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TWO-WHE E LED V E ! I I CL E S , COMB I N I N G  S A T I SFACTORY HEAD PROTE CT I ON 

WITH CHARACTER I S T I C S  OF ACCE PTABLE D E S I GN ANO W E A RE R ' S  COMFORT . 

F .  Chamouard , G .  W a l f i s c h ,  A .  Fayon , C .  Tarriere , 
Peugeot-Renau l t  Laboratory o f  Phys i o l ogy and B i omechan i cs , 
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Analy s i s  o f  automob i l e  ac c i dent stat i s t i cs ( l ) *  shows that highway 
acci dents i nvo l v i ng cyc l i sts account for a not i ncons i derable proport i o n  
of the casual t i es both i nj ured and k i l l e d  - among two-wheel ed-veh i c l e  
users ( approxi mately 4 , 000 fatal casua l t i es i n  1976 i n  the Common Market Coun­
tr i es ) , and that the i r  heads are a body sector that is frequently and 
severely i n j ured , wi th the ground b e i ng the obstac l e  that is struck wi th 
the greatest frequency . I n  addi t i on , barr i ng excep t i ons , there is no formal 
impact attenua t i ng requi rement for the prote c t i v e  equipment des igned for 
cyc l i s t  head protect ion . 

Moreover , e x i s ting cyc l i s t ' s  helmets are often o f  poor qual i ty w i th 
regard to impact attenuat ion ( absence or insuff i c i ency of shock-absorbe n t  
material ) .  F o r  these reasons , a n d  o n  the bas i s  o f  known data con c e r n i ng 
the human head ' s  impact tolerance the Peugeot-Renaul t  Laboratory o f  
Phys iology and B i omechani c b  undertook to des ign a n d  produce . a prototype 
helmet for cyc l i s ts that wou l d  be sui tably adapted to the head ' s impact 
tolerance and that wou l d  also embody features o f  comfort and s ty l e .  I n  
fac t ,  i t i s  unacceptah l e  for a b i cy c l i s t  to use a motorcy c l i s t '  s helmet 
for reasons hav i ng to do both w i  th weight and w i  th prob lems l i nked to h i s  
cons i de rable amount of· sweat ing . 

PROTOTYPE l ! E LMET FOR CYCL ISTS . 

Our tak i ng i n to cons i de r a t i on of the two above-men t ioned prerequ i s i  tes 
comb i ned w i th the requ i rements of s ty l e , led us to devise the bas i c  s o l u t i on s  
adopted for the prototype cyc l i s t  helmet shown i n  F i gure 1 .  T h i s  helmet 
cons ists bas i c a l l y of an outer she l l  shaped via the thermoforming o f  a 
sheet of thin , l i ghtwe ight � n t P. r i a l  selectP.d for i t s  shock-absorbent capa c i ty 
when i n  i ts de f i n i tive for� . 

Shock absorp t ion was achi eved through the buck l i ng of the vert i c a l  
pane l s  o f  the sheet in its final form . Vent i l ation o f  the head was achi eved 
by hav i ng a i r  c i rcula te through the spaces that d i v i de the var i ous " s tu d  
points" i n  contac t  w i th the head . 

e x i s t ing acc i dentolog i c a l  data concern i ng the 
obstacles impacted by c y c l i s ts ' heads ( frequen t l y  

a s i dewa l k )  was also taken i n to cons i derati on 
o f  the sections o f  the prototype helmet i n  

The sma l l  amount o f  
forms of the sundry types o f  
the ground , o r  the edge o f  
for defin ing the d i mens i ons 
i ts var i ous p l anes . 

( * )  Numbers between parentheses des ignate r e ferences at the end o f  the 
paper . 
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1 e0 



the 

CHO ICE OF MATE R IALS . 

For reasons 
helrnet dur ing 

o f  cos t ,  the 
the research 

rnanufacturing process 
and deve l oprnent phase 

used 
was 

for produc ing 
thermoforrn i n g .  

The materials selected for craft i ng t h e  helmet were hence chosen 
on the bas i s  of their sui tab i l i  ty for assurning the des ired shape via this 
manufacturing process . Four mater ials were ccns i dere d ,  as fo l � ows : 

- low-dens i ty polyethy l ene , 
- polycarbonate , 
- ter-ethylex , 
- irnpact A . B . S .  ( acrylon i tr i l e  butadi ene s tyrene ) .  

EVALUATION OF PROTECTION AFFORDED BY PROTOTYPE CYCLIST HELMETS . 

DYNAMIC TESTS . 

for each material s e l e c t e d ,  we d i d  a 
preselec t i on o f  he lrnets airned at defi­
n i ng the i r  thickness , by rneans o f  s ta­
t i c  cornpre s s i on tests , as shown i n  the 
bas i c  di agram oppos i t e . The thicknesses 
chosen for each mater ial are shown i n  
Tab l e  1 .  

A draft norrn issued b y  the Federat i on Franc;aise de Cycl isme spec i fi e s  
the principal requ i rements t o  b e  m e t  for protec t i ve helrnets usab l e  i n  
b i c y c l e  rac i n g ,  as w e l l  a s  the tests designed for chec k i ng cornp l i ance 
w i th these requirements . 

W i th regard to shock absorbency , this draft norm recogn i zes that 
. a helrnet has " suffi c i en t "  shock-absorbent e ff e c t i veness i f  the resul tant 

acceleration measured at the center of gravi ty o f  a dummy head released 
i n  a free fall from a he ight o f  0 . 9  meter ( impact ve l o c i ty 4 . 2  m/s ) o n to 
a flat , r i g i d  surface does not exceed 150 g during 5 ms cumulate d ,  w i  thout 
ever exceeding 300 g at rnaximum peak . Wi thout i s s u i ng a j u dgment on the 
above cri ter i a , we deemed them to be a m i n i mum that should n e c essari ly 
be comp l i ed w i th .  

was 
the 
or , 
m/s . 

TEST METHOD . 

A 5 . 6-k i l ogram head model ( s i ze 60 ) f i t te d  w i th a prototype helmet 
dropped in a free fall  onto an anv i l . Depending on i n d i v i dual tests 
helmet was irnpacted e i ther on the front part or on the s i de part , 
aga i n , on the area o f  o c c i p i tal protec t i on ; irnpact v e l o c i ty was 4 . 5  
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Measurement was taken 
of grav i ty of the head , 
used was i n  conform i ty 

of the t r i d i r e c t ional accel erations at the center 
and o f  the forces app l i e d  to the anv i l . The device 
w i th regu l a t ion 2 2 . 02 governi ng dummy-head fal l s .  

REMARKS . 

I n  these tests , the helmet deadw e ight was relative ly low , and the 
forces transmi tted to the head could be cons i dered as b e i ng c l osely s i m i lar 
to those measured a t  the l e v e l  of the anv i l .  

We chose to test the helmets against a flat , r ig i d  surface , s i nc e  
this type of obstac l e  seems t o  b e  a good s imulation o f  the ones that are 
frequently struck by the heads of two-whee l ed-veh i c l e  r i ders i n  h ighway 
acc i dents , wh i l e  at the same t i me s i mulating a maximum r i g i d i ty among 
the rigidi t i es of the obstac les encountere d .  

FREE-FALL TEST FINO INGS . 

The helmets tested and the test findings are l i s te d  i n  Tab l e  1 .  F igure 
2 ; i ves the curves for resul ting accelerat ion in terms o f  t ime , 
measured at the center o f  grav i ty o f  the head mode l .  

I n  the absence of referencES concern i ng impact a t tenuation by " s a t i s fac­
tory" cyc l i s t  helme t s , we compared the resul ts obtained for the various 
prototype helmets wi th those obtained for a polys tyrene l i ne r  taken from 
a cyc l i s t ' s  helmet and mee t i ng the requi rements of E . C . E .  regula t i on 22 . 02 
( test 5 ,  Table 1 ,  figure 2 ) . 

Analys i s  o f  the find i ngs shows the fo llowing : 

the shock-absorbent character i s t i cs o f  the helmets made o f  A .  B .  S .  
and of 3-mm-thick ter-ethy l e x  ( tests l and 3 )  are insuffi c i e n t . 

Howe ve r ,  the p rototype helmets made o f  4-mm-thick A . B . S .  ( te s t  
2 )  and o f  6-mm-thick low-densi ty polyethylene ( test 4 )  y i e l de d  " s at i s factory" 
res u l ts , with maximum acce l e ration b e i ng far below the l im i ts fixed by 
the draft norm . 

I n  add i t ion , one t e s t  ( No .  6 )  was performed w i th a 3-mm- thick A . B . S .  
helmet fi tted w i  th a bonrled inner p i erced A .  B .  S .  she l l  ( 0 .  5 mm t h i ckness ) 
( see F igure 3 ) ,  to enab l e  bette r  d i s tr i bu t i on o f  the forces 
exerted on the head by the contact stud points , on the assumpt i on that 
the maximum local pressures wou l d  prove too great . 

COMPLEMENTARY TESTS FOR EVALUATION OF CONTACT PRESSURE . 

There was reason to fear that the trans m i s s i on of forces to the head 
via relatively sma l l  surface-area-contact poi nts would exceed the l im i ts 
of sku l l  puncture res i s tance even for low force leve l s .  For e s t imat ing 
the pressures e xerted , we obtained an evaluation of the actual sur facES 
of the contact s tuds that were in contact wi th the head , by i n terpos ing 
between a wooden head model and the prototype helmet a sheet o f  b l ank 
paper overlaid w i th a sheet of carbon pap e r .  

1 8 3  
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The rat i o  maximum measured force = maximum calculated pressures 
evaluated surface area 

compared wi th the e x i s t i ng b i omechan i c a l  data ( 6 ) , ( 7 )  pertai n i ng to this 
type o f  skul1 l oading enab led us to reach a conc l u s i on concerning this 
point.  These ciata are described below.  For dynam i ca l ly app l i ed loadings , 
using a 6 . 45-cm2 r i g i d  disk , the l i kel i hood of the occurrence of sku l l  fractu­
res is very s l ight for pressures of around 5 . 36 N/mm2 in the event of impacts 
occurring on the s i de are a ,  and 10 . 75 N/mm2 on the frontal area . 

Unfortunate l y ,  dur ing the s i de-impact tests performed here , b e cause 
of a relative movement o f  the helmet i n  relat ion to the dummy head , due 
to the latter ' s  rotation subsequent to impac t , it was not pos s i b l e  to 
e valuate the surface area as indi cated above . 

To remove this d i fficu lty , we performed impacts agai n s t  the top of 
described be low . For l ack o f  any thing 

then calculated were extrap o l ated for 
the sku l l ,  under the con d i t i ons 

better , the pressures that were 
all the areas of the prototype helme t .  

These tests were performed w i  th prototype helmets made o f  4-mm-thick 
impact A . 8 . S .  ( test 2 ,  Tab l e  1 )  and o f  6-mm-thick low-dens i ty po lyethy l e ne 
these b e i ng the two types o f  helmets that y i e l de d  the most " e ffec t i  v e "  
resu l ts w i th regard t o  shock absorp t i o n .  

The helmet rested on a s i ze 6 2  wooden dummy head , s ecured together 
wi th a fixed rigid support . 8etween the helmet and the upper part o f  the 
dummy head , we i n terposed a sheet of carbon paper over l a i d  on a b l ank 
sheet of pap e r .  

A 5-k i l ogram deadweight ( roughly the mass o f  t h e  head + the neck ) 
was released i n  a free fal l  from a he ight of one me ter , and struck the 
top of the he l me t .  The impact-induced force was measur e d . 

8y measu r i ng the surface of the 
we learned the surface area o f  the 
during the occurrence of impact . 

marks 
head 

imprinted on the b l ank paper: , 
that was s ub j e c te d  to loading 

The tab l e  b e l ow and figures 3 and 4 i l lus trate the main find i ngs : 

Maximum Surface area 
T h i c kness force parked w i th Calcu lated pressure 

Helmet ( mm ) ( N )  imprint ( mm2 ) cJ 1 N /mm2 ) 

A . 8 . S .  4 mm 9 , 670* 1 , 358 7 . 1  

low dens i ty 
polyethy lene 6 mm 5 , 900 703 8 . 5  

( * )  probab l e  sku l l  fracture 

I t  thereupon became e v i dent that the surface areas i n  contact w i th the 
dummy head were too sma l l  to prov i d e  protection agai ns t  potential skull  punc-

185 



F ig  3 - Materi a l  A . B . S .  ( th ickness  4 mm ) 

...-
ücc i p i  t a l  area Fronta l  area 

F ig  4 - Mater i a l  Po l yethy lene B . D .  ( th i ckncss  6 mm ) 

, 

Occ i p i t a l  areJ Front a l  a rE a  

1 / i 

EXAMPLE  O F  THt CONTACT SURFACES UN DUMMY ' S  H EAD - F I RST PROTOTYPE  H ELMET 
W I THOUT REPART I T I ON SHEET - LOAD D I STR I B U T I ON Fü l l  -
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turing . I n  fac t ,  the calculated pressures were greater than those i n  the 
data that were cons i dered to be the tolerab l e  l im i ts presented above . 

Remarks The b i omechan i ca l  data noted p r e v i ously were obtained 
w i  th a 6.  45 cm 2 impac tor ; in the absence o f  other f i n d i ngs , we admi tted 
the values o f  the pressures i nduced by these experiments , for the tests 
performed w i th the prototype helme t ,  a l though the shapes o f  the marks 
represen t i ng the surface areas in contact with the dummy head are quite 
d i fferent ( figures 3 and 4 ) , s i n c e  the values measured were fa irly s i m i lar . 

The pressures calculated 
because o f  the absence from our 
the effect of which wou l d  be to 
m i tted to the dummy head and 
surface area .  

s l ightly overestimate the puncture r i s k  
tests of a s i mulation o f  the human scalp , 

a ttenuate the maximums of the forces trans­
to d i s tribute these forces over a greater 

Moreover , the rigi d i ty o f  the head model e l i m i nates any sku l l  d e forma­
b i l i ty , whence an analogous effect o f . i ncreased peak forc e . 

Thus , i n  order to i n c rease the 
w i  th the dummy head , we added to the 
known as the " inner she l l " , as shown 
perforated to achieve proper ven t i l at ion 

amount o f  surface area i n  contact 
i n s i de of the helmet another she l l , 

i n  figure 1-C . This inner shell was 
of the head . 

A test performed on a helmet f i  tted w i  th t h i s  i nner shell showed 
a defin i te i n c rease i n  the extent of the head ' s  surface area that was 
sub j e c t e d  to force during the occurrence of impact , an increase suffi c i e n t  
t o  preclude a l l  r i sk o f  punc tur i ng .  

W e  were able to insert these inner shell  i n  the A .  B .  S .  helmets only , 
because o f  the imposs i b i l i  ty o f  gluing or bonding i t onto the low-den s i  ty 
polyethyl ene . 

I n  add i t i o n , we found that this inner s he l l , made of 0 . 5-mm-thick 
A . B . S . , unduly increased the overa l l  r ig i d i ty o f  the 4-mm-thick kelme t ;  
because o f  thi s ,  we hence i n s ta l l e d  i t inside a 3-mm-thick A .  B .  S .  helme t .  

A helmet thus equipped was sub j e c t e d ,  under the same cond i t i o ns 
as the previ ous ones , to three successive impacts , as fo l l ows : 

- a frontal impac t ,  
- a parie to-temporal impac t , 
- an o c c i p i tal impac t .  

The results were highly sat i s factory ( tests 8 ,  9 and 10 , Tab l e  1 ,  
figure 2 )  j they were the b e s t  resul ts found for the prototype helmets 
tested , very s i m i lar to those obtained w i th the polys tyrene she l l  
used as a r e ference test ( te s t  5 ,  Tab l e  1 ,  F igure 2 ) . 

S i n c e  the post-test helmet deformations were only s l ight , we i ncreased 
the sever i ty of an impact local i z e d  on the parie to-temporal area by increas i ng 
the impact v e l o c i  ty , i .  e .  V = 5 .  4 m/s . The resul ts recorded ( seE' hereafter , 
curve o f  resul tant acceleration as a fun c t ion o f  time ) make i t sar·e to 
assume that e ffective protection o f  the head can b e  achje 11ed wi th t h i s  



helmet for impact veloc i t i e s  of &::- 5 .  4 m/s , i .  e .  1 .  5 meters of drop p i ng 
he ight instead o f  0 . 90 meter i n  the above-noted draft norm . 
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0 1 0  2 0  
T 1 m e  ( m s )  

VENT I LATION AND AERODYNAMI C S  OF 
THE PROTOTYPE HELMET . -

We performed an evaluation 
of the poss i b i l i ties for vent i l a t i ng 
the head as we l l  as an i nvestigation 
of the aerodynam i c  characteri s t i c s  
afforded b y  �he prototype h e l me t ,  
in a w i n d  tunnel v i a  the method 
described b e l ow . 

The head and thorax of a PART 
572 dummy ( 50th percent i l e , currently 
used i n  automob i l e  impact tests ) 
were rigidly secured to a dynamom e t r i c  
platform enab l i ng calculation of 
the forces that were r e s i stant to 
penetration i n to the a i r . 

Two d i fferent pos i t i ons of bust t i l t  were analyze d .  

F i rs t  case : the dummy ' s bust was t i l  ted a t  an angle o f  45° w i  th 
the horizonta l :  this i s  the average posi tion o f  the bust of cyc l i sts i n  
a " cy c l otour ing" posture . I n  t h i s  configura t i on ,  there were two v e l o c i  t i e s  
of b l own a i r , corresponding t o  speeds of 3 0  to 4 0  km/hou r .  

Second case : the dummy ' s  bust was t i l  t e d  a t  a n  angle of 2 7 °  w i  th 
the hor i zontal ; this posi tion is representative of that of a cyc l i s t  who 
i s  "work i ng up speed " . I n  t h i s  case , the b l own a i r  corresponded to a speed 
o f  60 km/hour . 

F I N D INGS FOR THE AERODYNAMICS OF THE L I GHTW E I GHT HELMET . -

The fol lowing tests were performed :  

- R e ference test w i th dummy bareheaded ,  
Test w i th the dummy ' s  head fi tted w i th a foam-strip helmet ( he l m e t  

F ) ' 
- Test w i  th dummy ' s head f i  tted wi th a helmet cons i s t i ng of a smooth 

p l a s t i c  s he l l  ( he l met B ) . 
Test i n  which the dummy ' s  head was f i t ted w i th the prototype helme t .  

Tab l e  2 i l l us trates the results obta i ned . The depress ion located 
on the front part o f  the helmet was obstructed to prevent i t from produ c i ng 
an " air-trap" e ffec t .  l t  should be noted that whatever the veloci  ty and 
whatever the bust t i l t , the coeffi c i ent o f  air penetration ( Cx )  o f  the 
dummy weari ng the prototype helmet was higher than the one obtained wi th 
helmet F ,  and is c l ose to that of helmet B .  It can hence be concluded 
tha t ,  contrary to what m i ght have been feared because of the shape of 
i t s  outer shell , the prototype helmet possesses satis factory aerodynam i c  
characte r i s t i cs , which do not i ncrease w i nd drag any more than do currently 
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TABLE 2 - RESULTS OF AERODYNAMIC TESTS . 

Dummy in " cycl otou r i ng" Dummy i n  " cyclotour i ng" Dummy i n  "working u p  
pos i t ion (.). = 45 ° )  p os i t i on (o( = 4 5 ° ) speed" pos i t ion 

(o( = 27° ) 

V = 30 km/h V 40 km/h V 60 km/h 

Type o f  helmet Cx Type of helmet Cx Type of helmet Cx 

Bareheaded dummy 0 . 605 Bareheaded dummy 0 . 59 2  Bareheaded dummy 0 . 569 

Helm e t  " F "  ( foam Helmet " F "  ( foam Helmet " F "  ( foam 
str ips ) 0 . 634 s t r ip s )  . 0 . 636 s t r i p s ) 0 . 601 

Helmet " B "  ( smooth Helmet " B "  ( smooth Helmet "B" 
shel l )  0 . 62 1  s he l l )  0 . 6 1 7  ( smooth shel l J 0 . 572 

Prototype 0 . 624 Prototype 0 . 628 Prototype 0 . 59 7  

e x i s ting helmets which have far l e s s  absorbency p er formance .  

Remark : E valuation of the aerodynami c  qual i t i e s  of the various types o f  
helmets can be done b y  compar i son w i th the C x  ob taine d ,  the p r o j e c t e d  
areas o f  t h e  helmeted dummi e s  b e i ng c l osely s i m i l ar .  

VISUA L I ZATION OF VE NTILATION PROVIDED BY THE PROTOTYPE HELME T . -

The depre s s i ons cons t i tute 
determi ne the a i r  c i rc u l at ion 
of the hea d .  

energy absorber s .  � n rl . amonP �hem . they 
channels prov i d i ng constant v e n t i l a t i o n  

I n  order t o  v i su a l i z e  t h e  a i r  circulat ion i n  these spaces ( b e tween 
the prototype helmet and the dummy ' s head ) , we u s e d  - as we had done i n  
the prev i ou s  aerodynami c  t e s t s  - "whi te smoke" obtained through vapor i z a t i on 
of heated white spi r i t .  F igure 5 clearly i l l us trates the sat i s fac tory 
a i r  circulati on obtained thereby ; th i s  is due notably to the i n s t a l l i ng 
of two s ma l l  " l ights" located on the front of the helmet ( s ee drawi ng 
hereafter ) . 

l t  was also p os s i b l e  to appreci ate the sat i s fa c tory ven t i l a t i on 
provi ded by the prototype helmet by noting ,  after the roughly two-mi n ute-l ong 
w ind-tunnel tests , the head areas in which there was no langer present 
any of the d i chlorobenzene ( saturati on-di l uted in aceton e )  that , p r i or 
to the te s t , we had sprayed onto the dummy ' s head ; a i r  fr i c t i on had caused 
it to d i sappear from the w e l l-vent i l ated areas ( s ee f i gures 6 and 7 ) . 
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a i r  i n ta ke 

area for a i r  
l i rc u l at i on 

CONCLUSIONS CONCERNING THE PROTOTYPE L I GHTWE IGHT HELMET . -

helmet that i s  more s p e c i fically des igned 
e ffective head protection for an impact 

a r ig i d ,  flat obstac l e ,  has been des igned 

A prototype l i ghtweight 
for cyc l i s ts and that prov i de s  
seve r i ty o f  -E 5 . 4  m / s  aga i n s t  
and produc e d .  

The total deadweight o f  the 
A . B . S . , includ i ng its inner she l l  
attachment u n i t s , i s  400 grams . 

prototype helme t ,  made of 3-mm-thick 
and fi tted w i  th i ts comfort- and head-

I t s  low cos t ,  i ts l i gh t  we ight , i ts " design " ,  i ts aerodynami c s  and 
its s a t i s fQc tory ven ti lation are e l ements of comfort and acceptab i l i ty that 
shou l d  be appreciated by i ts potential wearers . lt is greatly to be hop e d  
that cyc l i sts w i l l  equip thems e l ves w i th e ffec t i v e  prote c t i v e  devi ces , 
and a helmet that meets the i r  requi rements i s  an i ncentive-triggering 
e l ement . 

The data acqu ired w i  thin the scope of this invest igat ion i l lustrate , 
on the one hand , the shock-absorbent possibi l i t i e s  of cyc l i s t s ' helmets 
and ,  on the other hand , the requirements with which cyc l i s t s  could be 
compe l l e d  t o  comply w i thout be ing subjected to severe constrain t .  
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F ig  - E - --.  
The dummy ' s  head before the 
test . 

Dyn amic  a i r  c i rcu l at i on i n  the 
he l met ' s  prototype . 

..- Fi g  - 7 -
The dummy ' s  head after the test , 
the areas submi tted to a i r  d raft 
have the d arker co l ou r . 

- W I ND-TUNNEL TESTS - V =  40 km/h -
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