a higher impacted speed. The resultant head 

acceleration gives the highest result as soon as the collision occurs at a time interval of 120ms 

between the ellipsoidal car model. The maximum acceleration obtained for this analysis is 240g 

for a run of 200ms. 

5.4  Summary of Computational Results on Full Size Pedestrian Parametric Study 

The overall results from the parametric study are summarized in the Table 5.3. A brief 

comparison is shown, where the ellipsoidal car model with variation changes in dummies at 
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different speed is performed, respectively. The following results concluded by the full-size 

pedestrian and child pedestrian dummies are resultant acceleration, with knee forces acting during 

the collision. 

Table 5.3 Summary of Responses for the Paramteric Study. 

 

 

Car-Model 

 

Pedestrian ATD 

Type 

 

Vehicle 

Speed 

km/h 

 

Resultant 

Acceleration 

(G) 

 

Knee 

Force 

(N) 

 

HIC 

 

Ellipsoidal 

Sedan Car 

Model 

50th Pedestrian 

Model 

27  130 1988 800 

50th Pedestrian 

Model 

40  387 4500 2425 

 

Ellipsoidal 

SUV Car 

Model 

50th Pedestrian 

Model 

27  158 1890 1420 

50th Pedestrian 

Model 

40  239 3560 2042 

 

Ellipsoidal 

Sedan Car 

Model 

3-year-old child 

Pedestrian model 

27  101 380 1255 

3-year-old child 

Pedestrian model 

40  188 1140 1654 

 

Ellipsoidal 

Sedan Car 

Model 

6-year-old child 

Pedestrian model 

27  117 870 1321 

6-year-old child 

Pedestrian model 

40  240 1600 2127 

 

5.5  Design of Experiments 

Design of Experiment (DOE) is a powerful statistical technique for improving 

product/process designs and solving process / production problems. DOE makes controlled 

changes to input variables in order to gain maximum amounts of information on cause-and-effect 

relationships with a minimum sample size When analyzing a process, experiments are often used 

to evaluate which process inputs have a significant impact on the process output and what the 

target level the inputs should be to achieve a desired result (output).  

In this study, 50th percentile Adult standing pedestrian dummy is used investigate the 

factor influencing the injury criteria during collision. 
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❖ Impact speed  

❖ Material and Thickness 

❖ Boundary conditions such as height, weight etc. 

Fractional Factorial Analysis: A factorial experiment in which only a chosen fraction of 

the combinations required for the Full Factorial DOE is run. Fractional Factorial designs are used 

to reduce the number of runs required to extract pertinent information about the main effects and 

two-factor interactions. In this study, 8 Combinations runs are performed for DOE analysis. 

5.5.1  Adaptive Response Surface Method 

The study is followed by performing the optimization using Objective Rating control 

parameter. The following rating criteria used as Sprague & Geers, CORA, peak timing, and value 

matching.  

5.6  Design of Experiments with Full-Size Pedestrian Model 

The design of experiments analysis with full-size pedestrian model is carried out with the 

vehicle front-end parameters. The following design variables (Inputs) is shown in Table 5.4, 

whereas for responses the output parameter is shown in Table 5.5.   

Table 5.4 Design Variables Selected for Pedestrian DOE Analysis. 

Design Variables (Inputs) 

Step 

Index 
Label 

Data 

Type 
Lower 

Bound 
Nominal 

Value 
Upper 

Bound 
Mode 

1 
Initial Velocity 

(m/s) [kmh] 
Real 7.50 [27] 11.10 [40] 

15.50 

[55] 
Continuous 

2 Bumper (mm) Real 0.50 1.00 1.90 Continuous 

3 Spoiler (mm) Real 0.50 1.0 1.50 Continuous 

4 Headlights (mm) Real 0.50 1.0 1.50 Continuous 

5 Lead Edge (mm) Real 0.50 1.0 1.90 Continuous 

6 Bonnet (mm) Real 0.50 1.0 1.90 Continuous 
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Table 5.5 Design Responses for Pedestrian DOE Analysis. 

Responses (Outputs) 

Step Index Label Varname Expression 

1 HIC r_1 max(ds_1) 

2 Head_Acc (g) r_2 max(ds_2) 

3 Torso_Acc (g) r_3 max(ds_3) 

4 
Upper-Leg/           

Femur (kN) 
r_4 max(ds_4) 

 

5.6.1  DOE Analysis for Full-Size Pedestrian Model 

The Factorial Analysis calculations are carried out for the full-size pedestrian model. The 

injury responses for all the variables are obtained; as shown in Table 5.6. The four output 

parameters contrast the injury results from the analysis. 

Table 5.6 DOE Factorial Analysis for Full-size Pedestrian Model. 

 Fractional Factorial Analysis  

Index 

Initial 

Velocity

(m/s) 

Bumper 

(mm) 

Spoiler 

(mm) 

Headlights 

(mm) 

Lead 

Edge 

(mm) 

Bonnet 

(mm) 

H

HIC 

(36 

ms) 

Head_A

cc (g) 

Torso

_Acc 

(g) 

Upper-

Leg          

Femur 

(kN) 

1 7.5 0.5 0.5 1.5 1.9 1.9 1346 1811 414 2688 

2 7.5 0.5 1.5 1.5 0.5 0.5 877 1199 502 2483 

3 11.1 1.9 0.5 0.5 1.9 0.5 1068 1487 532 2947 

4 11.1 1.9 1.5 0.5 0.5 1.9 1447 1656 426 3198 

5 11.1 0.5 0.5 0.5 0.5 1.9 1943 1785 502 3688 

6 15.5 0.5 1.5 0.5 1.9 0.5 2688 3018 526 3852 

7 15.5 1.9 0.5 1.5 0.5 0.5 2564 2863 546 4104 

8 15.5 1.9 1.5 1.5 1.9 1.9 2729 2707 591 4098 

 

5.6.2  Optimization Analysis for Full-Size Pedestrian Model 

Adaptive Response Surface Method calculations are carried out for the full-size pedestrian 

model. The optimum design responses for all the variables are obtained as shown in Tables 5.7 

and 5.8. 
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Table 5.7 Optimization Responses for Full-Size Pedestrian Model. 

IM 

Initial 

Velocity  

(m/s) [kmh] 

Bumper  

(mm) 

Spoiler 

(mm) 

Headlights 

(mm) 

Lead 

Edge 

(mm) 

Bonnet 

(mm) 

1 7.5 [27] 0.5 0.5 0.5 0.5 0.5 

2 7.5 [27] 1.5 1.5 1.5 1.5 1.5 

3 11.1 [40] 0.5 0.5 0.5 0.5 0.5 

4 11.1 [40] 1.5 1.5 1.5 1.5 1.5 

5 11.1 [40] 1.9 1.9 1.9 1.9 1.9 

6 15.5 [55] 0.5 0.5 0.5 0.5 0.5 

7 15.5 [55] 1.5 1.5 1.5 1.5 1.5 

8 15.5 [55] 1.9 1.9 1.9 1.9 1.9 

 

Table 5.8 Optimization Responses for Full-Size Pedestrian Model. 

HIC 

(36 ms) 

Head_Acc 

(g) 

Torso_Acc 

(g) 

Upper-Leg          

Femur (kN) 
Rating Condition 

Best 

Iteration 

1346 1811 414 2688 0.87 Feasible Optimal 

877 1199 502 2483 0.73 Acceptable Good 

1068 1487 532 2947 0.45 Violated Failed 

1447 1656 426 3198 0.88 Feasible Optimal 

1943 1785 502 3688 0.89 Feasible Optimal 

2688 3018 526 3852 0.76 Acceptable Good 

2564 2863 546 4104 0.53 Violated Failed 

2729 2707 591 4098 0.47 Violated Failed 

 

5.7  Discussion on Design of Experiments Results 

The design of experiments is conducted as per the design variables (Initial Velocity, 

Bumper, Spoiler, Headlights, Lead Edge, Bonnet) and obtaining responses (HIC, Head-CG, Torso-

Up, Upper-Leg (Femur forces)). The factorial analysis is carried out and the following 

observations are made. The factorial analysis run shows the effect of the impact conditions, i.e., 

impact speed and impact angle on the Head Injury Criteria. In case of lower extremities, the femur 

forces are also obtained with factorial analysis to examine the injury levels. The following 

observation made in the DOE study as follows: 

❖ In impact conditions, impact speed has more influence compared to the impact angle. 
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❖ The height of the front-end parameter leads to more variation in HIC values with its 

impact speed. 

❖ In primary contact conditions, thickness is the most influential factor leading to higher 

injuries. 

❖ The optimization method is carried out with the necessary rating code to have the best 

design output.  

❖ Overall, impact speed is the largest contributing factor towards higher head injuries, 

followed by a front-end design profile. 
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CHAPTER 6 

PEDESTRIAN SUBSYSTEMS IMPACTOR METHOD 

6.1  Background on Subsystem Impactors Method 

In order to improve the pedestrian safety during an impact with a vehicle, subsystem tests 

have been defined to evaluate the aggressiveness of the front- end of cars. These subsystems tests 

have to be reproducible and are representative of the three decomposed impacts of the pedestrian 

with the car: lower leg on the bumper, upper leg on the hood, head on the hood or the windscreen. 

In Europe, Euro NCAP tests are evaluated in order to defend consumers. Four subsystem tests 

reproduce and represent the three decomposed pedestrian impacts with the car: lower leg, upper 

leg, adult headform and child headform. Test protocols are based on a specific impact 

configuration which corresponds to the standard one, with about 40 km/h vehicle velocity. The 

velocity, angle and weighted mass of the adult headform impactor and its impact area are invariable 

conditions. Upper legform impactor parameters are determined by vehicle characteristics. NCAP 

tests procedures are effectives in Europe (Euro NCAP), US (USNCAP), Japan (Japan NCAP) and 

Australia (ANCAP). Figure 6.1 shows the standard testing procedure for pedestrian subsystem 

impactors. 

 

Figure 6.1 Euro-NCAP Pedestrian Testing Standards [23]. 
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The Euro-NCAP introduced pedestrian protection since 1999. Modifications have been 

done in 2005 to introduce vehicle evaluation with a four stars scale. Tests methods and injury 

criterions are based on the 1998’s EEVC report. Scores are allocated on the basis of the head 

injury criterion. Therefore, it appears important to compare these subsystem tests with global 

conditions observed in real accident. 

6.2  FE Upper Legform Impactor Model 

The impactor foam seems stiff enough dynamically to transmit these forces. TRL has 

improved the impactor by reducing the area of the foam sheets that cover the impactor to create 

µgaps between the foam and the support system behind the load-cells. After this revision, a series 

of impact tests were performed to confirm that the load transducers accurately report the impact. 

The impactor impulse, derived from the impactor acceleration and mass behind the load-cells, was 

compared with the impulse derived from the force vs. time histories. The results were within 1% 

in all tests, and the amended design is now considered to be satisfactory for this aspect. Typical 

structure of upper legform model is shown in Figure 6.2. 

 
 

Figure 6.2 FE Upper Legform Model [77]. 
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6.3  FE Adult Headform Impactor Model             

The impact velocity and mass are related to the impact energy E = ½ mv². The velocity 

lookup curves have been adjusted to prevent the mass from being less than the practical lower limit 

of 9.5 kg due to the lower kinetic energy required for the more streamlined cars.  

 
Figure 6.3 FE Adult Headform Model. 

 

The impact velocity tolerance has decreased from 5% to 2% to improve the repeatability 

of the test method and test results. The impact angle has not changed, except that the curves have 

been extrapolated to a bonnet cutting-edge height of 1050 mm. The approximate weight is around 

4.5 kg as per regulations and the finite model is shown in Figure 6.3. 

        The EEVC child head impact area covers a large majority of the head impact points found in 

accidents. In contrast, for the adults, the majority of the impact locations are outside the zone 

considered by the EEVC test method. WG 17 decided that both the child and the adult headform 

to bonnet top test are still required. To obtain a feasible test method, WG17 decided to separate 

the bonnet cutting-edge reference line for the upper legform impact and the lower boundary of the 

child headform impact area by at least 130 mm (i.e., the diameter of the child headform). The child 

headform impact area starts at the bonnet cutting-edge reference line plus 130 mm if this is further 
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rearward on the bonnet top, than the 1000 mm wrap around distance unless no test is required on 

the bonnet cutting-edge (e.g., required energy below 200 J).  

 For a vehicle impact speed of 40 km/h this results in a head to bonnet impact velocity 

between 28 km/h and 64 km/h, depending on the vehicle shape, pedestrian stature, and standing 

position, etc. The ISO working group on pedestrian protection developed a relation between the 

head impact velocity and the vehicle velocity. 

6.3  Lower Legform Impactor 

The multi-body chain (bodies, joint and joint restraints) forming the core of the FE model, 

is identical to that of the ellipsoid model. However, in the FE model the foam and skin that cover 

the steel tubes are modelled explicitly, with SOLID8 finite element meshes. MATERIAL.FOAM 

is used to model the foam and skin material properties. A typical FE Legform model is shown in 

Figure 6.4 [77]. 

 
Figure 6.4 FE Lower Legform Model [77]. 

 

The FE legform model geometry and the combined rigid body and finite element inertia 

properties are defined such that all the EEVC-WG17 design specifications are met. The steel femur 

and tibia tubes' outer surfaces are modelled with fully supported MEM4 meshes with 
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MATERIAL.NULL (facet surfaces). The foam to steel load transfer is modelled with a contact 

definition using CONTACT.FE_FE. The legform impactor output definitions are included in the 

same way as in the ellipsoid model. 

The EEVC/ WG17 dynamic test guidelines were used to evaluate the legform impactor. 

The bones of the femur and tibia of the legform impactor were modeled using shell elements. After 

modeling the legform impactor's geometry for achieving the required mass, two lump masses in 

special locations were used to tune the masses in the center of gravity of the femur and tibia. As 

specified in WG17, the total masses of the femur and tibia shall be 8.6 kg and 4.8kg, respectively.  

6.4  Vehicle FE Models 

In this study, the pedestrian impact responses against typical passenger cars are examined. 

In the process, two vehicle models, one sedan Toyota Camry, another a 2012 Honda Accord 

passenger sedan, are considered, and potential pedestrian injuries are investigated. 

6.4.1  Toyota Camry 2012 Model 

A finite element model of a 2012 Toyota Camry was developed at the National Crash 

Analysis Center (NCAC) of The George Washington University (GWU) under contract with the 

Federal Highway Administration (FHWA) for studying and advancing vehicle and highway safety 

research [76].  

Table 6.1 Description of FE Toyota Camry Model. 

 

 

 

 

 

Year 2012 

Model Toyota Camry 

Class Midsize 

Weight (kg) 1674 

Wheelbase 

(mm) 

2790 

Total No of 

Elements 

2,257,280 
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Reverse engineering methods were employed to build a detailed FE model suitable for 

different crash conditions. This model has been periodically updated and enhanced to include 

more detail and improve robustness. Details and description of the Toyota Camry model is 

shown Table 6.1 whereas Figure 6.5 represents the FE vehicle model. 

 

Figure 6.5 Toyota Camry Model [76]. 

 

6.4.2  Honda Accord 2010 Model 

A finite element (FE) model based on a 2012 Honda Accord passenger sedan was 

developed through the process of reverse engineering at the National Crash Analysis Center 

(NCAC) of The George Washington University (GWU) [76].  

Table 6.2 Description of FE Honda Accord Model. 

 

 

 

 

 

 

 

 

Year 2014 

Model Honda Accord 

Class Sedan 

Weight (kg) 1,708 

Wheelbase 

(mm) 

2538 

Total No of 

Elements 

2,091,327 
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These efforts were conducted under a contract with the Federal Highway Administration 

(FHWA). This model will become part of the array of FE models developed to support crash 

simulation. The model was validated against the National Highway Traffic Safety [76]. 

 

Figure 6.6 Honda Accord Model. 

 

Details and description of the Honda Accord model is shown Table 6.2, whereas Figure 

6.6 represents the FE vehicle model. Administration (NHTSA) frontal New Car Assessment 

Program (NCAP) test the corresponding vehicle. This vehicle was selected for modeling to reflect 

current automotive designs and technology advancements for an important vehicle fleet segment. 

This model is expected to support current and future NHTSA research related to occupant risk and 

vehicle compatibility and FHWA barrier crash evaluation, research, and development efforts. 

6.5 Computational Test Matrix for Pedestrian Subsystem Impactor Tests 

To investigate the pedestrian-vehicle collision, the legform sub-system or the full-sized 

pedestrian is impacted at 40 km/h horizontally in line with the stationary vehicle model. For lower 

legform model the impact anlage is placed at zero-degree angle whereas as for upper legform it is 

project at 45°. With respect to pedestrian sizes the headform impactor is project at 65° angle. The 

computational test matrix is shown Table 6.3 for the lower legform, upper legform and adult 

headform, respectively.  
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Table 6.3 Computational Test Matrix for Pedestrian Subsystem Impactor Tests. 

 

Pedestrian 

Subsystem 

Impactors 

  Vehicle Model 

Impact 

Velocity 

(kmh) 

Impact 

Angle (deg°) 

Lower Legform 

Impactor  
Toyota Yaris 40 0° 

Lower Legform 

Impactor  
Honda Accord 40 0° 

FE Upper Legform 

Impactor 
Honda Accord  40 45° 

FE Upper Legform 

Impactor 
Toyota Camry 40 45° 

Adult Headform Honda Accord 40 65° 

Adult Headform Toyota Camry 40 65° 

 

By following the regulatory testing criteria, the FE simulation analysis for each pedestrian 

subsystem impactor is investigated in the next chapter. 
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CHAPTER 7 

SUBSYSTEM MODELING AND ANALYSIS RESULTS 

7.1  Background on Pedestrian Impactor Subsystems Methodology 

Subsystem impactor tests are the main approaches for evaluation of safety performance of 

vehicle front design for pedestrian protection in legislative regulations. However, the major aspects 

of vehicle safety for pedestrians are frontal shape and stiffness, and though it is clear that 

subsystem impact tests encourage lower vehicle front stiffness. Test methods using impacts 

between the physical car and a pedestrian dummy have a number of disadvantages for use in a 

regulatory type test. Sub-systems tests have the following advantages over testing with dummy: 

❖ They can easily be used to test the whole area likely to strike pedestrians. 

❖ They can be aimed accurately at selected danger points. 

❖ They give good repeatability. 

❖ The tests cost less to perform. 

❖ The test requirements are simpler to design and to model mathematically. 

❖ They can be more easily used in component development. 

❖ The test severity can be adjusted (e.g., by energy cap) to take account of practical design 

limitations. 

1 Parts of this chapter has been published in the following sources: 

 
▪ Mohammed, Obaidur, Rahman., Suresh, D.V., Lankarani, Hamid, M.., “Computational Modelling and 

Simulation of Pedestrian Subsystem Impactor with Sedan Vehicle and Truck Model,” Proceedings of the 

ASME 2020 International Mechanical Engineering Congress and Exposition. Volume 5: Biomedical and 

Biotechnology. Virtual, Online. November 16–19, 2020. V005T05A045. ASME. 

▪ Mohammed, Obaidur, Rahman., Lankarani, H.M., Shabbir Memon., “Pedestrian Collision Responses 

Using Legform Impactor Sub-System and Full-Size Pedestrian Model on Different Workbenches,” 2018 

ASME International Mechanical Engineering Congress and Exposition, Paper No. IMECE2018-87904, 7p, 

Pittsburgh, Pennsylvania, November 2018 
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On the other hand, although sub-system tests solve many of the problems of a regulatory test based 

on physical dummies, they also introduce their own problems: 

They are a simplification of the real situation. Appropriate test conditions and test areas 

must be provided for each sub-system test. The test conditions, test areas and any associated mark-

up rules, look-up graphs or tables may become inappropriate with time, if vehicle styling goes 

outside the range considered or anticipated by their authors. This chapter details the results on the 

subsystem modelling and analysis based on the computational matrix specified in Table 6.1 from 

previous chapter. 

7.2  Lower legform Impactor and Vehicle Model Analysis 

For Sedan vehicles, Euro NCAP lower leg/bumper impact velocity is 11.1 m/s. Real testing 

velocity is close to Euro NCAP value with the standard test setup as per the regulations. To perform 

the test the following results such as tibia acceleration, shear displacement and knee bending angle 

is examined. 

7.2.1  Kinematics of FE Lower Legform Model Simulation with Toyota Yaris at 40 km/h 

The legform-car model impact was imposed at 40 km/h velocity parallel to the vehicle’s 

longitudinal axis, and initial conditions of analyses were mentioned in EEVC working group 17. 

Figure 7.1 shows the legform-car model collision setup. 

 

Figure 7.1 Lower Legform Impact with a Car Model at 40 km/h. 
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Figure 7.2 Legform Collision with Toyota Yaris at 40 km/h. 

 

The kinematic collision behaviour of lower legform impactor when strikes with the Toyota 

Yaris model at 40 km/h is shown in Figure 7.2. The maximum knee bending angle in the car model 

was within the EEVC acceptable criteria. By changing the position, material and increasing the 

impactor's velocity, the maximum knee bending angle can also be increased. The maximum 

bending angle obtained as 8.0 for a run of 30ms. The simulation results are shown in Figure 7.3. 

 
Figure 7.3 Maximum Knee Bending Angle at Initial Velocity 40 km/h. 
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Figure 7.4 Maximum Shear Displacement at 40 km/h 

 

The knee shear displacement from the above analyses is shown in Figure 7.4 accordingly. 

The knee shearing displacement was within the EEVC acceptable criteria with displacement done 

using a potentiometer. The knee shearing displacement is corresponding to the bumper design and 

its stiffness of the material used. The knee shear displacement for the above analyses is obtained 

as 5.30mm for a run of 30ms. 

 

Figure 7.5 Maximum Tibia Acceleration at Initial Velocity 40 km/h. 

 

Tibia acceleration responses are shown in Figure 7.5. The upper tibia acceleration increases 

if the car model's strength is more stable to respond to the collision. The tibia acceleration gives 
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the result as soon as the collision occurs with the car model. The maximum acceleration obtained 

for this analysis is 202g for a run of 30ms. 

7.3  Upper Legform Impactor and Vehicle Model Analysis 

During the FE analysis the upper leg impact parameters correspond to thigh impact. The 

striking angle for the upper legform is represented by thigh angle. Initial velocity corresponds the 

thigh impact velocity during the contact. Lastly, the obtained results such as force represents the 

contact of thigh with the bonnet and the moment is the internal thigh bending moment of the upper 

legform impactor. 

7.3.1  Kinematics of FE Upper Legform Model Simulation with Toyota Camry at 40 km/h 

The upper legform-car model impact was imposed at 40 km/h velocity parallel to the 

vehicle’s longitudinal axis. Initial conditions of analyses were mentioned in EEVC working group 

17 regulations. The upper legform impactor is projected in free flight distance from the specified 

height of the propulsion system.  

 
Figure 7.6 Upper Legform Impact with Car Model at 40 km/h. 

 

Figure 7.6 shows the upper legform-car model collision, whereas Figure 7.7 represents the 

legform impactor's kinematic behavior for a 30ms time frame. In the FEM of these analyses, the 

car model's frontal side is completed with all necessary connections and spot welds to make the 
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bumper, hood, beam other components stiffer to correspond to the collision with an impactor. An 

impact was imposed on the center of the bumper, and important parameters of the upper legform 

was recorded according to the EEVC/WG17 pedestrian test. 

 

 
Figure 7.7 Upper Legform Collision with Toyota Camry at 40 km/h. 

 

A post-simulation of the Toyota Camry is depicted in Figure 7.8, as it is performed on the 

upper legform impactor to verify that its performance is within the EEVC criteria limit. Since the 

upper legform model consists of rigid bodies which are connected by joints and finite elements 

load-cell attachment gives more effective results during the whole simulation. 

 
Figure 7.8 Post-Simulations of Toyota Camry. 
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Figure 7.9 Load-Cell Forces at Initial Velocity 40 km/h. 

 

The load-cell forces in the upper legform impactor are recorded when strikes happen with 

the Toyota Camry model at 40 km/h on LS-DYNA explicit analyses. The maximum Load-cell 

forces in the car model were within the EEVC acceptable criteria is observed that by changing the 

position, material and increasing the impactor’s velocity, the load-cell forces can release more 

contact force. The maximum forces obtained for load-cell (1) as 1.7 kN for a run of 30ms, whereas 

for load-cell (2) as 1.5 kN. In the above analyses, the maximum contact forces occurred at 12-

15ms after its collision for load-cell (1) and load-cell (2) after 25ms. The simulation results are 

shown in Figure 7.9. 

 
Figure 7.10 Bending Movement at Center Location at 40 km/h. 
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The bending moment for the center of the upper legform model from the simulation 

analyses is shown in Figure 7.10 accordingly. The bending moment was within the EEVC 

acceptable criteria with its displacement. The bending movement at the center corresponds to the 

bumper design and its stiffness of the material used. The bending movement for the upper legform 

model during the analyses is obtained as 223Nm for 30ms. 

Bending moment responses is shown in Figure 7.11 for the upper legform model at the 

upper and lower strain gauges location. If the car model’s strength is more stable to respond to the 

collision, the bending moment gives estimated results and is filtered with SAE 180 HZ frequency. 

As the collision occurs with car model, the maximum bending moment at upper strain gauges 

location is 160 Nm and for lower location is 180 Nm for this analysis. 

 
Figure 7.11 Bending Moment at Upper and Lower Location at 40 km/h. 

 

7.3.2  Kinematics of FE Upper Legform Model Simulation with Honda Accord at 40 km/h 

The upper legform-car model impact was imposed at 40 km/h velocity parallel to the 

vehicle’s longitudinal axis. Initial conditions of analyses were mentioned in EEVC working group 

17 with the respective angle for the impactor. Figure 7.12 shows the upper legform-car model 

collision setup, whereas represents the kinematic behavior of the upper legform impactor for a 

30ms time frame is shown in Figure 7.13, respectively.  
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Figure 7.12 Legform Impact with Honda Accord Model at 40 km/h. 

 

 
Figure 7.13 Upper Legform Collision with Honda Accord at 40 km/h 

 

 
Figure 7.14 Post-Simulations of Honda Accord. 
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A post-simulation of the Honda Accord is depicted in Figure 7.14 as it is performed on 

upper legform impactor to verify its performance is within the EEVC criteria limit. The stress-

strain distribution is carried out with a simple averaging method and a stress distribution is 

obtained through the Von Mises method. The load-cell forces in upper legform impactor when 

strikes with Honda Accord model at 40 km/h analyses are shown in Figure 7.15. 

 
Figure 7.15 Load-Cell Forces at Initial Velocity 40 km/h. 

 

          The load-cell forces in the upper legform impactor are recorded when strikes happen with 

the Honda Accord model at 40 km/h on LS-DYNA explicit analyses. The maximum Load-cell 

forces in the car model have reached the acceptable criteria for the EEVC, and it is observed that 

changing the load-cell (2) have crossed the testing criteria compared with the load-cell (1) position. 

 
Figure 7.16 Bending Moment at Center Location at 40 km/h. 
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During the test II condition, maximum forces were obtained for load-cell (1) as 1.3 kN for 

a run of 30ms, whereas for load-cell (2) as 1.9 kN. In the above analyses, the maximum contact 

forces occurred at 12-15ms after its collision for load-cell (1) and load-cell (2) after 25ms.  

Test condition with Honda Accord finite model the bending moment for the center of the 

upper legform model from the simulation analyses are shown in Figure 7.16. The bending moment 

was within the EEVC acceptable criteria with its displacement in the local coordinate direction. 

Bending moment at the center corresponds to the bumper design and its stiffness of the material 

used during the analysis. Bending moment for the upper legform model during the center’s 

analyses is obtained as 251 Nm for a run of 30ms. 

 
 

Figure 7.17 Bending Moment at Upper and Lower Location at 40 km/h. 

 

Similarly, the bending moment responses are shown in Figure 7.17 for the upper legform 

model for upper and lower strain gauges location. It is observed during the impact analysis the car 

model’s strength gives a stable response in strain gauges. This analysis that the bending moment 

gives estimated numerical results and is filtered with SAE 180 HZ frequency.  As the collision 

occurs with the car model, the maximum bending moment at lower strain gauge’s location is 231 

Nm and 198 Nm for upper locations for a run of 30ms. 
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7.4  Adult Headform and Vehicle Model Analysis 

For Sedan vehicles, Euro NCAP head/windscreen impact angle is 65 degrees. During the 

test, both standard configuration (numerical and experimental tests), angle values are close.  Head 

angle and velocity correspond to a pre-impact time (5 ms before). Head acceleration and HIC are 

calculated during the impact events. 

7.4.1  Kinematics of FE Adult Headform Model Simulation with Toyota Camry at 40 km/h 

The adult headform impactor-car model impact was imposed at 40 km/h velocity parallel 

to the impact mode’s longitudinal axis, and initial conditions of analyses were mentioned in EEVC 

working group 17 regulations.  

 
Figure 7.18 Adult Headform Impact with Car Model at 40 km/h. 

 

 
Figure 7.19 Adult Headform Collision with Toyota Camry at 40 km/h. 
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Figure 7.18 shows the adult headform car - model collision, whereas Figure 7.19 represents 

the legform impactor's kinematic behavior for a 30ms time frame. In the FEM of these analyses, 

the car model’s front side is completed with all necessary connections and spot welds to make the 

bumper, hood, beam other components stiffer to correspond to the impactor’s collision. An impact 

was imposed on the center of the bumper, and important parameters of the adult headform was 

recorded according to the EEVC/WG17 pedestrian test. 

A post-simulation of the Toyota Camry is depicted in Figure 7.20 as it is performed with 

the adult headform impactor to verify its kinematic performance the results are within the EEVC 

criteria limit. The stress-strain distribution is carried out using a simple averaging method and a 

stress distribution is obtained through the Von Mises method. 

 
 

Figure 7.20 Post-Simulations of Toyota Camry. 

 

The acceleration result in the X direction of the car model has crossed the EEVC acceptable 

criteria, by changing the position, material and increasing the impactor’s velocity, the results can 

also be differing. The head acceleration in X direction obtained as 135 g for a run of 30ms. The 

simulation results are shown in Figure 7.21. 
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Figure 7.21 Head Acceleration in X- direction. 

 

 
Figure 7.22 Head Acceleration in Y- direction. 

 

 
Figure 7.23 Head Acceleration in Z- direction. 
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The acceleration results in Y-direction from the above analyses are shown in Figure 7.22, 

respectively. The results observed to be less critical within the limit for the EEVC acceptable 

regulations. The acceleration results are corresponding to the bumper design and its stiffness of 

the composite material used. The Y-direction results for the above are obtained as 140 g for a run 

of 30ms. The Z-direction results are obtained as 44 g’s as shown in Figure 7.23. 

Resultant acceleration responses are shown in Figure 7.24. The resultant acceleration 

increases if front-end of the car has more stable strength properties to respond to the collision. The 

maximum acceleration obtained for this analysis was 145 g for a run of 30ms. 

 
Figure 7.24 Head Acceleration in Resultant Direction. 

 

7.4.2  Kinematics of FE Adult Headform Model Simulation with Honda Accord at 40 km/h 

The adult headform with finite car model impact was imposed at 40 km/h velocity parallel 

to the impactor’s longitudinal axis, and initial conditions of analyses were mentioned in the EEVC 

working group 17 with a respective angle for the impactor. Figure 7.25 shows the adult headform 

car model collision setup, whereas Figure 7.26 represents the adult headform impactor's kinematic 

behavior for a 30ms time frame.  Simulation analysis is examined with necessary regulation setup 

on FE platform to match the overall testing criteria. With 40 km/h impact velocity the hood tends 

to deform, deflect depending upon the material and sliding contact of the impactor. 
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Figure 7.25 Adult Headform Impact with Honda Accord model at 40 km/h. 

 

 
Figure 7.26 Adult Headform Collision with Honda Accord at 40 km/h. 

 
 

 
Figure 7.27 Post-Simulations of Honda Accord. 
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A post-simulation of the Honda Accord is depicted in Figure 7.27, as it is performed with 

the adult headform impactor to verify its performance the results output is above the EEVC criteria 

limit. The stress-strain distribution is carried out using a simple averaging method and a stress 

distribution is obtained through the Von Mises method. The acceleration result in the X direction 

of the car model has crossed the EEVC acceptable criteria, the resultant acceleration obtained as 

230 g for a run of 30ms. The simulation results are shown in Figure 7.28 for X direction of the 

impactor. 

 
Figure 7.28 Head Acceleration in X- direction. 

 

 
Figure 7.29 Head Acceleration in Y- direction. 
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Figure 7.30 Head Acceleration in Z- direction. 

 

The acceleration results in Y-direction from the above analyses are shown in Figure 7.29. 

The Y- direction results for the above are obtained as 143 g for a run of 30ms. The Z-direction 

results are obtained as 164 g as shown in Figure 7.30. Resultant acceleration responses are shown 

in Figure 7.31. The maximum resultant acceleration obtained for this analysis was 190 g for a run 

of 30ms. The resultant acceleration is measured with the center node of the headform model on 

Ls-Dyna workbench. The maximum peak obtained at 35 ms as initial contact distributed over the 

impactor model with internal energy output. 

 
 

Figure 7.31 Head Acceleration in Resultant Direction. 
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7.5  Upper Legform and Pickup Truck Simulation Setup 

Pedestrian impact tests with production cars have been conducted according to the current 

EEVC method of the upper legform impact test in order to understand the reliability of this test 

procedure. In this study, to investigate the different impact motions for the upper legform impactor 

and adult headform impactor in event of collision. The impact test were conducted at 40 kmh using 

the upper legform impactor to assess aggressivity of high range vehicles. The mass of the upper 

legform impactor, including guidance components which are effectively part of the impactor. 

Obtained testing results from the FE simulation could be calculated and determine the front-end 

design of the vehicle. 

7.5.1  Kinematics of FE Upper Legform Model Simulation with a Pickup Truck at 40 km/h 

As per the regulations, the upper legform impactor is placed at the center line of the vehicle, 

impacting towards the bumper. The model is required to run 30 ms to match simulation results 

with the sedan model. The bumper height was kept constant to correspond to the knee height of an 

average adult male 50th percentile such that the impact was corresponding towards the thigh of 

human model. The kinematic response from the simulation is shown in Figure 7.32. 

 
 

Figure 7.32 Kinematic Simulation with a Pickup Truck. 
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For the pickup truck, the impact energy resulted in more bending moment and femur forces. 

The bumper is made up of stiffer materials and with less hood space. The maximum force load 

obtained for load cell (1) was 1.65 kN for a run of 30 ms, whereas, for load cell (2) the maximum 

force load obtained was 2.10 kN. Simulation results for load cell forces for pickup truck are shown 

in Figure 7.33. As per the simulation results the forces are dependent on the acceleration or impact 

velocity whereas the bending forces are dependent displacement or strain rate. The impactor at 

different location apart from centerline results in gives rotation depending upon the geometry. 

 
 

Figure 7.33 Load Cell Forces in Upper Legform. 

 
 

Figure 7.34 Bending Moment at Center in Upper Legform. 
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Figure 7.35 Bending Moment in Upper Legform. 

Due to high impact forces and stiffer bumper edge material the bending moment obtained 

at center location 657 Nm and for upper and lower location the obtained value as 385 Nm, 779 

Nm respectively. Bending moment simulation test results at center location is shown in Figure 

7.34 whereas for upper, lower location is shown in Figure 7.35. 

7.5.2  Kinematics of FE Adult Headform Model Simulation with a Pickup Truck at 40 km/h 

The Euro NCAP regulations for running the adult headform model over the pickup truck 

is considered after 1500 mm (WAD). Four impact marker location are defined to compare the HIC 

and resultant acceleration. Impactor positioning points for pickup truck are shown in Figure 7.36. 

 
 

Figure 7.36 Marked Impactor Testing Locations for Pickup. 
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One of the cases, the simulation was impacted to the centerline axis of the pickup truck to 

examine the contact force reaction. Relation to the HICs was examined for the hood when the 

impact velocity occurred. The stress distribution with adult headform impact is shown in Figure 

7.37.  Based on the simulation results, a HIC value of 1000 range approximately is associated with 

a dynamic deformation for the hood. In case of pickup truck, it might not be easier to reduce HIC 

less than 1000 for all marked location on the hood with 40 km/h. 

 
 

Figure 7.37 Stress Distribution on the Hood. 

 

 
 

Figure 7.38 Resultant Acceleration with Pickup Truck. 
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The HIC value are calculated at the four-impact location on the hood of the pickup truck. 

HIC values have the same range between 1000 to 3000. Marked locations on the hood area 

obtained the HIC values more 3000. Since the contact force is higher for adult headform, it would 

be appropriate to examine the impact forces from the pickup truck. Resultant acceleration is 

obtained at point of contact where center of gravity of adult headform is located. Figure 7.38 shows 

the head acceleration for pickup truck at one of marked location. 

HIC distribution for pickup truck is shown in Table 7.1. However, the noted HIC values 

are observed with one impact speed at all marked points as per Euro-NCAP regulations. 

Table 7.1 Marked Location Results for Pickup. 

Vehicle Impact Location WAD (mm) Angle 

(degree) 

HIC 

Pickup A 1500 65 3100 

Pickup B 1510 65 3125 

Pickup C 1500 65 3085 

Pickup D 1510 65 2952 

 

7.6  Results and Discussion 

Lower Legform: During this study, TRL lower legform impactor model are examined 

with FE compact size vehicle. The FE models are simulated on LS-DYNA workbench to evaluate 

the results and were carried out to optimize the front of the vehicle along with significant injury 

testing criteria.  

Table 7.2 Comparison of Lower Legform Results. 

Value  Value 

Tibia Acceleration in [g] 202 

Bending Angle in [Deg] 8.0 

Shearing Displacement in [mm] 5.3 

Impact Velocity  40km/h 
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The results for the lower legform at certain speeds certified by the EEVC testing group are 

acceptable for this compact size vehicle and do not surpass the testing limits. Bending angle of the 

impactor can be optimize with more ground height to the bumper. Overall, the examined results 

for the lower legform model are shown in Table 7.2. 

Upper Legform: A brief comparison of results is shown in Table 7.3, where the legform 

impactor with FE car model variation with changes in ATDs at different speeds, respectively. the 

forces are measured from the output response of the load cell whereas as the bending moment is 

obtained with the cross-sectional force of the interior component of the impactor. 

Table 7.3 Comparison of Upper Legform Results. 

 

 

Vehicle Model 
 

Time  

(ms) 

 

Load Cell 

Forces 

(kN) 

 

Bending 

Moment at 

Center (Nm) 

Bending 

Moment at 

Upper and 

Lower (Nm) 

Upper Legform with 

Toyota Camry 
30 3.2 223 160-U 

180-L 

Upper Legform with 

Honda Accord 
30 3.3 251 231-U 

198-L 

 

The following observation made during the FE simulation analysis for upper legform impactor: 

❖ Maximum contact forces for the upper legform impactor was around 1.6 kN, 1.5 kN for 

the Toyota Camry model. In comparison, the Honda Accord model exceeded the contact 

forces with resultant values 2.0 kN and 1.5 k N. The sum of the forces for both the models 

are <5.0 kN. 

❖ Bending moment for the upper legform impactor at the center was around 223 Nm, while 

for the Honda Accord model, the moment as 251 Nm. As per the EEVC testing criteria, 

both values should be under 300 Nm.  
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❖ Bending moment at the lower and upper location for the upper legform impactor was 

around 160 Nm to 180 Nm, while the bending moment for the Honda Accord model 

exceeded the values of 231 Nm and 198 Nm. 

Overall, the FE simulated results has concluded that among these testing parameters, the upper 

legform subsystem model can be optimized for different vehicle front-end and simulated on FE 

platform.        

Adult Headform: A brief comparison of results is shown in Table 7.4, where the Adult 

Headform impactor with FE car model is examined, respectively. The FEA resultant acceleration 

is plotted against the reference node resultant acceleration on LS-DYNA workbench. When the 

headform impactors are dropped from a height of 376 ± 1mm the peak resultant acceleration 

measured by one triaxial (or three uniaxial) accelerometer. The Head Accelerometer read a 

maximum resultant acceleration of 190 g for Honda Accord model. 

Table 7.4 Comparison of Adult Headform Results. 

 

 

Impactor Model 

 

Vehicle Model 

 

Impact 

Velocity 

(km/h) 

 

Resultant 

Acceleration 

[G] 

Adult Headform Impactor Toyota Camry 40 km/h 145 

Adult Headform Impactor Honda Accord 40 km/h 190  

 

Pick-up Truck: The femur load results are determined to be acceptable during the impact 

of the sedan vehicle. Higher femur loads results in higher injury risk from the pickup truck due to 

front-end design and bumper material stiffness. In case of pickup truck, the femur loads and 

bending moment are led to higher value due the frontal design of the pickup truck. 

• Maximum contact forces for the pickup truck the femur forces were 1.65 kN, 2.10 kN. In 

contrast, the total forces obtained for femur region as 4.0 kN. 
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• Bending moment for the upper legform impactor at the center for the pickup truck model the 

moment as 657 Nm.  

A brief FE simulation results with upper legform model is shown in Table 7.5. 

Table 7.5 Upper Legform Results for a Pickup Truck. 

 

Vehicle 

model 

 

Contact 

Forces 

[kN] 

 

Bending 

Moment at 

center 

[Nm] 

 

Bending 

Moment at 

Upper and 

Lower [Nm] 

Pickup FE 4.0 657 385(U) 
779(L) 

 

The examined results for upper legform model showed more bending moment for the 

pickup truck at the centerline of the front-end. The adult headform impactor test for the pickup 

truck vehicle model obtained HIC values more than 3000. The HIC values for the pickup truck are 

more critical at marked locations on the hood. At WAD; i.e., 1500mm, the center region obtained 

higher HIC. In general, the examined results for head injuries are more critical for the pickup truck 

than the sedan model. The resultant acceleration becomes higher when impactor rotates at the point 

of contact. A brief comparison of HIC and resultant acceleration between sedan and pickup vehicle 

is shown in Table 7.6. 

Table 7.6 Adult Headform Results for a Pickup Truck. 

 

Vehicle Model 

 

Head Acceleration (G) 

 

Maximum HIC 

 

Pickup FE 

 

364 

 

3125 
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CHAPTER 8 

DEVELOPMENT OF A SIMPLIFIED FLEX-PLI LOWER LEG IMPACTOR MODEL 

8.1  Background on Flex-Pli 

The increase in traffic fatalities between the pedestrian and vehicle are a serious concern 

for the regulating committee and researchers. In general, the lower leg is a significant region 

affected, with 32.6% of cases worldwide. JAMA and JARI have developed a bio-fidelic flexible 

pedestrian legform impactor (Flex-Pli) with improved flexible design and detail injuries output. 

The first version of the Flex-Pli was created in 2002, and then various technical improvements 

have been carried out Flex-TEG (Flexible Pedestrian Legform Impactor Technical Evaluation 

Group) [79]. Flex-Pli have continued for its improvements as the fifth version, called Flex-GT. 

Later, Flex-GT was upgraded to the sixth version as Flex-GTR, which is expected to have the same 

performance as the previous version and comprises its final design and structure.  

The Euro NCAP has used the FLEX-PLI legform since 2013. The legform is made of many 

articulated elements corresponding to the tibia and the femur, which are connected by an 

articulation representing the knee joint. Flex-Pli consists of three parts: Femur, knee, and tibia. 

The femur consists of 8 segments, the tibia has 10 segments, and the knee consists of four spring 

wires that represent ACL, PCL, LCL and MCL ligaments. Flex-Pli is covered with multi-layered 

rubber and pouch cover that expresses the legs, flesh, and legs [80]. The current EEVC WG17 

pedestrian lower legform impactor is known to have certain limitations regarding the bio-fidelity. 

1 Parts of this chapter will be published in the following sources: 

 
▪ Mohammed, Obaidur, Rahman., Mohammed, Salahuddin., Jalalpuram, Ranjeethkumar., Lankarani, 

Hamid, M.., “Development of Simplified Finite Element Model of Pedestrian Lower Legform Impactor Flex-

Pli,” 2021 ASME International Mechanical Engineering Congress and Exposition, IMECE2021-71951, 

Virtual Conference, November, 2021. 
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The vehicle equivalent model was constructed with several equivalent masses that 

represent a set of major parts on the load transmission path and springs and dampers that connect 

equivalent masses are calculated using FE simulation results. The Impactor system model is 

verified in various ways because it must be able to reproduce injuries on the human body legs. 

Pedestrian lower legform impactors are used to evaluate pedestrian protection afforded by 

passenger vehicles in a vehicle collision with a pedestrian. 

 

Figure 8.1 Pedestrian Flex-Pli Model [79]. 

 

Therefore, Japan proposed to use a completely new legform, the so-called Flexible 

Pedestrian Legform Impactor (Flex-Pli), as shown in Figure 8.1. In the year 2000, the Japan 

Automobile Manufacturers Association, Inc. (JAMA) and the Japan Automobile Research 

Institute (JARI) initiated the development of the “Flexible Pedestrian Legform Impactor”. In 2002, 

an initial design was made available, followed by the Flex-GT version in 2006 - the FLEX-PLI 

features biomechanically based femur, tibia, and knee design, with bio-fidelic bending 
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characteristics. In the knee, the ligaments are represented according to human anthropometry. A 

Technical Evaluation Group (FLEX-TEG), consisting of governmental and industrial parties, 

evaluated the possibility to use the legform impactor for Global Technical Regulation on 

Pedestrian Safety (PS-GTR). Humanetics was a member of this group as the dummy manufacturer 

and was asked to review the GT design and manufacture the leg. This review highlighted several 

improvements, and the proposed GTR design was accepted [80]. 

The legs performance was intended to remain the same to ensure that existing test data was 

still valid. The leg’s components consist of a segmented femur with a suspension bracket at the 

top, a knee consisting of two aluminum blocks connected with wires and springs, a segmented 

tibia as per the femur and a flesh system of rubber sheet and Neoprene. Weight distribution for 

Flex-Pli model shown in Table 8.1. 

Table 8.1 Weight Description for Flex -Pli Model [80]. 

Leg Part Weight (kg) Weight Tol (kg) 

Femur 2.46 ±0.12 

Knee 4.28 ±0.21 

Tibia 2.64 ±0.13 

Femur, Knee & Tibia 9.38 ±0.47 

Flesh System 3.82 ±0.21 

Leg Total 13.2 ±0.7 

 

The main improvements were integrating the knee ligament deflection sensors to avoid 

impact direction sensitivity. Balancing the spring force load in the knee joint reduces the knee joint 

twist about the vertical axis. There were various improvements in handling and repeatability, the 

introduction of the full-bridge strain gauge configuration, additional optional sensors and 

incorporating onboard Data Acquisition Systems (DAS) to improve free flight stability. 

Humanetics also reviewed the quasi-static calibration procedures for internal bones, thigh, knee, 

and lower leg assemblies. The pendulum dynamic calibration rig and procedure were also updated 
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to provide more realistic loading. The high-speed inverse linear guided impactor test is also a 

requirement for the GTR 9 regulation. 

8.2  Design and Optimization for Pedestrian Lower Extremity Protection  

This study has followed the cad model from Humanetics Flex-Pli model. The Flex-Pli 

model has been created using a Physics-Based Modeling approach to obtain high sensitivity 

models that can be used to test the pedestrian severity during the collision and type of vehicle. The 

Flex-Pli model was readily available, but understanding the kinematic behavior resulted in 

designing the complete sister model, saving time and cost.  Additional studies to be performed 

(different parameters and testing regulations) to provide better injury criteria and conclusion to the 

working model. Though kinematic behavior can be estimated with a newly designed Flex-Pli 

model by following the regulation procedure. The current CAD design for Flex-Pli model is shown 

in Figure 8.2. 

 

Figure 8.2 Flex-Pli CAD Construction. 
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This research explains the procedure followed to develop the FE model of the Flex-Pli 

pedestrian impactor model. The following procedure was carried out to create the FE model:  

❖ Obtain approximate CAD details from official manuals and working on CATIA V5 for 

designing CAD data for a section like Femur, Knee, and Tibia, respectively.  

❖ Meshing the obtained CAD model and performing Clean up geometry options prior to 

meshing  

❖ Choosing the element type for each component depending on CAD design and element 

size followed by constraints, especially 1D spring element, and connection between the 

parts.   Maintaining the quality criteria for 2D and 3D elements  

❖ Assign type section properties: shell thicknesses and beam cross-section.  

❖ Model check for non-desired entities (free nodes, free edges, mesh overlap, duplicate 

elements, non-aligned element, etc.).  

❖ Understanding the type of material needed and assigning appropriate material properties.  

❖ Calculating the timestep and performing mass scaling to complete model wherever 

necessary and Solving the dynamic test. 

8.3  Modeling of a Simplified Flex-Pli Impactor Model 

The FLEX-PLI impactor has major three regions: femur, knee, and tibia.  Fiberglass bone 

cores are essential to this model, to effectively represent tibia and femur bones. These bone cores 

have bending moments that can be measured along their axes. To achieve a human-like flexibility 

during collision, they must be enclosed with a segmental structure. Rubber and neoprene foam 

layers form the outermost skin and flesh of this device. The knee region contains two knee blocks 

representing human-like knee and has ligament elongations measuring capabilities to be used as 

injury criteria in regulations. Figure 8.3 compares the CAD model vs Finite Element model 
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Figure 8.3 Flex-Pli CAD Model (Left side), Flex-Pli FE Model (Right Side). 

 

The masses of structures and flesh are 9.38kg, and 3.82kg, and the total mass of the system 

is 13.2kg (FLEX PLI GTR FE Model User’s Manual) [81]. The geometry of the model, as well as 

its inertia properties, are derived from drawings and inspections of the physical impactor. The 

connectivity and integrity of the structure and model are scrutinized and verified. To achieve ample 

accuracy, whilst minimizing CPU cost, the mesh size in the model has been carefully developed. 

Table 8.2 describes model statistics for all four FLEX-PLI GTR models.  

Table 8.2 Flex-Pli FE Details. 

 

Number of Nodes 122,134 

Number of Elements (including rigid) 114,053 

Initial Time-step Size (µsec) 0.83 

 

8.4  FE Model Description 

8.4.1 Design of Bone Core 

Plastic that is reinforced with fiberglass makes up the femur and tibia bone cores in the 

physical device. An appropriate material model is developed to be used for the bone core model. 

Strain gauges are used at the top and bottom surface of the bone core to measure bending moments 
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in the bones at several locations in the femur and tibia regions shown in Figure 8.4. Local section 

force outputs with appropriate distance were used to model the strain gauges. 

 

Figure 8.4 Flex-Pli FE Bone Cores with Strain Gauge Locations. 

 

8.4.2 Design of Femur and Tibia 

Femur and tibia assemblies are illustrated in Figure 8.5. The only difference between 

these parts is the length and segment numbers. In the middle of the inner segments lie the bone 

cores. The bone core is held down by their flanks.  

 
Figure 8.5 Flex-Pli FE Femur and Tibia Models. 
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Deformable nylon pieces are the impact segments; they attach to the inner segments and 

act as absorbers during impact. Stopper cables minimize the amount of bending endured by the 

bone core as they designed to act in a similar way to the physical device. Glued to these inner 

segments are rubber buffers to avoid them touching. 

8.4.3 Design of Knee 

 The Flex-Pli knee model is shown in Figure 8.6. The knee has two blocks or condyles, one 

attached to the femur and the other attached to the tibia. The condyle surface of the tibia block has 

nylon material to reduce friction and avoid metal-to-metal contact. ACL (anterior cruciate 

ligament), MCL (medial collateral ligament), PCL (posterior cruciate ligament) and LCL (lateral 

collateral ligament) are the four types of ligament cables.  

 

Figure 8.6 Flex-Pli FE Knee Model. 

 

They are modeled as weak spring elements, representing a potentiometer to measure knee 

ligament extension at ACL Length rate, MCL, LCL and PCL locations. The deformable springs 

and cables in the knee area were modeled to achieve appropriate knee behavior similar to physical 

impactors. Appropriate material models are used for all deformable components in the knee area. 
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8.4.4  Design of Flesh 

 The Flex-Pli model flesh comprises several layers of neoprene and rubber sheets, as shown 

in Figure 8.7. Appropriate material models are developed from quasi-static and dynamic material 

tests to model layers of the neoprene and rubber sheets. 

 

Figure 8.7  Flex-Pli FE Flesh Model. 

 

8.5  Flex-Pli Impact Analysis with a Sedan Vehicle  

FE simulation tests were performed on a sedan vehicle front-end to predict the model 

kinematic response along with injuries output. The Flex-Pli impactor is projected at the center of 

the bumper at 40 km/h.  

 
 

Figure 8.8 Flex-Pli FE Simulation. 

The front-end of the vehicle included the bumper foam, supporting parts with the bonnet 

etc. Figure 8.8 shows the FE simulation setup between the Flex-Pli FE and bumper. 
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8.5.1  Kinematics of Flex-Pli Model Simulation with a Sedan Front-end 

During the impact simulation, the first peak occurred at 15ms. Since the femur and tibia 

move in opposite directions with respect to the knee, the directions of moments are opposite each 

other, and the impactor is rebounded after 15ms. Figure 8.9 shows the kinematic FE simulation 

frame along with the sedan front end. In the system model, the behavior of the FE Flex-Pli model 

is similar to the test setup. Corresponding to the difference of height of the front end, the Flex-Pli 

impactor rotates more on the front end and is more ejected in the Z-direction. However, since the 

maximum damage caused by the collision occurs mostly in the first peak, the injury results are 

projected, respectively. 

 
 

Figure 8.9 Kinematic Comparison of Flex-Pli FE Simulation. 

 

8.6  Flex-Pli FE Simulation Results    

The FE simulations are compared with the GTR test regulations on sedan vehicle. For the 

femur and tibia region, the accelerometers are added at the four locations to investigate the 

kinematic collision response. On the LS-DYNA workbench, the FE simulation tests with the sedan 

shaped vehicle with Flex-Pli have been performed at a lateral position of 51 mm from the vertical 

longitudinal midplane. The simulation results have been compared to the previously conducted 
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baseline tests with the Flex-GTR. The peak femur bending moment results for the femur lower 

position is shown in Figure 8.10, where peak value is 200 Nm. The quite repeatable time history 

curves for the femur-mid phase show significantly higher peak values for the Flex-Pli compared 

to the simulated results as shown in Figure 8.11, with bending moment as 187 Nm respectively. 

Figure 8.12 shows the results for femur upper location (F3) with peak values obtained in the FE 

simulation as 145 Nm. 

 
Figure 8.10 Flex-Pli Femur Lower. 

 

 
 

Figure 8.11 Flex-Pli Femur Middle. 

 

The front- End of the vehicle passes the tentative threshold values foreseen within the GTR 

regulations on pedestrian safety, the tibia section shows the highest results on segment over the 

four-segment points.  
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Figure 8.12 Flex-Pli Femur Upper. 

 

 
Figure 8.13 Flex-Pli Tibia Upper. 

 

 
Figure 8.14 Flex-Pli Tibia Middle. 

The Flex-Pli Tibia upper location (T1) simulation results are shown in Figure 8.13 with 

bending moment as 550 Nm, whereas the Figure 8.14 shows the simulation results for Tibia middle 
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location (T2) with FE results as 500 Nm, respectively. In the basic data channel measured from 

Flex-PLi, tibia bending moment and knee elongation are regulated by the regulations of Flex-GTR.  

 
 

Figure 8.15 Flex-Pli Tibia Mid Lower. 

 

The Flex-Pli Tibia mid lower location (T3) simulation results is shown in Figure 8.15, with 

the peak value of 244 Nm. Figure 8.16 shows the simulation results for Tibia lower location (T4) 

with bending moment 440 Nm respectively. 

 
 

Figure 8.16 Flex-Pli Tibia Lower. 

 

Excellent repeatability appeared on tibia bending, and MCL (Medial Collateral Ligament), 

injury assessment items for Flex-Pli as shown in Figure 8.17. However, ACL (Anterior Cruciate 

Ligament) and PCL (Posterior Cruciate Ligament), for knee elongation was 5.65 mm and 12.85 
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mm, both of which can be analyzed to satisfy body injury criteria for Flex-Pli. Figure 8.18 and 

Figure 8.19 shows the FE comparison with GTR test. During the impact of knee elongations, the 

influence of an additional mass is most obvious for the medial collateral ligament (MCL). Figure 

8.20 shows the comparison for LCL ligament with test value as 7.40 mm. The knee acceleration 

simulation result is shown in Figure 8.21. Simulation results shows good correlation with Flex 

GTR test model and with significant knee ligament elongation. The vehicle represents the similar 

front-end structure during the FE simulation when compared with the test plan. Internal distortion 

of the spring elements (knee ligament) can cause more deflection in knee blocks occurred during 

the collision. The output results can differ for various vehicle model with different frontal design 

and geometry.  

 
Figure 8.17 Flex-Pli Knee MCL. 

 

 
 

Figure 8.18 Flex-Pli Knee ACL. 
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Figure 8.19 Flex-Pli Knee PCL. 

 
Figure 8.20 Flex-Pli Knee LCL. 

 
 

Figure 8.21 Flex-Pli Knee Acceleration. 

 

8.7  Results and Discussion 

Table 8.3 shows the moment results and difference at the measurement positions between 

tests and FE system model. Simulation results nearby the knee segment location (T1 and F1) are 

well matched to test results. Tibia moment errors of femur upper (F3) and tibia lower (T4) are 
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larger and it is mainly because the tensional stiffness of flesh between bone segments are omitted 

in the system model. 

Overall, the developed FE Flex-Pli model is tested and examined with similar sedan vehicle 

GTR test regulations. The comparison of results between FE simulation and GTR test is 

determined. 

Table 8.3 Comparison of Results for Dynamic Simulation of Flex-Pli. 

 

Position Simulation Test Difference 
Femur_Lwr (Nm) 200 250 20% 

Femur_Mid (Nm) 187 192 2.6% 

Femur_Upr (Nm) 145 110 24% 

Tibia_Lwr (Nm) 117 440 73% 

Tibia_MidLwr (Nm) 255 387 34% 

Tibia_Mid (Nm) 500 410 21% 

Tibia_Upr (Nm) 550 450 22% 

MCL_Elongation (mm) 28 28.9 3.5% 

ACL_ Elongation (mm) 5.6 12.5 45% 

PCL_ Elongation (mm) 12.8 7.8 36% 

LCL_ Elongation (mm) 7.40 5.0 48% 

Knee acceleration (G) 180 165 9% 
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CHAPTER 9 

PEDESTRIAN SUBSYSTEM IMPACT ANALYSIS ON A COMPOSITE VEHICLE 

FRONT-END 

 

9.1  Composite Materials   

The composite material is, according to Agarwal et al. [82], a material that constitutes at least 

two distinct materials, and it consists of one or more discontinuous phases embedded in a continuous 

phase. The latter one, in literature, is referred to as the matrix, whereas the discontinuous phase is 

referred to as the reinforcing material, also known as the fiber.  

The most general way to develop the plies is to model them using shell or solid elements 

distribution. For considering these type of element formulations, it is possible to either use one element 

through the composite stack or to have one element for each ply. If one element is considered due to 

thickness, no interlaminar response can be captured if this is not included in the material card. he studies 

using solid elements are generally more computational than using shell elements for running the model; 

this is because a larger in-plane and out-of-plane aspect ratio can be used using shell elements. CFRP is 

widely used in the drive shafts, brake blocks, tail fins, engine hoods, interior trimmings, and other parts 

of high-grade vehicles. The utilization of representative composite model is addressed in this chapter 

for pedestrian protection. Automotive manufacturers are constantly working to improve the safety, 

efficiency, and cost aspects of their vehicles. The application of composite materials is studied here to 

design concept improvements with respect to weight reduction and vehicle safety. 

1 Parts of this chapter has been published in the following sources: 

 
▪ Obaidur. Rahman. Mohammed., D. V. Suresh., Hamid M. Lankarani., “Evaluation of Automotive Hood and 

Bumper Performance with Composite Material by Pedestrian Impactor Systems,” 2020 ASME International 

Mechanical Engineering Congress and Exposition, IMECE2020-24359, Portland, Oregon, November, 2020. 
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9.2  Composite Vehicle Development  

The main functions of the hood are the protect the under-hood system and work for pedestrian 

safety. The system should allow inspection of the engine and service of the under-hood systems, for 

example, fluids. The composite hood and bumper development on the LS-DYNA code optimize the 

hood to the new material and utilize all the opportunities to integrate and give stiffness to the new 

process. Furthermore, as a composite material, the multiplicity of lay-up may influence the energy 

absorption properties. Several researchers have studied the effect of lay-up on the impact properties of 

the composite shell-type structure. Krishnamurthy et al [83] investigated the effect of ply orientation on 

impact response and damage in laminated composite cylindrical shell and found out that both the contact 

force and damage of the [0/90/0/90] laminate were larger than those of the [45/-45/45/-45] laminate.  

Table 9.1 Material Card in LS-DYNA *MAT_54 (ENHANCED_COMPOSITE_DAMAGE) [51]. 

 

 

 

 

 

Table 9.2 Composite Ply Orientation [84]. 

COMPOSITE PLYS ORIENTATION 

1 = 45º 6 = -45º 11 = 90º 

2 = -45º 7 = 0º 12 = 45º 

3 = 90º 8 = 90º 13 = -45º 

4 = -45º 9 = 45º 14 = 90º 

5 = 90º 10 = -45º 15 = 45º 

 

E1 

(GPa) 

E2 

(GPa) 

E3 

(GPa) 

v21 v32 v31 S 

(MPa) 

181 10.3 10.3 0.28 0.3 0.28 68 

G12 

(GPa) 

G23 

(GPa) 

G13 

(GPa) 

Xt 

(MPa) 

Xc 

(MPa) 

Yt 

(MPa) 

Yc 

(MPa) 

7.17 3.78 7.17 1500 1500 40 246 
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The finite element vehicle model front-end is updated with carbon-fiber properties with multiple 

lay-ups at a different orientation during this research. Material properties and ply’s lay-up orientation 

for Hood and Bumper is highlighted in Tables 9.1 and 9.2. Each ply holds the same CRPF property with 

an approximate thickness of the hood and bumper, respectively. This study aims to estimate the injury 

behavior and contact behavior on a composite vehicle’s front end during a collision.  

15 layers: [45/-45/90/-45/90/-45/0/90/45/-45/90/45/-45/90/45]. 

 
Figure 9.1 Toyota Camry Composite Front-End. 

 

The vehicle model, shown in Figure 9.1, is developed in LS-DYNA, which represents an 

update in material properties compared to the regular steel Finite Element model used, but with fewer 

components to the frontal side and making one body system required for frontal-impact testing.  

9.3  Pedestrian Subsystem Model Impact Simulation and Composite Vehicle Front end 

9.3.1  Kinematics of Upper Legform Model Simulation with Composite Toyota Camry Model at 

40 km/h 

The composite model car model impact with upper legform model at 40 km/h velocity parallel 

to the vehicle’s longitudinal axis of local co-ordinate. Initial conditions of analyses were mentioned in 

EEVC regulations the simulation setup is shown in Figure 9.2, whereas Figure 9.3 shows the upper 

legform-car collision kinematics responses. 
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Figure 9.2 Upper Legform Impact with Composite Car Model at 40 km/h. 

 

 
Figure 9.3 Upper Legform Collision with Toyota Camry at 40 km/h. 

 

A post-simulation of Toyota Camry with carbon-fiber composite model frame is depicted in 

Figure 9.4, as it is performed on upper legform impactor with composite hood and bumper. The results 

are to verify its performance is within EEVC criteria limit and yielding injuring criteria during the 

simulation. The stress-strain distribution is carried out using a simple averaging method and a stress 

distribution is obtained through a Von Mises method. 
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Figure 9.4 Post-Simulations of Toyota Camry. 

 

The distribution of ply orientation and stress involved in each ply is simplified for this analysis. 

 
Figure 9.5 Load-Cell Forces at Initial Velocity 40 km/h. 

 

The load-cell forces in the upper legform impactor are recorded when strikes happen with the 

Toyota Camry model at 40 km/h with composite properties assigned on LS-DYNA explicit platform. 

The maximum Load-cell forces in the composite model car front end were observed to higher than the 

regular steel model in EEVC testing criteria. It is observed that by changing the position, the material 

thickness can obtain stable results. The load-cell forces can release more amount of contact force.  
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The maximum forces obtained for load-cell (1) as 2.2 kN for a run of 30ms, whereas for load-

cell (2) as 1.8 kN. In the above analyses, the maximum contact forces occurred at 15-18ms after its 

collision for load-cell (1) and load-cell (2) after 25ms. The simulation result is shown in Figure 9.5. 

 
Figure 9.6 Bending Moment at Center Location. 

The composite test condition with the Toyota Camry finite model results for bending moment 

at the center of the upper legform model from the simulation analyses are shown in Figure 9.6, 

respectively. The bending moment also reached the EEVC acceptable criteria for composite test 

condition. Bending moment at the center corresponds to the bumper design and its strength of the 

material used during the analysis. Bending moment for the upper legform model during the center’s 

analyses is obtained as 286 Nm for a run of 30ms. 

 

Figure 9.7 Bending Moment in the Upper and Lower Locations. 
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Similarly, the bending moment responses are shown in Figure 9.7 for the upper legform model 

for the upper and lower strain gauges location for composite front-end model. During the impact analysis 

the car models strength gives a less stable response in strain gauges. The bending moment for this 

analysis gives estimated numerical results, and it is filtered with SAE 180 HZ frequency. As the collision 

occurs with the car model, the maximum bending moment at both strain gauge’s location is obtained 

for this analysis is 278 Nm for upper and 268 Nm for lower locations for a run of 30ms. 

9.3.2  Kinematics of Adult Headform Model Simulation with Composite Toyota Camry Model 

at 40 km/h  

The composite model car model impact with adult headform model at 40 km/h velocity parallel 

to the vehicles longitudinal axis of local co-ordinate. Initial conditions of analyses were configured as 

per EEVC testing criteria as shown in Figure 9.8. 

 
Figure 9.8 Adult Headform Impact with Composite Car Model at 40 km/h. 

 

Figure 9.9 shows the adult headform kinematic behaviour collision with the finite element car 

model. The kinematic behavior is obtained during the simulation run to justify the collision between the 

WAD distance. The estimated distance for the Toyota Camry composite model is taken at 2022 mm 

from the ground level. During the simulation setup the effect of gravity shall be examined into setup 

when the impact angle is obtained from measurements taken before the time of first contact to the 

bonnet. 
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Figure 9.9 Adult Headform Collision with Toyota Camry at 40 km/h. 

 

 
Figure 9.10 Post-Simulations of Composite Toyota Camry. 

 

A post-simulation of Toyota Camry with carbon-fiber composite model frame is depicted in 

Figure 9.10, as it is performed on adult headform model impactor with composite hood and bumper. 

The results are to verify its performance within EEVC criteria limit and yielding injuring criteria during 

the simulation. The stress-strain distribution is carried out using a simple averaging method and a stress 

distribution is obtained through the Von Mises method. The distribution of ply orientation and stress 

involved in each ply is simplified for this analysis.  
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Figure 9.11 Head Acceleration in X – Direction. 

 

     The acceleration result in the X-direction of the composite car model has crossed the EEVC 

acceptable criteria, and by changing the position, material and increasing the impactor’s velocity, the 

results can also be differing. The resultant acceleration obtained as 156 g for a run of 30ms. The 

simulation results are shown in Figure 9.11. The peak acceleration is occurred at 30 ms during the time 

of first contact with hood. The centerline of the headform impactor shall be within selected grid point. 

 
Figure 9.12 Head Acceleration in Y – Direction. 

 

The acceleration results in Y-direction from the above analyses are shown in Figure 9.12, 

respectively. The results observed to be less critical within the limit for the EEVC acceptable 

regulations. The acceleration results are corresponding to the bumper design and its stiffness of the 



 

141 
 

composite material used. The results in Y- direction for the above analyses is obtained as 112 g for a 

run of 30ms, whereas results in Z-direction is obtained as 88 g as shown in Figure 9.13. 

 
Figure 9.13 Head Acceleration in Z – Direction. 

 

 
Figure 9.14 Head Acceleration in Resultant Direction. 

 

Resultant acceleration responses are shown in Figure 9.14. The resultant acceleration increases 

if the composite car model’s strength is more stable to respond to the collision. The maximum 

acceleration obtained for this analysis was 178 g for a run of 30ms. 

9.4  Results and Discussion  

During this research, contact forces for the upper legform model and adult headform mode at 

certain speeds certified by the EEVC testing group are carried out. The knee shearing displacement was 
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within the EEVC acceptable criterion in all analyses, and this parameter is not critical for this car model. 

Using different car models of higher strength, the femur and tibia's initial relative motion is changed. 

This is because with high strength frontal material used by manufactures, the frontal side is higher in 

strength for these car models. Therefore, the movement of the tibia in the direction of the collision is 

greater than that of the femur. 

Table 9.3 Overall Comparison of Upper Legform Contact Forces. 

 

A brief comparison of the results is shown in Table 9.3, with the legform impactor with FE car 

model variation with changes in ATD’s at different speeds, respectively. The following observation can 

be made by the pedestrian upper legform model and adult headform model. 

• Maximum contact forces for the upper legform impactor was around 1.6 kN, 1.5 kN for the FE 

steel model. In comparison, the composite model exceeded the contact forces with resultant 

values 2.0 kN and 1.9 k N. The sum of the forces for both the models are <5.0 kN. 

• Bending moment for the upper legform impactor at the center was around 224 Nm, while for the 

composite model, the moment as 280 Nm. As per the EEVC testing criteria, both values should 

be under 300 Nm. 

 

 

Impactor 

Model 

 

 

Model 

 

 

Impact 

Velocity 

(km/h) 

 

 

Contact 

Forces 

[kN] 

 

 

Bending 

Moment at 

Center [Nm] 

 

 

 

Bending 

Moment at 

Upper and 

Lower [Nm] 

 

Upper Legform Toyota Camry 40  3.5 224 

 

160 (U) 

180 (L) 

 

Upper Legform Composite 

Toyota Camry 

40 4.0 286 278 (U) 

268 (L) 
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• Bending moment at the lower and upper location for the upper legform impactor was around 

160 Nm to 180 Nm, while the bending moment for the composite structure exceeded the values 

of 276 Nm and 268 Nm. 

The resultant acceleration increased as the strength of the frontal side of the car material was 

increased, comparison of results are shown in Table 9.4.  

Table 9.4 Overall Comparison of Resultant Acceleration with Adult Headform. 

 

Impactor Model 

 

Vehicle 

Model 

 

Impact 

Velocity 

(km/h) 

 

Resultant 

Acceleration 

[G] 

Adult Headform Impactor Toyota Camry 40  166 

Adult Headform Impactor Composite 

Toyota Camry 

40  178  

 

When the legform impactor was impacted by high strength material car frontal side, there was 

higher stiffness in the bumper beam, so upper tibia acceleration increased. The maximum resultant 

acceleration occurred at about 25ms after a collision, following an increase in acceleration in all 

analyses. The maximum resultant acceleration is important for assessing pedestrian safety. 
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CHAPTER 10 

CONCLUSIONS AND RECOMMENDATION 

10.1  Conclusions 

The goal of this study was to examine and evaluate various pedestrian impact modeling and 

simulation approaches as well as pedestrian protection systems. Some observation and specific 

conclusion on the different parts of this study are described next, followed by general conclusion from 

this study. 

Full-size Pedestrian Crash Analysis with Human Model (AM 5OTH THUMS) 

This study illustrated that the Hybrid-III ATD has been developed for car occupants assessment 

and does not have a bio-fidelic response for pedestrian. The upper and lower legs do not allow bending 

or fracture representation due to its rigid modelling. THUMS model is quite comprehensive, developed 

by automotive industry and not available to public. The computational cost for FE-car model as well as 

human model would be quite expensive to run the simulations. 

 In case of THUMS model, the FE simulation results indicated that the HIC values and contact 

forces on the tibia region were quite large. If the pedestrian human model head contacts the hood or 

windshield considering the primary impact, the responses varied with the vehicle's frontal speed and 

frontal design. Hence, the head impact angle varies significantly with the vehicle front-end profile.  

Pedestrian Impact Analysis with Different Parameters: Multi-body Approach 

Full vehicle geometrical design and an updated front-end were developed on the MADYMO 

multi-body workbench to evaluate the pedestrian kinematics behavior. It was observed that primary 

impact leads to the head region and secondary impact to ground and lower extremities. Considering the 

SUV frontal shape and design, the car model was modified to match the front-end and vehicle geometry. 

This study showed that a mid-size vehicle with a reduced front-end and an average vehicle speed may 
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reduce the chance of secondary head-on collision for the 50th percentile males pedestrian size. Thus, a 

lowered front-end profile for mid-size cars may be considered safer for different sizes of pedestrians in 

terms of avoiding secondary head-on impact with the ground. Whereas for SUV type vehicles, 

irrespective of front profile shape, the pedestrian impact almost always lead to secondary head-on 

ground impact at 40 km/h. The primary collision onto a sedan car is towards the windshield for the 50th 

standing pedestrian model, whereas the 3-year, 6-year child dummy is impacted more towards the ribs, 

pelvis, and torso regions. 

Design of experiments study were examined with pedestrian impacts on frontal shape with 50th 

standing pedestrian dummy model. The evaluation of DOE with 50th size pedestrian model was carried 

out with factorial-factorial analysis on the ALTAIR HYPERSTUDY workbench. The optimization 

results were compared with the CORA and SPARGUE& GEER method to get the optimum result to 

improve the frontal design. A systems approach has been developed to design and optimize the vehicle's 

front-end structure. This minimizes pedestrian lower extremity injury risks based on different size 

pedestrian models. 

Pedestrian Subsystem Impactor Tests and Analysis 

This study examined the computational testing of pedestrian impactors on the FE platform. 

The upper legform impactor and adult headform impactor models were used with a finite vehicle car 

model to examine the vehicle design and its corresponding injuries. The collision responses were 

estimated using the LS-Dyna nonlinear dynamic coding to obtain the contact forces and other injury 

parameters. Reasonable correlation of the results were observed between the pedestrian impactor model 

and the vehicle model front-end. The significant upper legform impactor parameters were the load cells 

contact forces, bending moment, and head acceleration. With the variation of speed, the results on the 

upper legform impactor were within the acceptable pedestrian criteria. The pedestrian impactor models 
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method thus effectively represents the vehicle design and injury parameters by examining the pedestrian 

impactor subsystem approaches from the FE simulation. 

The subsystems upper legform subsystem models and the resulting contact forces can be 

strongly affected by the speed and vehicle frontal side, which can be modified by reducing the stiffness 

properties and material selection. From the FE simulation results it were observed that the contact forces, 

the bending moment for the mid-size sedan (Toyota Camry model), were within the threshold of the 

regulation criteria. 

 In the LS-Dyna FE simulation, the adult impactor model was dragged towards the front-end 

of the car. This resulted in a high head resultant acceleration compared with the reference node. 

Subsequently, impact speed and material distribution significantly affect the pedestrian extremities and 

hood when collided with a vehicle. Hence, the head acceleration impactor model can be utilized to 

predict the stiffness and design of the frontal side of the car-model. 

Development of a Simplified Flex-Pli Lower Leg Impactor 

A simplified model of the Flex-Pli FE model was constructed to predict the pedestrian lower leg 

impact. The lower leg Flex-Pli were developed and verified against Flex-GTR vehicle tests. The 

impactor moment results of FE simulation and the Flex-GTR system simulation were reasonably in 

terms of the magnitude of the moment and the peak time. The modified impactor introduced the 

possibility of femur injury assessment in lateral vehicle-to-pedestrian accidents, which are highly 

significant in real-world vehicle-to-pedestrian accidents. For the sedan vehicle front-end, the femur’s 

loadings and the knee sections were well represented on the FE platform. MCL elongation can exceed 

the limits prescribed by the Euro NCAP for vehicles with a lower front face.  Several simulation tests 

were carried to reduce the MCL elongation depending upon the vehicle speed and front-end design.  
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❖ For the Tibia region, moment phase error for the tibia Upper segment (T1) was larger compared 

to Flex-GTR test due to its tensional stiffness of flesh between bone segments that are omitted 

in the system model. 

❖ For the Femur region, increased femur bending moments in FE simulation were higher on the 

upper region due to its less body mass. Other femur channels responded well with test results. 

❖ For knee ligaments, the criteria for injury assessment of Flex-PLI is complicated in kinematic 

modes. When both shear, and torsion occured along with bending of the impactor. For MCL, 

injuries were contrasted with the test model Flex-GTR, where the limits or coefficient were 

similar to the ones form the FE simulations. The bending effect can also be seen for PCL, while 

for ACL, the results were higher compared with the Flex-GTR model. 

Overall, the test results for FE Flex-PLI model is simulated and verified by comparing its results 

with physical testing. This represents that this FE model is suitable for digital evaluations of pedestrian 

leg protection performance in the vehicle development process. 

Pedestrian Subsystem Impact Analysis on a Composite Vehicle Front-End 

A comparative analysis between a representative the composite material and regular steel 

material of the vehicle front-end were next performed. The composite case surpassed the criteria limit 

due to its stiffness and thickness properties. When the adult headform impactor was impacted by the 

cars high strength frontal side (with high stiffness on the hood), deformation was quite high at the center 

of the hood. Hence, despite meeting the regulation criteria, the upper legform and adult headform models 

exhibited slightly different responses regarding contact forces and accelerations on the composite front 

end. Overall, the study demonstrated that the upper legform impact analysis was a useful measurement 

system for predicting potential injuries and impacting pedestrians responses. However, the upper 

legform and adult headform impactor's results should be viewed with care. The actual full-sized 
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pedestrian impact collisions might result in higher injury values and more significant potential for 

predicting pedestrians injuries. In the case of the upper legform subsystem, compared with both 

materials, the bumper deformation, the impact force, and the acceleration of the CFRP model were 

technically higher and more complex to be introduced as new material automotive industry for light-

weight components. Though CFRP material will surely benefit the design with the decrease of fuel 

consumption for different vehicle types and standards but resulted in critical pedestrian safety responses, 

impact characteristics, such as contact forces and deformation when impacted in headform, are the main 

criteria for assessing bonnet with pedestrian friendliness. The results were compared at each point of 

impact and each material selection. The comparative analysis of the CFRP front-end vehicle frame with 

the same thicknesses found that the crashworthiness of the representative CFRP front-end head impact 

under high-speed does not increase linearly, resulting in high head acceleration values.  

General Conclusions  

The following general conclusion can be made for this entire study: 

❖ The study investigated the kinematics of the Hybrid III standing dummy model along with a full-

size FE pedestrian human model (AM 50th THUMS) simulation with a sedan FE Toyota Camry 

model. The FE modeling approach for full-scale pedestrian offers details of the deformation and 

load to the pedestrian. However, the FE models are either not developed or validated for 

pedestrians; i.e., (not biofidelic). They could also be associated with computational costs.  

❖ The study examined the effect of vehicle front-end profiles on pedestrian kinematics on the 

multi-body platform and evaluating the injury behavior with the front design approach. The 

ellipsoidal or multi-body full-size pedestrian models developed and utilized in this study are 

versatile validated versus experiments, and available for various pedestrian sizes.  
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❖ The adult pedestrian at regulatory speeds impacting a typical sedan are typically impacted on 

the leg and pelvic areas thrown onto the windshield with secondary head impact on the 

windshield. 

❖ Smaller size and child pedestrians on similar sedan impacts are impacted on pelvis and upper 

torso areas thrown away resulting in secondary head impact on ground. 

❖ At regulatory standard speeds, the front-end geometrical parameters can be optimized to find 

suitable solution for pedestrian protection. 

❖ The full-size pedestrian models, either FE or multibody, have the deficiency of being quite 

sensitive to impact conditions, such as exact location of the impact relative to the geometrical 

design of the vehicle. 

❖ The subsystems approach offers with the computational models developed and used in this 

study, the versatility of testing simulation of different body parts of the pedestrian (lower-leg, 

upper leg, head) in a much more controlled manner. 

❖ The results on the upper legform and lower legform subsystem models for a mid-size and 

compact car were within the injury threshold at the regulatory standards. A large truck or SUV 

does not provide enough impact protection for the pedestrian. 

❖ For the subsystem head impact approach, the results showed strong correlations between vehicle 

impact velocity and head contact time. The results indicated that head injuries could be 

significant for speeds higher than the regulatory standards.  

❖ Through the development of a simplified lower legform Flex-Pli and evolution offered in this 

study, pedestrian impact responses can be examined, evaluated and designs can be modified and 

evaluated. 
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❖ Pedestrian protection system such as the modification of the front-end (bumper, hood) and 

addition of proper composite method examined could offer potential means for improving the 

pedestrian protection. 

❖ Overall, the developed methodologies, methods, and models developed in this study demonstrate 

the use of computational modeling and simulation method in design, evaluating and parametric 

study of vehicles for pedestrian impact protection via virtual testing. 

10.2  Recommendation 

The following recommendations can be made from this study for further extension of this 

research. Some recommendations are also made to minimize pedestrian injuries by changing the car 

design or improving the legform impactor weights and its structure. 

❖ The secondary impact of the pedestrian head to the car hood or ground surface needs further 

investigation. 

❖ Extended analysis can be done with the Flex-PLI legform impactor with additional mass to better 

correlate with the human model.  

❖ The FE analysis can be performed using the LS-Dyna–MADYMO coupling scheme, to 

better understand and compared the responses made by subsystems and the full-size pedestrian 

models.  

❖ The bumper of the car model can be repositioned to examine the lower extremity injuries more 

accurately from the impactor; i.e., different height and front-end parameters. 

❖ External airbags technology for the bumper and the hood can be introduced to reduce pedestrian 

fatalities on an FE platform. 

❖ Introducing automatic radar braking system using sensors on car bumper, thus detecting an 

object in a vehicles path, and automatically braking a car to a lower speed could be examined. 
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