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The purpose of t h i s  s tudy was t o  i nves t iga t e  i n t o  t he  phys ica l  processes 
taking p lace  upon impact when a hockey p layer  wearing an approved hockey hel- 
met was forced i n t o  an eccen t r i c  head impact wi th  t he  boards. 

INTRODUCTION 

Protec t ive  helmets should rec.eive more a t t e n t i o n  than any o the r  p iece  of 
equipment i n  spo r t s  where t he re  i s  a high r i s k  of head impact. The t a s k  of 
designing adequate and e f f e c t i v e  headgear f o r  a s p e c i f i c  s p o r t  inc ludes  (a)  a 
de f in i t i on  of t he  impact environment i n  q u a n t i t a t i v e  phys ica l  terms, (b) a 
determination of human b ra in  to lerance  wi th  respect  t o  t he  impact environment, 
(c) an ana lys i s  of t he  phys ica l  processes tak ing  p lace  a t  impact, (d) t h e  de- 
velopment of a device o r  a system t o  be placed between the  p layer ' s  head and 
the  impact environment i n  order  t o  b r ing  i t  t o  t o l e r a b l e  l e v e l ,  and ( e )  an 
evaluation of t he  e f f ec t ivenes s  of t h a t  device o r  system (Pa t r i ck ,  1966). One 
such research program has been undertaken a t  the  Universi ty of Sherbrooke, and 
the  present  paper was part ly" based on the  r e s u l t s  obtained t o  da t e .  

METHODOLOGY 

In  order t o  simulate an eccen t r i c  head-board impact and record the  processes 
taking p lace ,  a dynamic model was f i r s t  developed, then measurements of 
repeated impacts were taken, using appropr ia te  techniques of  accelerometry 
and high speed cinematography. 

The development of t he  dynamic model was based on one of t he  most threa-  
tening impact s i t u a t i o n s  l i k e l y  t o  occur i n  hockey, namely head impact wi th  
t he  boards, which can lead  t o  severe  head i n j u r i e s  (Chapleau, 1974). Such 
head impacts wi th  t he  boards, f o r  ins tance ,  a r e  l i k e l y  t o  occur when a p layer  
ska t ing  c lo se  t o  t he  boards i s  projec ted  head f i r s t  on t h i s  unyielding sur-  
face ,  a s  t he  r e s u l t  of a bodycheck from an opponent, a f t e r  being t r i pped ,  o r  
a f t e r  a l o s s  of balance.  

It is highly improbable t h a t  t he  r e s u l t i n g  impact w i l l  be d i r ec t ed  
exact ly  a t  t he  cen t r e  of mass of t he  head, and both t r a n s l a t i o n a l  and ro ta-  
t i ona l  motions of t he  head a r e  l i k e l y  t o  be  evidenced a t  impact, Owing t o  
the  dynamic p rope r t i e s  of t he  mass moment of i n e r t i a  of t he  head wi th  respect  





t o  t h e  p o i n t  of  impact ,  angula r  a c c e l e r a t i o n  of t h e  head around t h e  impact 
c e n t r e  is going t o  t a k e  p l a c e  a t  t h e  same t ime a s  t h e  c e n t r e  of mass of  t h e  
head is exper ienc ing  a  t r a n s l a t i o n a l  d e c e l e r a t i o n .  The angula r  a c c e l e r a t i o n  
produces a r o t a t i o n  of  t h e  s k u l l  r e l a t i v e  t o  t h e  b r a i n ,  w h i l e  t h e  t r a n s l a t i o -  
n a l  a c c e l e r a t i o n  c r e a t e s  p r e s s u r e  g r a d i e n t s .  

The angula r  a c c e l e r a t i o n  of t h e  s k u l l  h a s  been r e p o r t e d  t o  be  r e s p o n s i b l e  
f o r  t h e  development of  cons iderab le  t e n s i l e  f o r c e s  between t h e  a c c e l e r a t e d  
s k u l l  and t h e  i n e r t  b r a i n ,  caus ing ,  i n  t u r n ,  s h e a r  s t r a i n s  i n  b r a i n  t i s s u e s ,  
whi le  l i n e a r  d e c e l e r a t i o n s  of  t h e  head have been a s s o c i a t e d  w i t h  t h e  compres- 
s i o n  of  t h e  b r a i n  p a r t i c l e s  a t  t h e  impact s i t e  and t h e  expansion of  t h e  l i q u i d  
p a r t i c l e s  a t  t h e  s i te  o p p o s i t e  t o  t h e  impact ( c o u n t e r p o l e ) ,  caus ing  i n t r a -  
c e r e b r a l  haernorrhages and t r a u m a t i c  necroses  a t  t h e  impact p o l e  a s  w e l l  a s  
c a v i t a t i o n  trauma and c o r t i c a l  con tus ions  a t  t h e  counte rpo le  (Unterharnsche id t ,  
1971). Both of t h e s e  mechanical behaviours  ( r o t a t i o n  and t r a n s l a t i o n )  have 
been a s s o c i a t e d  w i t h  c losed  b r a i n  i n j u r i e s  e i t h e r  j o i n t l y ,  o r  s e p a r a t e l y  
(Gennare l l i  e t  a l ,  1972).  For t h i s  reason ,  t h e  modelled s i t u a t i o n  inc luded  
both t r a n s l a t i o n a l  and r o t a t i o n a l  parameters .  

Many approaches can be  used i n  developing a  dynamic model of head-board 
impact. Even though t h e  u l t i m a t e  r e a l i s t i c  approach would involve  t h e  a c t u a l  
p r o j e c t i o n  of an instrumented anthropomorphic manikin a g a i n s t  i c e  r i n k  boards ,  
a much s impler  model can be  developed s i n c e  t h e  head is t o t a l l y  mass-control led 
i n  impacts of  such s h o r t  d u r a t i o n .  I n  head impacts  l a s t i n g  l e s s  than  20 m s ,  
t h e  neck s t r u c t u r e s  have very  l i t t l e  i n f l u e n c e  on t h e  magnitude of bo th  t h e  
l i n e a r  and t h e  angula r  a c c e l e r a t i o n s  of t h e  head upon impact (Schneider  e t  a l ,  
1975).  Such a s i m p l i f i e d  model was developed i n  t h e  p r e s e n t  s t u d y ,  through 
t h e  use  of  an  instrumented headform pendulum h i t t i n g  a  hockey board i n  an  
ob l ique  t r a j e c t o r y  (45') (F igures  1, 2 and 3 ) .  

The l a s t  s t e p  i n  t h e  development of  t h e  model r e q u i r e d  t h e  s e l e c t i o n  of  
i n p u t  parameters  comparable Yo t h o s e  of  t h e  a c t u a l  s p o r t  s i t u a t i o n .  Non-pro- 
f e s s i o n a l  a d u l t  hockey p l a y e r s  a r e  capable  of  maximum s k a t i n g  speed i n  t h e  
range of 28 t o  4 0 f t s - l  (8.5 t o  12.2 ms-l) (Chao e t  a l ,  1973). However, 
o u t s i d e  of  t h e s e  s h o r t  b u r s t s  o f  h igh  a c t i v i t y ,  most o f  t h e  s k a t i n g  i s  per- 
formed a t  a  speed w i t h i n  t h e  range of  15  t o  1 8  f t  s'l (4.6 t o  5.5 ms-l) . 
Therefore,  head-board impact v e l o c i t i e s  covered t h i s  range.  Such v e l o c i t i e s  
(15 and 1 8  f t  s'l) were produced i n  a d j u s t i n g  t h e  h e i g h t  of  r e l e a s e  of t h e  
headform pendulum accord ing  t o  t h e  d e s i r e d  v e l o c i t y  through t h e  energy conser- 
v a t i o n  equa t ion :  mgh = $rnv2. 

I n  o r d e r  t o  record  t h e  p h y s i c a l  p rocesses  t a k i n g  p l a c e  a t  impact ,  an  
anthropomorphic headform, p r e v i o u s l y  v a l i d a t e d  a g a i n s t  human head behavior  
i n  impact s i t u a t i o n s ,  was instrumented w i t h  acce le rometers  pos i t ionned  i n  
such a  way a s  t o  o b t a i n ,  through equa t ions  of  s o l i d  body dynamics, b o t h  t h e  
l i n e a r  and t h e  a n g u l a r  a c c e l e r a t i o n s  of  t h e  headform. Moreover, photographic 
records  of  impact phenomena were ob ta ined  through t h e  use  of  a  Hicam camera, 
d r iven  a t  6000 frames p e r  second. The camera was l o c a t e d  above t h e  board ,  
w i t h  i t s  o p t i c a l  a x i s  p a s s i n g  through t h e  impact p o i n t .  

P r i o r  t o  experimental  impacts ,  and I n  o r d e r  t o  d e r i v e  more u s e f u l  i n f o r -  
mation on t h e  e f f e c t i v e n e s s  of t h e  shock-absorpt ion dev ices  t o  be  i n t e r p o s e d  
between t h e  head and t h e  impact ,  t h e  headform was covered w i t h  two models of 





hockey helmets. These were CSA-approved helmets, consisting of a one-piece 
shell design and a shock-absorbing lining on the inside of the shell. One 
helmet had a strap attachment fixed at two points while the other came with a 
six-point attachment of nylon straps and buckles, which provided some sliding 
of the straps when a certain degree of tension was developed. 

At the same time as the dynamic model of the impact,situation was deve- 
loped, a selection was made of the criteria governing human tolerance of head 
impact, to which the experimental results were to be compared. 

Even though criticisms have been formulated on the validity and reliabi- 
lity of the different criteria of brain damage due to translational accelera- 
tion, the Wayne State University Curve of human tolerance to translational 
acceleration still remains the cornerstone of the present biomechanical know- 
ledge of human tolerance to this type of brain injury (Newman, 1975; Versace, 
1971), and was retained as a first criteria. 

In this particular eccentric head-board impact,producing angular motion 
of the head, the rotational acceleration tolerance curve developed by Sano 
et a1 (1972) was a logical choice of brain injury criteria, mostly because of 
its accordance with experimental data, even if it is more conservative than 
the criteria proposed by Ommaya and Hirsch (1971). 

RESULTS 

Quantitative and qualitative analysis were made of the data obtained from 
5 impacts for each of the 8 sets of experimental conditions (2 velocities x 2 
helmet models x 2 friction levels). 

Quantitative analysis of the average accelerations and,time values yiel- 
ded the following fiqdings illustrated on Figs. 4 and 5. ' 

(1) all translational accelerations measured were below the brain tole- 
rance threshold; 

(2) all rotational accelerations measured were above the brain tolerance 
threshold; 

(3) a small increase in impact velocity (20 per cent) produced dispropor- 
tionately high increases (close to 100 per cent overall) in both 
translational and rotational accelerations; 

(4) helmet models had very different impact absorption characteristics 
which were specific to velocity and friction conditions; 

(5) lower headform-helmet friction consistently produced higher accele- 
rations at higher velocity; 

(6) experimental results were very consistent within each set of condi- 
t ions ; 

(7) peak translational and rotational accelerations were attained 7 to 
9 ms after the onset of the pulses; 

(8) total duration of translational and rotational accelerations was in 
the 13 to 15 m s  range, depending mostly upon impact velocity. 

Qualitative analysis of the high speed (6000 frames s-I) film records 
showed the following sequence of phenomena to occur during the board impact: 
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Figure 5 . Plot of experimental linear accelerations on 
WSU Tolerance Curve. 



(1) a t  t h e  o n s e t  of impact t h e  helmet was f i r s t  deformed i n  t h e  a r e a  adja-  
c e n t  t o  t h e  s i t e  of impact ,  producing a  f l a t t e n i n g  of  t h e  o u t s i d e  
s h e l l  ; 

(2)  s imultaneously,  t h e  helmet began t o  r o t a t e  around t h e  headform, whi le  
t h e  l a t t e r  d i d  n o t  y e t  e x h i b i t  any r o t a t i o n ;  

(3) a f t e r  some r o t a t i o n  (5  t o  12  degrees ,  depending upon experimental  
c o n d i t i o n s ) ,  t h e  helmet  began t o  r e g a i n  i t s  o r i g i n a l  shape,  whi le  t h e  
r o t a t i o n  of t h e  headform was i n i t i a t e d ;  

(4 )  a s  soon a s  t h e  headform r o t a t i o n  took p l a c e  t h e r e  was no f u r t h e r  
r o t a t i o n  of t h e  helmet r e l a t i v e  t o  t h e  headform. 

This  p a r t i c u l a r  behaviour  of t h e  helmet r o t a t i n g  around t h e  headform i n  
t h e  f i r s t  i n s t a n t s  of impact suggested t h a t  t h e  p h y s i c a l  phenomena t a k i n g  pla-  
ce  a t  t h e  helmet-headform i n t e r f a c e  may have a  c l o s e  s i m i l a r i t y  t o  t h e  motion 
of t h e  s k u l l  r e l a t i v e  t o  t h e  b r a i n ,  a s  r e p o r t e d  by b r a i n  i n j u r y  r e s e a r c h e r s  
t o  occur  i n  e c c e n t r i c  head impact (Hirsch e t  a l ,  1970). 

DISCUSSION AND APPLICATIONS 

The s t u d i e s  reviewed, t h e  p r i n c i p l e s  of  t h e o r e t i c a l  mechanics, a s  w e l l  a s  
bo th  t h e  q u a n t i t a t i v e  and q u a l i t a t i v e  in format ion .der1ved  from t h e  research  
programme on i c e  hockey helmets  b r i e f l y  p resen ted  i n  t h i s  paper ,  allowed some 
u s e f u l  a p p l i c a t i o n s  t o  t h e  des ign  a s  w e l l  a s  t h e  s e l e c t i o n  and use  of hockey 
helmets. 

The r e s u l t s  p resen ted  c l e a r l y  demonstrated t h a t  present-day hockey helmets  
g i v e  a  f a l s e  i l l u s i o n  of p r o t e c t i o n  a g a i n s t  s e v e r e  b r a i n  i n j u r i e s  i n  ob l ique  
impact s i t u a t i o n s :  a l l  a n g u l a r  a c c e l e r a t i o n s  were above t h e  t o l e r a n c e  t h r e s -  
hold t o  t h i s  type  of a c c e l e r a t i o n ,  whi le ,  when us ing  on ly  t h e  t r a n s l a t i o n a l  
parameters of t h e  impact ,  t h e  human t o l e r a n c e  th reshold  was n o t  a t t a i n e d .  

Another i n d i c a t i o n  from t h e  r e s e a r c h  programme was t h a t ,  a t  lower velo- 
c i t y  (V ),  a lower f r i c t i o n  between t h e  head and t h e  helmet seemed d e s i r a b l e ,  

1 
such a s  t h e  one produced by a  l o o s e r  at tachment  o r  a  s l i d i n g  s t r a p .  But a t  a  
h igher  v e l o c i t y  (V ), i t  had an  o p p o s i t e  e f f e c t .  This  could have a d i r e c t  
a p p l i c a t i o n  f o r  chgldren whose s k a t i n g  speed is w e l l  below 1 5  f t  s - l  (4 .57  rns - I ) .  
I n  t h e  l a t t e r  c a s e ,  a l o o s e r  helmet (wi thout  any exaggera t ion)  would seem t o  
decrease  somewhat t h e  angula r  components of o b l i q u e  shocks. 

Basic  mechanical knowledge shows t h a t ,  i f  t h e  angula r  a c c e l e r a t i o n s  
experienced a t  impact a r e  dependent upon t h e  moment of  i n e r t i a  of t h e  head- 
helmet system, then  more p r o t e c t i o n  a g a i n s t  b r a i n  i n j u r y  is a s s o c i a t e d  w i t h  
helmets  e x h i b i t i n g  lower mass and s m a l l e r  o u t s i d e  d iameter ,  wi thout  l o s i n g  
t h e i r  a b i l i t y  t o  absorb t h e  t r a n s l a t i o n a l  components of  t h e  impact.  This  
would be even more important  f o r  c h i l d r e n ,  who very o f t e n  a r e  seen  wearing 
very heavy helmets  w i t h  l a r g e  o u t s i d e  d iameters  (due t o  t h e  e x t r a  padding 
needed t o  f i t  t h e  helmets  on t o  t h e i r  s m a l l  heads) .  

However, i t  is h i g h l y  improbable t h a t  helmet des ign  a l o n e ,  even i f  i t  
included some dev ice  producing a  damping of t h e  r o t a t i o n a l  motion, could b r i n g  
t h e  r o t a t i o n a l  components of  h i g h  v e l o c i t y  impacts  w e l l  below t h e  t o l e r a n c e  
th reshold  f o r  humans (Ther r ien  e t  a l ,  1982).  



Bishop (1976) had a l r e a d y  adopted a  s i m i l a r  p o s i t i o n ,  and i t  may w e l l  be  
p o s s i b l e  t h a t  h i s  p r o p o s i t i o n  of improving a l l  s a f e t y  a s p e c t s  of t h e  whole 
hockey environment is t h e  most e f f e c t i v e  way of decreas ing  t h e  r a t e  of b r a i n  
i n j u r i e s .  This means t h a t  t h e  t o t a l  environment, i n c l u d i n g  boards ,  g l a s s  
p l a t e s ,  g o a l s ,  and e s p e c i a l l y  r u l e s ,  would have t o  be  changed wi th  one preoccu- 
pa t ion  i n  mind: t h e  s a f e t y  of t h e  p l a y e r .  

Why n o t  make changes i n  s e v e r a l  i c e  r i n k s  and i n  a  few r u l e s ,  r a t h e r  than  
f o r c i n g  m i l l i o n s  of hockey p l a y e r s  t o  look  and o f t e n  t o  f e e l  l i k e  g l a d i a t o r s !  

However, u n t i l  t h e s e  changes a r e  performed, most of t h e  p r o t e c t i o n  
a g a i n s t  b r a i n  i n j u r y  i n  i c e  hockey, a s  w e l l  a s  i n  o t h e r  s p o r t s  which involve  
a high  r i s k  of head impact,  w i l l  come from improvements i n  t h e  des ign  and se-  
l e c t i o n  of b e t t e r  helmets .  
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