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Abstract 

 

Finite element models have the potential to accurately represent the pediatric body, both 

from the anatomical and topological point of view. They can describe changes in size and 

shape as well as changes in the biomechanical properties. Starting from the PIPER human 

body model, whose baseline represents the anatomy of a 6 years old child, a family of five 

models between the age of 2 and 6 was created with the purpose of investigating how the 

body reacts to a traumatic impact. To create these models, a detailed knowledge of 

pediatric biomechanics was needed, so a deep literature research was performed to 

characterize all the human body tissues with age-related material properties. Then, an 

environment model was chosen to investigate how injuries are related to the age of the 

subject. Since car crashes are a leading cause of death among children, a car accident was 

simulated to reach the aim of the project. The anatomical and biomechanical scaling 

process, as well as the positioning of the child in the environment model, were performed 

with the PIPER tools, while simulations were run with Ls-Dyna.  

From the literature, age-dependent material properties were found for almost all the 

tissues of the human body, allowing the development of a detailed pediatric FE model. 

Then, biomechanical injury predictors, such as the brain strain, the skull acceleration, the 

chest displacement, the lung pressure and the Von Mises stress in the limbs, were 

extracted from the simulations to evaluate how injuries changes with the age. The head 

showed to be the body segment most affected by the age, with an increasing injury severity 

with the decreasing of the age. Moreover, it was observed that the probability of bone 

fractures increases for higher bone stiffness. 
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1. Introduction 

Injuries are a leading reason of death for children between 1 and 18 years old (y.o.) [1]. 

Approximately 950 000 children died in 2004 because of an injury due to road traffic 

fatality, drowning, burns or falls. 262 000 children died in traffic accidents [2]. In 2002, 

car accidents were the sixth cause of death in the world for children under 15 y.o., after 

respiratory infections, childhood cluster diseases, diarrheal diseases, HIV – AIDS and 

malaria [1]. In Europe, road traffic injury mortality is one-fifth of childhood injury deaths 

[2], but thanks to the introduction of child restraint system (CRS), this rate has been 

reduced since 1975. Moreover, if children are sitting in the rear seat instead of the front 

one, the fatal injury risk is reduced by one-quarter for children till 3 y.o. and about half for 

children between 4 and 8 [3]. This data demonstrates how CRS improves child protection 

in traffic accidents, even though car crashes remain the second cause of death for children 

between 5 and 14 [4].  

Several methods are available to study the human body tolerance to external loads, such as 

test on animal surrogates, human volunteers, human cadavers (PMHSs), anthropometric 

test devices (ATDs), and mathematical models [5]. One of the most successful, in particular 

in the pediatric field, is the use of finite element (FE) models. These models can better 

describe the anatomical and biomechanical development of the body than crash test 

dummies [6]. At the present, big effort has been made to develop FE models for adults, 

while for children assumptions and scale factor are often used [5]. In the last years more 

detailed children FE models have been developed, as the one developed by Mizuno et al. 

(2006) for a 3 y.o. child [7] or the 6 y.o. one developed by Ruan et al. in 2013 [8]. 

To create these models, a detailed knowledge of pediatric biomechanics is a major step for 

studying how the body reacts to an impact. The pediatric body is different from the adult 

one, from several points of view. First of all, in terms of anatomy: the head is the body 

segment that undergoes the biggest changes from birth to adultness. In fact, the head is 

approximately one-fourth of the child height at birth and it becomes one-seventh of the 

total stature after 20 years of age [9]. The torso shows significant changes too. This 

happens because some organs, such as the liver are already developed before birth, while 

other organs, such as lungs and the stomach, develop when the baby starts breathing and 

feeding, respectively [11, 12]. A second significant difference between children and adults is 

material properties of tissues. A clear and simple example of these changes is evaluable 

looking at the composition of the bone. In fact, changes in the stiffness of the tissue can 

bring to completely different injuries. An infant bone shows a big amount of cartilaginous 

material, which is present in order to allow the growth of the bone. During the growth, 

cartilaginous layers are replaced by bony tissue through a process called ossification 

causing an increase in the stiffness. 

This master thesis project can be divided into two distinct parts. The first one was focused 

on describing how material properties of the human tissues vary in relation to age, while 

the second one was about using these properties in children FE models to understand in 

which way injuries differ due to age. In this effect, results from car accident simulations 

were compared to figure out pediatric injury sensitivity for children between 2 and 6 y.o.. 

One FE model was developed for each age of interest by scaling the anatomy and the 
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biomechanics with the PIPER software. The idea of focusing on this range of age is because 

the body of the child follows an exponential growth in the first ages of life, which means 

that shape, dimension and biomechanical properties are most significantly different for a 

child of 2 y.o. and one of 6.  
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2. Methods 

2.1 Model overview 

The model used in this project was the PIPER human body model. PIPER is a European 

project which involves the development of a child model continuously scalable from 1.5 to 

6 y.o. and a software framework for positioning and personalization of FE models. Human 

Body Models (HBMs) are used for predicting injuries, but many disadvantages reduce the 

possibility of using them in the best way possible. For instance, they are available only in 

one posture or they do not represent the variability of the population, but only one 

configuration is available. Thanks to the PIPER project, new tools allow to position the 

model in the desired configuration or scaling it from both the anatomical and 

biomechanical point of view [11]. The geometry of the child model was obtained mainly by 

a combination of CT images obtained from a children’s hospital. The baseline of the model 

is a 6 y.o. child consisting of 139 987 nodes, 196 923 shells, 347 420 solids, 747 beams and 

317 discrete elements (Figure 1). The 392 parts give a description of the body that is 

detailed and close to the real anatomy of a 6 y.o. child.  

 

 

Figure 1. PIPER child human model from different perspectives (6 y.o.). 

 

2.2 Material properties 

To obtain values of the mechanical parameters characterizing the age-dependent behavior 

of the biological materials, an in-depth literature study was conducted. The study started 

by collecting the extrinsic biomechanical parameters, such as the Young’s modulus for 

elastic materials and the Bulk modulus for fluid materials. Intrinsic parameters, such as 

the density of tissues, were collected as well. Due to the paucity of pediatric data, 

sometimes, scale factors from previous FE models [7, 14] were used. When pediatric data 

was not available at all, adult values were assumed valid for children. Material models were 
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already defined in the PIPER child human model, according to LS – Dyna material library, 

so only the values of the parameters were changed and the constitutive laws remained the 

same.  

Once all the information was collected, statistical analysis was used to obtain values for all 

the ages. Data interpolation was done according to the best value of the coefficient of 

determination (R2), so that the chosen curve was the one with R2 as close as possible to 1 

(see Appendix A for more details). Most of the time, a linear model was the best solution 

for the interpolation, but logarithmic and second-order polynomial curves were used as 

well.  

 

 

2.3 The scaled models – from 2 to 6 years old 

The five scaled models were obtained by scaling the baseline PIPER human body model, 

using the PIPER tools. The scaling process consisted of two steps: firstly, material 

properties were changed according to the data found in the literature; secondly the model 

was scaled from the anatomical point of view, in order to respect shape, dimensions and 

proportions of the age of interest. 

 

2.3.1 Scaling of the biomechanical properties 

Changing the biomechanical properties of the tissues started from the modification of the 

format rule file in the PIPER framework. This file contains all the information and rules 

required to read the FE model in PIPER. The format file was changed to define a new rule 

for each material of the model and in each rule the parameters to scale were listed. The 

metadata file was directly linked to the FE model and in particular to the description of its 

components. In the description of the model all the parts that have to be scaled were added 

with the identification number and the name of the parameter to change, according to 

what was previously defined in the format rule file.  

Then, a Python script file was prepared with all the previously defined interpolation curves, 

where the age of the model was expressed in months, while the units of the parameters 

were consistent with the units of the FE model. Thanks to the scaling parameter module in 

PIPER, five different models with the material properties of a 2, 3, 4, 5 and 6 years old 

were created. The material properties of the baseline (6 y.o.) were also changed, since some 

recent studies gave more information about properties for children, so some assumption 

could be avoided, such in the case of the skull suture (see Results section for more details). 

 

2.3.2 Anatomical scaling 

The anatomy of the model was changed using Kriging scaling in the PIPER tool. Control 

points for scaling were defined according to the Generator of Body Data (GEBOD) 

anthropometric database defined by Snyder et al. in 1977 [13]. These points were used to 
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control anthropometric dimensions through a nonlinear interpolation based on the Kriging 

scaling technique.  The five scaled models are presented in Figure 2. 

 

 

Figure 2. Representation of the five PIPER child human body models. From left to right, they 

represent respectively 2, 3, 4, 5 and 6 years old. 

 

The quality control of the elements was the last step of the creation of the five models. The 

parameters involved in the quality check were the Jacobian, the Aspect Ratio, the Skew, 

the Warpage and the minimum and maximum angle for surface elements. The Jacobian 

represents the deviation of an element from an ideally shaped element and it ranges 

between -1 and 1, where 1 represent a perfect element, while the Aspect Ratio is calculated 

as the ratio between the longest element side and the shortest side. The Skew has different 

definition for triangle and quadrilateral elements: in the first case, it is calculated as 90° 

minus the minimum angle between the median of each edge and the vector between two 

adjacent mid-sides, while for quadrilateral elements it is 90° minus the minimum angle 

between the two lines that connect opposite mid-sides of the element. Finally, the Warpage 

describes the element deviation from the planar configuration. Each parameter was 

evaluated for both shell and solid elements: for shell elements, a separate analysis was 

done for triangular and quadrilateral elements, while solid elements are separated in 

hexagonal (or pentagonal) and tetrahedral.  

 

2.4 Car accident reconstruction  

To study how injuries due to traumas are related to age, the dynamics of a real car accident 

were reconstructed. In the real accident, three people were in the car: two adults and a 5 

y.o. who sat in the rear seat with an appropriate CRS and the seatbelt. The driver lost the 

control of the vehicle and hit a tree with a velocity of approximately 80 Km/h. The aim of 
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the study was not to reproduce what happened with FE methods, but using the real-world 

scenario to compare injuries in children of different ages. 

 

2.4.1 Environment model 

The environment model was reconstructed starting from a scanner of the car involved in 

the accident (Figure 3). The measurements of the length and the width of both the cushion 

and the back part of the seat, the angle of the seat, the distance between the attachment of 

the seatbelt and the distance of the rear seat from the front seat were estimated from the 

car interior scans. Then, they were reported on a simplified car model, that was used for 

the simulation of the accident. The parametrical car is a FE model, with shell and solid 

elements, which includes rear and front seats, seatbelt and CRS attachments, the 

dashboard, the floor and the windscreen. 

                  

Figure 3. Scanned surfaces of the car involved in the accident (left) and parametrical car used for 

the reconstruction (right). 

 

A CRS model was included in the car. CRS are divided in five groups according to the age 

and the weight of the child: group 0 and 0+ are used for children till 15 months of age and 

for a maximum weight of 10 kg and 13 kg, respectively. Group 1 is used for children from 9 

months to 4 y.o and with a weight between 9 and 18 kg; group 2 CRS is conformed for 

children between 4 and 6 y.o. and from 15 to 25 kg and group 3 is used from 22 to 36 kg 

and from 4 to 10 y.o. or until the child reaches 36 kg of weight. 

Since this project involves children between 2 and 6 years old, CRS of the group 1 and 2-3 

are taken into account. FE models of CRS are presented in Figure 4. Here, CRS of the 

group 1 were used for children of 2 and 3 y.o. while the group 2-3 was used for the other 

three models. The height of the child seat was regulated according to the height of the child 

and then it was inserted in the rear seat of the car as it is shown in Figure 5. 
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Figure 4. Child restraint system of group 1 (left) and group 2-3 (right). 

    

 

Figure 5. Positioning of the CRS on the rear seat of the car for the group 1 (left) and group 2-3 

(right). 

 

2.4.2 Positioning of PIPER child models 

The positioning of the child model was the second step of the reconstruction of the 

accident. The model baseline considers the child in a sitting position, so the angle of the 

hip joint is 90° as well as the angle of the knee. With the actual configuration, the child 
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could not be seated inside the car since there was a penetration between legs and the seat. 

The PIPER tools were used to position the model properly. For each model, the knee angle 

was modified (Figure 6), according to the values shown in Table 1. For the 2 y.o. an 

additional rotation of the hip angle is added, because the angle required to sit the model on 

the CRS is supposed to be around -55° on the y-axis, but with this angle the mesh of the 

model did not respect the quality check. After the positioning process, the mesh of the area 

around the knee was distorted, so a smoothing process was applied to correct distortions of 

the mesh. This process was divided in two parts: the first step was to smooth of the model 

surface, the second was a volume correction. After having positioned all the models, the 

seatbelt was generated with Ls – PrePost ® V4.3 tool (beltfit function).  

 

 Knee angle Hip angle 

2 years old -25° -10° 

3 years old -30° - 

4 years old -30° - 

5 years old -20° - 

6 years old -10° - 

Table 1. Positioning angles for each age. Each rotation must be considered on y-axis. 

 

   

Figure 6. Positioning of the child human body model with PIPER framework. 
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2.4.3 Loading  

For letting the simulation start, an acceleration was given to the car. The data was taken 

from a dummy reconstruction performed by the Institut Francais des Sciences et 

Technologies des Transports, de l’Aménagement et des Réseaux (IFSTTAR) and the 

accelerations in x, y and z-axis are shown in Figure 8. During the experiment, 

accelerometers were used to measure the acceleration in distinct parts of the car and the 

dummy. For this reconstruction, the acceleration of the right pillar of the car (Figure 7) was 

considered since the child sat on the right part of the rear seat.  

 

 

Figure 7. Acceleration of the right pillar of the car involved in the accident on X, Y and Z 

respectively. 
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3.  Results 

3.1 Age-dependent material properties 

From the literature study, information for all the body tissues was found, except for 

muscles and ligaments of the torso and the limbs. So for these tissues, the material 

properties already present in the PIPER human model were kept. For all the other tissues, 

parameters were changed. Here, only the most meaningful changes are described. One of 

the most interesting results regards the skull sutures. Previous child FE models used a 

value of 8.11 MPa from [14] as Young modulus for the sutures, but recent studies [17, 18] 

found new values for 6 y.o. children, so a linear interpolation (R2=0.9396) was performed 

between the old and the new data (Figure 8). The values obtained from the interpolation 

are shown in Table 2. 

 

 

Figure 8. Linear interpolation for skull suture with data from [14–16]. 

 

Age (years) Young’s modulus (GPa) 
2 0.3834 
3 0.6114 
4 0.8394 
5 1.0674 
6 1.2954 

Table 2. Elastic moduli of cranial sutures for children between 2 and 6 years old. 

 

The neck is the body segment which involves the highest number of scale factors. Most of 

these factors were taken from [12] and they were available for all the components, such as 

bone structures, ligaments, muscles and intervertebral disk. For the trabecular component 

of the vertebra some data was available from [19–24] and a linear interpolation (Figure 9) 

allowed to obtain results for all the ages (Table 3).  
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Figure 9. Linear interpolation of the Young’s moduli found in the literature. 

   

Age (years) Young’s modulus (GPa) 
2 0.1085 
3 0.1128 
4 0.1171 
5 0.1214 
6 0.1257 

Table 3. Elastic moduli of trabecular bone of vertebrae for children between 2 and 6 years old. 

 

For the thorax region, the Young’s modulus of rib cortical bone was obtained via a linear 

interpolation between experimental data from previous FE models [9, 10, 26, 27] (Figure 

10). The results are shown in Table 4. 

 

 

Figure 10. Linear interpolation to connect values of the Young’s moduli found in the literature. 
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Age (years) Young’s modulus (GPa) 
2 6.0983 
3 6.2677 
4 6.4371 
5 6.6065 
6 6.7759 

Table 4. Elastic moduli of ribs cortical bone for children between 2 and 6 years old. 

 

Then, one of the biggest structures in the abdominal cavity is the pelvis. Material 

properties for both trabecular and cortical bone were based on data from other FE models 

[9, 28–30]. A logarithmic regression (Figure 11) was chosen for both the interpolation of 

the cortical (R2=0.9622) and the trabecular component (R2=0.2385). In the trabecular 

case, a better coefficient of correlation was obtained with a second order polynomial model 

(R2=0.7487), but with a logarithmic curve the fit will be more useful when extrapolating 

data for older children. Data is shown in Table 5. 

 

  

Figure 11. Data interpolation for the Young modulus of pelvis trabecular and cortical bone. 

 

Age (years) Young’s modulus (GPa) for 
cortical bone 

Young’s modulus (GPa) 
for trabecular bone 

 

2 7.2749 0.0511  
3 8.4319 0.0569  
4 9.2528 0.0610  
5 9.8895 0.0641  
6 10.4098 0.0667  

Table 5. Elastic moduli of pelvic cortical and trabecular bone for children between 2 and 6. 

 

A small amount of data is available for the lower and the upper extremities of the human 

body and most of them are for the cortical part of the femur. For other limbs tissues, scale 

factors were used. Finally, studies for flesh and skin are scarce and often in disagreement 

to each other. In fact, the results can differ even of some magnitude order, because of 

reasons as the dimension of the sample, the method used for the measurement and the 

sample location on the body. After comparing different studies, a Bulk modulus of 8.5*10-5 

GPa [28] was chosen for the flesh and a Young’s modulus of 2.857 MPa [29] for the skin.  
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3.2 Quality check 

The results obtained from the quality check are shown in Table 6. Less than 1% of the 

elements did not respect the target and no negative volume elements were found in the 

model. 

 

Target 
Min or max value in the model 

%elements not respecting 
the target 

2yo 3yo 4yo 5yo 6yo 2yo 3yo 4yo 5yo 6yo 

S
H

E
L

L
 -

 Q
U

A
D

 

Warpage <30° 98.73 99.14 98.78 98.40 97.98 1% 1% 1% 1% 1% 

Aspect 
Ratio 

<6 8.24 8.18 8.26 8.37 8.38 0% 0% 0% 0% 0% 

Skew <60° 69.89 69.81 69.72 69.59 69.63 0% 0% 0% 0% 0% 

Jacobian >0.4 0.27 0.27 0.28 0.28 0.28 0% 0% 0% 0% 0% 

Min 
Angle 

>30° 15.55 15.59 15.20 14.89 15.05 1% 1% 1% 1% 1% 

Max 
Angle 

<150° 163.05 162.95 163.37 163.65 163.41 1% 1% 1% 1% 1% 
 

            

S
H

E
L

L
 -

 T
R

IA
N

G
L

E
 Warpage <30° 58.95 59.35 59.98 60.46 61.10 0% 0% 0% 0% 0% 

Aspect 
Ratio 

<6 28.11 27.56 26.74 25.94 25.31 1% 0% 0% 0% 0% 

Skew <70° 86.21 86.07 85.91 85.74 85.61 0% 0% 0% 1% 0% 

Jacobian >0.4 0.89 0.54 0.54 0.54 0.53 0% 0% 0% 0% 0% 

Min 
Angle 

>15° 1.92 1.99 2.07 2.15 2.22 0% 0% 0% 0% 0% 

Max 
Angle 

<140° 159.8 159.77 159.72 159.69 159.63 0% 0% 0% 0% 0% 

             

S
O

L
ID

 -
 H

E
X

 (
P

E
N

T
A

) 

Warpage <50° 98.73 99.14 98.78 98.40 97.98 0% 0% 0% 0% 0% 

Aspect 
Ratio 

<8 13.62 13.46 13.33 13.18 12.97 1% 1% 1% 1% 1% 

Skew <70° 70.81 70.14 70.01 70.16 70.26 0% 0% 0% 0% 0% 

Jacobian >0.3 0.23 0.23 0.23 0.23 0.23 0% 0% 0% 0% 0% 

Quad 
face min 

angle 
>25° 15.55 15.59 15.20 14.89 15.05 1% 1% 1% 1% 1% 

Quad 
face max 

angle 
<165° 175.92 165 165.04 165.07 165.07 0% 0% 0% 0% 0% 

             

S
O

L
ID

 -
 T

E
T

R
A

 

Aspect 
ratio 

<8 8.96 8.98 8.97 8.97 8.95 0% 0% 0% 0% 0% 

Skew <70° 81.37 81.04 80.95 80.83 80.61 0% 0% 0% 0% 0% 

Test 
collapse 

>0.2 0.039 0.041 0.043 0.046 0.047 0% 0% 0% 0% 0% 

Vol skew <0.9 0.999 0.999 0.999 0.999 0.999 1% 0% 1% 1% 1% 

Vol 
aspect 
ratio 

<8 37.93 36.01 33.85 31.48 30.28 0% 0% 0% 0% 0% 

Tria face 
 min 
angle 

>13° 4.77 4.94 4.98 5.05 5.16 0% 0% 0% 0% 0% 

Tria face 
max 
angle 

<140° 159.87 159.77 159.72 159.69 159.63 0% 0% 0% 0% 0% 

Table 6. Quality check for all the elements of the model for 2, 3, 4, 5 and 6 years old. 
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3.3 Injury prediction from the models 

A total body model, as the PIPER human body model, allows to evaluate biomechanical 

injury predictors for all the body regions. In this project, it was chosen to consider at least 

one biomechanical predictor for each region in order to study how the different body 

segments react after a traumatic impact. From the head to the limbs, the following 

parameters were considered: the maximum strain to evaluate brain injuries, the skull 

acceleration to find out potential skull fractures, the chest displacement, the lungs pressure 

to evaluate chest injuries, and the Von Mises (VM) stress to evaluate the presence of 

fractures in the limbs.  

Table 7 shows the maximum values of brain strain and the skull acceleration for each 

subject. For the strain (Figure 12), a decreasing trend could be observed with the 

increasing of the age, even though the difference inside the old group (4–6 y.o.) was small. 

In [30], a strain higher than 0.21 is associated to a Diffusional Axonal Injury (DAI), so, 

according to this, all the subjects in this study show brain injuries after the impact. The risk 

of skull fracture is obtained comparing the acceleration peak from the simulations with the 

curves in [31]. The four curves from the simulations showed similar peaks during the first 

impact, but then, the 2 and 3 y.o. hit the CRS several times and this was shown from the 

following peaks. Due to these impacts, the acceleration peak was doubled and the risk of 

having fracture increases from around 0% to 10%.   

 

Age (years) Brain Strain Skull Acc [mm/ms2]  
2 0.9849 1.9876  
3 0.9096 1.6939  
4 0.5634 0.8318  
5 0.5394 0.7937  
6 0.5085 0.8169  

Table 7. Maximum principal strain and maximum acceleration for all the subjects. 

 

 

Figure 12. Brain strain-time curve (left) and skull acceleration-time curve (right). 
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Figure 13 shows the chest displacement which was calculated by considering the relative 

displacement between a node of the vertebra T6 and a node of the sternum in the sagittal 

plane of motion. The two nodes were the same for all the subjects, so the only differences 

were the age of the model and the CRS. In Table 8, the maximum displacement is shown 

together with the probabilities of injury. To calculate these percentages, the curves from 

[31] were used and in particular  the curve for AIS ≥ 4 (Abbreviated Injury Scale), since the 

probability of internal organs injury wanted to be investigated. 

The lung pressure (Figure 14) was evaluated to investigate the behavior of the organs 

during the impact. An increasing of the pressure together with the chest displacement can 

be observed. Moreover, from the accident data, it is known that the involved child had lung 

contusions and this is also visible in the simulation results. In [32], a threshold value of 

±10 kPa with respect to the normal pressure is stated in order to have alveolar tissue 

injuries. In the simulation results, all the models have a peak close to 1000 kPa and this 

was in agreement with the probability of 100% of having chest injuries. 

 

 

           Figure 13. Chest displacement vs time.                     Figure 14. Lung pressure curves. 

 

 
Age (years) 

 
δmax [mm] 

 
δc [mm] 

 
δmax/ δc 

 
% of injury 

Lung 
Pressure 

[kPa] 

2 80.7818 34.5 2.34 100% 1100 

3 112.3421 35.8 3.13 100% 1000 

4 45.4121 37.1 1.22 100% 1100 

5 47.6614 38.4 1.24 100% 1200 

6 47.3650 39.7 1.19 99.9% 964.45 
Table 8. Thoracic injury due to chest displacement and relative maximum value of the lung 

pressure. δc is the normalizing value proposed in [31].  
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Finally, the behavior of the limbs was studied. According to the anatomy of these body 

regions, the VM stress was used to evaluate the presence of fractures in the bones. The 

bones considered are humeri and femurs and the effective stress was calculated for their 

cortical part. The threshold values to evaluate the presence of fracture are given in [33]. 

The ultimate stress threshold is for the lower limbs, but no values were found for the arms, 

so, the same value (0.123 GPa) was used for the injury prediction of both the bones. All the 

maximum stress values and the presence of fractures are shown in Table 9. 

 

 2 y.o. 3 y.o. 4 y.o. 5 y.o. 6 y.o. 

L Femur Max Stress [GPa] 0.090 0.074 0.022 0.041 0.029 

R Femur Max Stress [GPa] 0.073 0.0611 0.049 0.066 0.031 

L Humerus Max Stress [GPa] 0.220 0.170 0.154 0.157 0.165 

R Humerus Max Stress [GPa] 0.115 0.061 0.135 0.177 0.171 

L Femur Fracture No No No No No 

R Femur Fracture No No  No No No 

L Humerus Fracture Yes Yes  Yes Yes Yes 

R Humerus Fracture No No  Yes Yes Yes 

Table 9. Maximum VM stress values for the humerus and the femur of the child together with the 

presence or not of fracture. 

 

 

Figure 15. VM stress-time curves for the humerus and the femur. 
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4. Discussions 

The paucity of pediatric material properties represents a big challenge in the development 

of FE models. In this study, great effort was spent to identify data for children, but 

sometimes interpolation with adult values and scale factors had to be considered. More 

pediatric studies should improve the results from child FE simulations, since almost no 

data was available for internal organs and they are more affected by traumatic impacts 

than bones. For instance, in the evaluation of thoracic impacts, the results are completely 

different for children and adult. In fact, the high flexibility of the pediatric ribcage can 

cause severe injuries to the internal organs without having rib fracture [34]. This is exactly 

the opposite behavior of the adult body and it explains why adult assumptions are not good 

enough for children. 

Another limitation is the application of material properties in the PIPER human model. 

Some values were not used, since they make the models numerically instable. The first 

discarded parameter was the Young’s modulus of the lungs: a value around 4*10-6 GPa was 

found in [35], but it is much lower than the 0.oo3 GPa used to validate the baseline model 

and negative volume elements occurred during the simulations. For this reason, it was 

decided to test the impact with the Young’s modulus used for the validation. Moreover, 

other considerations can be done about pelvic cartilage properties. A Young’s modulus of 

0.001495 GPa was given in [36] and it was used for the 4, 5 and 6 y.o. models. At the 

beginning, it was set also for the other two models, but then the value of the PIPER 

baseline (0.1 GPa) was restored. This is again due to the presence of negative volume 

elements, which can be explained by the different interaction of the child with the seatbelt. 

The 2 and 3 y.o. children are sitting in group 1 CRS where the seatbelt is tighter around the 

pelvic region (Figure 16) and this entails a larger stress in the pelvic region. 

 

 

Figure 16. Differences between the seatbelt of group 2-3 (left) and group 1 (right). 

 

For modeling the seatbelt, the tool offered by Ls–PrePost was used. To create the seatbelt, 

a segment set of the surfaces which will be in contact with the seatbelt needs to be defined, 

but the high-sensitivity of the tool to this segment makes impossible to consider also the 

CRS in the contact. In fact, including the CRS surface in the segment, the seatbelt did not 

fit in a realistic way and so it was decided to avoid the inclusion. Therefore, a penetration 
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between the seatbelt and the CRS foam occurs and during the impact the child body is the 

only volume interacting with the seatbelt which does not represent a realistic scenario. A 

future improvement of the results can be developed by modeling the seatbelt in a more 

realistic way. 

Despite of these limitations, the results show some differences between the ages and 

uncovers how the age affects the biomechanics of injury. It is known that the head is the 

region affected by the biggest changes during the development and this can be observed in 

the simulation results. The curve in Figure 12 shows a behavior of the 2 and 3 y.o. head 

completely different from the other three children. For the older group, only one high 

strain peak is visible when the head is pushed forward after the interaction of the body 

with the seatbelt. The other two curves instead present a completly different behavior, 

since, after the first peak, the head hit several times the CRS boosters and this can be 

verified in the graph. The main reason is the big size of the head, but the lower strength of 

neck muscles and ligaments contribute as well, so it is normal that a younger subject 

cannot control the head movement in the same way as an older one. 

Furthermore, some comments are needed to explain why the chest displacement of the 

young subjects is so different from the others. The main reason is the different seatbelt 

type: for the old group, a common three-point seatbelt was used, while a five-point one was 

used for group 1 CRS. So, in the first case the sternum is directly compressed by the 

seatbelt, while in the other one the first interaction occurs with the ribs than the sternum. 

In [37], the maximum normalized chest deflection ranged from 0.15 to 0.51 for an adult 

impacting at 50 km/h. The given range is low compared with the values found from this 

study but it can be explained by the higher velocity of the test (80 km/h) and different 

properties of the pediatric chest. In fact, the pediatric ribcage is more flexible, cartilaginous 

and weaker, all features that entail a bigger chest displacement. These high displacement 

values suggest severe injuries in the thoracic organs and this agrees with the pressure 

values found for the lungs. According to [32], the pressure follows the increase of the 

displacement. 

VM stress was used to predict the presence of fractures in long bones. Actually, bone 

fractures are one of the most common injuries after a car accident in children [9]. The 

models showed fractures only in the upper limbs and not for the lower ones. The VM 

stress-time curves for the old group femurs showed a first peak when the legs interacted 

with the front seat and then they reach a plateau, in fact the simulation shows a minimal 

movement of the leg after the first impact. A completely different behavior is shown for the 

younger group but this could be interpreted as a limitation of the model. In the PIPER 

model, the feet are modeled with a rigid material which does not allow a completely 

realistic replication of the child leg movement during the accident. This unrealistic 

behavior could also be observed from the simulations, especially in the 3 y.o. one, since the 

interaction with the front seat brings the ankle joint to move with a not realistic angle. For 

the upper limbs, instead, different consideration should be done. In fact, after the impact 

they start moving and hitting the CRS boosters, the car and other parts of the body several 

times. According to the values found in the literature [7, 38, 39], the Young modulus for 

the humerus increases from 6.26 GPa for a 2 y.o. subject to 7.33 GPa for the 6 one and 

even though the difference in stiffness is about 1 GPa, it is observable that the bigger 
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amount of cartilage present in younger bones, makes them more flexible and less inclined 

to fractures. Even though this consideration is generally true, some higher peaks can be 

observed for the younger subjects. This can be explained by the use of a different 

environment model: in fact, the differences in shape and dimension of the group 1 CRS 

cause the children arms to get stuck between the CRS boosters and the body and so the VM 

stress turns out to be higher.  

Some final considerations are needed to explain the behavior of the 3 y.o. child in the 

simulation. In fact, in the end it is observable that the child does not get back to the seating 

position, but he seems to float in the air. This is probably due to the fact that the model 

needs more time to sit down again, but the simulation runs only for 300 ms and this time 

is probably not enough. 

Finally, in order to better compare the results, all the models are sit in a front facing 

position, but since the law suggests to sit the children till 4 y.o. rear facing, a possible 

future work could be about studying how injuries change if the model are sitting in the 

suggested position. Moreover, a further investigation of the biomechanics of injury could 

be done by performing studies with more parameters than the ones considered in this 

study and by evaluating how they change with the growth.  
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5.   Conclusions 

The aim of the project was to understand how the age can influence the biomechanics of 

injury and to figure out some meaningful differences between ages ranging from 2 to 6 y.o.. 

Traumatic brain injuries are the most age-related category: the head undergoes an 

exponential development in the first years of age and this is observable from how it reacts 

during an impact. Its big size and the lower strength of neck muscles cause the inability of 

the head and the low child ability of controlling its movements, increasing injuries 

probability. Also, limb bones are affected by age-related mechanisms, since the increase of 

the stiffness increases the risk of fractures as well. A bone with more cartilage is more 

flexible, so fractures occur for higher loads. In the end, no relevant differences are found in 

the thoracic evaluation, but a further evaluation can be performed considering different 

parameters. 
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1.  Human Body 

A brief overview of human anatomy and the development of the body with the age is given 

in this paragraph. It is important to know that generally the growth of the body is a non-

linear process that involves changes in shape, proportions, material and structural 

properties and it occurs continuously from the birth to the elderly [1]. For the most part of 

tissues and body segments, the growth occurs according to a predictable pattern which 

means that they grow rapidly during the first years of life and then a slower or uniform 

growth is shown [1]. The height and body proportions follow specific trends too. For 

example, for children between 2 and 14 years old, the total height (in inch) should be 

calculated with the following formula, that shows the relationship between height and age: 

Height = Age in years * 2.5 + 30 [1].   

Thus, the child’s body cannot be considered like a scaled adult body and a detailed 

knowledge of the pediatric anatomy and biomechanics is necessary [2]. 

 

1.1 Head 

1.1.1 Anatomy and Development 

Skull development is a rapid process that starts inside the utero and goes on during the 

childhood. At the beginning the skull does not exist and a membranous layer, composed of 

mesenchymal cells, protects the brain of the baby. During the fetal development, 

ossification centers appear on this layer and an ossification process, in which bone tissue 

replaces the membrane, happens. At birth, the skull is nearly complete, but some 

membranes are still present in order to allow the growth of the brain during the childhood: 

they are called sutures and fontanelles (Figure 1) [3]. Due to this progressive development 

and to the thinness of the bone as well, the skull is pliable and extremely flexible in the 

early years of life [1]. 

Bone tissue grows toward the suture, till reaching the final configuration presented by the 

skull of an adult. At birth, cranial bones appear like a single layer of compact bone which is 

then replaced by a tri-layers structure. This kind of structure presents an outer and an 

inner table of cortical bone that are separated by a middle layer of trabecular bone. The tri-

layers structure is the final configuration of the human skull and it is named sandwich 

structure [4].  
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Figure 1. Illustration of the infant’s cranial sutures and fontanelles, based on [5]. 

 

Regarding the brain, it grows up rapidly until the age of 2 years old, reaching the 75 per 

cent of the adult size, and then the growth slows down dramatically [1]. The closure of 

fontanelles and sutures corresponds to the slowing down of the brain’s growth: the timing 

of this process is summarized in Figure 2. After 4 years of age, the total volume of the brain 

is quite defined but the substructures still change a lot. For instance, gray matter decreases 

and white matter increases significantly: the volume of gray matter is about 840 cm³ for 

children between the age of 5 and 8 and 747 cm³ for young adults between the age of 15 

and 18. Instead, for white matter, the volume changes from 348.24 cm³ to 375.31 cm³ in 

the same age-range [6]. 

 

 

Figure 2. Indicative ages of closure for sutures and fontanelles. 

 

The brain is protected not only by the skull, but also by scalp and meninges (Figure 3). The 

meninges are three membranes that surround the brain, which can be divided into dura 

mater, arachnoid and pia mater. Dura mater presents a superficial and a deep layer [3] and 

both of them are mostly composed of collagen and elastin. The arachnoid mater is attached 
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to the internal part of the deep layer of dura mater and the pia mater is attached to the 

external part of the brain. The cerebrospinal fluid (CSF) flows between arachnoid and pia 

mater [3]. In conclusion, the human scalp is composed by five tissue layers (skin, 

connective tissue, aponeurotic galea, loose areolar connective tissue and periosteum) and 

three muscles and it is the most external layer that protects the brain.  

 

 

Figure 3. Illustration of the different layers of the human head [7]. 

 

1.1.2 Growth Pattern 

The head is the region that shows the biggest change in size from birth to adulthood. At 

birth, it is approximately one-fourth of the newborn’s height, while, around the age of 20, it 

reaches its final configuration which is one-seventh of the total stature (Figure 4) [3]. 

Additionally, the child’s head is also softer and pliable, due to the presence of suture and 

fontanelles. The proportions of face and cranium change as well: at birth, the face-to-

cranium ratio is 1:8, while it becomes 1:2.5 in the adulthood. Till the age of seven-eight 

years old, the face is smaller than the total volume of the body, due to the big size of the 

frontal lobe of the brain that makes the forehead higher. After this age, an exponential 

growth of the face occurs, which is related to tooth eruption and respiratory needs [1]. 

Significant changes involve also the head shape (Figure 5), since the infant’s cranium has a 

bulb-shape, which is more elongated than the adult’s one [1]. Snyder et al (1997) developed 

a detailed database of pediatric anthropometry with 87 body measurements from 4,127 

children between 2 weeks and 18 years old and they found that the head circumference 

increases in an almost linear way of about 10 cm in the first 20 years of life [8].  
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Figure 4. Illustration of body proportion from the birth to adulthood [3]. 

 
 

 

Figure 5. Development of human head from birth to adulthood [1]. 

 

1.2 Neck 

The human neck is composed by the seven cervical vertebrae (C1-C7), their intervertebral 

disks and the near tissues. The neck’s muscles are responsible for head movement, 

breathing and swallowing. Moreover, the neck includes parts of the esophagus and trachea, 

thyroid, parathyroid glands, pharynx and larynx [9]. 

Pediatric spine shows significant differences compared to the adult one: the most relevant 

is the presence of synchondroses, which are cartilaginous regions necessary for the growth 

of the baby, that disappear in the adulthood. The vertebrae between C3 and C7 present 

three synchondroses: the posterior one and the two neurocentral (Figure 6). 
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Figure 6. Illustration of the cervical vertebrae’s anatomy (C3 to C7) for a newborn (a) and for 3-year-

old child [3]. 

 

The upper part of the cervical spine (C1 and C2), instead, shows an anatomy that is a little 

bit different from the other vertebrae. At birth C1, also called atlas, has two different 

cartilaginous regions, one anterior and one posterior, while C2, or axis, presents four 

synchondroses [3]. At the age of 3, the posterior synchondroses is closed as well as it 

happens to the anterior and the neurocentral one at 6 years old. All the synchondroses are 

closed after the age of 20 [9]. 

Intervertebral disks have the important role of responding to the compressive loads [10]. 

At the end of the pregnancy period, the disks are mainly composed by the nucleus pulposus 

and there are no differences with the annulus part. At the age of three, the nucleus is still 

the most important part of the disk but the annulus fibers are better organized and 

discernible one from the other. The collagen fibers are completely defined at the age of 6. 

Moreover, while at the beginning the disk is biconvex, it becomes less pronounced when 

the skeleton is mature [3]. 

Regarding the neck’s muscles, they are not completely developed for infants, who are not 

able to keep the head in vertical position because of this reason and the big size of the head. 

With age, the muscle strength increases and this ability increases as well, allowing children 

to keep the head in the right position, although it is bigger than the neck [1]. 

 

1.3 Thorax and Abdomen 

The thorax is the part of the human body starting from the lower part of the neck and 

inferiorly bounded by the diaphragm: it includes the rib cage and the underlying soft tissue 

organs. The diaphragm is also the upper bound of the abdomen that is extended till the 

pelvic region. The abdominal cavity consists of solid and hallow organs: the formers 

contain fluid-filled vessels, while the latter show a big cavity inside the organ. The most 

important solid organs are kidneys, spleen and the liver, while intestines, stomach and 

bladder are the main hallow organs [9]. 
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The most relevant structure observable in the thorax is the rib cage that is composed by 

twelve thoracic vertebrae, twelve pair of ribs and the sternum [3]. The intercostal muscles 

are located between the ribs and have the function of helping the respiration process. The 

soft tissue organs within the rib cage are the lungs, the heart and the great vessels, such as 

aorta, esophagus, thymus, the lower part of trachea and the thoracic lymph nodes and 

nerves [9]. 

The newborn’s thorax shows different features compared to the one of the adult. Starting 

from the ribs, they are relatively soft and flexible, but also organs change their shape and 

properties during the development. The development of the body is not linear; while at the 

beginning the chest has a round shape and the neck is shorter, in the adulthood it assumes 

an elliptical shape [1]. Even the sternum undergoes some changes: it is made up of six 

bones and a continuous ossification process goes on till the age of 20, changing the shape 

and fusing together the different bones. Sternum also descends compared to the spine, so 

the ribs are almost horizontal in the child while they show a downward angle in the adult’s 

rib cage. Moreover, the costal cartilage calcifies with age, making the rib cage less flexible 

[3, 9]. 

On the other hand, the heart is quite large at birth: after a period of minor changes, it 

continuously grows up from six weeks of age till adulthood. As concerns the lungs, they are 

small in the newborn, but from the first breath, they start expanding, increasing both their 

weight and volume. As mentioned before, these changes are completely not linear, so it is 

impossible to consider children as scaled adults, but it is important to study the features of 

their own tissues [3, 9]. 

As showed in Figure 7, the abdominal cavity of a neonate is a relevant part of the torso. Its 

enormous size is the reason of the different shape of the thorax at birth, but since the ribs 

are more horizontal, abdominal organs are not protected by bone structures. Dimensions 

are different from the adult as well, both for the proportions and the position of the organs. 

 

 

Figure 7. Comparison between the neonate (left) and the adult torso (right) [3]. 
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The liver has a significant role during the evolution of the body inside the maternal utero 

and this explains its relatively big dimension in the newborn, while the stomach is small at 

birth and it rapidly grows up when the baby starts feeding. The kidneys, instead, are 

immature from the physiological point of view, but they are quite large compared to the 

other organs. In general, young child’s organs are soft and their rigidness increases with 

the growth [3, 9]. 

The lowest part of the human torso is called pelvis and it is composed by two hemi-pelvises 

and the sacrum. The hemi-pelvis is made up of three bones: ilium, ischium and pubis, that 

are united by the triradiate cartilage, a membrane involved in the growth of the pelvis. In 

fact, the pediatric pelvis presents more cartilage than the adult’s one and it is also less stiff. 

Around the age of 2, the pelvis becomes wider and it allows the descent of abdominal 

organs while the torso starts assuming its final configuration [3]. 

 

1.4 Upper and lower extremities 

1.4.1 Anatomy and Development 

The upper limb of the body is composed by arm, forearm and the hand. The main bones 

are humerus and radius and ulna, for arm and forearm respectively, and carpals, 

metacarpals and phalanges for the hand. These three segments are connected to each other 

by three articulations that are the shoulder, the elbow and the wrist. On the other hand, the 

principal bones of the lower extremity are: femur, patella, tibia and fibula for the leg; foot’s 

bones are instead divided into calcaneus, talus, navicular, cuboid, cuneiforms, tarsals, 

metatarsals and phalanges. Hip, knee and ankle are the articulations [9]. 

Depending on the age, human bones are characterized by different quantities of cartilage, 

connective tissue and bone tissue: for instance, a newborn has more cartilage than bone 

and with the growth it undergoes an ossification process. Thanks to this process, during 

childhood and adolescence, bone tissue grows on the cartilaginous region and so long 

bones increase their length. In the last period of the adolescence or at the beginning of the 

adulthood ossification is concluded, bones stop growing and this implies that the 

maximum height is determined [9]. However, bone tissue does not have a defined and final 

configuration, because the remodeling process always occurs according to the Wolff’s law. 

The law states that bone will adapt to the applied load: in particular, if the load increases, 

the bone will remodel itself in order to become stronger to support the new load. In this 

adjustment, the trabeculae are arranged along the load direction and also the cortical part 

of the bone undergoes adaptive changes. The inverse is correct as well, in fact if the load is 

insufficient, the bone will lose in density and it will become weaker because the stimuli are 

not enough for the remodeling [1]. 

 

1.4.2 Growth Pattern 

At birth, the lower limb is shorter compared to the rest of the body and it represent only 

the 15 per cent of the total volume of the body but then, the proportions and the leg 
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becomes the 30 per cent for an adult. Legs also grow faster than the upper limbs: in fact, 

their length is almost the same at the age of 2, but for the adults, the lower limbs are one-

sixth longer than the upper extremities. On the other hand, the upper limb is about 8 per 

cent of the total weight for a neonate and it maintains the same proportion during 

adulthood [1]. The length is not the only characteristic that changes with the age: the bone 

diameter increases too, although the increasing is minimal [9]. According to the growing 

process, the body’s center of gravity shifts downward with respect to the torso: in fact, it is 

relatively high for an infant, due to the big size of the head, but with the proportion’s 

change it goes downward on the body [3]. 
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2. Finite Element Models 

2.1 Methods of Tolerance Investigation 

There are several human surrogates that allow engineers to evaluate injury tolerance 

limits. The five main methods are: animals, human volunteers, human cadavers (PMHSs), 

anthropometric test devices (ATDs), and mathematical models [11]. Each of them has 

advantages and disadvantages: for examples, a human cadaver’s advantage is the exact 

representation of the anatomical structures, but almost all the tissues lose their in vivo 

properties [12].  

ATDs, commonly called crash test dummies, instead, are full-scale anthropometric devices 

that simulate the human behavior and anatomy under comparable loading conditions [2]. 

Crash test dummies are available for children between the age of 0 and 10 years old, but 

some studies query their ability of giving detailed information about the impact injuries 

[13]. They have different degrees of biofidelity and measurement capabilities [14], because 

the producers focus on following the regulation requirements, instead of giving the most 

accurate description of human anatomy and body development [2]. From the literature, it 

is known that infant dummies are developed by CAMI (Civil Aeromedical Institute, now 

called FAA) that realized dummies for newborns and six-month-old baby, CRABI (Child 

Restraint Air Bag Interaction) that created model for six, twelve and eighteen-month-old 

infants and at the end TNO has a newborn and a nine months old dummy. Other crash test 

dummies are available for three, six and ten-year-old children: the most recent is the 

Hybrid III model, but it is scaled from the 50th percentile dummy [14]. 

Human body models (HBMs) include both finite element and multi body models [15] and 

they can accurately describe the anatomy and the topology of the body, together with its 

development with age [2]. Finite element models are the most common mathematical 

models used to represent human body and also the most sophisticated and accurate. On 

the other hand, such a high precision requires a high expensiveness from the 

computational point of view [12]. These models are used to solve mechanical problems 

based on partial differential equations: the problem is discretized in small elements, then, 

equations are obtained for each part and at the end all the equations are put together to 

create the global system of equations [16].  

These models evaluate tissue response and failure limits combining material and 

anatomical features. Different constitutive laws are assigned to elements based on the 

mechanical properties of the tissue: in this way, the anisotropic, inhomogeneous and non-

linear behavior of the materials can be described and the stress distribution can be 

delineated as well. Thus, finite element models can predict impact injuries based on strain 

and stress values and they have more advantages than dummies, cadavers and also multi-

body models [12]. However the quality of the results obtained with computer simulation 

depends directly on the quality of the model, both for the geometry and the material 

properties [12], so the model has to be validated with human cadaver and volunteer tests, 

but due to ethical reasons the validation is often complicate, especially for small children 

[17]. 
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2.2 Pediatric Finite Element Models 

Finite element models can better describe the anatomical and biomechanical development, 

in the pediatric case. In fact, these models do not have the same limitation of crash test 

dummies and they can describe changes of the body both in size and shape [18]. The main 

problem is that most of the available models are developed for adults, while the amount of 

children models in the literature is really small and many assumptions are involved [2]. 

Moreover, most of the children models describe only a region of the body, such as head [17, 

19–21], neck [22, 23], thorax [24, 25], abdomen [26], pelvis, lower extremities [27–29] and 

upper extremities and just few models represent the whole body. From the literature, it is 

known that Okamoto et al. (2003) developed a 6-year old child FE model [30], Mizuno et 

al. (2005) a 3 year old child [31] and Ruan et al. (2013) another 6 year old model [32]. In 

the following sections, a brief overview of these models is given. 

 

2.2.1 Okamoto et al. (2003) 

Okamoto and his coworkers developed a finite element model for a 6-year-old child in 

standing position (Figure 8). The geometry of the body is based on MRI images got from a 

child volunteer and the model is developed in PAM-CRASH code, that it is a software from 

ESI Group used for crash simulation [30]. The upper part of the body is represented as 

rigid segments whose properties are scaled from adult data, while the lower limbs are the 

only region that is modelled and they are represented by deformable elements (skin and 

medial collateral ligament as shell and bones, muscles, meniscus and the other ligaments 

with a solid component) [3]. The advantage of this model is that it is realized taking into 

account the real anthropometry of the child, instead of scaling values from the adult, but 

information regarding mechanical and material properties are not given and also 

validation and simulation method are not described [33]. 

 

Figure 8. Child whole body finite element model by Okamoto et al (2003) [30]. 
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2.2.2 Mizuno et al. (2005) 

Mizuno et al. developed a 3-years-old child finite element model (Figure 9) by scaling from 

a Total Human Model for Safety (THUMS) AM50 (adult male 50 percentile) FE model 

previously developed by Iwamoto et al (2002) [34]. The model is implemented using LS-

DYNA and the anthropometry is based on the work of Young et al (1976) [35] that collected 

anthropometrical data for three and six years old children from the literature. Scaling 

methods are used also to determine material properties of bones, torso and skin while 

other values are assumed equal to THUMS model [31]. According to the validation, the 

abdomen is tested comparing its response with corridors on child volunteers, while neck, 

thorax and spine are compared with data obtained by a 3 years old Hybrid III crash 

dummy [33]. 

 

 

Figure 9. 3-year old finite element model by Mizuno et al (2005) [31]. 

 

2.2.3 Ruan et al. (2013) 

The six-year old child model is realized with the LS-DYNA software and it is based on CT 

scan images of a living child of the same age. Image analysis is performed in order to 

obtain the geometry of the body, while biomechanical properties are obtained from the 

literature. The model includes a detailed description of the human body, taking into 

account all the organs and tissues. Tissue material properties are described by different 

constitutive law according to the type of the tissue. For example, soft tissues are modeled 

with a linear viscoelastic law while other tissues are considered as elastic materials. The 

validation of the model is done using adult cadaveric impact tests, because child cadaveric 

test are not available [32]. 
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3. Statistical Analysis 

The aim of data analysis is to extract the best estimation from a group of data [36] and to 

describe the relationship between two or more variables [37]. In this study, it is used to 

understand how the material properties of human body tissues are related to the 

development of the body with the age. 

Regression analysis is a kind of statistical analysis that describes the relationship between 

dependent and independent variable. It also makes possible the estimation of other values 

of the independent variable and the prognostication of risk factors, that could influence the 

outcome [37]. Only the first property is taken into account in this study. Moreover, 

regression analysis uses a model to describe the relationship between the dependent and 

the independent variable: the most commonly used is the linear regression [37]. 

 

3.1 Liner Regression and Correlation 

The linear regression shows the relationship between variables through an equation, while 

the correlation quantifies how strong is the their relationship [38]. The first step of the 

analysis is to represent the data on a scatter diagram and then an evaluation of the 

correlation between them is performed. The correlation analysis is done calculating the 

correlation coefficient: 

 

where x and y are the two variables and  and  the mean values of x and y, respectively.  

R always assumes values between -1 and +1, according to the degree of correlation. If R is 

closed to -1 there is a strong negative linear relationship, if it is closed to 0 no linear 

relationship exists between the two variables while a value near to +1 indicates an elevate 

positive linear relationship [38].  

As mentioned before, regression is used to find the equation that connects the data [38]: 

the equation describes the dependent variable with a straight line, defined by  

 

where a is the intercept and b the slope and the latter indicates the contribution of X. The 

two parameters are estimated from the values of X and Y, using the least squares method 

[37]. Any regression line gives a fitted value of y for each x available and the vertical 

distance between the real value and the line is called residual. The least squares method 

finds the coefficients a and b in such a way as to minimize the total sum of the squares of 

the residuals. They are calculated as follow [38]:  
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Once that the linear regression is done, it is possible to estimate the value of the dependent 

variable just knowing the one of the independent value X [37].  

 

3.2 Coefficient of Determination 

The coefficient of determination, R2, gives a measure of the goodness of the regression 

model. It is obtained from the analysis of variance and in the univariable regression 

analysis it is the square of the correlation coefficient R. It is given by: 

 

where ŷi is the value estimated for the ith observation of the dependent variable, yi the 

observed value for the ith observation of the dependent variable ad  the mean of all the 

observation of the dependent variable. The closer the coefficient of determination is to 1, 

the better the regression model is for the data [37]. In this study, the coefficient of 

determination is taken into account in order to decide which is the best model for the data 

interpolation. 

 

3.3 P – Value  

Alternatively to the coefficient of determination, the relationship between the dependent 

and the independent variable can be tested with a t-test or considering the confidence 

interval for the parameter b [37]. T-test requires the formulation of a null hypothesis, that 

will be tested and then rejected or retained, and the setting of a threshold value α, that is 

the significance level of the test (generally set at 0.05). The result of the test is called p-

value, which is the probability that the obtained result is the same or it is more extreme 

than the observed one, assuming the null hypothesis true. With small p-value, the null 

hypothesis is rejected, otherwise it is accepted [39].  

One of the main disadvantages of the t-test is that it can be done only if the tested dataset 

fulfills the Gaussian hypothesis or if there is a big amount of available data. Since the 

amount of pediatric studies from the literature is really small, this hypothesis cannot 

always be satisfied so most of the time the coefficient of determination is taking into 

account to evaluate which regression model is the best for the dataset. 
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