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Abstract 

Road traffic accidents are catastrophic events leading to serious injury and in some cases 

fatality. Improving road safety requires knowledge of injury causation. The dichotomy is that 

traumatic injuries as a result of road traffic collisions are assessed using the Abbreviated Injury 

Scale (AIS), which is a measurement of the probability of death, whilst the engineering tools 

available to support the understanding of injury causation rely on engineering measurements 

of stress and strain. Further to this, age consideration is not adequately dealt with using 

existing engineering tools. 

This thesis proposes the application of Peak Virtual Power (PVP) to establish a relationship 

between the AIS trauma scale and the engineering measurements of stress and strain.  Further 

to this, and to account for age, the thesis proposes a change to the engineering tool by 

applying age effects to the physical parameters that define the Total Human Model for Safety 

(THUMS). The result is a new and innovative set of injury curves that enables a direct relation 

between the engineering measurements coming from the simulations and AIS for different 

pedestrian age groups. 

The validity of this new approach is demonstrated by showing how the application of PVP and 

age improved injury prediction accuracy for four real-world pedestrian accident scenarios. In 

28 organ blunt trauma predictions (4 accident cases, 7 organs), a non-aged model predicts 36% 

of AIS PM outcomes, while an aged model predicts 46%, the improvement on number of 

successful predictions is around 10%, with unpredicted terms, the AIS results are closer to PM 

reports on an age model. At the same time, computing a poly-trauma response, based on ISS, 

the aged model shows better prediction results compare with non-aged model. By calculating 

AIS and the corresponding injury severity score (ISS), the research concluded that aged human 

models, by changing the physical characteristics, improved injury prediction accuracy 

compared to non-aged ones. 

The research also identified limitations in the simulation of the accident scenarios, as well as 

trauma predictions responses in some organs in the human body models. Under certain 

conditions differences between the trauma estimation and the PM reports were observed. 

Two reasons were identified: (a) body contacts with bonnet involving rolling over cannot be 

simply duplicated using a single impact scenario, and (b) the organs modelling method used 

in THUMS differs from a real-world human body as the interaction between organs (the 

contacts) differs between the engineering tool (THUMS) and the real-world human body. 

These are important findings of this research that need to be investigated further. 
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1 Introduction 

The amount of pedestrian involved in road traffic accident is increasing Worldwide 

every year (World Health Organization, 2018). Fatality rate distribution varies 

between age groups. Over the past decades, significant efforts have been carried out 

to improve vehicle safety. The core strategy to reduce pedestrian injuries is mainly 

using a preventative isolation method i.e. bridges and footpaths for pedestrians, 

however the pedestrian fatality rate still stays high (Crandall et al., 2002). Meanwhile, 

regulations have been created to explain the test procedures and vehicle safety 

performance, such as Federal Motor Vehicle Safety Standards (FMVSS) and United 

Nations Economic Commission Europe (UNECE) (UNITED NATIONS, 2013, U.S. 

DEPARTMENT OF TRANSPORTATION, 1999). The Regulations established by the 

European Union (EU) under the UNECE, and subsequently part of the Global Test 

Regulations, rely on testing rigid body parts impactors, which allow engineers to 

obtain engineering measurements and design safer vehicles. These measurements, 

for example accelerations and forces, are used to derive injury criteria that are then 

compared against probabilities of threat to life based on the Abbreviated Injury Scale 

(AIS) which is the only assessment concluded from medical professionals. Still, the lack 

of bio-fidelity features of these rigid impactors are inappropriate for in-depth injury 

investigation, as they measure engineering measurements, but not the exact cause of 

death. 

With the development of computing science, human body models built on the Finite 

Element (FE) method, enable injury investigations to move into a new phase: trauma 

modelling. Full human body computer models, like the Total Human Model for Safety 

(THUMS) Finite Element (FE) human body model, contains external geometry, 

skeleton support structure, internal soft tissues and human body soft tissue organs 

which enables various outputs for injury investigation. Compared to crash test 

dummies and rigid body parts impactors, FE human models have the potential to be 

used for advanced injury severity studies. 

The main drawback in the current regulation (ECE 127) and the customer review 

standard (EuroNCAP) is that the age effects have so far not been considered. Current 
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FE human models do not consider the age effects of population. Using the improved 

FE human models, such injury studies could be now performed. 

The aim of this programme of work was to improve the trauma prediction accuracy of 

a FE human computer model adjusted for age effects (by changing relevant physical 

characteristics). Some initial work was performed to model trauma (Wen, 2019) with 

mixed success, however no allowance for age was considered. This research 

considered age as a key parameter and investigated whether this new method can 

result in a more accurate trauma prediction tool corresponding to pedestrian age. To 

fulfil the aim, the following objectives needed to be fulfilled: 

i. Review the effects of age on mechanical tissue parameters (Chapter 2). 

ii. Apply these age effects on a current FE human body model – THUMS 

pedestrian model (Chapter 4). 

iii. Select the most appropriate injury criteria measurement to capture age 

(Chapter 5). 

iv. Define and build a new age-dependant trauma measurement tool (Chapter 

6-7). 

v. Reconstruct Real-world accidents scenarios using Computer Aided 

Engineering (CAE) technology – using UK Police Force data (Chapter 8). 

vi. Test the validity of this new model by comparing the injury results from CAE 

and Post-Mortem (PM) reports (Chapter 9). 

vii. Study the effects of positioning and different anthropometric pedestrian 

scaling methods on injury outcomes (Chapter 10-11). 

viii. Discuss and analysis of the results (Chapter 12). 

ix. Conclude and state the limitations and further works from this research 

(Chapter 13-14). 
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This work was built on the original accident data from the UK coroner and the UK 

Police Force (UKPF) and is a follow-on to the thesis from Dr Lianjie Wen, who studied 

trauma modelling without age effect (Wen, 2019).  
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2 Literature Study 

In order to define the research question, a background study was carried out to 

explore the current research status in the fields of pedestrian safety and trauma 

modelling. The initial study used accident data to establish the extent and contribution 

of pedestrian accidents to road traffic collision mortality rates. Further, the data was 

analysed to identify the key parameters that would correlate to pedestrian mortality 

rate, key of which was identified the age effect on human biological structure, 

influencing the injury outcome. Current pedestrian protection tools used in current 

safety performance assessments were investigated to reveal their limitations in 

trauma modelling when considering the diversity of injury accidents observed in the 

real world. Finally, current engineering injury indicators were discussed to explain 

their injury assessment methods and explore their limitations and opportunities. 

2.1 Road Traffic Accident Data and Key Parameter of the Research 

The initial review was focused on the world accident statistics. The purpose of this 

review was to highlight the pedestrian mortality under current protection methods. 

Following this review, an in-depth analysis was followed with the purpose to identify 

the dominant parameters influencing pedestrian mortality. 

2.1.1 Global Data Analysis 

According to World Health Organisation (World Health Organization, 2018), the 

number of pedestrians involved in road traffic accident is increasing every year 

worldwide. Further the WHO states that more than 1.35 million deaths, as a result of 

road traffic accidents, are reported each year. Among those deaths, more than half 

are vulnerable road users – these consist of pedestrians (23%), cyclists (3%), and 

motorcyclists (28%), while car occupants make up 29% of all deaths. Vulnerable road 

user, especially pedestrians are less protected compared to car occupants (World 

Health Organization, 2018). Globally, current effective pedestrian protection methods 

include reducing vehicle speed, minimising human error, improving infrastructure of 

unsafe road by using an isolation methods, i.e. bridge and footpath and enforcing 

more stringent traffic laws (Crandall et al., 2002, World Health Organization, 2018). In 
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60+ years. Females aged from 15 to 60+ years represent 78% of all female deaths. The 

detailed statistical data reveals that the road traffic mortality varies dramatically with 

age and gender. Male pedestrian takes 73% of all the road traffic mortality, with an 

overall rate almost three times that of females: 27.6 per 100,000 population and 10.4 

per 100,000 population. From the data shown in Figure 1, it can be observed that road 

traffic mortality differs across different gender and age groups. It is therefore 

important to take these differences into consideration in order to prioritize preventive 

strategies intended to improve pedestrian safety.  

2.1.2 Pedestrian Mortality Distribution and Key Parameter 

Regarding the EU region, in 2015, 5435 pedestrians were killed in road accidents 

(excluding Lithuania), which represents 21% of all the road fatalities (European 

Commission, 2017b). The number of pedestrian fatalities from 2006 to 2015 by age 

group is presented in Figure 2.  

 

Figure 2: Number of pedestrian fatalities by age group, EU, 2006 and 2015 (European Commission, 2017b) 

As presented in Figure 2, the elderly forms the largest group in pedestrian fatalities. 

with the number of pedestrian fatalities peaking at the age of 80-84 in both 2006 and 

2015. In 2015, 46% of pedestrian fatalities were elderly, aged 64 and above. The 

distribution of pedestrian mortalities by gender is highlighted in Figure 3. 
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Figure 3: Distribution of pedestrian by gender, EU, 2015 (European Commission, 2017b) 

Females form 36% of all pedestrian fatalities, while males represent 64% of all 

pedestrian deaths. Same with data provided by World Health Organisation, male 

pedestrians are more frequently involved in road traffic accident compared to females 

(Peden et al., 2004, Cookson et al., 2011, European Commission, 2017b). 

As reviewed in section 2.1.1 and 2.1.2, statistical data suggests that pedestrians are 

still a vulnerable group in road traffic accidents. Road traffic mortality varies largely 

with age and gender.  Male pedestrians involved more often in traffic accident, 

therefore, in this research, the study focus will favour the male group. As pedestrians’ 

age has a significant impact in road traffic mortality, the next section will focus on the 

effects and changes on the human body brought about by age. 

2.2 Age Effects on Human Body 

In this section, the influence of age on the human body structure will be discussed. A 

comprehensive biological change of human body due to age will be discussed first and 

then more research will be conducted to quantify those changes, therefore it can be 

further developed and implemented on any research tool that has the capability to 

represent changes of age effect.  

2.2.1 Biological Effects on Human Body 

Biologically, ageing describes an accumulation of changes on human body during a 

time history. The changes include organ changes, tissue changes and cell changes. 
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Ageing is also known as the greatest risk factors for most of the human diseases 

(Bowen and Atwood, 2004, Yamada and Evans, 1970b, Richard W. Besdine, 2018, Sack 

et al., 2011, Demontiero et al., 2012, Lillie et al., 2016, Dillin et al., 2014). ‘’The cause 

of ageing is uncertain, the ageing process may derive from changes occurring in 

parallel in different tissues due to intrinsic cellular mechanisms or changes in one 

tissue may be predominant’’ (Kowald and Kirkwood, 1994). Biological age effects on 

each individual body parts will be discussed in the next section. 

2.2.1.1 Age effects on human head 

The human head consists of a fleshy outer portion surrounding the bony skull, within 

which sits the brain. A previous study (Lillie et al., 2016) has shown that female original 

bone thickness losses between 36% and 60% from the age 20 to 100, while negligible 

changes were found on the male body, however ‘’the decrease in both bone quantity 

and quality leads to the progressive increasing of risk fracture’’ (Demontiero et al., 

2012). 

As the central organ of the nervous system, a human brain consists of the cerebrum 

(White Matter (WM) and Grey Matter (GM)), the brainstem and the cerebellum. The 

study conducted by Sack used 66 healthy samples from age 18-72 to establish the 

relationship between brain volumetric change and elasticity changes. The brain 

shrinks with age (volume decrease) and Sack has been evaluated, using a regression 

formula (Sack et al., 2011), where y is the brain volume and x is the age, that: 

𝑏𝑟𝑎𝑖𝑛 𝑣𝑜𝑙𝑢𝑚𝑒(𝑊𝑀 + 𝐺𝑀): 𝑦 = −0.0037𝑥 + 1.808 𝑑𝑚3 (𝑅2 = 0.400)   

Equation 1: Brain volume age effect calculation (Sack et al., 2011) 

The brain shear modulus also decreases with age as a linear regression (Sack et al., 

2011) shown in Equation 2, indicating the relevance of softening of brain issue with 

age. 

𝑏𝑟𝑎𝑖𝑛 𝑒𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦: 𝑦 = −0.024𝑥 + 4.380 𝑘𝑃𝑎 (𝑅2 = 0.589)  

Equation 2: Brain elasticity age effect calculation (Sack et al., 2011) 
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2.2.1.2 Age effects in organs and tissues 

For organs and soft tissues, age is a dysfunctional progress which influences the 

operation of the whole human body systems. The functional loss progress is an 

insignificant process, which is even unnoticeable. Organs have a reserve capacity to 

work beyond their normal requirements. According to Medlineplus, a service of the 

U.S. National Library of Medicine (MedlinePlus, 2018a), the heart at the age of 20 can 

pump approximately 10 times the amount of blood that is actually needed to keep the 

human alive. While, after 30-year-old, the losing rate of this reverse is 1% at the 

average level. The great changes in organ reserve happens in the heart, lungs, and 

kidneys. For different individual, the reverse losing rate differs at different people and 

different organs. 

In the process of ageing, wasted substances begin to stack up on the tissues i.e. 

lipofuscin. The membrane changes within cells lead to the problem of accessing 

oxygen, nutrients, removing carbon dioxide and other wastes in many organs. Also 

mass loss of organs can be observed (MedlinePlus, 2018a) 

According to the research of Richard Besdine, (Richard W. Besdine, 2018), the heart 

muscle loses efficiency in blood pumping. It also takes longer for the heart to react to 

the body physical activity. From 30 years old, a kidney becomes smaller and its 

capability to filter blood waste starts to decrease.  

2.2.1.3 Age effects in the bones, muscles, and joints 

The skeleton structure is the support structure of the human body. Joints are those in 

which bones connect. The skeleton is a flexible structure which allows the human to 

move. While moving, the force and strength required are provided by the muscles. 

The moving process is controlled by the brain, but it is conducted by the muscles and 

the joints. While ageing, muscle becomes stiffer and less toned even with regular 

exercise. Joints failure leads to inflammation, pain, stiffness, and deformity, which 

affects almost all older people. The decrease in movement speed and limited 

movement capability makes older people easier to be fatigued and have less energy. 

Therefore, changes in muscles, joints and bones will also influence the human walking  

and the posture (MedlinePlus, 2018b). 
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2.2.2 Engineering Effects on Human Body 

Yamada has conducted a series of tests to characterise material strength, the tests 

were based on 15 to 20 specimens (Yamada and Evans, 1970a). The average value 

given for the various mechanical properties in each age group was the average for all 

specimens tested. The average value for the mechanical properties of adults was 

based on the average for all the adults, by decades (over 20 years of age). As a result 

of Yamada’s research (Yamada and Evans, 1970a), all the bones mechanical properties 

have an average age rate that declines by 1% in the 30 to 39 age group and 22% in the 

70 to 79 age group compared to the 20 to 29 age group which is defined as the 

reference. These mechanical properties include hardness, tensile strength, 

compressive strength, and torsional strength. The highest average values are found at 

10 to 19 and 20 to 29 years of age. The average ratio is greatest between 10 and 29 

years of age. 

Yamada (Yamada and Evans, 1970a) also declared that the ageing rate for the 

composite strength of adult human whole organs and organ systems declines 5% in 

the 30 to 39 age group and 25% in the 70 to 79 age group from the standard. The 

highest strength values are found in the 10 to 19 (uncertain) and 20 to 29 age groups. 

Based on the current review, it can be confirmed that age has a negative impact, which 

affects the function both from a biological and an engineering perspective. Biologically, 

age is a de-functional progress that leads to the accumulative degeneration of human 

body. From an engineering point of view, age has a significant decrease on human 

body material properties. In the following section, injury outcomes of elderly people 

will be investigated. 

2.3 Elderly Pedestrian Injury Outcomes 

The aim of this section is to investigate the injury outcomes of elderly pedestrians due 

to the age effect. First, the current medical evaluation method of injury severity will 

be discussed. Then, from medical perspective, the injury consequences of elderly 

pedestrians will be analysed. 
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2.3.1 Current Injury Evaluation Method 

Currently, injury assessments are conducted using professional medical science and 

terms.  For a single injury, the severity is measured using an Abbreviated Injury Scale 

(AIS) (Association for the Advancement of Automotive Medicine, 2018). The AIS level 

provides a standardised method to evaluate injuries by rating them by severity. ‘’It is 

an anatomically based global severity evaluation system, consensus derived, that 

rating each injury by its location of body region according to its relative importance 

(threat to life) on a 6-point ordinal scale. AIS is internationally accepted and is the 

primary tool to give a status on an injury severity’’ (Association for the advancement 

of automotive, 2015). The AIS category and an example for risk of fatality are listed in 

Table 1. 

Table 1: AIS category and risk of fatality (Hayes et al., 2007) 

AIS Level Injury  Risk of death % 

1 Minor 0.0 

2 Moderate 0.1 -0.4 

3 Serious 0.8 – 2.1 

4 Severe 7.9 – 10.6  

5 Critical 53.1 – 58.4 

6 Un-survivable 100 

Regarding multiple injuries, the severity is assessed using the Injury Severity Score 

(ISS). ‘’ISS is an anatomy-based evaluation system which gives an overall rating for 

patients with multiple injuries’’ (Baker et al., 1974). Every single injury is assessed 

using the AIS system. Then, the whole human body is divided into of six body regions 

(Head, Face, Chest, Abdomen, Extremities and External). The highest AIS score 

amongst all the body regions is selected and referred as the “Maximum Abbreviated 

Injury Scale” (MAIS). The top 3 MAIS scores are then squared and added together to 

obtain the ISS score (Baker et al., 1974). The ISS score varies from 0 to 75. ‘’The ISS 

rating will be set to 75 if any single injury is evaluated as AIS 6’’. ‘The ISS score is the 

only evaluation system in use based on anatomic knowledge which provides  a linear 
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correlation with mortality, morbidity, hospital stay and other measures of severity’’ 

(TRAUMA.ORG, 2018).  

2.3.2 Elderly Injury Consequences due to Age Effects 

The European Commission framework program has highlighted that there is a 10 

percentage increase of the probability to reach MAIS 2+ injuries for older pedestrians 

(64+ years) in frontal impact (European Commission, 2017a) 

In the in-depth databases (GIDAS / IGLAD / RAIDS), injury frequencies were recorded 

for pedestrians, with lower extremity injuries at AIS 2+ level, and head and thorax 

injuries at AIS 3+ level. The injury probability functions based on GIDAS data showed 

a markedly higher MAIS 2+ injury risk for older pedestrians (64+ years) compared with 

the 25 to 64-year-old age group (European Commission, 2017a). 

The Trauma Register DGU® (Zander et al., 2017) showed, in the 0-64 years’ age range, 

males involved more in a serious and fatal injury compare to females. However, 

female was the domain group in the older age ranges. The head, thorax, pelvis and 

lower extremities were identified as the key body regions for AIS 2+ and AIS 3+ injuries. 

Tibia fractures, multiple rib fractures and basal skull fractures were identified as key 

injuries for the 25-64 years age group, with tibia fractures, multiple rib fractures and 

brain haemorrhages the key injuries for the 64+ age group. 

TARN data (Zander et al., 2017) showed that the priority body regions were the head, 

lower extremities and thorax, with little difference observed between the age groups, 

possibly due to the inclusion criteria. Male pedestrians had markedly more thorax 

injuries than females, and fewer pelvis injuries. The summary of the in-depth data is 

shown in Table 2. 
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Table 2: Summary of in-depth data of elderly pedestrian injury (64+) 

MAIS 2+ crash databases 

Ranking (MAIS 2+) Pedestrian 

1 Lower Extremities 

2 Head 

3 Upper Extremities 

MAIS 2+ hospital databases 

Ranking (MAIS 2+) Pedestrian 

1 Head 

2 Pelvis and lower extremities 

3 Thorax 

MAIS3 + crash databases 

Ranking (MAIS 3+) Pedestrian 

1 Lower Extremities 

2 Head 

3 Thorax 

MAIS 3+ hospital databases 

Ranking (MAIS 3+) Pedestrian 

1 Head 

2 Thorax 

3 Pelvis and lower Extremities 
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As shown in Table 2, head and lower extremities are the most vulnerable parts of 

human body for both MAIS 2+ and MAIS 3+ injuries.  In MAIS 3+ injuries, the thorax is 

also listed in the top vulnerable list.  Furthermore, research indicates that elderly 

pedestrians suffer more MAIS 2+ injuries compared to other age groups (Zander et al., 

2017). Meanwhile, research was also conducted into the relationship between 

pedestrian height and weight against injury severity. According to Zhang’s research 

(2008), a total of 312 cases were selected from the National Automotive Sampling 

System (NASS) Pedestrian Crash Data Study (PCDS) database to investigate factors 

affecting the likelihood of sustaining MAIS 3+, AIS 3+ torso, and AIS 2+ lower extremity 

injuries during vehicle-to-pedestrian frontal crashes. Pedestrian height was not a 

statistically significant predictor of MAIS 3+, AIS 3+ torso, and AIS 2+ lower extremity 

injury. However, pedestrian height was a statistically significant predictor of AIS 3+ 

head injury for shorter pedestrians compared to medium height pedestrians (161 to 

175 cm) (Zhang et al., 2008). Pedestrian weight was not a statistically significant 

predictor of pedestrian injury when comparing pedestrians weighing less than 61 kg 

to those weighing between 61 and 90 kg (Zhang et al., 2008). In most situation, the 

injury severity has been analysed as a function of age and gender (Demetriades et al., 

2004, Henary et al., 2006, Kim et al., 2008, Richards and Carroll, 2012), but 

anthropometric data such as height (Watanabe et al., 2012) or body mass index (Tefft, 

2013) were barely considered (Martin and Wu, 2018). However, it can be confirmed 

that pedestrian injury severity is correlated with age, gender as well as individual 

height. Therefore, the next section will review the current pedestrian protection 

regulations and investigate what has been undertaken to protect pedestrian safety for 

the whole population. 

2.4 Current Pedestrian Safety Assessment Tools 

This section is reviewing the pedestrian safety assessment tools used in the test 

procedure of current regulations and consumer information programmes. Injury 

measurements obtained from test instruments will also be discussed to illustrate the 

limitations of the tools in use. 
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2.4.1 Rigid Body Part Impactors 

In both UNECE regulation No.127 and EuroNCAP, pedestrian safety assessment is 

based on rigid body parts which record the dynamic behaviour in simulated vehicle 

impacts (Kurczewskl, 2011).  Sensors are installed on rigid body parts to collect 

required physical parameters such as acceleration and displacements. The injury 

measurements obtained from rigid body parts are kinetic based. From the 

instrumental specification, individual body differences cannot be tested and 

investigated as well as the change on human body due to age variation. 

2.4.2 Total HUman Model for Safety (THUMS) 

The Total Human Model for Safety (THUMS) was developed by Toyota Motor 

Corporation and Toyota Central R&D Labs collaboratively (TOYOTA MOTOR 

CORPORATION, 2011b). Different from crash test dummy models, which are simplified 

versions of a human body, THUMS contains real-life human body details, including 

external geometry, skeleton structure, internal tissue and organs. With such details, 

more related physical outputs are extractable. Therefore, THUMS is an optimised tool 

for in-depth vehicle and pedestrian safety study (Livemore Software Technology 

Corporation, 2016). ‘’The current available models include adult female 5th percentile, 

adult male 50th percentile and adult male 95th percentile’’. ‘’In each available model, 

there is a sitting model to represent vehicle occupants and a standing model to 

represent pedestrians. The 50th percentile adult male (AM50) model is an average 

adult with a height of 178.6cm and a mass of 77.3kg’’ (Livermore Software Technology 

Corporation, 2011). 

‘’The recent model (version 4.01) contains 1.8 million elements and approximately 

630,000 nodes. Three-dimensional (3D) Solid (hexa-meshes and tetra-meshes) and 

two-dimensional (2D) shell elements are mainly used in the model. One-dimensional 

(1D) elements, such as discrete and beams, are also used to model soft tissues and 
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their connections’’ (TOYOTA MOTOR CORPORATION, 2011a). The breakdown details 

of AM50 Version 4.0.1 pedestrian model are shown in Figure 4. 

Figure 4: THUMS model detailed breakdown (Toyota Motor Corporation, 2011a)  

As illustrated Figure 4, biological details, such as brain tissue, joint, ligament and 

ribcage, are all developed and demonstrated. With such details, the THUMS model 

enables the user to obtain more computer outputs, which allow further injury 

investigations. 

In injury prediction, the THUMS model has been validated with cadaver tests and 

current published experiments which are mainly based on force vs deflection 

characteristics (Yasuki and Yamamae, 2010, Iwamoto et al., 2002, Watanabe et al., 

2011). With a dramatic improvement in human body biological structure, the THUMS 

model is a suitable to further injury investigation study in spite of the fact that the 

THUMS family still lacks in the representation of age characteristics. 

2.4.3 Other Human Models 

In addition to the THUMS model, there are several other human models on the market. 

A MAthematical DYnamic MOdel (MADYMO) was created by the Netherlands 

Organization for Applied Scientific Research (TNO) in 1975 (TASS International, 2016). 

MADYMO integrates multi-body system technology and finite element technology. 

With available important biomechanical data of body segments and areas, the 

This item has been removed due to 3rd Party Copyright. 
The unabridged version of the thesis can be found in the 

Lanchester Library, Coventry University.
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MADYMO model was based on the Hybrid III dummy model. The alterations include 

adding a deformable neck, spine and leg. In MADYMO, an ellipsoid is used to present 

every human body segment. The kinematic joints are used to connect every ellipsoid. 

Nowadays, MADYMO model is widely used in pedestrian kinematics study such as 

pedestrian throw-away trajectory investigation. Since it does not consist of any 

internal tissue/organ, consequently, no soft tissue trauma output can be extracted by 

computation. 

Meanwhile, great efforts have been put into finite element human model 

development by other organisations. After three years’ planning, several automobile 

manufacturers and one supplier  realised the Global Human Body Models Consortium 

(GHBMC) which was released in 2006 (Gayzik et al., 2011). The detailed GHBMC model 

contains 2 million deformable elements and more than 400 contacts making the 

runtime prohibitive compared to THUMS. The simplified GHBMC model has 150,000 

deformable elements. For THUMS 4.01, the number of deformable elements is 1.9 

million. In the GHBMC head model, the geometry for cerebral white matter was also 

used to develop white matter meshes. The THUMS head model consists of the skull 

and facial bones, cerebrum (distinct white and grey matter) and other detailed 

structures of the brain. A linear viscoelastic material model was used to model the 

response of the grey and white matter (L. E. Miller, 2016). Similar to THUMS 4.01, the 

GHBMC also lacks representative of age properties, the GHBMC family only has a 

model family including 5th percentile, 50th percentile and 95th percentile (people 

comes in different shape and size, the 50th percentile male is an average male. THUMS 

50th pedestrian model is based on a 39 year old man with 173cm and a weight of 

77.3kg, the difference between different percentile model is height and weight), 

which do not contain age effects. 

2.5 Current Injury Validation Method 

This following section reviews the current injury validation methods used on THUMS 

model. An up-to-date improvement in validation concept and method will be also 

proposed. 
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Figure 8 Occipital test scenario (Wen, 2019) 

In real-life accident, pedestrian head could land in any position due to the torso 

rotation (Wen et al., 2015). Therefore, in this research, the same approach will be used.  

2.6 Current Injury Indicators used in Engineering 

Medical injury evaluation methods focus on victim survivability, while engineering 

injury indicators measure the mechanical response due to injury. In this section, 

current injury indicators used in engineering field will be discussed respectively to 

identify the suitable one able to capture age effect in trauma modelling. 

2.6.1 Head Injury Criterion (HIC) 

‘’The final concluding definition of HIC was determined by U.S National Highway Traffic 

Safety Administration (NHTSA) at 1972’’ (McHenry, 2004). Numerically, HIC is 

calculated as (Equation 3): 

This item has been removed due to 3rd Party Copyright. The unabridged version of 
the thesis can be found in the Lanchester Library, Coventry University.
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𝐻𝐼𝐶 = 𝑚𝑎𝑥 {(𝑡2 − 𝑡1) [
1

𝑡2 − 𝑡1
∫ |𝑎(𝑡)|𝑑𝑡

𝑡2

𝑡1

]

2.5

} 

 

Equation 3: Equation of HIC 

The acceleration units are g, t1 and t2 are chosen as the starting and ending points 

from the time period where the peak HIC value lies in. ‘’HIC was included in the Federal 

Motor Vehicle Safety Standard No. 208 (FMVSS208) which aims to protect occupants 

in the event of a serious real-world frontal crash’’ (Schmitt et al., 2013). The 36ms time 

interval was required in FMVSS No. 208, thus called HIC36. The National Highway 

Traffic Safety Administration (NHTS) introduced HIC15 in 1998 (Schmitt et al., 2013). 

‘’Currently, the HIC value is used to evaluate head injury probability on vehicle crash 

test dummies’’ (McHenry, 2004). The legal limit of HIC36 is 1000, which is for a 50th 

percentile male, while a HIC15 of 700 is suggested as the limit for the same dummy. 

Based on the calculation mechanism (Equation 3), ‘’HIC is an efficient measurement 

for head injuries related to the linear acceleration, i.e. skull fractures; but lacks of 

rotational acceleration terms. As such it is often criticised. A further limitation is the 

lack of continuous numerical relationship between HIC and head injury severity 

(Schmitt et al., 2013). So far, HIC has been validated to correlated to the risk of AIS ≥ 

2 skull fracture and AIS ≥ 4 brain injury’’ (Mertz et al., 1997). 

2.6.2 Generalized Acceleration Model for Brain Injury Threshold (GAMBIT) 

In 1985, the Generalized Acceleration Model for Brain Injury Threshold (GAMBIT) was 

proposed. This indicator ‘’integrates rotational acceleration and translational 

acceleration and is built on the assumption that a mixed loadcase of rotational and 

translational acceleration can result head injury’’. GAMBIT is calculated as Equation 4: 

 

𝐺𝐴𝑀𝐵𝐼𝑇 = [(
𝑎𝑚𝑎𝑥

𝑎𝑐𝑟
)

2

+ (
𝑎𝑚𝑎𝑥

𝑎𝑐𝑟
)

2

]1/2 

 

Equation 4: Equation of GAMBIT 
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Up to now, GAMBIT is not included in any regulations due to the ‘’lacks of validation 

especially in road traffic accident scenario’’, therefore it is barely used (Schmitt et al., 

2013, Newman, 1986).  

2.6.3 Kinematic Rotational Brain Injury Criterion 

Proposals for head rotation movement, which can lead brain injury, can be traced back 

to the 1940s. ‘’A large number of studies from divers institutions were performed to 

verify/reject this hypothesis (Takhounts et al., 2011). BRIC (BRain Injury Criterion) and 

RIC (Rotational Injury Criterion) have been proposed as Mild Traumatic Brain Injury 

(MTBI) predictors’’. The two indicators were only validated against head impact data 

of football players (Kimpara and Iwamoto, 2012), not against real-world pedestrian 

accident data, which makes it invalid to measure pedestrian injury. The equations of 

BRIC and RIC are listed in Table 3. 

Table 3: Calculation method for BRIC and RIC (Takhounts et al., 2011, Kimpara and Iwamoto, 2012) 

Injury Metric Equation Notation 

Rotational 

Injury Criterion 

(RIC) 

𝑅𝐼𝐶 = 𝑚𝑎𝑥 {(𝑡2 − 𝑡1) [
1

𝑡2 − 𝑡1
∫ |𝛼(𝑡)|𝑑𝑡

𝑡2

𝑡1

]

2.5

} 

A constraint of t2-

t136 ms was 

proposed for RIC 

Kinematic 

Rotational Brain 

Injury Criterion 

(BRIC) 

𝐵𝑅𝐼𝐶 =
𝜔𝑚

𝜔𝑐𝑟
+

𝛼𝑚

𝛼𝑐𝑟
 

 is angular 

velocity (rad/s) 

and  is angular 

acceleration 

(rad/s2)  

2.6.4 Strain 

‘’At organ and tissue level, strain was used as the injury measurement based on 

cadaver tests’’ (Yamada and Evans, 1970a, Melvin et al., 1973), as  shown in Table 4. 
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Table 4: Critical injury threshold by organs (Wen, 2019) 

Body Part Load Threshold AIS 

level 

Reference 

Brain contusion Maximum 

principal strain 

>30% 3 (Ward et al., 1980) 

Diffuse Axonal 

Injury (DAI) 

Maximum 

principal strain 

>21% 4 (Bain and Meaney, 

2000) 

Heart Maximum 

principal strain 

30% 4 (Yamada and 

Evans, 1970a) 

Liver Maximum 

principal strain 

30% 4 (Melvin et al., 1973) 

Spleen Maximum 

principal strain 

30% 4 (Melvin et al., 1973) 

Kidney Maximum 

principal strain 

30% 4 (Melvin et al., 1973) 

Strain is proposed to quantify the deformation of an object during a process. Plastic 

strain is suggested as the metric to bone fracture, and the maximum principal strain is 

usually the description of organ injury. Normally, elastic strain changes with the load 

synchronously, nevertheless plastic strain does not; regarding human body injury, the 

harm remains although the impact pulse is unloaded. Therefore, theoretically, elastic 

strain based measurements cannot be used to describe/define human body injury. 

Meanwhile, using strain itself does not bring time effects, or strain rates, into 

consideration. Based on the Eiband injury graphs (Shanahan, 2004), injuries are 

correlated with the input impulse time period , consequently a time dependency 

factor is necessary when computing trauma. Table 4 illustrates the list of injury criteria 

recommended for THUMS 4.01. 



 

Xiang Cheng 3794843                                                                                                                                          23 

 

2.6.5 Peak Virtual Power (PVP) 

Previous research (Neal-Sturgess et al., 2001, Neal-Sturgess, 2002) proposed an 

energy-based injury indicator named as Peak Virtual Power (PVP). ‘’The theoretical 

basis of PVP is the Clausius-Duhem inequality from the second law of thermodynamics 

which is used to determine and verify the constitutive relationship of a material based 

on the principle of thermodynamics’’  (Neal-Sturgess et al., 2001, Neal-Sturgess, 2002). 

Different from acceleration and strain, which are consistently increasing during the 

impact progress and then decreases when impact stops, PVP is constantly increasing 

throughout the time history. At organ (macro) level, the equation for calculating PVP 

is: 

𝑃𝑉𝑃 = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒 (𝜎 ∙ 𝜀̇)
𝑚𝐽

𝑠
(𝑜𝑟 𝑚𝑊) 

 

Equation 5: PVP calculation function 

PVP is proportional to rate of entropy generation, the unit of entropy is Joules (J) and 

rate is in second (s), so it is proportional to J/s or Watt. Theoretically, PVP has been 

proven to statistically correlate with AIS using accident data, and proven using Finite 

Element (FE) simulations (Wen, 2019). PVP is also proportional to material properties 

and organ geometry (Wen, 2019). In pedestrian impact cases, PVP is proposed to be 

proportional to the cube of impact speed (Neal-Sturgess, 2002, Neal-Sturgess et al., 

2001). 

Several indicators can be used to calculate PVP such as plastic stress/strain, principal 

stress/strain and Von Mises stress/strain. The Plastic component specifies the 

stress/strain which is produced in the material plastic phase, i.e. when the yield stress 

is reached. In the plastic range, the deformation is unrecoverable even when the load 

is removed. Consisting enormous amount of water and collagen, ‘’human Internal 

organs can be modelled using incompressible viscoelastic materials  with a high Bulk 

Modulus’’ (Neal-Sturgess et al., 2001). Using such material characteristics, human 

inner organs deform in both viscous and elastic characteristics manner under impact. 

In the case of high strain-rate deformation, viscoelastic materials act fundamentally in 

an elastic manner.  
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‘’Principal strain is calculated on main or principal plane where the shear strain is zero’’. 

However, it has been proved that ‘’biomechanical injuries are produced from the 

separation (fracture, shearing, tearing or rupture) of biological tissues’’. Neglecting 

the terms of  shear component in injury investigation is also incorrect (Neal-Sturgess 

et al., 2001).  

‘The Von Mises component is the vector resultant maximum shear component and 

mathematical-derived equivalent component’. The general form of Von Mises stress 

can be expressed as Equation 6: 

𝜎𝑣 = √
1

2
[(𝜎11 − 𝜎22)2 + (𝜎22 − 𝜎33)2 + (𝜎33 − 𝜎11)2 + 6(𝜎12

2 + 𝜎23
2 + 𝜎31

2)] 

 

Equation 6: Von Mises stress expression 

Where σ1, σ2 and σ3 are the 1st, 2nd and 3rd principal stresses.  From the equation above, 

Von Mises components contain shear terms therefore it can be used to calculate PVP 

value in the later study. 

2.7 Research Question 

Based on the reviewed information, age has an influence on trauma outcome and 

current protection methods do not consider age effects. Therefore, the research gap 

can be summarised as: Will adding age on Human Body Model (HBM) improve trauma 

prediction compared to an un-aged HBM? 
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3 Methodology 

Will adding age on HBM improve trauma predictions compared to an un-aged HBM? 

Ageing is a natural process, its effect varies differently on individuals and different 

body parts. Age effects were studied on a body part basis. The changes on human 

body caused by age were applied to a human body model within the scope of the 

model feasibility. Injury indicators were tested for their ability to capture the injury 

outcomes due to age, as well the threat to life as a function of age groups. The injury 

thresholds were validated against real-world accident provided by United Kingdom 

Police Force UK Police Force (UKPF). This chapter explains the method used to answer 

the research question listed above. There are five phases included in this methodology, 

which are summarised as:  

• Phase 1: Evaluation of age effects on human body. 

• Phase 2: Pedestrian model adjustments. 

• Phase 3: Injury measurement selection. 

• Phase 4: Injury calibration of the selected injury indicator on FE pedestrian 

model. 

• Phase 5: Injury threshold validation against real-world accidents. 

3.1 Phase 1: Evaluation of Age Effect on Human Body 

Current vehicle safety tools do not take age effects into account. There are only a few 

child models and adult models available in the market, which represent a human body 

at a certain age (Livermore Software Technology Corporation, 2011). However, 

reports from WHO and the European Commission show that age is an important factor 

regarding to injury severity. In order to enable our study of pedestrian safety, 

improvements of current safety tool are needed. Before age effect on human body is 

considered, a human body region division is conducted. Human body consists of many 

parts, which will have different kinematics in a traffic collision, leading to different 

injury frequency/fatality rate and potential AIS outcomes. Furthermore, the modelling 

feasibility to mimic human body age will also be considered.   

First of all, the human body was divided into several parts according to anatomical 

definitions (Norris, 2020), therefore the injury frequency/severity of individual body 



 

Xiang Cheng 3794843                                                                                                                                          26 

 

parts can be studied on this basis. Furthermore, priority of modelling of age effect on 

body regions can also be evaluated regarding to their injury frequency, severity and 

modelling feasibility. In the premise of modelling feasibility, body regions suffered the 

most were considered as prioritised regions to be aged. The body was divided into two 

major portions: axial and appendicular. The axial body consists of head, neck, thorax, 

abdomen and the appendicular body consists of upper and lower extremities (Norris, 

2020). The same body region division was also found in APROSYS European In-Depth 

Pedestrian Database (Neal-Sturgess et al., 2007). This database also provided the 

injuries frequency and severity in a collision between pedestrian and vehicle. The 

potential AIS level on every body part was investigated according to the AIS dictionary 

provided by Zhang (DENG, 2014, Association for the advancement of automotive, 

2015). The injuries frequency, fatality rate and potential AIS levels were analysed to 

evaluate the importance of each human body region as a function of age. Finally, the 

modelling feasibility was considered to determine their priory. 

This stage evaluated the importance of the age effect on the human body to 

determine the research objects. To achieve this objective, the following procedure 

illustrated in Figure 9 was used. 

 

Figure 9: Flow chart of Phase 1 
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3.2 Phase 2: Pedestrian Finite Element Model Adjustment 

Anthropometric test devices (ATD) are often used in modelling accidents. ATD includes 

the dimensions, mass and the articulation of the human body, and computes an 

overall threat to life; any local trauma assessment is not possible. Also, ATD lacks 

representative material properties of human body which is theoretically related to 

injury output during an accident (Wen, 2019). A human model, such like THUMS, has 

been widely used in vehicle safety researches (Wen et al., 2015, Kisanuki, 2002, 

Snedeker et al., 2003). It has been proven that THUMS is a stable human model, which 

can provide some useful trauma information. Material properties were assigned to 

each body parts, allowing the age effect study to be conducted. Also, THUMS 4.01 has 

detailed inner organs in the thorax and abdomen areas, enabling users to conduct 

further injury investigations. As such, THUMS 4.01 was used in this research and 

improvement in its coding was performed to include ageing. 

When a pedestrian was involved in a traffic collision, there could be a variation in the 

age, height and weight of the pedestrian. In Phase 2, the THUMS pedestrian model 

was adjusted to match the criteria above for this specific accident.  In this phase, two 

tasks were involved: the application of the age effects defined in Phase 1 on a THUMS 

pedestrian model, followed by an anthropometric adjustment. 

3.2.1 Task 1: Age Effect Application 

The THUMS pedestrian model was created based on data obtained from a 39-year-old 

American adult. Therefore, the 30 to 39 age group was set as the reference group in 

this research. The average value of adult mechanical properties was based on the 

average for all the adult decades (over 20 years of age) (Yamada and Evans, 1970a). 

The Scaling Factor (SF) of any mechanical properties for other age groups were 

calculated as a ratio to the reference group. The SF was concluded in Table 7 and Table 

8, and was used to apply age effect on human body models in calibration and accident 

reconstruction.  

The research considered the age effects on the head, the critical organs and the 

skeletal structure and focused on brain white matter, brain grey matter, heart, liver, 

spleen, and kidneys. For the head, the age effect was applied to both the brain volume 
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and the material mechanical properties. Volume and elasticity changes on brain as a 

function of age were provided by Sack (Sack et al., 2011) using regression formulas. 

The brain material properties were taken from THUMS 4.02 because further material 

improvement from THUMS 4.01 were available (Kelvin-Maxwell viscoelastic), however 

the same mesh was kept, as the refinement was judged not to be necessary as the 

element on head was between 3mm to 7mm in length which was assumed to be fine 

enough to capture injury caused during a head impact (usually brain injury is evaluated 

in cm according to the AISISS dictionary (DENG, 2014). On the other soft tissue organs, 

only the material mechanical properties were altered to represent the age effect. The 

physical parameters including density (), Young’s modulus (E), yield strength (SIGY), 

tangent modulus (ETAN), bulk modulus (BULK) and shear modulus (G) were modified 

based on the data provided in the literature, i.e. from published cadaver and biological 

test data (Yamada and Evans, 1970a).  The flow chart representing the 

implementation of age within the THUMS pedestrian model is illustrated in Figure 10.  

 

 

Figure 10: Phase 2 task 1: Age effect considered on THUMS model 

3.2.2 Task 2: Scaling 

The first HUman MOdels for Safety 1 (HUMOS1) FE model was released in 2001, 

followed by. HUman MOdels for Safety 2 (HUMOS2), which included an interactive 

scaling tool(European Commission, 2005), providing a complete software tool 

allowing the transformation of the HUMOS1 mesh into any percentile one (including 
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between the dimensions of a 5th percentile female and a 95th percentile male) in the 

same posture. In 2017, the PIPER European project introduced their software, which 

can be used to scale and position human body model for impact (PIPER, 2020). PIPER 

has the capability the change body size as well as body shape. However, metadata files 

describing what needs to be interpreted by PIPER modules are needed to use a Human 

Body Model (HBM) within PIPER and were not available at the time of this thesis. By 

the time of this research, there are only a few models with metadata available in the 

PIPER project: PIPER child model, GHBMC M50 occupant model, THUMS occupant 

AM50 model and VIVA model. However, these tools cannot be used on THUMS 

pedestrian model directly without setting up the metadata/control points/landmarks. 

Considering the limited time and resource in this research, the LS-DYNA built-in scaling 

function was used to reconstruct the pedestrian height and weight with little or no 

correction. 

A requirement of this research was the ability to scale the THUMS 4.01 model to 

represent different pedestrians. Two methods were performed and compared in this 

study. The method I changed the mass of the skeleton as the bone mass was 

corresponding to the body weight changes (Anne, 2015, Urszula et al., 2016). The 

method I firstly scaled the THUMS model based on the difference in the pedestrian 

height. This approach was justified based on the literature which stated that 

pedestrian injury severity was correlated with height (Zhang et al., 2008). The 

difference between the height of the base THUMS 4.01 model and the scaled THUMS 

4.01 model was used to define a scaling factor (SF). This SF was subsequently used to 

scale the model in the XY plane (the orientation of the THUMS model places height in 

the Z axis and the cross section of the pedestrian in the XY plane). By scaling 

proportionally, the THUMS pedestrian model ‘shrinks’ or ‘increases’ to meet the 

target mass. The final flow chart for the above methodology is shown in Figure 11. 
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Figure 11: Phase I task 2: THUMS model scaling Method I 

In methods II, the adjustment of pedestrian’s height was achieved by simply scaling 

the pedestrian in the Z-axis. As skeleton forms 15% of the body weight while the 

muscle and fat is 60-65% of the body weight (Denis et al., 2011), therefore. the final 

weight scaling adjustment was mainly focused on the human flesh. The weight tuning 

was achieved by changing the density of flesh. The flesh was extracted and its density 

changed according to the weight differences to the target weight. This method is 

mathematically represented in Equation 7, and the associated flow chart shown in 

Figure 12. 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦𝑡𝑎𝑟𝑔𝑒𝑡 =
(𝑤𝑒𝑖𝑔ℎ𝑡𝑡𝑎𝑟𝑔𝑒𝑡 − 𝑤𝑒𝑖𝑔ℎ𝑡𝑝𝑒𝑑𝑒𝑠𝑡𝑟𝑖𝑎𝑛) + 𝑤𝑒𝑖𝑔ℎ𝑡𝑓𝑙𝑒𝑠ℎ

𝑤𝑒𝑖𝑔ℎ𝑡𝑓𝑙𝑒𝑠ℎ
∗ 𝑑𝑒𝑛𝑠𝑖𝑡𝑦𝑓𝑙𝑒𝑠ℎ 

Equation 7 Calculate target density of THUMS flesh 

• 𝑤𝑒𝑖𝑔ℎ𝑡𝑡𝑎𝑟𝑔𝑒𝑡  : pedestrian weight provided by UKPF 

• 𝑤𝑒𝑖𝑔ℎ𝑡𝑃𝑒𝑑𝑒𝑠𝑡𝑟𝑖𝑎𝑛  : the pedestrian weight after achieving the target height 

(only scale in Z-axis) 

• 𝑤𝑒𝑖𝑔ℎ𝑡𝑓𝑙𝑒𝑠ℎ  : weight of total flesh 

• 𝑑𝑒𝑛𝑠𝑖𝑡𝑦𝑓𝑙𝑒𝑠ℎ : default flesh density 

• 𝑑𝑒𝑛𝑠𝑖𝑡𝑦𝑡𝑎𝑟𝑔𝑒𝑡 : flesh density needed to achieve target weight 
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Figure 12 Phase I task 2: THUMS model scaling Method II 

 

3.3 PHASE 3: Injury Indicator Selection 

A suitable indicator enables users to capture the correct trauma response in a collision. 

As age is the key factor to consider in this research, a head impact scenario will be 

used to test the capabilities of each injury indicator, by investigating their injury 

severity responses as function of age.  

The study covered age groups ranging from 20-year-old to 79-year-old, in 10 years 

increment, which covered most of the pedestrian fatalities (European Commission, 

2017a). The impact speeds were varied up to 61 km/h (17 m/s), covering the accident 

speeds provided by the UKPF. Due to the time limit, not all the speeds within this range 

will be computed. The impact speeds selected were 3 m/s, 7 m/s, 11 m/s and 15 m/s, 

which represent the impact speed from low to high. The injury indicator selection was 

performed on the THUMS’ head, because of its importance with threat to life (Neal-

Sturgess et al., 2007). During this procedure, for a given brain size only the material 

properties of the tissue on head were adjusted to mimic the age influence. Injury 

indicators studied included HIC, Maximum Principal Strain (MPS) and Peak Virtual 

Power (PVP). The aim was to investigate which criteria related best with the injury 

severity response observed in real-life. All were extracted from each age group. The 
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indicator to choose at the end of this study must be capable to capture the age effect, 

as observed in real world statistical data. This phase was discussed in full details in the 

next chapter (Chapter 4).  

The Computer Aided Engineering (CAE) simulations were conducted on different age 

groups under various impact speeds. The procedure is presented in Figure 13. 

 

 

Figure 13: Phase 2: Injury indicator selection 

3.4 PHASE 4: Injury Threshold Calibration using Selected Indicator 

Current human models compute stresses and strains from which an evaluation of 

injury severity can be obtained. However, there was not direct relation between these 

mechanical readings and threat to life (Bastien et al., 2019a). Still, in this publication, 

the age effect was not considered, the same procedure was followed but with human 

computer models in the appropriate age groups. The 4th phase was the injury 

threshold calibration using the injury indicator selected in Phase 3. The calibration 

study was conducted on the head and the critical organs according to the selected 

accident scenarios, as per the workflow presented in Figure 14.  

First, the threshold of AIS 4 was computed using data from published cadaver tests 

(Kroell et al., 1974, Nahum et al., 1977) 
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A method to extract other levels were investigated and could use the process that 

Wen and Bastien (Bastien et al., 2019a) had derived. 

The next step was to calculate the other AIS levels, and their level of uncertainty. 

However, the number of accident that UKPF could provide was limited, hence 

mathematical method (scaling) was used to obtain the threshold for the other AIS 

levels.  Using the clinical research data from Baker, CCIS, NASS and Walder (Ulman and 

Stalnaker, 1986), the relationship of mortality rate (risk of death) and AIS level was 

defined as well as the relationship between different AIS levels (Neal-Sturgess et al., 

2001, Wen, 2019).  

 

 

Figure 14: Flow chart of phase 4 

3.5 PHASE 5: Injury Threshold Validation Against Real-world Accidents 

The THUMS 4.01 model has been often used in safety investigation (Wen, 2019) (Wen 

et al., 2015) (Li et al., 2019). Reconstructions included geometry and stiffness of 

vehicle front end, height and weight of pedestrian as well as their kinematics 
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according to the pedestrian injuries and the vehicle damage. However pedestrian age 

effects were not included in these studies. The same procedure to reconstruct the 

impact scenario was followed, and the age effects applied to the pedestrian model. 

The whole process of Phase 5 is illustrated in Figure 15.  

 

Figure 15: Flow chat of phase 5 

In the final phase, the thresholds generated were validated against real-world 

accidents to confirm whether the age trauma model provided any improvements  

against previous research (Wen, 2019).  

The selected real-world accidents were filtered from UKPF database to fit the 

computing ability of the THUMS model and followed the same procedure as previous 

research (Wen, 2019), except that this thesis included an important parameter which 

is age adjustment. The involved vehicle front end was reconstructed using the 

available data of its outside styling surface with its stiffness reflecting the stiffness 

recorded EuroNCAP pedestrian tests (C.Neal-Sturgess, 2016). The most plausible 

pedestrian gait and speed were derived from the damage evidence of the accident 

and the witness statements. The impact scenario was then fully simulated using an 

explicit CAE solver. Injury results using CAE simulation were extracted as well as the 

conclusion of the respective PM report. The injury results extracted from the aged 

model were compared with non-aged model as well as against PM report outcome. 
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The proposed methodology will answer the research question which is: Will adding 

age on HBM improve trauma prediction compared to an un-aged HBM? 
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4 Age effect on human body model 

Based on an anatomical perspective, the human body was divided into 7 regions 

(Beverley Henderson, 2015): Head, Neck, Thorax, Abdomen, Pelvis, Upper Extremities, 

Lower Extremities. The age effect of body parts were collected from Medlineplus  

(MedlinePlus, 2018a, MedlinePlus, 2018b) and listed in Table 5. The injury levels were 

obtained from the AIS dictionary (DENG, 2014, Association for the advancement of 

automotive, 2015). Besides typical injury pattern, injury frequency and fatal rate were 

also critical parameters in the priority evaluation. The description of representative 

injury pattern of different body parts is listed in Appendix II. In the APROSYS European 

In-Depth Pedestrian Database (Neal-Sturgess et al., 2007), which  consists of 63 

pedestrian cases, the study showed the frequencies of the injuries and the fatal rates 

to the body regions in pedestrian-vehicle collisions. Probable AIS levels, frequencies 

of injuries and fatal rates were used to evaluate the priority of the study. The THUMS 

4.01 pedestrian model consists of detailed inner organs, which allows an ageing study 

to be conducted by modifying the organs material properties and volumes, however, 

the THUMS 4.01 pedestrian model still has its limitations of representing the full 

anatomical changes due to ageing; for example, blood vessel and muscle are not 

currently available in THUMS 4.01. The ageing effect on these parts will not currently 

be included in this study.  
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Table 5: Evaluation study in age effect on human body 

 

As illustrated in Table 5, the human body was divided into several parts in every region. 

AIS 5 injuries, which indicates critical trauma, can be observed on brain, lung, heart, 

liver, spleen, kidneys, arteries and bones (DENG, 2014). The injury severity scores 

above serious level (AIS 3+) are mainly experienced on head, thorax, abdomen and 

pelvis (DENG, 2014, Neal-Sturgess et al., 2007). The lower extremities had the highest 

probability of injury frequency, which was 72.90%. The head region had a 59.10% 

probability of injury, which was the second highest in the human body (Neal-Sturgess 

et al., 2007). The injury frequency of the upper extremities took 3rd place, which was 

47.90%. The thorax had 28.10% probability of injury, and the injury frequency of pelvis 

and abdomen was 17.70% and 8.80% respectively (Neal-Sturgess et al., 2007). From a 

population of 172 accidents that resulted in a fatality, the frequency of injury 

Region Part Ageing effect

Possible 

AIS Level 

(0 no 

injury; 6 

unsurviva

ble injury)

Injury 

frequency 

(EU)

Fatal 

rate (EU)
Current CAE capabilities(Y/N)

Hair Turn grey and thinning, hair loss AIS 0 N/A

Eyes Lenses become stiffer, harder to focus AIS 2 N/A

Ears Hearing loss AIS 1 N/A

Mouth and teeth Less saliva, gums recede AIS 1-2 N/A

Nerve cells loss, property loss Y

Brain shrink Y

Brain density changes Y

Mechanical properties decline Y

Thickness change Not currently coded but possible

Neck Vertebrae

The disks between the spine s vertebrae begin to 

shrink and get worn down as their moisture 

content declines

AIS 1-4 1.00% / N/A

Bone strength loss Y

Geometry change N

Lungs Lungs become stiffer with age AIS 3-5 Not currently coded but possible

Heart Mechanical properties loss AIS 2-5 Y

Breasts
Some glandular tissue will be replaced by fibrous 

material
AIS 2 N/A

Kidney Mechanical properties loss AIS 2-5 Y

Liver Mechanical properties loss AIS 2-5 Y

Spleen Mechanical properties loss AIS 2-5 Y

Immune system 

The immune system becomes slower to respond, 

ability to detect and correct cell defects also 

declines

N/A N/A

Hormone production
The amount of hormones produced change with 

age
N/A N/A

Digestive system 
The movements of digestive system tend to slow 

down with age
N/A N/A

Reproductive system Menopause; Sperm production decrease N/A N/A

Arteries
Lose some of their elasticity and their walls 

become thicker and less flexible
AIS 2-5 N/A

Bladder Lose its capacity AIS 2-4 N/A

Body shape Height loss , weight change N/A Y

Posture and gait Posture and gait change with age N/A Y

AIS 3-5

AIS 2-4

AIS 1-4

AIS 1-5

H

u

m

a

n

 

b

o

d

y

 

u

n

d

e

r

 

a

g

e

i

n

g

Head

Brain

Skull

Thorax

Rib Cage

Abdominal

Others

Pelvis

Upper 

Extremities 

Lower 

Extremities

Bone/muscle/joints

Bone density decreases with age, bones become 

weaker and can break more easily

Muscles lose bulk and strength, muscle mass lose

The amount of synovial fluid decrease, articular 

cartilage becomes thinner

AIS 2

Y

N/A

N/A

59.10%

28.10%

8.80%

39.58%

7.87%

2.08%

/

10.42%

33.85%

N/A

AIS 2-3

N/A

17.70%

47.90%

72.90%
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distribution (all injuries) was determined as follow: 39.58% injuries was found on head, 

33.85% was found on lower extremities and upper extremities consist 10.42% injuries, 

while the thorax injuries has 7.87% and organs located in abdomen region has 2.08% 

injuries. (Neal-Sturgess et al., 2007). Although the lower extremities had the highest 

possibility of injury, these injuries were not often fatal. Head, as the second most 

injured place, had the highest likelihood to get a fatal injury.  

Since the research tool proposed as part of this research was the THUMS finite 

element human model, the capabilities of this models needed to be overlaid over the 

injuries needing investigation, as shown in Table 5. Based on the information analysed, 

the head had the highest fatal rate and second of the injury frequency, and when 

injured, it sustained AIS 3-5 on brain and AIS 2-4 on skull. Thorax and abdomen with 

contained most of the organs and often injured and sustained AIS 2-5 on organs and 

AIS 1-4 on bones in an accident, the overall result of age effect priority evaluation is 

shown in Table 6. 

Table 6: Ageing effect priority evaluation result 

Priority level Body region Organ/Tissue  

1 Head Brain 

2 Thorax Heart 

3 Abdomen 

Liver 

Kidney 

Spleen 

4 Skeleton   

The head, as the most affected part with ageing, was studied first followed by the 

thorax and then the abdomen. The skeleton, as the support structure, was also 

considered in the ageing process. 

In order to model the mechanical age, the THUMS4.01’s material properties were 

scaled to suit its properties to the correct age. This was done using a Scale Factor (SF), 

which would mirror the material degradation as a function of age, this data was listed 

in Table 7. The strength of biomechanical material changes due to ageing represent 

changes on all properties. 
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The Scaling Factor (SF) used on skull was obtained from Yamada’s biological material 

tests (Yamada and Evans, 1970a). This data contains 16 different tests including 

tension, compression, bending etc... The mechanical properties obtained in these 

tests include breaking load, breaking load per unit width, ultimate strength (tension, 

compression), ultimate percentage elongation/contraction, stress-strain curve, 

proportional limit, elastic limit, elastic modulus, percentage of elastic recovery just 

before rupture, creep limit and rupture pattern (Yamada and Evans, 1970a). The 

average mechanical property changes of bone on skull and skeleton as a function of 

age is illustrated in Table 8. The age rates represent the decrease of properties tested 

by Yamada’s (Table 7). 

Table 7 Changes of adult skull and bone strength (percentage decreasing) as a function of age range ((Yamada 
and Evans, 1970a)) 

Table 7 describes the changes of material properties as a function of age range on 

human bones. The overall material strength for bone was highest at 20–29-year-old 

group and decreased by 22% for a 70-79 year old population. The tests conducted by 

YAMADA suggested that all mechanical properties decrease with age; the mechanical 

properties affected will be young’s modulus, yield stress and post yield stiffness and 

ultimate strength. The overall trend coincided with the finding from (Zimmermann et 

al., 2011, Zioupos P, 1998). However, the maximum amount of property decreases 

shows a difference from 12% to 22% between studies. The THUMS model was built 

with the material data provided by YAMADA, and for the sake of consistency and 

calibration this study will use the data from YAMADA’s research. The material changes 

were applied on bones in pedestrian models used in calibrations and reconstructions. 

This item has been removed due to 3rd Party Copyright. The unabridged 
version of the thesis can be found in the Lanchester Library, Coventry 

University.
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In the THUMS model, not only the material strength was decreased with age but also 

the bone density. Study from L. Warming (Warming et al., 2002) evaluates the normal 

changes in bone mineral density in the forearm, hip, spine and the total body. The 

study contained 620 subjects aged from 20-89 years old without diseases or 

medication and revealed a bone loss in both genders of 12–14% in the total body.  

Brain stiffness properties and volume changes due to ageing are obtained from Sack’s 

research (Sack et al., 2011). A total of 66 volunteers (aged between 18 and 72 years 

old), without adverse neurological or psychiatric conditions, were included in this 

study. The formulas describing brain volume and brain elasticity changes due to age 

was previously reviewed in section 2.2.1. Brain elasticity and volume of age 20-79 are 

adjusted according to the formulas and the scaling factors of each ages group and 

presented in Appendix I. The current brain property used in 30-39 year old group will 

be attributed a Scale Factor of 1 and the Scale Factor of other age group will be 

calculated as the ratio to 30-39 year old group. According to the study of L 

Svennerholm (Svennerholm et al., 1997), a total number of 184 subjects between 20-

100 years old were tested and it was suggested that the brain mass begins to diminish 

at 20 years old, and concluding that, in males, the brain weight was reduced by 22% 

between 20 and 100 years. The scaling factor of brain density is calculated by dividing 

the scaling factor of brain mass by scaling factor of brain volume. Scaling factor of 

brain stiffness, volume, mass and density are calculated and listed in Table 8. 

The age groups range was listed from 20-79 year old with an increment of 10 years. 

The scaling factor was an average between the age ranges, no tolerance values were 

provided for each age ranges. As stated, the current THUMS 4.01 model was built on 

the data of a 39 year old male, therefore current physical parameters used in 30-39 

year old group were attributed a Scale Factor of 1 and the SF for another age groups 

were calculated accordingly. 

Table 8: SF used to alter THUMS head (Sack et al., 2011, Yamada and Evans, 1970, Warming et al., 2002, 
Svennerholm et al., 1997) 

Bone Strength,  
Bone Stiffness 

Age Group 20-29 30-39 40-49 50-59 60-69 70-79 

Bone SF 1.010 1.000 0.909 0.869 0.808 0.788 
        

Bone Density Age Group 20-29 30-39 40-49 50-59 60-69 70-79 
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Bone Density SF 1.022 1.000 0.978 0.956 0.934 0.911 
        

Brain Stiffness 
Age Group 20-29 30-39 40-49 50-59 60-69 70-79 

Brain SF 1.060 1.000 0.930 0.860 0.790 0.730 
        

Brain Volume 

Age Group 20-29 30-39 40-49 50-59 60-69 70-79 

Brain Volume SF 1.022 1.000 0.978 0.956 0.934 0.912 

SF in each axis 1.007 1.000 0.993 0.985 0.977 0.970 
        

Brain Mass 

Age Group 20-29 30-39 40-49 50-59 60-69 70-79 

Male (g) 1632 1578.5 1525 1475 1425 1380 

Brain Mass SF 1.034 1.000 0.966 0.934 0.903 0.874 
        

Brain Density 
Age group 20-29 30-39 40-49 50-59 60-69 70-79 

Brain Density SF 1.012 1.000 0.988 0.977 0.967 0.959 

As shown in Table 8, the SF on human brain consistently decreases with age. Physical 

parameters (including stiffness, strength and density) were scaled and assigned to the 

corresponding material card of the THUMS model to reflect the age effect for each 

age group. The parameters scaled on the bone includes young’s modulus, yield stress, 

non-linear damage curve and density (Yamada and Evans, 1970a, Zimmermann et al., 

2011, Warming et al., 2002). The parameters modified on brain includes bulk modulus, 

short-time shear modulus, long-time shear modulus and density (Yamada and Evans, 

1970a, Svennerholm et al., 1997). In the case of bones and critical organs, the SF used 

is illustrated in Table 9. Again, the current physical parameters used in 30-39 year old 

group was set as ‘1’, as previously stated. The relevant physical parameters were 

scaled down/up accordingly to generate the model for different age group.  

Table 9: SF used to scale THUMS organs (Yamada and Evans, 1970) 

Age effects were also applied on the skeleton and the organs in thorax and abdomen 

area. The SF used on skeleton is obtain from YAMADA’s research and shown in Table 

8. The organ strength and stiffness represented the changes on heart, liver, spleen 

and kidneys. The parameter scaled on organs includes linear bulk modulus and non-

linear damage curve.  The detail of an aged model is shown in Figure 16: 

This item has been removed due to 3rd Party Copyright. The unabridged version of the thesis 
can be found in the Lanchester Library, Coventry University.
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Figure 16: Aged structure of THUMS model – Bones (red) – Soft Tissue (green) 

As shown in Figure 16, brain tissue, internal organs and skeleton system were all aged 

as discussed in section 3.1. The relevant mechanical properties were adjusted to 

match the age mentioned in all the PM reports presented later on in this work. 

The next step is to adjust the THUMS 4.01 model anthropometry to match the 

pedestrian victims studied. This adjustment considered primarily height and mass. It 

was not necessary to change the body shape because the BMI range of the pedestrians 

involved in accident were between 18.21-26.46, mostly lying in the healthy weight 

region (Brodwin, 2018). Victims were very close to the BMI of THUMS 4.01 pedestrian 

model which was known as 24.13, therefore all the pedestrian models were 

considered to be of the same body shape and proportions as THUMS. 

The scale factor for height (SFheight) used to scale the height of the THUMS model was 

calculated as per Equation 8. 
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𝑆𝐹ℎ𝑒𝑖𝑔ℎ𝑡 =
𝐻𝑒𝑖𝑔ℎ𝑡𝑡𝑎𝑟𝑔𝑒𝑡

𝐻𝑒𝑖𝑔ℎ𝑡𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑚𝑜𝑑𝑒𝑙
 

Equation 8: THUMS scaling equation 

Assuming the THUMS target height given, then SFheight can be calculated directly.  

Once the height was given and adjusted, the target mass was needed to be achieved 

afterwards. As such, the human model transverse and sagittal planes were scaled 

evenly to ‘shrink’ or ‘increase’ the volume to meet this mass target. 

Mass, was calculated as per Equation 9: 

𝑚𝑎𝑠𝑠 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∗ volume 

Equation 9: Mass relationship 

The THUMS model was meshed using 1-Dimentional (1D), 2-Dimentional (2D) and 3-

Dimentional (3D) elements. 1D elements referred to elements possessing one 

dimension which was very large in comparison to the other two, i.e. lines. 2D elements 

were elements, which have two dimensions, which were very large in comparison to 

the third one, such as thin shells or planes. In the case of 3D elements, all dimensions 

were comparable i.e. solids. The SFheight was then applied to the corresponding axis of 

each elements. Solid elements were scaled in three dimensions (volume) and shell 

elements were in 2 dimensions (area). 1D elements including beam, discrete and 

seatbelt were scaled in 1 dimension (length). A 3D element has three dimensions 

including height, width and depth respectively, therefore the SF3D to scale a 3D 

element is: 

𝑆𝐹3𝐷 = 𝑆𝐹𝑙𝑒𝑛𝑔𝑡ℎ ∗ 𝑆𝐹𝑤𝑖𝑑𝑡ℎ ∗ 𝑆𝐹ℎ𝑒𝑖𝑔ℎ𝑡  

 

Equation 10: Scale factor of 3D elements 

For a 2D element, SF2D is derived from SF3D of 3D elements: 

𝑆𝐹2𝐷 = (𝑆𝐹𝑙𝑒𝑛𝑔𝑡ℎ ∗ 𝑆𝐹𝑤𝑖𝑑𝑡ℎ ∗ 𝑆𝐹ℎ𝑒𝑖𝑔ℎ𝑡)
2
3 

 

Equation 11: Scaling factor of 2D elements 
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The SF1D to scale a 1D element is: 

𝑆𝐹1𝐷 = (𝑆𝐹𝑙𝑒𝑛𝑔𝑡ℎ ∗ 𝑆𝐹𝑤𝑖𝑑𝑡ℎ ∗ 𝑆𝐹ℎ𝑒𝑖𝑔ℎ𝑡)
1
3 

 

Equation 12: Scaling factor of 1D elements 

The total mass of the THUMS model was divided by element type, and model target 

mass was calculated using equation 10, 11 and 12. Using Visual Basic Application (VBA) 

programming, an incremental loop was then seeking the scaling factors in x-axis and 

y-axis to achieve the target mass. The comparison between standard model and scaled 

model is shown in Figure 17.  

 

Figure 17: Comparison between standard model and scaled model (Middle: standard THUMS, left 5% percentile; 
right 95% percentile generated from script) 

As shown above, the standard model (50th percentile) is positioned in the middle; the 

2 models placed aside were the scaled ones, hence completing Phase 2.  

Note that, for the brain, age also affects the volume, as mentioned in the literature 

review. For each target model, first, the brain was scaled ‘globally’ so that the THUMS 

general body proportions were comparable to the victims. Then, the brain volume was 

adjusted again to present the volumetric changes accordingly at the required age. In 

this process the volume of cerebrospinal fluid (CSF) surrounding the brain changed 

according to the brain volume changes. The comparison between the standard brain 

volume and the scaled brain volume is shown in Figure 18. 
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Figure 18 Comparison between standard brain volume and scaled brain volume (left 30-39 year old (dimension in 
RED, right 70-79 year old dimension in BLUE)  

The process of applying age effect on THUMS model was complete at this stage. The 

pedestrian models were built in different height, weight and age according to the 

information provided by UK Police Force (UKPF) and will be used in real-world accident 

reconstruction.  
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Figure 21: Occipital test scenario (Wen, 2019) 

The relevant physical parameters of the brain tissue and skull were adjusted according 

to the published cadaver and biological test data in Table 8. 

As presented in Table 7, the age group ranges from 20 to 79 with a 10-year increment. 

The material properties listed in Table 8 have been adjusted and assigned to the 

corresponding THUMS 4.01 model’s material card to reflect the age effect for each 

different age group. An impact test was conducted using the aged THUMS head model 

with the different impact speeds of 3 m/s, 7 m/s, 11 m/s and 15 m/s. These speeds 

cover the low, medium and high-speed range of what has been observed in the four 

accidents, which were investigated later on in this thesis. 

  

This item has been removed due to 3rd Party Copyright. The unabridged 
version of the thesis can be found in the Lanchester Library, Coventry 

University.
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5.2 Indicator Selection Result 

In this section, mechanical changes due to ageing were applied on THUMS 4.01’a head 

model and the trend of the results obtained from different injury indicators were 

investigated. In each test scenario, HIC, MPS and PVP of each test were computed and 

plotted against age (Figure 22, Figure 24 and Figure 25) 

 

Figure 22: HIC trend of age at different impact speed 

As shown in the curves above, at lower speed (3 m/s), HIC was not sensitive to material 

ageing. In medium impact speed range, HIC still cannot capture age influence at 7 m/s. 

At higher speed, HIC showed an opposite trend against age at 11 m/s and 15 m/s 

respectively. As stated in the literature review, as the age increases, the possibility of 

AIS 2+ injury also increases. However, HIC did not reflect the same trend, consequently 

it can be dismissed as an injury indicator including ageing when a FE Human Model is 

considered. 
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Figure 23 Acceleration Curves for head impact of different age groups at different impact speeds 

HIC, which is known as an acceleration-based indicator. The acceleration curves of 

different age groups at different impact speeds were plotted in Figure 23, it can be 

noticed that the acceleration barely changed across all age groups. Therefore, HIC did 

not reflect the effect of age in an impact. 

 

Figure 24: Maximum Plastic Strains (MPS) variations considering age and impact speed 

In Figure 24, MPS under different impact speeds was plotted against age. In all speed 

range, MPS was not capable to capture the age effect, as it showed a constant trend 

for all age groups, therefore MPS could not capture the age effect due to material 

property changes. 
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Figure 25: Peak Virtual Power (PVP) variations considering age and impact speed 

As shown in Figure 25, PVP presented a consistently decreasing trend against the 

material mechanical age effect of material under different impact speeds. From a 

material perspective, age has a negative impact to human body, which decreases 

material characteristics as age increases. As stated in the literature study, PVP is 

material dependant and is the product of stress and strain rate. When material 

properties decrease due to age, PVP should behave in the same manner, which means 

less power is needed to reach a set trauma level as age increases. This can also be 

observed from the expression of PVP: 

 

Equation 13: Detailed PVP expression (Bastien et al., 2019b) 

L represents the organ thickness or depth on a direction of stress wave travels, ρ is 

the density and E is the stiffness of the receiver, K is the impact stiffness and v is the 

velocity of source (vehicle in this research) at the time of impact. As PVP is density and 

stiffness dependant, hence reducing them (ageing) leads to a lower PVP. This trend 

can be seen in Figure 25. 

𝑃𝑉𝑃 =
1

𝐿
√𝜌𝐸. 𝐾𝑣3 
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Amongst these three indicators, PVP correctly responded to material changes due to 

age effect and it is capable to capture the influence of ageing. Therefore, PVP was 

selected as the injury indicator for age effect study in this research.  
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6 PVP Calibration and Threshold Corridor Generation 

This chapter describes the derivation of the AIS trauma corridors based on the PVP 

technique selected in Chapter 5.  

Before calibrating the PVP baseline value, the first step is to determine the 

convergence of the optimised sampling rate which balances the computational time 

and output files size. In this study, the convergence sampling rate to extract data is 

1.0E-4s (maximum) which was concluded from previous study (Wen, 2019). 

6.1 PVP Baseline Calibration on the THUMS Head Model 

A head calibration scenario was built on the previous work (Wen, 2019). It has been 

concluded that the relationship between PVP and impact speed is a cubic relationship 

(Wen, 2019, Neal-Sturgess et al., 2001), hence only three sample speeds were need 

to capture this cubic interpolation, including 0m/s for which no trauma occurs. Three 

different impact locations were applied and included frontal, side and occipital 

impacts. The impact locations decided from the most common head impact modes 

(Bastien et al., 2018). The age effect was applied on the THUMS head part by changing 

the material properties and the brain size. At the test speed of 18 m/s, the first 

element reaching the MPS strain failure criterion (AIS 4), shown in Table 4, was 

attributed a PVP value against that impact speed. The process is repeated for the other 

speeds listed above. The calibration result of AIS 4 brain white matter injury (DAI) for 

different age groups in frontal impact scenario is illustrated in Figure 26 and Figure 27. 

The coefficients used in curve fitting is listed in Appendix IV. 
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Figure 26: PVP baseline calibration of AIS 4 DAI of different age group at different impact speed in frontal impact 

 

Figure 27: PVP baseline calibration of AIS 3 grey matter injury of different age group at different impact speed in 

frontal impact 
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As shown in Figure 26 and Figure 27, the age group 20-29 has the highest critical PVP 

value of DAI and grey matter injury at all the impact speeds, which coincides with the 

literature study, confirming that the 20-29 group has the best physical properties. Age 

70-79 has the lowest critical PVP value of both brain injuries. This illustrates that more 

power is required to injure a younger person than an older one. These baselines were 

then used to develop the brain tissue injury corridor in frontal impact scenario, which 

is used to calibrate the real-world accidents reconstructed. The calibration result of 

the brain tissue injury at different age group in side impact scenario is presented in 

Figure 28 and Figure 29. 

 

Figure 28: PVP baseline calibration of AIS 4 DAI of different age group at different impact speed in side impact 
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Figure 29: PVP baseline calibration of AIS 3 grey matter injury of different age group at different impact speed in 

side impact 

Again, for the age group 20-29, has highest critical PVP value of DAI, which suggest 

that more power is needed to injure younger people. Regarding the grey matter injury, 

the 30-39 age group has the highest critical PVP value until the impact speed reaches 

14 m/s. It can be noticed that a reversal happens on Age 30-39. The brain of age group 

20 is slightly larger than 30 years group, therefore. the brain may be oscillating 

differently as the gap between the brain and the skull is different at a certain impact 

speed, but when the impact occurs at higher speeds, there is enough energy to cancel 

this oscillation. The 30-39 year old range must have overlaid the 20-29 year-old range 

until 6 m/s. From impact speeds between 15 m/s to 18 m/s, the age range 70-79 has 

the lowest critical PVP value of both white and grey matter injuries. The same 

procedure was also applied in occipital impact scenario and the results are shown in 

Figure 30 and Figure 31.  
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Figure 30: PVP baseline calibration of AIS 4 DAI of different age group at different impact speed in occipital 

impact 

 

Figure 31: PVP baseline calibration of AIS 3 grey matter injury of different age group at different impact speed in 

occipital impact 
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Same as in the frontal and side impact procedures, the age group 20-29 has the highest 

critical PVP value of DAI and grey matter injury at all the impact speeds, which 

coincides with the assumptions in literature study. Age 70-79 has the lowest critical 

PVP value of both brain injury. Again, these baselines were then used to develop the 

brain tissue injury corridor in occipital impact scenario, which is used to calibrate the 

real-world accidents reconstructed.   

The shapes of curves obtained are different between different directions of impacts. 

The brain is not of a uniform shape. The stress wave travels differently depending on 

materials and geometry, consequently the PVP responses are age and direction 

dependant. Overall, the younger the person, the more power is required to cause and 

injury. In some cases, some curves suggest the opposite in some areas of the graph. 

This is due to a best fit curves created for which the correlation coefficient was not 1. 

It is usually observed at low impact speed. However, it is less critical at lower speed as 

lower speed generate less injuries. 

The PVP results are in agreement with the PVP mathematical equation 13.  

6.2 PVP Baseline Calibration on the THUMS Internal Organs 

Regarding the measurement of serious injuries (AIS 3+), chest and abdomen are the 

second vulnerable regions after the head (Chakravarthy et al., 2007). Critical human 

organs such as the heart, the liver, the spleen and the kidneys are located in this region, 

hence their PVP calibration on this region are considered necessary. 

In order to determine the calibration scenarios, the pedestrian kinematics and landing 

location of the selected are analysed and presented in Figure 32. 
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Figure 32: Pedestrian lading area and contact angle if the selected cases 

As observed in Figure 32, the pedestrian landed with his back on the bonnet in three 

instances (Cases 2, 3 and 4), and on the torso in Case 1. Consequently, two different 

organ calibration scenarios were required (one per direction), which are shown in 

Figure 33 and Figure 34. It was decided to use a rigid plane The PVP mass convergence 

study was performed, and it suggested that a mass of 100kg was necessary to output 

a consistent PVP. Same as head calibration, at the highest test speed of 18 m/s, the 

first element reaching the MPS strain failure criterion shown in Table 4 was recorded. 

As the injury is often obtained from high speed impact, the element selected at the 

highest speed was also used for all the other speeds. The PVP of this then element 

was calculated and plotted against the impact speed. 

 

Figure 33: Back impact organ PVP calibration scenario 
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As seen in Figure 33, the back impact scenario was generated based on pedestrian 

landing location of Case 2, 3 and 4. In Case 1, the pedestrian landed on the bonnet 

with the torso anterior surface, therefore the frontal impact scenario was also 

employed in organ PVP calibration, as shown in Figure 34. 

 

Figure 34: Frontal impact organ PVP calibration scenario 

In order to represent the bonnet contact geometry and stiffness, a plate impactor was 

used. The organs age effects were applied by adjusting relevant physical 

characteristics based on the literature study. The results of organ PVP calibrations are 

illustrated in Figure 35 to Figure 39. The coefficients used for curve fitting are listed in 

Appendix IV. 
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Figure 35: PVP baseline threshold on AIS 4 heart rupture of different age group at different impact speed in back 

impact 

 

Figure 36: PVP baseline threshold on AIS 4 liver rupture of different age group at different impact speed in back 

impact 
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Figure 37: PVP baseline threshold on AIS 4 spleen rupture of different age group at different impact speed in back 

impact  

 

Figure 38: PVP baseline threshold on AIS 4 right kidney rupture of different age group at different impact speed 

in back impact 
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Figure 39: PVP baseline threshold on AIS 4 left kidney rupture of different age group at different impact speed in 

back impact 

As seen above (Figure 35 to Figure 39), the PVP calibration was conducted on the five 

main organs, which are the heart, the liver, the spleen and the kidneys. The AIS 4 

rupture threshold was calculated in the back impact scenario. The group age 70-79 

shows the lowest PVP for AIS 4 rupture on all organs except right kidney. The group of 

lower age (age 20-29 and age 30-39) has higher PVP values in AIS 4 rupture compared 

to the older group, which is as expected. 

Besides the back impact, a PVP organ calibration was also applied in a frontal impact 

scenario, as per Case 1. The results are illustrated in Figure 40 to Figure 44. 
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Figure 40: PVP baseline threshold on AIS 4 heart rupture of different age group at different impact speed in 

frontal impact 

 

Figure 41: PVP baseline threshold on AIS 4 liver rupture of different age group at different impact speed in frontal 

impact 
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Figure 42: PVP baseline threshold on AIS 4 spleen rupture of different age group at different impact speed in 

frontal impact 

 

Figure 43: PVP baseline threshold on AIS 4 right kidney rupture of different age group at different impact speed 

in frontal impact 
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Figure 44: PVP baseline threshold on AIS 4 left kidney rupture of different age group at different impact speed in 

frontal impact 

In the frontal impact scenario, the threshold curves show more intersection points 

compared with the ones in back impact scenario. However, the PVP difference 

between different age group at same organs is small. These thresholds were then used 

to generate trauma corridors for later use in the validation of Case 1. 

Also, in the organ baseline calibration, intersection points were observed which is 

counter intuitive. This may cause by the insufficient sample points due the time limit 

to perform this research. 

All the best fit curves for all AIS 4 on this thesis are listed in Appendix IV.  
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7 PVP Threshold Corridor Generation 

This section derived the whole PVP threshold corridor covering all AIS levels, which 

can be used as a systematic standard to validate and predict injury results calculated 

from the CAE simulations.  

The PVP threshold generated from the last section just covers a single and specific AIS 

level i.e. AIS 4 as brain white matter DAI. To predict all AIS levels, the threshold 

generated needs to be expanded to cover the whole AIS 1-5. However, the number of 

accidents available is limited, hence performing a statistical study to extract the full 

spectrum of AIS corridors is considered not possible. As such an AIS mathematical 

scaling method will be used to extract these corridors of uncertainty (Wen, 2019). As 

the baseline threshold (AIS 3/4) has been generated, a scaling factor was applied to 

obtain threshold curve of other AIS levels. Then, using the prediction tolerances listed 

in (Wen, 2019), the prediction bounds of each AIS level were generated. At this point 

of time, the whole corridor was fully generated per Figure 45 as an example.  

 

Figure 45: PVP threshold corridor of DAI 
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8 Accident Filter and Reconstruction 

The aim of this chapter is to explain the procedure to filter the accidents from the 

database provided by the UK Police Force (UKPF) and then used to reconstruct real-

world accidents. In the police report, there was no mention of pedestrian gait at the 

point of collision. In order to reconstruct the accident scenario correctly, it is necessary 

to conduct a pedestrian kinematic study based on the police record of the vehicle 

damage. 

8.1 Real-world Accidents Filter 

All cases were provided by UKPF and released to the University, with the agreement 

of the coroner and the agreement from the deceased families. Based on the work from 

(Wen, 2019). The first step is to perform a case filter due to the THUMS model 

limitations and the UKPF database size.  

• A detailed accident scene including pedestrian and vehicle information is needed to 

reconstruct the accident. A detail injury information including pedestrian kinematics, 

severity and cause of death is necessary and will be used later in the comparison of 

CAE outcomes and Post-Mortem report. 

• THUMS 4.01 model as a dynamic Lagrangian CAE tool is not capable in predicting 

post-accident trauma i.e. tissue swollen and haemorrhage. In reality, high impact 

velocities can result biological structure breakdown or separation, this is out of the 

prediction capability of THUMS. The idea impact speeds range is from 20 mph to 30 

mph (8.94 m/s and 13.41 m/s), however the maximum speed can be accepted in this 

project is 40 mph (17.88 m/s). 

• The aim of this study to explore age effect in injury increases due to the change in 

physical characteristics of the person, therefore, the PM reports should have detailed 

information about the pedestrian age, height and weight. 

• Small sedan will be considered as preferable because of the limited choice of open 

data available of the full finite element vehicle models.  
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The size of the accident database is limited, also by meeting the criteria mentioned 

earlier, the sample size becomes even smaller which is considered as a limitation of 

this project. More comprehensive validation on the applicability of PVP trauma 

prediction could be conducted if there is enough data on hand. This thesis will be 

based on four cases were filtered. 

8.2 Real-world Accidents Reconstruction Results 

The filtered four cases are summarised in Table 10. 

Table 10: Details of four cases selected (United Kingdom Police Force, 2019, Wen, 2019) 

Case Id: Vehicle Pedestrian 

Mass (kg) 

Pedestrian 

Height 

(cm) 

Age 

(year) 

Impact 

direction 

Impact 

Speed 

(m/s) 

1 Seat Leon 61.0 183 65 Left side 

impact 

(right leg 

forward) 

16.09 

2 Toyota 

Corolla 

58.6 165 34 Right side 

impact 

(right leg 

forward) 

11.18 

3 Renault 

Clio 

79.2 173 79 Side (left leg 

forward) 

16.09 

4 Benz B180 56.4 165 25 From 

driver’s 

near to far 

side 

12.51 
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The four cases shown above were filtered according to the criteria explained in 

methodology chapter. As shown in Table 11, the vehicles involve in the accident were 

reconstructed and presented. 

Table 11: Vehicle stiffness and geometry reconstruction of the vehicle involved (Wen, 2019) 

This item has been removed due to 3rd Party Copyright. The unabridged version of the 
thesis can be found in the Lanchester Library, Coventry University.



 

Xiang Cheng 3794843                                                                                                                                          70 

 

As shown in Table 11, the vehicle frontend surface was generated using open source 

data from (EuroNCAP, 2013, EuroNCAP, 2012b, EuroNCAP, 2012a, EuroNCAP, 2011). 

The stiffness was calculated using the same method as EuroNCAP test. The same 

EuroNCAP colour rule was also applied to distinguish the stiffness. 

Then, the whole accident was reconstructed using the involved vehicle and THUMS 

generated as presented in Table 12. 

Table 12: The complete accident reconstruction of the selected four cases 

 

 

 

 

 

 

  

As seen in Table 12, to ensure the pedestrian kinetics is plausible, the THUMS 4.01 

landing area of every reconstructed case was validated against injury and bruising 

location provided in the PM report, as well as the damage marks listed in the accident 

report. 
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9 Results 

9.1 Case 1  

9.1.1 Accident Scenario Reconstruction and Simulation Setup 

Accident 1 is an impact between a 65-year-old male pedestrian and a SEAT Leon. The 

pedestrian was stuck when crossing the road (United Kingdom Police Force, 2019).  

the  

Figure 46: Accident scenario and pedestrian moving direction (United Kingdom Police Force, 2019) 

No breaking was taking place because the pedestrian was seen running into the road. 

The vehicle bumper hit pedestrian lower extremities at a distance of 102 cm from the 

vehicle offside (Figure 47). 
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Figure 47: Initial contact point on vehicle in Case 1 (United Kingdom Police Force, 2019) 

As stated in PM report, the injuries were found above the pedestrian’s right eye and 

under his chin. The anterior surface of chest and abdomen had a large area of grazing. 

The pedestrian was assumed to have a right-leg forward posture when the collision 

took place base on the pedestrian kinetics study in Chapter 3. 

The reports provided sufficient information to reproduce the pedestrian's trajectory 

during the accident and extract the pedestrian’s crossing speed when the collision 

took place. 

The UKPF inferred from the debris of pedestrian belongings that the speed of vehicle 

travelling was between a range from 36 mph to 44 mph (16.09 m/s to 19.67 m/s). The 

walking speed of the pedestrian was assumed to be 0.9 m/s as a normal walking speed 

of 65+ male in report which was controversial. Based on human walking and running 

speeds investigated (Huang et al., 2006), The 65+ year-old male running speed 2.04 

m/s which was given in simulations. 

The geometry of the vehicle was reconstructed with available data while the stiffness 

distribution was assigned to the model using assessment result from EuroNCAP (Wen, 

2019). The reconstruction of SEAT Leon is list in Table 11. 

A 
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Regarding the bumper and leading-edge stiffness, a comparable value was assigned 

on the SEAT vehicle model, based on the FE model of a Toyota Yaris NCAC CAE model. 

The mass of the SEAT Leon was 1.41 tonne, and it was assigned to the vehicle model 

(SEAT, 2019). As stated in the PM report, the pedestrian was 183 cm tall, 61 kg weight 

and 79-year-old. The THUMS model was then assigned pedestrian weight and height 

as well as the right-leg forwarded posture, and the corresponding material physical 

characteristics were altered to adjust for the pedestrian age.  

9.1.2 Pedestrian Kinematics 

In order to confirm the correct vehicle and pedestrian speeds at the time of contact, 

different speed combinations were tested. Based on Wen’s work (Wen, 2019), a 

plausible pedestrian walking speed was confirmed as 2.04 m/s. The pedestrian 

kinematics is presented in Figure 48. 

 

Figure 48: Pedestrian kinematics of Case 1 (vehicle speed 16.09 m/s) 

At the time of the accident, the pedestrian had his right leg forward with a running 

speed of 2.04 m/s. At the early stage of the crash, the lower extremities of the 

pedestrian hit the bumper. The pedestrian rolled on the bonnet and the windscreen 

subsequently. The right thigh and patella were stated to be injured in the Post-

Mortem report. In the simulation, the lower bumper contacted with right thigh and 

right ankle shown in the top of Figure 48. In the middle of the figure, contact between 

the torso anterior side and the bonnet were observed and coincided with the injury 
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locations reported on chest and abdomen in the PM report. The pedestrian forehead 

contacted with the windscreen, which coincided with damage shown in Figure 47 on 

the vehicle.  

Before injury and trauma computing, it is necessary to make sure the model is 

numerically stable. Therefore, the energy curves are shown in (Figure 49) 

 

Figure 49: Energy curves of Case 1 

As shown in Figure 49, the total energy (T.E.) in blue colour remains consistent across 

all the time history. No energy loss and hourglass energy were observed, hence the 

model is numerically stable. 

9.1.3 Injury Result using PVP 

In order to calculate an injury, it is necessary to find out the time period when those 

injuries were produced. To obtain the critical time, the contact forces were shown in 

Figure 50. 
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Figure 50: Contact forces between pedestrian and vehicle of Case 1 

As shown in Figure 50, the first peak around 0.01 s was the vehicle lower bumper 

impacting pedestrian lower extremities. Thigh and torso were contacted with the 

bonnet leading edge around 0.07 s. The pedestrian head contacted with the 

windscreen from 0.08 s and lasted until 0.14 s. The injuries around the above critical 

time points were therefore identified and reported in Table 13. 

Table 13: PVP results of Case 1 

Organs (Injury) AIS level PVP Value (mJ/s) 

or mW 

Time observed (s) 

Grey matter (Brain contusion) 3 3.50 0.098 

white matter (DAI) 4 2.92 0.099 

Heart (Rupture) 4 35.48 0.127 

Liver (Rupture) 4 15.10 0.2 

Spleen (Rupture) 4 8.91 0.175 

Right kidney (Rupture) 4 4.78 0.127 

Left kidney (Rupture) 4 4.84 0.115 
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UKPF at a speed range from 25 mph to 30 mph (11.18 m/s to 13.41 m/s). The driver 

had no opportunity to avoid this accident because the pedestrian was running.  

For a 34-year-old female, the speed of slow walking is 1.46 m/s, normal walking is 1.62 

m/s and fast walking speed is 1.98 m/s and the running speed is 3.35 m/s (Huang et 

al., 2006). The victim speed effects the pedestrian kinematics and the landing area 

therefore, the injury outcomes will be affected because of the stiffness of the landing 

area is different. Furthermore, the pedestrian will wrap around the vehicle structure 

in different modes (frontal, side or rear), which will lead to different trauma injury 

tolerance responses, as seen the PVP corridors generated in the previous chapter. The 

speed of both pedestrian and vehicle were uncertain, therefore numerous speed 

combinations were tested to reconstruct the most plausible scenario. The actual 

speed of pedestrian and vehicle was determined by comparing the impact location 

obtained by simulation with the picture of vehicle damage situation (Figure 58). 

As stated in police report, the first dent was observed on the leading edge of the 

bumper near to the nearside edge of the number plate. The distance between the 

mark and the nearside edge of number plate is approximate 60 cm, 43 cm from the 

ground. This is usually an evidence suggesting the initial contact with pedestrian lower 

limb with the vehicle bumper. The damage line across vehicle bumper, bonnet and A 

pillar indicates the trajectory of vehicle striking the pedestrian. The landing area of 

pedestrian’s head was captured on the A pillar. With the information collected, the 

accident scenario was reconstructed and presented in Table 12. 
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area and the A pillar coincided with the statement in Post-Mortem report and the 

damage mark on the vehicle.  

Before extracting injury and trauma results, it is necessary to make sure that the 

simulation is numerically stable, therefore, the energy curve of the simulation is 

shown in Figure 60. 

 

Figure 60: Energy curves of Case 2 

As seen in Figure 60, the total energy (T.E.) in blue colour remain consistent across all 

time history.  

9.2.3 Injury Result using PVP 

Before extracting and calculating injuries, it is necessary to find out the time period 

that injuries were produced. To obtain the critical contact time, contact force between 

pedestrian and vehicle is shown in Figure 61. 
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Figure 61: Contact forces between pedestrian and vehicle of Case 2 

As demonstrated in Figure 61, first peak around 0.01 s was the first contact between 

pedestrian legs and vehicle lower bumper. This contact lasted 0.08 s, then the 

pedestrian body started to rotate. At the same time, pedestrian body impacted by 

bonnet leading edge and the contact lasted until 0.09 s. From 0.03 s to 0.15 s the 

contact between pedestrian and vehicle bonnet. During this time, pedestrian rotated 

on the vehicle bonnet. Pedestrian head hit A pillar starting at 0.14 s and lasted until 

0.15 s which can be observed by the sharp peak in Figure 61. The injuries around the 

above critical time points were therefore identified and reported in Table 14. 

Table 14: PVP results of Case 2 

Organs (Injury) AIS level PVP Value (mJ/s) Time observed (s) 

Grey matter (Brain contusion) 3 3.14 0.145 

white matter (DAI) 4 2.27 0.145 

Heart (Rupture) 4 3.12 0.194 

Liver (Rupture) 4 7.29 0.172 

Spleen (Rupture) 4 4.03 0.155 

Right kidney (Rupture) 4 0.74 0.2 
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a 79-year-old male, 173 cm tall, weighing 79.2 kg. A scaling is perform on the standard 

THUMS model to reconstruct the height and weight of pedestrian involved in the 

accident. The Post-Mortem report recorded bruising on the right side of the back and 

fracture on the left ankle. The left-leg forward stance was considered according to the 

study of pedestrian kinematics. 

Base on the straight damage line shown in Figure 70, the pedestrian was assumed to 

be standing still when the collision took place. 

 

Figure 70: Frontal damage on vehicle of Case 3 (United Kingdom Police Force, 2019) 

The geometry of Renault Clio was created using blueprints and its stiffness distribution 

was reconstructed base on the information provided by EuroNCAP assessment results. 

9.3.2 Pedestrian Kinematics 

The UKPF could not duplicate the exact collision scenariobecause of the weather. Only 

very rough estimations of the collision speed can be provided ranging from 13.41 m/s 

to 16.09 m/s. The possible speeds were assigned to vehicle to perform a trajectory 

test. The result shown 16.09 m/s was the most possible collision speed by matching 

the trajectory with the head landing area provided in Figure 70. The kinematics of 

pedestrian of Case 3 is shown in Figure 71. 
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Figure 71: Pedestrian kinematics of Case 3 (vehicle speed 16.09 m/s) 

The stance of pedestrian involved in accident was left-leg forward standing still. At the 

beginning of the collision, the pedestrian lower extremities contacted with the vehicle 

bumper as shown in top to Figure 71. The pedestrian’s bodyrotated his body leading 

to his back contacting the bonnet while the pedestrian’s occipital area hit the roofline 

at the end of crash event.  

A check of energy curves was performed the make sure the model is numerically stable, 

as shown in Figure 72. 

 

Figure 72: Energy curve of Case 3 
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The total energy (T.E.), in blue colour, remains constant across all the time history. 

There were no energy loss and hourglass energy found, hence the simulation is 

numerically stable during the whole crash event.  

9.3.3 Injury Result using PVP 

Before extracting and calculating injuries, the timeline when the injuries were 

produced was investigated and shown in Figure 73. 

 

Figure 73: Contact forces between pedestrian and vehicle of Case 3 

As presented in Figure 73, the pedestrian legs contacted with the lower bumper in the 

initial stage of impact; the pedestrian then started to rotate, the contact between 

pedestrian and the bonnet leading edge also took place at the beginning of the event 

and last 0.06 s. The pedestrian contacted with bonnet, from 0.02 s to 0.08 s, with his 

back. The head contact between pedestrian and vehicle windscreen took place 

between 0.07 s and 0.12 s which is shown as two peaks in Figure 73. The injuries 

around the above critical time points were therefore identified and reported in Table 

15. 

Table 15: PVP result of Case 3 

Organs (Injury) AIS level PVP Value (mJ/s) Time observed (s) 

Grey matter (Brain contusion) 3 4.98 0.11 
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Figure 81: Scenario of Case 4 (United Kingdom Police Force, 2019) 

The vehicle type involved in the accident was Mercedes Benz B180. With the same 

procedure, a baseline CAD model was scaled to the dimensions provided by the 

blueprints available. The stiffness distribution was also reconstructed  with the data 

provided by the assessment result from EuroNCAP. 

9.4.2 Pedestrian Kinematics 

As the Post-Mortem report stated, a large area of bruising and facture was observed 

on the left knee and the left forearm. A fracture was captured on the left side of the 

skull. The pedestrian’s stance was left-leg forward according to the information 

provided by the Post-Mortem report. The pedestrian measured 165 cm and weighed 

56.4 kg. The THUMS model was adjusted accordingly to analysie this collision.  

Based on the information provided by a witness, the driver had no time to react as the 

pedestrian just rushed onto the road. The runing speed of a 25-year-old male is usually 

between 2.8 m/s to 4.2 m/s. The vehcile speed at the time of impact has a range, 

provided in UKPF report, between 28 mph to 35 mph (12.51 m/s to 15.64 m/s). 

Numerous speed combinations were tested, however in all senarios the pedestrian 

missed the contact with the windscreen. More speed combinations were tested 

outside the range refered. The most possible senario was pedestrian running at 2.6 

m/s and hit by the vehicle at a speed of 12.51 m/s. The pedestrian head then 
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coincident with the widscreen damage, as per the evidence provided by the UKPF 

(Table 12 and Figure 82). 

 

Figure 82: Damage on vehicle windscreen of Case 4 (United Kingdom Police Force, 2019) 

The pedestrian kinematics is illustrated in Figure 83. 

 

Figure 83: Pedestrian kinematics of Case 4 (vehicle speed 12.51 m/s) 

The pedestrian was reported as the running stance with the left leg forward. The 

pedestrian’s lower extremities contacted with the bumper at the start of event. The 

pedestrian torso rotated and had the left side impact with the vehicle bonnet. The 

occipital area of head contacted with windscreen at the end of impact.  
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An energy curves check was performed to verify the model stability (Figure 84). 

 

Figure 84: Energy curves of Case 4 

The total energy (T.E.) remains constant across the whole time history, meaning that 

the model is numerically stable. 

9.4.3 Injury Result using PVP 

The collision timeframe was produced from the kinematics and the force plot (Figure 

85). 

 

Figure 85: Contact forces between pedestrian and vehicle of Case 4 
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10 Kinematics and injury outcomes under different pedestrian 

positions 

In order to investigate whether the kinematics of the THUMS model were consistent 

within the bounds of the vehicle frontend impact locations, two extra offset scenarios 

from Wen’s research (Wen, 20119) have been tested in order to research any impact 

variability effects observed in the damage area from the vehicle bumper. The average 

damage area on the vehicle bumper, estimated the 4 vehicle photos provided, is 

around 260mm in length. The maximum length of the low extremity cross section is 

estimated between 102mm to 152mm, therefore, in order to cover the size of the 

damaged area, the pedestrian is moved ±50mm in the x-axis from its mean position 

initially studied in the previous chapters 

10.1 Case 1  

Accident 1 relates to an impact between a 65-year-old male pedestrian and a SEAT 

Leon. The pedestrian collision is highlighted in Figure 93: 

 

Figure 93 Case 1 pedestrian position (from left to right: -50mm, 0mm, +50mm) 

The pedestrian kinematics are shown in Figure 94, representing the kinematic of 

different pedestrian impact positions varying from -50mm, 0mm to +50mm. After 

computation, for the +50mm location which was moved closer to the edge, it can be 

noticed that the thorax and the head impact locations were closer to the edge of the 

bonnet. The rotation of the pedestrian body was quite similar amongst these 3 

scenarios, however, the thorax impact angle showed some differences, as well as the 

pedestrian’s left arm’s kinematics, as observed in Figure 95. 
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Figure 94 Case 1 Pedestrian Kinematic (from left to right: -50mm, 0mm, +50mm) 

 

Figure 95 Case 1 Thorax impact angle (from left to right: -50mm, 0mm, +50mm) 

The AIS results, provided in Table 17, were of the same order of severity, irrespective 

of the three stances studied. From left to right, the results were listed for the -50mm, 

0mm, and +50mm cases. Also, a graph presented in Figure 96, illustrates the 

comparison of AIS results between the 3 cases for each organ. 
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Table 17 Case 1 AIS result comparison (from left to right: -50mm, 0mm, +50mm) 

 

 

Figure 96 Case 1 AIS comparison per organ (from left to right: -50mm, 0mm, +50mm) 

There were some differences in PVP values, however, compared to the AIS reading 

from the 0mm model, there were 6 AIS matches out of 7 for both -50mm and +50mm 

cases. The AIS level of the heart from +50mm case was relatively smaller than the 

0mm case and the AIS of the liver from -50mm case was larger than the 0mm one. 

This is due to the fact that the thorax impact angle is slightly different and that the left 

arms of both ±50mm cases were positioned between the thorax and the windscreen 

at the time of impact. Also, the impact location of the -50mm case did not correlate 

with the damage area provided by the UKPF; both other cases were covering the 

damage area and the injury outcome of both of these cases were almost the same, 

only 1 AIS level difference can be obtained on heart. 

-50mm 0mm +50mm

Part AIS AIS AIS

Heart 4 4 3

Liver 3 2 2

Spleen 3 3 3

RKidney 4 4 4

LKidney 3 3 3

BrainWhite 3 3 3

BrainGrey 3 3 3

SEAT 

(Case 1)
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10.2 Case 2 

Case 2 described a TOYOTA Corolla impacting a 34-year-old female pedestrian crossing 

the road, as illustrated in Figure 97; the tested scenario is listed below in Figure 98. 

 

Figure 97 Case 2 pedestrian position (from left to right: -50mm, 0mm, +50mm) 

The kinematics are shown in Figure 98 from left to right: -50mm, 0mm and +50mm 

respectively. The overall kinematics were mostly the same, but it can be noticed that 

the pedestrian was rotating slightly along its spine and impacted near the edge of the 

bonnet. Consequently, in the case of +50mm, the thorax is not entirely contacting the 

bonnet. It can also be seen in Figure 99 that the thorax impact angle was different in 

all the three cases. 

 

Figure 98 Case 2 Pedestrian Kinematic (from left to right: -50mm, 0mm, +50mm) 
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Figure 99 Case 2 Thorax impact angle (from left to right: -50mm, 0mm, +50mm) 

The result AIS readings is shown in Table 18 and represent the results for -50mm, 0mm 

and +50mm respectively from left to right. Figure 99 also highlights the variation of 

AIS results in the same order for each organ. 

Table 18 Case 2 AIS result comparison (from left to right: -50mm, 0mm, +50mm) 

 

-50mm 0mm +50mm

Part AIS AIS AIS

Heart 4 2 3

Liver 2 2 3

Spleen 2 1 1

RKidney 2 2 2

LKidney 2 2 2

BrainWhite 3 3 2

BrainGrey 1 2 1

TOYOTA 

(Case 2)
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Figure 100 Case 2 AIS comparison per organ (from left to right: -50mm, 0mm, +50mm) 

The result showed some differences in the PVP values, however, compared to the AIS 

readings from 0mm model, there were 4 AIS matches out of 7 for the -50mm case and 

3/7 for the +50mm one. The AIS levels of the heart and the spleen from the -50mm 

case, also heart and liver from +50mm case, are relatively larger than the 0mm case. 

The AIS levels of brain white matter from -50mm case and brain grey matter from both 

±50mm cases were smaller than the 0mm case. As the pedestrian was moving towards 

the edge of the vehicle, the pedestrian tended to slide away from the vehicle bonnet, 

therefore, explaining the different AIS values obtained from different scenario. 

However, based on the damage area provided by the UKPF, the thorax impact location 

of -50mm case was not covering the damage area, and the head impact location of 

+50mm case was also not covering the damage area near A pillar as the pedestrian 

was sliding away from the vehicle frontal.  

10.3 Case 3 

Case 3 described a collision between a Renault Clio and a 79-year-old male, as shown 

in Figure 101: 
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Figure 101 Case 3 pedestrian position (from left to right: -50mm, 0mm, +50mm) 

The pedestrian kinematics is shows in Figure 101, and were similar amongst these 3 

scenarios. In this configuration, the pedestrian in case +50mm was impacting more at 

the centre of the bonnet than the other cases. The pedestrian impact angles were 

similar between all 3 cases, as shown in Figure 102.  

 

Figure 102 Case 3 Pedestrian Kinematic (from left to right: -50mm, 0mm, +50mm) 
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Figure 103 Case 3 Thorax impact angle (from left to right: -50mm, 0mm, +50mm) 

The AIS results are given in Table 19, in the same order as the last two cases, as per 

Figure 104.  

Table 19 Case 3 AIS result comparison (from left to right: -50mm, 0mm, +50mm) 

 

-50mm 0mm +50mm

Part AIS AIS AIS

Heart 5 5 5+

Liver 4 4 4

Spleen 2 2 2

RKidney 3 3 3

LKidney 3 3 3

BrainWhite 5 4 4

BrainGrey 4 3 3

CLIO 

(Case 3)
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Figure 104 Case 3 AIS comparison per organ (from left to right: -50mm, 0mm, +50mm) 

The results shown some differences of PVP values, however, compared to the AIS 

reading from the 0mm model, 5 AIS matches out of 7 for the -50mm case and 6/7 for 

the +50mm case. The AIS reading on the heart from the +50mm case was relatively 

larger than the 0mm one. Furthermore, the AIS levels on the white and grey matter 

from the -50mm case was larger than the reading from the 0mm case. The impact 

geometry was different, the pedestrian’s legs are close to the corner of the bumper. 

From Figure 102 and Figure 103, it can be noticed that the pedestrian’s legs tended to 

rise more the closer the pedestrian was to the middle of vehicle. From the damage 

area provided by UKPF, it can be noticed that the -50mm case is not covering the 

damage evidence on bumper, bonnet and windscreen. However, the AIS reading from 

three cases were comparable. Only 1 AIS level difference can be observed on the heart, 

white matter and grey matter.  

10.4 Case 4 

Case 4 stated a Mercedes Benz B180 colliding with a 25-year-old male (Figure 105).  
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Figure 105 Case 4 pedestrian position (from left to right: -50mm, 0mm, +50mm) 

The kinematic is shown in Figure 106. The impact location was shifting to the edge as 

the pedestrian initial position was moving towards the edge. The kinematic was 

comparable for all 3 scenarios. Figure 107 also highlights that the impact angle 

between thorax and bonnet was comparable for all cases.  

 

Figure 106 Case 4 Pedestrian Kinematic (from left to right: -50mm, 0mm, +50mm) 
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Figure 107 Case 4 Thorax impact angle (from left to right: -50mm, 0mm, +50mm) 

The results AIS are shown in Table 20, and the comparison of the AIS results presented 

in Figure 108. 

Table 20 Case 4 AIS result comparison (from left to right: -50mm, 0mm, +50mm) 

 

-50mm 0mm +50mm

Part AIS AIS AIS

Heart 5 4 4

Liver 3 2 2

Spleen 2 2 2

RKidney 3 3 3

LKidney 4 4 3

BrainWhite 2 2 3

BrainGrey 1 1 1

BenZ 

(Case 4)
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Figure 108 Case 4 AIS comparison per organ (from left to right: -50mm, 0mm, +50mm) 

The AIS predictions result gave a 5 out of 7 matches for the -50mm case and a 5/7 

match for the +50mm case. The -50mm case shown a higher AIS on heart and liver, 

meanwhile the +50mm case suggested a smaller AIS on the left kidney and a higher 

AIS on brain white matter. Both these three cases were sharing comparable 

kinematics, however, the impact location shown some differences as expected. 

According to the damage area given by the UKPF, the head impact location was near 

the A pillar. The -50mm case gave an impact location a bit further away from the A 

pillar, while the +50mm case was impacting directly on the A pillar. 

10.5 Summary of the Kinematics Study 

As a summary, it can be observed that the overall kinematic behaviours were similar 

between the impact tolerance proposed (±50mm and 0mm case). The injury outcomes 

readings consisted of 28 predictions (7 organs on 4 cases). The -50mm case had 20 out 

of 28 predictions with the same AIS level as the 0mm case, while the +50mm scenario 

suggested 21 out of 28 predictions. The differences in injury outcome predictions were 

mainly observed in the upper thorax area. Also, the differences of damage area caused 

by pedestrian’s head and thorax can be noticed within the impact tolerance proposed. 

The AIS results between 3 cases were close except for the heart. Although the 
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kinematics were quite similar, small differences of impact location can be observed. 

Therefore, the damage area on vehicle was used as a reference when reconstructing 

accidents.  It can therefore be concluded that the PVP method gave, in general, a 

maximum/ minimum of 1 AIS response value for scenarios leading to a similar 

kinematics and contact area and stiffness. The injury outcomes of 0mm were used in 

the following discussion. 
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11 Injury outcomes of pedestrian scaled with different methods 

In order to replicate height and weight of the pedestrians involved in the real-life 

accidents, the approach taken in this study was to scale the pedestrian in the Z-axis to 

achieve the target height and then scaling the pedestrian in X and Y-axis to achieve 

the target weight. However, the pedestrian weight could also be adjusted by changing 

the density of pedestrian’s flesh. It was determined that the method was appropriate 

because the BMI (BMI 18.21-26.46) was close to the THUMS pedestrian model (BMI 

24.13). Kinematics of pedestrian and injury outcomes will be compared and discussed. 

The aim of this section was to compare the consequences of two scaling methods.  

The impact models were performed at 0mm position which has most plausible match 

with the damage mark on the vehicle. There were two sets of simulation conducted 

for each accident case; the pedestrians’ weight was achieved by different methods 

mentioned in the methodology. The injury results were extracted and compared with 

the PM report, leading to conclude on the consequence of different scaling method 

on AIS predictions. 

11.1 Case 1  

Accident 1 related to an impact between a 65-year-old male pedestrian and a SEAT 

Leon. The pedestrian kinematics are shown in Figure 94, the kinematics and contact 

time of two cases were almost the same. 
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Figure 109 Case 1 Pedestrian Kinematic (from left to right: scaling method I and method II) 

The AIS results of simulation performed with two scaling methods are shown in Table 

17. Also, a graph presented in Figure 96, shown the comparison of AIS results between 

two cases against PM report on different organs. It can be observed that the 

pedestrian kinematics does not seem to have been affected by both scaling methods. 

Table 21 Case 1 AIS result comparison (from left to right: scaling method I and method II) 

 

Method I Method II

Part AIS AIS

Heart 4 4

Liver 2 3

Spleen 3 3

RKidney 4 3

LKidney 3 4

BrainWhite 3 4

BrainGrey 3 3

SEAT 

(Case 1)
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Figure 110 Case 1 AIS comparison (PM left, Method I middle, Method II right) 

The results showed some differences on AIS reading, but no more than 1 AIS level 

between the two scaling methods. The method I gave 3 predictions out of 7 while 

method II gave 4 predictions. Also, method II gave closer prediction on liver compared 

to method I.  

11.2 Case 2 

Case 2 described a TOYOTA Corolla impacting a 34-year-old female pedestrian crossing 

the road. The kinematics are shown in Figure 98 from left to right: Method I and 

Method II respectively. The kinematics and contact time were same between two 

cases. 
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Figure 111 Case 2 Pedestrian Kinematic (from left to right: Method I and Method II) 

The result of AIS readings is shown in Table 18. While Figure 112 also highlights the 

variation of AIS results in the same order for each organ. Again, that the pedestrian 

kinematics does not seem to have been affected by both scaling methods. 

Table 22 Case 1 PVP/AIS result comparison (from left to right: Method I and Method II) 

 

Method I Method II

Part AIS AIS

Heart 2 5

Liver 2 3

Spleen 1 1

RKidney 2 2

LKidney 2 2

BrainWhite 3 2

BrainGrey 2 2

TOYOTA 

(Case 2)
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Figure 112 Case 2 AIS comparison 

There was a maximum of 1 AIS level difference between the two scaling methods, 

except for the heart. The AIS level extracted from simulations performed with method 

I gave 6 matches out of 7 organs, while method II gave 3 matches. 

11.3 Case 3 

Case 3 described a collision between a Renault Clio and a 79-year-old male. The 

pedestrian kinematics is shows in Figure 102, the two scaling methods provided 

almost no impact on the kinematics and contact time. 
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Figure 113 Case 3 Pedestrian Kinematic (from left to right: Method I and Method II) 

The AIS results are given in Table 19, in the same order as the last two cases, as per 

Figure 104. Both kinematics are comparable. 

Table 23 Case 3 PVP/AIS result comparison (from left to right: Method I and Method II) 

 

Method I Method II

Part AIS AIS

Heart 5 5

Liver 4 4

Spleen 2 2

RKidney 3 3

LKidney 3 3

BrainWhite 4 4

BrainGrey 3 3

CLIO 

(Case 3)
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Figure 114 Case 3 AIS comparison 

Regarding to the AIS level extracted, there was no difference between two scaling 

methods, both cases predicted only 1 against PM report, the results will be discussed 

in detail in the following section. 

11.4 Case 4 

Case 4 referred to a Mercedes Benz B180 colliding with a 25-year-old male. The 

kinematic is shown in Figure 106. Significant differences on kinematics can be 

observed between two scaling methods. The scaling methods I gave a rear thorax 

contact with bonnet and rear head contact with windscreen while the scaling method 

II gave a side thorax contact with bonnet and side head contact with windscreen. Also, 

the impact location was different between two cases, methods I gave a better 

correlation with the damage mark provided by UKPF. The different occurred early in 

the impact stage, as the left arm behaved differently, as shown in Figure 107. The left 

arm in method I was bent upon contacting the bumper, however, in method II, the left 

arm remained parallel to the torso at the time of impact, hence did not support th 

thorax  
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Figure 115 Case 4 Pedestrian Kinematic (from left to right: Method I and Method II) 

 

Figure 116 Case 4 Thorax impact angle (from left to right: Method I and Method II) 

The AIS are shown in Table 20, and the comparison of the AIS results presented in 

Figure 108. 
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Table 24 Case 4 PVP/AIS result comparison (from left to right: Method I and Method II) 

 

 

Figure 117 Case 4 AIS comparison 

In this case, different trauma corridors were used on head impact since the impact 

location in both cases were different for each two methods. There was a maximum of 

1 AIS level difference, except for the brain grey matter. Method I gave 3 matches out 

of 7 organs and method II only gave 1 match. 

11.5 Summary of the Scaling Methods Study 

As a summary, it can be noticed that the kinematic behaviour was almost the same 

using different scaling methods in first 3 cases. However, in a consequence of the 

different weight distribution with two scaling methods, the pedestrians left arm could 

not bent in Case 4. Therefore, the kinematics of Case 4 shown significant differences 

Method I Method II

Part AIS AIS

Heart 4 5

Liver 2 3

Spleen 2 3

RKidney 3 3

LKidney 4 4

BrainWhite 2 4

BrainGrey 1 4

BenZ 

(Case 4)
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between the two scaling methods. However, method I in Case 4 gave better 

correlation on damage mark based on the information provided by UKPF.  

The injury outcomes consisted of 28 predictions (7 organs on 4 cases). The accident 

cases scaled with method I had 13 out of 28 predictions against PM report, while the 

cases scaled with method II suggested 9 out of 28 predictions. Therefore, it can be 

concluded that with these two scaling methods gave, in most scenarios, the 

kinematics and injury outcomes shown little differences. However, based on 4 

accidents it was suggested that the behaviour of arm was an important factor that 

affect the kinematic of entire body as observed in Case 4, more cases were required 

to study this effect. But the differences of injury outcomes were small except on the 

brain grey matter even with the significate kinematic differences observed. The injury 

outcomes of method I were used in the following discussion section as it had better 

correlations not only with the PM report, but also with the damage mark provided by 

UKPF. 
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12 Discussion 

The aim of this chapter is to explore, discuss and compare the injury results calculated 

from the CAE simulations in depth from the aged model, the non-aged model (Wen, 

2019) and with the real-world Post-Mortem (PM) outcomes.  

Wen reconstructed the accident scenarios according to the police reports. The study 

contains extraction and comparison of the injury results against the PM reports to see 

whether the mechanic tool can be used to predict injury result in real-world accident. 

However, Wen pointed out that the age of human body model was missing in her 

reconstruction due to the limitation of injury assessment tools. In the research 

presented in this thesis, age was added on THUMS model to investigate whether a 

better correlation could be obtained, hence answering the research question “Will 

adding age on Human Body Model improve trauma prediction compared to an un-

aged model?” 

In each collision, the AIS level of each injury was predicted, and the ISS score extracted 

accordingly. The summary of the AIS level and ISS score of Case 1 is presented in Table 

25. 

Table 25: CAE prediction result summary of Case 1 

SEAT (Case 1) AIS of PM AIS of CAE (39 year old) AIS of CAE (65 year old) 

White matter (DAI) 4 3 3 

Grey matter  0-2 3 3 

Heart 4 4 4 

Liver 4 3 2 

Spleen 2-3 4 3 

Right kidney 4 5 4 

Left kidney 4 4 3 

ISS 48 57 41 

In Case 1, for individual injury on each organ/tissue, the aged CAE model successfully 

predicted the injury AIS level on heart, spleen and right kidney. Underestimation was 

observed on white matter, liver and left kidney, which are one/two AIS level lower 

than the PM outcomes, overestimation was noticed on grey matter. The prediction of 

the non-aged CAE model shows a lower AIS result on white matter and liver and higher 

AIS result on grey matter, spleen and right kidney. Compared to the non-aged CAE 
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model, the aged model shows better correction on ISS. In the PM report, the detailed 

injury description is shown in Table 26. 

Table 26: Detailed PM report of Case 1 (United Kingdom Police Force, 2019) 

Injury location Injury location 

Cardio-Vascular system  
The pericardial cavity was ruptured. The heart 
weighted 345gms and appeared normal on external 
examination. 

Gastro-Intestinal system 
The liver showed obvious rupture over the anterior 
surface. 

Uro-Genital system 
There was marked perinephric haemorrhage around 
both kidneys. 

Reticulo-Endothelial system There was spleen was ruptured and weighted 
35gms. Clotted blood observed on splenic capsule 

Central Nervous system 

The skull and cranial cavity was normal. The brain 
weighted 1466g and showed an area of subdural 
haemorrhage over the right parietal lobe, and also 
over the cerebellum in the midline and over right 
cerebellar hemisphere. The cut surface of brain 
showed some small perechial haemorrhage present 
in right cerebellar peduncle. No other brain injury 
was identified. 

Cause of death 
Blunt trauma to the Chest and Abdomen 

Multiple injuries 

As shown above, PM report observed a brain haemorrhage, liver rupture and kidney 

haemorrhage. The THUMS model, as a CAE tool, is a dynamic Lagrangian CAE model 

which cannot be used to predict post-accident trauma like swelling and bleeding, but 

the material damage only. Therefore, one AIS level underestimation is a reasonable 

and acceptable prediction using aged THUMS model.  

As explained in the literature study, ISS score, as a severity measurement for multiple 

injury, was also calculated in this research. Compared to the PM report, the prediction 

result from the aged CAE model shows better correlation.  

The summary of the AIS level and ISS score of Case 2 is presented in Table 27.  



 

Xiang Cheng 3794843                                                                                                                                          127 

 

Table 27: CAE prediction result summary of Case 2 

TOYOTA (Case 2) AIS of PM AIS of CAE (39 year old) AIS of CAE (34 year old) 

White matter (DAI) 3 3 3 

Grey matter  3 2 2 

Heart 0-2 2 2 

Liver 0-2 2 2 

Spleen 0-2 1 1 

Right kidney 0-2 2 2 

Left kidney 0-2 2 2 

ISS 18-22 17 17 

In the instance of Case 2, the pedestrian is a 34-year-old female. The aged CAE model 

successfully predicted the AIS level on brain white matter, heart, liver, spleen, right 

kidney and left kidney. One level underestimation on brain grey matter was observed. 

The non-aged CAE model forecast the same AIS prediction on white matter, heart, 

liver, spleen and kidneys. The detailed PM report of Case 2 is presented below (Table 

28). 

Table 28: Detailed PM report of Case 2 (United Kingdom Police Force, 2019) 

Injury location Description 

Cardiovascular system  
Parietal pericardium was unremarkable and no 
significant effusion was seen within it. Heart weighted, 
313g, was normal in relation to the height of deceased.    

Respiratory system No definite fracture was seen. 

Gastrointestinal system 

Stomach appeared unremarkable. The small and large 
intestines appeared unremarkable.  The liver, 1316g, 
appeared congested. The gallbladder and pancreas were 
unremarkable. 

Lymphoretlcular system  The spleen, 128g, appeared congested. 

Genitourinary system The kidney, together 323g, were unremarkable. 

Central Nervous system  

 There was some subarachnoid haemorrhage. The brain, 
1225g, appeared diffusely swollen to a mild degree. 
There were contusions on the inferior aspect of the 
right temporal lobe. 

Cause of death Head injury  

Subarachnoid haemorrhage was observed on the pedestrian brain tissue as stated in 

PM report. Again, as a dynamic Lagrangian CAE model, THUMS model is not capable 

to predict post-accident trauma. Therefore, one AIS level of underestimation on brain 

grey matter is numerically expected. Regarding the ISS score, the aged CAE model 
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shows a better correlation with the PM report results. The summary of the AIS levels 

and ISS scores of Case 3 is presented in Table 29. 

Table 29: CAE prediction result summary of Case 3 

CLIO (Case 3) AIS of PM AIS of CAE (39 year old) AIS of CAE (79 year old) 

White matter (DAI) 0-2 3 4 

Grey matter  0-2 2 3 

Heart 0-2 5+ 5 

Liver 0-2 5+ 4 

Spleen 0-2 2 2 

Right kidney 0-2 5 3 

Left kidney 0-2 5 3 

ISS 0-12 75 57 

In Case 3, the aged CAE model only predicted the correct spleen AIS level, while the 

non-aged CAE model predicted the correct grey matter and spleen trauma outcomes. 

Case 3’s PM was unremarkable, as no trauma was observed on the deceased (Table 

30). 

Table 30: Detailed PM report of Case 3 (United Kingdom Police Force, 2019) 

Injury location Description 

Cardiovascular 
system  

The great vein was unremarkable.  Examination on cardiac 
valves showed no abnormality  

Respiratory 
system The mouth, tongue and oesophagus were unremarkable  

Gastrointestinal 
system 

Stomach appeared unremarkable. The small and large 
intestines appeared unremarkable.  The liver, 1316g, 
appeared congested. The gallbladder and pancreas were 
unremarkable. 

Lymphoretlcular 
system  

The spleen was terminally congested but with firm pulp. No 
indication of laceration 

Genitourinary 
system The kidneys showed no focal lesion on the cut surface. 

Central Nervous 
system  

No evidence of skull fracture and brain showed no evidence of 
contusion 

Cause of death Multiple injuries and Road traffic injuries 

There was no trauma observed on any critical organ or tissue, but the pedestrian’s 

cause of death was announced to be caused by multiple injuries, which is not logical. 

This disagreement suggests that the CAE prediction is reasonable and acceptable. 
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Referring to PM report accuracy study (NCEPOD, 2006), the conclusion is shown in 

Table 31. 

Table 31: Quality of the history as presented in the autopsy report (Ncepod., 2006) 

Quality of the history as presented in the autopsy report 

  n= % 

Good 242 18 

Satisfactory 957 71 

Unsatisfactory 141 11 

TOTAL 1340 100 

Not answered 351 
 

It was observed that 89% out of all the PM reports studied (NCEPOD., 2006) were 

classified as  “good” or “satisfactory”. Based on this conclusion, the PM report can not 

always be considered as accurate. The summary of the AIS level and ISS score of Case 

4 is presented in Table 32. 

Table 32: CAE prediction result summary of Case 4 

BenZ (Case 4) AIS of PM AIS of CAE (39 year old) AIS of CAE (25 year old) 

White matter (DAI) 4 2 2 

Grey matter  0-2 3 1 

Heart 0-2 5+ 4 

Liver 0-2 3 2 

Spleen 0-2 3 2 

Right kidney 0-2 4 3 

Left kidney 0-2 3 4 

ISS 16-24 50 41 

In Case 4, AIS level overestimations were observed on the heart and the kidneys, while 

using the aged CAE model. Regarding the brain white matter, two AIS levels of 

underestimation were concluded using aged CAE model. Using the non-aged CAE 

model, two AIS level of underestimation on brain white matter were also observed. 

The heart AIS level prediction is extremely high using non-aged CAE model, compared 

to the PM result. The injury description from the PM report is shown in Table 33.  
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Table 33: Detailed PM report of Case 4 (United Kingdom Police Force, 2019) 

Injury location Description 

Cardio-Vascular 
system  

The pericardial cavity was normal. The aorta and great 
vessels were normal. 

Gastro-Intestinal 
system 

The liver weighted 975g and appeared normal externally 
and on slicing.  

Uro-Genital system Both kidneys weighted 125g and were normal. 

Reticulo-Endothelial 
system The spleen weighted 90g and appeared normally. 

Musculo-skeletal 
system 

There were multiple skull fractures.  

Brain Multiple area of cerebral contusion 

  Rupture at right parietal lobe 

  Cerebral oedema 

  Subarachnoid haemorrhage  

  Subdural haemorrhage 

Cause of death Head Injury 

As seen above (Table 33), no heart trauma was concluded in the PM report, however, 

both aged and non-aged CAE model have captured this injury. Brain tissue 

haemorrhage, as the cause of the death, is out of the prediction scope of THUMS 

model, which may explain the underestimation of the CAE predictions. 
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13 Conclusions 

Fatalities as a result of road traffic accidents involve all pedestrians ages. A 

literature review identified that age has a negative impact on the human body and 

represented by the accumulation of changes in a human being over time. Further to 

this, the review identified that such changes lead to a difference in trauma outcome 

for pedestrians involved in road accidents, a fact not currently incorporated into safety 

assessment approaches. 

Road traffic accident death occurs at different age groups. From a mechanical 

perspective, age decreases the relative properties of human biological structures such 

as bones, tissues and organs. As current pedestrian protection methods and tools still 

do not consider the age effect, there is a missed opportunity to improve road safety. 

This research applies the age effects to the finite element human model by scaling the 

material properties as well as anthropometric parameters linked with age. By 

reconstructing the provided accident scenarios, the injury and trauma results were 

calculated and then compared to the available Post-Mortem (PM) data.  

This research identified that the THUMS 4.01 model could be adjusted to reflect the 

given age mentioned in the Post-Mortem report. Pedestrian skeleton system, brain 

tissue and organs were aged by altering density, Young’s modulus, yield stress and 

load curve in the plastic phase to match the provided pedestrian age. The then aged 

THUMS 4.01 model was scaled to the target height and weight using the scale factor 

calculated from the VBA programme. 

Three injury indicators were tested on the aged THUMS 4.01 head model to 

investigate their capability to capture the age effect on trauma, leading to the 

selection of the Peak Virtual Power (PVP) method, which allowed the computation of 

AIS as a function of impact speed. Peak Virtual Power (PVP), as the selected indicator, 

was calibrated, using a cylindrical impactor for the pedestrian head and a plate for the 

thoracic and abdominal organs. One of the key results of this calibration is the 

generation of unique trauma prediction curves as a function of age. These have been 

validated using the injury accident cases. 
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Thanks to collisions data provided by the UKPF, four real-world accident cases were 

reconstructed. In each case, the pedestrians were scaled and aged to the recorded 

height. The injuries observed in computer model were compared to the conclusion 

provided by coroners in Post-Mortem report. AIS rating of 0 to 2 was proposed if no 

AIS rating was provided in PM report as a trauma could be too small to capture by the 

coroner.  

Out of all the AIS predictions, the injury results from non-aged CAE simulations have 

10 matches with Post-Mortem reports. Injury results from aged CAE simulations have 

13 correlations with Post-Mortem conclusion. The uncorrelated results of the aged 

CAE simulations were mostly observed on human organs such as heart, liver and 

kidneys. Case 3 has the most lack of correlation with the injury results. Regarding the 

ISS scores, results from the aged CAE simulations of Case 1, Case 3 and Case 4 show 

improved correlation with Post-Mortem reports in comparison with the non-aged 

model. 

It was found that the THUMS 4.01 model, the heart has significant geometrical 

differences compared to a real human heart, which would likely lead to differences in 

injury predictions. In THUMS, the heart is modelled as a homogeneous visco-elastic 

organ of the correct external geometry but contains no chambers or muscles. Based 

upon the work presented here, it is considered that THUMS needs further 

development of the heart.  

No trauma was captured on organs and tissue in the Post-Mortem report in Case 3, 

however the pedestrian was still conclude died of multiple injuries, suggesting the CAE 

prediction was plausible. Regarding the research on the accuracy of PM reports, PM 

cannot always be considered as the only validation standard in injury evaluation. 

In conclusion, in 28 organ blunt trauma predictions (4 accident cases, 7 organs), a non-

aged model predicts 36% of AIS PM outcomes, while an aged model predicts 46%. 

However, computing a polytrauma response, based on ISS, the aged model shows 

better prediction results compare with non-aged model.  
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This research provides important advances in modelling trauma severity as a function 

of age using a finite element computer model. Trauma calibration as a function of age 

has been derived. Ageing the model using physical characteristics is a step forward in 

computing ISS. This is the first time that a continuous function has been setup to link 

organ trauma severity and age together. However, more work is needed to 

understand the AIS discrepancies observed in the THUMS human model. 
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14 Limitations and Future Works 

The investigation tool used in this research is THUMS 4.01. It is comprehensive on 

organs and soft tissue modelling human body model, but aorta is not included.  As it 

is a dynamic Lagrangian CAE model, THUMS v4.01 cannot be used to predict post-

accident effects like swelling and bleeding, but only the material damage: in this case 

trauma. To predict real-world accident trauma, as stated in Post-Mortem (PM) report, 

the model needs a fundamental rebuild and include maybe SPH or ALE formulations 

to evaluate bleeding and swelling. 

The torso contact with vehicle bonnet during an accident is a complex procedure 

which involves different rolling directions. Using single impact direction scenario 

cannot present the kinematics of pedestrian torso during the whole procedure. 

Compared with organ calibration, head calibration shows good correlation due to the 

accurate duplication of calibration scenarios and accident impact conditions. To 

obtain more accurate torso calibration results, it is recommended to capture the 

pedestrian posture at the time of contact and apply it to the THUMS model, then 

conduct the impact test using a plate impactor.  

Due to the time limit, only three test speeds were applied in baseline threshold 

calibration test. Mathematically, three speeds are sufficient for a cubic relationship, 

however, the consequence is that any slight discrepancy will change the fit. For 

accurate results, more speeds are recommended. Also, in order to perform a statistical 

study, more accident data are needed. Police reports could provide more information, 

like pedestrian gait and crossing speed. PM reports, in general, could be more accurate. 

The age effects were applied using the average scaling value per age group (Table 8), 

therefore there is no error band. Due to the data limit, it is not currently possible to 

obtain specific scaling factor for each age. For more precise age effects, deeper 

investigations on the age effect of human biologic structure are needed.  

Except inner organs, the THUMS 4.01 model omits all the other biological structures 

such as blood vessels in the torso model This could lead the inner organs to have more 

degree of freedoms than they should have in real life. Such a modelling method could 
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produce large stresses and strains when organs contact each other. To achieve 

accurate prediction, it is believed that the THUMS model requires significant 

development.  
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Appendix I: Brain Tissue Elasticity and Volume 

Age 
Elasticity 

(kPa) 
Scaling 
factor 

Scaling 
factor (age 

group) 
Age 

Volume 
(dm3) 

Scaling 
factor 

Scaling 
factor (age 

group) 

20 3.900 1.066 

1.068 

20 1.734 1.022 

1.022 

21 3.876 1.066 21 1.730 1.022 

22 3.852 1.066 22 1.727 1.022 

23 3.828 1.067 23 1.723 1.022 

24 3.804 1.067 24 1.719 1.022 

25 3.780 1.068 25 1.716 1.022 

26 3.756 1.068 26 1.712 1.022 

27 3.732 1.069 27 1.708 1.022 

28 3.708 1.069 28 1.704 1.022 

29 3.684 1.070 29 1.701 1.022 

30 3.660 1.000 

1.000 

30 1.697 1.000 

1.000 

31 3.636 1.000 31 1.693 1.000 

32 3.612 1.000 32 1.690 1.000 

33 3.588 1.000 33 1.686 1.000 

34 3.564 1.000 34 1.682 1.000 

35 3.540 1.000 35 1.679 1.000 

36 3.516 1.000 36 1.675 1.000 

37 3.492 1.000 37 1.671 1.000 

38 3.468 1.000 38 1.667 1.000 

39 3.444 1.000 39 1.664 1.000 

40 3.420 0.934 

0.932 

40 1.660 0.978 

0.978 

41 3.396 0.934 41 1.656 0.978 

42 3.372 0.934 42 1.653 0.978 

43 3.348 0.933 43 1.649 0.978 

44 3.324 0.933 44 1.645 0.978 

45 3.300 0.932 45 1.642 0.978 

46 3.276 0.932 46 1.638 0.978 

47 3.252 0.931 47 1.634 0.978 

48 3.228 0.931 48 1.630 0.978 

49 3.204 0.930 49 1.627 0.978 
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50 3.180 0.869 

0.865 

50 1.623 0.956 

0.956 

51 3.156 0.868 51 1.619 0.956 

52 3.132 0.867 52 1.616 0.956 

53 3.108 0.866 53 1.612 0.956 

54 3.084 0.865 54 1.608 0.956 

55 3.060 0.864 55 1.605 0.956 

56 3.036 0.863 56 1.601 0.956 

57 3.012 0.863 57 1.597 0.956 

58 2.988 0.862 58 1.593 0.956 

59 2.964 0.861 59 1.590 0.956 

60 2.940 0.803 

0.797 

60 1.586 0.935 

0.934 

61 2.916 0.802 61 1.582 0.934 

62 2.892 0.801 62 1.579 0.934 

63 2.868 0.799 63 1.575 0.934 

64 2.844 0.798 64 1.571 0.934 

65 2.820 0.797 65 1.568 0.934 

66 2.796 0.795 66 1.564 0.934 

67 2.772 0.794 67 1.560 0.934 

68 2.748 0.792 68 1.556 0.933 

69 2.724 0.791 69 1.553 0.933 

70 2.700 0.738 

0.730 

70 1.549 0.913 

0.912 

71 2.676 0.736 71 1.545 0.913 

72 2.652 0.734 72 1.542 0.912 

73 2.628 0.732 73 1.538 0.912 

74 2.604 0.731 74 1.534 0.912 

75 2.580 0.729 75 1.531 0.912 

76 2.556 0.727 76 1.527 0.912 

77 2.532 0.725 77 1.523 0.911 

78 2.508 0.723 78 1.519 0.911 

79 2.484 0.721 79 1.516 0.911 
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Appendix II: Injury Evaluation and Examples 

  

AIS Level Description of representative injury 
H

e
ad

 a
n

d
 n

ec
k 

1 

Pain and dizzy after head trauma 

Cervical spinal strain without bone fracture 

Minor rupture on jugulars (blood loss≤20%) and bruise 

2 

Retroactive amnesia 

Drowsiness and bluntness; loss of consciousness < 1 hour 

Thyroid rupture 

Simple skull fracture 

Incomplete brachial plexus injury 

Minor compression of vertical vertebrae (≤20%) 

Spinous or intervertebral injury without nerve damage 

Contusion on nerve root; contusion and laceration of cranial 
nerve 

Carotid intimal tear and rupture (blood loss ≤20%) 

Jugular rupture with thrombus (blood loss ≤20%) 

Single lateral laceration on throat and vocal cords 

3 

Coma up to 6 hours 

Coma ≤1 hour with nerve disorder 

Skull basal fracture 

Crushing/open/depress (≤2cm) skull fracture 

Cerebral infarction and contusion 

Cerebella contusion (≤15ml and diameter≤3cm) 

Minor cerebral swelling or oedema (pressure on ventricle, no 
pressure on brainstem) 

Skull penetration (depth≤2cm) 

Subarachnoid haemorrhage 

Pituitary damage 

Severe compression of cervical vertebrae (>20%) 

Internal carotid tear and rupture (blood loss>20%) 

Jugular rupture with thrombus (blood loss >20%) 

Complete brachial plexus injury 

4 

Coma up to 6 hours with nerve disorder 

Response to pain stimulation only 

Skull depression>2cm 

Complex crushing fracture on basal 

Dural rupture or exposure and damage to brain tissue 

Brain contusion 30-50ml (diameter>4cm, central offset>5cm) 

Mild brain swelling with pressure on ventricle and brainstem 

Large cerebella contusion (15-30ml, diameter>3cm) 

Hematoma on epidural and subdural (adult≤30ml) 

Oesophagus or trachea rupture without transection 

5 Coma up to 24 hours 
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Brainstem damage 

Extensive brain contusion (adult >50ml) 

Extensive contusion on cerebella (total volume>30ml) 

Extensive or bilateral hematoma on epidural (adult>30ml) 

Brain swelling with no observation of ventricle and brainstem 

Perforation on brain or cerebella 

Transection on throat 

Oesophagus or trachea transection or abscission 

Complete spinal cord injury; fracture or dislocation on C4 and 
below 

Th
o

ra
x 

1 

Single rib fracture: thoracic spine strain 

Sternum abrasion; sternum contusion 

Main bronchus contusion with hematoma 

2 

Fracture on 2-3 ribs or several fractures on single rib (AIS 3 is 
concluded if hematopneumothorax is observed) 

Sternum fracture; dislocation on thoracic spine 

Minor compression on thoracic spine (≤20%) 

Oesophagus contusion or laceration of thoracic duct 

Diaphragm contusion with hematoma 

Phleborrhexis on oesophagus or bronchus (blood loss≤20%, AIS 
3 is concluded if blood loss >20%) 

Pleural laceration (AIS 3 is concluded if hematopneumothorax is 
observed) 

3 

Exposure or crushing fracture on more than 1 rib (AIS 4 is 
concluded if hematopneumothorax is observed) 

Fracture on more than 3 ribs on single side 

Lung contusion or laceration (AIS 3 is concluded if contusion and 
laceration are observed on both lungs or mediastinal hematoma 
is observed or blood loss>20% ) 

Unilateral pneumothorax or hemothorax 

Mediastinal emphysema; oesophagus laceration without 
perforation; Contusion on main bronchus or trachea without 
transection 

4 

Fracture on more than 3 ribs on both sides (AIS 5 is concluded if 
hematopneumothorax is observed) 

Bilateral lung contusion (AIS 5 is concluded if blood loss >20%) 

Mediastinal hematoma; bilateral pneumothorax (AIS 5 is 
concluded if blood loss >20%) 

Pressure pneumothorax 

Rupture and perforation on oesophagus or bronchus without 
complete transection 

Tear on Thoracic aortic intimal (blood loss≤20%); incomplete 
spinal cord injury syndrome 

Diaphragm laceration with diaphragmatocele 

5 Severe laceration of thoracic aorta 
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Pericardium rupture with cardiac herniation 

Cardiac rupture 

Complex rupture or transection on oesophagus or main 
bronchus 

Throat and trachea separation 

Complete spinal cord damage or laceration 

Bilateral flail chest (mechanical ventilation required) 

A
b

d
o

m
in

al
 L

o
ca

ti
o

n
 a

n
d

 P
el

vi
c 

C
av

it
y 

1 

Scratch, contusion and superficial laceration on vagina, labia, 
perineum, scrotum, testis or penis 

Lumbar strain 

Haematuria 

2 

Contusion, hematoma or superficial laceration without 
perforation on stomach, duodenum, small intestine, large 
intestine, rectum, bladder, ureter, urethra, mesenteric, liver, 
spleen, kidney, pancreas; laceration, contusion on gallbladder 
cysts no damage on gallbladder choledoch, iliac vein incomplete 
transaction (blood loss ≤20%) 

Unilateral facet dislocation, vertebral compression fractures 
(≤20%), intervertebral disc injury no nerve root damage 

3 

Laceration or perforation on stomach or duodenum (diameter 
≤50-70%); rupture or perforation on small intestine, large 
intestine, rectum without transection, laceration on bladder 
without perforation, extensive laceration on ureter, urethra, 
uterus, anus, perineal, vulva, vagina and penis 

Tear on total, internal and external endometrial of celiac artery 
or iliac artery (blood loss ≤20%), rupture on postcava (blood loss 
≤20%), iliac artery rupture (blood loss >20%) 

Severe damage on mesenterium or retina (blood loss >20%), 
crush damage on ovary, sever damage on renicapsule 

Extensive laceration, avulsion on liver, spleen, bile cyst, kidney, 
pancreas; Dislocation on lumbar spine, vertebral compression 
fracture 

More than 1 nerve root damage 

Slippage on intervertebral disk with nerve root damage 

4 

Complex rupture, stomach avulsion, descendant duodenum 
rupture (diameter >75%), transaction or avulsion on small and 
large intestine, extending perforation from rectum to perineal or 
bladder, posterior urethral tissue destruction, uterine laceration, 
extensive tear on mesenterium; Rupture on bile cyst with 
choledoch or hepatic duct laceration or transection; abdominal 
aortic intimal tear (blood loss ≤20%), postcava rupture (blood 
loss>20%) 

Incomplete paraplegia 

5 
Severe rupture with tissue loss, severe infection, total or 
extensive damage on duodenum, total or extensive damage on 
rectum with obvious fecal pollution in pelvic cavity 
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Complete spinal cord damage, abdominal aorta and celiac artery 
rupture (blood loss >20%) 

Spinal cord laceration with transaction and crushing damage 
Ex

tr
em

it
ie

s 
an

d
 P

el
vi

s 

1 

Bone fracture or dislocation on wrist, finger or toe 

Sprain on shoulder lock, shoulder elbow, finger, wrist, hip, ankle 
or toe 

Nerve contusion 

2 

Bone fracture on brachial, radial, ulnar, tibial, peroneal, hip, lock, 
shoulder, shoulder blade, wrist, palm, heel, tarsus, plantar, pubic 
symphysis or pelvis 

Dislocation on elbow, shoulder, shoulder lock, hip or knee 

Endometrial laceration or mild tear on wrist, ankle or iliac vein 
(blood loss ≤20%, AIS 3 is concluded if blood loss >20%) 

Severe laceration on muscle or tendon, meniscus tear 

Single or multiple nerve laceration 

3 

Femoral fractures (including head, neck, trochanter, and iliac 
crest) 

Injuries on either side of the upper limb other than the finger, 
traumatic dislocation of the lower extremity below the knee, 
detachment injury, partial or extensive, destructive crush injury 

Sciatic nerve laceration 

Femoral artery intimal tear or rupture (loss of blood ≤ 20%, AIS 
4 is concluded if blood loss >20%, AIS 5 is concluded if blood 
loss >20%) 

4 

Open, displaced or comminuted pelvic fractures with severe 
pelvic deformation, displacement with vascular rupture or 
massive retroperitoneal hematoma (blood loss ≤20%) 

The upper part of the knee joint is completely disconnected 

5 Open/displaced/comminuted pelvic fractures (blood loss >20%) 
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Appendix III: Virtual Power Curves 

1 Virtual Power (VP) Curves of Brain Tissue and Critical Organs of Case 1 

 

Figure A 1 PVP result on pedestrian grey matter of Case 1 

 

Figure A 2 PVP result on pedestrian white matter of Case 1 
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Figure A 3 PVP result on pedestrian heart of Case 1 

 

Figure A 4 PVP result on pedestrian liver of Case 1 
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Figure A 5 PVP result on pedestrian left kidney of Case 1 

 

Figure A 6 PVP result on pedestrian right kidney of Case 1 
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Figure A 7 PVP result on pedestrian spleen of Case 1 

2 Virtual Power (VP) Curves of Brain Tissue and Critical Organs of Case 2 

 

Figure A 8 PVP curve of pedestrian grey matter of Case 2 
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Figure A 9 PVP curve of pedestrian white matter of Case 2 

 

Figure A 10 PVP curve of pedestrian heart of Case 2 
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Figure A 11 PVP curve of pedestrian liver of Case 2 

 

Figure A 12 PVP curve of pedestrian left kidney of Case 2 
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Figure A 13 PVP curve of pedestrian right kidney of Case 2 

 

Figure A 14 PVP curve of pedestrian spleen of Case 2 
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3 Virtual Power (VP) Curves of Brain Tissue and Critical Organs of Case 3 

 

Figure A 15 PVP curve of pedestrian grey matter of Case 3 

 

Figure A 16 PVP curve of pedestrian white matter of Case 3 
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Figure A 17 PVP curve of pedestrian heart of Case 3 

 

Figure A 18 PVP curve of pedestrian liver of Case 3 
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Figure A 19 PVP curve of pedestrian left kidney of Case 3 

 

Figure A 20 PVP curve of pedestrian right kidney of Case 3 
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Figure A 21 PVP curve of pedestrian spleen of Case 3 

4 Virtual Power (VP) Curves of Brain Tissue and Critical Organs of Case 4 

 

Figure A 22 PVP curve of pedestrian grey matter of Case 4 
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Figure A 23 PVP curve of pedestrian white matter of Case 4 

 

Figure A 24 PVP curve of pedestrian heart of Case 4 
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Figure A 25 PVP curve of pedestrian liver of Case 4 

 

Figure A 26 PVP curve of pedestrian left kidney of Case 4 
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Figure A 27 PVP curve of pedestrian right kidney of Case 4 

 

Figure A 28 PVP curve of pedestrian spleen of Case 4 
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Appendix IV: Coefficients of Injury Threshold Curves 

  Thorax Calibration Values for THUMS4.01 Pedestrian 

      a b c Age Group 

Front 

Heart (front 20) AIS4 -0.01150 0.32260 -0.77870 

20-29 

Liver (front 20) AIS4 -0.04070 1.22850 -5.09100 

Spleen (front 20) AIS4 -0.00160 0.19350 -1.10180 

R_kidney (front 20) AIS4 -0.00110 0.03800 0.01080 

L_kidney (front 20) AIS4 -0.00050 0.05700 -0.09080 

Heart (front 30) AIS4 -0.01130 0.32010 -0.81560 

30-39 

Liver (front 30) AIS4 -0.03860 1.18400 -4.90400 

Spleen (front 30) AIS4 0.00070 0.13180 -0.81660 

R_kidney (front 30) AIS4 -0.00140 0.04640 -0.03500 

L_kidney (front 30) AIS4 0.00240 -0.01390 0.22700 

Heart (front 50) AIS4 -0.01940 0.51480 -1.80130 

50-59 

Liver (front 50) AIS4 -0.01450 0.59950 -2.14190 

Spleen (front 50) AIS4 0.00100 0.12530 -0.78670 

R_kidney (front 50) AIS4 -0.00090 0.03740 -0.00300 

L_kidney (front 50) AIS4 0.00340 -0.03320 0.31150 

Heart (front 70) AIS4 -0.02040 0.54560 -2.00530 

70-79 

Liver (front 70) AIS4 -0.01790 0.68440 -2.52960 

Spleen (front 70) AIS4 0.00060 0.13520 -0.83190 

R_kidney (front 70) AIS4 -0.00310 0.08380 -0.20450 

L_kidney (front 70) AIS4 0.00490 -0.07410 0.50440 

Rear 

Heart (rear 20) AIS4 -0.00630 0.20370 -0.70970 

20-29 

Liver (rear 20) AIS4 -0.00980 0.21000 1.99560 

Spleen (rear 20) AIS4 0.01160 0.93460 -6.02670 

R_kidney (rear 20) AIS4 -0.00940 0.28690 -1.05780 

L_kidney (rear 20) AIS4 0.00220 0.03110 -0.06690 

Heart (rear 30) AIS4 -0.00680 0.21350 -0.74280 

30-39 

Liver (rear 30) AIS4 -0.01430 0.32570 1.44500 

Spleen (rear 30) AIS4 0.01000 0.98380 -6.26300 

R_kidney (rear 30) AIS4 -0.00500 0.18410 -0.60270 

L_kidney (rear 30) AIS4 0.00250 0.02280 -0.01140 

Heart (rear 50) AIS4 -0.00820 0.24120 -0.86360 

50-59 

Liver (rear 50) AIS4 -0.00490 0.08000 2.55870 

Spleen (rear 50) AIS4 0.01210 0.95950 -6.19140 

R_kidney (rear 50) AIS4 -0.00980 0.29540 -1.11110 

L_kidney (rear 50) AIS4 0.00120 0.05270 -0.17820 

Heart (rear 70) AIS4 -0.00880 0.24580 -0.86260 

70-79 

Liver (rear 70) AIS4 -0.01080 0.21170 1.97730 

Spleen (rear 70) AIS4 -0.01830 1.53860 -8.57310 

R_kidney (rear 70) AIS4 -0.01000 0.30380 -1.17080 

L_kidney (rear 70) AIS4 -0.00100 0.09080 -0.28210 

 



 

Xiang Cheng 3794843                                                                                                                                          162 

 

  
Head Calibration Values for THUMS4.01 Pedestrian with 4.02 brain material 

properties 

      a b c Age Group 

Fron
t 

BrainWM (front 20) AIS4 -0.00370 0.10320 0.17430 
20-29 

BrainGM (front 20) AIS3 0.00130 0.03570 0.35800 

BrainWM (front 30) AIS4 -0.00330 0.09160 0.19760 
30-39 

BrainGM (front 30) AIS3 0.00110 0.03440 0.37960 

BrainWM (front 50) AIS4 -0.00300 0.08610 0.09190 
50-59 

BrainGM (front 50) AIS3 0.00190 -0.00270 0.54480 

BrainWM (front 70) AIS4 -0.00290 0.08180 0.00800 
70-79 

BrainGM (front 70) AIS3 0.00320 -0.05040 0.75700 

Side 

BrainWM (side 20) AIS4 0.00520 -0.12320 1.06370 
20-29 

BrainGM (side 20) AIS3 0.00260 -0.06440 0.75430 

BrainWM (side 30) AIS4 0.00520 -0.12530 1.06790 
30-39 

BrainGM (side 30) AIS3 0.00220 -0.05960 0.76890 

BrainWM (side 50) AIS4 0.00440 -0.10600 0.91350 
50-59 

BrainGM (side 50) AIS3 0.00320 -0.08010 0.80810 

BrainWM (side 70) AIS4 0.00380 -0.09150 0.77700 
70-79 

BrainGM (side 70) AIS3 0.00330 -0.08360 0.77930 

Rear 

BrainWM (rear 20) AIS4 0.00550 -0.16730 2.00830 
20-29 

BrainGM (rear 20) AIS3 -0.00080 0.02410 1.27820 

BrainWM (rear 30) AIS4 0.00520 -0.15840 1.86570 
30-39 

BrainGM (rear 30) AIS3 -0.00090 0.02330 1.24580 

BrainWM (rear 50) AIS4 0.00210 -0.07610 1.25220 
50-59 

BrainGM (rear 50) AIS3 0.00310 -0.08950 1.75490 

BrainWM (rear 70) AIS4 -0.00003 -0.01980 0.78370 
70-79 

BrainGM (rear 70) AIS3 0.00580 -0.16580 1.97990 

 

 

 

 




