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ABSTRACT 
 
The use of finite element model crash test dummies is advantageous over physical 
dummies because of lower cost and repeatability. However there are not enough models 
representing six-month-old child dummy models. This paper presents the development of 
a six-months-old (6MO) finite element dummy model for crash simulation. The model was 
developed by using both flexible and rigid body materials. The geometry data were 
collected by direct measurement in a pediatric center and statistically analyzed to ensure 
their accuracy. Several simulations of major validation test were performed and 
compared with other published data. A severe crash simulation was conducted to 
comprehend the head injury criteria which are used as the basis to observe how the 
model reacts in the crash in terms of flexibility, joint stiffness, and material behavior. The 
result of Head Injury Criterion (HIC) for frontal and rear crash simulations was 
examined and it is found that the child dummy reactions are in good agreement with the 
threshold values.  
 
Keywords : Crashworthiness assessment, dummy model, finite element, simulations, 

head injury criterion. 
 
1.0 INTRODUCTION 

 
In vehicle manufacturing industries, crash test are part of the requirement to ensure the 
safety of the product and also to learn the human response during impact. The use of real 
crash-test dummies and vehicle are very costly and hence are not repeated. The 
simulation approach using finite element models of crash test dummies can provide a 
feasible alternative. Various finite element models of crash test dummies have been 
developed over the last decade ranging from newborn to adult. These models have 
become increasingly important since they are cost-effective and give valuable information 
on crash impact scenario [1]. The development of adult crash test dummies can be 
considered as mature field however the development of child crash test dummies still 
needs a lot of improvement. 
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There has been some developments of child crash test dummies, either numerical 

or physical dummies such as the Q-Dummy and FTSS Dummy [2, 3]. Three years old 
FTSS dummy was a good reference which was developed with fine meshed and geometry 
of head and neck and suitable for accurate analysis. Although there is development on 
numerical child dummy model, but the data and development of six-month-old child 
dummy are still insufficient. 

This paper presents the development of a 6MO finite element child dummy 
model for crashworthiness assessment. The child dummy model was designed to 
represent Asian crash test dummies in view of the fact that all the anthropometric data 
were collected and measured locally at the Kangar Hospital Pediatric Center, Malaysia.  
The dummy model was developed using Solidworks for CAD design and LS-DYNA for 
finite element modeling.  

The developed finite element model provides reliable and detailed insight into the 
loads and deformation experienced by the dummy in a crash environment. Several major 
validation tests were performed to meet the regulations for crash environment. However, 
due to no development of a physical dummy, the finite element child dummy was 
compared with scaled data from other published reports. This method is employed to 
validate the results obtained from the numerical dummy.  

 
 
2.0 ANTHROPOMETRIC DATA 
 
In this research, the anthropometric data of six-months-child (6MO) was taken at the 
nearest pediatric center. A total of 30 children were measured and a simple statistical 
analysis was performed on all the measurement data obtained [4]. Table 1 shows the 
measurement data that was used for the development of six-months-old finite element 
dummy. 
 

Table 1: Measurement data 
 

 
 
3.0  DUMMY DEVELOPMENT 
 
The finite element 6MO child model consists of 66 different parts including deformable 
and rigid bodies. All parts are connected using shared node, contact definition (tied-
surface-to-surface), and joint definition [5]. A total of 13771 elements were constructed 
and consist of 6784 solid elements and 6978 shell elements. The joint definition is used to 
constraint the relative motion of two parts and to ensure all joints rotate accordingly. Joint 

Parameters 
Mean  
[mm] 

Standard 
Deviation 

Variance 

Head circumference 388.8 34.46 1187.39 
Head Length 158.0 8.26 68.28 
Neck circumference 261.2 14.12  199.45 
Neck length 65.3 8.19 67.126 
Body length(thorax) 210.3 25.44 647.24 
Arm length 226.2 23.4 546.00 
Chest circumference 351.5 12.88 165.77 
Waist circumference 443.5 16.67 277.84 
Leg length 332.2 18.22 332.21 
Overall Length 674.0 20.94 438.62 
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stiffness is applied to each joint using joint-stiffness-generalization command [6, 7]. All 
of preprocessing works were performed using LS-PREPOST. The complete 6MO CAD 
and numerical model can be seen in Figure 1. 

The general description of the finite element child dummy model is presented in 
Table 2. All parts, material properties, and type of element for each component are 
incorporated in the table. The neck, chest, and head are among the crucial parts in this 
numerical child. Material properties for these three parts were obtained from the 
validation procedure which will be discussed in the next section. Modulus of elasticity 
and mass density has to be adjusted so that each parameter meets its threshold value. The 
properties value obtained from the validation procedure were then applied to the full scale 
numerical dummy for the final frontal crash simulation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)                                                                              (b)        
 
 
 

 
Table 2 : General description of finite element six months old child model 

 
 

 
Part 

 
Element 

 
Material  

Type 

 
Poisson’s 

Ratio 
 

 
Density 

[kg/mm3] 

 
Young 

Modulus, 
E/Bulk 

Modulus, 
B*[GPa] 

 
Shear 

Modulus, 
G0[GPa] 

 
Shear 

Modulus, 
G [GPa] 

 
Lumbar 
spine 1 

 
Solid 

 
Viscoelastic 

 
0.4 

 
1.60 x10-6 

 
0.195* 

 
0.0375 

 
0.01 

 
Lumbar 
spine 2 

 
Solid 

 
Viscoelastic 

 
0.4 

 
1.60 x10-6 

 
0.195* 

 
0.0375 

 
0.01 

 
Rib 

 
Solid 

 
Viscoelastic 

 
0.45 

 
1.80 x10-6 

 
0.33* 

 
0.11 

 
0.0235 

 
Head skin# 

 
Solid 

 
Elastic 

 
0.48 

 
1.20x10-6 

 
0.02 

 

 
Neck rubber # 

 
Solid 

 
Elastic 

 
0.48 

 
1.20x10-6 

 
0.12 

 
Neck center# 

 

 
Solid 

 
Elastic 

 
0.48 

 
1.20x10-6 

 
4.0 

Figure 1: CAD and numerical child dummy model. 
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Lower arm  
L&R 

 
Solid 

 
Elastic 

 
0.45 

 
1.10 x10-6 

 
0.005 

 
Palm L&R 

 
Shell 

 
Elastic 

 
0.45 

 
1.10 x10-6 

 
0.005 

 
Inner shell 

body # 

 
Shell 

 
Elastic 

 
0.44 

 
1.14 x10-6 

 
0.15 

 
Chest Jacket# 

 
Shell 

 
Elastic 

 
0.45 

 
1.10x10-6 

 
0.005 

 
Upper arm 

L&R 

 
Solid 

 
Elastic 

 
0.45 

 
1.10 x10-6 

 
0.005 

 
Upper hip 

L&R 

 
Solid 

 
Elastic 

 
0.3 

 
6.25 x10-7 

 
0.005 

 
Lower hip 

L&R 

 
Solid 

 
Elastic 

 
0.3 

 
6.25 x10-7 

 
0.005 

 
Lower leg 

L&R 

 
Solid 

 
Elastic 

 
0.3 

 
4.30 x10-7 

 
0.005 

 
Foot L&R 

 
Shell 

 
Elastic 

 
0.3 

 
4.30 x10-7 

 
0.005 

 
Lower body# 

 
Solid 

 
Elastic 

 
0.31 

 
1.00x10-5 

 
50 

 
Shell rib 1 

 
Shell 

Plastic 
kinematic 

 
0.31 

 
7.92 x10-6 

 
205 

 
 

Shell rib 2 

 
 

Shell 

 
Plastic 

Kinematic 

 
0.31 

 
7.92 x10-6 

 
205 

 
Rib muscle 2 

 
Shell 

 
Plastic 

Kinematic 

 
0.31 

 
7.92 x10-6 

 
205 

 
Neck 
skin # 

 
Shell 

 
Null 

-  
6.00 x10-7 

- 

 
Rib muscle 1 

 
Shell 

 
Null 

-  
6.33 x10-7 

- 

 
Solid body# 

 
Solid 

 
Low density 

foam 

-  
6.00 x10-6 

 
22 

 
Head 

 

 
Solid 

 
Rigid 

 
0.31 

 
3.65x10-6 

 
205 

 
Head Plate 

 

 
Shell 

 
Rigid 

 
0.31 

 
3.65x10-6 

 
205 

 
Neck plate# 

 
Solid 

 
Rigid 

 
0.35 

 
2.70x10-6 

 
70 

 
Clavicle L&R 

 
Shell 

 
Rigid 

 
0.35 

 
2.70x10-6 

 
70 

 
Shoulder 

L&R 

 
Solid 

 
Rigid 

 
0.35 

 
2.70x10-6 

 
70 

 
Neck bracket# 

 
Shell 

 
Rigid 

 
0.35 

 
2.70x10-6 

 
205 

 
Shoulder 
joint L&R 

 
Solid 

 
Rigid 

 
0.35 

 
2.70x10-6 

 
70 

 
Upper elbow 
joint L&R 

 
Solid 

 
Rigid 

 
0.35 

 
2.70x10-6 

 
70 

 
Lower elbow 

joint L&R 

 
Solid 

 
Rigid 

 
0.35 

 
2.70x10-6 

 
70 

 
Thoracic 
spine 1 

 

 
Shell 

 
Rigid 

 
0.3 

 
2.55 x10-7 

 
205 

 
Thoracic 
spine 2 

 
Shell 

 
Rigid 

 
0.3 

 
4.01 x10-4 

 
205 
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Thoracic 
spine 3 

 
Solid 

 
Rigid 

 
0.3 

 
2.55 x10-7 

 
205 

 
Pelvis 

 
Solid 

 
Rigid 

 
0.3 

 
2.14 x10-5 

 
205 

 
Hip joint 

L&R 

 
Solid 

 
Rigid 

 
0.35 

 
2.70x10-6 

 
70 

 
Upper knee 
joint L&R 

 
Solid 

 
Rigid 

 
0.35 

 
2.70x10-6 

 
70 

 
Lower knee 
joint L&R 

 
Solid 

 
Rigid 

 
0.35 

 
2.70x10-6 

 
70 

 
Upper arm 
bone L&R 

 
Shell 

 
Rigid 

 
0.35 

 
2.70x10-6 

 
70 

 
Lower arm 
bone L&R 

 
Shell 

 
Rigid 

 
0.35 

 
2.70x10-6 

 
70 

 
Hip bone 

L&R 

 
Shell 

 
Rigid 

 
0.35 

 
2.70x10-6 

 
70 

 
Lower leg 
bone L&R 

 
Shell 

 
Rigid 

 
0.3 

 
7.85 x10-6 

 
210 

# Material properties that obtained based on validation procedure. 
 
 
4.0 SCALING METHOD 
 
The required biomechanical data for comparison was calculated using a scaling approach.  
In this study, 50th percentile male dummy were scaled using a set of scaling factors. The 
biomechanical requirements for the six-months-old child were obtained from the 
following scaling factors [8] :-  
 
 

 
(a) Mass scaling factor                        psm mm /=λ    (1) 

 
 
 
 

(b) Velocity scaling factor                   Ev λλ =  (2) 

 
 
 
 
 

(c) Acceleration scaling factor        ( ) ( ) 322 // mvLva λλλλλ ==    (3) 

 
 
 
 
 

(d) Force scaling factor                    ( ) ( )23/222
vmvLF λλλλλ ==   (4) 
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(e) Time scaling factor                         vLT λλλ /=    (5) 

 
 
where, λ  are the scaling constant and m is the mass. The subscript s and p refers to 
scaled data and prototype respectively. Other subscript are E, the modulus of elasticity, a 
is the acceleration, v is the velocity, T is the time, L is the length and F is the force.  
 
 
5.0 VALIDATION TEST 
 
The finite element child dummy developed in this study needed to be validated in order to 
provide the bio-fidelity and approval for use in a crash test. Three validation procedures 
were performed to validate the crucial parts of the body: the head, neck and torso. Each 
part was subjected to several different tests for validation. 
 
 
5.1 Head Drop Test 
The head validation tests were performed by three separate drop tests. Table 3 shows the 
setup parameters for head drop tests. Three tests were performed with two frontal head 
drop, from a height of 376 mm and 130 mm. As for the third test, it was also dropped 
from 130 mm height but facing laterally [9]. The head was dropped to a rigid surface and 
the resultant acceleration was measured and compared with the threshold value. The 
acceleration result should be within the threshold value as indicated in Table 3. 
 
 

Table 3 : Head drop setup and threshold limit. 

 
 

Figure 2 shows the setup for the head drop test. The head was dropped onto a 
solid rigid surface by with its free fall velocity. Figure 3(a) shows the result of the head 
drop test for frontal drop while Figure 3(b) is the lateral drop. For each drop tests 
performed, the resultant accelerations as observed and compared to the threshold values 
which listed in Table 3. Referring to the graph plotted in Figure 3, the peak resultant 
acceleration of the test was within the range of the scaled threshold, while the timing of 
the peak was about 3 ms which is also in good correspondence to a common head drop 
test. The performance of the head in the drop test shows a good agreement. 
 
 
 
 
 
 
 
 

Impact direction Height, [mm] Threshold value, [g] 
Frontal 130 116 – 123 
Lateral 130 111 – 117 
Frontal 376 237 – 276 
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Figure 2 : Head drop setup 
 

 
      
 

 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 

 
 
 
 
 
 
 
 

             Figure 3 : Head resultant acceleration reading 
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5.2  Thorax Impact Test 
The torso part was validated by performing a thorax impact test. Since the chest is made 
of foam, several tests were executed to ensure the reliability of the result. In this thorax 
impact test, two different tests were performed with the impactor mass set to be 1.9 kg 
with respective impact velocities of 3.2 and 4.3 m/s. The maximum chest deflection and 
impact force were calculated from the chest and impactor acceleration. Both threshold 
values were used for the validation of the torso foam and compared with the physical 
dummy [10]. 
 
 
 

 
 

Figure 4 shows the setup and end result of thorax impact test. In order to reduce 
computational time, only the thorax body part was simulated. The thorax was positioned 
in such a way that the chest is parallel to the impactor head. The center of the impactor is 
adjusted to coincide with the center of the chest. The important parameters of this 
validation test constitute the peak of force and deflection that occurs on the chest. The 
outer layer of the chest was made of a thin layer of foam and the inner layer of the chest 
was made of an elastic layer of rubber. These two layers of foam and elastic material 
were developed to represent child’s thorax so that it gives similar characteristics in terms 
of elasticity and impact absorption. In the validation procedure, both material properties 
were adjusted up until a good correspondence to experiment was obtained. The reaction 
forces at 3.2 and 4.3 m/s are shown in Figures 5(a) and 5(b), respectively. Based on the 
results achieved, the maximum force for both test were in the range of the threshold 
values, shown in Table 4, and were considered as acceptable results. On the other hand, 
the deflection of the chest shown in Figures 5(c) and 5(d) show a good agreement at 3.2 
and 4.3 m/s. Even though the deflection of the chest slightly exceeds the threshold value,  
it still can be considered as a good result. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 4 : Thorax impact setup and end result 
 

Velocity, [m/s] 
Pendulum Weight 

[kg] 

Threshold Value 

Force, [N] 
Chest Deflection, 

[mm] 
3.2 

1.9 
220 - 400 19 - 25 

4.3 510 - 580 26 - 29.5 

Table 4 : Torso Impact setup and threshold limit. 

 

1.9kg impactor 

3.2&4.3m/s 

T=0ms 
T=15ms 
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           (a)             (b) 
 
 
 
 
 
 
 
 
 
 

 
            (c)                                                                      (d) 

 
Figure 5: Force and deflection of chest result. 

 
 
5.3  Pendulum Neck Test 
The neck validation procedure was performed by using the pendulum neck test. In this 
test, the neck along with head and occipital condyles joint was mounted on a rigid 
pendulum. Figure 6 shows the setup for this pendulum neck test. The length of pendulum 
was 2 m and it was swung to an elastic stopper. The average impact velocity of the 
pendulum is about 3.5 m/s and two impacts were conducted for the neck flexion and 
extension. Moment and head rotation resulting from the two impacts were monitored and 
compared with the scaled data. The threshold corridor is scaled from Q0 dummy 
validation test [1]. 

The pendulum neck test is used to observe its moment and head rotation angle. 
The material properties of center cable and rubber were adjusted so that the moment and 
head rotation occurred within the threshold values. Figure 7(a) shows the flexion response 
of the neck and the maximum moment on the upper neck is 3.98 N.m with the maximum 
head rotation is 60 degree. Both head rotation and moment correspond well even though 
it slightly exceeds the bio-fidelity corridor. The neck extension response and the 
maximum moment on the upper neck are 4.2 N.m with 68 degree head rotation as shown 
in Figure 7(b). For extension, both head rotation and moment correspond much better 
compared to the flexion response. The entire response and head rebound were within the 
bio-fidelity corridor. The results obtained reveals that both flexion and extension are in 
the range of the threshold corridor. 
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Figure 6 : Pendulum neck test setup 

 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7 : (a) Neck Flexion and (b) Extension response. 

 

2m 

3.5m/s 

(a) 

-2

0

2

4

6

8

10

12

14

16

-20 0 20 40 60 80 100

Rotation angle

M
o

m
en

t(
N

m
)

Threshold corridor  

M
om

en
t [

N
m

] 

Rotation angle 

(b) 

-10

-8

-6

-4

-2

0

2

4

-100 -80 -60 -40 -20 0 20

Rotation angle

M
o

m
en

t(
N

m
)

Threshold corridor 

 

M
om

en
t [

N
m

] 

Rotation angle 



Jurnal Mekanikal, June 2011 
 

22 
 

 
6.0  CRASH ANALYSIS 
 
Frontal and rear crash simulations were carried out after completing the validation 
procedures. In this crash analysis, 6MO model is seated in a forward facing child restraint 
seat. By applying a sudden deceleration to three impact velocities, 25, 40, and 55 km/h, 
the Head Injury Criterion (HIC) index factor was determined for head-on impacts [12]. 
The HIC general equation is,  
 
  

                                      HIC=( ) ( ) ( )
2.5

2

2 1

2 1
1

1
t

t

t t a t dt
t t

    − 
 −   

∫     (6) 

 
 
 

where a is the resultant acceleration, t1 and t2 are the initial and end time during 
impact, respectively. The HIC index threshold is assumed to be approximately 390 for a 
six-month old child [13]. The 6MO child developed in this research was put into frontal 
and rear crash impacts with three different velocities. The child was fitted with three point 
harness seatbelt and faced forward for frontal impact, while in rear impact it was fitted 
facing rearward. Figure 8 illustrate the frontal and rear impact setup used for the crash 
simulation. The acceleration response of the head (frontal and rear impact) for 55km/h is 
shown in Figure 9. Complete summary of frontal and rear impact results are presented in 
Tables 5 and 6. 

 
 

 
 

 
 
                                      (a)                                                                          (b) 
 

           Figure 8 : (a) Frontal position and (b) Rear position 
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Figure 9: Sample of HIC calculations for Frontal (a) and Rear impact (b) 
 
 

7.0  RESULT AND DISCUSSION 
 
The frontal impact result and highest HIC reading recorded in this crash simulation were 
123.0 (see Table 5) which is still very far from threshold value. It is observed that there is 
no direct impact to the head during frontal crash which reduces the HIC readings (Figure 
10). As for the rear crash, the head was directly impacted as soon as a sudden deceleration 
was applied. From Table 6, the maximum reading of HIC in the rear crash was 344.7, 
much higher than the frontal crash. The head of the child was directly impacted on the 
child restraint seat causing the high acceleration reading. 

 It can be observed that using forward facing child restraint seat, the occupant 
may suffer a more severe injuries in a rear crash impact due to the possibility of direct 
impact to the head. Based on the crash simulation, there is a significant influence of input 
velocities on the HIC results.  

 

Peak acceleration=654 
 
∆T=t2-t1

 =0.0095s 
 
HIC=344.7 

 

Peak acceleration=517 
 
∆T=t2-t1

 =0.0061s 
 
HIC=123.0 
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Figure 10 : Frontal crash simulation 
 
 
8.0 CONCLUSIONS 

 
A finite element dummy representing a six-months-old child has been successfully 
developed for crash testing on frontal and rear crash simulation with the threshold values 
were taken into account for the validation of the examination. It shows that the developed 
dummy model is a suitable model for crashworthiness assessment for a six-month-old 
(6MO) child in frontal and rear crash conditions. The finite element dummy was validated 

Impact 
Velocity[km/h] 

a 
max [m/s2] ∆T 

[s] 
HIC 

25 197 0.0101 18.2 
40 355 0.0075 59.1 
55 517 0.0061 123.0 

Impact 
Velocity[km/h] 

a 
max [m/s2] ∆T 

[s] 
HIC 

25 235 0.0152 42.7 
40 401 0.0110 117.5 
55 654 0.0095 344.7 

Table 5: HIC result based on the frontal impact. 

 

T= 0 

(a) 

T=5ms 

(b) 

T=10ms 

(c) 

T=15ms 

(d) 

T=20ms 

(e) 

T=25ms 

(f) 

Table 6: HIC result based on the rear impact. 
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using scaled data which is a threshold for 6MO bio-fidelity.  All validation results show 
good agreement to the target requirement. 

In the preliminary test of the dummy, it is found the rear impact is more 
dangerous. The simplified crash condition was performed to observe how the numerical 
child dummy reacts in a crash condition.  
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