
ABSTRACT 

APPLICATION OF A THREE-DIMENSIONAL MATHEMATICAL 
OCCUPANT MODEL FOR THE EVALUATION OF SIDE IMPACTS 

J .  Wismans and J .  Maltha 

Research Institute for Raad Vehicles-TNO , 
Delft , The Netherlands 

A three-dimensional mathematical model for simulation of the human body 
crash dynamics  was formulated, for which the general MADYMO CVS program pack
age was used . This model is employed for the analysis of the side impact be
haviour of two different dummies : the Part 572  50 percentile male dummy and 
the APROD 80 dummy . 

Model predictions for both dummies are compared with the results of later
al drop tests and rigid wall s led test s .  

l t  is  concluded that the mathematical model gives a realistic prediction 
of kinematic s ,  impact forces and accelerat ions . The influence of the arm
shoulder assembly in loading the vehicle paddings and duminy ribcage is ana
lysed . 

INTRODUCTION 
Side impacts produce a significant portion of the present fatality and 

inj ury totals ( 1 ) .  In the past five years injury protection for this type of 
accidents has become an important research objective . A large part of the 
present research in this complex f ie ld is directed toward obtaining insight 
in the injury mechanisms , establishment of injury protect ion criteria and to
ward the development of lateral impact crash dummies enabling injury detec
tion of the most endangered areas of the human body (2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 1 0 ) . 

With a view to dummy development , subj ects of ongoing research are , for 
instance , the importance of incorporation of arms in side impact dummy de
signs , and to what extent thorax ri"gidity and mass distribution influence 
the resistance of paddings , and the injury prediction capability of the var
ious dummy instrumentation readings . Another interesting problem in this re
spect is the ef fect of diff erences in anthropomorphic characteristics of ca
d�ver subjects on proposed injury tresholds . 

This paper presents a mathematical model . which simulates the occupant in 
side impacts in interaction with its environment . Such a model ,  if well -
validated, can contribute to the ins ight in the above research problems . 
Other applicat ion� of such a model are the interpretation and enhancement 
of biomechanical data obtained from experiments and the improvement and op
t imization o f  car interior paddings (Computer Aided Design) . 

Robbins ( 1 1 )  gives a review of several computer programs now available for 
simulation o f  human body gross motion. In literature a few model studies were 
described related to the study of occupant response in a s ide collision . A 
study with the MVMA two-dimens ional CVS program, a model which is normally 
used to investigate frontal collisions , was carried out by Bowman et al . ( 1 2 ) . 
A primary goal in this study was the analysis of the head-neck motions . The 
near-side arm, i . e .  the arm between occup·ant and struck vehicle side , was in
�lud�d_in tq� mode l .  Th� s imuiations were _ _  limited t;:Q !!l..Qtions in a l_ater.-�
_plane . Padgaonkar and Prasad . ( 1 3 )  applie� !he Calspan 3D !!_l�de! _ _  in their side 
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impact s tudy . Both the striking and the struck car were included in this 
simulation . The occupant part of this model was , however , limited to three 
body segments :  head, torso and pelvis , so the influence of the arm- shoulder 
assembly could not be analysed in detai l .  

In the model presented in this paper the three-dimensional version of the 
MADYMO CVS program package ( 1 4 )  is used for the simulation of two different 
dunnnies under various test conditions . Earlier app licat ions of MADYMO were 
limited to two-dimensional studies of adult and child car occupants in fron
tal collisions ( 1 5 , 1 6 , 1 7) or to simple three-dimensional systems with a 
known analytical solution. 

MODEL DESCRIPTION 
A 1 5-segment linkage system was selected to simulate the human body while 

the MADYM0-3D package was used (Fig. 1 ) .  The head , neck , the upper and lower 
arms ( including hands) , the upper and lower legs (including feet ) are each 
s imulated by one rigid e lement . For the torso,  three elements are introduced , 
while , moreover , each shoulder is  represented by one element . This model can 
be easily expanded to simulate more details , like the rib mas s ,  because in 
MADYMO the number of elements is not limited . In next sect ions the model for 
the Part 572  50 percent ile male dummy and the APROD 80 dummy will be dis
cussed separately. 

@ @  
Fig. 1 Overall view of the 3D 

human body mode l and 
orientation of the laboratory 
coordinate system ( x , y , z  ) .  

Model of the Part 572  dumm4 - Elbow, knee and hip j oints of this model are 
corresponding to the real position in the dunnny .  The neck and the spine joints 
are located corresponding to the at.tachements of the rubber cylinders repre
senting neck and spine. The upper arm - shoulder j oint is located in the centre 
of the pinned connect ion of arm with shoulder while the shoulder· - thorax joint 
is located in the centre of both links that simulate the c lavicle - spine 
articulation . Since in literature no detailed data on the 3D-mas s  distribution 
of the Part 572 dunnny were available,  an extensive program of measurements was 
carried out to determine these characteristics . A detailed description of the 
mass distribution of this dummy model is giveri in reference ( 1 8) . 

The relative orientation of two adj acent body segments  is defined in MADYMO 
by three successiVe and independent rotations , the relative Bryant angles 
( 1 9) . In the present version of the program it is assumed that the resistive 
joint torque can be expressed as a funct ion of these relative angles in ·such 
a way that for each angle a resistive j oint torque funct ion can be defined . 
This torque can be the sum of contributions from elastic , viscous damping and 
coulomb frict ion actions . In various duminy· j oints by means of a joint-torque 
measuring device, static joint torque characteristics (including range of mo
t ions and j o int-stops )  were determined for flexion-extension, abduction
adduction and torsion motions . On the basis of these characteristics , iriput 
data sets were defined for the e lastic joint torque· and for the constant fric
tion torque . In addition ,  a velocity dependent resistive torque (viscous damp
ing) is  defined in some of the j oints ; the magnitude of the viscous damping 
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coefficients is  estimated to be below calculated values for critical damping. 
In reference ( 1 8) a detailed description is given of the data characterizing 
the joint properties in the dummy mode l .  

Ellipsoids o r  planes are connected t o  the surfaces most likely to be con
tacted in a side impact .  Whenever a positive penetration between an ellipsoid 
and a plane is detected, an elastic force which is a function of the penetra
t ion depth is calculated by the mode l .  

· 

Fi� . 2 illustr
-
ate-S-t.he s imufation of the contact between arm and thorax and 

between arm and environment . The inffuence ofacfirect contact be-tween thorax 
and environment is not taken into account in the s imulations dealt with in 
this paper . 

Static force-deflection characteristics for the roost  signif icant dunnny 
regions in a side impact , i . e .  the arm (including shoulder) , the thorax and 
the pelvis were determined by means of  a hydraulic tester. · Same of the test 
conf igurations and the corresponding force-deflection characterictics are 
shown in Fig. 3 .  In these test s ,  rigid contacting bodies · were used ; for the 
thorax this body approximated the outs{de geometry of  the dummy arm, where
as in the other tests a flat body was used . 

With this model ,  impacts between duminy and rigid and padded surfaces were 
s imulated. In case of  a contact with padded surfaces the shock absorbing 
material consists of two rectangular polyurethane blocks (2) .. Static and 
dynamic force deflection characteristics were determined with different types 
of rigid contacting bodie s .  Results achieved from the static test for the body 
with a shape similar to that of the duminy arm are included in Fig." 3 .  

The data set characterizing the e lastic properties of the e llipsoid-plane 
contacts are formulated on the bas is of  these measurements .  For the other less 
important contacts est imations are made . · In addition hysteresis and a small 
permanent deformation were as sumed . MADYMO offers the possibility to define 
viscous damping and friction forces in the contacts . With the exception of the 
APROD 80 ribcage these forces are taken zero in the simulation dealt with in 
this paper . 

plane connecled /lo fhorax 

ellipsoid cannected 1 
la /eff upper arm 1 

1 
1 

\rigid ar padded 
surface 

Part 572  dummy 

ellipsoid connected 
la /efl shaulder 

ellipsaids 
cannecled 
la arm 

APROD 80 dumrny 

Fig . 2  Simulation of arm-shoulder assembly. · . ·� . . .. ·---. 

Model o f  the APROD 80 dumrny - The APROD 80 dummy, developed by the Labora
tory of  Physiology · and Biomechanics Peugeot-Renault Association, is a modifi
cation of the Part 572  dummy (50 percentile male) with the aim of obtaining . 
a more realistic behaviour in lateral impacts (5 , 7 ) . Differences between the 
Part 572  dummy and the APROD 80 dunnny (version specified in reference (5)) 
are in the shoulder , the arm and the thoracic cage designs . 

The mathematical model of  the APROD 80 durrnny was obtained by some modifi
cations in the model of  the Part 572 dummy .  The flexible shoulder is s imulated 
by omitting the rigid shoulder element and· introduction of a non-linear spring 
(Fig .  2) . APROD 80 thorax and arm are sinwlated by adaptatibn of  the charac
teristics  of  the various e llipsoid-plane interactions . 
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Fig . 3  Static force-def lection characteris tics of various contact surface s .  

Numerical asäects - Nurnerical instabilities were observed in the first sim
ulations carrie out . The rnain cause of these instabilities was that the mo
ment s of inertia around the longitudinal axes of elender element s ,  like the 
arms and legs , are re latively small ( 1 0· to 1 00 times smaller than for both 
other principal axes of inertia) . Owing to thi s ,  the system matrix is ill  -
conditioned.  Since the rotations of the elender elements about their longi
tudinal axes are not considered to be important in the present simulations , 
higher values were specified for these quantities . As a consequence ,  a time 
step of  1 ms in the solution procedure of the differential equations resulted 
in a numerical stable solution. Time steps  of 0 . 5  ms and 2 ms were found not 
to influence the model result s ,  

RESULTS OF MATHEMATICAL SIMULATIONS AND COMPARISON WITH EXPERIMENTAL RESULTS 

With both model e  of the Part 572 dununy and the APROD 80 dummy calculations 
are carried out concerned with the s imulation of lateral drop teste and rigid 
wal l  e led teste . The results of the Part 572 dununy in 3 rigid wal l  sled teste 
and of the AP�D „�O _ _d�y in one drop teet on padding blocks· will be presented 
here with special emphasis on the comparison with experimental results . 

. . ' ' 

Simulat ions of the Part· 572 dumm in ri id wal l  s led teats - Melvin et al . 
(3) con ucte a ser es of r g wa s e teste w t t e art 572 dwmny . 
Three impact velocitie s ,  25 km/h (6 . 94 m/s) , 33 km/h (9 . 1 6 m/s) and 43 km/h 
( 1 1 . 94  rn/s) were used in these teste . The model formulated for the Part 572 
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dummy was used to reproduce these test s .  Gravitat ional forces and frict ional 
forces between dummy and seat are neglected in these simulations . 

The predicted occupant kinematics (projections on the (y , z ) - and (x,y)
plane) for the 25 km/h impact are shown in Fig.  4 and the resultant linear 
head , ehest and hip accelerations in Fig.  5 .  Fig .  6 shows a comparison of  the 
load between arm and thorax with that between arm-shoulder assembly and the 
rigid wal l .  lt can be seen that · owing to the low compliance of the shoulder 
only a small part of the rigid wall load is transmitted to the thorax . The 
major part of  this load is  transmitted by the shoulder e lement ; this causes 
the head almost directly to rotate toward the rigid blocks . In general , the 
predicted kinemat ics are in agreement with the observations of Melvin (3) . 

Table 1 

1 
1 

1 111--4-4"\ I '  
· - - ... 1 

- - _ 1  

� - - . 

time 0 ms time 1 0  ms time 20 ms 

1 1 
1 

,- - -
1 

time 30 ms 

Fig . 4  Model predictions of  the kinematics for a 25 km/h rigid wall 
s led test with a Part 572 duDmly . 

Maximum resultant linear head and ehest accelerations resulting 
from rigid wal l  s led test (3)  and model predictions 
Impact v.elocity Maximum linear accelerations 

m/s He ad (g) Chest (g) 
Model Exp . Model Exp . 

6 . 94 (low) 7 9  8 1  94 65 
9 .  1 6  (medium) 1 09 97- 1 1 7  1 50 1 44- 1 50 

1 1  • 94 (high) 1 40 1 7 7 1 57 1 87 

Table 1 sunnnarizes the resultant peak head and ehest accelerations of  model 
and experiments for three impact velocitie s .  It can be seen that for both low 
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Fig. 5 Mode l predietions for the head , ehest and pelvis aeeelerRtions 
for a 25 km/h rigid wall s led test with a Part 572 durnmy . 

and medium veloeities the head and ehest model prediet ions are rather realis
tie .  

For the high veloeity impaet the aeqelerations are slight ly under-estimated . 
lt should be noted that this type of impact is severe (identieal to a 7 m drop 
on a rigid surfaee) ; in eadaver tests ,  under s imilar conditions for most of 
the signifieant body regions AIS values of 5 or 6 are reported ( 3 ) . 

50 

25 

0 

r, kN 
, 1 
1 \ ' 1 
1 1 ' 
1 1 ---- time ms I , 

25 50 

Fig . 6 Comparison of the load between 
arm and thorax with that between 
arm-shoulder assembly and rigid 
wall .  

- - - - - = load on r�gid wal l 
= load on thorax ribcage . 

Simulations of  the APROD 80 dununi in a drop test on padding blocks - Four 
lateral drop tests were conducted with the APROD 80 duminy on padded surfaces 
eonsisting of 2 polyurethane b locks . These tests were carried out in our lab
oratory in 1 980 . Acceleration-time histories for the head, ehest and pelvis 
were recorded and also the impact force-time history on the padding block near 
the thorax . Deflections of  the dummy-ribcage were obtained from high speed 
movie s .  Fig . 7 shows the eorridors indicating the spread in test results for 
the most important measurements·· · in these experiments . 

The APROD 80 thorax used in these tests was provided with p istons having 
a stroke of  40 mm . . Static lateral force-deflect ion characteristics of _the 
thorax assembly were measured and used as input in· the mathematical mode1 of 
this dununy . The first model calculation showed that maximum piston strake was 
reached in about 20 ms in contrast to the experiments ,  where maximum stroke 
did not occur at all .  This difference between model and experiment is mo st 
likely explained by a combined effect of j amming of the piston rods (20) , of 
friction and damping forces between pistons and cyiinders and of inertial 
forces of pistons and ribs . These phenomena were partly taken into account by 
the introduction o f  viscous damping · forces for the arm - thorax contact� A 
viscous damping coefficient of 1 000 Ns/m was found to give realistic model 
results . 

The resulting linear head , ehest and pelvis accelerat ions and the load on 
the padding b lock near the thorax are presented in Fig . 7 together with the 
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experimental corridors .  lt can be seen that the model results are located in 
or close to  the experimental corridors . The kinematics predicted by the mathe
mat ical model are shown in Fig. 8 .  This figure shows that , as compared with 
the Part 572  dummy model (see Fig.  4 ) , larger shoulder deflections and smaller 
head rotations are predicted for the APROD 80 duminy, which is in agreement 
with experimental findings . 
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SENSITIVITY ANALYSIS 
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Fig.  7 Model predictions and experimental 
corridors for a 2 m drop test of 
the APROD 80 dummy on padding blocks . 

There are various reasons to conduct a sens itivity analysis with a mathe
matical model .  One obj ective is the evaluation of the influence of model para
meters for which estimates have to be made . Another obj ective is to analyse 
the inf luence of variat ions in experimental conditions . Owing to the complete 
reproduc ib ility of a mathematical mode l ,  the effect of such changes can be 
predicted accurately. This feature wil l  be illustrated in the following ex
ample : 

The e ffect of  the initial dummy orientation - A dummy may develop a small 
rotation during the free-fal l part of  a drop test.  Accurate evaluation of the 
effect of  these rotations by means of  experiment s is not possible since in such 
an experiment all the other test p arameters will also be slightly different . 

With the mathematical model of the Part 572  dummy two variations were car
ried out . In the first calculat ion the duminy is initially rotated by 1 0 °  about 
the A-P axis and in the second one by 1 0 °  about the S-I axis (see Fig. 9 ) . 
The referential s imulation is  a 2 m drop test with the dummy in the horizontal 
pos ition on two padding blocks . 

The resulting model predictions are summarized in Table 2 ,  which clearly 
shows the sensitivity of this initial orientation. 
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Fig.  8 Model predictions of the kinematics 
for a 2 m drop test on padding blocks 
with the APROD 80 dummy . 

Table 2 Effect of  initial orientation in a lateral drop test 1 ) 

Description 

Variat ion (see Fig . 9)  
Variation 2 (see �ig. 9)  

Change 
max . res . lin. 

head ehest pelvis 
(%) (%) (%) 

- 7 
+ 1 7  

+25 
+28. 

+ 5 
+23 

1 )  Reference : Part 572  dummy in padded impact . 

Change in 
max . padding load 

thorax pelvis 
(%) (%) 

- 7 
+ 1 1  

+ 9 
- 9 

ANALYSIS OF THE ROLE OF THE ARM-SHOULDER ASSEMBLY IN SIDE IMPACTS 
The behaviour of  the Part 572 dummy and the APROD 80 'duminy will be analysed 

here in more detail to obtain a better ins ight in the role of the arm-shoulder 
assembly . This analysis is based on four· mathematical simulat ions of lateral 
·drop tests from 2 m height : 
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Fig . 9 Variations of the initial orientation of the dummy in a lateral drop tes t .  

- impact o f  Part 572  with rigid b locks (this simulation i s  almost identical 
to a r igid wall s led test (v = 6 . 94 m/s)  presented before) 

- impact of Part 572 with the padding blocks 
- impact of APROD 80 with rigid b locks 
- impact o f  APROD 80 with the padding � locks (this simulation is presented 

before) . 
Fig . 1 0  shows for both dummies the impact load on the thorax ribcage and on 
the padding or rigid b locks . 

In the case of  the Part 572  dummy , when impacting the padding b locks , the 
peak load on the padding is  almost 5 times higher than the load transmitted 
to the thorax (Fig. 1 0  A) . A much larger deviation is predicted for the rigid 
impact (Fig .  1 0  B) . This behaviour can mainly be explained by the low compli
ance of  the shoulder structure , but also inertial effects of  the arm will 
contribute to  thi s .  
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Fig. 1 0  Comparison between forces an rib
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(simulation of 2 m drop tests with 
mathematical model) . 
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A complete different behaviour results from the simulations for the APROD 
80 dummy . Owing to the flexible shoulder in this dummy , the dif ferences 
between padding load and thorax ribcage load for impacts on padding blocks 
are found to be small and are mainly due to inertial effects of the arm
shoulder assembly (Fig. 1 0  C) . These inertial effects play a much stronger 
role in case of a rigid impact :  the peak load on the rigid surface is found 
to be more than 2 times the load on the thorax ribcage (Fig . 1 0  D) . 

DISCUSSIONS AND CONCLUSIONS 
In the preceeding sections a se lection was presented of  simulations con

ducted with the MADYMO 3D version. This selection varied from high velocity 
rigid wall s led tests to drop tests on padded surfaces .  These simulations were 
carried out for two dummy types (the Part 572 dummy and the APROD 80 dummy) . 
From the comparison with results of various experiment s it was concluded that 
the model predict ions for this type of test conditions are reliable .  lt should 
be noted in this respect ,  however , that the re sults for the simulations of the 
APROD 80 dummy could only be achieved after prescribing a rather high damping 
force for the thorax ribcage assembly . 

The mathematical analyses showed the important role of  the shoulder-arm as
semb ly . Owing to the great flexibility of the APROD 80 shoulder in comparison 
with the Part 572  dummy a smaller loading on the padding is found , which is 
corresponding to experimental findings . lt is also shown that for rigid impacts 
on the APROD 80 dummy , with the arm located between ribcage · and impacting sur
face,  the externally applied load is completely different from· that on the 
ribcage . This feature is mainly due to inertial effects of the arm and could 
also be expected for cadaver tests . Since . in the latter type of test the ex
ternally applied load is usually recorded , it is recommended that thorax load 
injury criteria are corrected for these inertial effects particularly in case 
of rigid impacts . 

Possible further applicat ions of  the model presented here , are : 
- Detailed analyses of  the influence of  small variations in experimental 

conditions . An example of such an applicat ion (the influence of the 
initial orientation in a drop test )  was given. 
Analysis of biomechanical tests ; for instance study to the influence of 
differences in anthropomorphic characteristics  of cadaver subj ects on in
j ury thresholds .  
Contribution to  the improvement of dummy des ign and vehicle paddings (Com
puter Aided Design) . One of the features of MADYMO is that extra elements 
simply can be added to the model . As a consequence relevant parts of a 
system can be simulated in more detail . In this way , for instance , the 
ribs can be represented as separate elements . 
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