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ABSTRACT 

This presentation depicts a two-dimens ional mathematical mode l 
for s imulation of perpendicular side collisions . 
By means of this model the influence of structural rigidities 
on c ar-car collis ions and on car-obstacle collisions is 
investigate d .  Traj ectories of the occupants , accelerations and 
load values of the occupants are graphically represented as 
functions of front and lateral rigidity . 

INTRODUCTION 

Lateral collis ions make up approximately 3 0 %  of the total 
number of traffic accidents , 7 0 %  of which consi s t  of car-car 
collisions and 3 0 %  of which are car-rigid obstacle collisions [ 1 ) ,*  
The occupants in the car struck lateral ly are thereby considerab ly 
more endangered than the occupants in the striking car . 
For example , according to [ 1 ) ,  lateral collisions result in 
inj ury severities � AI S 3  twice as great as do frontal collisions . 
The lateral collision in the compartment area is the most 
dangerous by reason that the forward structure of modern cars is 
substantial ly harder than the lateral structure ; the greatest 
component of the irnpulse energy , therefore , must be absorbed by 
the lateral structure . The avai l able deformation path of the 
forward structure i s ,  therefore , barely uti l i z e d .  
According to [ 2 ) , the lateral rigidity without the reinforcing 
influence of _ the door s i l l ,  which is rarely utilized for energy 
absorption in car-car collisions , amounts to only approximate ly 
one third to one half of the forward structure rigidity . The 
rigidity of the total structure sill-door-roof is about equal 
to that of the forward are a .  
The following contribution wil l  examine , by means o f  a 
mathematical mode l for the simulation of perpendicular lateral 
impact , how changes in the structure rigidities influence the 
load values of the occupants upon car-car collisions and 
car- rigid obstacle colli s ions . 

* Numbers in parenthesis  designate References at end of paper 
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THE MATHEMATICAL MODEL 

Fig . 1 shows the substituted mechanical system used for the 
following investigations . lt  is a two-dimensional seven-mass 
model with a total of 1 0  degrees of freedom. 
Only the calculation of the perpendicular lateral impact is 
.possible . 
The car-car collision , the barrier impact ( c 1 -..00)  and the impact 
on a rigid obstacle ( C 1 , m 1 --00 ) can thereby be simulate d .  

Fig. 1 

m 1 m2 
m3 ID4-ID7 
C 1 ' D 1 
c2 C3 , D3 C 4 , C5 c6 

mathematical model 

mass of the striking c ar - 1 degree of f reedom 
mass of the lateral structure of th·e struck car -
1 degree of freedom ( intrusion) 
mass of the struck car - 2 degrees of freedom 
model of car occupant ,  4 mass quantities ( pe lvis , trunk , 
neck , head) , 3 swive l j oints - 6 degrees of freedom 
characteristics of the forward structure of the striking 
car 
door rigidity 
characteristics of the lateral structure of the struck car 
characteristics of side and seat padding 
tire characteristic at the left contact point 

CAR-CAR COLLISION 

With the cars currently found in traffic , the ratio of lateral 
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structure rigidity to forward structure rigidity is approximately 
1 to 2 ,  i . e . ,  the intrusion in the side is usually substantially 
greater than the deformation of the forward s tructure . 
In the following , upon assumption of linear path of force 
characterictics in the car s tructures ,  investigation is rnade how 
a change of the rigidity ratio c3;c 1 affects the load values of 
.the occupants of both cars . 
A criterion for the load on an occupant in the s triking car is 
thereby the acceleration of rn1 . This is valid with assumption 
of the use of an optimal securing system ( 3-point autornatic 
safety belt )  at initial approach . This corre lation , of course , 
exists only so long as the principle of the structurally stable 
occupant cell  as survival space is rnaintaine d .  
The load on the occupant i n  the struck car i s  deterrnined by the 
Severity-Index ( S I ) and the Head-Inj ury-Criterion ( H IC ) . 
Figs . 2 a  and 2b show in three-dimensional presentation the 
dependence of the load on the occupant of the struck car 
( S I ( chest ) ) ,  and of the load on the occupant of the s triking 
car ( a ( rn1 ) )  on forward and lateral rigidity . 
The coll 1 sion speed for all  curves is 1 3 . 8 9rn/sec and the mass 
ratio is 1 .  The actual condition shown in the diagrams is 

c3 ( s tandard ) /C 1 ( standard ) = 1 /2 
Figs . 2 a , b  show that a reduction of the forward s tructure rigidity 
c 1 has basically positive results for the load values on 
occupants of both cars . 
With rnaintenance of the principle of the inherently stable 
occupant ce l l ,  a reduction of C is possible only by a 
corresponding increase of the dJformation zone of the forward 
structure . 
The reduction of the occupant load in the struck car is 
substantially greater than the reduction of the occupant load in 
the striking car . The reason is the unfavourable s ituation of the 
actual condition and the dependence of the impact speed of the 
occupant in the struck car on the structural rigidities ( see 
below)  . 
Since the principle of the structurally stable occupant ce ll  for 
the struck car is not maintained for the actual condition of 
the lateral collis ion , a change in lateral rigidity differently 
affects the occupants of both cars . 
The risk of inj ury increases for the occupant of the striking 
car . Doubling c 3 with respect to the actual condition increases 
the rnaximum acceleration of the striking car and , thus , the load 
on an occupant ,  by approximately 2 5 % .  
In contras t ,  the load on an occupant in the struck car is reduced 
conside rably with increased lateral rigidity . Doubling of C 
with respect to the actual condition reduces SI ( ches t )  by 1 00 % .  
I f  a certain " optima l "  lateral rigidity is exceede d ,  howeve r ,  
the occupant load increases again . 
The path of the curve may be explained as follows : 

'<" / 2 •.. �J . 
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2 

1 car - car - collision 

1 : car- obstacle - collislon 
1 

3 4 5 6 7 

( vcolt = 13, 89 l 

( vcoll = 6,95 l 

8 g 10 

'1 · 00 

c1 • t.o�� c, . c c  ) 
c1 • •  �c,ctt.l 

[-] 
relative si d-e -stiff ness S'C1(standard ) 

o c c unan t-imua c t - sD e e d  v e rsus relative 
s i d e - s ti f f n e s s  for c a r - c ar - c o l l i si on 
and car- fi x e d  o b s t ac l e - c o l l i si on 

An alteration of the lateral structure rigidity ( and also of 
the forward rigidity ) strongly affects , near actual conditions , 
the interior impact velocity of the occupant against the lateral 
cushioning . F i g .  3 shows the interior impact spee d ,  which 
results from the addition of intrusion speed of the side and 
change of speed of the struck car ,  in dependence on c 3 . 
In the case of a soft lateral structure , the occupant is struck 
in his original sitting position with nearly collision speed by 
the intruding structure . This high interior impact speed 
naturally leads to high occupant load values . 
The impact speed decreases rapidly with increasing lateral 
rigidity and asymptotically approaches the speed of the struck 
car at the time of the interior impact .  The load reduction 
on the occupant of the struck car is also directly based on the 
great reduction of the interior impact speed . 
The increase upon exceeding of a certain value of c 3 is limited 
by the construction of the mathematical mode l :  
An increase o f  c 3 has the same e f  fect on the momentum exchange 
between occupant and side mass m2 as a direct increase of m2 . 
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As c 3.-00, m2 and m3 approach each other ;  the mass ratio at 
interior impact is , there fore , substantially more unfavorable 
for the occupant than at a small  value of c3 . 
Since reinforcement of the side i s  possible only through an 
increase of the side mas s ,  this negative e f fect may we ll be 
transferred into actual e ffect . 
. The indirect mass increase of m2 results in the increase of load 
values on an occupant in the struck car upon exceeding of the 
optimal lateral rigidity . Beforehand , the substantial  reduction 
of the interior impact speed prevails . 
Table 1 again shows the percentual change relative to the actual 
condi tion of the load values on the occupants of both vehicles , 
in dependence on the structural rigidities , and once again 
emphasizes the unfavorable situation of the actual condition 
for the occupant of the s truck car.  

striking- car 
C1 a( m1) 
C1( standard a( m1) standard 

o , 5  8 9 , 2  % 
o , 75 96 , 1 % 
1 ' 0  l oo , o  % 
1 ' 25 1 o2 , 4  % 
1 ' 5  1 o4 , 1  % 

C3 C1( standard 
o , 5  1 00 , 0  % 
o , 7 5  1 ' 4 '  0 % 
1 ' 0  1 23 , 7  of 

2 , o  1 42 , 3  o;,; 
8 , o  1 6 1  ' 5  % 
00 1 65 , 3  % 

--

s truck-car 
S 1 (ehest) 
S l(chest) t d d s an ar 

4 1  ' 8  % 
6 9 ,  ' ) % 

l oo , o  % 
1 4 o , 2  % 1 
1 9o , 1 % 

l oo , o  % 
64 , 7  % 
47 , 8  o;,; 
26 , 5  o,& 
3 9 , o  00 J 6 9 '  1 % 

H I C  
H I C  standard 

3 "'l , o  % 
64 , 4  % 

1 00 ' 0  % 
1 76 , o  % 
2 9 1  ' 1  % 

1 oo ., 0  % 
62 , 3  % 
43 , 8  % 
23 , 3  % 
4 1  ' 8  % 
65 , 8  % 

r 

j 

act u al 
condit i o n  

Table 1 relative load values on the occupants of both 
vehicles , in dependence on the structural rigidities 



Fig . 4 shows the occupant ' s  motion sequence with soft lateral 
structure - 4a- and with hard lateral structure - 4b- . The 
coordinate system lies here in the right tire contact point of 
the struck car . The diff.erent motion sequences c learly 
demonstrate the inf luence of the reinforcement of the side on the 
occupant ' s  motion sequence and , furthermore , point out the 
f ollowing problem: ·with a hard s ide , the <langer of a head impact onto the side 
window i s  considerably greater than with a soft side , with which 
the occupant is pushed away from the side window by the 
intruding structure . 
F i g .  6 a  shows the acceleration processes of the occupant ' s  
bodi ly parts belonging to the motion sequences . 
Since the distance of the occupant to the s ide padding is 
reduced more s lowly with a hard side s tructure than with a soft 
structure , the acceleration increase occurs transposed in time . 
This effect has already been experimentally demonstrated in [ 3 ]  
as we ll . With a hard side , the acce leration peaks decrease at 
impact on the interior padding ; however , because of the increased 
<langer of head impact onto the s ide window , there is an increased 
risk of head inj uries . 
At head impact , considerable angular acce leration occurs , and the 
acceleration peaks quickly exceed the permissible maximum values . 
Since , upon side collisions , the head is the most endangered 
part of the body in any c ase , this e ffect must be considered 
when optimiz ing the lateral structure . 

CAR-FIXED OBSTACLE-COLLISI ON 

Upon impact onto a rigid obstacle , the entire kinetic energy 
of the collision must be absorbed by the lateral structure , 
in contrast to a car-car collision . 
Although the intrusion is reduced by reinforcem�nt , the maximum 
car deceleration is increased inversely proportional ly to the 
intrusion (with linear characteristic ) . 

amax (m3 ) 

a*  (m  ) max 3 

Intrusion* 
= 

Intrusion 

Fig . 7 shows for the side collision with a rigid obstac le the 
dependence of the occupant load values on the lateral rigidity c3 . 
The marked decrease of the load values with increasing lateral 
rigidity upon car-car collisions is not observed here . 
The values remain nearly constant up to a certain value of 
lateral rigidity , and then increase strongly and progressively 
thereafte r .  
The difference results from the fact that the interior impact 
speed i s  reduced only slightly (Fig .  3 ,  dotted line ) upon an 
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increasing lateral rigidity . The negative inf luence of the 
indirect mass  increase is therefore predominant f rom the 
beginning . Furthermore , it  occurs more markedly than with a 
car-car collision , since. the side mass m2 supports i tse lf via the 
door rigidity c2 against an infinite ly large mass with a rigid 
characteristic . 

"U ... 

�/o] 
200 

c "U § 150 . 
-
VI -

_„ "U Vl ... OJ c 
..c. "U � § 100 
(/) ..... - ..!a. 
-:;:::; u II) -Cl> :c 
.L:. -� u  SO - -
(/) :c 

actual condi tion 

0 --�--�---�-+��1--�+-�--�--�-+��1--�--�------
0 

Fig. 7 

2 3 4 5 6 7 8 9 10  [- ] 
r elative s ide -stiffness CJ"C3 (standard_ )  

car- fixed obstacle-collision 
re lative Severity- Index and rel ative Head-Inj ury
- Criterion versus re lative side-stiffness 

Fig . 5 shows the occupant ' s  motion sequence upon impact against 
a rigid obs tac le , with a soft and with a hard lateral structure ; 
and F i g .  6b shows the respective acceleration process of the 
occupant ' s  bodily parts . 
One recognizes tha t ,  in contrast to car-car coll i s ions , the peak 
values of the occupant ' s  acce lerations upon interior impact are 
increased , and that the danger of head impact onto the side 



window increases for the same reasons as with car-car collisions 
with increasing lateral rigidity . 
SUMMARY 
The calculations for a perpendicular side collision with linear 
structural characteristics has shown that changes in structure 
.rigidities affect the occupant of the struck car much more 
markedly than the occupant of the striking car because of the 
unfavorable situation of the actual condition . 
The demand f or an enlargement and sof tening of the f orward 
structure with a positive effect on the occupants of both cars 
is trivial and unrealisti c ,  since modern structures already 
represent almost the optimum in this respect . 
The goal of coordinating the forward and lateral s tructures must 
be displacement of the energy absorption into the forward 
structure , thereby reducing the lateral intrusion .  Through 
reduction of intrusion , the interior impact spee d ,  and , therefore , 
the occupant load , is reduce d .  Only a sma l l ,  constructively 
possible improvement of the lateral rigidity - for exarnple by 
integration of the door s i l l  into the deformation structure -
reduces the occupant load in the struck car cons iderably . 
The load on the occupant in the striking car increases only 
insigni ficantly with uti l i z ation of an optimal safety belt system . 
A worsening of the conditions at lateral impact on a rigid 
obstacle is thereby not to be expected , since an increase of the 
occupant load values occurs only at extremely high lateral 
rigidity . 
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