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Abstract 
The European New Car Assessment Programme (Euro NCAP) performs several 

different tests to evaluate vehicles and rate their safety. Some of these tests are 

subsystem tests made to mimic different body parts of a pedestrian in an 

interaction with a vehicle. However, some criticism to the test method for the 

upper leg has been presented, stating that there is a discrepancy between this test 

method and a real-life interaction. Therefore, a modified test method for the upper 

leg has been proposed. 

 

The aim of this thesis was to evaluate the upper leg test method used today by 

Euro NCAP, and compare it with the proposed modified test method as well as to 

computer simulations with a Human Body Model (HBM). The evaluation was 

performed by comparing different parameters obtained in the two test methods. 

These have also been compared to computer simulations using a HBM in 

interaction with a passenger vehicle model.  

 

Prior to the evaluation of the test methods, the HBM was positioned into different 

stances to mimic postures in the human walking cycle. The vehicle model was 

positioned at four different heights, and three different impact points along the 

bonnet were used. The results showed that the different methods had their own 

advantages for some parameters. However, no general conclusion of which 

method showed the closest correlation to the HBM reference simulations could be 

determined. 
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Sammanfattning 
European New Car Assessment Programme (Euro NCAP) utför flera olika tester 

för att utvärdera fordon och betygsätta deras säkerhet. Några av dessa tester sker 

med delsystem skapade för att efterlikna olika kroppsdelar hos en fotgängare i en 

kollision med ett fordon. Viss kritik har dock riktats mot testmetoden för lårben 

och höft, då studier visat att det finns en skillnad mellan testmetoden och en 

verklig kollision. En modifierad testmetod för lårbenet och höften har därför 

föreslagits. 

 

Syftet med detta examensarbete har varit att utvärdera testmetoden för lårben och 

höft, som idag används av Euro NCAP, och jämföra den med den föreslagna 

modifierade testmetoden men även datorsimuleringar med en humanmodell. 

Utvärderingen har genomförts genom att jämföra olika parametrar som erhållits 

från de två testmetoderna. Dessa parametrar har även jämförts med 

datorsimuleringar av fotgängarkollisioner med en humanmodell och en bilmodell. 

 

Humanmodellen positionerades i olika kroppsställningar innan utvärderingen av 

testmetoderna genomfördes. Detta för att efterlikna verkliga positioner i en 

mänsklig gångcykel. Bilmodellen positionerades vid fyra olika höjder och tre 

träffpunkter längs motorhuven användes. Resultaten visade att båda metoderna 

hade fördelar gentemot varandra för vissa parametrar. Ingen generell slutsats 

kunde dock dras om vilken metod som visade närmast korrelation till 

referenssimuleringarna med humanmodellen. 
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Nomenclature 

 

Abbreviations 
ANMC   – Approximate Natural Movement Curve 

AM50   – American Male 50
th

 percentile 

BL   – Bonnet Lead 

BLE   – Bonnet Leading Edge 

BLEH  – Bonnet Leading Edge Height 

CG   – Center of Gravity 

CT   – Computer Tomography 

DOF   – Degrees of Freedom 

Euro NCAP   – European New Car Assessment Programme 

EEVC   – European Enhanced Vehicle-Safety Committee 

FE   – Finite Element 

FEA   – Finite Element Analysis 

FEM  – Finite Element Method 

HBM   – Human Body Model 

IMVITER   – Implementation of Virtual Testing in safety Regulation 

LTV   – Light Truck Vehicle 

MBLE  – Modified Bonnet Leading Edge 

MBLEH   – Modified Bonnet Leading Edge Height 

NCPU   – Number of Central Processing Units 

NHTSA   – National Highway Traffic Safety Administration 

PMHS   – Post Mortem Human Subject 

PV   – Passenger Vehicle 

SUV   – Sport Utility Vehicle 

THUMS   – Total Human Model for Safety 

UBH   – Upper Bumper Height 

UBRL   – Upper Bumper Reference Line 

 

 

Notations 
A   – Area [m

2
] 

E   – Young‟s modulus [Pa] 

K  – Kinetic energy [J] 

L  – Length [m] 

m   – Mass [kg] 

v  – Velocity [m/s]  

w   – Displacement [m] 

W   – Physical work [J] 

β   – Impact angle [degrees] 

δ   – Elongation [m] 

ε   – Strain [-] 

θ   – Bone angle [degrees] 

ρ   – Density [kg/m
3
] 

ζ  – Normal stress [Pa] 

η  – Shear stress [Pa] 

θ   – Desired bone angle [degrees] 
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Anatomical terminology 
Anterior – Towards the front 

Posterior  – Towards the back 

Proximal  – Closer to the torso 

Distal  – Further away from the torso 

Inferior   – Lower 

Superior  – Upper  

Lateral  – Sideways 

Adduction  – Movement of extremities closer to the centerline of the body 

Abduction  – Movement of extremities away from the centerline of the body 

Flexion  – A bending motion, joint angle decreasing 

Extension   – A bending motion, joint angle increasing 
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1 Introduction 

It is estimated that over 400 000 pedestrians are killed annually worldwide in 

collisions with moving vehicles, and approximately 95 % of these pedestrians are 

killed in low- and middle-income countries [1]. According to the National 

Highway Traffic Safety Administration (NHTSA) [2], 4 280 pedestrians were 

killed and an estimate of 70 000 were injured on American roads in 2010. The 

pedestrian collisions with fatal outcome accounted for around 13 % of the total 

fatalities in road related accidents in the United States [2]. In Europe, the total 

number of pedestrians killed was approximately 5 000 in 2011 [3]. However, 

there has been a steady decline in pedestrian fatalities over a ten- to twenty-year 

period due to better public education, stricter speed limits, and more developed 

car shapes, mainly due to aerodynamic improvements [2], [4], [5]. 

 

Around 60 – 80 % of all the vehicle-to-pedestrian interactions in Europe involve a 

Passenger Vehicle (PV) [6]. In studies by Strandroth et al. [3] and Coley et al. [5] 

it is reported that PV manufacturers nowadays are looking to improve the design 

of the vehicles. This is done in order to minimize injuries to pedestrians in case of 

a collision. The front end of the vehicle is particularly of interest since it is usually 

the impact location [6]. Several studies have shown that most of the vehicle-to-

pedestrian interactions occur at a pedestrian crossing with the pedestrians struck 

laterally by the vehicle‟s front while walking or running rather than standing 

completely still [6–9]. Studies also indicate that a pedestrian‟s response to an 

impact and the injury that follows is significantly affected by the stance of the 

pedestrian [6], [10]. 

 

Furthermore, the velocity of the vehicle and the point of impact between the 

pedestrian and the vehicle play a critical role in the kinematics and forces imposed 

to the pedestrian‟s upper leg region [11], [12]. In order to study the parameters of 

interest, crash test experiments are often conducted using dummies or subsystem 

testing. However, with modern computer technology, simulations with Human 

Body Models (HBM) using the Finite Element Method (FEM) have been 

increasingly used in the vehicle development process [13]. 

 

Vehicles tested by the European New Car Assessment Programme  (Euro NCAP) 

have shown poor results in the upper leg test [13], indicating that there is a 

discrepancy between the Euro NCAP upper leg test and real-life injury data [8], 

[11], [14].  Furthermore, the upper leg subsystem tests have shown unsatisfactory 

high impact-energies in comparison to computer simulations [13]. Thus, it is of 

interest to further investigate the possibilities of a more realistic upper leg 

subsystem test method.  

 

The aim of this thesis has therefore been to evaluate the existing test method used 

today by Euro NCAP for pedestrian safety concerning the upper leg region, in 

comparison with a modified test method proposed by Snedeker et al. [11] and 

computer simulations. 
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2 Background 

This background section gives the reader a summary of the theoretical concepts 

needed to fully comprehend this thesis. This section describes basic concepts 

associated with the European New Car Assessment Programme (Euro NCAP), the 

upper leg test method used today, and an introduction to vehicle-to-pedestrian 

interactions. Furthermore, basics in solid mechanics, the Finite Element Method 

(FEM), and biomechanics are included as well as a description of the Total 

Human Model for Safety (THUMS) and positioning of Human Body Models 

(HBM). Finally, another test method for the upper leg test for vehicle-to-

pedestrian interactions, defined by Snedeker et al. [11], is presented. 

2.1 The European new car assessment programme 

The Euro NCAP was founded in 1997 as an independent organization with the 

objective to investigate and rate the safety of different vehicle models [15], and 

provide consumers with information of vehicle safety through test results. It is 

sponsored by some European countries' governments and motoring associations 

[15]. 

 

The Euro NCAP safety rating system consists of several tests in four different 

areas; adult occupant protection, child occupant protection, pedestrian protection, 

and safety assists. The rating system is weighted by combining the scores in the 

four areas and a maximum score of 5 stars overall can be achieved [16]. 

 

These tests are based on protocols developed by the European Enhanced Vehicle-

Safety Committee (EEVC), a collaboration between various European countries' 

governments. EEVC‟s objective is to improve the safety of vehicles in use. The 

committee is divided into different working groups focusing on different areas of 

safety, where Working Group 10 (WG 10) and 17 (WG 17) have worked with 

pedestrian safety [17]. From 1988 to 1994 the EEVC WG 10 created a test 

protocol for development of pedestrian-protection test methods. The protocol 

included full-scale pedestrian dummy testing, Post Mortem Human Subject 

(PMHS) testing, real life accident reconstruction, and some computer simulations.  

 

In 2002, EEVC WG 17 updated the existing protocol, which is now being used by 

Euro NCAP [13], [14]. The major changes were mainly improvements of the 

impactor tests with an upper leg component and a total-leg component to 

reference lines on the bonnet and the bumper, respectively [13].  

2.1.1 Reference lines on a vehicle 

The Bonnet Leading Edge (BLE) is defined by Euro NCAP as a reference line 

across the bonnet of a vehicle [18]. It is determined by a 1 000 mm straight edge, 

at an angle of 40 degrees to the horizontal plane, pressed towards the bonnet, see 

Figure 1. The lowest part of the straight edge should be at 600 mm from ground 

level. The BLE is the line where the edge comes in contact with the bonnet, and is 

then crossed along the bonnet while still maintaining contact [18]. The BLE's 
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vertical height from the ground is referred to as the Bonnet Leading Edge Height 

(BLEH) [18]. 

 

 
Figure 1 – The Bonnet Leading Edge (BLE) as defined by Euro NCAP [18]. 

The Upper Bumper Reference Line (UBRL) is defined as the contact of a 700 mm 

straight edge and the uppermost part of the bumper on the vehicle. The edge is 

tilted 20 degrees towards the vehicle front and is crossed along the bumper while 

remaining in contact with the bumper. The line of the uppermost contact along the 

bumper is the UBRL, see Figure 2 [18].  

 

 
Figure 2 – The Upper Bumper Reference Line (UBRL) and the Bonnet Lead (BL) as defined by Euro 

NCAP [18]. 

The Bonnet Lead (BL) is the horizontal distance from the BLE to the UBRL, i.e. 

the distance in which the bumper is in front of the bonnet, see Figure 2. This 

measurement may differ along the front of the vehicle and therefore has to be 

measured separately for all different impact points [18]. 

2.1.2 Subsystem testing 

Subsystem tests are used in vehicle-to-pedestrian impact analysis. The subsystems 

are often called impactors, and are developed to resemble different parts of the 

human body such as an adult‟s head, a child‟s head, an upper leg component, as 

well as a total leg component, see Figure 3. The impactors are propelled against 

multiple locations of the vehicle to measure different parameters. These are 

necessary to approximate the injury risk of different body parts of a pedestrian in 

a collision with a vehicle [18]. 

 



 

 

5 

 

 
Figure 3 – The different impactors, used in the tests by Euro NCAP, propelled towards a vehicle. 

The Euro NCAP does not perform Post Mortem Human Subject (PMHS) or 

dummy testing. Instead, all their tests are conducted using impactors [19]. Testing 

of the upper leg is conducted using the upper leg impactor, propelled at the 

vehicle front so that the center of the impactor impacts exactly at the BLE [18]. 

Their upper leg impactor test is performed at three different impact locations at 

the bonnet of the vehicle, locations that are judged to most likely cause injury to a 

pedestrian in case of a collision. These impact points may therefore differ between 

different vehicles [18]. The upper leg impactor measures forces and bending 

moments [13], [18].  

 

The upper leg impactor, see Figure 4, consists of a front member with a diameter 

of 50 mm, made to resemble a human femur. It is connected at the top and bottom 

to a rear member, which in turn is connected to a torque-limiting joint. In the front 

member, three strain gauges are placed at 50 mm apart to measure the strain, see 

section 2.3, and bending moment acting on the impactor,. The front member is 

covered in foam to resemble the flesh of the human upper leg. The length of the 

impactor is 350 mm [20]. Furthermore, it is possible to alter the mass of the 

impactor, depending on the vehicle to be tested, by applying weights to the top 

and bottom of the rear member [18].  
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Figure 4 – The upper leg impactor as proposed by EEVC WG17 [13], and used by Euro NCAP [18] . 

The velocity, impact angle, and kinetic energy of the upper leg impactor are 

dependent on the geometry of the vehicle front [18]. The velocity may vary from 

20 to 40 km/h, the impact angle between 10 and around 45 degrees from the 

horizontal plane, and the kinetic energy may vary from 200 to 700 J for different 

vehicle fronts. The methods used to obtain these parameters are defined by Euro 

NCAP [18], using the BL and the BLEH. The mass of the impactor is calculated 

from Equation (1), where m is the mass, K is the kinetic energy, and v is the 

velocity of the impactor: 

  
  

     (1) 

 

Limits have been set by the Euro NCAP for the upper leg test. These limits are 

used rate the vehicle: 

 

 The maximum force simultaneously acting on the femur should not exceed 

5 kN [21]. 

 The maximum bending moment on the femur should be lower than 

300 Nm [21].  

These have been based on the results from EEVC WG 17 [13]. 
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2.2 Vehicle-to-pedestrian interactions 

There are mainly two sources of information concerning vehicle-to-pedestrian 

interactions; police reports and hospital records. Neither of these includes detailed 

reports on pedestrian stances, impact locations on the striking vehicle or actual 

velocity [22], [23]. However, according to a study by Chidester and Isenberg, [7], 

out of 521 examined vehicle-to-pedestrian interactions a total of 356 pedestrians 

were oriented with their side facing the striking vehicle. This accounts for 68 %, 

whereas 17 % of the examined interactions were facing the vehicle, and 10 % 

were facing away [7].  

 

In similar studies, it was found that out of the examined vehicle-to-pedestrian 

interactions, between 79 % and 90 % of the pedestrians were moving at the time 

of impact and 82 % were crossing a road with the vehicle impacting laterally in 

85 % of the incidents [6], [8]. A Swedish study has also shown that the highest 

number of pedestrian-related accidents occur at pedestrian crossings compared to 

any other part of the road [9], further indicating that pedestrians are often struck 

laterally while in motion. Studies have also shown that the stance of the pedestrian 

is a critical factor in the injury outcome [5], [24]. 

 

Furthermore, Chidester and Isenberg [7] report that among 511 injured 

pedestrians, 4 184 injuries were identified. This means that some of the 

pedestrians sustained several injuries. Out of these documented injuries, 33 % 

were found on the lower and upper leg. Several similar studies have reported that 

the lower extremities, including the pelvis region, were the most commonly 

injured body parts [3], [23]. However, there are studies indicating that there has 

been a decrease in pedestrian injuries [7], [13], [23]. EEVC WG 17 reports that 

the decrease in femur injuries might be caused by a more rounded bonnet in 

modern cars in comparison to a sharper edged bonnet in older vehicles [13].  

 

If a pedestrian is hit by a larger vehicle, such as a Sport Utility Vehicle (SUV) or a 

Light Truck Vehicle (LTV), the impact location will most likely be above the 

pedestrian‟s Center of Gravity (CG). This is however seldom the case with lower 

vehicles such as a Passenger Vehicle (PV) [23]. Generally, in a PV-to-pedestrian 

interaction the bumper strikes the lower extremities causing a rotation of the upper 

body. This will force the feet to leave the ground. The femur then impacts on the 

bonnet followed by the pelvis, abdomen, thorax, and upper extremities. Finally 

the head strikes either the bonnet or the windshield depending on impact speed of 

the striking vehicle and the height of the pedestrian [3], [23]. This type of vehicle-

to-pedestrian interaction can be seen in Figure 5. 
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Figure 5 – A schematic view of a passenger vehicle in a typical interaction with an adult pedestrian, as 

defined by Roudsari et al. [23].  

Tests with subsystems are most common when studying vehicle-to-pedestrian 

interactions. There are however other, more uncommon, methods to study a 

pedestrian‟s response to an impact with a vehicle, such as dummy testing and 

PMHS tests. 

 

Dummy testing is rare and under development. They are reliant on extensive 

measurement techniques due to their mechanical complexity, and are often costly 

and time-consuming procedures [4], [5], [8]. Furthermore, they tend to lack the 

high level of biofidelity, i.e., the degree of similarity between the test object and a 

real-life human, necessary for realistic results [6].  

 

Crash test experiments using PMHS are very rare. They are only performed to 

gather validation data for further studies with dummies, subsystems, or computer 

simulations using Human Body Models (HBM). The data collection is primarily 

that of injury response and other parameters of the human body, hence focusing 

on human kinematics rather than vehicle development. There are sometimes 

issues in the availability of PMHS, and the ethical aspects have to be considered 

in these tests [5], [25]. Furthermore, the PMHS is often consumed in the crash 

test, meaning that the injuries sustained often render the PMHS useless for further 

crash tests.  

 

In computer simulations, Finite Element (FE) dummies and FE HBM can be used 

to study vehicle-to-pedestrian interactions. These tests have advantages compared 

to dummy testing, PMHS tests, and subsystem testing, in that they are cheaper, 

more repeatable, suitable for large-scale testing, and are relatively fast. Therefore, 

computer simulations with HBM or FE dummies using the Finite Element Method 

(FEM) are often preferred [5], [25]. Moreover, HBMs are more biofidelic than FE 

dummies and therefore more appropriate for parameter studies.  
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2.3 Solid mechanics and the finite element method 

One of the most basic concepts of solid mechanics is normal stress ζ, described as 

the force F in a material per unit area A and is measured in N/m
2
 or Pa, see 

Equation (2).  

      
 

 
   (2) 

 

Furthermore, strain ε is another important concept, which is described as the ratio 

between the elongation δ and the initial length L of the body when affected by a 

force, see Equation (3) [26]. 

 

     
 

 
   (3) 

 

Another basic concept in solid mechanics is shear stress η, which is also described 

as the force F per unit area A, but instead the force is acting parallel to the object‟s 

surface. Shear stress is calculated by Equation (4) and is measured in N/m
2
 or Pa. 

 

  
 

 
                  (4) 

 

There are also some material constants that need to be taken into account when 

studying solid mechanics, such as the Young’s modulus E, which describes the 

stress needed for a certain strain to occur. These material relations are often called 

constitutive relations and describe the properties of the material being used, i.e., a 

relation between stress and strain. The simplest constitutive relation is Hooke’s 

law, see Equation (5), which introduces a linear relation between stress and strain 

with the Young‟s modulus E as the linear coefficient [26]. 

 

          (5) 

 

To show how the theory in solid mechanics works, a typical bending of a beam is 

illustrated in Figure 6 where the analytically calculated displacement w is 

described. 

 
Figure 6 – An analytical solution to the bending of a beam with an applied force, F, and the resulting 

displacement w. 

FEM is a useful technique to numerically obtain approximate solutions to 

different complex engineering problems, e.g., in solid mechanics. In order for a 

Finite Element Analysis (FEA) to be proper and solvable, some assumptions and 
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simplifications of the problem have to be made, but at the same time the model 

has to represent the reality in a sufficient way for the problem at hand. In some 

situations, the user has to rely on intuition or experience from earlier work to 

make proper assumptions and an appropriate model [27]. 

 

The basic of FEM is that the body of an object being analyzed is divided into a 

finite number of sub-regions called elements, connected to each other in discrete 

points, called nodes [28]. When solving a problem with FEM, the nodes have 

unique locations and properties enabling analysis of a single node if desired. The 

complete entity of the elements and nodes is called a mesh, see Figure 7. 

 

 
Figure 7 – The mesh of a modeled geometry, divided into several elements connected with nodes. 

The mesh can be created with different sizes of elements depending on the 

problem, i.e., an object can theoretically be divided into as many elements as 

desired. If the body is divided into an infinite number of elements, the numerical 

solution approaches the analytical. A denser mesh leads to a more complex 

analysis, with additional calculations necessary to solve the problem, since there 

are more elements and nodes to be taken into account. Hence, there is a tradeoff 

between calculation time and the accuracy of the solution.  

 

When a problem is calculated using FEM, a numerical solution is obtained in each 

node. They are however not isolated from each other, but rather affected by the 

solutions in adjacent elements since a node can be shared by many elements.  

 

If the same problem, as seen in Figure 6, instead were to be solved using FEM, 

the displacement of every single element could be obtained and analyzed, see 

Figure 8. In this scenario, the force F has the same magnitude as for Figure 6, and 

a similar displacement is thus obtained. However, the numerical approach causes 

differences in the displacement w of the model, where each element has been 

deformed individually. 
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Figure 8 – A numerical solution to the bending of a beam with an applied force, F, and the resulting 

displacement w. 

A number of elements in a finite element (FE) model can be collected to form 

parts. These parts can be assigned material properties and may differ between 

different models to resemble the properties of the original object, e.g., a concrete 

wall and a wooden wall is similarly modeled but with vast differences in their 

material properties. 

 

An important factor when using FEM is to consider the mesh as a set entity, 

meaning that a node may not be altered without affecting the entire mesh of the 

model. This is because nodes and intermediate elements are dependent on the 

location of adjacent ones. If a node is to be moved without reducing the mesh 

quality, it has to be simulated with an applied boundary condition, e.g., force, 

velocity, or displacement. 

 

Prior to any simulations of different problems, the boundary conditions, e.g., 

forces and constraints acting on the model have to be applied. When the 

simulation is initiated, the model is governed by the applied boundary conditions, 

and parameters of interest can be obtained.  

 

To simplify calculations in a simulation, different parts can be assigned a rigid 

material property. A rigid material does not deform at all during a simulation, 

regardless of the force acting on it [26]. This reduces the required computational 

power and time [29]. The part may however move without deforming the mesh, 

allowing it to transmit a force onto an adjacent part that is not made rigid, see 

Figure 9. 

 

Transforming a body into rigid allows the user to apply constraints to the part, 

making it unable to move in certain directions, see Figure 9. These directions are 

called Degrees of Freedom (DOF), and include both translational and rotational 

movements. It is also possible to assign a rigid part as a master and others as its 

slaves, forcing the slaves to be dependent on the master-part‟s movements and 

constraints. 
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Figure 9 – The left image shows an unconstrained rigid body (grey) between two deformable bodies 

(white). A force F is applied to a deformable body. The force is then transmitted onto the adjacent rigid 

body, which in turn transmits the force to the deformable part. The right image shows the same force F, 

applied to the same deformable body. However, since the rigid body now is constrained, the force is not 

transmitted to the adjacent deformable part. 

2.4 Biomechanics 

Biomechanics can, according to Woo et al. [30], be described as; 

 

“… the application of engineering principles to the study of 

forces and motions of biological systems.”  

 

This includes the direction and magnitude of forces and moments acting on 

biological tissue [30].  

2.4.1 Biomechanics of the upper leg 

In 

Figure 10 the basic anatomy of the knee, upper leg, and pelvic region of a human 

is seen.  

 

 

Figure 10 – Schematic view of the lower extremities of a human, anterior view (left) and lateral view 

(right). 
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The knee is a hinge joint, where the lowermost part of the femur, the femoral 

condyles, is in contact with the tibial plateau, see Figure 10. Since the knee 

functions as the joint between the two longest levers in the body [31], it needs to 

be stable enough to endure daily moments and torques acting upon it while still 

maintaining mobility to be able to rotate. The stability is maintained through 

ligaments and other supporting tissue surrounding the knee, but also by muscles. 

These are referred to as static and dynamic stabilizers, respectively [32]. 

 

The knee is able to move in six DOF, three translational and three rotational [30], 

[32], and movement in these DOF is governed by muscles, ligaments, cartilage 

and other supporting tissues in the knee [33]. It is able to rotate in flexion-

extension, abduction-adduction, and internal-external [12], [32], see Figure 11. 

These six motions are needed for a natural human locomotion [32]. 

 

 
Figure 11 – The DOF's of the knee (left) and the hip (right). 

The hip joint is a ball-and-socket joint, meaning that the spherically shaped head 

of the femur is able to move somewhat freely in the concave acetabulum, the hip 

socket [34], see Figure 10. Since the hip joint is the connecting link between the 

lower extremities and the pelvis it does not only have to endure pressure and 

forces from the ground upwards, but also forces from the torso, head, and upper 

extremities [34], [35]. The muscles and tendons in the hip are crucial in stabilizing 

the pelvic region and the torso when walking [36]. 

 

The hip is somewhat mobile and is able to move in three DOFs, internal-external, 

flexion-extension and abduction-adduction motion [37], see Figure 11. The 

rotational and translational movement of the femur and femoral head is governed 

by muscles, ligaments, tendons, and the acetabulum [33]. 

2.4.2 The mechanism of human movement and gait 

The mechanism of human locomotion is a multi-DOF procedure involving the 

pelvic area, hip joint, knee joint, and ankle joint as well as the intermediate bones 

[38]. The movement is initiated by rotating the pelvic area, inducing a slight tilt of 

the upper body in forward direction consequently producing a somewhat falling 

motion [38], [39]. One leg is then moved forward by muscles in a pendulum 

motion and the heel is placed on the ground in order to stop the body from falling 

[38]. This results in a displacement of the body‟s CG so that the leg in contact 

with the surface carries all the bodyweight [39], leaving the other leg unloaded 

and able to repeat the procedure [38]. The described displacement and movement, 

when the leg has moved a full cycle and returns to its original state, is hereafter 
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referred to as one human gait cycle. The gait cycle, as seen in Figure 12, has been 

defined by Untaroiu et al. [40].  

 

 
Figure 12 – Schematic view of pedestrian stances during one gait cycle at different percentage of the 

cycle. The figure shows one gait cycle defined for the right leg, colored in green. The left extremities are 

colored in red. 

A normal gait cycle begins when one foot is initially in contact with the ground 

and ends just prior to the initial contact of that foot in the next cycle [32]. A gait 

cycle can be divided into two different phases; a stance phase and a swing phase 

[32], [41]. The stance phase is the first 60 % of the cycle, when the foot with 

ground contact at the beginning of the cycle carries most of the body weight. The 

swing phase is the 40 % remaining before completing a full gait cycle and 

describes the phase when the first foot is swung back into position and is once 

more in contact with the ground [32]. 

 

At 0 % of the gait cycle, when the foot is in contact with the ground, the knee is 

almost fully extended. As the gait cycle progresses and the knee is translated 

forwards, it is flexed to a maximum peak of 20 degrees during the stance phase. 

This occurs at around 20 % of the gait. The knee is then once more rotated nearing 

a full extension, but during the swing phase the knee flexes again, this time 

between 60 and 70 degrees, at around 60 % of the gait cycle [32]. 

 

The maximum hip flexion in the gait cycle occurs in the late swing phase, at 

approximately 85 % of the total cycle. The hip is in this state flexed to about 30 to 

35 degrees [41]. The greatest anterior forces in the hip during a gait cycle occur 

just prior to when the hip reaches a maximum extension angle. This occurs at 

about 50 % of a normal gait cycle with a 10 degrees extension angle [37], [41]. 

2.5 Total human model for safety 

There are several HBMs available on the market today to be used in FE software. 

These HBMs are modeled in either a standing position to represent a pedestrian, 

or in a sitting position representing an occupant of a vehicle [42]. The Total 

Human Model for Safety (THUMS) developed by Toyota Motor Corporation and 

Toyota Central Research and Development Labs., Inc., [42] is designed to 

estimate human behavior in interactions with vehicles for safety purposes [43]. 

There are different sizes and appearances of THUMS representing different 

categories of the human population [44]. 

 



 

 

15 

 

Today, there are three versions of THUMS commercially available; version 1.4, 

3.0, and 4. The geometry of the THUMS was created through research with 

anatomical books and commercial data packages, but also with high resolution 

Computer Tomography (CT) scans of over 550 000 American males in their 30s 

[42], [43]. The first version of THUMS is modeled with over 80 000 elements, 

whereas version 3.0 is modeled with approximately 150 000 elements. The newest 

versions of the THUMS, version 4, consists of almost two million elements [42]. 

THUMS version 1.4 and 3.0 are similarly built, but version 3.0 has a more 

developed head and brain. The newest version is however entirely based on fully 

body CT-scans resulting in a more detailed model overall. An overview of the 

THUMS, version 3.0, can be seen in Figure 13. 

 

 
Figure 13 – THUMS American Male 50th percentile (AM50) pedestrian model, Version 3.0. 

THUMS is developed to have a high level of biofidelity, i.e., resemble a human 

with bones, soft tissue such as muscles, skin, and fat, but also tendons, and 

ligaments in the joints [42–44]. Almost every bone in THUMS has a spongy core 

modeled with solid elements, surrounded by stiffer cortical bone modeled with 

shell elements. Ligaments and the skin are also modeled with shell elements. Soft 

tissue such as the brain and internal organs are modeled with solid elements and 

beam elements is used to model tendons and muscles [43], [44]. 

 

The knee and upper leg bone structure in the standing THUMS pedestrian version 

3.0 includes the femur, the tibial plateau and the patella. The femur is divided into 

three parts; a proximal part called the femoral head, a central part, and a distal part 

also known as the femoral condyles. Furthermore, the major ligaments that govern 

knee motion are modeled in the THUMS. 
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The bone structure of the hip region in the standing THUMS pedestrian version 

3.0 includes the pelvis, the sacrum, the pubic symphysis and the coccyx. The 

different ligaments connecting the proximal part of the femur to the acetabulum 

are modeled as one single ligament. A total leg in version 3.0 is modeled with 

13 150 elements [44]. For a more detailed description of the material properties of 

THUMS, version 3.0, see Appendix A.  

2.5.1 Validation of THUMS 

HBMs are often evaluated in terms of validity, to analyze the models' biofidelity. 

The measured outcomes of validation studies are often compared to either a 

reference standard of a „real‟ situation, or PMHS tests. From these comparisons, 

conclusions can be drawn, stating the level of validity for the HBMs. A HBM 

showing high validity is often considered to lack systematic errors, i.e., several 

simulations with the HBM, based on the same data, show similar results as PMHS 

tests or the reference standard. With a high level of validity, the HBM is more 

similar to reality.  

 

Validation of the THUMS model has been performed in various studies. Maeno 

and Hasegawa [45] have validated the full body kinematics of THUMS, unknown 

version, by comparing the results of their simulations to earlier tests with PMHS 

[46], [47]. They found that the THUMS‟ behavior was generally in good 

agreement with the results of the tests. However, they point out some differences 

in the kinematics of the upper body. They claim that these findings are due to the 

diversity in the vehicle‟s geometry rather than a difference between the THUMS 

and the PMHS [45]. 

 

In another study, Yasuki and Yamamae [48] validated the full body kinematics of 

a slightly modified THUMS, version 1.4, by comparing the results to PMHS tests 

by Schroeder et al. [49]. This modification, for the full body kinematics test, 

includes modification of the THUMS‟ weight to resemble the PMHS used in the 

study by Schroeder et al. [49]. The result of this comparison was that the 

kinematics of THUMS and the PMHS correlated well until 110 ms [48] of the 

simulation, which is approximately when the pedestrian‟s head strikes the 

windshield. 

 

For the lower extremities, validation of THUMS has been performed in several 

studies. Nagasaka et al. [50] performed a validation study of a modified THUMS, 

unknown version, for the lower extremity with various impact conditions. The 

model was validated for impact locations and angles of the loading-type 

conditions but also knee dynamic loading and stress levels. The result obtained by 

Nagasaka et al. [50], was compared with results obtained in previous studies on 

PMHS, with regards to shear and bending conditions of the impact-side knee by 

Kajzer et al. [51], [52]. The shearing conditions examined on the PMHS were 

created through a leg impactor striking below the knee, and the bending motion 

was created with the same impactor to the ankle, with a velocity of 20 km/h and 

40 km/h [51], [52]. 

 

According to Nagasaka et al. [50], the displacement created through simulations 

with THUMS, unknown version, agreed well with the results from Kajzer et al. 

[51], [52], both at 20 km/h and 40 km/h. The PMHS studies showed rupture of 



 

 

17 

 

ligaments in the knee, but also bone fractures and according to Nagasaka et al. 

[50] these locations also yielded the highest stress levels, further indicating the use 

of THUMS as a tool for calculating  injury patterns in the lower extremities. 

 

Chawla et al. [53] performed a study validating the lower extremities of a 

THUMS, unknown version, against shearing and bending PMHS tests by Kajzer 

et al. [51], [52] and four point bending tests by Kerrigan et al. [54]. Furthermore, 

Chawla et al. [53] compared their results with regards to impact forces to, and 

displacements of, the lower leg with the similar simulation study by Maeno and 

Hasegawa [45]. 

 

Chawla et al. [53] found that the THUMS correlates fairly well with the 20 km/h 

bending test by Kajzer et al. [51], [52] and with the four point bending test by 

Kerrigan et al. [54]. Furthermore, in the shearing test, the impact forces coincides 

well with previous studies [45], [51], [52], but Chawla et al. [53] emphasize that 

there is a divergence in the displacement of the lower leg and consequently 

possible ligament ruptures. For the 40 km/h bending test, by Kajzer et al. [51], 

[52], the THUMS was not validated since the damage patterns, displacements, and 

contact forces diverges from the experiments [53]. However, Chawla et al. [53] 

reports that the THUMS validates fairly well for the 40 km/h shearing simulations 

in comparison to the tests [51], [52]. 

 

Yasuki and Yamamae [48] validated the bending stiffness of a modified 

THUMS‟, version 1.4, lower-extremity bones in interaction with a SUV. This was 

done by comparing their results to PMHS tests by Iwamoto et al. [55] and 

Yamada [56]. From these results they found that the relationship between load and 

bending of a lower-extremity bone in THUMS was similar to the relationship in 

the PMHS tests by Iwamoto et al. [55] and Yamada [56]. 

 

In addition, Yasuki and Yamamae [48] studied the knee‟s moment and bending-

angle relationship with their modified THUMS, version 1.4, by comparing the 

medial collateral ligament‟s tendency to rupture for different elongations and 

found  it to be similar to the results in previous PMHS tests [51], [52], [57], [58]. 

Furthermore, Yasuki and Yamamae [48] reports that their modified THUMS, 

version 1.4, is in good agreement with the shearing tests and bending tests of 

PMHS performed by Kajzer et al. [51], [52], both for the peak force value and 

displacement of the tibia. However, they found that the upper tibial displacement 

from the bending test showed higher values than the PMHS tests. 

2.6 Positioning of a human body model 

A pedestrian‟s response to a vehicle impact, and consequently the trajectories of 

the body, is significantly affected by the stance of the pedestrian [6], [10]. Also, a 

pedestrian is rarely standing still in vehicle-to-pedestrian interactions. Instead, 

several studies report that it is more common that pedestrians are in motion when 

impacted, either by walking, running, or sprinting [6], [10], [59]. Hence, to obtain 

realistic trajectories when simulating with a HBM, the position and posture has to 

be altered to better resemble a realistic position of a human in motion. 
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The positioning of THUMS is more advanced compared to the positioning of a FE 

dummy, due to its joint complexity. FE dummies usually have mechanical hinge 

joints connecting rigid body parts, enabling a positioning to be performed using 

rotations in the joints. However, there are no mechanical joints in the THUMS. 

Instead the joints are modeled with bone-to-bone contacts for a realistic geometry 

[43]. Hence, the movement in these joints is governed by tendons and ligaments, 

thus achieving a higher level of biofidelity when it comes to restrictions in 

translational and rotational movements [33], see Figure 14. 

 

 
Figure 14 – A schematic figure of a FE dummy knee joint (left) in comparison to a knee joint of 

THUMS version 3.0 (right). 

There are only a few previous studies regarding positioning of HBMs. One 

approach to positioning HBMs is to move the extremities into desired positions 

using simulations with boundary conditions [33], [59]. The method takes 

advantage of the physical behavior of the model and somewhat following the 

natural movement of the HBM, thus minimizing the damage inflicted to the 

model‟s mesh. Furthermore, it is possible to move selected body parts while 

maintaining others in their original position during a simulation, by using a rigid 

transformation of different parts [6], [33], see section 2.3. 

 

Parihar [60] proposed a positioning method in an attempt to position an occupant 

model to a pedestrian stance with an iterative method. By the use of forces, the 

lower extremities were rotated 5 – 6 degrees at a time in a series of FE simulations 

until a desired position was achieved. However, according to Jani et al. [59], this 

method has some disadvantages, e.g., a long simulation time was needed and there 

were no direct control of kinematics of the extremity during the motion. 

Furthermore, the method proposed by Parihar [60] is dependent on boundary 

conditions, the geometry of the model, and defined contacts, which might affect 

the anatomical correctness and the mesh quality of the model [59], [61].  

 

Instead, Jani et al. [59] proposed two different positioning methods. The first 

method used FE simulations to position the knee joint by applying a rotational 

boundary condition to the knee following locally defined axes. The other method 

used computer graphic techniques where the bones in the knee were transformed 

into rigid parts while a rotational motion, in two directions simultaneously, was 

applied; flexion-extension and internal-external rotation [59]. Jani et al. [59] 

reports that the two methods used in their study, resulted in poor mesh quality 

with an unnaturally deformed anatomy in the knee. 
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Bhutani and Sharma [61] proposes a similar approach to that of the computer 

graphic technique based positioning method explained by Jani et al. [59]. A 

graphic platform, OpenGL, and a programming language, VC++, were used to 

position and morph a knee. However, Bhutani and Sharma [61] have not 

presented any information regarding the method used, nor commented on their 

results. Thus, it is not possible to draw any conclusions on methodology or results 

with regards to mesh quality or time frame of their research. 

 

Jani et al. [12], proposes another method to be used in positioning of the lower 

extremities. The method uses geometric transformations based on computer 

graphic techniques and previously obtained kinematic data. The bones were 

transformed into rigid parts while following natural rotational and translational 

movement patterns. Jani et al. [12] states that this method presents a positioned 

extremity without deforming the mesh, because it is based on anatomical data and 

graphic-based techniques. Therefore, the material properties, defined contacts, and 

the geometry of the extremity have no influence on the resulting position and the 

mesh quality. However, Jani et al. [12] points out that the accuracy of the 

positioning is dependent on how accurate the anatomical data is. Furthermore, 

Jani et al. [12] concluded that the mesh was not deformed in an unnatural way and 

that the positioned extremity was suitable for further studies.  

 

Other studies use an approach with a self-developed tool. For example, Vezin and 

Verriest [6] developed a tool for positioning of an occupant HBM, the HUMOS2 

model, into a pedestrian position. They state that every software developer 

involved in the development of HUMOS2 use their own tool for positioning of the 

model. As an example they discuss a tool developed by Engineering Systems 

International (ESI). In this software the user enters the desired translations and 

rotations of body parts. The simulation tool then calculates the new position by 

the use of rigid bodies, and the properties and geometry of the model. 

Furthermore, another tool developed by Mecalog.in positions the HUMOS2 

model without calculations, using only 28 angles in the joints of the model 

instead. This is performed using a pre-calculated position database [6]. However, 

according to Vezin and Verriest [6] these tools need some further development. 

 

Bidal et al. [62] also use a self-developed tool for positioning of HUMOS2. This 

tool also originates from 28 angles of the joints in the HBM and by the use of a 

pre-calculated database obtains new positions for the model. This is performed by 

assigning the parts as parents and children, where the children are dependent on 

the movement of the parents. The movements are then executed step by step 

where each part‟s position is set respectively to their parent. The first to be 

positioned is the pelvis, and then its children are moved, i.e. torso, right upper leg, 

and left upper leg. When the pelvis‟ children are in place, their respective children 

are moved, and so on. To receive the position of each body part, interpolations of 

the points from the database are used. The tool also distinguishes between bone 

and flesh groups when moving extremities, allowing the parts in the flesh group to 

deform during positioning while the bone parts do not [62]. 

 

There are however some difficulties when using simulations to position the 

extremities. First of all, the accuracy of the movement is often limited, [6], [12], 

[59], but it may be increased by the selection of a more suitable rotation axis 
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along the joint [33]. Another problem that might occur is that, following the 

simulations, the mesh quality in the moved joints is often reduced [33], [59]. The 

unwanted deformations and lowered mesh quality can be improved by manually 

applying a smoothening of the mesh, or by using a morphing approach. The 

smoothening method is often performed in a FE preprocessor by manually 

dragging the deformed nodes into a more realistic position, thus smoothening the 

mesh in the joint [33]. The morphing can be performed in different ways by the 

use of software such as VC++ or OpenGL, to round the sharp edges in the mesh 

[59]. 

2.7 Modified upper leg subsystem test method 

Vehicles tested by the Euro NCAP have shown poor results in the upper leg test 

[13]. There are studies [8], [11], [14] suggesting that the upper leg impactor does 

not resemble the upper leg of a pedestrian in a satisfying way. Kuehn et al. [8] 

states that the upper leg impactor does not have similar kinematics as the upper 

leg of a real pedestrian. During a collision, the femur of the pedestrian and the 

vehicle will have the same velocity. This suggests that the pedestrian slides up 

onto the bonnet, a movement that the upper leg impactor is not able to imitate. 

Therefore, Kuehn et al. [8] questions the impactor's ability to mimic real life 

accidents.  

 

Due to the discrepancy in injury risk between real-life accidents and the Euro 

NCAP upper leg subsystem test method, Snedeker et al. [11] have proposed a new 

test method. In their study, collisions between PMHS and vehicle fronts were 

compared to collisions with THUMS and similar vehicle models. Snedeker et al. 

[11] found that the BLE is usually not the first point of impact with the 

pedestrian‟s upper leg. Furthermore, Snedeker et al. [11] state that the difference 

is primarily due to that upper leg impactors simplify a three dimensional 

kinematic of an impact into a one dimensional test. Therefore a proposed method 

to better resemble a real-life accident is presented using a different approach.  

 

In this approach the proposed BLE referred to as the Modified Bonnet Leading 

Edge (MBLE) is marked using the UBRL. From the UBRL, a 1 000 mm string is 

rotated towards the bonnet, and the first contact between the string and the bonnet 

is the MBLE [11], see Figure 15. 
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Figure 15 – The MBLE and MBLEH as described by Snedeker et al. [11]. 

From the MBLE, the femur can be divided into two lengths, L1 and L2, depending 

on where the MBLE strikes the leg. The impact angle β is the angle between this 

edge and the vertical plane, as seen in Figure 16. This impact angle is proposed to 

be used for the impactor test.  

 
Figure 16 – Description of L1 and L2 on the femur, as well as the impact angle β as proposed by 

Snedeker et al. [11]. 

The velocity at which the impactor is propelled at the bonnet also differs from the 

test used by Euro NCAP. The velocity of the impactor as proposed by Snedeker et 

al. [11] is obtained through Equation (6): 

 

                      (  
  

     
)             

  

     
         (6) 

 

The velocity of the car is assumed to be 11.1 m/s (40 km/h). This results in that 

for a MBLEH ≤ 900 mm the impactor will alter velocity depending on the 

MBLEH and the impact angle β according to Equation (6). However, for a 

MBLEH > 900 mm, the velocity of the impactor will always be 11.1 m/s. This, 



 

22 

 

because the angle β = 0 degrees due to the impact location being the pelvic area 

and L2 = 0, as seen in Figure 16 [11]. 

 

Snedeker et al. [11] also proposes a difference in mass for different Modified 

Bonnet Leading Edge Heights (MBLEH), representing impacts on the femur or on 

the pelvis. 

 

 For MBLEH ≤ 900 mm, a strike to the upper leg is predicted, resulting in  

the use of an impactor with a weight of 7.5 kg. 

 For MBLEH > 900 mm, impact is predicted on the upper leg and pelvis,  

resulting in the use of an impactor with a weight of 11.1 kg. This  

corresponds to the mass of the pelvis and 10 % of the upper leg‟s mass. 

 

The energy was calculated using Equation (7), where K is the kinetic energy, m is 

the mass, and v is the velocity. 

 

   
   

 
         (7) 

 

The failure criteria proposed by Snedeker et al. [11] is that the average bending 

moment in the femur is > 320 Nm for a MBLEH ≤ 900 mm, whereas for a 

MBLEH > 900 mm, the failure criteria is given by an average peak force > 10 kN 

[11]. 
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3 Method 

The proposed test method by Snedeker et al. [11] is different from the existing one 

used today by Euro NCAP [18]. Therefore, the aim of this thesis was to evaluate 

the two upper leg test methods through comparison with each other and FE 

simulations using THUMS as a reference. The basic idea of impactor tests is that a 

vehicle striking a pedestrian, as seen in Figure 17, can be translated to an 

impactor striking the vehicle. 

 

 
Figure 17 – A schematic view of a real life vehicle-to-pedestrian interaction, where the vehicle is 

moving at 11.1 m/s.  

In this thesis, an assumption was made that a vehicle striking the upper leg of a 

pedestrian is identical to the pedestrian‟s upper leg striking the vehicle, which in 

turn is similar to an upper leg impactor striking the vehicle, as seen in Figure 18. 

By this assumption, the THUMS simulation is comparable to the impactor test 

methods from Euro NCAP [18] and Snedeker et al. [11].  

 

 
Figure 18 – The left picture shows a pedestrian striking the vehicle at 11.1 m/s which is similar to an 

impactor striking the vehicle at 11.1 m/s, as can be seen in the right picture.  

The evaluation has been conducted through analysis of different parameters. The 

parameter values from the Euro NCAP [18] test method have been compared to 

the modified method by Snedeker et al. [11] and to the THUMS simulations. The 

desired parameters to evaluate were: 

 

 The magnitude and location of the maximum peak moments. 

 The impact height. 

 The impact angle.  

 The impact velocity.  

 The impact mass.  

 The impact energy. 
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The study design of this thesis has been a computer simulation, using FEM, 

THUMS, and a model of a small PV. The THUMS model used in this thesis has 

been version 3.0 of a 50
th

 percentile American Male (AM50) in standing position 

with a weight of 77 kg and length of 1 750 mm. To be able to obtain realistic 

results from the THUMS simulations, the THUMS had to be positioned in a 

realistic posture. 

3.1 Positioning of THUMS 

The so-called A-, B-, and C-stance, see Figure 19, are often used in vehicle-to-

pedestrian simulations. These stances are however not generally established, 

hence different vehicle manufacturers use different postures in tests while 

referring to the same stance. The stances are chosen to obtain significantly 

different kinematics and parameters when THUMS is impacted with a vehicle. 

 

There are no established standards of arm or leg bone angles, and postures in 

previous studies have been chosen based on subjective visualization and therefore 

the HBM has been positioned to a stance visually considered acceptable by the 

authors.  

 

 
Figure 19 – A schematic view of the A-stance (left), B-stance (middle), and C-stance (right). 

The Implementation of Virtual Testing in Safety Regulations (IMVITER) [63], a 

project by the European Union with several participants, has however made an 

attempt to establish a standardization protocol for the C-stance. Bone angles and 

lengths for the extremities have been defined, and can be seen in Appendix B. 

These findings have been used in this thesis, and the C-stance posture has been 

positioned accordingly.  

 

The C-stance is a posture representing a part of the gait cycle where the right foot 

is located anterior to the body and the left is posterior. The hands are then 

positioned opposite due to natural human movement; the right hand is posterior 

and the left hand is anterior to the body, see Figure 19. This stance occurs at 

approximately 0 % of the gait cycle in Figure 12. The C-stance was impacted 

laterally with the impact side leg posterior to the body. 

 

The A-stance is a stance that is unlikely to occur in a pedestrian-to-vehicle 

interaction, since it does not occur in the gait cycle, see Figure 12. Nevertheless, 
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the A-stance is used in simulations due to its unlikely impact posture, to be able to 

obtain significantly different parameters in comparison to more likely stances. The 

A-stance is defined as the posture when the pedestrian is placed with both feet 

directly inferior to the torso and the arms along the sides of the body, see Figure 

19. For the A-stance, the impact side leg was at the same position as the non-

impact side leg. 

 

The B-stance was not simulated in this thesis, but an inverted C-stance was 

instead used, so that the right foot and left hand are located posterior and left foot 

and right hand anterior to the body, see Figure 19. This stance occurs at 

approximately 50 % of the gait cycle in Figure 12. The impact side leg for the B-

stance was anterior to the body. 

 

The positioning methods described below have been performed using the 

preprocessing program LS-PrePost and the simulation program LS-DYNA. The 

method used in this thesis was a prescribed displacement motion to move the 

extremities into the desired positions. With this method, simulations have been 

performed to displace the body parts, while following the natural movement 

pattern of the THUMS, i.e. following the pendulum motions governed by the 

joints and tendons defined in the model for each body part. This is of importance 

to ensure an upkeep of the mesh quality in the model.  

 

The x-axis of the global coordinate system was placed front to back of the model, 

the y-axis was placed left to right, and the z-axis was placed from ground 

upwards, see Figure 20. The movement of the different body parts during 

simulations was thereby simplified since prescribed displacement motions in LS-

DYNA follows the global x, y, and z-axes. 

3.1.1 Initial position 

Initially the THUMS model was in a position with its hands anterior to the body 

and the right foot slightly posterior to the left foot, see Figure 20. The first step 

before the THUMS could be positioned into the different stances was to obtain a 

starting point of the model, where no collisions between the different body parts 

of the THUMS would occur during the extremity movements. To obtain this 

starting position, the hands were translated from the center of the body to a 

position slightly lateral to the hip region. This was done to avoid collisions 

between the hands and the hip when the hands were moved in positive x-direction 

during the positioning.  
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Figure 20 – THUMS in its original position along with the global coordinate system. 

During the movement of the extremities into the different stances, the abdomen, 

torso and the head region were made rigid to ensure that the movement of the 

extremities would have no effect on the rest of the body, thereby assuring that the 

extremities would not affect each other or the torso and head.  

 

The transformation into rigid parts enables the possibility to apply constraints to 

these parts leaving them unable to translate or rotate when affected by the 

movement of another body part. All simulations during the positioning have had a 

part of the pelvis as a rigid body master with constraints in all rotational and 

translational DOFs, thus turning it completely fixed in its original position. The 

selection of this rigid part was due to its central location with regards to the rest of 

the body and the fact that it was not necessary to move this part at all during the 

positioning.  

 

Other parts not needed in a specific movement were made rigid and slaves to the 

pelvic master part, thus applying constraints to these parts as well. The 

transformation of deformable parts to rigid also decreased the computational 

effort. This is because LS-DYNA does not perform calculations on nodes or 

elements that will not alter location or deform, hence lowering the required 

simulation time. The skin and muscles of the torso was however not altered 

because of its contact with the upper arms and legs, which otherwise could 

interfere resulting in deformed tissue. 

3.1.2 The approximate natural movement curve 

To avoid potential damage to elements and maintaining adequate mesh quality 

during translational and rotational movement of the extremities, movement curves 

for each extremity were formulated. The movement curves were designed to 

mimic the extremities‟ respective natural movement in flexion-extension rotation, 

minimizing the element and mesh distortion. This originated from performed 

measurement of the length of the bones in the arms and legs.  
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These lengths were then used in the calculations, with chosen desired bone angles, 

see Table 1, obtaining a pendulum curve with a rotation center in the upper joints 

of each bone. The bone angle θ of the extremities were measured with respect to 

the z-axis with the measured length L of the bone, and the coordinates of the 

lower and upper selected nodes.  

 
Table 1 – The desired bone angles for different extremities in the A-, B-, and C-stance. N.B. The bone 

angles for the B-stance are not defined, instead the angles for an inverted C-stance is used. The desired 

lower arm bone angle for the A-stance was not defined, since there are no defined bone angles to 

follow. 

 
 

From these points a circular curve was obtained using the programming software 

MATLAB. For the code used see Appendix C. This resulted in an Approximate 

Natural Movement Curve (ANMC) following the natural movement of each 

specific bone, in flexion-extension rotation. An example can be seen in Figure 21, 

where the ANMC of the left humerus is presented. 

 

 
Figure 21 – Schematic view of left humerus and the theoretical ANMC following the circle with the 

length of the bone, L, as radius. 

The bone angles were defined as positive or negative depending on the 

coordinates‟ position along the x-axis, see Figure 22.  

 

Left 0 -30 5

Right 0 5 -30

Left 26 -10 15

Right 26 15 -10

Left 0 13 -7

Right 0 -7 13

Left 0 10 -12

Right 0 -12 10

Upper arm

Lower arm

A-stance 

[degrees]

B-stance 

[degrees]

C-stance 

[degrees]
Body part

Upper leg

Lower leg
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Figure 22 – The definition of negative and positive bone angles during simulations with the ANMC. 

The THUMS is positioned so that the x-axis is anterior to posterior. 

Through this, the current bone angles θ1 and θ2, and the desired bone angles θ1 

and θ2 could then be entered in the MATLAB code. This presented an exact 

location of the starting points A and B for the upper and lower parts of the 

extremities, and the desired end points A‟ and B‟ as well as intermediate points 

along the ANMC. By the use of the desired bone angles, the ANMC in x and z 

directions were then obtained, see Figure 23.   

 

 
Figure 23 – Schematic view of the left lower extremity during positioning. The points A and B are the 

starting points located along the ANMC at a bone angle θ1 and θ2 respectively. A’ and B’ are the end 

points located along the same curve at a bone angle φ1 and φ2 respectively. 

3.1.3 Leg and arm positioning 

During all the simulations to position the THUMS model to the desired stances, 

LS-DYNA version mpp971s R5.1.2, revision 65543, with 192 Number of Central 

Processing Units (NCPUs), was used. 

 

The displacement of the legs and arms were performed in two steps. The 

THUMS‟ upper leg and upper arm were positioned along the ANMC prior to 

positioning of the lower legs and arms, leaving these parts unconstrained and 

movable. If moved simultaneously, the upper and lower parts could interfere with 

one another creating unnatural movement patterns, since the lower part is 

dependent on the upper parts position and bone angle with regards to the z-axis. 

Due to assumed symmetry of the extremities and their motions, the right and left 

femur and humerus used the same ANMC respectively, see Figure 24. 
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Figure 24 – Schematic views of the left femur and the left humerus showing bone angles, lengths and 

the ANMC of the bone. L is the length of the bone, θ is the bone angle at which the bone is positioned in 

the x-z plane and x and z is the displacements. 

Prior to positioning of the lower legs and arms, the upper legs and arms were 

made rigid since they were in the desired position, but also to further decrease the 

computational time. The same calculations as earlier were performed with the 

lower left leg and arm subsequently to the previous curve calculations, to compute 

the ANMC for these parts. This was necessary since when the femur or humerus 

was displaced, the bone angle with respect to the z-axis for the lower leg and the 

lower arm changed. The lower legs and arms were then moved in either flexion or 

extension, to obtain the desired bone angle to the z-axis. Due to symmetry the 

right and left lower leg and arm used the same ANMC respectively, see Figure 

25. 

 
Figure 25 – Schematic views of the lower left leg and the lower left arm showing bone angles, lengths 

and the ANMC of the bone. L is the length of the bone, θ is the angle at which the bone is positioned in 

the x-z plane and x and z is the displacements. 

Finally, the desired positions of the feet, parallel to the horizontal plane, were 

obtained through small measured displacements. This while the entire body, 
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including the now positioned arms and legs of the model, were made rigid and 

constrained in all DOFs, through the pelvic master part.  

3.2 Vehicle-to-THUMS simulation 

All vehicle-to-THUMS simulations were performed using the same LS-DYNA 

version but with 96 NCPUs. Two sets of simulations were performed, in order to 

obtain different parameters. The first set consisted of 36 simulations with all the 

stances of THUMS included. In this set, the desired parameter to obtain was the 

maximum bending moment in the femur and pelvis, both its magnitude and 

location. Data was created every 5 ms, and the total simulation time was set to 

60 ms. This, since the maximum values of the bending moments in the upper leg 

were found in the range of approximately 20 – 50 ms in trials prior to the 

simulation-sets.  

 

In the second simulation-set, the desired parameters to obtain were the impact 

location, impact angle, velocity, mass, and kinetic energy. These parameters were 

then used as a reference, when comparing the different test methods by Snedeker 

et al. [11] and Euro NCAP [18]. This set consisted of 12 simulations where data 

were created every 0.5 ms and the total simulation time was 30 ms. Here, only the 

C-stance was used since it‟s the only stance with an attempted standardization by 

IMVITER [63]. The C-stance can also be found in the gait cycle and is thus more 

likely in a real-life accident than the A-stance. Furthermore, the B-stance is a 

reversed C-stance and only one stance was needed for these parameters.  

 

The vehicle-to-pedestrian impact simulations were performed with different 

vehicle heights and impact locations, see Appendix D for the simulations in the 

two sets. The vehicle used in the simulations has been a small PV. However, the 

THUMS was positioned at different locations along the z-axis, simulating four 

vehicle models‟ heights. The THUMS was moved, rather than the vehicle, to 

simplify the positioning at the different vehicle heights. The use of only one 

vehicle model was to simplify calculations and the use of four different vehicle 

heights was to obtain different parameter values. Further, it was believed that the 

geometry of the vehicle would have little effect on the results. The heights of the 

vehicles have been measured at the BLE, see Figure 26; 

 

 A BLE height of 694 mm, resembling a small PV. 

 A BLE height of 768 mm, resembling a large PV. 

 A BLE height of 877 mm, resembling a small SUV. 

 A BLE height of 988 mm, resembling a large SUV. 
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Figure 26 - The four different vehicle heights, small PV (red), large PV (blue), small SUV (black), and 

large SUV (green), positioned against THUMS. 

The vehicle model consisted of the frontal structure of a small PV and it has been 

simplified and generalized to reduce the computational power required for the 

simulations. Consequently, the vehicle model does not represent a specific vehicle 

model.  

 

In all simulations, the vehicle was given an initial velocity of 11.1 m/s. A 

gravitational force of 9.81 m/s
2
 was applied to the THUMS acting in negative z-

direction. The vehicle was however not applied a gravitational force in the 

simulations since the wheels were not included in this model.  

 

To be able to obtain and measure the bending moments, cross sections had to be 

defined at locations of interest. A cross section is defined by a number of shell- 

and solid elements connected with their respective set of nodes. Therefore shell- 

and solid element sets, as well as node sets, were created in the femur, coccyx, 

and sacrum. 18 cross sections were then defined at approximately 50 mm apart, 

resulting in eight cross sections in each femur (8 in the impact side, I1-I8, and 8 in 

the non-impact side, NI1-NI8), one in the pubic symphysis (P1), and one in the 

coccyx and sacrum (P2). This set up can be seen in Figure 27. 
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Figure 27 – A figure of the sets of shell- and solid elements and nodes used in the cross section to obtain 

forces and bending moments in the impact side, and non-impact side leg, I and NI respectively. Two 

cross sections were created in the pelvis bone structure, P1 and P2.  

The BLE, as defined by Euro NCAP [18], and the MBLE, as defined by Snedeker 

et al. [11], see sections 2.1.1 and 2.7 respectively, were marked on the vehicle 

model at the different heights. These lines were created using Hypermesh, a 

preprocessing software. The marking of the BLE and the MBLE can be seen in 

Figure 28 and Figure 29, respectively. 

 

  
Figure 28 – The BLE, as defined by Euro NCAP [18], marked on the small PV. 
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Figure 29 – The MBLE, as defined by Snedeker et al. [11], marked on the small PV.  

When marking the UBRL on the vehicle, the location of the UBRL seen in Figure 

30 was chosen since that area protruded the most from the vehicle. When the 

MBLE was measured, two impact points were found for each string, one below 

the grille and one on the bonnet. The lowest impact location was excluded since 

the desired impact locations were assumed to be on the bonnet, see Figure 30. 

 

 
Figure 30 – Two impact points were found on the front of the vehicle. The first impact point on the 

grille was excluded, and the second impact point on the bonnet was used to mark the MBLE. 

Three impact points, PI, PII, and PIII, were marked, located along the bonnet of 

the vehicle; at the y-coordinates -240 mm, 0 mm, and 398 mm, respectively, see 

Figure 31. The THUMS was positioned along the bonnet with the center of its 

head at the different impact positions. 
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Figure 31 – The impact point PI, PII, and PIII are marked on the bonnet of the vehicle, at -240 mm, 

0 mm and 398 mm respectively. 

The values of the parameters to be compared in this thesis were obtained using 

different methods. The BL, BLEH, and MBLEH were measured in the LS-PrePost 

working space. The energy, velocity, mass, and impact angle for the test proposed 

by Euro NCAP were calculated using their method [18]. The velocity for the 

method proposed by Snedeker et al. [11] was calculated using Equation (6), the 

mass using the defined limits as seen in section 2.7, and the impact angle was 

measured on THUMS according to the proposed method. The results from the 

measurements of the lengths L1 and L2 used in the method by Snedeker et al. [11] 

can be found in Appendix E. The energy was calculated using Equation (7).  

 

The impact angle for the THUMS‟ upper leg was measured in the LS-PrePost 

working space, using nodes in the femoral head and the femoral condyles.  

 

A method was proposed stating that the mean velocity of the THUMS‟ upper leg 

would be equal to the velocity of the vehicle at some point in the simulation. The 

velocity of the THUMS‟ upper leg was examined by the use of specific nodes in 

the upper leg. From these nodes, the “active” nodes were determined, i.e., the 

nodes being below the height of the bonnet at the time of impact between the 

upper leg and the vehicle, see Figure 32. For example, the small PV impacts a 

smaller area of the upper leg than the large SUV, and therefore fewer active nodes 

were used for the small PV in comparison to the large SUV.  

 

 
Figure 32 – The active nodes for the small PV, colored in red, and the large SUV, colored in blue, marked 

on THUMS upper leg.  
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The active nodes‟ velocities were then used to calculate the mean velocity of the 

upper leg. This was performed to calculate at what time the THUMS‟ upper leg 

showed a mean velocity equal to that of the vehicle. This was to represent a 

propelled impactor, which when propelled against the bonnet will decelerate to a 

velocity of 0 m/s, i.e., the same velocity as the vehicle. 

 

To be able to obtain the energy K of the THUMS‟ upper leg, Equation (8) was 

used: 

 

     ∫        
 

 
  (8) 

 

This equation describes the physical work W given by the integration of a force F 

acting on an object along a distance x. a is equal to 0 mm due to that the vehicle is 

initially not deformed, and b was chosen as the deformation on the vehicle front, 

at the point where the maximum deformation caused by the upper leg and pelvis 

of the THUMS occurred, see Figure 33. However, the entire deformation at this 

point was not included in the integration. Instead the deformation was chosen at 

the time when the mean velocity of THUMS‟ upper leg was equal to the vehicle‟s 

velocity. The force used in this thesis has been the contact force from the 

THUMS‟ upper leg and pelvis to the vehicle‟s front. This is also dependent on the 

number of active nodes, and for fewer nodes a smaller contact force is obtained, 

and vice versa.  

 

 
Figure 33 – The deformation on the vehicle front caused by interaction with THUMS. Left picture 

shows a top view, and right picture from the front/side view. The red area shows the location of the 

greatest deformation.  

When the work was calculated, it was assumed to be equal to the kinetic energy of 

the parts contributing to the deformation of the vehicle. To calculate the effective 

mass, i.e., the mass contributing to the deformation of the vehicle, of the THUMS‟ 

upper leg in the simulations, Equation (1) was used. In this equation K is the 

kinetic energy, m is the effective mass, and v the velocity. 
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4 Results 

In this section, the results from the positioning of the THUMS are displayed. 

Further, the parameter values obtained in the vehicle-to-THUMS simulations are 

presented, along with the measurements proposed in the two methods. 

4.1 Positioning of THUMS 

The approximate measured lengths of the bones in the extremities, and the 

approximate bone angles with regards to the z-axis for the stances can be seen in 

Table 2. The initial positions of the lower arms and legs are not of interest to 

determine, since these were altered when the upper arms and legs were moved. 

 
Table 2 – A table presenting the obtained bone angles for different extremities in the A-, B-, and C-

stance. N.B. Since the lower arm bone angles for the A-stance were not defined, a subjective 

visualization confirmed that these bone angles are reasonable.  

 
 

The final positioning of the C-stance can be seen in Figure 34. The simulation 

time required to obtain this stance was 2 hours and 8 minutes. 

 

 
Figure 34 – The positioned C-stance, in anterior (left) and lateral (right) view. The impact side leg is 

posterior to the body. 

Left 298.7 22 0 -30 5

Right 298.7 22 0 5 -30

Left 231.6  - 26 -10 15

Right 231.6  - 26 15 -10

Left 439.0 3 0 13 -7

Right 439.0 -7 0 -7 13

Left 374.1  - 0 10 -12

Right 374.1  - 0 -12 10
Lower leg

Body part

Results 
Length 

[mm]

Initial 

Position 

[degrees]

Upper arm

Lower arm

Upper leg

A-stance 

[degrees]

B-stance 

[degrees]

C-stance 

[degrees]
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The A-stance obtained through the positioning simulations can be seen in Figure 

35. The simulation time required to obtain this stance was 1 hour and 41 minutes.  

 

 
Figure 35 – The positioned A-stance, in anterior (left) and lateral (right) view. The impact side leg and 

non-impact side leg is at the same position. 

The final positioning of the B-stance can be seen in Figure 36. As already 

mentioned, the B-stance was not positioned through simulations. Instead, the B-

stance is an inverted C-stance, meaning that the measured bone angles are the 

same. However, the left leg is anterior of the HBM and the right leg is posterior. 

The figures of the B-stance in this thesis have been mirrored for an easier 

understanding to the reader.  

 
Figure 36 – The positioned B-stance, in anterior (left) and lateral (right) view. The impact side leg is 

anterior to the body. 

4.2 Vehicle-to-THUMS simulation 

When the BLE was marked on the vehicles using the method by Euro NCAP [18], 

it ended up at the exact same position for all vehicle heights. The same could be 

seen for the MBLE, proposed by Snedeker et al. [11]. The reference lines marked 

on the vehicles can be seen in Figure 37. These were marked using the described 

methods in section 3.2.  
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Figure 37 – The BLE, as defined by Euro NCAP [18] and the MBLE, as defined by Snedeker et al. [11], 

marked on the vehicles. The reference lines were in the same positions for all vehicle heights due to the 

same vehicle front being used. 

The THUMS in C-stance was positioned with the impact side leg posterior to the 

body. An example of this, at impact point PIII, can be seen in Figure 38.  

 
Figure 38 – The C-stance at impact point PIII, with a small PV. 

The THUMS in the A-stance at PIII, prior to the impact, can be seen in Figure 39. 

 

Figure 39 – The A-stance at impact point PIII, with a small PV. 

The B-stance was rotated 180 degrees, positioned with the impact side leg 

anterior. Furthermore, the B-stance was positioned on the opposite side of the 
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vehicle front compared to the A- and C-stance, but at the same impact points, 

resulting in identical results as if the B-stance had not been rotated. For an easier 

visualization for the reader, the image has been mirrored and can be seen in 

Figure 40. 

 

 
Figure 40 – The B-stance at impact point PIII, with a small PV.  

To further exemplify an entire interaction in the simulations, a sequence from an 

interaction between THUMS and the small PV can be seen in Figure 41. In this 

figure the THUMS is positioned in the A-, B-, and C-stances at impact point PII. 

The rest of the simulations at impact point PII from the first set, with the other 

vehicle heights, can be found in Appendix F. 



 

 

41 

 

 
Figure 41 – The THUMS positioned in A-stance (left), B-stance (middle) and C-stance (right) at impact 

with a small PV. The impact point is PII and the time frame is 10 – 60 ms. 
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For the first set of simulations, 36 simulations were performed. Three simulations 

(number 19, 21, and 30, see Appendix D) failed prior to 60 ms, and were hence 

excluded from the results. The errors occurred due to faults in the THUMS model, 

located in the feet and pelvic region. No attempts to correct the errors were made, 

since the THUMS would have been modified resulting in possible questioning of 

the validation. 

 

The maximum moments found in the different cross sections of the THUMS 

model can be seen in Figure 42 – Figure 44 separated for the different stances and 

for the impact and non-impact side leg. The maximum moments shown in these 

figures can also be seen in tables in Appendix G together with the forces in the 

cross sections.  

 

Figure 42 shows the maximum moment found in the cross sections in both femurs 

for impact point PI. As seen in this figure, the maximum moments in the model‟s 

femurs are greater than 500 Nm for all vehicle heights but not for all stances. 

However, this only occurs in a few cross sections at the inferior part of the femurs. 

For the small and large PV, this was found in the non-impact side leg whereas for 

the small and large SUV in the impact side leg. Furthermore, all of the maximum 

peak moments are found when the THUMS is positioned in the A-stance, whereas 

the C-stance generally showed the lowest maximum moment of the three stances. 

 

 
Figure 42 – The maximum moments in all the cross sections of the femurs for all four vehicles, with the 

THUMS placed at PI. The left side of each graph shows the cross sections in the impact side leg (I1-I8), 

whereas the right shows the cross sections in the non-impact side leg (NI1-NI8). The A-stance is colored 

in black, the B-stance is colored in red, and the C-stance in blue. 
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In Figure 43 the maximum moments at impact point PII can be seen. At this 

impact point, the maximum moments generally appear in the inferior cross 

sections. The largest peak moments found was also in the A-stance at this impact 

point, and the B-stance showed generally greater moments than the C-stance. 

However, there were some exceptions; for example the small and large SUV 

showed generally higher moments for the C-stance than the B-stance. At this 

impact point, the maximum moments were found in the non-impact side leg for all 

vehicle heights.  

 

 
Figure 43 – The maximum moments in all the cross sections of the femurs for all four vehicles, with the 

THUMS placed at PII. The left side of each graph shows the cross sections in the impact side leg (I1-

I8), whereas the right shows the cross sections in the non-impact side leg (NI1-NI8). The A-stance is 

colored in black, the B-stance is colored in red, and the C-stance in blue. 
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The maximum moments at location PIII can be found in Figure 44. At this impact 

point, the maximum moments are generally greater at the inferior cross sections, 

similar to PI and PII. These maximum peak moments were again found when the 

A-stance was used, except for the small PV that showed the greatest peak moment 

in the B-stance.  For the small and large PV, this was found in the non-impact side 

leg whereas for the small and large SUV in the impact side leg.  

 

 
Figure 44 – The maximum moments in all the cross sections of the femurs for all four vehicles, with the 

THUMS placed at PIII. The left side of each graph shows the cross sections in the impact side leg (I1-

I8), whereas the right shows the cross sections in the non-impact side leg (NI1-NI8). The A-stance is 

colored in black, the B-stance is colored in red, and the C-stance in blue. 

The stance that most often resulted in the greatest maximum moment for different 

models was the A-stance, as seen in Figure 42 – Figure 44. The only impact point 

and vehicle combination that did not show the greatest moment for the A-stance 

was at PIII for the small PV. A pattern that can be seen is that the moment is 

generally decreasing for superior cross sections. However, some impact points 

and vehicle combinations show the greatest moments in the cross sections more to 

the center.  

 

When determining the first location of impact, the deformation on the vehicle was 

studied in the LS-PrePost working space at the time of impact. The height from 

the ground to the impact location is hereafter referred to as the impact height. The 

locations of the deformations were then compared to the reference lines, the BLE 

and the MBLE, to study which of the lines showed closest correlation to the actual 

first impact location on the THUMS. The first location of impact was defined as 

the location where the bonnet first came in contact with the upper leg or the hip of 

THUMS. 
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Figure 45 shows the impact locations on the small PV and on the THUMS‟ upper 

leg at the three different impact points along the bonnet. This simulation was 

performed using the THUMS positioned in C-stance. The impact points are 

visualized through the black area on the bonnet. Here, the BLE, defined by Euro 

NCAP [18] colored in blue, and the MBLE, defined by Snedeker et al. [11] 

colored in red, can also be seen. As seen in this figure, the deformations were 

found closer to the MBLE for all the three points. 

 

 
Figure 45 – Location of the first impact seen on the small PV for the C-stance at all three points along 

the bonnet. The BLE (blue reference line), and the MBLE (red reference line) can also be seen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

46 

 

Figure 46 shows the impact locations on the large PV, and on the THUMS‟ upper 

leg, at the three different positions along the bonnet. Also for this vehicle height, 

all three positions showed a deformation on the bonnet closer to the MBLE. 

 

 
Figure 46 – Location of the first impact seen on the large PV for the C-stance at all three points along 

the bonnet. The BLE (blue reference line), and the MBLE (red reference line) can also be seen. 

For the small SUV, the impact locations for the different impact points can be 

found in Figure 47. The corresponding impact location on the THUMS‟ upper leg 

is also shown. This vehicle height‟s deformations at the three impact points were 

also closer to the MBLE than the BLE. 

 

 
Figure 47 – Location of the first impact seen on the small SUV for the C-stance at all three points along 

the bonnet. The BLE (blue reference line), and the MBLE (red reference line) can also be seen. 
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For the large SUV, the impact locations can be seen in Figure 48. These results 

show two or three impact locations at the time of impact. Two of the impact 

locations were found on the upper leg region (the femur and pelvis), whereas the 

third, if present, was due to the lower arm of the THUMS impacting on the 

bonnet. Since the impact location on the bonnet, and the corresponding impact 

area on the THUMS was of interest to obtain, the upper leg impact point was here 

neglected. Similar to the other vehicle heights, the deformations were found closer 

to the MBLE than the BLE. 

 

 
Figure 48 – Location of the first impact seen on the large SUV for the C-stance at all three points along 

the bonnet. The BLE (blue reference line), and the MBLE (red reference line) can also be seen. 
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The result for the impact height for the THUMS simulation, along with the impact 

height for the BLE, as proposed by Euro NCAP [18], and the MBLE, as proposed 

by Snedeker et al. [11], can be seen in Figure 49. The method by Euro NCAP [18] 

predicts a higher located impact height in comparison with the method by 

Snedeker et al. [11] and the THUMS simulations.  

 

 
Figure 49 – The proposed impact height for the different methods, Euro NCAP [18] (blue), Snedeker et 

al. [11] (red), and THUMS (black), divided into the three impact points, PI, PII, PIII. SPV = Small PV, 

LPV = Large PV, SSUV = Small SUV, and LSUV = Large SUV. 
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The method by Euro NCAP [18] proposed an impact angle depending on the 

geometry of the vehicle and the vehicle impact height, whereas the impact angle 

proposed by Snedeker et al. [11] was measured on the THUMS‟ impact leg at the 

time of impact, in accordance with their method. Hence, there are no variations 

between the THUMS‟ impact angle and the impact angle proposed by Snedeker et 

al. [11], as seen in Figure 50. 

 

 
Figure 50 – The proposed impact angle for the different methods, Euro NCAP [18] (blue), Snedeker et 

al. [11] (red), and THUMS (black), divided into the three impact points, PI, PII, PIII. SPV = Small PV, 

LPV = Large PV, SSUV = Small SUV, and LSUV = Large SUV. 
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The impact velocity in the different methods is dependent on the impact angle and 

therefore the geometry of the vehicle. The method by Euro NCAP [18] proposed a 

velocity range of 8.1 m/s to 11.1 m/s with a most frequently occurring velocity of 

11.1 m/s. The method by Snedeker et al. [11] proposes larger variations in 

velocities, ranging from 4.2 m/s to 11.0 m/s. The velocity of the THUMS, relative 

to the vehicle in the simulations, was 11.1 m/s. These results can be seen in 

Figure 51. 

 

 
Figure 51 – The proposed velocity for the different methods, Euro NCAP [18] (blue), Snedeker et al. 

[11] (red), and THUMS (black), divided into the three impact points, PI, PII, PIII. SPV = Small PV, 

LPV = Large PV, SSUV = Small SUV, and LSUV = Large SUV. 
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The mass proposed for the impactor in the method by Snedeker et al. [11] is 

7.5 kg for the upper leg and 11.1 kg for the upper leg and pelvis impact. The 

method by Euro NCAP [18] suggested a mass of 11.1 kg to 11.9 kg. The effective 

mass of the THUMS‟ upper leg differed significantly for the different simulations, 

as seen in Figure 52. For the two lower vehicles, the small and large PV, the 

effective mass was generally lower than the test by Euro NCAP [18] whereas for 

the higher vehicles, the small and large SUV, the effective mass of THUMS was 

larger.  

 

The mass for the method by Snedeker et al. [11] were lower than for the method 

by Euro NCAP [18] for all the cases simulated in this thesis. Compared to the test 

by Snedeker et al. [11], the effective mass of the THUMS‟ upper leg was larger 

for most simulations. The only simulations showing different result were when the 

small PV was used, and one with the large PV, which showed larger mass for the 

test method by Snedeker et al. [11] than the THUMS reference. 

 

 
Figure 52 – The proposed mass for the different methods, Euro NCAP [18] (blue), Snedeker et al. [11] 

(red), and THUMS (black), divided into the three impact points, PI, PII, PIII. SPV = Small PV, LPV = 

Large PV, SSUV = Small SUV, and LSUV = Large SUV. 
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The differences in the proposed methods yield differences in the calculated 

energies to be used for the impactors, as seen in Figure 53. The energy of the 

method proposed by Euro NCAP [18] is obtained from tables and differs here 

from 387 J to 700 J. The method proposed by Snedeker et al. [11] also gives 

variations in the kinetic energy, ranging from 67 J to 673 J. This is due to the 

differences in the velocities used in this method. The energy of the THUMS 

reference also differed significantly for the different simulations, ranging from 

297 J to 1267 J.  

 

 
Figure 53 – The proposed energy for the different methods, Euro NCAP [18] (blue), Snedeker et al. 

[11] (red), and THUMS (black), divided into the three impact points, PI, PII, PIII. SPV = Small PV, 

LPV = Large PV, SSUV = Small SUV, and LSUV = Large SUV. 

Tables containing the data presented in Figure 49 – Figure 53 can be found in 

Appendix H. 
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5 Discussion 

In this section, the content of this thesis was discussed. Firstly, some questions 

concerning the validation studies of THUMS, version 3.0, was raised and 

discussed. The positioning method and results have also been analyzed. Finally, 

the two methods by Snedeker et al. [11] and Euro NCAP [18] have been 

evaluated. 

5.1 Validation 

THUMS has been validated through many studies using PMHS, see section 2.5.1. 

Since the upper leg in THUMS, version 3.0, is based on version 1.4, it was 

assumed that validation studies of version 1.4 were valid for version 3.0 as well. 

 

Yasuki and Yamamae [48] found that the kinematics of the THUMS correlated 

well with PMHS tests until 110 ms. Since the simulations in this thesis are 

terminated at 60 ms at the most, they are all within that range. However, Yasuki 

and Yamamae [48] used a modified THUMS model with a different mass than the 

original one. This alteration was added to resemble the mass of the PMHS to 

which they validated against. It is possible that this may imply some errors to their 

study for the validation, if for example the mass distributions along the body of 

the THUMS and the PMHS are different. This could in turn present parameters 

that are only valid for the modified THUMS, but not valid for the original 

THUMS that was used in this thesis.  

 

Nagasaka et al. [50] validated the lower extremities of the THUMS, unknown 

version, with results obtained by Kajzer et al. [51], [52] through PMHS studies. 

The PMHS test was however conducted using a single leg while mimicking a 

torso with an applied load of 0.4 kN. Since a full body PMHS was not used, some 

questions could be raised as to the accuracy of the comparison. Furthermore, the 

bending simulation was executed with an impactor striking the ankle of the 

PMHS. Generally, since the PVs‟ bumpers are raised from ground level impacting 

the lower leg instead of the ankle, the accuracy of the validation could be 

questioned. 

 

Furthermore, Nagasaka et al. [50] argues that the THUMS, unknown version, can 

be used in injury prediction for the lower extremities. Since injury patterns can be 

difficult to ensure, this could lead to some uncertainties in their study. A slight 

rotation of the knee prior to impact could affect the bending and shearing stress 

levels, causing a changed scenario with different injury outcome. Additionally, 

Chawla et al. [53] validated the THUMS in their study with the same PMHS tests, 

and suggested that the material properties of the ligaments in the knee might be 

incorrect. This, since there were few ligament ruptures noticed despite high strain 

levels in comparison to the PMHS tests. Therefore, it is not known whether the 

THUMS is appropriate for injury prediction and identification since these studies 

contradict one another and the validation might thus be questioned. This study 

concerning the validation has been of interest to ensure that the THUMS is 
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sufficiently validated for this thesis. However, no injury prediction has been of 

interest to examine in this thesis. 

 

Yasuki and Yamamae [48] validated the moment and bending angle relationship 

of the knee joint in comparison with PMHS experiments [51], [52], [57], [58]. 

The PMHS tests showed scattered results, from a moment of 100 Nm with a 

bending angle of around 5 degrees to approximately 17 degrees for the same 

moment, and a difference of around 200 Nm in moment on a measured bending 

angle of 10 degrees. This could indicate a too large scattering of the PMHS test 

results in comparison with THUMS, version 1.4. Therefore the validation of the 

THUMS might be questioned. 

 

Nevertheless, based on the studies in section 2.5.1, it was assumed that the 

THUMS, version 3.0, correlated sufficiently well with the reality for this thesis. 

This, since the kinematic of the THUMS was the most important aspect in this 

thesis. 

5.2 Positioning of THUMS 

There are few previous studies proposing positioning methods for HBMs, with 

little information on methodology and results. Therefore, a new method was 

proposed and used. The positioning of the THUMS with this method, 

displacements along the ANMC following the natural movement of the joints in 

the extremities, showed satisfactory results. The accuracy of the movement was 

high, i.e., the extremities were placed in the desired positions, as defined prior to 

the development of the positioning method. The A- and C-stance were obtained in 

an efficient way and the achieved postures were directly used in the vehicle-to-

THUMS simulations.  

 

However, some relatively small deformations in the mesh of the moved body 

parts were noted after the simulations. These findings were concentrated to the 

shoulder region, the upper arm, and the elbow of the model. An attempt to reduce 

the deformations was made, by turning the rigid outer flesh of the torso back into 

deformable material. This had however no effect on the deformation. It is 

proposed that the mesh in the shoulder should be revised and possibly smoothened 

prior to any further simulations concerning the upper arm area in the future. These 

areas were not assumed to influence the results in this thesis; hence no attempts to 

smoothening of the mesh were made. 

 

During the positioning in this thesis, forces and velocities were tested instead of a 

displacement boundary condition. However, none of these methods showed useful 

results, mostly due to inaccuracy of the movement. It was difficult to estimate the 

magnitude of the velocity or force for the extremity to arrive at the desired 

position. This inaccuracy sometimes also resulted in an unnatural movement of 

the extremity leading to unwanted deformations, or dislocation of the joint. It is 

important to note that no thorough attempts to move the extremities with forces or 

velocity were made. A few tests were conducted, but then ruled out due to the 

effectiveness of the displacement boundary condition. Thus, it might be possible 

to obtain an equivalent result by the use of forces or velocity.  
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The ANMC is based on the length of the bones moved, as well as their respective 

approximate rotational center. The method is therefore somewhat subjective since 

the rotational center and the measurement of the bones have been chosen through 

visual approximation. With an even more detailed mesh, with more elements and 

nodes, the lengths of the bones and the rotational center could be even more 

accurate, hence increasing the accuracy of the rotation.  

 

It is however important to point out that the ANMC developed and used in this 

thesis has been tested for relatively small bone angle changes. It is therefore 

unknown if this proposed technique gives precise and accurate positioning for 

larger bone angle changes, e.g., positioning of a pedestrian from an occupant 

stance and vice versa. 

5.3 Vehicle-to-THUMS simulations 

The simulation of the different vehicle models used in this thesis was performed 

using the same vehicle front but with altering heights. This method was used 

because the geometry of the vehicle initially was believed to not significantly 

affect the results for the comparisons of the test methods evaluated in this thesis. 

However, as it turns out, it seems that this method has affected the comparisons 

more than anticipated. If different vehicle fronts had been used, the parameter 

values could have resulted in larger variations. If e.g., the BL in combination with 

the BLEH, would have changed, the resulting parameter values could have 

showed larger variations. For example, a different BL would result in different 

impact locations, impact angles, and velocities, consequently changing the impact 

energy and mass to be used for the impactors. Therefore, it is suggested that the 

front structure geometry affects the input parameters studied in this thesis. 

 

The results from the bending moments, as seen in Figure 42 – Figure 44, imply 

that it is more likely that a greater moment in the femur occurs if the femur has a 

smaller bone angle, i.e., that a pedestrian is standing still rather than walking. 

This, since the A-stance, which overall showed largest moments, has a smaller 

bone angle than the B-, and C-stances. Further, the B-stance showed overall 

greater maximum moments than the C-stance, suggesting that the moment will be 

lower when the impact side leg is posterior to the body, rather than anterior.  

 

In general, the maximum moments for the different stances and positions were 

greater in the inferior cross sections than the superior, see Figure 42 – Figure 44. 

The impact point on the femur is often closer to the hip than the knee as seen in 

Figure 45 – Figure 48. The distance between the impact location and the 

measurement point, i.e., the lever arm is hence greater at the inferior part of the 

femur. This results in that a larger moment for the inferior cross sections was 

obtained, since a longer lever arm yields a higher moment. The maximum 

moments were however not always found in the same leg. For some simulations, 

the impact side leg showed largest moments, while for others the non-impact side 

leg did. No explanation to this phenomenon has been found. 

 

The maximum moments measured in the simulations can be compared to the 

limits set by Euro NCAP [18] and Snedeker et al. [11]. Euro NCAP [18] proposes 

that the moment should be less than 300 Nm and Snedeker et al. [11] less than 
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320 Nm. In comparisons, the maximum moments in THUMS are far greater than 

these limits for some cross sections. This may imply that the moments in the 

THUMS are measured incorrectly, and are thus not comparable to the limits. This 

could also be due to that the test methods‟ limits are poorly substantiated and are 

not similar to reality, but further investigations of this statement is needed. 

 

Since the studied PV has a flat front with no distinct bumper there is no “pre-

impact” on the lower leg or knee. This could otherwise result in a rotation of the 

upper leg prior to its impact on the bonnet, leading to a different impact location. 

Because of the flat geometry of the vehicle front, the impact location on the 

bonnet in this thesis has not differed much between larger and smaller vehicle 

heights.  

 

When the BLE was marked on the vehicles using the method by Euro NCAP [18], 

it ended up at the exact same position for all vehicle heights. This, since the BLE 

is solely dependent on the geometry of the bonnet which was constant for all 

vehicle heights. Hence, to obtain a different position of the BLE, the geometry of 

the bonnet has to be different. For the method proposed by Snedeker et al. [11], 

the MBLE was measured using the UBRL. This indicates that this method takes 

the front structure geometry into account, rather than just the bonnet geometry. 

However, the same result as obtained for the BLE could be seen for the MBLE, 

i.e., it was located at the same position for all vehicle heights. Therefore, the 

bonnet geometry seems to affects the BLE, and the front structure geometry seems 

to affect the MBLE more than anticipated. 

 

In the second set of simulations, the THUMS impacted on the MBLE before 

impacting on the BLE, for all simulations. This is shown in Figure 45 – Figure 

48. This indicates that the test method by Snedeker et al. [11], for upper leg 

impacts, is more accurate when it comes to locating the first impact point on the 

femur or pelvis region. However, this conclusion only applies for this vehicle 

model‟s front geometry. Whether or not this implies that the method is more 

accurate for all vehicle models needs further investigation to determine. Thus, it is 

possible that the BLE is a more accurate reference line for some vehicle fronts, 

but not for others. 

 

The impact angle used in the two methods is dependent on the geometry of the 

vehicle. With a flat front, the upper leg will not rotate considerably prior to the 

impact on the bonnet. This yields a smaller impact angle, in comparison to a 

vehicle with a distinct, protruding bumper. The impact angle for the method by 

Euro NCAP [18] is calculated using the BL and the BLE, thus the method takes 

the vehicle geometry into account. For a more protruding bumper, the BL will be 

larger resulting in a larger impact angle for the impactor tests. For a BLE located 

higher, the impact angle will however be smaller. Since the geometry was flat, the 

impact angle of the THUMS‟ upper leg was small. 

 

Snedeker et al. [11], on the other hand, proposes a method for determining the 

impact angle using the THUMS model at the time of impact between the MBLE 

and the upper leg. This angle will therefore possibly differ depending on the front-

structure geometry of the vehicle. However, due to the geometry being identical in 

all the simulations in this thesis, the same impact angles were obtained for all the 
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tests using this method, i.e., it will only be affected by the stance of the THUMS. 

Therefore, the method of obtaining the impact angle is questioned, since it is 

measured on the pedestrians‟ leg, rather than the vehicle geometry. To be able to 

obtain reference standards for the impact angles to be used in impactor tests, it is 

recommended to modify this measurement method to depend on the vehicle 

geometry, rather than the impact angle of the pedestrian‟s leg.  

 

For the THUMS‟ velocity, a method was proposed stating that the mean velocity 

of the THUMS‟ upper leg would be equal to the velocity of the vehicle at some 

point in time in the simulation. This was due to the assumption that no pre impact 

on the lower leg or knee of THUMS would occur. Therefore, the first impact of 

THUMS was on the upper leg with a velocity of 11.1 m/s. This velocity was not 

measured and did not alter depending on the impact angle of the leg, but rather 

determined based on this method. Furthermore, the idea of obtaining the mean 

velocity was to find at what point in time the upper leg showed a velocity of 

11.1 m/s. The mean velocity depended on how many active nodes were used, 

which could indicate an inaccurate velocity used, due to an incorrectly defined 

method, or measurement errors since the number of active nodes used were 

visually approximated. 

 

The impact velocity proposed by Euro NCAP [18] and Snedeker et al. [11] is 

dependent on the impact angle and therefore affected by the geometry of the 

vehicle. In the two proposed methods, the velocity will be lower for a larger 

impact angle and vice versa. Further, in this thesis the method by Snedeker et al. 

[11] proposes a larger variation in velocity than the method by Euro NCAP [18]. 

Only for the large SUV did the method by Snedeker et al. [11] propose a velocity 

that was similar to the THUMS‟ but overall the velocity was considerably lower. 

Thus, the velocity of the test method by Euro NCAP [18] showed closer 

correlation with THUMS overall.   

 

For the mass, the method by Snedeker et al. [11] coincided fairly poor with the 

effective mass of THUMS for lower vehicles. For higher vehicles, the correlation 

was even worse. The test method by Euro NCAP [18] showed a poor correlation 

overall with the THUMS‟ effective mass. Therefore, these results may indicate 

that these methods‟ way of determining the mass to be used for the impactors may 

need to be reconsidered. Another possibility is that the method of determining the 

THUMS‟ effective mass, used in this thesis, is inaccurate due to flaws in the 

method. Furthermore, measurement errors in this method could also affect the 

result. The actual impact area might be smaller than proposed in this thesis, and 

therefore a smaller contact force should be used. Another measurement error 

could be that the deformation is incorrectly measured with regards to the 

measurement location and time. Further, the deformation may also be affected by 

the simplification of the model. 

 

The differences in the kinetic energy obtained in the THUMS simulations imply 

that it is also dependent on the height of the vehicle. This variation is mostly due 

to the large difference in the contact forces, but also due to the deformation of the 

vehicles in the different simulations. For example, when comparing the large SUV 

to the small PV, the higher vehicle impacts a larger area, including both the upper 

leg as well as the pelvic region. Therefore, a larger effective mass will affect the 



 

58 

 

vehicle, consequently producing a higher contact force and deformation. Since the 

energy for THUMS in this thesis was obtained using these parameters, the energy 

will generally be greater for higher vehicles, and lower for lower vehicles. 

 

The method used to determine the impact energy between the THUMS and the 

vehicle may include some errors. For the higher vehicles, the small and large 

SUV, the number of active nodes used were more than for the lower vehicles. 

Consequently, this caused the energy to be greater for the higher vehicles 

compared to the lower vehicles since more parts are contributing to the total 

contact force. Hence, contact forces from a too large area might have been used 

when determining the impact energy. Furthermore, it is possible that the work 

obtained using the deformation and contact forces is not identical to the kinetic 

impact energy i.e., it is not possible to translate the work into impact energy, and 

it was thus obtained using an erroneous approach. 

 

The method proposed by Snedeker et al. [11] correlates poorly with the THUMS‟ 

energy. The results indicate that the relatively low energy overall is a consequence 

of how the velocity in the method by Snedeker et al. [11] is determined. For the 

Euro NCAP [18] test method, the energy is somewhat similar for lower vehicles 

in comparison with THUMS, but the method is not correlating to the simulations 

for higher vehicles. However, this may be due to that the test method by Euro 

NCAP [18] has a maximum limit for the proposed impactor energy of 700 J.  

5.4 Future studies 

It is important to point out that the ANMC has only been used for small bone 

angle changes. It would therefore be of interest to investigate how this method 

handles larger displacements of the extremities, for example to position an 

occupant from a pedestrian stance and vice versa.  

 

Further, the test method by Snedeker et al. [11] uses the mass of the upper leg, or 

the upper leg and 10 % of the pelvic mass, when determining the mass of the 

impactor. A similar approach, with a certain proportion of the mass of the 

different body parts, could perhaps have been used in this thesis as well. This 

could result in a more realistic effective mass for the simulations and the design of 

the method to obtain the energy and effective mass could thus be altered. Certain 

proportions of the upper leg and pelvis contact force would be used instead of 

using the total upper leg and pelvis contact force.  Further studies concerning the 

use of certain proportions of the upper leg and pelvis mass are therefore 

warranted. 

 

Lastly, a study using vehicle models with different front structure geometry would 

most likely result in larger difference in the parameters obtained. Thus, the 

methods compared and discussed in this thesis could therefore be more 

extensively evaluated.   
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6 Conclusion 

FE simulations comparing the upper leg impactor method by Euro NCAP [18] to 

the method proposed by Snedeker et al. [11] reveals several differences. The 

methods‟ parameters showed overall diverging results to the parameters obtained 

in the THUMS simulations. Due to that the methods are not correlating 

sufficiently to the simulations, no general conclusions can be drawn regarding 

which method correlates most to the THUMS simulations overall in this study. 

The different aspects were compared to simulations with THUMS, and the 

conclusions are as follows: 

 

 The maximum moments in THUMS were found in the inferior cross sections, 

and these are greater than the limits proposed by Euro NCAP [18] and Snedeker 

et al. [11] for some cross sections.  

 

 The THUMS impacted on the MBLE before impacting on the BLE. This 

indicates that the proposed modified test method, defined by Snedeker et al. 

[11], correlates better for the impact angle with the THUMS simulations in this 

thesis.  

 

 The method proposed by Snedeker et al. [11] corresponds to the THUMS‟ 

impact angle in this thesis, and therefore showed closer correlation than the 

method by Euro NCAP [18].  

 

 The velocity proposed by Snedeker et al. [11] correlates poorly with the 

simulations. Therefore, the velocity of the test method by Euro NCAP [18] 

showed the closest correlation with THUMS overall. 

 

 The mass for both test methods coincides poorly with the THUMS‟ upper leg 

effective mass. Therefore, the results indicate that the methods‟ ways of 

determining the mass to be used for the impactors may need to be reconsidered. 

 

 The method proposed by Snedeker et al. [11] correlates poorly with the 

THUMS‟ energy overall. For the Euro NCAP [18] test method, the energy is 

somewhat similar for lower vehicles in comparison with THUMS, but the 

method is not accurate for higher vehicles. Therefore, no conclusions regarding 

the impact energy for higher vehicles can be drawn.  
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Appendix 

Appendix A – Material of the upper leg of THUMS version 3.0 

 

The cortical bones in the femur in THUMS, version 3.0, are modeled as shells 

with a density ρ = 2 000 kg/m
3
 and a Young‟s modulus E = 17.3 GPa. The spongy 

bones in the femur are modeled as solid parts with a ρ = 860 kg/m
3
 and 

E = 40 MPa. The upper legs soft tissue consists of skin and muscles. The skin is 

modeled with shell elements whereas the muscles are modeled with solid 

elements. The skin has the properties; ρ = 1 600 kg/m
3
 and E = 22 MPa, and the 

muscles have the properties ρ = 1 600 kg/m
3
 and a bulk modulus of 4.6 MPa. 

 

The properties of the different bones in the hip are modeled identical to that of the 

femur and the knee. The soft tissue in the hip is also similarly built to the upper 

leg. However, there is a third surface layer surrounding the pelvic area modeled 

with shell elements and the properties ρ = 1 000 kg/m
3
 and a bulk modulus of 

13.8 MPa. 

 
  



 

 

 

  



 

 

 

 

Appendix B – The C-stance as proposed by IMVITER 

 

Figure B1 – The C-stance as proposed by IMVITER [63]. (Illustrations by IMVITER. The authors of this 

paper have a written approval to use this image) 

  



 

 

 

  



 

 

 

 

Appendix C – MATLAB code 

% The script used to calculate the ANMC when the extremities were  

% positioned 
% Input length of the bone to be positioned. 
R = input('Length of the bone [mm]: '); 

 
% Input the bone angles at start and end points 
% theta = bone angle [degrees] at starting point 
% phi = bone angle [degrees] at end point 
theta = input('Starting angle [degrees]: ') + 270; 
phi = input('End angle [degrees]: ') + 270; 
% Here, 270 degrees was added to the start and end bone angles to  

% receive an ANMC in the third and fourth quadrant in the  

% coordinate system. 

  
% Input of the simulation time to determine the velocity of the 

movement. 
t_end = input('Simulation time [ms]: '); 

  
% Start and end values, x and z, are calculated. 
x_start = R*(1 + cosd(theta)); 
z_start = R*(1 + sind(theta)); 
x_end = R*(1 + cosd(phi)); 
z_end = R*(1 + sind(phi)); 

  
% A plot of the movement. 
plot(x_start,z_start,'kx',x_end,z_end,'gx') 
hold on 

  
% Depending on whether the starting bone angle or end bone angle  

% is the largest, the movement will be in different direction. 

 
     if phi >= theta 
     angle = theta:0.1:phi; 
     xp = R*(1 + cosd(angle)); 
     zp = R*(1 + sind(angle)); 
     x_out = xp - x_start; 
     z_out = zp - z_start; 
     plot(xp,zp,'m') 
     else 
     angle = phi:0.1:theta; 
     xp = R*(1 + cosd(angle)); 
     zp = R*(1 + sind(angle)); 
     xp_m = flipdim(xp,2); 
     zp_m = flipdim(zp,2); 
     x_out = xp_m - x_start; 
     z_out = zp_m - z_start; 
     plot(xp_m,zp_m,'m') 
     end 

 
sz = size(xp); 
t_step = t_end/(sz(2)-1); 
t = 0:t_step:t_end;  
t = [t t_end+10]; 
x_out = [x_out x_out(end)]; 
z_out = [z_out z_out(end)]; 
output_x = [t' x_out']; 
output_z = [t' z_out']; 



 

 

 

  



 

 

 

 

Appendix D – Simulation matrices 

Table D1 – Simulation matrix describing the 36 simulations in the first set. 

 

 

Simulation 

number

Vehicle 

Model

Vehicle height 

[mm]

Bonnet 

position [mm]

THUMS 

Stance

Simulation 

time [ms]

Data output 

time [ms]

1 Small PV 694 -240 A 60 5

2 Small PV 694 -240 B 60 5

3 Small PV 694 -240 C 60 5

4 Small PV 694 0 A 60 5

5 Small PV 694 0 B 60 5

6 Small PV 694 0 C 60 5

7 Small PV 694 398 A 60 5

8 Small PV 694 398 B 60 5

9 Small PV 694 398 C 60 5

10 Large PV 768 -240 A 60 5

11 Large PV 768 -240 B 60 5

12 Large PV 768 -240 C 60 5

13 Large PV 768 0 A 60 5

14 Large PV 768 0 B 60 5

15 Large PV 768 0 C 60 5

16 Large PV 768 398 A 60 5

17 Large PV 768 398 B 60 5

18 Large PV 768 398 C 60 5

19 Small SUV 877 -240 A 60 5

20 Small SUV 877 -240 B 60 5

21 Small SUV 877 -240 C 60 5

22 Small SUV 877 0 A 60 5

23 Small SUV 877 0 B 60 5

24 Small SUV 877 0 C 60 5

25 Small SUV 877 398 A 60 5

26 Small SUV 877 398 B 60 5

27 Small SUV 877 398 C 60 5

28 Large SUV 988 -240 A 60 5

29 Large SUV 988 -240 B 60 5

30 Large SUV 988 -240 C 60 5

31 Large SUV 988 0 A 60 5

32 Large SUV 988 0 B 60 5

33 Large SUV 988 0 C 60 5

34 Large SUV 988 398 A 60 5

35 Large SUV 988 398 B 60 5

36 Large SUV 988 398 C 60 5



 

 

 

Table D2 - Simulation matrix describing the 12 simulations in the second set. 

 

  

Simulation 

number

Vehicle 

Model

Vehicle 

height [mm]

Bonnet 

position [mm]

THUMS 

Stance

Simulation 

time [ms]

Data output 

time [ms]

1 Small PV 694 -240 C 30 0.5

2 Small PV 694 0 C 30 0.5

3 Small PV 694 398 C 30 0.5

4 Large PV 768 -240 C 30 0.5

5 Large PV 768 0 C 30 0.5

6 Large PV 768 398 C 30 0.5

7 Small SUV 877 -240 C 30 0.5

8 Small SUV 877 0 C 30 0.5

9 Small SUV 877 398 C 30 0.5

10 Large SUV 988 -240 C 30 0.5

11 Large SUV 988 0 C 30 0.5

12 Large SUV 988 398 C 30 0.5



 

 

 

 

Appendix E – Lengths L1 and L2 

Table E1 – The table shows the measured lengths, L1 and L2 for the method proposed by Snedeker et 

al. [11]. 

 

Impact 

point

Vehicle 

model

Small PV L1 171,8

L2 255,7

Large PV L1 244,1

L2 183,4

Small SUV L1 355,5

L2 72,0

Large SUV L1 427,4

L2 0,0

Small PV L1 171,8

L2 255,7

Large PV L1 247,2

L2 180,2

Small SUV L1 345,3

L2 82,2

Large SUV L1 427,4

L2 0,0

Small PV L1 164,0

L2 263,4

Large PV L1 228,3

L2 199,2

Small SUV L1 329,7

L2 97,8

Large SUV L1 427,4

L2 0,0

PI

PII

PIII

Lengths [mm]



 

 

 

  



 

 

 

 

Appendix F  – Interactions between THUMS and vehicles 

 
Figure F1 – The THUMS positioned in A-stance (left), B-stance (middle) and C-stance (right) in impact with a 

large PV. The impact point is PII and the time frame is 10 – 60 ms. 



 

 

 

 

Figure F2 – The THUMS positioned in A-stance (left), B-stance (middle) and C-stance (right) in impact with a 

small SUV. The impact point is PII and the time frame is 10 – 60 ms. 



 

 

 

 

 
Figure F3 – The THUMS positioned in A-stance (left), B-stance (middle) and C-stance (right) in impact with a 

large SUV. The impact point is PII and the time frame is 10 – 60 ms. 

 

 

 

 



 

 

 

  



 

 

 

 

Appendix G – Results from cross sections 

Table G1 – The forces in the different cross sections at PI, PII, and PII for the different vehicle heights. 

The maximum value for each vehicle height is shown in red. 

 
 

 
 

 
 

 

 

 

 

 

PI Force [kN]

Section A-stance B-stance C-stance A-stance B-stance C-stance A-stance B-stance C-stance A-stance B-stance C-stance

I1 3,69 3,02 2,87 2,27 2,38 2,38 Error 3,03 Error 3,07 2,05 Error

I2 3,81 3,35 3,25 2,69 2,51 2,55 Error 2,98 Error 2,84 2,30 Error

I3 4,15 3,65 3,72 2,82 3,17 2,84 Error 3,06 Error 3,11 2,08 Error

I4 3,93 4,38 3,99 3,41 3,50 3,24 Error 3,71 Error 3,62 1,80 Error

I5 3,89 4,42 3,85 2,91 3,42 3,33 Error 3,86 Error 3,58 1,91 Error

I6 3,41 3,56 3,02 3,50 3,73 3,30 Error 3,26 Error 3,31 2,62 Error

I7 2,48 2,20 2,34 4,24 2,98 3,59 Error 2,50 Error 3,23 3,00 Error

I8 2,41 1,64 1,93 3,48 2,73 3,37 Error 2,75 Error 2,88 2,74 Error

NI1 2,11 1,99 1,80 1,80 2,28 2,11 Error 3,33 Error 2,86 2,10 Error

NI2 2,31 2,85 2,38 2,66 2,72 2,42 Error 3,82 Error 3,05 3,31 Error

NI3 2,92 2,75 2,35 3,04 3,13 2,74 Error 3,93 Error 3,28 3,31 Error

NI4 3,32 3,01 2,16 3,29 3,63 2,59 Error 4,11 Error 3,48 3,34 Error

NI5 3,59 3,35 2,04 3,40 3,72 2,45 Error 4,42 Error 3,77 3,23 Error

NI6 3,37 3,46 2,08 3,54 3,96 2,75 Error 4,57 Error 4,28 3,52 Error

NI7 2,79 2,78 2,10 3,34 3,11 2,85 Error 4,48 Error 4,90 3,61 Error

NI8 2,05 1,52 1,72 2,43 1,71 2,17 Error 2,84 Error 3,74 2,38 Error

P1 1,48 1,19 1,07 1,93 1,48 2,00 Error 2,96 Error 2,74 2,69 Error

P2 0 0 0 0 0 0 Error 0 Error 0 0 Error

Small PV Large PV Small SUV Large SUV

PII Force [kN]

Section A-stance B-stance C-stance A-stance B-stance C-stance A-stance B-stance C-stance A-stance B-stance C-stance

I1 3,59 3,46 3,38 3,26 3,34 3,08 2,42 3,00 2,29 2,93 1,89 1,88

I2 3,48 3,73 3,72 3,23 3,41 3,54 2,98 2,94 2,75 2,58 1,97 1,66

I3 3,52 4,20 4,20 3,19 3,53 3,43 2,49 3,16 2,94 2,71 1,98 1,76

I4 3,11 4,43 4,62 3,66 3,90 3,85 3,34 3,60 3,34 3,14 2,24 2,09

I5 3,56 4,72 4,44 3,51 3,97 3,94 3,36 3,77 3,09 3,34 2,38 2,30

I6 3,05 3,74 3,36 3,33 3,57 3,50 2,71 3,02 2,23 3,13 2,52 2,35

I7 2,67 2,35 2,34 4,25 3,45 3,68 1,79 2,72 1,95 3,60 3,08 3,09

I8 2,45 1,68 2,14 3,49 3,25 3,21 2,00 2,52 1,89 3,33 2,95 2,72

NI1 2,33 1,72 2,29 2,44 2,19 2,23 2,76 3,51 3,69 2,95 2,34 3,03

NI2 2,47 2,48 2,46 2,82 2,69 2,50 3,70 3,91 3,60 3,71 3,58 3,10

NI3 2,74 2,61 2,45 3,33 2,92 2,61 3,76 4,00 3,64 3,71 3,42 3,48

NI4 3,46 2,80 2,59 3,58 3,08 2,69 3,97 4,16 3,47 3,56 3,14 3,86

NI5 3,89 2,90 2,49 3,78 3,48 2,71 3,97 4,33 3,39 3,77 3,37 3,84

NI6 3,42 2,93 2,22 3,57 3,41 2,99 3,95 4,61 3,61 4,31 3,45 4,04

NI7 2,78 2,64 2,15 3,15 2,94 3,05 4,49 4,51 4,00 4,76 3,72 4,13

NI8 1,93 1,66 1,60 2,15 1,90 2,31 3,43 2,92 2,99 3,57 2,51 3,16

P1 1,53 1,22 1,06 1,97 1,71 1,69 2,81 2,92 2,80 2,72 2,68 2,75

P2 0 0 0 0 0 0 0 0 0 0 0 0

Small SUV Large SUVSmall PV Large PV

PIII Force [kN]

Section A-stance B-stance C-stance A-stance B-stance C-stance A-stance B-stance C-stance A-stance B-stance C-stance

I1 2,63 3,91 4,27 1,85 3,28 3,60 2,79 3,14 3,06 2,72 2,54 1,69

I2 3,41 3,41 3,78 1,98 3,28 3,64 3,98 3,23 3,08 2,53 2,64 1,54

I3 3,50 3,47 4,25 2,19 3,50 3,68 2,87 3,72 2,97 2,97 2,75 1,80

I4 4,05 3,50 4,55 2,24 4,10 4,31 3,04 4,18 3,51 2,81 3,63 2,25

I5 4,56 3,94 4,75 2,36 4,25 4,46 3,32 4,00 3,75 3,09 3,89 2,69

I6 3,46 3,77 3,70 3,99 3,76 4,21 2,46 3,59 2,90 3,36 3,73 2,73

I7 2,55 2,79 2,12 4,40 3,59 4,13 2,14 2,65 2,23 4,17 3,74 3,79

I8 2,22 2,41 1,49 3,46 3,14 2,99 3,35 2,45 3,08 3,88 3,46 3,37

NI1 1,93 1,87 2,12 2,23 2,41 2,40 2,93 3,08 2,45 2,51 3,45 2,55

NI2 2,64 2,24 2,38 2,56 2,64 2,07 3,15 2,99 2,91 3,08 3,57 2,51

NI3 2,98 2,17 2,53 2,72 2,88 2,31 3,55 3,19 3,35 3,32 3,51 2,66

NI4 2,86 2,32 2,59 2,97 3,20 2,62 3,54 3,27 4,03 3,59 3,27 2,82

NI5 2,87 2,54 2,76 3,17 3,48 2,66 3,66 3,24 4,17 3,79 3,27 3,09

NI6 2,68 2,61 2,47 3,16 3,41 2,65 3,92 3,20 3,99 4,07 3,49 3,32

NI7 2,51 2,38 2,15 3,07 3,02 2,70 4,13 3,65 3,77 4,51 4,41 3,55

NI8 1,77 1,42 1,43 2,36 1,81 2,04 3,04 2,35 2,71 3,47 2,70 2,74

P1 1,18 1,30 0,97 1,71 1,47 2,10 2,77 2,59 2,67 2,63 2,61 2,78

P2 0 0 0 0 0 0 0 0 0 0 0 0

Small SUV Large SUVSmall PV Large PV



 

 

 

Table G2 – The moments in the different cross sections at PI, PII, and PII for the different vehicle heights. 

The maximum value for each vehicle height is shown in red.  

 
 

 
 

 
 

PI Moment [Nm]

Section A-stance B-stance C-stance A-stance B-stance C-stance A-stance B-stance C-stance A-stance B-stance C-stance

I1 529 511 438 549 521 445 Error 503 Error 539 437 Error

I2 524 517 434 541 499 401 Error 470 Error 522 444 Error

I3 512 503 442 516 473 385 Error 423 Error 467 450 Error

I4 462 424 424 480 446 430 Error 335 Error 396 446 Error

I5 392 287 338 476 416 452 Error 299 Error 439 424 Error

I6 283 173 237 436 325 395 Error 272 Error 361 347 Error

I7 180 101 148 277 202 268 Error 202 Error 229 230 Error

I8 79 48 90 86 93 127 Error 113 Error 90 104 Error

NI1 559 513 413 562 495 360 Error 451 Error 506 441 Error

NI2 529 479 357 530 435 329 Error 406 Error 527 432 Error

NI3 467 423 283 465 364 295 Error 356 Error 531 406 Error

NI4 373 334 212 364 285 246 Error 335 Error 509 368 Error

NI5 276 233 170 263 217 219 Error 288 Error 455 328 Error

NI6 182 135 119 172 149 174 Error 205 Error 357 260 Error

NI7 106 72 75 105 80 115 Error 161 Error 229 171 Error

NI8 54 58 59 60 48 70 Error 101 Error 81 84 Error

P1 36 27 36 46 31 51 Error 76 Error 56 54 Error

P2 0 0 0 0 0 0 Error 0 Error 0 0 Error

Small PV Large PV Small SUV Large SUV

PII Moment [Nm]

Section A-stance B-stance C-stance A-stance B-stance C-stance A-stance B-stance C-stance A-stance B-stance C-stance

I1 523 515 451 527 500 452 523 531 477 538 420 462

I2 520 529 444 500 469 405 484 516 479 516 443 479

I3 514 530 432 446 433 363 435 480 435 465 443 459

I4 463 478 456 415 415 376 378 385 341 400 420 410

I5 396 353 387 466 413 399 297 308 246 447 415 381

I6 301 210 260 440 363 354 220 273 203 384 350 330

I7 185 124 148 282 246 229 157 195 137 240 240 213

I8 72 85 82 93 106 112 101 114 84 89 104 89

NI1 544 540 438 555 523 428 536 442 537 513 448 535

NI2 501 506 390 498 448 346 540 392 496 550 442 510

NI3 437 443 312 421 366 302 513 353 441 555 426 477

NI4 355 342 224 317 275 265 450 339 385 528 393 435

NI5 266 231 171 234 223 224 386 293 341 469 344 375

NI6 168 141 119 165 162 165 319 214 278 362 273 290

NI7 88 75 74 104 99 86 206 159 171 226 177 168

NI8 49 52 51 73 50 58 103 98 100 83 81 72

P1 34 25 37 48 38 49 65 76 66 60 52 53

P2 0 0 0 0 0 0 0 0 0 0 0 0

Small PV Large PV Small SUV Large SUV

PIII Moment [Nm]

Section A-stance B-stance C-stance A-stance B-stance C-stance A-stance B-stance C-stance A-stance B-stance C-stance

I1 473 528 452 478 530 482 464 511 489 530 515 501

I2 529 573 406 510 485 457 460 518 527 497 500 499

I3 591 600 420 546 445 431 543 496 514 445 503 479

I4 582 561 419 586 409 473 509 406 432 416 505 468

I5 431 443 330 584 396 491 403 307 328 497 494 467

I6 256 295 207 455 352 404 317 234 254 459 416 412

I7 152 166 101 257 241 245 232 193 192 302 273 276

I8 102 86 49 112 105 85 117 136 96 102 100 94

NI1 528 511 491 505 515 456 551 509 524 520 479 537

NI2 499 490 460 486 475 409 554 465 494 538 458 499

NI3 444 440 395 435 418 357 522 418 440 533 436 453

NI4 362 359 297 372 337 300 468 376 369 502 408 397

NI5 286 260 196 292 258 247 406 335 299 450 373 328

NI6 190 169 110 194 202 180 313 274 226 367 319 235

NI7 91 87 64 104 123 113 194 182 148 237 206 143

NI8 45 64 45 58 86 66 96 75 90 85 76 82

P1 38 30 28 41 34 52 68 77 63 63 69 65

P2 0 0 0 0 0 0 0 0 0 0 0 0

Small PV Large PV Small SUV Large SUV



 

 

 

 

 
Figure G1 - The maximum force and maximum moments for the small PV simulations at the three 

different points along the bonnet. Blue curve is the A-stance, red curve is the B-stance and green curve 

is the C-stance. 



 

 

 

 

Figure G2 – The maximum force and maximum moments for the large PV simulations at the three 

different points along the bonnet. Blue curve is the A-stance, red curve is the B-stance and green curve 

is the C-stance. 



 

 

 

 

 
Figure G3 – The maximum force and maximum moments for the small SUV simulations at the three 

different points along the bonnet. Blue curve is the A-stance, red curve is the B-stance and green curve 

is the C-stance. 

 

 
 

 

 

 

 

 

 

 

 

 

 



 

 

 

 
Figure G4 – The maximum force and maximum moments for the large SUV simulations at the three 

different points along the bonnet. Blue curve is the A-stance, red curve is the B-stance and green curve 

is the C-stance. 

  



 

 

 

 

Appendix H – Parameters for the two test methods and 
THUMS 

 Table H1 – The table shows different parameters for the Euro NCAP test method, the proposed 

method by Snedeker et al. [11], and THUMS simulations for impact point PI, different vehicles, and 

the C-stance. 

 
 

Table H2 – The table shows different parameters for the Euro NCAP test method, the proposed 

method by Snedeker et al. [11], and THUMS simulations for impact point PII, different vehicles, and 

the C-stance. 

 
 

Small PV Large PV Small SUV Large SUV

Euro NCAP 688 762 871 982

Snedeker 662 736 845 956

THUMS 649 733 851 945

Euro NCAP 17,7 16,8 15,1 13,3

Snedeker 7,5 7,5 7,5 7,5

THUMS 7,5 7,5 7,5 7,5

Euro NCAP 8,2 11,1 11,1 11,1

Snedeker 4,4 6,3 9,2 11,0

THUMS 11,1 11,1 11,1 11,1

Euro NCAP 11,6 11,3 11,3 11,3

Snedeker 7,5 7,5 7,5 11,1

THUMS 5,6 10,5 20,6 13,9

Euro NCAP 393 700 700 700

Snedeker 73 148 315 673

THUMS 342 645 1267 857

Energy [J]

PI

Impact height 

[mm]

Impact Angle 

[Degrees]

Mass [kg]

Velocity [m/s]

Small PV Large PV Small SUV Large SUV

Euro NCAP 694 768 877 988

Snedeker 663 737 846 957

THUMS 668 733 847 933

Euro NCAP 17,9 17,0 15,3 13,3

Snedeker 7,5 7,5 7,5 7,5

THUMS 7,5 7,5 7,5 7,5

Euro NCAP 8,8 11,1 11,1 11,1

Snedeker 4,4 6,4 8,9 11,0

THUMS 11,1 11,1 11,1 11,1

Euro NCAP 11,1 11,3 11,3 11,3

Snedeker 7,5 7,5 7,5 11,1

THUMS 6,4 7,7 17,8 18,1

Euro NCAP 430 700 700 700

Snedeker 73 152 297 673

THUMS 393 474 1098 1113

PII

Impact height 

[mm]

Mass [kg]

Velocity [m/s]

Impact Angle 

[Degrees]

Energy [J]



 

 

 

Table H3 – The table shows different parameters for the Euro NCAP test method, the proposed 

method by Snedeker et al. [11], and THUMS simulations for impact point PIII, different vehicles, and 

the C-stance. 

 
 

Small PV Large PV Small SUV Large SUV

Euro NCAP 687 761 870 981

Snedeker 649 723 832 943

THUMS 648 713 842 934

Euro NCAP 21,0 19,8 17,4 14,7

Snedeker 7,5 7,5 7,5 7,5

THUMS 7,5 7,5 7,5 7,5

Euro NCAP 8,1 11,1 11,1 11,1

Snedeker 4,2 5,9 8,5 11,0

THUMS 11,1 11,1 11,1 11,1

Euro NCAP 11,9 11,3 11,3 11,3

Snedeker 7,5 7,5 7,5 11,1

THUMS 4,8 6,5 12,9 15,3

Euro NCAP 387 700 700 700

Snedeker 67 130 271 673

THUMS 297 402 795 942

PIII

Impact height 

[mm]

Mass [kg]

Velocity [m/s]

Energy [J]

Impact Angle 

[Degrees]


