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Abstract 
Lower leg injury is an important issue in frontal car crash. Although safety in cars has been 
improved by developments such as seat belts and airbags, lower leg injuries have not been 
reduced. These injuries are not life threatening but can result in long term disability and cost a 
lot to society. This study focused on the passenger occupant in offset frontal crashes and aimed 
at understanding and finding ways to reduce the injury criteria for the lower leg: tibia index. A 
finite element model was simplified to introduce parameters which influence on tibia index was 
investigated with a multivariate analysis. The model simplification consisted in removing 
irrelevant parts and replacing other parts by simple foam blocks. More than 1300 simulations 
were run with different parameter values. The results were then analysed by calculating 
correlations and effects of the parameters on tibia index. It was concluded that the presence of 
a knee bolster decreased tibia index. The results also showed a decrease of tibia index when the 
toe pan was angled towards the legs of the passenger. Moreover, a correlation between tibia 
index and the movement of the feet during the crash was found. It was concluded that restrained 
lower legs also presented decreased tibia indices compared to unrestrained ones. Most of the 
results proved to be also valid on the initial, unsimplified finite element model.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: Lower leg injury, Tibia index, Offset frontal crash, FEM simulations, Multivariate 
analysis, Passenger occupant 
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Sammanfattning 
Underbensskador är ofta förekommande vid frontalkrock. Även om fordonssäkerheten har 
förbättrats i och med utveckling av bland annat säkerhetsbälte och krockkudde, har antalet 
underbensskador inte minskat. Denna typ av skada är inte livshotande men kan resultera i 
långvariga besvär och kan leda till stora kostnader för samhället. Detta examensarbete fokuserar 
på passageraren vid frontalkrock (offset) och syftet var att skapa förståelse kring skadekriteriet 
för underben: tibia index, samt hitta lösningar på hur tibia index kan minskas. En finit 
elementmodell förenklades och parametrar introducerades. Parametrarnas påverkan på tibia 
index undersöktes med en multivariat analys. Modellen förenklades genom att eliminera några 
delar och ersätta andra delar med enkla block. Simuleringar med olika värden på parametrarna 
skapades och ungefär 1300 kördes. Värdena från simuleringarna analyserades genom att 
beräkna korrelation och effekt på tibia index. Resultaten visade att implementering av ett slags 
mjukt knäskydd påverkar tibia index positivt. De visade också att tibia index förbättrades när 
den främre delen av golvet vinklades mot passagerarens ben. Vidare, fanns en korrelation 
mellan tibia index och fötternas förflyttning under krockförloppet. Slutsatsen var att 
kontrollerade underben förbättrar tibia index i jämförelse med okontrollerade ben. De flesta 
resultaten stämde även för den ursprungliga modellen.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Nyckelord: Underbensskador, Tibia index, Frontalkrock, FEM-simuleringar, Multivariat 
analys, Passagerare 
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1 Introduction 
Car crashes are an important cause of severe injury or death. According to the National 
Highway Traffic Safety Administration, NHTSA (2014) over 20 000 occupants in a passenger 
vehicle died in car crashes year 2013, in the United States. An additional 2 million occupants 
were injured (National Center for Statistics and Analysis 2014). In Europe year 2010, 14 000 
occupants died in road traffic accidents, corresponding to less than half the road traffic fatalities 
in 2009 (Candappa N. 2012). This highlights the importance of understanding and continuing 
to improve the safety of cars. 
 
With the development of seat belts and the obligation to wear them as well as the development 
of airbags, safety in cars has improved, but lower extremity injuries have not been reduced in 
the same way. According to Crandall et al. (1994), head and neck injuries of the driver are 
decreased when protected by an airbag while upper and lower extremity injuries still are 
frequent. Iwamoto et al. (2000) reported that lower leg injury is the second most common injury 
of a car occupant in a crash. In frontal car crashes, 68% of the skeletal injuries undergone by 
restrained front seat occupants happened below the knee (Pattimore et al. 1991). Lower leg 
injuries are not life threatening but they are frequent and often lead to long-term disabilities 
(Zuby et al. 2001).  
 
In order to develop countermeasures to reduce the risk of lower leg injury, understanding needs 
to be acquired. Several methods can be used. Field data from real car crashes can be analysed 
to get information of how often and when lower leg injuries occurs. Cadavers can be used to 
understand the injury mechanism. Crash tests with test dummies can be performed to 
understand what creates the injury. Moreover, simulations of finite element models can be 
analysed, which provides much information for few resources when compared to cadaveric 
studies or crash tests.  
 
With the aim of understanding lower leg injuries Ivarsson et al. (2008) analysed real car crash 
data of front seat occupants in frontal car crashes. They found likely causes which include: 
contact with the foot well area, that the leg becomes entrapped between the dashboard and the 
intruding foot well or that the leg experience axial compression. They also saw that fracture of 
the tibia is mainly caused by axial compression, but it can also be the result of a bending moment 
which may be developed due to the normal curvature of the tibia shaft. Bending moment can 
also arise from transversal loading caused by contact between leg and dashboard or by twisting 
of the ankle (Ivarsson et al. 2008).  
 
Borde (2001) simulated the effect of a knee bolster, and found that it could “improve the car 
driver safety” because of the “optimization of the kinetic energy dissipated by lower legs”.  
 
In an effort to develop always safer cars, Volvo Car Corporation has turned their interest 
towards limiting lower extremity injuries. This project was aimed at understanding what 
influences lower leg injury and how to reduce it. The focus was the passenger occupant of the 
vehicle and not the driver in order to avoid the complexity of pedal interaction. The study was 
limited to offset frontal crashes. A finite element model was used and a number of parameters 
investigated with a multivariate analysis.  
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2 Theoretical background 
2.1 Injury criteria 
In order to understand and be able to predict injuries, an injury criterion for the lower leg was 
developed by Mertz (1993). The criterion is called tibia index, TI, and it takes into account the 
axial compression force and the bending moments (Funk et al. 2004). 
 
The lower leg coordinate system is presented in Figure 1. Fz is the axial tibia force and Mx and 
My the bending moments. Moreover, as can be seen in the figure, the forces and moments are 
measured at two transducers on tibia for each leg.  

 
Figure 1: The leg’s coordinate system 

The formula of tibia index is: 

 
𝑇𝐼 =  

𝐹
𝐹𝑐

+
√𝑀𝑥

2 + 𝑀𝑦
2

𝑀𝑐
 

(1) 

 
Where  F is the axial compression force [kN] in z-direction 
 Fc is the critical value of the axial force 

Mx is the bending moment [Nm] around the x-axis 
 My is the bending moment [Nm] around the y-axis 
 Mc is the critical value of the bending moment 
 
For the Hybrid III 50th Percentile Male Crash Test Dummy, Fc = 35.9kN and Mc = 225Nm 
(Mertz et al. 2003). 
 
Mertz (1993) suggests that a TI higher than 1 represents a risk of tibia injury.  
 
The axial compression force that is used in the formula is the largest force experienced from 
the two load cells. The critical values are based on results from quasi-static biomechanical tests 
reported by Yamada (1970). The critical force value is based on results from compressive tests 
on the middle fifth segment of tibia and the critical bending moments are obtained from three-
point bending tests on isolated whole tibia (Funk et al. 2004). 

2.2 Prior attempts to reduce lower leg injury 
The problem and the causes of lower leg injury have been examined and various ideas on how 
to reduce lower extremity injuries have been investigated in the literature. 
 
According to Gokhale et al. (2009), hard contact with the interior of the vehicle is the main 
reason for injuries in frontal car crashes. Some installations, as airbag and seatbelt pre-tensioner, 
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were developed in order to prevent contact between the interior and the upper part of the body. 
However, regarding the lower part of the body, the interior plays a major role controlling 
injuries. Gokhale et al. (2009) ran experiments with test dummy legs to investigate the influence 
of the dashboard on the lower leg. They also performed experiments with a prototype and sled 
tests to find a design of the dashboard that would reduce lower leg injuries. It was found that 
knee shear injuries can be reduced by changing the stiffness of the dashboard, higher stiffness 
at knee contact and lower stiffness at tibia contact is desired (Gokhale et al. 2009).  
 
A pyrotechnic knee bolster was developed by Borde (2001) in order to protect the lower 
extremities and pelvis. It prevents the knee from contacting the rigid parts of the dashboard and 
steering column as well as absorbs a part of the kinetic energy. According to Borde (2001) a 
big distance between the legs and the dashboard, results in high speed and kinetic energy before 
impact. Thus, he saw that it would be of interest to position the dashboard close to the occupant. 
This development of the knee bolster decreased the pelvis acceleration, the axial femur load 
and the tibia index (Borde 2001).  
 
A heal foam pad is another application developed by Miyahara et al. (2008) to reduce lower 
extremity injuries. The aim was to reduce the peak value of the axial tibia forces. The heel foam 
pad was optimized by two parameters, stiffness and angle. The stiffness was examined in order 
to absorb kinetic energy. (Miyahara et al. 2008) 
 
Earlier work has been done by Volvo to get an understanding of where TI originates from and 
how it can be decreased. One study analysed the influence of the carpet friction coefficient on 
TI. The conclusion was that higher carpet friction coefficient led to lower TI. Another study 
was performed to investigate the influence of a knee airbag, KAB. The conclusion was that a 
KAB reduces the pelvis forward motion and influences the moments. An analysis on how the 
moments and the forces contributed to TI showed that the axial force contributed very little to 
TI, thus the moments contribute the most.  

2.3 Euro NCAP criteria 
Euro NCAP (New Car Assessment Program) is an independent European institute which was 
founded in 1997. The aim of their work is to estimate and rate the safety of cars.  
 
Euro NCAP categorises the tests into four different groups: adult protection, child protection, 
pedestrian protection and safety assist (Euro NCAP 2015a). The collected values of the test 
dummies are then used to estimate the protection. Different varieties of crashes are performed; 
one of them is the offset frontal crash which is used in this project. This is the most common 
type of crash happening on a road and it is often leading to severe or fatal injuries. The offset 
frontal crash of Euro NCAP consists in a car striking, at a speed of 64kph, a deformable barrier 
that overlaps 40% of the car’s width as illustrated in Figure 2 (Hobbs & Mcdonough 1998) 
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Figure 2: Offset crash at 64kph (Euro NCAP 2015c) 

This type of crash simulates a frontal crash between two cars with similar weight. Most often 
only a part of the front of the car is hit and therefore the deformable barrier with an offset is 
used. (Hobbs & Mcdonough 1998) 
 
 In order to obtain the maximal rating for the lower leg, the following criteria must be fulfilled: 
the maximum of the four TI measured at the four dummy tibia transducers, must be smaller 
than 0.4 and the largest axial force in absolute value must be smaller than 2kN. Moreover, a 
criterion for the upper leg is that the femur force must be smaller than 4kN in absolute value. 
(Euro NCAP 2015a) 

2.4 Test dummy 
In this project the Hybrid III 50th Percentile Male Crash Test Dummy (Humanetics Innovative) 
was used. General Motors was the company which developed the original test dummy. With a 
test dummy, which can be seen as a calibrated test instrument, it is possible to understand the 
injuries of a human generated from a crash. There are several transducers in the dummy 
measuring accelerations, deflections, forces and moments, which gives information about how 
a crash is experienced. Each femur has one transducer while each tibia has two. The transducers 
in femur measure amongst others the axial femoral force. Each tibia has one upper and one 
lower load cell, both measuring the forces in x- and z- direction and the moments around the x- 
and y- axis in the lower leg’s coordinate system (see Figure 1). (Humanetics Innovative 
Solutions 2015) 

2.5 Biomechanics 
A few anatomical terms will be used in this report and therefore need to be defined. 
 
The knee flexion angle is the angle between a virtual prolongation of the upper leg and the 
lower leg as can be seen in Figure 3. A knee flexion angle of 0 degree corresponds to a fully 
extended knee. 
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Figure 3: Definition of the knee flexion angle (Knee Surgery 2015) 

Ankle dorsiflexion corresponds to a movement that bring the toes towards the lower leg and the 
relative angle between the leg and the foot decreases. Ankle plantar flexion is the opposite 
movement which increases the relative angle between the leg and the foot (see Figure 4). The 
ankle inversion is the movement that brings the sole of the foot to face medially. The ankle 
eversion is the opposite movement, bringing the sole of the foot to face laterally (see Figure 4). 
(Hamill & Knutzen 2009) 

 
Figure 4: Definition of the ankle movements (OpenStax College) 

2.6 Design of experiments 
In a multivariate analysis, information is acquired by observing of the variation of an output 
when the parameters are varied. The values chosen for the input parameters are therefore of 
importance. Design of experiment is a technique which focuses on obtaining information in the 
most efficient way, by appropriately choosing the values of the parameters. The two different 
designs of experiment used in this study are presented here. 

2.6.1 Plackett Burman  
Let us consider a system with a set of n parameters [𝑝1, … , 𝑝𝑛] that can take two values, 0 or 1. 
The system’s output Y depends on the parameters: 𝑌 = 𝑓(𝑝1, … , 𝑝𝑛). And let us assume that 
only the main effect of the parameters on the output is of interest. Then the Plackett Burman 
design of experiment suggests that instead of running a full factorial design, corresponding to 
all the 2n possible combinations, it is possible to only run N combinations, where N is the first 
multiple of 4 greater than n, the number of parameters. (Esteco SpA 2014) 

2.6.2 Incremental space filler 
Let us consider a system with a set of n parameters [𝑝1, … , 𝑝𝑛] that can take any value between 
0 and 1. Any combination of values of the n parameters can be seen as a point in an n-dimension 
space. All the different possible combinations are referred to as the design space. Here, the 
design space can be represented by a unit hypercube of dimension n. The incremental space 
filler (ISF) starts from the design (combinations of values of parameters) with all parameters at 
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0 and then creates new designs in the design space trying to maximise the minimum distance 

between designs.(Esteco SpA 2014) 

2.7 MOGA II 
The genetic algorithm MOGA II starts from an initial population of designs that constitutes the 

first generation. It then creates new generations of designs by using four operators: mutation, 

classical crossover, directional crossover and selection. Mutation consists in random changes 

in the value of the design parameters. In the classical crossover, the design parameters 

represented in binary format of two parent designs are randomly split and exchanged to create 

one child design. As can be seen in Figure 5, two possible child designs are created, but one is 

randomly selected. (Poles et al. 2004) 

 

Figure 5: Classical crossover 

The directional crossover calculates the direction of improvement between a design and its 

parent designs. It then creates a new design by moving in a randomly weighted direction, 

comprised between the two previously calculated directions of improvement. Finally the 

selection allows keeping the best designs unchanged in future generations. (Poles et al. 2004) 

 

2.8 Statistical analysis 

2.8.1 Correlation 
Pearson correlation is a measure of the strength of the linear relationship between two variables, 

giving a value between +1 and -1. A value of +1 indicates a perfect positive linear relationship 

between two variables. A value of -1 indicates a perfect negative linear relationship between 

two variables. A perfect linear relationship means that all the values lay on a straight line. If the 

value is zero it means there is no correlation between the two variables. (Esteco SpA 2014) 

2.8.2 Main Effect 
The main effect is a value of how an input parameter influences an output. The main effect of 

an input parameter p on an output y is calculated as follows. The range of parameter p is divided 

into two equal-sized parts and the designs are split into two groups: design with p in the first 

half of its range and designs with p in the second half of its range. For the two groups, the mean 

of the output y is calculated. The main effect of parameter p on output y is then defined as the 

difference between the two means, see Figure 6. (Esteco SpA 2014).  
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Figure 6: Main effect 

 
The difference between the two means, also called the effect size, is a value of the strength 
between the input parameter p and the output y. A parameter is important if the effect size is 
big, meaning a significant shift in the location of the output values. (Esteco SpA 2014) 
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3 Method 
The aim of this thesis was to understand what influences lower leg injuries and how to reduce 
them. In order to reach this understanding, many parameters were investigated. First a finite 
element model was simplified, then a set of parameters was decided and finally the influence 
of these parameters on tibia index was investigated with the simplified model. The model was 
simplified by removing parts and replacing some of them by simpler parts. The parameters were 
chosen based on knowledge from previous work at Volvo and literature studies. The influence 
of the parameters on tibia index was investigated by running simulations with different values 
of the parameters and the results were analysed with help of statistical software.  

3.1 Model Simplification 
A simplified model was created in order to reduce the runtime and to easily introduce 
parameters. Reducing the runtime would indeed allow running more simulations. Moreover, in 
order to easily introduce parameters, it was preferable to have simple parts whose properties 
and position are simply changed. 
 
The model simplification started from an existing sled model, hereafter referred to as baseline. 
Sled models allow performing tests on specific parts of a car without having to crash a complete 
vehicle. A sled model is composed of a rigid sled with the shape of the structure of a part of the 
vehicle (the front in this case) and the parts of the vehicle’s interior, mounted in the sled. This 
assembly undergoes an acceleration pulse similar to that of a real crash. 
 
The simulations were performed with LS-Dyna (Livermore Software Technology Corporation 
LSTC) over a simulation time of 150ms. The time step used in the baseline was 0.49µs but as 
increasing it to 0.54µs did not significantly change the outcome of the simulation but reduced 
the runtime, the latter time step was chosen.  
 
The global coordinate system was oriented as shown in Figure 7. The x-axis was the 
longitudinal axis and pointed towards the back of the vehicle. The y-axis was the lateral axis 
and pointed towards the right side of the vehicle. Finally, the z-axis was the vertical axis and 
pointed upwards. 

 
Figure 7: The car's coordinate system(Constant 2015) 

The model simplification started from a finite element model of the newest car with the latest 
updates. 

3.1.1 Model reduction 
Everything except from the dummy, the seat, and the seatbelt were removed from the baseline, 
see Figure 8. 
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Figure 8: Parts kept from the sled model 

The reason to remove parts was either that it was assumed that these parts did not influence the 
tibia index of the occupant or that they were needed to be replaced by simplified parts. The 
airbag was removed because it requires complex calculations during inflation which 
considerably increases the runtime.  

3.1.2 Airbag 
Removing the airbag changed the kinematics of the dummy. To reproduce the effect of the 
airbag, a pressure was added to a part of the chest, the arms and the head (see Figure 9). This 
pressure was defined as the curve of the internal pressure of the airbag over time that was scaled 
in order to find a pressure acting as close as possible to the behaviour of the airbag. Curves of 
tibia index over time from the baseline, and the same model but with removed airbag and added 
pressure were compared. Moreover, the dummy kinematics were visually compared. As a 
complement to the added pressure, it was investigated if a change of the seatbelt force would 
result in a behaviour closer to the behaviour with an airbag.  

 
Figure 9: Elements to which the pressure is applied 
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3.1.3 New parts 
The focus of the project was the passenger. Hence, only the passenger side of the car was of 
interest when creating new parts. Moreover, the investigation was done on an offset frontal 
crash impacting on the driver side. During such a crash, the dummy slides towards the centre 
of the vehicle, and hence the lateral outer parts, as for example the door, were not of interest. 
However, the central parts were of great importance. Based on this and on observations of 
previous simulations, news parts were created that imitate the carpet, the tunnel console and the 
instrument panel.  
 
The new parts were designed as simple volumes. The created parts were a floor, two toe pans, 
a carpet side, a tunnel console, an instrument panel, a concealing panel and a knee bolster, 
which can be seen in Figure 10. Two toe pans, one left and one right, were created in order to 
investigate parameters for each foot individually. Thus the left toe pan had a contact defined 
only with the left foot and the right toe pan a contact defined only with the right foot. 
Consequently, the left foot could go through the right toe pan and the right foot could go through 
the left toe pan. Unlike the other parts, the instrument panel was created from its actual surfaces 
because imitating the shape with a plane would not be satisfactory. The carpet side, in blue in 
Figure 10, models the part of the carpet that lies between the tunnel console and the horizontal 
part of the carpet.  

 
Figure 10: The dummy with the new parts added 

Ansa (BETA CAE Systems SA) and Primer (Oasys Limited) were used to create the new parts. 
With the exception of the knee bolster, they were designed as foam blocks, see Figure 11. Each 
foam block was 80mm thick and of hexa formed solid elements with the size 8x8x8mm. The 
face set towards the dummy was designated as the A-face and was positioned as close as 
possible to the surface of the parts present in the baseline. The opposite face was referred to as 
the B-face and was connected to the rigid body of the sled to which the pulse is applied.  
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Figure 11: Foam block 

The solids were of a foam material. Some parts had internal coating. The reason for that was to 
avoid negative volume in the elements, which occasionally occurred in these parts since they 
were experiencing a lot of deformation because of contact from the dummy during the crash. 
Moreover, the A-faces of the toe pans and the instrument panel were of another material and 
had a greater thickness than the other parts. This indeed helped imitating the behaviour of these 
parts during contact with the test dummy.  
 
The knee bolster was created in order to investigate if something that was very soft and 
positioned close to the legs would decrease tibia index. It was designed as a cylinder of same 
diameter as the lower arm (90mm) in foam material. Some elements were made rigid and 
attached to the rigid body of the sled to which the pulse is applied. Care was taken to choose 
elements that were unlikely to contact the dummy (see Figure 12).  

 
Figure 12: The knee bolster 

3.1.4 Model comparison 
The simplified model, which consists in the kept parts, the added pressure to replace the airbag, 
and the newly created parts, was compared to the baseline in order to secure that it did not differ 
significantly regarding dummy kinematics and especially lower leg forces and moments. The 
comparison was mainly done by plotting curves of tibia index, but also by plotting curves of 
contact forces. The simplified model was fine-tuned to more closely approximate the baseline 
by scaling the stiffness and friction coefficient of some parts. 
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3.2 Parameters 
Based on a literature study and observations of prior simulations, 35 parameters were chosen 
for investigation. Three of them are not presented in this report because they were not relevant 
to this study. These parameters were chosen because they were thought to influence tibia index. 
They can be divided into 3 categories: dummy positioning, geometry of the interior and material 
properties. 

3.2.1 Dummy position 
Five parameters were created to enable varying the position of the legs and feet; knee angle, 
ankle angle around x (one parameter for each foot) and ankle angle around y (one parameter 
for each foot). The parameters and their abbreviations are listed in Table 1. The definition of 
the angles can be seen in Figure 13. 
 

Parameter Abbreviation 
Knee angle ka 
Left ankle angle x al_ax 
Left ankle angle y al_ay 
Right ankle angle x ar_ax 
Right ankle angle y ar_ay 

Table 1: Dummy’s leg position parameters 

  
Figure 13: Definition of the dummy knee and ankle angles 

For the knee angle, 0 degrees corresponded to a fully extended knee and negative angles 
corresponded to a flexed knee. For the ankle angle around y, 0 degrees corresponded to a right 
angle between the lower leg and the foot. Positive angles corresponded to dorsiflexion and 
negative angles to plantar flexion. Finally, for the ankle angle around x, positive angles 
corresponded to inversion and negative angles to eversion while 0 degree was the neutral 
position. 
 
A test protocol specifies how the test dummy should be positioned in the car. In Euro NCAP it 
states that: “The passenger dummy’s feet shall be placed with the heel as far forwards as 
possible and the feet as flat as possible. Both feet shall be parallel to the centre line of the 
vehicle.” (Euro NCAP 2015b). In order to fulfil these requirements, the positions of the floor 
and the toe pan were adjusted to fit the feet positions. The floor position in z was adjusted to 
3mm below the lowest heel point of both feet. Each toe pan was positioned parallel to the sole 
of each shoe at an approximate distance of 10mm (4mm shortest distance). This way, the 
guidelines were met regardless of the value taken by the five dummy parameters.  

3.2.2 Interior’s geometry 
The geometry of a vehicle’s interior influences which parts the dummy might contact during a 
crash, as well as when and with which velocity it might contact them. This in turn is expected 
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to influence tibia index. Therefore, 14 parameters, listed in Table 2, were introduced to vary the 
interior’s geometry: 
 

x Angle of the floor around y. The axis of rotation was chosen to pass by a point of the 
top face of the floor and with the same abscissa x as the most forward heel point of both 
feet (see Figure 14). An angle of 0 degree corresponds to a horizontal floor. 

x Relative angle between toe pan and foot. Each toe pan could be rotated around y relative 
to the foot. The axis of rotation was chosen in order to avoid initial penetration of the 
toe pan into the foot (see Figure 14). 

x Toe pan length. For each toe pan, this parameter allowed to vary its length (see Figure 
15). 

x Position and angle of instrument panel. Two parameters allowed the instrument panel 
to translate along the vectors x and z. One parameter allowed the instrument panel to 
rotate around the y axis. The axis of rotation was chosen so that the lowest part of the 
IP would remain at the same place (see Figure 14). 

x Knee bolster presence, position and distance. If the knee bolster was present or not was 
one parameter. Another parameter was the position of the KB along the legs and a third 
was the distance between the KB and the legs (see Figure 16). 

x Concealing panel position in z. This parameter allowed the translation of the concealing 
panel along the vector z (see Figure 15). 

x Carpet side position and angle. One parameter allowed the translation of the carpet side 
along the vector y. Another allowed the carpet side to rotate around an axis that was 
defined based on the desired change and which can be seen in Figure 17. The aim of 
this parameter was to modify the orientation of the carpet side that is often contacted by 
the left foot during offset crashes. 

 

Figure 14: Definition of the angle around y parameters 
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Figure 15: Definition of the toe pan length and of the position parameters for IP and concealing panel 

 
Figure 16: Definition of the knee bolster position parameters 

 
Figure 17: Definition of carpet side y position and angle 
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Parameter Abbreviation 
Floor angle y fl_a 

Right TP relative angle tpr_ray 

Right TP length tpr_xz 

Left TP relative angle tpl_ray 

Left TP length tpl_xz 

IP x position ip_x 

IP z position ip_z 

IP angle y ip_a 

KB presence kb 

KB position along legs kb_p 

KB distance to legs kb_d 

CP z position cp_z 

TCTP y position tctp_y 

TCTP angle tctp_a 

Table 2: Interior’s geometry parameters 

3.2.3 Material properties 
The stiffness of the toe pans, the instrument panel, the knee bolster, the concealing panel and 

the carpet side were investigated by introducing 6 parameters that scale the stiffness of each of 

these parts, see Table 3. Moreover, the friction coefficients of the toe pans, the instrument panel, 

the knee bolster, the floor, and the carpet side were defined by a parameter for each of these 

parts, see Table 3. 

 

Parameter Abbreviation 
Right TP stiffness tpr_st 

Left TP stiffness tpl_st 

IP stiffness ip_st 

KB stiffness kb_st 

CP stiffness cp_st 

TCTP stiffness tctp_st 

Floor friction coef. fl_fc 

Right TP friction coef. tpr_fc 

Left TP friction coef. tpl_fc 

IP friction coefficient ip_fc 

KB friction coefficient kb_fc 

TCTP friction coefficient tctp_fc 

Table 3: Material property parameters 

3.2.4 Additional parameter  
In many prior simulations, it was observed that the left hand pushed on the left leg. To 

investigate if this had any effect on tibia index, one last parameter (hand_contact) was 

introduced, contact or not between left hand and any other part.  

3.3 Parametric investigation  
The parametric investigation was carried out with modeFrontier (ESTECO). With this software 

a design of experiment can be generated and it automatically creates new simulations with 
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different values of the parameters. Moreover, it provides many tools for the statistical analysis 
of the data. 
 
The investigation of the parameters was done in steps. A preliminary project was run with the 
aim of reducing the number of parameters. Then a more in-depth project was run and the 
extracted data was thoroughly analysed. In parallel an optimization project was run.  
 
There are four tibia transducers in the dummy and each one of these measures forces and 
moments that are used to calculate the tibia index. The maximal value of TI and the minimal 
value of Fz (corresponding to the maximal axial compression force) through the simulation, 
were extracted. Moreover, the moments and the axial force, at the time when TI was maximal, 
were extracted. From these values, the contribution of Fz and the moments, Mx and My, to TI 
were calculated as follows: 
 
Reminder: 

 
𝑇𝐼 =  

𝐹
𝐹𝑐

+
√𝑀𝑥

2 + 𝑀𝑦
2

𝑀𝑐
 

(1) 

 
Contributions: 

 𝐹𝑧𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 =

𝐹𝑧
𝐹𝑐
𝑇𝐼

 (2) 

 𝑀𝑥𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 = (1 − 𝐹𝑧𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛)
𝑀𝑥

2

𝑀𝑥
2 + 𝑀𝑦

2 (3) 

 𝑀𝑦𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 = (1 − 𝐹𝑧𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛)
𝑀𝑦

2

𝑀𝑥
2 + 𝑀𝑦

2 (4) 

 
Consequently,  
 𝐹𝑧𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 + 𝑀𝑥𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 + 𝑀𝑦𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 = 1 (5) 

 
Additionally, there are two femur transducers and from these the minimal value of the femur 
force through the simulation was extracted. A negative axial force corresponds to compression. 
Therefore, the minimum value of the axial force is actually the maximal compression force. 
 
In order to get information about the dummy leg kinematics throughout the simulation, the 
coordinates of 3 non-collinear points of both upper legs, both lower legs and both feet were 
extracted. With these, the knee angles, the ankle angles and the foot displacement were 
calculated. A Matlab (Math Works) script was used and it can be seen in appendix. The values 
of the knee and ankle angles and of the foot displacement were extracted at the time when TI 
was maximal. 
 
Finally, the maximal value of the contact force between the dummy and all the created parts, 
except from the toe pans, was extracted as well as the time of their occurrence. The extracted 
contact forces are listed in appendix. 
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3.3.1 Preliminary investigation 
In order to reduce the number of parameters to investigate, a preliminary study of all parameters 
was performed. Each parameter was discrete and could take two values, its upper and lower 
boundary (see Table 4). 
 

  
Parameter Boundaries 

  
Parameter Boundaries 

name unit Lower Upper name unit Lower Upper 

M
at

er
ia

l p
ro

pe
rt

ie
s 

tpr_st none 0.5 1.5 

In
te

ri
or

 G
eo

m
et

ry
 

fl_a deg -10 10 
tpl_st none 0.5 1.5 tpr_ray deg 0 10 
ip_st none 0.5 1.5 tpr_xz mm 0 150 
kb_st none 0.5 1.5 tpl_ray deg 0 10 
cp_st none 0.5 1.5 tpl_xz mm 0 150 

tctp_st none 0.5 1.5 ip_x mm -20 60 
fl_fc none 0.2 0.8 ip_z mm -20 50 
tpr_fc none 0.2 0.8 ip_a deg -10 10 
tpl_fc none 0.2 0.8 kb none 0 1 
ip_fc none 0.2 0.8 kb_p mm -40 60 
kb_fc none 0.2 0.8 kb_d mm -10 10 
tctp_fc none 0.2 0.8 cp_z mm 10 50 

D
um

m
y’

s 
le

g 
po

si
tio

n 

ka deg -49 -43 tctp_y mm -10 0 
al_ax deg -10 10 tctp_a deg -10 0 
al_ay deg -30 0   hand_contact none 0 1 
ar_ax deg -10 10 
ar_ay deg -30 0 

Table 4: Boundaries of the 32 parameters for the preliminary investigation 

Thirty-five parameters with two levels give rise to 352 possible designs. However, running so 
many designs would take a long time, and hence, a Plackett Burman design of experiment 
(DOE) was used. As 35 parameters were considered in this study, 36 simulations were run, as 
it is the first multiple of four greater than 35. 
  
The correlations between each parameter and the tibia indices, the moments and the forces were 
calculated using the Pearson correlation. Care was taken to calculate these correlations on the 
relevant designs. For instance, the effect of the stiffness of the instrument panel was calculated 
only including the designs that presented contact between the dummy and the instrument panel. 
Then, the maximum of the absolute value of these correlations was considered when deciding 
which parameter to keep. 

3.3.2  In-depth investigation 
A more in-depth study was then carried out on the 26 parameters selected from the preliminary 
study. The dummy position parameters were allowed to take an additional value at the centre 
of their range. They could not be continuous as each dummy position had to be created and 
saved manually. All other parameters except the qualitative parameter, presence of the knee 
bolster, were made continuous, meaning that they could take any value between their lower and 
upper boundary.  
 
An incremental space filler was used setting up the DOE. This algorithm adds new designs in 
the design space in order to maximize the minimal distance between designs. The number of 
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simulations run was 1317 among which 27 crashed because of too large deformations or too 
large forces. 
 
To analyse the data, the main effects and Pearson correlations between input parameters and 
output were calculated. As in the preliminary study, care was taken to calculate these 
correlations on the relevant designs. How the main effect is calculated can be read in 
background. 
 
In order to assess the significance of a parameter’s effect on tibia index and tibia axial force, a 
threshold was chosen. The threshold corresponded to 20% of the Euro NCAP criterion, 
described in Error! Reference source not found.. For instance, a parameter was considered 
o have a significant effect on a tibia index when its effect was, in absolute value, greater than 
0.08 (20% of 0.4, the Euro NCAP criterion for TI). Moreover, the critical value for the Pearson 
correlation for 26 parameters is 0.39, when using a level of significance of p=0.05 (Fort Lewis 
College 2015). 

3.3.3 Optimisation 
In parallel, an optimisation was run on only 12 of the 26 selected parameters. The purpose with 
this project was to see if there would be any convergence towards an optimum solution. The 
optimisation used the genetic algorithm MOGA II. It took as starting population 96 designs that 
were generated with a Plackett Burman DOE and an incremental space filler. From this initial 
population, 451 designs were created. The convergence of the optimisation was investigated by 
plotting the TI values against the design number. 

3.4 Verification 
As the parametric investigation was done using the simplified model, it was of interest to check 
if the results and conclusions from the investigation also apply to the original sled model. The 
verification was done by running simulations on the baseline using the same modifications as 
for the simplified model, for the set of parameters that gave the largest effect in the parameter 
study. 
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4 Results 
4.1 Model simplification 
As described in method, several approximations were made in the model simplification. This 
part focuses on showing the consequences of these approximations. 

4.1.1 Airbag pressure 
The airbag was removed and modelled by a pressure directly applied to the dummy. Modifying 
the seatbelt force did not lead to any improvement and it was chosen to only add the pressure. 
No flawless approximation of the airbag pressure could be found. In Figure 18, the tibia index 
curves of the baseline with airbag are compared to those of the baseline with removed airbag 
and added pressure. 

 
Figure 18: Comparison of the tibia index curves between with airbag (black) and removed airbag but added 

pressure (red) 
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4.1.2 Model comparison 
To modify the shape of the stiffness curves of the foam material, which the new parts were 
made of, did not give any significant effect. In Figure 19, the tibia index curves of the final 
simplified model are compared to those of the baseline with airbag. 

 

Figure 19: Comparison of the tibia index curves of the simplified model and the baseline 

4.2 Preliminary investigation 
Amongst the 36 simulations, 3 crashed, leaving 33 simulations for the analysis. All the 
parameters are ranked in Table 5 according to the maximal absolute correlation they presented 
with TI, moments or forces.  
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Parameter 
Max. absolute 

correlation  Parameter 
Max. absolute 

correlation  
cp_st 0.91 kb_fc 0.42 
cp_z 0.81 kb_st 0.36 
fl_a 0.79 k_a 0.36 
fl_fc 0.79 tctp_a 0.34 
ip_a 0.74 hand_contact 0.34 
ip_z 0.73 tpl_fc 0.33 
al_ax 0.73 kb_d 0.32 
ip_x 0.68 tpr_xz 0.31 
ip_st 0.66 tpr_ray 0.30 
ar_ax 0.66 tpl_st 0.30 

kb 0.57 tpl_xz 0.28 
al_ay 0.56 tctp_y 0.23 
ar_ay 0.56 tctp_st 0.22 
ip_fc 0.46 tctp_fc 0.21 
kb_p 0.44 tpr_fc 0.19 

tpl_ray 0.43 tpr_st 0.16 
Table 5: Parameters ranked according to their correlation with an output 

The critical value for the Pearson correlation for 35 parameters is 0.33, when using a level of 
significance of p=0.05 (Fort Lewis College 2015). All parameters presenting a correlation with 
an output above 0.33 were kept with the exception of the hand contact parameter and the height 
of the concealing panel. The hand contact parameter influenced drastically the kinematics of 
the dummy’s upper body, which was not desired, and therefore this parameter was removed. 
The concealing panel height parameter was removed because only six simulations presented 
contact between dummy and concealing panel, and the very high correlation was therefore 
considered erroneous.  
 
The stiffness and friction parameters were all kept even if they did not present a correlation 
above 0.33 because they were of interest for Volvo, as previous internal studies had shown that 
they influenced tibia index. All parameters not presenting a correlation with an output above 
0.33 were removed with the exception of the relative angle between the toe pan and the right 
foot. This parameter was kept because its equivalent on the left side presented a correlation with 
an output above 0.33 (0.43). 

4.3 In depth investigation 

4.3.1 Distributions 
The cumulative distributions of the four tibia indices are shown in Figure 20. Abscissa is the TI 
value and ordinate is the percentage of simulations. A point (x,y) of the curve indicates that y% 
of the simulations had a TI value lower or equal than x. It can firstly be noted that the all the TI 
were spread over a wide range (from 0.12 to 1.31). Furthermore, the percentage of simulations 
with a TI below 0.4 was higher for the lower transducers than for the upper ones. (LL 70%; LR 
60%; UL 30%; UR 20%). 
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Figure 20: Distributions of the four TI 

In Figure 21, the cumulative distribution of the tibia axial force is plotted. It shows that the 
percentage of simulations above the criterion |Fz|<2kN was higher for the lower transducers 
than for the upper ones (LL 40%; LR 50%; UL 10%; UR 10%).  

 
Figure 21: Distributions of the tibia axial forces 

In Figure 22 is plotted the cumulative distribution of the femur axial force. It indicates that less 
than 1% of the simulations exceeds the criterion |Fz|<4kN . 
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Figure 22: Distributions of the femur axial forces 

4.3.2 Time of occurrence of maximal tibia indices 
When plotting the maximal TI values against the time they occur, a few distinct groups could 
be observed, see Figure 23. If the maximal TI throughout the simulation occurs before 80 
milliseconds or after 110 milliseconds the TI is often below 0.6. 

 
 

Figure 23: TI values against their time of occurrence 

When looking at which parameters influenced the time of occurrence of a maximal TI, only the 
left ankle angle around x showed significant correlation with the lower left TI time of 
occurrence (-0.48) and the upper left TI time of occurrence (0.41). 

4.3.3 Maximum of the four tibia indices 
As the ratings in Euro NCAP only take the maximum of the four TI into account, the 
correlations and effects of the parameters on the maximum of the four TI were investigated. 
The knee bolster parameter was the only one presenting both a significant correlation (-0.61) 
and a significant effect (-0.2). Additionally, all of the simulations that satisfied the Euro NCAP 
criteria for lower legs had a knee bolster.  

Time (ms) Time (ms) 

Time (ms) Time (ms) 
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4.3.4 Effects and correlations with tibia index 
Four parameters were found to have both significant effect (effect size > 0.08) and significant 

correlations (correlation > 0.39) on tibia index, see Table 6. 

 

Parameter Tibia Index Effect size Correlation 
Left ankle angle around y Lower left -0.27 -0.52 

Right ankle angle around y Lower right -0.28 -0.48 

Instrument panel position in z Lower left 0.14 0.41 

Knee bolster Upper right -0.14 -0.48 

Knee bolster Lower right -0.15 -0.39 

Table 6: Parameters showing significant effect and correlation with a tibia index 

The ankle angle around y could take three values, -30, -15 and 0 degrees. In Figure 24, the blue 

box and whiskers plot represents the distribution of the lower left TI for simulations with a left 

ankle angle around y at -30 degrees. The grey and red ones represent the same for angles of -

15 and 0 degree respectively. The effect of the left ankle angle around y on the lower left TI is 

defined as the difference between the means of blue and red box and whiskers plot. 

 
Figure 24: Effect of the left ankle angle around y on lower left TI 

As can be seen in Figure 24, an ankle angle around y of 0 degrees resulted in a TI lower than 

0.4. It can also be seen that this angle seemed to result not only in reduced lower left TI but also 

less spread than at -15 and -30 degrees. A very similar result could be observed on the right 

side. 

 

In Figure 25, the main effects of the knee bolster on lower and upper right TI are plotted. When 

the knee bolster was present (red box and whiskers plots), the upper and lower right TI were 

decreased. Moreover the standard deviation in lower right TI was also reduced by the presence 

of a knee bolster. 
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Figure 25: Effect of the knee bolster on lower right TI (left) and on upper right TI (right) 

The 4 parameters in Table 6 were proven to have significant effect and correlation with one TI. 
How they affect the three other TI was investigated by looking at the correlation between these 
four parameters and the four TI. In Figure 26, these correlations are displayed with the tibia 
indices on the horizontal axis and the parameters on the vertical axis.  
 
If a parameter has correlations of the same sign with the four tibia indices, it means that it is 
affecting them in the same way, yet to various extents. The knee bolster, the left ankle angle 
around y as well as the IP height parameters had correlations of the same signs (or of very small 
absolute value) on all TI. The right ankle angle around y however, had correlations of different 
signs on LL, LR and UL on one side, and UR on the other side. It can also be seen that the right 
leg parameter did not influence the left leg transducer much and vice versa. 

 

 
Figure 26: Correlation of the 4 most important parameters with all the tibia indices 

The rest of the parameters did not have significant effect and correlation with any of the tibia 
indices. These were the friction- and stiffness parameters and the position in x and the angle of 
the instrument panel, the angle of the carpet side and the floor, the position of the knee bolster, 
the relative angles of the toe pans and the knee angle.  
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4.3.5 Effects and correlations with moments and forces 
According to Euro NCAP, the axial force of the tibia, respectively the femur, should not exceed 

in absolute value 2kN, respectively 4kN. Therefore the influence of the parameters on the axial 

forces was investigated. Two parameters presented significant effects and correlations with an 

axial force. They are listed in Table 7.  

 

Parameter Axial force Effect size Correlation 
Knee bolster Upper left tibia -0.41 -0.40 

Instrument panel angle Left femur -0.81 -0.47 

Table 7: Parameters with significant effects and correlations on an axial force 

In Figure 27 it can be seen that the knee bolster (in red) increased the absolute value of the axial 

force at the upper left tibia transducer. A positive IP angle (in red) increased the absolute value 

of the axial force at the left femur transducer compared to a negative IP angle (in blue). 

 
Figure 27: Effect of KB on upper left Fz (left) and of IP angle on left femur Fz (right) 

Two additional parameters showed significant effects on an axial force but not significant 

correlation. These results are gathered in Table 8. All these results mean that a more inclined 

toe pan led to higher axial force in the tibia than a flatter toe pan. 

 

Parameter Axial force Effect size 
al_ay Upper left tibia -0.48 

al_ay Lower left tibia -0.57 

ar_ay Upper right tibia -0.42 

ar_ay Lower right tibia -0.51 

Table 8: Parameters with significant effect on an axial force 

The effects of the parameters on the moments were also investigated. The results are listed in 

Table 9. 
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Parameter Moment Effect size Correlation 
Kb LL My 102 0.66 
Kb LR My 92 0.58 
Kb UR Mx 53 0.42 

al_ay UL My -111 -0.52 
ar_ay UR My -157 -0.62 
al_ax LL Mx -67 -0.57 
ar_ax LR Mx 56 0.48 
al_ax UL Mx 106 0.52 

Table 9: Parameters with significant effect and correlation on a moment 

4.3.6 Contributions 
It was analysed how the tibia axial force and moments contributed to the tibia index. The 
contribution of the axial force was overall small and, for the upper TI, it was even smaller (about 
4%) than for the lower (about 10%). Consequently, the moments were contributing most to TI.  
 
It was analysed which of the maximal My and Mx was the biggest over the simulation and it 
was also analysed which of My and Mx was contributing the most to TI. It could be seen that 
the biggest and the most contributing was, in the main part of the designs (about 95%), the 
same. Mainly one of the moments seemed to dominate over the whole simulation.  
 
It can be observed in Figure 28 that lower TI above 0.6 were generated when the contribution 
of My is higher than 70%. The tendency of high TI being generated when the My contribution 
was high could also be observed in the upper TI, yet to a lower extent.  
 

  

  
Figure 28: Contributions of Mx (colour) and My (y-axis) against maximal TI (x-axis). The position of the plot 

corresponds to the transducer position 
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As it can be observed in Figure 29, the contribution of Mx and My to the lower left TI varied 
with the time of occurrence of this TI. More specifically, Mx was the main contribution for TI 
occurring before 70ms whereas My was the main contribution for TI above 0.6 occurring 
between 80ms and 120ms. The same conclusions could be drawn for the lower right TI. 

 
Figure 29: LL TI against its time of occurrence. Colour=contribution of Mx (left) and My (right) 

Concerning the upper left TI, Mx and My seemed to contribute equally to TI occurring before 
70ms (see Figure 30). My generally was the main contribution to TI occurring between 70 and 
105ms while Mx was the main contribution to TI occurring after 105ms. 

 
Figure 30: UL TI against its time of occurrence. Colour=contribution of Mx (left) and My (right) 

As to the upper right TI, the trend was less obvious than for lower left, lower right and upper 
right TI (see Figure 31). 

 
Figure 31: UR TI against its time of occurrence. Colour=contribution of Mx (left) and My (right) 

4.3.7 Position of the legs when TI is maximal 
The leg behaviour was analysed by means of knee angle, ankle angle and foot displacement at 
the time when TI was at its maximum. Significant correlations were observed between the lower 
TI and the position of the legs when these TI are maximal.  
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Knee angle 
The knee flexion angle when the lower left, respectively right, TI is maximal showed a 
correlation with the lower left, respectively right, TI of 0.73, respectively 0.68. For both sides, 
better TI are generated when the knee was more flexed, i.e. with a knee angle close to -90deg 
(see Figure 32). 

 
Figure 32: Knee flexion angle when TI is maximal against TI (Left: LL; Right: LR) 

Ankle angle 
The ankle flexion angle when the lower left, respectively right, TI is maximal showed a 
correlation with the lower left, respectively right, TI of -0.72, respectively -0.67. For both sides, 
tibia indices above 0.6 are only generated when the ankle flexion angle was lower than -30 
degrees, which means when the foot was plantar flexed (see Figure 33). 

 
Figure 33: Ankle flexion angle when TI is max against TI (Left: LL; Right: LR) 

Foot displacement 
The foot displacement when the lower left, respectively right, TI is maximal showed a 
correlation with the lower left, respectively right, TI of 0.72, respectively 0.78. As can be seen 
in Figure 34, for both sides, TI above 0.6 were mainly occurring in conjunction with large foot 
displacements (>200mm). 

 
Figure 34: Foot displacement when TI is max against TI (Left: LL; Right: LR) 
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It was observed that the feet followed one of two different patterns of displacement. The 
distance of each foot to their original position over time is plotted in Figure 35.  
 

 
Figure 35: Foot displacement against time for 100 designs 

The first pattern presented little displacement until 75ms but then sharply increased and finished 
with a positive slope. The second one presented displacement early but then plateaued and 
finished with an almost horizontal slope. The first pattern generally presented less displacement 
than the second one. The slope of the displacement over time curve at 150ms was used to divide 
the designs into categories representing which displacement pattern they followed. Figure 36 
displays the same designs but coloured according to their category. Category 0 corresponded 
to the first pattern, category 2 to the second. Category 1 corresponded to the designs that could 
not be put with certainty in either of the two other categories.  
 

 
Figure 36: Foot displacement categories 

The foot displacement category of the left, respectively right, foot presented with the lower left, 
respectively right TI a correlation of 0.57, respectively 0.66. This result is illustrated in Figure 
37. Designs in the foot displacement category 0 had in average smaller lower TI than designs 
in other categories. As category 0 corresponded to a small foot displacement, this result 
corroborated the previous conclusion that controlling feet movement would generate better tibia 
indices. 
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Figure 37: TI against time when TI is maximal (colour = foot displacement category) 

The conclusion above naturally led to the investigation of which parameters influence the feet 
movement. A significant correlation was found between the ankle angles around y and the foot 
displacement of the corresponding side when TI is maximal. A significant correlation was also 
found between the ankle angles around y and the foot displacement category (see Figure 38). 

 
Figure 38: Correlations between ankle angles around y and foot displacement category (Left: LL; Right: LR) 

Both ankle angles around y presented a clear effect on the foot displacement of the respective 
side (see Figure 39). 

 
Figure 39: Effect of the right ankle angles around y on foot displacement 

4.3.8 Contacts 
It was analysed if contact or absence of contact with all the created parts that the dummy 
contacted during the crash had provided different results. As well, it was investigated if the 
maximal contact force had any correlation with TI. 
 
The maximal contact force between the instrument panel and the lower leg did not have any 
significant correlation with TI. The maximal contact force against the TI is plotted in Figure 40 
and Figure 41. 
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Figure 40: Scatter plot of the contact between instrument panel and left leg against TI 

 
Figure 41: Scatter plot of the contact between instrument panel and right leg against TI, blue corresponds to 

contact force equal to 0 and red to contact force above 0 

The maximal contact force between shoe and concealing panel showed a correlation with both 
lower TI (lower left 0.82, lower right 0.86) and upper right TI (-0.64). In Figure 42, it can be 
seen that the smaller the maximal contact force, the smaller the TI lower, and the plot with the 
upper right TI indicates the opposite.  

 
Figure 42: Scatter plot of the contact between concealing panel and shoe against TI 
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The time of maximal contact force between concealing panel against the time of maximal TI 
can be seen in Figure 43. It can be seen that for the lower TI they to some extent coincided.  

 
Figure 43: Time of concealing panel maximal contact force against time of maximal TI 

4.4 Optimisation 
The optimisation did not show any convergence as can be seen in Figure 44 where the values 
of the four TI are plotted against the design number. 

 
Figure 44: Values of the four TI against design number 
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4.5 Comparison 
It was investigated whether the main results of the parametric investigation also applied in the 
baseline. 
 
For confidentiality reasons, all the tibia index values in the comparison were normalized by 
dividing them by the tibia index values of the baseline. 
 
According to the results of the parametric investigation the knee bolster improved the maximum 
of the four tibia indices and the upper and lower right TI while not deteriorating any other TI. 
In Table 10, the results of introducing a knee bolster in the baseline are presented. It can be seen 
that the upper and lower right TI were improved. Moreover, the knee bolster did not deteriorate 
any of the other TI. Although this cannot be seen in the table, the maximum of the four tibia 
indices was also reduced in the baseline. 
 

Description Lower left TI Lower right TI Upper left TI Upper right TI 
Baseline 1 1 1 1 

Baseline + KB 0.93 0.56 1 0.43 
Table 10: Effect of knee bolster in the baseline 

One important result of the parametric investigation on the simplified model was that restrained 
feet improved the lower tibia indices. This result was confirmed in the baseline model by 
changing the toe pan angle.  
 
According to the results of the parametric investigation, the ankle angle around y at 0 degrees 
improved the lower TI, compared to an ankle angle around y of -30 degrees. In Table 11, it can 
be seen that a steep toe pan, corresponding to an ankle angle of 0 degrees, improved the lower 
TI, compared to a less steep toe pan, corresponding to an ankle angle of -30 degrees. As proved 
in the study, the upper right TI was deteriorated and the upper left TI improved with a steep toe 
pan. As a remark, it can be noticed that none of these two simulations had a better maximal TI 
than the baseline (initial ankle angle around y of -16 degrees). 
 

Description LL TI LR TI UL TI UR TI 
Steep toe pan (0 degree) 0.93 1.14 1.14 1.53 

Less steep toe pan (-30 degree) 1.79 1.92 1.51 0.96 
Table 11: Effect of the toe pan angle in the baseline 

It was also of interest to see if restraining the feet with another method would provide the same 
result. Therefore, the feet were restrained by greatly increasing the friction between feet and 
carpet in the baseline. In Table 12, it can be seen that this result was very similar to the result 
of a steeply angled toe pan. In Figure 45, it can also be seen that the curves were alike.  
 

Description LL TI LR TI UL TI UR TI 
Steep toe pan 0.93 1.14 1.14 1.53 

High feet/carpet friction 0.83 1.00 1.14 1.38 
Table 12: Comparison of two ways to restrain the feet 
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Figure 45: Comparison of the tibia index curves of the two ways to restrain the feet 
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5 Discussion 
The purpose of this study was to gain understanding of the tibia index and to find ways to reduce 
it. Here the results from the parameter investigation are discussed and put in relation to previous 
studies. Moreover the limitations of the method are discussed.  

5.1 Tibia Index  
First of all, the tibia index results of this project presented a large standard deviation and only 
a few of the investigated parameters had a significant effect or correlation. Moreover, the 
optimisation run in this study did not converge. Although the non convergence could also be 
explained by too few simulations run, the problem of reducing tibia index seems to be rather 
complex. 
 
Most of the parameters studied did not show any correlation with TI. Among them are the 
friction coefficient and stiffness parameters. They were expected to influence TI, as prior 
internal studies showed. The absence of influence on TI of most of the parameters could be the 
result a few parameters, e.g. the presence of the knee bolster, influencing TI greatly and 
somehow hiding the effect of other parameters. It could also be due to too narrow boundaries. 
 
The upper TI were proven to have a lower percentage of values below 0.4 than the lower ones. 
The upper TI are in 75% of the cases setting the maximum of the four TI. Furthermore, only 
one parameter, namely the knee bolster, proved to have a significant correlation and effect on 
an upper TI, whereas lower TI were significantly influenced by 4 parameters. Therefore, the 
upper TI seems to be the most problematic ones. Because of that and since it is the maximum 
TI of the four transducers that counts in the Euro NCAP criteria, further studies should probably 
focus on understanding and reducing the upper TI. This result however does not corroborate 
the study of Ivarsson et al. (2008) which concluded that the section of the tibia shaft that is most 
prone to be fractured is the distal third. This difference could be explained by the dummy’s leg 
geometry which is discussed in the following paragraph. 
 
The results of this study showed that Fz did not contribute much to TI and that the upper TI 
were generally higher than the lower TI. This should be put in perspective with the dummy’s 
leg geometry. Indeed, the transducers are not located exactly on the line joining the two joint 
centres (see Figure 46).  

 
Figure 46: Dummy H3-50 leg geometry  

This geometry has two consequences. The first one is that the measured axial force is lower 
than the actual axial force applied to the dummy leg as shown in equation (6). 
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 𝐹𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝐹 ∗ cos (𝜃𝐿𝐶) (6) 
The second consequence is that a pure axial loading of the dummy leg creates a My moment, 
especially at the upper transducer which has a greater lever arm (28mm) than the lower 
transducer (6mm). The moment created by Fz can be expressed as: 
 

 𝑀𝑦 = 𝐹 ∗ 𝐿𝐴 = 𝐹𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ∗  
𝐿𝐴

cos(𝜃𝐿𝐶) (7) 

 
where LA is the lever arm.  
 
For a measured axial force of 2kN, this corresponds to a moment of 56.7Nm for the upper 
transducers and a moment of 12.1Nm for the lower transducers, according to equation (7). This 
could explain why it was observed that Fz contributed little to TI and why the upper TI were 
generally higher than the lower TI. 
 
The design of the dummy leg and the theory of tibia index can be further discussed. Funk et al. 
(2004) investigated the difference between the geometry of the test dummy leg and the anatomy 
of the human leg. It was found that the absence of fibula in the test dummy leg led to higher 
axial tibia forces than in human legs where the load is shared by the tibia and the fibula. (Funk 
et al. 2004)  
 
According to the findings by Ivarsson et al. (2008) and that tibia index was developed for 
predicting fracture at the mid shaft level, it should be possible to reduce the occurrence of tibia 
fractures if tibia index was redefined.  

5.2 Parameters 

5.2.1 Knee bolster 
The knee bolster was the only parameter to influence the maximum of the four TI. It was 
observed to have significant effects on both lower TI and the upper right TI. To understand how 
the knee bolster reduced the TI, the effect of the knee bolster on the TI components was 
investigated. The knee bolster was proven to increase the relative value of My for the lower 
transducers. This in itself does not necessarily reduce the TI but is still valuable information 
when trying to reduce tibia index.  
 
Several reasons could explain the positive influence of the knee bolster on tibia index. As 
explained in (pyrotechnic knee bolster), the knee bolster is beneficial because it is positioned 
close to the knees, decreasing the kinetic energy as well as absorbing the energy because of its 
softness. It also prevents hard contact with the rigid parts. Another explanation could be that it 
restrains the forward displacement of the feet.  
 
According to an internal study at Volvo, a knee airbag reduces pelvis forward motion and it 
increases Mx and My at the upper right transducer and My at the upper left transducer. The 
present study allowed concluding that the maximal forward displacement of the pelvis was 
reduced and the aforementioned moments increased by the presence of a knee bolster. 
Therefore, the results of the present study corroborated Volvo’s internal study. 
 
There was a trade-off with the knee bolster parameter. It improved TI but it made the upper left 
Fz worse. However the knee bolster used in this study was very basic. Therefore, further studies 
could concentrate on how to design a knee bolster that would improve TI the best without 
worsening other criteria.  
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5.2.2 Toe pan angle 
To vary the ankle angle, and therefore the toe pan angle, influenced tibia index. With a steep 
toe pan the TI was improved at the lower transducers. This could be compared to the results 
about the position of the leg when TI is maximal, presented in 4.3.7. It was shown that high TI 
values at the lower transducers were generated when the knee was extended, the ankle plantar 
flexed and the foot displacement great. This could be interpreted as an uncontrolled feet motion 
where the feet move forward, the knees extend and the ankles undergo plantar flexion. On the 
other hand, lower tibia indices were generated when there was little foot displacement, the knee 
was flexed and the ankle angle around y was higher than -20 degrees. This could be interpreted 
as a controlled feet motion where the feet are prevented from moving, and the knees become 
flexed because of the forward movement of the dummy. This led to the conclusion that 
restraining the feet by means of a steep toe pan improves the TI at the lower transducers. This 
result was also proved to be valid in the baseline. However, in order to know if the improvement 
came from the restriction of the feet or from the angle of the toe pan, another way of restraining 
the feet was investigated. This other way showed very similar results to those of the steep toe 
pan. Therefore, it seems that it is restraining the feet that improve the TI at the lower transducers 
and not the way to restrain them. 
 
The toe pan angle was also subject to a trade-off. A steeper toe pan led to better TI in the lower 
transducers, but it also caused worse Fz in all transducers of the tibia. 

5.2.3 Instrument Panel 
It was proven that with the IP closer to the floor, the better the lower left TI. Similarly to the 
knee bolster, this result could be explained by the fact that having a lower IP brings it closer to 
the legs and therefore reduces their kinetic energy at contact. It could also be that a lower IP 
helps restraining the feet. 

5.3 Method discussion 
The rest of the discussion will focus on the limitations of the study. 
 
The simplified model used in this study presented differences in the dummy kinematics and the 
TI curves when compared to the baseline. The fidelity to the baseline was indeed not the priority 
in this study. It was rather more important to have a simple model with a short runtime and 
easily changed parameters. As the main results were proven to be valid in the baseline, the 
limited fidelity of the simplified model can a posteriori be judged satisfactory. 
 
In further studies, it could be interesting to investigate more levels of the dummy position 
parameters. This would allow gaining more information on parameters that presented non-
linearity in their effect on TI such as the left ankle angle around y (see Figure 24 in results). 
 
The significance level for the effect size was set at 20% of the output Euro NCAP criterion. 
This choice was entirely arbitrary and was made a posteriori. It allowed obtaining a reasonable 
number of parameters with significant effects. This choice actually consists in deciding how 
many of the most influent parameters are to be looked at. A lower significance level would have 
led to consider more parameters and vice versa. 
 
In the preliminary study, 36 simulations were run but 3 of them crashed. This means that 35 
parameters were investigated with only 33 experiments. The quality of the information obtained 
from this study is therefore questionable. This is confirmed by the fact that many parameters 
that presented a significant correlation in the preliminary study did not present a significant 
correlation in the in-depth study. The position of the knee bolster, for example, did not show 
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any significant effect in the in-depth study but showed a significant effect when introduced in 
the baseline. A reason for that the two different studies showed different results can be that in 
the first study only two boundary values were investigated while in the in-depth study the 
parameters (except the dummy positioning parameters) were continuous and could take any 
value between the boundaries. Moreover, because the parameters could only take two values in 
the preliminary study, it is possible that non-linear effects on TI were not detected. The aim of 
the first study was only to reduce the number of parameters and as the decision was not only 
based on the correlations, but also on knowledge and results from previous studies, the decision 
of which parameters to continue with is still justifiable. 
 
Concerning the in-depth study, the choice of the incremental space filler could be criticized 
when observing the distribution of the designs in the design space. It appears that the designs 
are not distributed uniformly over the design space (see Figure 47). Other types of DOE like 
Sobol seem to achieve better uniformity. 

 
Figure 47: Distribution of the designs in a two-dimensional space with different DOE (Left: Incremental Space 

Filler; Right: Sobol) 

When comparing the incremental space filler to the Sobol sequence, it observed that the Sobol 
sequence produces a uniform distribution whereas the incremental space filler produces only 
an approximation of it, see Figure 48. 

 
Figure 48: Distribution of a continuous parameter with the ISF (left) and Sobol (right) DOE 

For the same number of designs, the maximal absolute correlation between parameters was 
higher with the incremental space filler (0.17 against 0.04 for the Sobol sequence for 1288 
designs).  
 
In the in-depth study, 1317 simulations were run to investigate 26 parameters. Although, it has 
been showed that the designs were not distributed in space as uniformly as they could have 
been with a Sobol DOE, the in-depth study still allowed drawing conclusion that proved to also 
apply in the baseline. 
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In further studies it is advisable to run smaller projects with less parameters and choosing a 
DOE that has a more uniformly distribution.  
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6 Conclusion 
The results of this project showed a large standard deviation of tibia index, not many parameters 
had a significant influence on TI and the upper TI proved to be more difficult to reduce than 
the lower TI. Reducing and understanding tibia index seems to be a complex problem. 
However, the following conclusions could be drawn.  
 

x Introducing a knee bolster improves not only lower TI but also the upper ones. This is 
also verified with the baseline model. However, the knee bolster was proven to increase 
the tibia axial force. 
 

x With a controlled feet motion, by restraining the feet, the tibia index was reduced. Two 
ways to restrain the feet were tested and it was concluded that it is restraining the feet 
that reduces tibia index regardless of the way the feet were restrained. However, this 
result comes with the disadvantage that the tibia axial force increased with restrained 
feet.  
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Appendix 
 

MATLAB script 
 

function [OUTPUT,CONT]=extra_data_green() 
% This script extracts the leg position (knee and ankles angles as well as 
% foot displacement) when each of the TI is max. It also extracts the foot 
% displacement category. 
% Finally, everything is exported in an .xls file. 
  
directoryname = uigetdir('\vcc\cae\nobackup\safe15\clef\Mode_Frontier', 'Pick a Project 
Directory'); 
  
% Get the project name 
i=numel(directoryname); 
while ~strcmp('\',directoryname(i)) 
    i=i-1; 
end 
projectname = directoryname(i+1:end); 
  
% Get all the simulations in the project directory and gather them in the 
% cell 'simulations' 
listing=struct2cell(dir([directoryname '\proc\00000-00999'])); 
simulations=cell(1); 
j=1; 
for i=1:size(listing,2) 
    if numel(listing{1,i})==5 
        simulations{j}=listing{1,i}; 
        j=j+1; 
    end 
end 
  
n=numel(simulations); 
  
%% output creation 
% The following comment indicate the structure of OUTPUT 
% sim #     1 
% ka_UR     2 
% ka_LR     3 
% ka_UL     4 
% ka_LL     5 
% aay_UR    6 
% aay_LR    7 
% aay_UL    8 
% aay_LL    9 
% aax_UR    10 
% aax_LR    11 
% aax_UL    12 
% aax_LL    13 
% fd_UR     14 
% fd_LR     15 
% fd_UL     16 
% fd_LL     17 
% fdc_r     18 
% fdc_l     19 
OUTPUT=zeros(n,19); 
% CONT is a vector allowing to control the time when the TI was maximal 
CONT=zeros(n,4); 
  
%% 
% For each simulation, extraction of the data 
for i=1:n 
    [v,control]=get_data_green(projectname,simulations{i}); 
    OUTPUT(i,1)=str2num(simulations{i}); 
    OUTPUT(i,2:19)=v; 
    CONT(i,:)=control; 
    i 
end 
  
%% outputing in excel file 
RANGE=['A1:S' int2str(n)]; 
FILE=[projectname '_extra_data_green.xls']; 
[SUCCESS,MESSAGE]=xlswrite(FILE,OUTPUT,1,RANGE); 
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function [v,control]=get_data_green(projectname,simulation) 
  
%% Read curves.txt 
filename=['C:\vcc\cae\nobackup\safe15\clef\Mode_Frontier\' projectname '\proc\00000-
00999\' simulation]; 
  
% All the possible paths 
postpath=cell(8,1); 
postpath{1,1}='\run_Dyna_30_00000'; 
postpath{2,1}='\run_Dyna_55_00000'; 
postpath{3,1}='\run_Dyna_8_00000'; 
postpath{4,1}='\run_Dyna_12_00000'; 
postpath{5,1}='\run_Dyna_5_00000'; 
postpath{6,1}='\run_Dyna_15_00000'; 
postpath{7,1}='\run_Dyna_25_00000'; 
postpath{8,1}='\run_Dyna_10_00000'; 
postpath{9,1}='\run_Dyna_1_00000'; 
  
% This will try every possible path, and return an error message if it 
% could not find one. 
fid=-1; 
j=1; 
while fid==-1 
    if j==10 
        v=-ones(1,18); 
        control=-ones(1,4); 
        disp('Couldn''t find any run_Dyna directory.'); 
        return; 
    end 
    fid=fopen([filename postpath{j,1} '\curves.txt']); 
    j=j+1; 
end 
  
% This imports the file 'curves.txt' present in every simulation directory 
formt=''; 
for i=1:70 
    formt=[formt '%f']; %#ok<*AGROW> 
end 
  
C=textscan(fid,formt,'Headerlines',1,'Delimiter',',');  
fclose(fid); 
  
if size(C{1,1},1)==0 
    v=-ones(1,18); 
    control=-ones(1,4); 
    disp('File curves.txt empty.'); 
    return; 
end 
  
%% Import designs 
% Some information are neede before doing the calculations: the time when 
% each of the TI is max and the inital angles of knee and ankles. These 
% values are extracted from the excel sheet in the folder 'input_files' 
designs = xlsread(['C:\vcc\cae\nobackup\safe15\clef\Mode_Frontier\Exported_designs\' 
projectname '.xls']); 
Ndesign=str2num(simulation); %#ok<ST2NM> 
if Ndesign>(size(designs,1)-1) 
    v=-ones(1,18); 
    control=-ones(1,4); 
    return; 
end 
alax = designs(Ndesign+1,4); 
alay = designs(Ndesign+1,5); 
arax = designs(Ndesign+1,6); 
aray = designs(Ndesign+1,7); 
ka = designs(Ndesign+1,16); 
t_UR = designs(Ndesign+1,85); % 84 grey, 85 green 
t_LR = designs(Ndesign+1,57); % 56 grey, 57 green 
t_UL = designs(Ndesign+1,71); % 70 grey, 71 green 
t_LL = designs(Ndesign+1,43); % 42 grey, 43 green 
  
%% output calculation 
% Titles corresponding to the columns in the file 'curves.txt' 
titles={'back_1_x','back_2_x','back_3_x','left_upper_leg_1_x','left_upper_leg_2_x','le
ft_upper_leg_3_x','right_upper_leg_1_x','right_upper_leg_2_x','right_upper_leg_3_x','l
eft_lower_leg_1_x',... 
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'left_lower_leg_2_x','left_lower_leg_3_x','right_lower_leg_1_x','right_lower_leg_2_x',
'right_lower_leg_3_x','left_foot_1_x','left_foot_2_x','left_foot_3_x','left_foot_4_x',
... 
    'right_foot_1_x','right_foot_2_x','right_foot_3_x','right_foot_4_x',... 
    
'back_1_y','back_2_y','back_3_y','left_upper_leg_1_y','left_upper_leg_2_y','left_upper
_leg_3_y','right_upper_leg_1_y','right_upper_leg_2_y','right_upper_leg_3_y','left_lowe
r_leg_1_y',... 
    
'left_lower_leg_2_y','left_lower_leg_3_y','right_lower_leg_1_y','right_lower_leg_2_y',
'right_lower_leg_3_y','left_foot_1_y','left_foot_2_y','left_foot_3_y','left_foot_4_y',
... 
    'right_foot_1_y','right_foot_2_y','right_foot_3_y','right_foot_4_y',... 
    
'back_1_z','back_2_z','back_3_z','left_upper_leg_1_z','left_upper_leg_2_z','left_upper
_leg_3_z','right_upper_leg_1_z','right_upper_leg_2_z','right_upper_leg_3_z','left_lowe
r_leg_1_z',... 
    
'left_lower_leg_2_z','left_lower_leg_3_z','right_lower_leg_1_z','right_lower_leg_2_z',
'right_lower_leg_3_z','left_foot_1_z','left_foot_2_z','left_foot_3_z','left_foot_4_z',
... 
    'right_foot_1_z','right_foot_2_z','right_foot_3_z','right_foot_4_z'}; 
  
% Interpolation on fewer points to reduce the number of calculations. 
t=(0:1:149); 
for j=1:numel(titles) 
    eval([titles{1,j} '= interp1(C{1,1},C{1,1+' int2str(j) '},t);']); 
end 
  
%% Foot displacement 
  
rf=[right_foot_1_x',right_foot_1_y',right_foot_1_z']; 
lf=[left_foot_1_x',left_foot_1_y',left_foot_1_z']; 
  
% The coordinates of the extracted points were expressed in the global 
% coordinate system. Therefore the pulse had to be deduced to express them 
% in the car's coordinate system. This is done in the next section 
S = load('pulse.mat','-mat'); 
pulse = S.pulse; 
  
dx=zeros(150,1); 
dy=zeros(150,1); 
dz=zeros(150,1); 
rx=zeros(150,1); 
ry=zeros(150,1); 
rz=zeros(150,1); 
T=zeros(4,4,150); 
  
rf_fixed=[permute(rf,[2 3 1]);permute(ones(1,150),[1 3 2])]; 
lf_fixed=[permute(lf,[2 3 1]);permute(ones(1,150),[1 3 2])]; 
  
for i=2:150 
    dx(i,1) = dx(i-1,1) + pulse(i-1,1); 
    dy(i,1) = dy(i-1,1) + pulse(i-1,2); 
    dz(i,1) = dz(i-1,1) + pulse(i-1,3); 
    rx(i,1) = rx(i-1,1) + pulse(i-1,4); 
    ry(i,1) = ry(i-1,1) + pulse(i-1,5); 
    rz(i,1) = rz(i-1,1) + pulse(i-1,6); 
    R=rot_mat([0 0 1],rz(i,1)*pi/180)*rot_mat([0 1 0],ry(i,1)*pi/180)*rot_mat([1 0 
0],rx(i,1)*pi/180); 
    T(1:3,1:3,i) = inv(R); 
    T(1:3,4,i)=[-dx(i,1);-dy(i,1);-dz(i,1)]; 
    T(4,:,i) = [0,0,0,1]; 
    rf_fixed(:,:,i)=T(:,:,i)*rf_fixed(:,:,i); 
    lf_fixed(:,:,i)=T(:,:,i)*lf_fixed(:,:,i); 
end 
  
% calculation of the Displacement between the Foot and its Initial Position 
% (dfip) 
dfip_r=zeros(150,1); 
dfip_l=zeros(150,1); 
  
for i=1:150 
    dfip_r(i,1)=norm(rf_fixed(:,1,i)-rf_fixed(:,1,1)); 
    dfip_l(i,1)=norm(lf_fixed(:,1,i)-lf_fixed(:,1,1)); 
end 
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% Extraction of foot displacement when TI is max. 
fd_UR = interp1(t,dfip_r,t_UR); 
fd_LR = interp1(t,dfip_r,t_LR); 
fd_UL = interp1(t,dfip_l,t_UL); 
fd_LL = interp1(t,dfip_l,t_LL); 
  
% Sorting for the displacement category based on the slope at the end of 
% the foot displacement curve 
a=dfip_r(150,1)-dfip_r(149,1); 
b=dfip_l(150,1)-dfip_l(149,1); 
  
if a>1.5 
    fdc_r=0; 
elseif a>1 
    fdc_r=1; 
else 
    fdc_r=2; 
end 
  
if b>1.5 
    fdc_l=0; 
elseif a>1 
    fdc_l=1; 
else 
    fdc_l=2; 
end 
  
%% Knee and ankle angles 
  
% Initial Angles 
pel_ang = zeros(150,3); 
rul_ang = zeros(150,3); 
rll_ang = zeros(150,3); 
rf_ang  = zeros(150,3); 
lul_ang = zeros(150,3); 
lll_ang = zeros(150,3); 
lf_ang  = zeros(150,3); 
  
%% Calculation of initial change of basis matrices 
% notations 
% g: global coordinate basis 
% p: pelvis basis 
% rul: right upper leg basis 
% rll: right lower leg basis 
% rf: right foot basis 
  
M_g_pel   = zeros(3,3,150); 
M_p_rul   = zeros(3,3,150); 
M_rul_rll = zeros(3,3,150); 
M_rll_rf  = zeros(3,3,150); 
M_p_lul   = zeros(3,3,150); 
M_lul_lll = zeros(3,3,150); 
M_lll_lf  = zeros(3,3,150); 
  
M_g_pel(:,:,1)   = rot_mat([0 1 0],202.5); 
M_p_rul(:,:,1)   = rot_mat([0 0 1],2.5)*rot_mat([0 1 0],89.5)*rot_mat([1 0 0],1); 
M_rul_rll(:,:,1) = rot_mat([0 1 0],ka); 
M_rll_rf(:,:,1)  = rot_mat([0 1 0],aray)*rot_mat([1 0 0],arax); 
M_p_lul(:,:,1)   = rot_mat([0 0 1],-2.5)*rot_mat([0 1 0],89.5)*rot_mat([1 0 0],-1); 
M_lul_lll(:,:,1) = rot_mat([0 1 0],ka); 
M_lll_lf(:,:,1)  = rot_mat([0 1 0],alay)*rot_mat([1 0 0],-alax); 
  
M_g_rul          = M_g_pel(:,:,1)*M_p_rul(:,:,1); 
M_g_rll          = M_g_rul * M_rul_rll(:,:,1); 
M_g_rf           = M_g_rll * M_rll_rf(:,:,1); 
M_g_lul          = M_g_pel(:,:,1)*M_p_lul(:,:,1); 
M_g_lll          = M_g_lul * M_lul_lll(:,:,1); 
M_g_lf           = M_g_lll * M_lll_lf(:,:,1); 
  
% Coordinates of the base attached to the 3 nodes in the global 
% coordinate system 
P_g_pel = get_base([back_1_x(1) back_1_y(1) back_1_z(1)],[back_2_x(1) back_2_y(1) 
back_2_z(1)],[back_3_x(1) back_3_y(1) back_3_z(1)]); 
P_g_rul = get_base([right_upper_leg_1_x(1) right_upper_leg_1_y(1) 
right_upper_leg_1_z(1)],[right_upper_leg_2_x(1) right_upper_leg_2_y(1) 
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right_upper_leg_2_z(1)],[right_upper_leg_3_x(1) right_upper_leg_3_y(1) 

right_upper_leg_3_z(1)]); 

P_g_rll = get_base([right_lower_leg_1_x(1) right_lower_leg_1_y(1) 

right_lower_leg_1_z(1)],[right_lower_leg_2_x(1) right_lower_leg_2_y(1) 

right_lower_leg_2_z(1)],[right_lower_leg_3_x(1) right_lower_leg_3_y(1) 

right_lower_leg_3_z(1)]); 

P_g_rf  = get_base([right_foot_1_x(1) right_foot_1_y(1) 

right_foot_1_z(1)],[right_foot_2_x(1) right_foot_2_y(1) 

right_foot_2_z(1)],[right_foot_3_x(1) right_foot_3_y(1) right_foot_3_z(1)]); 

P_g_lul = get_base([left_upper_leg_1_x(1) left_upper_leg_1_y(1) 

left_upper_leg_1_z(1)],[left_upper_leg_2_x(1) left_upper_leg_2_y(1) 

left_upper_leg_2_z(1)],[left_upper_leg_3_x(1) left_upper_leg_3_y(1) 

left_upper_leg_3_z(1)]); 

P_g_lll = get_base([left_lower_leg_1_x(1) left_lower_leg_1_y(1) 

left_lower_leg_1_z(1)],[left_lower_leg_2_x(1) left_lower_leg_2_y(1) 

left_lower_leg_2_z(1)],[left_lower_leg_3_x(1) left_lower_leg_3_y(1) 

left_lower_leg_3_z(1)]); 

P_g_lf  = get_base([left_foot_1_x(1) left_foot_1_y(1) 

left_foot_1_z(1)],[left_foot_2_x(1) left_foot_2_y(1) 

left_foot_2_z(1)],[left_foot_3_x(1) left_foot_3_y(1) left_foot_3_z(1)]); 

  

% Change from dummy base to base attached to the 3 nodes 

P_pel = M_g_pel(:,:,1) \ P_g_pel; 

P_rul = M_g_rul(:,:,1) \ P_g_rul; 

P_rll = M_g_rll(:,:,1) \ P_g_rll; 

P_rf  = M_g_rf(:,:,1)  \ P_g_rf; 

P_lul = M_g_lul(:,:,1) \ P_g_lul; 

P_lll = M_g_lll(:,:,1) \ P_g_lll; 

P_lf  = M_g_lf(:,:,1)  \ P_g_lf; 

  

%% Iteration for each time step 

for i=1:150 

    % base (3 nodes) expressed in global coordinates) 

    Mpel = get_base([back_1_x(i) back_1_y(i) back_1_z(i)],[back_2_x(i) back_2_y(i) 

back_2_z(i)],[back_3_x(i) back_3_y(i) back_3_z(i)]); 

    Mrul = get_base([right_upper_leg_1_x(i) right_upper_leg_1_y(i) 

right_upper_leg_1_z(i)],[right_upper_leg_2_x(i) right_upper_leg_2_y(i) 

right_upper_leg_2_z(i)],[right_upper_leg_3_x(i) right_upper_leg_3_y(i) 

right_upper_leg_3_z(i)]); 

    Mrll = get_base([right_lower_leg_1_x(i) right_lower_leg_1_y(i) 

right_lower_leg_1_z(i)],[right_lower_leg_2_x(i) right_lower_leg_2_y(i) 

right_lower_leg_2_z(i)],[right_lower_leg_3_x(i) right_lower_leg_3_y(i) 

right_lower_leg_3_z(i)]); 

    Mrf  = get_base([right_foot_1_x(i) right_foot_1_y(i) 

right_foot_1_z(i)],[right_foot_2_x(i) right_foot_2_y(i) 

right_foot_2_z(i)],[right_foot_3_x(i) right_foot_3_y(i) right_foot_3_z(i)]); 

    Mlul = get_base([left_upper_leg_1_x(i) left_upper_leg_1_y(i) 

left_upper_leg_1_z(i)],[left_upper_leg_2_x(i) left_upper_leg_2_y(i) 

left_upper_leg_2_z(i)],[left_upper_leg_3_x(i) left_upper_leg_3_y(i) 

left_upper_leg_3_z(i)]); 

    Mlll = get_base([left_lower_leg_1_x(i) left_lower_leg_1_y(i) 

left_lower_leg_1_z(i)],[left_lower_leg_2_x(i) left_lower_leg_2_y(i) 

left_lower_leg_2_z(i)],[left_lower_leg_3_x(i) left_lower_leg_3_y(i) 

left_lower_leg_3_z(i)]); 

    Mlf  = get_base([left_foot_1_x(i) left_foot_1_y(i) 

left_foot_1_z(i)],[left_foot_2_x(i) left_foot_2_y(i) 

left_foot_2_z(i)],[left_foot_3_x(i) left_foot_3_y(i) left_foot_3_z(i)]); 

    % change base matrices 

    M_g_pel(:,:,i)   = Mpel/P_pel; 

    M_p_rul(:,:,i)   = (P_pel/Mpel)*(Mrul/P_rul); 

    M_rul_rll(:,:,i) = (P_rul/Mrul)*(Mrll/P_rll); 

    M_rll_rf(:,:,i)  = (P_rll/Mrll)*(Mrf/P_rf); 

    M_p_lul(:,:,i)   = (P_pel/Mpel)*(Mlul/P_lul); 

    M_lul_lll(:,:,i) = (P_lul/Mlul)*(Mlll/P_lll); 

    M_lll_lf(:,:,i)  = (P_lll/Mlll)*(Mlf/P_lf); 

    % euler angles 

    [t1,t2,t3] = eul_ang(M_g_pel(:,:,i)); 

    pel_ang(i,:) = [t1;t2;t3]; 

    [t1,t2,t3] = eul_ang(M_p_rul(:,:,i)); 

    rul_ang(i,:) = [t1;t2;t3]; 

    [t1,t2,t3] = eul_ang(M_rul_rll(:,:,i)); 

    rll_ang(i,:) = [t1;t2;t3]; 

    [t1,t2,t3] = eul_ang(M_rll_rf(:,:,i)); 

    rf_ang(i,:)  = [t1;t2;t3]; 

    [t1,t2,t3] = eul_ang(M_p_lul(:,:,i)); 

    lul_ang(i,:) = [-t1;t2;-t3]; 

    [t1,t2,t3] = eul_ang(M_lul_lll(:,:,i)); 
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    lll_ang(i,:) = [-t1;t2;-t3]; 
    [t1,t2,t3] = eul_ang(M_lll_lf(:,:,i)); 
    lf_ang(i,:)  = [-t1;t2;-t3]; 
end 
  
% Extraction of the leg position when each of the TI is max. 
ka_UR=interp1(t,rll_ang(:,2),t_UR); 
ka_LR=interp1(t,rll_ang(:,2),t_LR); 
ka_UL=interp1(t,lll_ang(:,2),t_UL); 
ka_LL=interp1(t,lll_ang(:,2),t_LL); 
aax_UR=interp1(t,rf_ang(:,1),t_UR); 
aax_LR=interp1(t,rf_ang(:,1),t_LR); 
aax_UL=interp1(t,lf_ang(:,1),t_UL); 
aax_LL=interp1(t,lf_ang(:,1),t_LL); 
aay_UR=interp1(t,rf_ang(:,2),t_UR); 
aay_LR=interp1(t,rf_ang(:,2),t_LR); 
aay_UL=interp1(t,lf_ang(:,2),t_UL); 
aay_LL=interp1(t,lf_ang(:,2),t_LL); 
  
v=[ka_UR,ka_LR,ka_UL,ka_LL,aay_UR,aay_LR,aay_UL,aay_LL,aax_UR,aax_LR,... 
    aax_UL,aax_LL,fd_UR,fd_LR,fd_UL,fd_LL,fdc_r,fdc_l]; 
  
control=[t_UR,t_LR,t_UL,t_LL]; 
 
function M=rot_mat(axis,angle) 
% From an axis and an angle, this script creates the corresponding rotation 
% matrix. 
M = [cosd(angle)+axis(1).^2*(1-cosd(angle)) , axis(1).*axis(2)*(1-cosd(angle))-
axis(3)*sind(angle) , axis(1).*axis(3)*(1-cosd(angle))+axis(2)*sind(angle); 
    axis(2).*axis(1)*(1-cosd(angle))+axis(3)*sind(angle) , cosd(angle)+axis(2).^2*(1-
cosd(angle)) , axis(2).*axis(3)*(1-cosd(angle))-axis(1)*sind(angle); 
    axis(3).*axis(1)*(1-cosd(angle))-axis(2)*sind(angle) , axis(3).*axis(2)*(1-
cosd(angle))+axis(1)*sind(angle) , cosd(angle)+axis(3).^2*(1-cosd(angle))]; 
end 
 
function M=get_base(p1,p2,p3) 
% From three non-colinear points, this script creates an orthonormal base 
w1 = [p2(1)-p1(1);p2(2)-p1(2);p2(3)-p1(3)]; 
w2 = [p3(1)-p1(1);p3(2)-p1(2);p3(3)-p1(3)]; 
  
v1 = w1/norm(w1); 
  
v2 = cross(w1,w2); 
v2 = v2/norm(v2); 
  
v3 = cross(v1,v2); 
v3 = v3/norm(v3); 
  
M=[v1,v2,v3]; 
end 
 
function [a1,a2,a3]=eul_ang(M) 
% This script extract the euler angles of a rotation matrix M 
% The sequence of rotation used is x, y, z 
  
a1=atan2d(M(3,2),M(3,3)); 
c2=sqrt(M(1,1)^2+M(2,1)^2); 
a2=atan2d(-M(3,1),c2); 
s1=sind(a1); 
c1=cosd(a1); 
a3=atan2d(s1*M(1,3)-c1*M(1,2),c1*M(2,2)-s1*M(2,3)); 
  
end 
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