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I n  the Federal Repub l i c  of Germany , 1 , 232 motorized two-wheel r i ders were 
ki l l ed i n  1 986 , 2 2 , 5 1 0  suffered major and 46 , 1 42 mi nor i njuries . The share of 
motorcyc l e  riders in the overal l number of traffic fata l i ties amounted to 
approx . 1 4  % .  Al l r iders of motori zed two-wheel ers are subject to the hel met 
wear i ng l aw .  Law observance i s  very good ( near ly  1 0 0  % ) .  

Further reduction i n  the acci dent consequences for two-wheel r iders requi res 
the improvement of the pass i ve acc i dent protection components on a permanent 
bas i s .  The he lmet as the most i mportant pas s i ve protect i on e l ement i s  subject 
to the requ i rements as  stated i n  ECE R 2 2 .  

The e nergy absorpti on effect of  he lmets i s  tested a t  a n  i mpact speed of 25 
km/h ( not i nc l uding  the secondary i mpact) . Based on the requ i red protect i on 
effect of the hel met ,  the poss i b i l i t ies of a mathematical  analys i s  of energy 
absorpt i on are descr i bed i n  th i s  contri buti on . By vary i ng the crash energy and 
he l met parameters such as she l l  thi ckness , dens i ty and th i ckness of padd i ng , 
the resu l tant poss i b i l i ties  of system optimization are pointed out.  

l t  i s  h oped that the resu l ts of  this  mathematical  study wi l l  make it  pos s i b l e  
t o  subst i tute a l oad defl ecti on test ( a  test e . g .  i n  the speed range from 1 5  
to 3 5  km/h )  for the punctual test ( test a t  a n  i mpact vel oci ty of 2 5  km/h ) .  
Th i s  cou l d  then become part of ECE R 2 2 .  

2 .  Mathematical model s 

The object i ve here i s  the formu l at i on of a mathematical model of an acc i dent 
i n  i ts ent i rety . For the t ime be i n g  only the hel met i s  cons idered , that is to 
say 1 eav i ng out the dynamics of the human body . Just the r i g i d  mass of the 
head i s  coup led  with a spr i n g ,  e . g . , the hel met.  To check and support the 
resu l ts ,  two i ndependent methods are used : ( 1 )  the transfer matr i x  method and 
( 2 )  the f i n i te e l ement method . 
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2 . 1  Transfer matri x  method 

2 . 1 . 1  He l met model 

A d i agram of the helmet model used i n  the transfer matrix method i s  
represented i n  F i g .  2 . 1 . 1 - 1 .  The model · i s  based o n  the fol l owi ng assumpti ons : 

- rotati onal symmetry of  the shel l 
- geometri c  l i nearity of  the shel l 
- description  of  the energy absorb i ng padd ing  only by i ts degree of freedom 

normal to the shel l .  

F i g .  2 . 1 . 1 - 1 : Static  hel met model 

The static helmet model i s  used to determ i ne the l oad defl ection curve for the 
d i spl acement i n  the d i recti on of force appl i cat ion . The separation of the 
shel l from the padding i s  taken i nto account . 

I f  the hel met model a s  shown i n  F i g .  2 . 1 . 1 - 1 i s  reversed l e tt i ng i t  crash  at  
the chosen impact ve l oc i ty ,  the 11dynamic response 11 wi l l  be obtai ned by the 
con s i derati on of a s i ngle degree of fr.eedom system . An a l ternate system to 
descr i be the impact i s  thus g i ven by a massl ess  spring , wh ich is the helmet,  
and  the r ig id  mass of  a head , i nc l uding  the i nfl uence of the body mas s .  The 
negl ect of the mass of the hel met i s  equ i va l ent to the a ssumpti on of 
co inc id ing  static and dynamic defl ection bend i ng curve 1 i nes . Th i s  
s i mpl i fication can be exp l a i ned by the l arge di fference i n  the mas s  o f  the 
helmet and that of .the head .  It has to b.e kept · i n  m i n d ,  however , . that only a 
part of the hel met mas s  i s  11dynamically effect i ve 11 , the genera l i zed mass . 
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2 . 1 . 2  Descript i on of · the shel l by means. of the t h i n  shel l theory 

The th in  s he l l theory on wh i ch th i s  chapter i s  based has been deri ved i n  
deta i l  i n  /2/ and /3/ . For a summary descr i pti o n , cf .  /8,  pp . 5 - 1 4/ .  The 
cons i derati ons bel ow apply to rotat ion -syrTJTietr i c  shel l s ,  but extens i on to any 
shel l form i s  pos s i bl e . To beg i n  w i th , . l et  us estab l i s h  a system of equations 
to describe a " r i ng e l ement 11 • A protecti ve hel met  can .  be discreti zed us ing  
several such r i ng e l ements ( c f .  F i g .  2 . 1 . 2 - 1 ) .  

R 
!cm) 

to 

' 
1 
' 
1 

1 1 ' 

r i n g  e l ement 

t 1 1 1 X 

� ·-'--·�.1.-. _i_ .  -2...,..0......__lcml 

F i g .  2 . 1 . 2 - 1 : Di scret i za t i on of  a protect i ve hel met by means of r i ng e l ements 

I f  the d i scret i zation  i s  f i ne enough , the he l me t  can be approximated by means 
of cone she l l  e l ements . I ts mer id ian  w i l l correspond to that of a standard 
helmet . 

A cone shel l e l ement can be descri bed by us i ng a matrix d i fferenti a l  
equat ion . The bas i c  e l ement of  the der i vation of  th i s  matrix di fferential  
equati on i s  the cons i deration of  the equ i l i br i um of  forces and moments at the 
i nf i n i tes imal  e l ement ( c f .  F i g .  2 . 1 . 2 -2 ) .  I n  part a of the Fi gure , the outer 
forces �s' p " and p

2
are represented as wel l  as the i nner force s .  Part b 

represents the outer moments ms and m )' as we 1 1  as the i nner moments . 
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.F i g .  2 . 1 . 2-2a 

F i g .  2 . 1 . 2 -2b 

/ 
I 

„ 

s 

F i gs .  2 . 1 . 2 -2a and 2 . 1 . 2-2b : Equ i l i brium at  the i nf i n i tesimal  e l ement 

The di spl acements i n  the d irecti on of the coord i nates s ,  't and z are denoted 
by u ,  v and w respect i ve l y .  Us ing the Fourier series approach , the dependence 
of these val ues ( wh i ch descr i be the behavior of the e l ement)  on the 
c i rcumferentia l  d i rection can be removed . Th i s  resu l ts  i n  an ordi nary 
nonhomogeneous matri x  d i fferential  equation of .the form 

:s g_ = A(s) g_ + !Js) 
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w i th an  e i ght by e i ght di ff�renti a l  matrix � ( s )  and the state vector 

The di fferential  matrix  is not s hown as i t  is beyond the scope of .th is  paper .  
The bedd i ng of the s hell  on  the  padding  is  i ntroduced as  deformation-dependent 
l oad ( product of sti ff.n�ss k and displ acement w) . Due to the devel opment of 
the Fourier series i n  the c i rcumferential  d i rection , the di fferential matrix 
represents a function of the · "Fourier wave numbers" ( c i rcumferential wave 
numbers m ) .  The val ues 

vary i n  the c i rcumferential  d i rection with cos (m y) and the val ues 

with s i n ( m'f') . 

The l i nearity of the di fferential  equation and the orthogona l i ty of the 
tri gonometric functions enable separate consideration of each i ndi vidual 
c i rcumfe renti al wave m and arrival  at the total so lut ion by sumni ng up the 
partial  solution s .  

The system o f  the di fferential  equations o f  a cone shel l e l ement i s  i ntegrated 
by means of the 1 R�nge - Kutta-Fehl berg method. The resul t i ng i ntegral or 
transfer matri ces U .  + describ ing  the transfer of a state vector by a cone 
she l l  e l ement are atranged as fol l ows i n  an overa l l  system of equations : 

U 2 • -I - 1 -

S 3 
-_I - 2  

U 4 -_I - 3 

n-1 
�n-2 -1 

U D  -J• - n-1 -

• 
� 1  

� 2 

�3 
= 1 

� n-1 
• � D  

The matri ces �� +1 a re in fact r i ng frame matrices , cf.  / 1 1 ,  p.  40/ , /9/ . I n  
the case of a hel met , these r i ng · frame · matrices "degenerate" i nto 
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transfo.rmation matrices • .  They . .  he l p  transform the coordi nates between . .  the 
l ocal systems of . coordi nates of . the . co'ne . shel l ·e1 ements • .  To save 
computat ion t ime , they a l so · ; ncl ude the paddi ng eff�.ct •. Beeause . of ·.th i s �  a 
change i n  the padd i ng stiffn�ss döes not requ i re renewed calculation of the 
transfer matri ces � The · i ntegratiön of the padd i ng sti ffn�ss i s  .. thus carri ed 
out Separate ly  and not by _the i ntegration o f ' . the  di fferehti.a l  matrix  • .  The· 
s i gn + imp l ies that the matrices and vectors i n  question are reduced by . the 
corresponding col umns arid components due to the i h troduction of boundary 
cond i tions .  Vector ·1 consi sts of the l oad vectors of the transfer matr ice s .  
I n  add i ti on , i t  a l so conta ins  11 pseudoforces 11 ( cf .  Chapter 2 . 1 .· 3 ) · descr i b i ng 
the dev iat ion of materi a l  behavior frpm l i near i ty .  The matri x  system i s  1 36 
by 1 36 i n  s ize .  The system of equati ohs describes  he lmet behavior for one 
c i rcumferenti a l  wave onl y .  The l oadi ng case i n  questi o n ,  e . g . , Fouri er ' s  
analysis  of l oad functi o n ,  determi nes the number of c i rcumferent i a l  waves 
to be taken i nto account .  

2 . 1 . 3 Numer i cal  approach to cons ider non l i near padd i ng beha vior 

F i g .  L . 1 . 3 - 1  shows the compres s i ve stress-stra i n  di agram for pol ystyrene in 
which dens i ty i s  used as  a paramete r ,  cf.  /4 , p .  1 03/ . Max i mum stra i ns are 
a�� ieved with i n  5 - 1 0  ms corresponding to a stra i n  vel oc i ty of 1 00 - 200 
s . Th i s  is comparab l e  to the time period . of 2 - 4 ms i n  which the force 
appl ied i n  a helmet test atta i ns i ts maximum. The curves descr ibe the 
materi a l  properties only i n  the direction of impact.  Towards the end of the 
range of l i near i ty ,  the polystyrene cel l s  begi n  to fracture . F i nal l y ,  when 
a l l  cel l s  have fractured , the materia l  "becomes a h i ndrance to i tsel f 11 • 
Caused by the structura l destruction , a sma l l er amount of compress i ve 
stress wi l l  resu l t  when l oadi ng i s  repeated . 
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F i g .  2 . 1 . 3 - 1 : Compress i ve stress-stra i n  diagram for pol ystyrene /4 , p .  1 03/ 
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The non l i near behav ior of the protecti ve padd i ng i s  taken i nto account by 
means of an i ncremental equ i l ibrium process . The externa l l oad i s  changed 
i n  i ncrements . The ca l cu l ation  wi th i n  i nd iv idual l oad i ncrements i s  carried 
out accordi ng to a l i near l aw .  I n  so doi ng , 11 ps eudoforces11 a re appl i ed i n  
an i terative process to accompl i s h a correction w i th respect to the mate­
ri a l  c ri teria ( cf .  Fi g .  2 . 1 . 3 . -2 ) .  

K•/JK - - -

K 

V 

F i g .  2 . 1 . 3 - 2 :  I terat ion by means  of pseudoforces 

V•dV 

Each i terati ve step starts at point ( v ,. X) . The he l met i s  subjected to the 
i ncremental l oad and the pseudoforce di stribution , respecti vel y ,  unt i l  
point ( v+ Av ,  K+AK) has been approximated . The whol e  procedure i s  repeated 
unt i l  the l oad defl ection . curve i s  determined poi n t  by point.  To ensure 
convergence , two measures have been provi ded i n· the computer program. 
F i rs t l y ,  fol l ow i ng the Broyden-Fletscher- Gol dfarb-Shanno method / 1 , p .  
539/ , the l i near l aw- i s  conti nous ly  adjusted , depertd i ng o n  the l ocation and 
as determined by the secant.  Second l y ,  and a l so for reasons of accel erating 
convergence , the A i tken cS2 -method i s  appl ied /6 , p. 275/ . The separation 
of the shel l from the padding  i s  taken i nto account .  

The padd i ng sti ffness k depends on the state of  deformation of  the hel met 
a nd i s  a functi on of the c i rcumferentia l  coordinate 'f . Constant k i n  
the d ifferentia l  matrix  of the cone shel l e l ement has to be substi tuted by 
a Fourier series . The product of two Four ier ser ies i s  transformed i nto a 
trigonometr i c  series by means  of the add i tion theorem 

2 cos (i'f) cos (j'f) = cos ( (i-j)'f) + cos ( (i+J)'f) 
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This  l eads to . the coupl ing  of  .the cf rcumferentia l  wave s .  An . i l l ustration of 
the co�p l i ng is  g i Veh by . the bas i c  dia�tam in Fi � . 2 . 1 ;3-3 • . 

1 J 

1 1 

1 1 

1 

1 

z = l -ces -res 

F i g .  2 . 1 . 3 - 3 :  Basic  d iagram of the coupl i ng o f  c i rcumferential  waves by 
means of the padd i ng (coupl i ng terms x )  

The coupl i ng changes a t  each point of equi l  ibrium o f  the l oad defl ecti on 
curve . Each computed state of he l met deformation i s  assoc iated with a 
corresponding di stribution of pseudoforces .  The Fourier coeff ic i ents of the 
di stributi on of pseudoforces are added at the next s tep of computat ion �es · Deta i l s are g i ven i n  / 1 0/ and /9/ . 

2 . 1 . 4 Res u l ts 

The determi nation of the l oad defl ection curves i n  respect of an  impact at  
the crown has  been carried out  in  / 1 2/ where the procedure is  thoroughly 
documented. The l oading case i s  i l l ustrated i n  F i g .  2 . 1 . 4� 1 . 
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F i g .  2 . 1 . 4 . - 1 : Computation  model for impacts at  the crown 

As a n  examp l e ,  a l oad defl ecti on cu rve for a g i ven l oad appl i ed to a st iff 
s he l l ( 6  nvn th i c k )  i s  represented i n  F i g .  2 . 1 .4-2 .  The l oad defl ection 
curve characteri stic  tends to become l i near when she l l s  are l ess thick . 

24 ..-���.........-���----.-�--
K 

/kNI 

0 0{)12 vlml 0,024 

F i g .  2 . 1 . 4-2 : Load deflection curve for a motorcycl e  he lmet 
( i mpact at the crown ) 

The curve representing the state when . the l oad has been removed can only be 
cal cu l ated after the comp letion of the current tests on polystyrene . Energy 
d iss ipatiön · i n  the case. of polycarbonate-pol ystyrene hel mets genera l l y  
amounts t o  70 % · . / 1 3 ,  p ;  28/ . .  From . . the förce equHi br i um at ·  maximum l oad ,  
wh ith  i s  a fö.nction of  the · ; mpact · energy '

· 
we obta i n  the maximum head 

a ccel erations , expressed as .the mul ti pl� of �he gravitational  accel eration 
of .a head mass o.f ß . 6  · k9 . · ( ECE .  R . 22/02., head . c i.rcumfetence .of 60 cm) and 
summari zed· i n  Fig .  2 . 1 . 4-3 . A · total of ·.27 helrnet  variants has .been studied 
With she l l  . th i cknesses of 2 ,  3 and . 4 mm; · padding . th icknesses of 25 , 3o� · and 
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35  mm; and . padd i ng den s i ties  of 32 , 60 ,. and . .  84 . kg/m3 • The stud i es resu lted 
i n  the fo ll o.wi hg ef fäcts : 

i ncrease i n  accel eration w i th an  i ncrease i n  the thi ckness of the shel l 
..,. i ncrease i n  accelerat i on w i th an i ncrease i n  the den s i ty of .the padd i ng 
- mi nor reduct i on i n  acce l erat i on w i th an i ncrease i n  the . thi c kness of the 

paddi n g .  · 

The shaded areas i ndi cate that . the potenti a l  energy i s  l ess than the 
k i neti c  energy. As a resu l t ,  the hel met  . i s  b1 ocked a nd head acce l erat ion 
moves towards l imit  oo • Based on th i s  · s tatic ca l c;u la t i oh there results  the 
poss i b i l i ty of :test i ng he l me ts us i ng the 300' g criterion requi red Linder ECE 
R 22/0 2 .  ,, Padd . 1n9 di „ ens ity �����"' "' "' (kg/1173) 
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F i g .  2 . 1 . 4-3 : Maxi mum head accelerati ons as the mu l t i pl e  of gravi tat i onal  
acce l eration resu l ti ng frpm impacts at . the crown in  the case of 
a head niass of s ·. 6  kg : ( pol ycarbonate-pölystyrene he l rnets ) 

204 



Provi ded suffi cient energy . �bsorption capacity i s  ensured , . the best . hel met 
variant out . of the pölyc�rbonate-pdlyStyrene comb i nation� proved to be one 
of . re l ati\�e ly  sma l l  she l l  th·i ckness , small · paddi ng den·s i ty arid , . at. l ow 
effect,  th ick  padd.i n g .  Tb i s  appl ies to a ·  h.e.l met of a shel l thfckness of 3 
mm, padd i ng dens i ty .of 3 2  kg/m� . and padd ing . th i ckness of. 3 5„ mm (accord i ng 
to ECE ·R 22/0"2. at 1 3 7 .2 Nm , cörresponding· to an  i mpact vel o t i ty · of 7 m/s ) .  

A l l hel mets stud ied show a s i 11Ji l ar rel ationsh i p  between head accel eration 
and energy s i nce the ca l c u l a t i ons wer.e . based on only one type of he l met 
s tructure . In F i g .  2 . 1 . 4-4 ; a compari son of thi s functional  relBtions h i p  i s  
shown for the ca l cu l ated best he l met and the hel met rated 11 i d�a·l 11 i n  a: 
cons iderat i on of phys i ca l  1 i ni its . 

250 head accel eration ( g )  ( crown )
---.-___,,...-__, 

* best test hel met 
* *  

• 
cal cul ated best hel met 200 

i dea l helmet 

O -'------+---+---+---+--t---+---+--� 
0 eo 120 160 

impact energy ( Joul e )  

F i g .  2 . 1 . 4-4 : Max imum head acce l erati on as a function of impact energy 

Both functions are based on an i nert mass of 5 . 6  kg . For the ideal he l met,  
a deformation path of 30 mm at  1 37 . 2  Nm has  been assumed . At maxi mum energy 
( 1 60 Nm at 7 .6  m/s ) ,  the resu. l t i ng deformation o:f the shel l and padd i ng i s 
3 5  mm. At the energy of 1 3 7 . 2  Nm, the· curves d i ffer by about 1 0 3  g wh ich  i s  
l arge enough to be taken a s  a� · i nd ication of · the l i kely  success of further 
deve l opment efforts . The d iagram ·a 1 sn incl udes the hel met wh ich  came off 
best i n  a test series . ·  · 

Due to the l ac k  of data on h e l met structure and mass of . test headform , the 
compari son of test and · cal culation resul ts is ·  d i ff.i �u l t  and po·ss ibl e  i n  
certa i n  areas on l y .  Test  äcc·e l erati ons ·rang i ng· from 20·9_ g t o  ·278 �t�ave to 
be compared with .resui ts · of ca l cul ati ons . .  ran g i ng' . from. 1 87 · 9 to 275 g 
( rounded' off),. 
**' 

11Motorrad 11 , 1 1 / 1 987 , pp.  1 1 0- 1 36 
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W i th respect to . the c a l cu l �tion resu l t s ,  . i t  has to be poi nted out . that . the 
e ff�.cts ·not cons idered-:-cantact . prqblerir .wi.th . .th� l evehsurfa.ced· . r ig id  wa l l  
i n .  impacts ( accord·i ng to ECE) ', _ th.ree .. di.lnens.i.ona l properties of . . the paddi ng,  
ax i ..:sy1T1Tietrical  devi.ati.on · ·and geömetr i t  non. 1 i nearity. of .the . . sh� ll '."'-ei ther 
prov�d · to be öf �i no� importahce if �ons idered . separately or tö a� . l east i n  
part "compensate · fo.r one another •.. The . · ·cömputation program can take · the 
contact probl em .i n to account .  It · has . . beeh . neglected here because the 
rel at i vely rough . di scretiz·ation ·of . the helmet  .did  not enabl e a · ti ght 
overa l l  fit of the hel me t  structure . · · · 

To check the hel mets i n  the parameter study with respect to the. 1 50 g 
cr iterion of ECE R 22/0 2 ,  di �pl acement , vel o c i ty and a cceleration were 
calcul ated as functions of ti"me , c f .  /8 ,  pp .  233.f·. / .  Regardi ng the curves 
resu l t i ng when the l öading i s  removed ( hysteres i s ) ,  a ssumptions whi c h  
accord i ng t o  the ECE are fa ir ly  safe were necessary �  Al l he lmets satisfying  
the "static  requ i rement11 under · the ECE regul ation  are a l so meeti ng the 
"dynamic requi rement " . None of the hel mets exceeded 1 50 g for l anger than 4 
to 4 . 5  ms . 

2 . 2 .  F i n i te el ement resu l ts 

The f i n i te e l ement cal cul at ions  were carri ed out by means of the ABAQUS 
progralTITI /5/.  A tota l of three fi n i te e l ement networks are a va i l abl e ,  
corresponding to the impact poi nts as spec if ied under ECE R 22/02 ( F i g .  
2 . 2- 1  to 2 . 2-3 ) .  

impact point  P 

Fi g .  2 . 2 . - 1 : F i n i te .e lement network for impacts at the crown 
( impact poi nt P accord i ng to ECE) 
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F i g .  2 . 2-2a : Hel met shel l a l one 

F i g .  2 . 2 -2b : Protect i ve padd i ng a l one 

F i g .  2 . 2-2a and 2 . 2-2b : F i n i te e l ement network for l ateral impact 
( impact po int X according to ECE)  
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F i g .  2 . 2-3 : F i n i te el ement network for impacts at the forehead 
( i mpact po int B accordi n g  to ECE)  

The shel l con s i sts of  shel l el ements and the paddi ng of  vol ume el ements . 
The paddi ng was model ed only i ns i de the impact a rea ( proj ect i on area ) 
enabl i ng the s i mu l at i on of the separation of  the she l l  from the padding i n  
other areas . Accord i ng to / 7 ,  p .  9/ 2 / ,  p l astic  deformation takes p l ace 
w ith i n  a n  area of 80 - 1 00 mm di ameter . The symmetrical properties of 
i mpacts at the crown and forehead permit  l im i t i ng the cal cul ations  of these 
l oading cases to ha l f  a helmet . 

The l oad deflection curves presented i n  t h i s  Chapter have been determined 
by means  of a static calcu l at i on which  i tsel f was based on "dynamic 
mater ia l  constants " .  A compari son with the test resu l ts i s  shown in  F i g .  
2 . 2-4 .  The curve s  are typ ical  for i ndentati ons caused when crashing  i nto a 
l evel -surfaced r i g i d  wal l .  Al l curves are based oh a padd i ng den s i ty of 32 
kg/m3 • The measured · curve appl ies to the . i mpact at the crown and descri bes 
only the beha v i or of the padd i ng . I ts thickness is 23 mm. The cal cul ated 
curves apply to the impact at the forehead and are based on the assumpt i on 
of i sotropic paddi ng behavior .  Owi ng to the rel ati ven y  sma l l  projecti on 
a rea , the eff��t of  the i sotrop i c  nature of . the paddi ng--sti l l  not 
confi rmed by materia l  tests -- in  i mpacts at the forehead has been m in imal . 
Two vari ants o f  boundary condi t i ons were i ntroduced to take the s l i pp i ng of  
the paddi ng on the  · h a i r  in  certa i n  pl aces i nto account .  A cal cul ation 
th ickness  of  padd i ng and she l l  of 30 mm and 4 mm , respecti ve ly ,  was used . 
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Test /4 , p .  1 04/ 
(padd ing  o n l y )  

F i n i te el ement ca l cu l ation  � a 
( no sl i pp i ng )  

F i n i te el ement cal cul ation � b 
( l imi ted sl ipp ing )  

F i g .  2 . L-4 : Test  versus cal cul at ion ( l eve l -surfaced r ig id  wal l )  

The contour of a deformed hel met i s  shown i n  F i g s .  2 . 2 -5a and 2 . 2-5b . For 
the l oad deflect i on curve of boundary cond i ti on b ,  the time to atta i n  
max imum head acce l erat i on accord i ng the ECE dropp ing  test i s  5 ms . I t  has 
been determined by ca l cu l at i ng a s i ng l e  degree of freedom system . 

The l oad deflection curve as a function of shel l th i ckness , padd ing  den s i ty 
a nd th i ckness i n  a case of  l atera l l oading i s  represented i n  F i g .  2 . 2 -6 . 
Here the same trends are observed as i n  the transfer matr i x  cal cu lations . 
Force has been app l ied by means of el ement l oads . 

A d i rect compari son of measurement and cal cu lat ion for an  impact at the 
c rown i s  g i ven by F i g .  2 . 2- 7 .  The measurement poi nts are ta ken out of / 1 3 ;  
Be i l age 1 7 ,  B i l d  2 1 ,  Hel m  B/ . The boundary condi ti ons  of measurement and 
cal cu lat ion are : 

Shel l thickness 

Paddi ng th i ckness 

Padd ing dens i ty 

Measurement 

3 , 9  - 4 , 2  mm 

28 mm 

57  kg 
iTi3 
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Ca l cu 1 a t i on 

4 mm 

30 mm 

60 kg 
w 
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padd i ng den s i ty ,  kg/m3 r;:::,._ shel l th ickness , mm 1 lr-- padd ing  thickne s s ,  mm 
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F i g .  2 . 2-6 : Load deflec t i on curve as a function of  shel l thickness , padd i ng 
den s i ty and th i ck ness ( s i de i mpact,  f i n i te el ements) 

• 

. -­
---

mea surement 
cal cul at ion 

0>-1------t------+------+------+-----+------i 
0 50 100 150 200 250 300 

Energy (Joule) 

F i g .  2 . 2- 7 :  Compar i son o f  ineasurement and ca l cul at ion for a n  i mract at 
the c rown 
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3 .  Pöss.i b l �  app l i ta t i on of · t�s�arch . . fihdibgs 

Based on prev.ious. researc h ,  it . i s  poss i b l e. to . undertake . re l a t i yel y .  quick  
advalice cal cul at ions · of . the . „ proper.ties .of . any "protect i ve . · hel me.t". . The 
deve lopment .  öf . an . i mpr.oved · protec.t i.ve : · :�elmet · based on .measurements änd 
calcul ati ons would . be· advaritageous. not . onl y " _fo.r reasons of .tösts. but a l so 
because of  �he pas� i b i l i ty of

.
checki ng and . supporti n g . the resu l ts .  

The program system deve l oped can a l so take orthotrop i c  shel l s  i nto accou n t .  
Apart from the quas i i sotrop i c  pl astic  and gl ass-fiber  rei nforced p l a s t i c  
helmets , helmets w i t h  var i ous orthogona l  properties  can be ca l cul ated a s  
wel 1 .  The padd i ng materia l  i s  n o t  subject to any spec i a l  cr iteri a .  The 
parameter study by means of transfer matr i ce s  can al so be u ndertaken by u s i ng 
a PC program vers i on devel oped at  the same time . 

The calcul ations demonstrate that max imum head accel erat i on i s  greatl y  a 
funct i on of  impact energy , a fact not suffi c iently taken i nto account i n  ECE 
R 22/0 2 .  What shou l d  be a i med for is  a padd i ng wi th idea l l y  p l astic  behavi or 
whi ch combi ned with  a ri gi d s hel l wi l l  ensu re constancy of accel erati on over 
a wi de range of  energy . The use of materi a l  w ith  honeycomb structure between 
shel l and comfort-padd i ng may be a step ön t.h i s  ·di recti on . .  I n  contrast to ex­
panded pl asti cs , th i s  might produce a favorabl e  degres s ive  behav i o r  i n  the 
range of l a rge deformati ons . Even the comb i nat i on of a ri g id  shel l with the 
pol ystyrene materi a l  used o n  t h e  bui l di ng sector resu lts  i n  noti ceab l e  math­
ematical  reductions i n  head accel erati o n .  
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