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Analysis of the influence of passenger vehicles front-
end design on pedestrian lower extremity injuries by 
means of the LLMS model 

ABSTRACT 

Objective: The work aims at investigating the influence of some front-end design parameters of a passenger 

vehicle on the behavior and damage occurring in the human lower limbs while impacted in an accident. 

Methods: The analysis is carried out by means of finite element analysis using a generic car model for the vehicle 

and the Lower Limbs Model for Safety (LLMS) for the purpose of pedestrian safety. Considering the pedestrian 

standardized impact procedure (as in the 2003/12/EC Directive) a parametric analysis, through a DOE plan, was 

done. Various material properties, bumper thickness, position of the higher and lower bumper beams and the 

position of pedestrian, were made variable in order to identify how they influence the injury occurrence. The 

injury prediction was evaluated from the knee lateral flexion, the ligaments elongation, and the state of stress in 

the bone structure. 

Results: The results highlighted that the offset between the higher and lower bumper beams is the most 

influencing parameter affecting the knee ligament response. The influence is smaller or absent considering the 

other responses and the other considered parameters. The stiffness characteristics of the bumper are, instead, more 

notable on the tibia. Even if an optimal value of the variables could not be identified trends were detected, with 

the potential of indicating strategies for improvement. 

Conclusions: The behavior of a vehicle front-end in the impact against a pedestrian can be improved optimizing 

its design. The work indicates potential strategies for improvement. In this work, each parameter was changed 

independently one at a time: in future works the interaction between the design parameters could be also 

investigated. Moreover, a similar parametric analysis can be carried out using a standard mechanical legform 

model in order to understand potential diversities or correlations between standard tools and human models. 

KEYWORDS: finite element model; pedestrian safety; lower limb; knee ligaments; tibia; front-end design 

INTRODUCTION 

During the past three decades, injury biomechanics in vehicle-pedestrian collisions has been extensively studied. 

On the basis of several analysis of accidental data, passenger vehicles were proven to be responsible for most 

pedestrian injuries (Mallory and Stammen 2006; Gavrila et al. 2003). Pedestrian lower extremities are the most 

frequently injured body region (IHRA 2001; Cater et al. 2008) and the injury analyses have been continuously 

addressed by researchers by using both experimental tests and finite element simulations (Arnoux et al. 2005; 

Yasuki 2007; Mo et al. 2012; Mo et al. 2015, Masson et al. 2007; Kerrigan et al. 2008). 

To this aim, the European Enhanced Vehicle-safety Committee (EEVC WG17 1998; EEVC WG10 1994) 

proposed a series of subsystem impactor tests to evaluate the aggressiveness of passenger vehicles with respect to 

pedestrians. Based on these proposals, the European Commission Directive 2003/102/EC enacted a lower-leg 

impactor test procedure to improve passenger vehicles design and mitigate pedestrian lower extremity injuries. 

This test procedure uses a mechanical legform developed by the Transport Research Laboratory (TRL) to 

represent the lower extremity of the human body. Many studies have addressed the problems of both the legform 
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and injury criteria used in this test procedure (Yasuki 2007; Mo, Arnoux, Cesari and Masson 2012; Yasuki 2007; 

Mo, Arnoux, Jure and Masson 2012; Martinez et al. 2008). After this, the Japan Automobile Research Institute 

(JARI) and the Japan Automobile Manufacturer Association (JAMA) developed a Flexible Pedestrian Legform 

Impactor (Flex-PLI). The Flex-PLI has flexible tibia and femur components mainly made of a high strength plastic 

with a fiber reinforced bone inside. The knee component is also flexible with four major ligaments made of springs 

and stainless steel wires. The elongation of the ligaments was measured to evaluate potential knee injuries in the 

legform. Global technical regulation No.9 of the Economic Commission for Europe (ECE) presented the 

application of Flex-PLI for the pedestrian protection (Committee 2010). 

In order to guide the improvement of passenger vehicle design for pedestrian protection, all these legform tests 

should be available to reflect real-world impact environments. Thus, the full-scale vehicle-pedestrian impact test 

is the basis for the development and improvement of these regulatory tests. Moreover, supported by the current 

development of computer modeling, full-scale vehicle-pedestrian impacts can be performed by means of 

numerical simulations with a much lower cost if compared to the experimental methods. With the Finite Element 

(FE) simulations, it is possible to focus the attention only on the most interesting sequences of the full scale tests. 

Moreover, the numerical simulations allow to study the influence of many different design parameters, reducing 

times and costs if compared to the real experimental tests. Large DOE analysis can be carried out and consequently 

it is possible to define an accurate hierarchy of the most important design parameters concerning the pedestrian 

injuries. To this aim, the influence of the vehicle front-end structures on the pedestrian kinematics and the 

pedestrian injuries were studied in many works in the past (for a detailed analysis of the previous works see the 

literature review in the Appendix).The goal of the present study is to investigate in more details the influence of 

some design parameters of a vehicle front-end structure on the injuries of the lower extremity of the pedestrians.  

MODELS AND METHODS 

FE Models 

Vehicle-pedestrian impacts (Figure 1) were simulated in order to investigate the influence of the design parameters 

of a passenger vehicle front-end design on the pedestrian lower extremity injuries. The vehicle was simulated with 

one of the GCMs (Generic Car Models) developed within the APROSYS EU FP7 funded project (APROSYS 

2011). In particular, in this work, the GCM4 vehicle was used. It is the model of an MPV. The initial vehicle 

model was slightly modified to include the nowadays usual two load lines, upper and lower, as shown in Figures 

2 and A1. In front of these elements, there is the usual plastic bumper fascia. In this work, to reduce the 

computational time, only the front part of the vehicle model was used (Figures 1 and A1).  

The pedestrian was simulated combining a 50% Hybrid III dummy and a biofidelic lower limb model known as 

Lower Limb Model for Safety (LLMS, Arnoux 2000; Beillas et al. 2001; Arnoux et al. 2005) shown in Figures 1 

and 2. The Hybrid III model and the LLMS model are joined together at the hip joint: the right leg is modelled by 

the LLMS whereas the left leg is a normal dummy leg model. The Hybrid III model was used to consider the 

human body mass and the inertia effects during the simulations without taking into consideration tissue damage 

and failure. For the other leg, the LLMS was used as a tool to study the injuries caused by the vehicle impact.  In 

order to simulate the pedestrian in walking condition, the left leg of the pedestrian model, the one that belongs to 

the Hybrid III model, was in contact with the ground. The right leg of the pedestrian model, the one including the 
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LLMS model, was raised with respect to the ground of a small step to equalize the legs height, as shown in Figure 

2. More details about the GCM4 and the LLMS models can be found in the Appendix. 

All the impacts were along the transverse direction with respect to the leg, with the vehicle traveling at a fixed 

speed of 40 km/h. 

Geometrical and Material Parameters Investigated 

Design variations were of three types: 

 Geometrical 

 Test conditions (positioning of the leg with respect to the front-end) 

 Materials (influence of the stiffness) 

As illustrated in Figures 1 and 2, five different geometrical parameters can be changed defining the interface 

between vehicle front-end and pedestrian, plus one position parameter. These parameters are: 

1. a higher absorber depth (in the longitudinal X direction) 

2. d longitudinal offset between upper and lower load line 

3. h vertical distance between upper and lower load line 

4. p vertical distance between the upper load line and the knee 

5. z vertical height of the foot bottom with respect to the ground 

6. Y transverse offset of the knee with respect to a reference plane 

As shown in Figure 1 and A2, the transverse offset influences the impact condition because in the Y = −125 mm 

position the impactor is near the edge of the absorber whereas in the offset Y = 0 mm (reference) position the 

impactor is facing the central zone. A different behavior was expected due to the different stiffness of the absorber 

in these two positions.  

Even if there are five geometrical parameters, only four were considered as variables in the current analysis since 

the z parameter is only an auxiliary offset used to position the leg with respect to different vehicles as done in Mo 

et al. (2015). In the present analysis there is only one vehicle and the two vertical distances h and p are the two 

degrees of freedom necessary and sufficient to define and analyze the impact situation along the vertical direction. 

The reference values and the range of the parameters were defined on the base of the geometry of the vehicle 

model adopted for the analysis and considering the geometries of the best-in-class multipurpose vehicles currently 

available. 

The four possible material parameters were: 

1. e the thickness of the bumper fascia  

2. E the elastic modulus of the bumper fascia 

3. Eh the elastic modulus of the material of the higher load line (higher absorber) 

4. El the elastic modulus of the material of the lower load line (lower absorber) 

In the current work, only the elastic modulus of the bumper fascia E was not included in the analysis: in a 

preliminary analysis it showed little influence on the phenomenon, because the load transferred to the leg is 

primarily generated by the absorbers. In the Table 1 the numerical variations of the considered parameters are 

summarized. 
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Measured Biomechanical Parameters  

Tibia bending moments and knee ligament strains were measured to evaluate the injury risk of the knee structure. 

Tibia bending moments of different regions were measured in sections defined at approximately each layer of the 

tibia elements along its axial direction (Figure A3). The ligaments strains were measured evaluating the strains of 

several springs. The ligament was considered failed when the value of the engineering strain of the entire ligament 

exceeded its defined strain threshold. More details about the evaluation of the ligament strains from a numerical 

point of view can be found in the Appendix. The thresholds of the ligament failure adopted in this work were 

based on experimental results and validated through complex loading conditions (Arnoux et al. 2002). The 

ultimate strains for the collateral ligaments were considered between 25% and 38% whereas the limit values for 

the cruciate ligaments were considered between 18% and 24%. As proposed by Mo et al. (2014), in this work, the 

threshold of the strain level for the cruciate ligaments was fixed to 24% whereas the threshold of the strain level 

for the collateral ligaments was fixed to 28%. 

To determine the influence of the examined parameters on the injury occurrences of the tibia and knee ligaments, 

the lower extremities kinematics were also recorded by taking the positions of several nodes along the tibia and 

femoral axes (Figure A5). 

Simulation Plan 

The analysis of the problem as discussed above resulted in a simulation plan based on seven variables. Namely, 

they were: 

1. Y transverse offset of the knee with respect to a reference plane 

2. d longitudinal offset between upper and lower load line 

3. h vertical distance between the upper and lower load line 

4. p vertical distance between the upper load line and the knee 

5. e the thickness of the bumper fascia 

6. Eh the elastic modulus of the higher load line material (higher absorber) 

7. El the elastic modulus of the lower load line material (lower absorber) 

With the exception of the transverse offset Y, all the remaining parameters were changed independently one at a 

time with respect to the 0 level (reference values, as reported in Tables 1). On the contrary, the whole set of 

simulations by changing the remaining parameters were repeated for the two Y levels of 0 and −125 mm. 

This brings out a total of (1 reference + 6 variations in d + 5 × 2 other variations) × 2 = 34 simulations (the latter 

multiplier related to the variation of the transverse offset Y).  

RESULTS 

Lower Limb Kinematics 

A first analysis of the kinematics of the leg during the impact (Figures A6 and A7) reveals that at least two 

parameters have very little or even negligible influence, namely the distance h between the higher (absorber) and 

lower line, and the thickness of the bumper fascia e. There is also a little influence of the elastic moduli. As shown 

in the figures, the more influencing factors are geometrical, and they are the vertical distance between the upper 

load line and the knee p and, even more important, the longitudinal offset d between the upper and lower load 

line. A more advanced position of the lower line increases the displacements of the lower leg. 
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This analysis will give some first general indications on the leg behavior, but a more advanced and detailed 

analysis will derive from the evaluation of strain in the ligaments and tibia bending. 

Knee Ligaments 

At a first glimpse, it appears (Figures A8 and A9) that the MCL is the more sensitive to almost every parameter: 

this is expected due to the type of impact, since the MCL suffers mainly from the bending generated in the 

accident. This is especially evident in the case of the central position (Y = 0) whereas in the transverse offset 

position the effect is more evident and more marked while varying the longitudinal offset d and the elastic moduli 

only. Similar considerations can be done for the PCL and ACL ligaments, whereas the LCL is almost unaffected 

by any parameter. In particular, considering the PCL ligament, when the leg is in the central position (Y = 0), all 

the parameters had a certain effect on the strain, whereas, when the leg is in the Y = −125 mm only a change in 

the h parameter and in the elastic moduli influences the ligament strain. Moreover, the reduction of the Young 

modulus of the higher line seems to bring a significant reduction of strains. For the ACL ligament, reducing the p 

parameters allows also a consistent reduction in the ligament strains as the reduction of the elastic modulus of the 

higher load line does; the longitudinal offset d has instead a moderate influence. 

Bending 

Examining the bending moments as a function of the tibia position (Figures A10 and A11) it is interesting to 

observe that some parameters have a strong influence on the bending behavior. In particular, it is noticeable that 

in some cases the position of the maximum bending point moves toward the knee: consequently, the lower part 

of the tibia is less stressed. This probably means that there will be a change in the fracture position of the tibia. A 

change in the offset d, affects not only the position of the maximum bending moment but also its maximum value. 

Negative values of d give higher values of the maximum bending moment. At the same time, an increase of the 

offset d moves the maximum bending point toward the foot, the tibia is less stressed but more evenly. The other 

parameters considered have an influence only on the position of the maximum bending moment, whereas the 

maximum values remain quite constant. The only geometrical parameters without significant influence on the 

bending moment is the distance h: in this case, all the curves are very similar. Considering the thickness of the 

bumper fascia e, a decrease of its value moves the position of the maximum bending moment toward the knee. A 

similar trend was also obtained with an increase of the vertical distance between the upper load line and the knee 

p. About the materials, only the elastic modulus of the higher load line had a significant influence on the results: 

reducing it, the position of the maximum bending moment moves toward the knee. Similar trends were also 

obtained considering the offset leg position Y = −125 mm. In this case, generally, the position of the maximum 

bending moves toward the foot if compared with the results obtained in Y = 0. 

Examining the trend of the maximum value of the bending moment as a function of the simulation time (Figures 

A10 and A11), considering both leg positions, it is observed that only the longitudinal offset d had a small 

influence on this value. Decreasing the distance d, the maximum bending increases, but for a higher simulation 

time. The other examined parameters had no influence: the curves are very similar in all other considered cases. 

A slight decrease of the moment can be observed, in the first part of the impact, using a value of h = 280 mm. 
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Factorial and Regression Analysis 

A factor analysis (Jolliffe 1986) of the results in term of the time corresponding to the maximum values of the 

examined output (Table 2) and in terms of the maximum values of the considered output results (Table 3) was 

carried out. 

In the correlation matrix of Table 2, the larger values reveal the parameters having a higher influence on the 

output. The longitudinal distance d between the higher and the lower line had the higher influence on timing for 

the maximum bending moment in the tibia. On the other hand, all the values of the time at the maximum strains 

are more influenced by the vertical distance p between the knee and the upper load line and, secondarily, by the 

elastic modulus Eh of the material of the higher load line. 

A linear regression analysis gives the expressions for the relations between the input variables and the considered 

outputs shown in Eq. (1). The most significant influences are summarized in Figure 3 and A12 (left hand sides). 
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From the results of the factor analysis of Table 3, it comes out that the most influencing factor on the maximum 

value of the tibia moment Mt is clearly the longitudinal distance d between the higher and the lower line, followed 

by the vertical distance h between the upper and the lower load line. About the maximum values of the ligament 

strains, the situation is slightly more complicated. The most influencing factor can be considered again the 

longitudinal distance d between the higher and the lower line, but the second most influencing factor is in some 

case the transverse offset of the knee Y and in some other cases the vertical distance between the upper load line 

and the knee p. Moreover, these effects are not always of the same sign. On the contrary, the effect of the 

longitudinal distance d is always negative, that is an increase of d gives a decrease of all the output results. 

A linear regression analysis gives the expressions for the relations between the input variables and the considered 

maximum values of the output results shown in Eq. (2). These results are plotted (Figure 3 and A12, right hand 

sides) showing the effect of the most influencing variables.  
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DISCUSSION 

From the sensitivity analysis proposed above, it seems that the injury mechanisms of the leg had no relevant 

changes in the cases examined. However, some parameters seem to modify the location of the injury, by modifying 

the position of the bending moment along the tibia. Consequently, the time for injury occurrence could also 
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change. A delay in the injury time is usually considered a positive circumstance for safety, because it offers more 

possibilities to work in collaboration with active safety devices.  

Considering the regression analysis, even if the linear models adopted in both cases are a rough approximation of 

the outputs, they can be considered anyway as a valid estimator of them. This is both because of the limited range 

of variation of most considered variables and to the small number of levels for some variables not allowing for a 

more detailed description. Adopting higher level of approximations is useless (as it is clear from Figure 3 there 

are not clear trends that can be interpreted differently, justified also by the R-squared values of the approximation 

which are always greater than 0.5) and even misleading: local variations due to the high non-linearity of the 

problem, if any, are not to be considered when searching for general trends to establish design rules as in this case. 

For what concerns the design of the car front end, it appears, as expected, that the geometry and the stiffness 

properties of the bumper, are important factors. These parameters affect the behavior and damage occurring in the 

leg during a pedestrian accident. On the whole, it appears that it is the longitudinal offset between the upper and 

the lower load line d that plays the greater role. This important result is confirmed both by field studies by Li, 

Lyons, Wang, Yang, Otte and Haasper (2007) who found the bumper lower depth (horizontal) as a most affecting 

parameter on leg injury risk and by computational studies by Li, Yang and Simms (2017) who concluded that a 

smaller longitudinal difference between the higher and lower profile of the front end is beneficial in terms of 

injury risk. This is probably because the offset impact along the leg induces a strong rotation with consequent 

larger loads and strains. Apparently, but not expectedly, the vertical positions and the distance of the upper and 

the lower load line have a lesser influence: probably the considered variations, chosen in a reasonable range for 

the current application, are not enough to change noticeably the kinematics, and thus, the damage on the leg. This 

is partially consistent, but not in contrast, with the results again shown by Li, Lyons, Wang, Yang, Otte and 

Haasper (2007) and Li, Yang and Simms (2017) and confirmed by other researches even based on much detailed 

data not convincingly showing that the height of the bumper influences the location of the injuries (Martin et. al 

2011; Otte and Haasper. 2007). Similarly, Zhang et al. (2008) did not acknowledge the car front-end height with 

lower extremity injury odds. 

The transverse position is also affecting but this result is not conclusive since the actual detailed shape and local 

stiffness of the beam must be considered. As demonstrated also by Dunmore et al. (2006) and by Liu et al. (2002), 

the bumper stiffness, expressed in this work by the thickness of the fascia and the elastic moduli of the two load 

lines, moderately affects the damage on the ligaments but has a slightly higher effect on the tibia bone. This is 

probably because of the different mechanical behavior: the bone is much stiffer than the ligaments. 

This analysis confirms how the design choices for the front-end of a car are very important for the reduction of 

pedestrian injuries in case of impact. It clearly emerges that a soft uniform front structure can mitigate the severity 

of the injuries. In more details, it appears that, in some cases, the reference values of the parameters considered 

brings to the lower loads or stresses obtained: this highlights that those values can be considered as optimal. 
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APPENDIX 

Literature Review 

The influence of the vehicle front-end structures on the pedestrian kinematics and the pedestrian injuries were 

studied in many works in the past. The present literature review focuses the attention on the works related to the 

design of the vehicle front‐end and on the injuries to the pedestrian lower limb. Considering only those studies 



12 
 

that were carried out with numerical tools, they took into analysis different aspects of the problem. Some works 

investigated the influence of the shape and the geometry of the bumper (Niederer and Schlumpf 1984; Yang 2003; 

Yoshida et al. 1998; Ishikawa et al. 1991; Matsui 2005; Dunmore et al. 2006; Schuster and Staines 1998; Lee et 

al. 2014; Liu et al. 2011; lshikawa et al. 1992). Many of these works put particular attention to the vertical position 

of the bumper (Ishikawa et al. 1991; Matsui 2005; Dunmore et al. 2006; lshikawa et al. 1992; Abvabi et al. 2010; 

Huang et al. 2011). In other works (Abvabi et al. 2010b; Huang et al. 2011), the stiffness of the bumper and more 

in general of the front-end structure of the vehicle was investigated. Some studies analyzed together the geometry 

of the bumper and its stiffness (Liu et al. 2002; Harris and Grew 1985; Zanetti et al. 2014). Moreover, many works 

(Schuster 2006; Davoodi et al. 2008; Cheon 1995; Moon 2012; Jiang and Yang 2012; Liu et al. 2011; Park and 

Jang 2010; Nagasaka 2003) deal with the investigation of innovative solutions for the front-end structures. These 

innovative solutions were aimed to the reduction of the injuries on the lower limb of the pedestrians. In all these 

previous works, the impacts with the front-end structure of the vehicle were simulated using the lower legforms 

developed for the execution of the experimental tests illustrated above. The numerical analysis were carried out 

with human leg models only in few cases (Pehrs 2013; Yasuki 2007; Yasuki 2007b; Yasuki 2008). In these last 

works, the authors mainly investigated the influence of the stiffness of the front-end structure.FE Models 

The GCMs were numerical models not of real cars from the market but of realistic models of vehicles 

representative of the best-in-class types currently available. The idea was to give the researchers involved in 

safety, publicly available models to play with to develop new safety devices and strategies without the restrictions 

and limitations of real vehicle models. To this aim, the GCMS were mildly validated against the results in terms 

of performance of similar vehicles of the same class: strict validation was not possible since those GCM vehicles 

are not existing but, with the previous principle in mind, those models were considered useful for studies as the 

current research. 

The GCM4 vehicle was used in this work. It is the model of an MPV based on the geometry and features of the 

Dodge Caravan and of the Renault Espace. The GCM4 includes the whole chassis, the wheels and the body of the 

vehicle with the engine. The initial model was modified to make it more similar to the best in class models 

according to the EuroNCAP tests. Therefore, the vehicle model includes the nowadays usual two load lines, upper 

and lower, as shown in Figures 2 and A1. The upper and stronger line has a supporting transverse beam made of 

metal and an energy absorbing element (absorber) made of plastic. The lower load line consists of a simpler plastic 

absorber. The GCM model was validated testing it in various conditions and comparing the obtained numerical 

results with the widest number of experimental tests available from external independent sources, for that type of 

vehicles. In this work, the GCM4 was cut with a plane perpendicular to the longitudinal axis of the vehicle at the 

front part of the windshield. The mass of the rear part of the cut vehicle was applied to this section by means of a 

rigid body. Constraints in vertical and transversal direction were also applied to this section. In this way, the 

vehicle model had only the longitudinal displacement as free degree of freedom. 

The geometry of the LLMS was derived from magnetic resonance imaging measurements collected on a cadaver 

subject close to 50th percentile man. The lower limb model was made using shell, bricks and springs elements. 

The material properties for this model were obtained from literature. The lower limb model was validated 

comparing its behavior to a series of experimental tests. These tests varying from isolated tests on single parts 

(tissues, ligaments, bones etc.) to the whole limb impacts. As discussed by Mo, Arnoux, Cesari and Masson 

(2012), the kinematic behavior of the dummy model made up of these two different parts (Hybrid III model and 
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LLMS model) is in good correlations with the experimental results of impact test between pedestrian and vehicle, 

carried out in full scale conditions with post mortem human subjects (PMHS) (Masson et al. 2007). 

All the simulations were performed using the explicit dynamic FEM solver RADIOSS v12 (Altair Engineering 

Inc., Troy, USA). No element deletions were activated in both the car model and the pedestrian model during the 

simulations. However, this aspect should not affect the response of the model, as demonstrated in the validation 

phase of the two numerical models. 

Measured Biomechanical Parameters  

The sections where the bending moment on the tibia was measured are shown in Figure A3. 

The spring elements used to measure the ligament strains had low stiffness. These springs were attached to the 

elements used to model the ligaments. The springs were positioned along the middle line of the ligaments that is 

the main axis of the ligament fiber (Figure A4). The strain of a single ligament was evaluated as the ratio between 

the strain of the spring elements along their axis and their initial length (Mo, Arnoux, Cesari and Masson 2012; 

Mo, Arnoux, Jure and Masson 2012; Mo, Arnoux, Zahidi and Masson 2013; Mo, Masson, Cesari and Arnoux 

2013; Mo et al. 2015). The ligament was considered failed when the value of the engineering strain of the entire 

ligament exceeded its defined strain threshold. On one hand, using this method, the LLMS model showed accurate 

ability to provide good assessments of the injuries of the knee ligament under complex loading conditions (Mo et 

al. 2014; Arnoux et al. 2005; Bose et al. 2007). On the other hand, the LLMS model could be improved 

implementing a ligament failure based on the strains of the shell and solid elements used to model the ligaments. 

However, a ligament failure based on elements deletion should be very sensitive to the element dimension. 

Considering a global model of lower limb used for safety research, the mesh size used for the modelling of the 

ligaments is not small enough. This is mainly due to considerations about the time step and the stability of the 

model. Consequently, a direct implementation of the element failure in the model could overestimate the ligaments 

failures. This is because the crack size is determined by the element size. From a physical point of view, this 

means that a small laxity could be translated to a total fracture in the model due to the relatively large size of the 

elements. The use of the global strain of the entire ligament, in the evaluation of the failure, would avoid this 

problem. A further improvement on the model could be represented by the use of the extended finite element 

method (XFEM). This method was introduced by Belytschko and Black (1999) and it was more recently 

implemented in the commercial FE codes. This method allows to reduce the mesh dependency when the crack 

initiation and propagation is simulated (Mo et al. 2014). 

RESULTS 

Lower Limb Kinematics 

The influence of the studied parameters on the lower limb kinematics is summarized in Figures A6 and A7 for the 

reference configuration, Y = 0 and for the leg position Y = −125 mm respectively. 

The figures depict the leg kinematics as the lines of the axes of the tibia and femur extracted, at some equally 

spaced times, from the displacements of selected nodes used as kinematic landmarks (Figure A5). Due to the 

typical time scale of the phenomenon, it was chosen to get the kinematics at four times from 10 to 40 ms with an 

interval of 10 ms. 
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Knee Ligaments 

Figures A8 and A9 report the influence of the parameters considered in the work in terms of knee ligament strains 

for the Medium Collateral Ligament (MCL), the Posterior Cruciate Ligament (PCL) the Anterior Cruciate 

Ligament (ACL) and the Lateral Collateral Ligament (LCL). The Figure A8 is related to the reference transverse 

offset Y = 0 whereas the Figure A9 refers to the leg position Y = −125 mm. In these figures, the measured strains 

are plotted as a function of time from 5 to 15 ms. The maximum values of the ordinate axis of the charts of the 

ligament strains were fixed to the threshold values of the ligament failure discussed in the Methods section. 

Bending 

Figures A10 and A11 show the results from the parametric analysis in terms of: tibia bending moment as a function 

of the position along the tibia axis from the tibia plateau; maximum tibia bending moment as a function of the 

simulation time; average bending moment as a function of time. Figure A10 refers to the reference position Y = 0 

whereas the Figure A11 refers to the leg position Y = −125 mm. 

LIMITATIONS AND FUTURE DEVELOPMENTS 

In this work, a DOE analysis was done considering individually each parameter. In future work a deeper study 

can be carried out, doing a more complex DOE investigating the correlation between the different parameters. 

A main limitation of the current study relates to the limited range of variation of the various parameters and 

considering a single value of the speed: as clearly shown by Matsui (2005) increasing the impact speed can lead 

to ligament failures not occurring at lower speed. In the current study, the impact speed was kept constant at the 

typical value of the pedestrian safety tests, which, in turns, was fixed as the most significant of typical real accident 

scenarios. Moreover, the obtained results give hints about the failure of ligaments and tibia but cannot be directly 

related to injury levels, and therefore directly compared with field data. Another problem in comparing with real 

accidents observations lies in the fact that generally only the outer envelope of the vehicle is considered whereas 

the internal details, and in particular the typical current construction with the two load lines, are not kept into 

account. 
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Fig. 1. Front and top view of the considered configurations of the vehicle-pedestrian impacts. Two different 

positions in terms of transverse offset Y for the Hybrid III dummy with the biofidelic LLMS model were 

considered: on the left hand side the reference position (Y = 0, leg in the middle of the bumper), on the right hand 

side the displaced position (Y = −125 mm). 
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Fig. 2. Side view of the passenger vehicle-pedestrian interface: geometric details are put in evidence. 
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Fig. 3. Influence of the longitudinal offset d on the outputs in terms of time corresponding to its maximum values 

(on the left hand side) and in terms of maximum values (on the right hand side): above, considering the maximum 

bending moment; below, considering the maximum ligament strains 
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Fig. A1. Front view of the vehicle model without the bumper fascia. In evidence the two plastic absorbers: the 

higher one in red and the lower one in blue.  
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Fig. A2. Top view of a horizontal section of the leg and vehicle front-end showing the variation in the transverse 

Y position: left, the leg is in the reference position (Y = 0) complete facing the absorber; right, the leg is in an 

offset position of Y = −125 mm, facing the edge end of the absorber (in blue the bumper beam, in brown the 

absorber). 
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Fig. A3. Lower part of the LLMS model: in blue the sections where the bending moment on the tibia was 

measured. 
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Fig. A4. Detail of the LLMS model in the knee region. The knee ligaments are put in evidence with different 

colors: ACL in light blue, PCL in green, MCL in red and LCL in blue. The spring elements used to measure the 

knee ligament strains are shown in yellow. 
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Fig. A5. The anatomical location of the kinematic landmarks used to study the leg deformation. 
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Fig. A6. Influence of the all considered parameters on the lower extremity kinematics during vehicle–pedestrian 

collisions, for the leg position Y = 0 (‘vertical distance’ indicates the relative vertical distance of all selected points 

to the joint center in the coronal plane; ‘horizontal distance’ indicates the horizontal relative distance of all selected 

points to the joint center in the coronal plane). Four different instant time (10, 20, 30, 40 ms) during the collision 

were considered, they are shown from the left to the right. Each line shows the influence of a different parameter. 
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Fig. A7. Influence of the all considered parameters on the lower extremity kinematics during vehicle - pedestrian 

collisions, for the leg position Y = −125 mm (‘vertical distance’ indicates the relative vertical distance of all 

selected points to the joint center in the coronal plane; ‘horizontal distance’ indicates the horizontal relative 

distance of all selected points to the joint center in the coronal plane). Four different instant time (10, 20, 30, 40 

ms) during the collision were considered, they are shown from the left to the right. Each line shows the influence 

of a different parameter. 
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Fig. A8. Influence of the various considered parameters on the ligament strains for the reference leg position 

Y = 0. Each line shows the influence of a different parameter, each column shows a different knee ligament. 
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Fig. A9. Influence of the various considered parameters on the ligament strains for the reference leg position 

Y = −125 mm. Each line shows the influence of a different parameter, each column shows a different knee 

ligament. 
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Fig. A10. Influence of the various parameters considered on the bending moment for the reference leg position 

Y = 0. From the left to the right: maximum value of the bending moment as a function of the simulation time; 

average value of the bending moment as a function of the simulation time; bending moment along the tibia. Each 

line shows the influence of a different parameter. Each line shows the influence of a different parameter. 
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Fig. A11. Influence of the various parameters considered on the bending moment for the reference leg position 

Y = −125 mm. From the left to the right: maximum value of the bending moment as a function of the simulation 

time; average value of the bending moment as a function of the simulation time; bending moment along the tibia. 

Each line shows the influence of a different parameter. Each line shows the influence of a different parameter. 
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Fig. A12. Influence of the bumper fascia thickness e (top left hand side), of the vertical distance h (top right hand 

side) and of the vertical distance p (bottom row) on the outputs in terms of time corresponding to its maximum 

values (on the left hand side) and in terms of maximum values (on the right hand side). The maximum bending 

moment is considered in the topo row, the maximum ligament strains are considered in the bottom row. 
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Table 1. Material and geometrical parameters considered for the analysis and their variations. 

. 

  Levels 
  −3 −2 −1 0 +1 +2 +3 

M
at

er
ia

l 
p

ar
am

et
er

s e (mm)   2.5 3.0 3.5   

Eh (MPa)   640 1280 1920   

El (MPa)   640 1280 1920   

 G
eo

m
et

ri
ca

l 
p

ar
am

et
er

s d (mm) −30 −20 −10 0 +10 +20 +30 

h (mm)   240 260 280   

p (mm)   25 45 65   
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Table 2. Correlation matrix of the results in terms of time corresponding to the maximum values of the considered 

output results. 

 Y 
(mm) 

p 
(mm)

h 
(mm) 

d 
(mm) 

e 
(mm)

Eh 
(MPa)

El 
(MPa)

t(max 
M(tibia))

t(max 
ε(MCL))

t(max 
ε(PCL)) 

t(max 
ε(ACL))

t(max 
ε(LCL))

Y (mm) 1 0 0 0 0 0 0 0.298 -0.203 -0.389 -0.109 -0.247

p (mm) 0 1 0 0 0 0 0 0.154 -0.403 -0.479 -0.242 0.385

h (mm) 0 0 1 0 0 0 0 0.151 0.083 0.208 0.023 0.066

d (mm) 0 0 0 1 0 0 0 -0.547 -0.175 0.105 0.008 -0.140

e (mm) 0 0 0 0 1 0 0 -0.411 -0.028 0.185 -0.002 -0.075

Eh (MPa) 0 0 0 0 0 1 0 -0.178 -0.478 -0.379 -0.638 -0.302

El (MPa) 0 0 0 0 0 0 1 -0.214 0.079 0.151 0.018 0.043

t(max 
M(tibia)) 

0.298 0.154 0.151 
-

0.547 
-

0.411
-

0.178
-

0.214
1 0.084 -0.352 -0.123 0.315

t(max 
ε(MCL)) 

-
0.203 

-
0.403

0.083 
-

0.175 
-

0.028
-

0.478
0.079 0.084 1 0.549 0.565 0.290

t(max 
ε(PCL)) 

-
0.389 

-
0.479

0.208 0.105 0.185
-

0.379
0.151 -0.352 0.549 1 0.508 0.126

t(max 
ε(ACL)) 

-
0.109 

-
0.242

0.023 0.008 
-

0.002
-

0.638
0.018 -0.123 0.565 0.508 1 0.146

t(max 
ε(LCL)) 

-
0.247 

0.385 0.066 
-

0.140 
-

0.075
-

0.302
0.043 0.315 0.290 0.126 0.146 1
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Table 3. Correlation matrix of the results in terms of the maximum values of the considered output results. 

 
Y 

(mm) 
p 

(mm)
h 

(mm) 
d 

(mm) 
e 

(mm)
Eh 

(MPa)
El 

(MPa)
max 

M(tibia))
max 

ε(MCL) 
max 

ε(PCL) 
max 

ε(ACL)
max 

ε(LCL)

Y (mm) 1 0 0 0 0 0 0 -0.112 0.492 0.692 -0.414 -0.176

p (mm) 0 1 0 0 0 0 0 -0.035 -0.424 -0.207 0.459 -0.460

h (mm) 0 0 1 0 0 0 0 -0.321 -0.112 -0.156 0.004 -0.010

d (mm) 0 0 0 1 0 0 0 -0.829 -0.679 -0.253 -0.268 -0.511

e (mm) 0 0 0 0 1 0 0 0.001 -0.039 -0.066 -0.251 -0.020

Eh (MPa) 0 0 0 0 0 1 0 0.199 -0.013 0.231 0.045 -0.044

El (MPa) 0 0 0 0 0 0 1 -0.037 -0.088 -0.021 0.012 0.052

max 
M(tibia) 

-
0.112 

-
0.035

-
0.321 

-
0.829 

0.001 0.199 -0.037 1 0.569 0.243 0.269 0.460

max 
ε(MCL) 

0.492 
-

0.424
-

0.112 
-

0.679 
-

0.039
-0.013 -0.088 0.569 1 0.760 -0.256 0.430

max 
ε(PCL) 

0.692 
-

0.207
-

0.156 
-

0.253 
-

0.066
0.231 -0.021 0.243 0.760 1 -0.299 0.112

max 
ε(ACL) 

-
0.414 

0.459 0.004 
-

0.268 
-

0.251
0.045 0.012 0.269 -0.256 -0.299 1 -0.123

max 
ε(LCL) 

-
0.176 

-
0.460

-
0.010 

-
0.511 

-
0.020

-0.044 0.052 0.460 0.430 0.112 -0.123 1

 

 


