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1. INTRODUCTION 
 
This document presents the work performed by PSA in the frame of Task 5.3.2. “Material 
properties, failure limits and injury criteria implementation”. 
 
The work performed by PSA aimed at evaluating the capability of the Humos2 model to 
represent the mechanical response and tolerance of the thorax and the pelvis in side impact. 
It also aimed at improving the current Humos2 model for a better representation of the 
human body behavior. 
 
To achieve these objectives, the experiments on the thorax and the pelvis, performed in the 
frame of Task 5.1.3, were simulated. The response and injury outcome of the Humos2 
model were compared with the corresponding experimental data. This comparison 
determined some limitations and problems of the current Humos2 model. Modifications were 
then brought to the Humos2 model in order to improve its robustness and biofidelity. 
 
This work was focused on the Radioss 50th HUMOS2 model. 
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2. METHODS 
 
This section presents: 1) the cadaver tests used to evaluate the Humos2 model and 2) the 
simulations performed. 
 
2.1 Cadaver tests 
 
Tests on thorax 
 
Figure 1 shows the experimental setup. The lateral side of the cadaver was exposed to an 
unfolded airbag, in a sitting position. The pelvis was fixed to a metallic structure which only 
rotated around the PMHS X axis. Prior to each test, nylon straps kept the thorax, head and 
arms in a balanced position. The PMHS was inflated in order to get realistic pulmonary 
volumes. 

Forces applied to the thorax were measured. The PMHS was instrumented with 
accelerometers on the vertebrae, head and sternum, rib strain gauges, and pressure 
transducers in the thorax and the abdomen for a better understanding of the mechanical 
ribcage behaviour and rib fracture mechanism. 

In total, six tests were performed using six cadavers. Table 1 summarizes the cadaver tests 
performed and the characteristics of the cadavers used.  
 

 

Foam

Retractor belt

Positioning belts

Load cells

Pelvis fixing plate

Electromagnetic stop

Unfolded airbag

 
 

Figure 1: Setup of experiments on the thorax. 
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Table 1: Summary of cadaver tests on thorax and characteristics of the cadavers used. 

Number SEB014 SEB047 SEB060 SEB068 SEB077 SEB078
D plate force (mm) 128 128 158 128 108 148

SHPM number 563 566 567 568 569 570
Sexe M M M M F M
Age (years) 77 71 91 51 53 66
Weight (kg) 58 65 65 54 53.5 87
Stature (cm) 167 160 171 175 163 186

Upper 2300 2300 1420 1780 2180 1740
Lower 2730 3030 1950 2400 2960 2330
Total 5040 5310 3360 4180 5150 4070
Upper/Total 0.46 0.43 0.42 0.43 0.42 0.43
Time of max (ms) 18 18 20 20 17 19
Front 2700 2640 1660 2040 2600 2000
Rear 2330 2680 1700 2140 2550 2060
Front/Total 0.54 0.50 0.49 0.49 0.50 0.49

Max (Ns) 100 117 64 83 111 88

Head (sensor) 23 17 10 29 29 17
T1 122 46 67 75 116 56
T4 77 62 57 61 103 48
T12 39 29 23 33 65 25
Upper sternum 41 39 59 55 144 38
Lower sternum 49 38 54 69 96 52

TESTS

IMPULSION 

PMHS CHARACTERISTICS

MAXIMUM PLATE FORCE (Y, CFC60, N)

MAXIMUM RESULTANT ACCELERATION( CFC180, g)

 
 
Tests on pelvis 
 
For each PMHS, two different test conditions were applied. First, the right side of the subject 
was loaded by an 23 kg impactor with the Cesari shape (CESARI, 1982). Then, the left side 
of the subject was loaded by a 92 kg mini sled with the Heidelberg pelvis plate (MARCUS, 
1983). Figures 1 and 2 illustrate the two experimental setups. In order to have comparable 
tests in both configurations and on the same subject, the tests were performed at sub-injury 
level. 
 
The PMHS positioning procedure was the same for both configurations. The lateral side of 
PMHS was exposed to the Cesari impactor or Heidelberg pelvis plate, in a sitting position 
and on a rigid seat. During the positioning, the pelvis angle was measured in order to know 
exactly the subject position and so to reproduce the same positioning.  
 
During the test, external loads applied to subject shape were measured. The PMHS was 
instrumented with a pubic sensor measuring Fy and Mz, accelerometers on the sacrum (Ax, 
Ay, Az) and on the pubis (Ay).(Figure 4). 
 
In total, four tests were performed using two cadavers. Table 2 summarizes the cadaver 
tests performed and Table 3 characteristics of the cadavers used. 
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Table 2: Summary of cadaver tests on pelvis. 

 
 

Table 3: Caracteristics of cadavers. 
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Figure 2: Setup of impactor tests on the pelvis 
 
 
 
 

PMHS number MS571 MS573 
Test reference IMP550 PCH1740 IMP554 PCH1745 
Speed (m/s) 5.1 4.0 4.2 3.4 
External load Fe (N) 3 540 5 340 4 270 4 890 
Pubis load Fp (N) 930 1 010 1 120 660 
Ratio Fe/Fp 3.8 5.3 3.8 7.4 

PMHS CHARACTERISTICS 
PMHS number MS571 MS573 
Sex M M 
Age (years) 79 68 
Weight (kg) 75 75 
Height (cm) 167 172 



APROSYS Project                                                                                             AP-SP53-0007  
FINAL 

Reference: Delivarable D5.3.5 
 

7/22 

 
 
 

 

Z 

Y 

Foam 

Positioning straps 

Restraint straps 

Sensors 

Adjustable 
tablet 

Braking 
piston 

Compressed 
air 
generator 

Propulsion 
piston 

 
 

Figure 3: Setup of mini-sled tests on the pelvis 
 
 

2.2 Simulations of thorax tests 
 
Humos positioning 
 
In the cadaver tests, the arms of the subjects were hold in a specific position in order that the 
airbag could directly load the thorax. In the Humos2 model, the arms are not in such a 
position and it is necessary to put the arms in the experimental position. 
 
The Radioss positioning tool was first used to achieve this task and was finally found 
incapable to deliver the expected position. Since the positioning tool did not work, we have 
tried to position the arms by pulling them to the expected position. This method also failed 
due to the numerical instability of the Humos model. 
 
Finally, we have unconnected the mesh of arms from the mesh of shoulder and rotated the 
upper arms to the horizontal position. Figure 4 shows the arm position obtained The 
unconnected nodes of the arms were formed into a rigid body. The same was done for the 
nodes of the shoulder. Figure 5 shows the mesh discontinuity between the arms and the 
shoulder generated by this operation. 
 
The consequence of such a method is that the load path via muscles between the arms and 
the shoulder disappeared. We assumed that the load passed by the soft tissues is of second 
order compared to that by the arm-shoulder articulation. 
 



APROSYS Project                                                                                             AP-SP53-0007  
FINAL 

Reference: Delivarable D5.3.5 
 

8/22 

 
 
 

 
 

Figure 4: Positioning of arms 
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Figure 5: Mesh discontinuty between the arms and the shoulder. 
 

 
With the above positioning, the lower arms were not yet perpendicular to the arms as in the 
tests. We assumed that this difference would not generate significant deviation since the 
video of the tests show that there was no contact between the lower arms and the airbag. 
 
Airbag modeling 
 
Figure 6 shows the model of airbags. The characteristics of the inflator and the mechanical 
properties of the bag fabric were defined and validated according to both the data provided 
by the airbag supplier and the data in our own data base. 
 

 
Figure 6: Model of airbag. 
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Interfaces and boundary conditions 
 
Interfaces were defined between Humos2, airbag and support plate. In the tests, the lower 
limbs were amputated, so the inertia of the lower limbs in Humos2 model were reduced to 
about zero. The pelvic bone was integrated into the rigid seat to form a rigid body. This rigid 
body could only rotate around the subject’s X axis. 
 
Measurements 
 
New sensors of acceleration were added to the Humos2 model in order to compare with the 
experimental measurements. They are: 
 
- Upper sternum accelerometer 
- Lower sternum accelerometer 
- T4 accelerometer 
- T8 accelerometer 
- T12 accelerometer 
 
Load sensors were also defined to measure the reaction force acted on the airbag plate. The 
contact force between the subject and the airbag was also measured in the simulations. 
 
Simulations performed 
 
Three airbag plate positions with respect to the subjects were used to load the thorax. All 
these three configurations were simulated: 
 
- Configuration A: Distance airbag plat/subject = 108 mm 
- Configuration B: Distance airbag plat/subject = 128 mm 
- Configuration C: Distance airbag plat/subject = 158 mm 
 
2.3 Simulations of pelvis tests 
 
Model setup 
 
Figure 7a shows the model setup for the configuration of impactor. Figure 7b shows the 
model setup for the configuration of mini-sled. 
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(a) (b) 
 

Figure 7: Model setup (a) impactor configuration (b) mini-sled configuration. 
 
 
 
Measurements 
 
A particular interest of the cadaver tests on the pelvis is the measurement of the pubic force. 
However, there is no measurement of this force in the Humos2 model. We have added a 
sensor to the Humos2 model to measure the pubic force. 
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3. RESULTS 
 
3.1 Simulations of thorax tests 
 
Loading on thorax 
 
Figure 8 shows a sequence of the thorax deformation under airbag loading in Configuration 
B. 
 

 
 
 

 
 

  
 

Figure 8: Sequence of thorax deformation under airbag loading. 
 
Figures 9-11 compare the impact force sustained by the thorax between the simulation and 
the tests for Configuration B. In Figure 9, the forces were raw data measured. In Figure 10, 
the forces were normalized using Eppinger procedure. In Figure 11, the forces were 
normalized using Mertz procedure. 
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Figure 9: Model response compared to raw data of cadaver tests. 
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Airbag on thorax (D=128 mm); Norm. Mertz
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Figure 10: Model response compared to 

normalized data of cadaver tests according to 
Eppinger procedure. 

 

Figure 11: Model response compared to 
normalized data of cadaver tests according to 

Mertz procedure. 
 

 
Injury outcome 
 
Table 4 compares rib fractures observed in the three tests of Configuration B to what was 
predicted by the Humos2 model. It indicates that the Humos2 model did not predict the injury 
outcome for this configuration. 
 
Table 4: Comparison of rib fractures between Humos2 model and tests for Configuration B 

 
Impact side T068 T047 T014 Model 

Rib1 N N N N 
Rib2 Y N Y N 
Rib3 Y Y Y N 
Rib4 Y Y Y N 
Rib5 Y Y Y N 
Rib6 Y Y Y N 
Rib7 Y Y Y N 
Rib8 Y Y Y N 
Rib9 Y Y Y N 
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Rib10 N N Y N 
 
New material laws 
 
New material laws were defined and attributed to the rib cortical bones and the sternum 
cortical bone of the Humos2 model. The objective was to make the Humos2 model capable 
of simulating the rib fractures observed in different experimental tests. Figure 12 shows rib 
fractures in the simulation of Configuration B using the new material laws. 
 

 
 

Figure 12: Rib fractures in the simulation of Configuration B using the modified Humos2 
model. 

 
These new material laws were defined according to the LAB database of material laws. 
Table 5 compares rib fractures between model and tests for Configuration B, Table 6 for 
Configuration A and Table 7 for Configuration C. 
 

Table 5: Comparison of rib fractures between model and tests for Configuration B 
 

Impact side T068 T047 T014 Model 
Rib1 N N N Y 
Rib2 Y N Y Y 
Rib3 Y Y Y Y 
Rib4 Y Y Y Y 
Rib5 Y Y Y Y 
Rib6 Y Y Y Y 
Rib7 Y Y Y Y 
Rib8 Y Y Y Y 
Rib9 Y Y Y Y 

Rib10 N N Y Y 
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Table 6: Comparison of rib fractures between model and tests for Configuration C 

 
Impact side T060 T078 Model 

Rib1 N Y Y 
Rib2 Y Y N 
Rib3 Y Y N 
Rib4 Y Y Y 
Rib5 Y Y Y 
Rib6 Y Y Y 
Rib7 Y Y Y 
Rib8 Y Y Y 
Rib9 Y Y Y 

Rib10 N N Y 
 
 

Table 7: Comparison of rib fractures between model and tests for Configuration A 
 

Impact side T077 Model 
Rib1 N Y 
Rib2 Y Y 
Rib3 Y Y 
Rib4 Y Y 
Rib5 Y Y 
Rib6 Y Y 
Rib7 Y Y 
Rib8 N Y 
Rib9 N Y 

Rib10 N Y 
 

Far side T077 Model 
Rib1 Y N 
Rib2 Y N 
Rib3 Y N 
Rib4 Y N 
Rib5 Y N 
Rib6 N N 
Rib7 N N 
Rib8 N N 
Rib9 N N 

Rib10 N N 
 
 
3.2 Simulations of pelvis tests 
 
Mini-sled configuration 
 
Figure 13 shows a sequence of pelvis kinematics in the mini-sled configuration. 
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Figure 13: Kinematics of the pelvis in the mini-sled configuration. 
 

Figure 14 compares the impact force sustained by the pelvis between the simulation and the 
tests. In Figure 14a, the forces were raw data measured. In Figure 14b, the forces were 
normalized using Mertz procedure. 
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In the same way, Figure 15 compares the pubis force sustained by the pelvis between the 
simulation and the tests. 
 
In Figure 16, the ratio between impact force and pubic force was calculated and compared 
between model and tests. 

 
Mini-sled tests

0

1000

2000

3000

4000

5000

6000

0 10 20 30 40

Time (ms)

Im
pa

ct
 F

or
ce

 (
N

)

PCH1740 PCH1745 SIMU1740 SIMU1745

 

Mini-sled tests (Mertz norm.)

0

1000

2000

3000

4000

5000

6000

0 10 20 30 40

Time (ms)

Im
pa

ct
 F

or
ce

 (
N

)

PCH1740 PCH1745 SIMU1740 SIMU1745

 
(a) (b) 

Figure 14: Comparison of the impact force sustained by the pelvis between model and tests 
in the mini-sled configuration. 
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(a) (b) 

Figure 15: Comparison of the pubic force sustained by the pelvis between model and tests in 
the mini-sled configuration. 
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Figure 16: Comparison of the ratio between pubic force and impact force between model 
and tests in the mini-sled configuration. 
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Impactor configuration 
 
Figure 17 shows a sequence of pelvis kinematics in the impactor configuration. 
 

  

  
 

Figure 17: Pelvis kinematics in impactor configuration. 
 
Figure 18 compares the impact force sustained by the pelvis between the simulation and the 
tests. In Figure 18a, the forces were raw data measured. In Figure 18, the forces were 
normalized using Mertz procedure.  
 
In the same way, Figure 19 compares the pubis force sustained by the pelvis between the 
simulation and the tests. 
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In Figure 20, the ratio between impact force and pubic force was calculated and compared 
between model and tests. 
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Figure 18: Comparison of the impact force sustained by the pelvis between model and tests 
in the impactor configuration. 
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Figure 19: Comparison of the pubic force between model and tests in the impactor 
configuration. 
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Figure 20: Comparison of the ratio between pubic force and impact force between model 
and tests in the impactor configuration. 
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4. DISCUSSION 
 
4.1 Simulations of thorax tests 
 
When compared to raw data of cadaver tests (Figure 9), the airbag force on the thorax in the 
simulation was more important either in terms of peak value than in terms of duration. One 
possible reason of this deviation was the anthropometric difference between Humos2 and 
cadavers tested. To confirm this, the experimental data were normalized using Eppinger 
procedure and Mertz procedure, respectively. Figure 10 and 11 show that the response of 
Humos2 is closer to the normalized data than to the raw data. 
 
The original Humos2 model does not allow to reproduce the rib fractures observed in the 
cadaver tests. New material laws were defined and attributed to the rib cortical bones and 
the sternum cortical bone of Humos2 model. Tables 5,6 and 7 show that the rib fractures of 
the modified Humos2 model were globally similar to the cadaver tests. However, the rib 
fractures in the non impact side, observed in the configuration A, where the airbag is the 
closest to the subject, were still not reproduced. It is also to be noted that the above 
modifications do not significantly change the airbag force on the thorax. 
 
4.2 Simulations of pelvis tests 
 
In the initial simulations of the pelvis tests, the greater trochanter went across the pelvic skin. 
This indicated that the interfaces between the pelvic bone, femur head and surrounding soft 
tissues were not correctly defined. To solve this problem, we have redefined some 
interfaces. Figure 21 compares the response in terms of impact force between the original 
and the modified Humos2 model at an impactor velocity of 5.1 m/s. The modified model 
shows a stiffer response than the original model. 
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Figure 21: Comparison of the impact force between the original Humos2 model and the 

modified Humos2 model. The impactor mass was 23.4 kg and the impact velocity 5.1 m/s.  
 
Figures 14, 15, 18 and 19 compare the response of the modified Humos2 model to the 
cadaver tests. It can be observed that the pelvis of Humos2, despite of the modifications 
which increase its stiffness, is still too compliant. 
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Figure 18 shows that the impact force is more important in Test IMP554 than in Test 
IMP550. However, the impact velocity was 4.2 m/s in Test IMP554 and 5.1 m/s in Test 
IMP550. This contradiction can be explained by the anthropometric difference between the 
two cadavers used and the positioning of the impactor. In Test IMP 550, the flesh around the 
bone was thicker than in Test IMP 554. The impactor center was, in both tests, higher than 
the greater trochanter. However, it was 26 mm higher in Test IMP 550 than in Test IMP554. 
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5. CONCLUSIONS 
 
The Radioss Humos2 model was evaluated with respect to cadaver tests on the thorax and 
pelvis. Main conclusions are: 
 
- Humos2 model does not reproduce rib fractures observed in the cadaver tests. 
 
- New materials laws were implemented into Humos2 model. This modified Humos2 

model reproduced the rib fractures observed in the cadaver tests. 
 
- Problems of interpenetration between pelvic bone, muscle and skin were observed in the 

pelvis of Humos2 model. To solve these problems, new interfaces between the pelvic 
bone, femur head and surrounding soft tissues were added. 

 
- The modified pelvis model is stiffer than the original one. However, the model response 

is still too compliant in comparison with the cadaver tests. 
 
- The ratio between pubic force and impact force is close to that of the cadaver tests for 

the mini-sled configuration. It is much lower for the impactor configuration. 


