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Tests  o f  free fall of fresh cadavers , wearing he lme ts  or not ,  onto 
a rigid flat surface are described here together with the i r  results 
and compared w i th dropping of the heads of helme ted dummies fal­
ling in a s imilar way from the same heights ,  together w i th drop­
ping of me tallic headform. 

The conclus ions relate to human tolerance to lateral impacts of the 
head and the performances of the helme t s .  

METHODOLOGY 

The series of tests  carried out are all under conditions of free 
fall and come under three categories : �1 l - free fall of he lme ted or non-he lme ted cadavers , 

- free fall of Hybrid II anthropomorphic dummy head , 
- free fall of light alloy me tallic headform . 

In all the case s reported here , the head , whe ther helme ted or no t ,  
s trikes a flat rigid surface . The height of the fall and the he l­
me t differ ; the desired point of impact of the head is invariably 
the same and would correspond on the human head to the lower part 
of the parietal bone near the temporal bone ( see fig.  1 ) .  The 
impact thus brought about can be ass imilated to a lateral impact  
where data concerning human tolerance is  rare ; it  i s  generally 
assumed that the tolerance to the lateral impact  of the head is 
lower than the tolerance to impact  on the frontal bone ; this has 
been verified with respect  to the level of the efforts needed to 
obtain fracture . 

The helme t s  used are available on the French marke t .  The cross­
section of these helmets  is shown in fig . 1 bi s . They were selec­
ted in view of their wide diffusion on the marke t and in parti­
cular for  the presence of shock abs o rbing material of relatively 
considerab·le thickness in the impact  zone se lected . 

( 0 ) - Study conduc ted in re lat i on to a research contract ( Thematic  
Action Programme ) with the French Government . 

( 1 ) - Physi ology and Biomechanics Laboratory of Associat ion 
Peugeo t-Renault ,  1 8 , rue des Fauvelles 92250 , La Garenne 
Colombes , France . 

( 2 )  - Ins t i t ute of Orthopaedical Research ( I . R . O . ) , R .  Poincare 
Hospi tal 92)80 , Garches , France . 

291 



The "A"  type helmet for instance has 20 mm of expanded polys tyrene 
with a dens i ty of 22  g/l near to  the po int of impact . The polysty­
rene extends to  the ent ire upper s e c t ion of the helme t . The exter­
nal shell  is in A . B . S .  

The " B "  type helme t  has a local thickness  of J2  mm of polystyrene 
with a dens i t y  of 40 g/l , but this ma terial forms a crown which 

cbes no t cover the upper part of the skull . The proximi ty of the 
point of impa c t  and the edge of this l ined zone , should such an 
impac t  o ccur , detra c t s  from the shock absorbing capab i l i ty . The 
external shell  is in polycarbonate . 

The "A"  type helme t we ighs 0 .  940 kg in size 58 and the "B"  type 
he lme t 1 . 5  kg . Size 5 8  was used for the heads of the Hybrid I I  and 
the light  alloy head . The human sub j e c t s  were given he lme t s  adap­
ted to  sui t the dimension o:f their head . 

::'he "A"  type helme t  is equipped ins ide with a wide bel t  providing 
�n add i tional dampening ef:fe c t , this effect reaching a maximum in 
ehe case of an impac t  on the summi t of the helme t . This belt  had 
to be cut to  enable the accelerome ters to be ins talled on the 
skull of the cadavers . The result is that the performances recor­
ded are lower for this he lme t than we re the belt  no t t o  have been 
cut 

Local cuts in the helme ts had to  be made to enable accelerorne ters 
t o  be mounted , although no cuts were ever made in the impact  zone . 

The human subjec t s  cons i s t  of fresh cadavers , no t embalmed , tes ted 
less than 4 days after death , having been preserved in the mean­
t ime in a c o ld room be tween 0 and 2 °  C .  

They were wi thdrawn from the c o ld room several hours before the 
tes t s . 
The subjects  were ins talled prone in a rigid me ta! cradle , with 
the head and t o p  of the shoulders pro truding . The head was he ld 
in alignment unt i l  impa c t  with an appropriate device . 
On impact ,  the head s t rikes a flat rigidsurface , whi le the mo tion 
o f  the cradle is dampened by a thick ma ttress  of shock-absorbent 
material , the height  of which is adj us ted as a re sult of prelimi­
nary tests  in such a way that the kinematics do not result in 
mo tion of the neck o f  excessive amplitude . 
The c irculatory system is kept  pressurized during the tes t s  and 
for a few seconds after i t  by the me thod already described in ( 1 ) 
and ( 2 ) .  The liquid injec ted , cons i s t ing of a mixture of formo l 
water and china ink makes i t  possible in the event of burs t ing of 
a blood vessel even of minimum extent , to de tect  the spreading of 
the "blood" under microscopic examinat lon of the brain :fixed by 
the formo l . In this way , a :fine " read out " of the cerebral legions 
tha t  may o ccur is obta ined , supplement ing the convent ional autopsy . 
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Fig. 1 -Compared falls  of dummy head and cadavers 

Type B 

Type A 

Fig . 1 bis _ C ross-section of tested helmets : note the 

local deformation of t he polystyrene 
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In  contrast to the procedure of ( 1 ) ,  the perfusion liquid is inj ec­
ted directly  into the aorta . 
After the tes t ,  the heads and necks are weighed ; the sections 
re tained are those used by L . B .  walke r ( 4 ) . 
The anthropome t ri c  characteristics  are grouped toge ther in table 1 .  

Acce lerome t e rs were mounted on the heads of the sub j e c t s  ( fig .  2 ) . 
These  acce lerome t e rs were secured to me tal pla tes screwed into the 
skull . On the right temple , on the s ide of the skull oppo s i t e  the 
impact ,  a t riaxial accelerome ter was mounted . A biaxial accelero­
me ter was mounted on the forehead , giving a t ransverse component 
with re lation t o  the head and a vertical component . On the occiput , 
a biaxial accelerome t e r  was mounted resulting in a t ransverse com­
ponent  to the head and a longi tudinal component . 

l t  was not poss ib le t o  mount the accelerome ters in s t ric tly the 
same pos i ti on for each t e s t  with re lation to conventional ana tomi­
cal refe rence poin t s  ( Ewing - 5 )  which s i tuat e  the centre of gra­
vity . The reasons for this can be ascribed to the extension of the 
frontal s inuses , anthropome trical diffe rences in the heads , e t c  . . .  

The posi tion of the accelerome ters was rec o rded for each tes t for 
subsequent use of the data . 
The measuring syste ms as a whole comply with the requirements of 
FMVSS 208/SAE J 2 1 1 b for the head . 

Free falls of the head of the anthropomorphic dummy we re induced i n  
conjunction w i th t e s t s  o f  the human sub j e c t s  wearing the same hel­
me ts and fal l ing through the same he ight . 

The head was tha t o f  a Hybrid :r; r  dummy equipped with ins t ruments 
in accordance with the spe c ificat ions of FMVSS 208/SAE J 2 1 1 b .  
The neck of the dummy is present and the uni t  weighs 5 , J04 kg 
wi thout the helme t . 

The purpose of thes e  tests  was to  obtain values of the pro t e c t ion 
criteria de rived from the measured accelerat ion such as the seve­
rity index SI ( J )  and the Head Inj ury Cri teri<n ( HIC)  for head im­
pac t s  of the dummy commonly used today , comparable to  those under­
gone by human sub je c t s . 

We  considered that the impacts  of the head of the human sub j e c t s  
would b e  be tter  reproduced by dropping the dummy ' s  head alone than 
by dropping the complete  dummy , owing to  the cons iderable rigidi ty 
o f  the dummy ' s  ne ck , compared to the neck of sub j e c ts under the 
t e s t  cond i t ions . Thi s  point will  be spe c ified by subsequent tests . 

Free fall  of l ight alloy head forms supplement the previous tes ts . 
Light alloy head forms with low resonance are in fac t  commonly 
used in tes ting he lme ts ; they have no surfac ing as does a Ifybrid 
I I  head and conseque n t ly have higher accelerations for the same 
impac t „  al though having the same weight . 
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Yurthermore , by adjusting the d i s t ribut ion o f  the ballas t , we have 
caused the centre of gravi ty of the uni t  to  coinc ide with the 
pos i t ion of the t riaxial accelerome t e r  used ; the point of impa c t  
and the centre o f  gravi t y  l i e  o n  the same vertical line . 

The kinema t i c  obtained therefo re approximate more closely to s imple 
t ransverse mot i on ; the offse t of the sensor is small  and the acce­
lerat ion measured i s  exemp t  from causes of attenuat ion . 

The dropp ing he ights  used were 1 . 8J m in the first series and then 
2 . 50 m in the second . 
1 . 8J m corresponds to the fa ll ing he ight required for he lme t t e s t s  
under American legisla tion . 
2 . 50 m corresponds to a higher severi ty which appeared neces sary 
following the sat isfac tory results of the first series . 
All the t e s t s  of human sub j e c t s  and mos t  of the o ther tests  were 
filmed by STALEX cameras a t  1 000 frames per second . 

R E S C L T S 

1 .  Tes ts on human sub,ie c t s  

The re sult s  cons i s t  o f  the autopsies and the analysis  of the mea­
surements made . One can only be absolute ly certain that no les ions 
have occurred provided the vascular inje c t ion technique has succe e ­
ded perfe c tly , which does n o t  occur on every sub j ec t . 
The resul t s  of the autopsi e s  are shown in table 2 .  
I t  can be concluded that w i th the helme ts te s ted , dropped up to  
he ight of  2 . 50 m ,  serious les ions were only revealed in a s ingle 
case n° 74 , out of the 9 sub j e c t s  wearing helme t s . 
A d ropping height of 2 . 50 m only co rre sponds to  an impac t  speed o f  
about 2 5  km/h , but the variat ion in the speed of the head i s  higher 
in view of "bounce " ,  which varies depending on the t es t . One can 
e s t imat e  the mean value at the head of f::l v as JO km/h , in the ver­
t ical dire c tion .  
The resul ts of the measurements are shown in table J .  

The period during which speed varia tion is undergone is about 1 5  ms , 
the HIC values have been calcul�ted for durat ions of from 4 to  6 . 5  
ms . The SI & HIC values mus t be considered in funct i on o f  the rnea­
suring point used to calculate them, which was indicated previously . 
The head ro tations during impact  change the accelera tions measured 
on i ts periphery ; this phenomenon is distinct for Gz accelera t ions ( parallel  to the vertical axi s  of the head ) which are increased 
cons iderably when pass ing from the measuring point on the forehead 
to the measuring point on the right temple . 

Having said this , a relat ively low Gx-accelera t ion resul ts in a 
re la tive ly small ro tation around the vertical  axis of the head . For  
such t e s t s , the S I  & HIC value s calculated are close to  those which 
would have been at tained from a measuring point  coinciding w i th 
the centre of gravi t y  of the head and close to  those ob tained on the 
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head of a dummy sub j e c ted to  the same kinematics . Except for sub­
j e c t  74 , which we shall consider lat e r ,  the heads of the helme ted 
subj e c t s  revealed SI values of about 1 , 000 to 2 , 500 , accompanied 
w i th HIC values of 800 to 2 , 1 00 .  
The highes t  values are for sub j e c t  66 , the head and neck combina­
t i on of which was the lightes t  of all . 
Sub j e c t  74 underwent exceptional values ( HIC > 230o) . This i s  the 
only sub j e c t  among our sample suffering notable lesions after the 
autopsy ( AIS � J ) . The interpre tation mus t allow for one part icu­
larit y  of the t e s t  : this is the sub j e c t  the head of whom was in­
clined the mos t  t o  the horizontal a t  the moment of impa c t  ( 40 ° ) .  
Allowing for the technology of the helmet used ( type B ) , the dam­
pening of the impact  in the vertical dire c tion of the head has 
been insufficient . This explains the very high vert i cal accelera­
t i ons values recorded and the ir importance compared to the trans­
verse accelera tions . 
According to  the me thod used to  de t e c t  cerebral lesions , one has 

1o consider tha t the head impac t tolerance has been exceeded in 
t his case , whiqh d iffers from o ther cases of the sample by the 
paramount magnitude o f  Gz accele ration ( 370 g and 450 g meas ured 
by 2 transducers a t  d ifferent locations ) .  
In this series of fairly lengthy lateral impacts  ( thanks to  the 
dampening mat e rials in the helme t s )  high SI & HIC values could be 
reached wi thout no t i cing les ions ; an HIC of 1 , 500 was exceeded 
twice . 
W i thout a helme t ,  fractures of the skull occurred in the two t e s t s  
carried out , t oge ther wi th very high HIC values . 

2 .  Tes t s  with the head o f  a dummy 

Thes e  have enabled us to  draw up the following table 

Peak accelera t i on 

Longitudinal/Transverse/Ver t i cal/Resultant/S . I . /HIC 
HELMET A 1 . 8J m 1 2  1 J2 6J  1 35 800 700 

( modified ) 2 . 50 m J 1  1 96 5 3  2 1 1 1 87J 1 590 

Helmet B 1 . 8J m 
2 . 50 m 

0 1 1  8 71  1 38  791  681 
9 1 40 97  1 70 1 45 3  1 247 

Thes e  result s  express  lower accelera t i ons than during comparable 
t e s t s  w i th human sub j e c t s . The kinematics  o f  the sensors is howeve r 
no t exac tly the same . For example , if we c onsider the previous test  
n°  66 with i ts c ount e rpart above ( he lmet B ,  1 . 8J m) , the vertical 
rebound velocity obse rved on the films in the alignment of the 
accelerome ters is about 2 . 5  m/s . for sub j e c t  66 ( frontal sensors ) 
and 1 . 5  m/s . for the Hybrid II head . One should allow for the dif­
ference in the weights in order to explain this lower rebound speed . 

Thes e  results  therefore do no t reveal a lower tolerance as measured 
on the dummy , but the fac t  that the t e s t  imposed on this dummy head 
was less severe for the cases reported here . For all o ther types of 
t e s t  imposed on a human sub j e c t  and an anthropomorphical dummy under 
iden t i cal condi t ions , the conclusions concerning the hierarchy of 
severities  might be d ifferent . 
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J. Tes t s  with the me tal heads 

Comparable falls give the following re sul ts  for the " B "  helme t . 

Peak acceleration 

Longit ud inal/Transverse/Vertical/Resultant/S . I . /H . I . C .  
Helme t 1 . 8J  m 1 7 . 5  1 50 L�o 1 50 1 200 1 000 

B 2 . 50 m 1 2 1 8 7 2 5 1 90 1 9 5 J 1 7 2 4 

Changing from the head of  Hybrid I I  to the me tal head results in an 
increase in the acceleration levels measured . This evidence  is  con­
firmed by the re sult s  of te s t s  made with o ther types of he lme t , not 
published here . 

NOTE : These  J types of  impacts  leave a las ting print on the dam­
pening mat erial of  the helme t ,  evidencing the violence of the 
impac t .  An example of this can be seen on the s e c t ion of " B "  he lme t 
shown on figure 1 a .  

DISCUSS IOi'< 

It has been showed in the foregoing that  SI & HIC values going 
over 2 1 00 could be supported without  i ndicat ion of notable les ions 
even microscopi c ones . This has been e s tablished for impacts  on 
the s ide of the head w i th a he lme t whi ch avoids excessive pre ssions . 

These impacts  las t about 1 5  ms and the corresponding HIC have been 
calculated on a 4 to  6 . 5  ms time interval . 
Validity  and range of  applicat ion mus t  be pointed out . 

On concern of  les ions d e t e c t ion , one can be certain of absence of 
fracture and of gross trauma . TI1ere is  e i ther no microscopic inj u­
ries when inj e c t i on was able to 1nclude the ent ire cranial territo­
ry and that there was no lesion before . 
The s tudy of Table II shows that few risks are taken when supposing 
the absence o f  lesions o ther than minor one s .  
The results o f  the range of appli cat ion can be d i s c ussed in te rms 
of role of the he lme t on the impact  duration and the impac ted area 
on the head . 

A padded helme t pro te c t s  agains t fracture like a padded s t e ering 
wheel  hub , like a padding for B-pillar , like a lamina ted windshie ld 
and any device which increases the impac t  duration . One can use the 
indicated �olerance levels in case of head impac t agains t each of 
s uch piece s , against dashboards , in case of a pedes t rian head h i t ­
t ing a hood , s o  far a s  impac t durat ion exceeds a sufficient value , 
such as 1 2  ms e . g . ( a s  a ma tter o f  fac t , the impact  of a head which 
hi ts at  22  km/h a B-pillar covered by a 40 mm padding exceeds 20 ms ; 
the impact  of a pedes t rian head at J2 km/h aga ins t a hood may be 
1 5  ms long) . 

I t  could be more pract ical to  use a minimum HIC computat ion duration , 
s uch as 4 ms from our t es ts . 

At the present s ta t e  of hypo the s i s  on the ranking of head impac t  t o ­
lerances according t o  the impacted area ( 6 ) , a supplementary and 
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rare l y  re s t ra ining cond i t i on is the head be ing h i t  on i t s  frontal 
o r  l a t e ral part . 

CONCLUSION 

On the b a s i s  of these f i r s t  re s u l t s  ob t a ined from human sub j e c t s , 
i t  appears tha t ce rtain current helme ts pro t e c t  aga i ns t skull fra c ­
t ure and c e re b ra l  l e s i ons i n  impac t o n  t he l a t e ra l  head face u p  t o  
a t  l e a s t  2 . 50 m o f  drop heigh t . 

The ma i n  fa c t  l i e s  in the l eve l o f  probab le head t o l e rances in 
t e rms o f  S I  & HI C .  In fac t ,  f o r  HIC above 2 1 00 on human s ub j e c t s , 
the f o l lowing s ta t eme n t s  have been a l lowed . :  

- a b s ence o f  fra c tures and seve re ce rebra l l e s i ons and , more gene­
ral ly , of any ma c ro s c o p i c  l e s ions . 

- absence o f  mi c r o s c o p i c  l e s i o ns s uch as a r t e r i o l e  o r  c e rebra l  
capi l la r i e s  rup t ures in a l l  corre c t ly inj e c t e d  t e rri t o ri e s . 

The t e s t  cond i t i ons are appl i cab l e  in any s i t ua t i on when the impa c t  
dura t i on i s  over 1 2  ms approx ima t e l y ,  which in fa c t  covers the 
impa c t  cond i t ions mo s t  frequently observetl in real crash condi t l ons . 

The s e  resul t s , whi ch confirm those ob ta ined in be l t  re s t ra int t e s t s  
w i t h  o r  w i thout head impa c t  ( 2 )  ( 7 ) lead us t o  propo s e  a H I C  o f  
1 500 a s  a pro t e c t ion c r i t e rion i n c a s e  o f  fron t a l  o r  la t e ral head 
impa c t  during te s t s  cond u c t e d  w i th Hybrid II dummie s .  
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data compari s on ,  

T•at No 

HUMAN HEAD 
Z Y frontol location 
� Z Owpi �al l0<:atio11 

6J 

64 

65 

66 

67 

68 

69 

70 

7J 

74 

76 

Ap/Su. 

78/P' 

59/M 

57/M 

82/P' 

82/P' 

49/F 

7 1 /H 

68/M 

55/1' 

74/H 

75/11 

TADLE 1 - DATA ON CADAVERS 

HEAD 

Circwn- Breadth : l.Angth 
ference nun ... 

111111 

541 1 50 : 182 

548 1 4 5  : 192 
: ---: 

571 1 55 : 194 
: ---
: 

5J9 1 4 5  : 1 82 
: ---: 

554 1 4 1  : 1 82 
: ---

556 1 4 5  1 84 

585 1 56 20� 
: ---

548 1 4 1  : 1 92 
: ---: 

560 1 110 : 1 75 

: 
565 1 )5 : 1 80 

: ---
550 1110 1 92 

..._ _ ________._ 

HYBRID I I  

He ad and He ad 
Neck Maaa Ma•• 

Kg Kg 

4 , 020 : J , 280 

4 , 860 : J , 920 

: 
5 ,020 : 4 , 2)0 

: ---
: 

J , 56o : 2 , 920 
: ---: 

4 , 4 )0 : J , )40 
: ---: 

5 ,  1 60 : J , 820 
: 
:===: : 

4 , 700 : J , 8 1 0  

: 
4 , 580 : J , 560 

: ---
: 11 .  780 : J , 680 
: ---
: 

5 , 220 : J , 640 
: ---

4 , 290 J , 450 

METAL HEAD 
CG olons YY' line 

y' 

y 

Fig. 2 LOCATION OF ACCELEROMETERS 
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reat Dropping 
l\o lleight 

64 

65 

66 

67 

69 

70 

74 

68 

76 

1 .  8J 

NO HELMEf 
1 .  8'.) M 

NO HELME f 

2 . 50 H 

fADU: :! - SUMMAHY o�· CEfUWlt\L �;X,\MI!\.\ rroi-s 

NO APPARENT LESION IN fHE VER fEBRO-DASILIAll AREA, ALTllOUGH TUE INJt:c fION W,\,; NO l' l'EIU'EC r. 

MINOR LESIONS - AIS 2 PRODADLE FOH A LIVING SUBJEC'f. 

THE FORMER STA TE OF 'nlE BHAIN IS 'nlE CAUSE OF nlE HINOR DAMAGE onst:RVEll .  

NO LESION. 

PROB.\BLY NO LESION, BUT nlE INJEC fION WAS NOT PERFl!:C'f IN THE PEHIPllEllIC CAROTIUl.\N AREA. 

NO LESION. 

NO LESION . 

NO APPARENT LESION, ALTiiOUGll TIIE INJECTION WAS NOT PERFECT IN TIIE RIGllT ANTELO-CEREDRAL .\REA 

LESIONS OF MINOR EX fENT BY VOLUME, BUT SEVERE DUE ro TIIEIR LOCATION AT <.:EREBRAL rHUNK LEVEL (PROBABLE COMA) . 

MINOR FRAC;IVRE OF TIIE SKULL (TUE FAILURE OF TIIE INJECTION INTO TIIE DEEP DllAIN S rllUCTURES 

OOES NOT ALLOW TIIE DE'l'ECTION OF POSSIDLE CEREBRAL LESIONS) . 

VERY CONSIDERABLE FRAC ruRE OF TIIE SKULL AllD �'A rAL LESIONS ( RUP'IVRE OF fllE CALLOUS CORPUS 
AND CEREBRAL TRUNK LESION ) . 

SOME SUBJECrs BEING QUITE OLD, ONE Mimrr ·nuNX TllAT TllEIR CEREDRAL TOLERANCE TO IMPACT llAS lHHlNil:illf.I> 
rIIOUGll NO OBJEC fIVE DATA IS AVAILABLE CONCERNING AH'fERIOLARY AND CAPILLARY W1':AKNESS CAUSEO Ol' AGE. 

TADLE '.) - S\JHMARY OF MEASUREMENTS ON HUMAN SUBJECTS 

Tea t Heigbt He l- PEU ACCELERA TIONS ( g) COMPUTED GADD SI. ANO llIC. No of - t  
Fall 

Rigbt Side Frontal Occipital 2 frontal 2 trontal component• � 2 occ lpi tal compo . • 
of He ad Bon• Bon• coaponent e + AP component rrom + SI component 

SI. 1\1... 1  SI. 1\1... n• >\P. RJ,. occiput f'rn• rrnn tA l hnnft AJ' ,  
QS.I • HIC . GSI. llIC. i· GSI. llIC. 

Gx Gz Gy : Gz Gy Gx Gy 

6'.) 1 .  8J A )0 ')80 21 .5 1 1 .50 1 .50 
64 '.)5 1 90  1 251  120 1 '.)6 165  1 48 1 50  1050 8JJ 1 1 20 926 1 750 1 54 1  

65 88 200 1 .50 1  125  126 1 75 1 28 1 .55 1 1 '.)50 1 204 1400 1 25'.) 1 720 1 560 
1 
1 

66 1 . 8 '.)  B 58 240 1 75 1  225 1 70 •240 1 28 200 1 2450 2122 2500 21 JJ )000 2547 
1 

67 90 400 1 70 1  165 1 6o � 1 0  20 1 80  1 750 1\51 1 800 1458 1 2)00 1 882 

69 2 . 50  A - 1 
70 JJ 1 60 1 '.)0 1  1 1 0  120 1 60 1 )0 1 '.)2 1 400 1 207 1 4 .50 1 2)9 1 400 1 224 

: 
7) 2 . .50 B 65 290 240 1 105 220 240 1 '.)O 220 2000 1 71 )  2050 1 729 2500 2286 
74 (40) ('.)70) (16Cf; (4,q(27.5) (- )  ( 5 2 )  ( 1 4 5 ) : (4J50)(2579): (4467) (2678) ; ( 4 1 25) (2)22) 

68 1 .  8J !Q. > 500: > 500 > 7000 
1 

76 2 . 50 !Q. ') 500: ) 500 > 5000 

n• Max. Reaultant 

30.0 




