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ABSTRACT 

For the past 2 0  years or s o ,  performance requirements intended to 
protect motor vehicle occupants against head inj ury have invariably 
been based on the use of the Head Injury Criterion ( HIC) . The most 
evident difficulty with the Criterion is s imply that the as sumed 
inverse relationship between the tolerable level of head 
acceleration and its durat ion leads t o  predict ions that contradict 
practical experience . 

The data and analysis most widely c ited in support of the continued 
use of HIC (with a t ime l imit of 1 5  ms ) are reviewe d .  The assumed 
equivalence of HIC values from cadaver and ATD head impacts i s  
discussed and several diff icult ies ident i f  ied . The val idity of the 
derived " threshold risk curve " is tested against the data by 
numerically simulat ing the original experiment s .  The curve i s  
found substant ially t o  misrepresent the experimental data on which 
it is based . Extensive data from tests by Transport Canada and 
other agencies are presented which show that , regardless of either 
the t ime durat ion of the calculat ion or the criterion level , HIC i s  
incapable of dist inguishing potentially inj urious event s from those 
that are known to be harmless . For the protection of motor vehicle 
occupants in frontal collisions , the same data show that an 8 0  g 
l imit on ATD head acceleration constitutes a rat ional , attainable 
and ef fect ive performance requirement . 

1 INTRODOCTION 

The Head Injury Criterion ( HI C )  has been used for more than twenty 
years , in North American motor vehicle safety regulat ions , as a 
predictor of head injury risk in frontal impact s .  I n  such 
appl icat ions , HIC is calculated from the resultant l inear 
acceleration observed at the centre of mass of the head of an ATD1 , 
seated iri a vehicle that collides with a f ixed, rigid barrier . The 
basic form of the criterion [ 1 ] 2 i s  wel l  known and i t s  evolut ion 
from the Wayne State Tolerance Curve ( WSTC ) has been thoroughly 
reviewed elsewhere . ( 2 )  

Despite a number o f  proposals t o  change the way HIC i s  calculated, 
it has become increasingly c l ear that the assumed t ime-dependence 
of the tolerable average acceleration, which i s  fundamental t o  both 
the WSTC and HIC , inevitably leads to predictions of the risk of 

1Anthropomorphic Test Devic e ,  i . e . ,  an instrumented test dummy 

2Numbers in square brackets denote references l isted at the end of this 

paper . 
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head inj ury that contradict experience . The assumed t ime
dependence says that short-durat ion , high-acceleration events and 
long-durat ion ,  low-acceleration events entail equal risks o f  closed 
head inj ury . Thus , for example , the same risk of head inj ury is 
associated with a HIC value of , say ,  7 0 0 , whether i t  results from 
an impact to a correctly funct ioning airbag or to a rigid steering 
wheel hub . That predict ion clearly contradicts common experience ,  
which says unequivocally that the risk of head injury is much 
greater in the latter case than in the former . ( lt also denies the 
basic rationale for the development and use of the airbag . )  A HIC 
value of about 700 may also be observed in a non-contact event , 
which entails ll.Q measurable risk of head inj ury . However , because 
of the obvious conf lict between the predicted and actual risks in 
such event s ,  for regulatory purposes , HIC is now deemed to apply 
only to contact event s .  

2 THE HEAD INJURY RISK CORVE 

2 . 1  Development 

Proponents of the cont inued use of HIC in regulat i on commonly c i t e ,  
a s  their justif ication ,  the existence of the " Head Inj ury Risk 
Curve " 3 ,  shown in Figure 1 .  The curve has i t s  origin in the work 
of the u . s .  Delegation to WG6 / SC12 /TC22 , of the International 
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3 rn the interests of brevity , • Head Inj ury Risk Curve • is abbreviated as 
• HrRc• in the balance of the paper . 
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Standards Organi zat ion [ 3 ] . Given its provenance ,  and the absence 
of any more recent work on the subj ect , i t  is fair to assume that 
the paper presents the best case that can be made for the cont inued 
use of HIC in motor vehicle safety regulation .  

According to the HIRC , a value of HIC of 1 4 0 0  i s  associated with a 
50 percent probabil ity of l i fe-threatening brain inj ury , whi le the 
regulated l imit of 1 0 0 0  entails a risk of about 1 8  percent . Those 
predictions are l imited to contact events for which the HIC 
integrat ion t ime does not exceed 15 ms . 

The development and appl icat ion of the HIRC may be surnmarized as 
follows : 

( 1 )  Previously avai lable experimental data on cadaver head 
impact s were reviewed and those considered acceptable 
were reanalysed as necessary . Acceleration measurements 
had been made at two or three locat i ons on the s kull o f  
each cadaver . A value of HIC for each subject was 
extracted from the accelerat i on data by means that were 
not described in detai l .  

( 2 )  The occurrence or otherwi se of skull fracture and brain 
damage in each subj ect was deterrnined by autopsy and 
associated with the value of HIC for that subj ect . 

( 3 )  I t  was then assumed that there existed some underlying 
normal distribut i on of " HIC tolerance"  in the general 
population. The pararneters of that distribution were 
deterrnined from the ( censored) injury response data by 
the empirical Mert z-Weber method . [ 4 ]  

( 4 )  To apply the curve , i t  i s  further assumed that a value 
of HIC 1 5 ,  deterroined from an ATD in a frontal collision 
.t..as..t. , may be used to est imate the probabil i ty of l i fe
threatening brain inj ury to a real vehi.c le occupant . 

2 . 2  Biomechanical considerations 

Newrnan [ 2 ]  ident i fied a nurnber of reasons for which the exi s t ence of 
any direct relat i onship between the value o f  HIC deterrnined from 
the response of an ATD head and the risk of injury to a human 
occupant i s ,  at best , highly improbable . The reasons that bear 
most direct ly on the val idity of the data and analy s i s  underlying 
the Head Inj ury Risk Curve may briefly be recal l ed .  

The head of the Hybrid I I I  ATD consists o f  an effect ively rigid 
aluminium shel l ,  covered with an elast ic , s l ightly viscous " flesh " , 
and containing a rigidly mounted t riaxial accelerometer . The human 
head i s  evidently very much more complex . I t s  mechanical response 
to impact i s ,  however , deterrnined principal ly by a s kull which 
behaves essent ially as a thin , elastic shel l ,  loosely coupled t o  
the viscoelast ic mass of brain t i s sue that i t  protec t s . 

An impact t o  the head of an ATD , such as the General Motors 
Hybrid I I I ,  produces essent i a l ly a rigid-body response of the 
aluminium skul l .  In contrast ,  an impact to a human head typically 
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exc ites an osc i l lat ion of the brain within the skull and a damped 
vibrat i on of the skull itsel f .  Thus , the impact response o f  a 
human head differs fundamentally from that o f  the ATD ; it commonly 
exhibits at least two of the count less non-rigid responses of which 
it is capable,  whi le the ATD is designed to exhibit none . 

I t  is not , therefore , possible to infer the acceleration of the 
centre of mass of a cadaver head f rom two or three accelerometers 
attached to the skul l .  Whether or not the skull itself is 
deforming ( or even fracturing ) ,  determining the acceleration of the 
centre of mass of a def orming body requires knowledge of the 
instantaneous acceleration of eve.r:y element of the body , not just 
of several arbitrary points on the skul l .  Even if the skull does 
not deform, or skull vibrat ion can be el iminated by f i l tering , its  
gross motion i s  s t i l l  a ffected by that of the brain . The 
biofidelity of the impact response of the Hybrid I I I  head [ S ]  
depends largely on the same assumpt ion ,  i . e . , that a useful measure 
of the resultant acceleration of the centre of mass of the human 
head can be extracted from accelerometers mounted on a deforming or 
fracturing skul l .  Henc e ,  the entire basis of the assumed 
equivalence between HIC values for cadavers and ATDs is 
questionable . 

A second problem with the HIRC is that the accelerations and the 
derived value of HIC ( however defined and estimated) are nQt. 
measures of the mechanical input t o  the cadaver head . The 
accelerat ions , the HIC values , and any observed inj ury , are all 
responses t o  an undef ined mechanical input , mediated by the 
characteristics of the individual subj ect . Any result ing 
association between the value of HIC and injury i s  at best an 
association between two responses o f  the subj ect , not between an 
independent ly defined input and a corresponding output . Quite 
independent ly of the dynamical considerations d iscussed above , the 
nature of that associat ion cal ls in quest i on the relevance of ATD 
impact response to any possible use of the experimental dat a .  

2 . 3 .  Statistical considerations 

Notwithstanding the immediately preceding point , when , as proposed, 
a value o f  HIC measured on an ATD is used to est imate the 
corresponding probabil ity of injury ,  it is c l early implied that HIC 
.i.s. cons idered an independent measure of the mechanical input to the 
head . Hence ,  i t  i s  of some interest to ask whether the threshold 
risk curve ( HI RC )  inferred from the censored experimental data 
correctly represents those data . Welbourne [ 6 )  has addressed that 
is sue in detail elsewhere . Space l imitat i ons here a l l ow only a 
brief account of the approach used and of the principal result s .  

To test the val idity o f  the HIRC , one may create a hypothetical , 
ordered sample o f  n subj ect s ,  having the same distribution of " HIC 
toleranc e "  as the population represented by the HIRC . The n values 
of HIC observed in the experiments may then be randomly associated 
with ( i . e . , " applied to " )  the n subj ects in the ordered sample 
representing the HIRC . I f  the observed HIC equal s  or exceeds the 
" HIC tolerance " of the subject in the sample,  that subject i s  
deemed have been injured . Otherwis e ,  i t  i s  not . 
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The simulated experiment can , of course , be repeated indefinitely , 
with dif ferent random ordering of the experimentally determined HIC 
values . I f  the proport ions of injured and uninj ured subj ects in 
the s imulat ions are essent ially the same as observed in the 
original data ,  then the HIRC fairly represent s the original 
experimental data ;  if the simulat ion cons i stently produces more or 
fewer inj ured subj ect s ,  it does not . 

In Figure 2 ,  the range of results from ten consecut ive simulat ions , 
with di f ferent random ordering of the experimenta l ly observed HIC 
values , is compared wi th the experimental data for skull fracture , 
from which the mean and standard deviat ion of the H IRC were 
determined. The cumulat ive probabi l ity of fracture , i . e . , the 
proportion of subj ects experiencing skull fracture at less than or 
equal to the stated value of HIC 1 5 ,  for the original dat a ,  i s  
represented by the heavy l ine . The range of results from the ten 
consecut ive random s imulat ions falls between the two l i ghter l ines 
shown in the figure . It can be seen that the overal l  fracture rate 

Figure 2 :  Experimental skull fracture data and resulte predicted by 
the Head Injury Riek CUrve 
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in the s imulated experiments i s  between about 5 0  and 8 5  percent of 
that observed experimenta l ly .  Thus , the HIRC of Figure 1 
consi stently underestimates the probabi l i ty o f  skull . fracture in 
the data from which it was inferred. A median HIC value for the 
Head Injury Risk Curve in the 1 2 0 0  range would probably represent 
the data more accurately than the value of 1 4 0 0  obtained by t he 
Mertz-Weber procedure . 
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2 . 4  Validity of the Head Inj ury Criterion 

The foregoing discuss ion should leave l i t t le doubt that 
presumpt ively the best experimental evidence for the use of HIC 
depends on questionable interpretat ions of experimental dat a ,  
flawed logic and unsubstant iated assumpt ions . Most important ly 
however ,  as observed in the Introduct ion , HIC fails the most basic 
sc ient i f i c  test of all : experience directly contradicts its 
predictions of the risk of head injury .  
As a measure of the risk o f  head inj ury t o  motor vehicle occupant s ,  
HIC has no predict ive value . Accordingly , i f  that risk is t o  be 
reduced, it is es sent ial that future regulat ions be based on 
performance measures that , unlike HIC , are demonstrably correlated 
with the risk of head injury . 

3 A VEHICLE PERFORMANCE REQUIREMENT TO REDUCE HEAD INJURY 

3 . 1  Motor vehicle acc ident data 

The single most important observation about head inj ury in real 
automobi l e  collisions is the strong associat ion of head inj ury with 
head contact , particularly contact with s t i f f  surfaces or 
structures . I t  follows that i f  frontal crash performance 
requirements precluded such contacts , a marked reduct ion might be 
expected in the incidence of head injury in real col l i s i ons . 

Whi le reviewing the risk of neck and cervical spinal inj uries t o  
occupants restrained by . seatbelt s ,  Huelke and collaborators [ 7 ]  
incidentally provided a convincing review of the associat ion 
between head contact and head injur}r . From a comprehens ive review 
of both c l inical studies and accident data from a wide range of 
sources , they concluded that : "Head injuries of restrained 
occupants in frontal collisions in which head contact does not 
occur are extremely rare " . Moreover, in the few cases where non
contact head inj ury apparently occurred, it was always of minor 
severity . Such observat ions provide the essent ial bas i s  for a 
vehicle performance requirement that reduces head inj ury by 
precluding potent ially injurious head contacts in standard vehicle 
cert i f ication test s .  

In princip l e ,  i t  then remains to ident i fy a measure o f  ATD 
response , in the standard test coll i s ion , which discriminates 
effect ively between potent ially harmful contact s ,  and contac t s , 
such as those with a correctly functioning airbag , which are 
associated with essent ially the same low risk of head inj ury as 
non-contact event s .  

3 . 2  ATD head response in frontal barrier coll i s ions 

Figure 3 shows the reßults of more than 6 0  frontal impact test s ,  
conducted by Transport Canada , at 4 8  km/h into a full-width rigid 
barrier . All measurements were made on restrained Hybrid I I I  ATDs , 
seated in the front outboard seating pos i tions of the passenger 
vehicles tested . 

For each ATD, the f igure shows the value of HIC , calculated for a 
maximum t ime interval of 3 6  ms or less , plotted against the 
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corresponding value of the maximum resultant head accelerat ion . 
Three c lasses of head acceleration event are ident i f ied by the 
symbols . The open squares ( 0 )  denote non-contact events ,  in which 
the head of the ATD did not strike anything in the vehic l e  
interior . lt can be seen that all  5 1  such events produced maximum 
accelerations o f  less than 8 0  g ,  and , incidentally ,  HIC values of 
less than 1 0 0 0 . All the non-contact events pertain to pas senger 
ATDs restrained by three-point seat bel t s . 

Crosses ( X )  denote contac ts with airbags . At the t ime of writ ing , 
ten vehicles equipped with airbags had been tested in the standard 
frontal barrier collis ion ,  three with dual airbags . Agai n ,  i t  can 
be seen that in all  1 3  cases , the maximum resultant head 
acceleration was less than 8 0  g and HIC less than 1 0 0 0 .  
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Figure 3 :  Restrained occupants in frontal barrier col l i s ions 
at 4 8  km/h (n=13 5 )  
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Fina l ly , the solid squares ( • )  denote other head contac t s . It 
wi l l  be observed that all but f ive such contacts resulted in 
maximum head accelerations exceeding 8 0  g .  However , the maj ority 
of those contacts also resulted in " acceptable " values o f  H I C ,  
i . e . , values of less than 1 0 0 0 . 

These data suggest that a l imit o f  8 0  g on the maximum resultant 
head accelerat ion of a Hybrid I I I  ATD dist inguishes harmful from 
essent ially harmless head acceleration event s .  Transport Canada 
therefore proposes to adopt such a requirement , in the f inal 
version of CMVSS 2 0 8 ,  to protect vehicle occupants against head 
injury in frontal collisions . 
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It is important to note that i f  the HIC integration interval i s  
l imited t o  1 5  ms instead o f  3 6  ms , it has no ef fect whatever on the 
measure ' s  abi l ity to dist inguish soft or non- contact events from 
hard, short durat ion events associated with a high probabil i ty of 
closed head injury . The sole ef fect of reduc ing the integration 
t ime is to reduce the numerical value of HIC for those events for 
which the interval was previously between 15 and 3 6  ms . In 
Figure 4 ,  the result s of the same tests as shown in Figure 3 are 
reproduced us ing HIC 15 as ordinate . 
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Figure 4 :  Restrained occupants in frontal barrier collis ions 
at 4 8  km/h 
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3 . 3  Contact events of less than 8 0  g 

In considering those cases in which contact occurred but the 
maximum acceleration was less than 8 0  g ,  two point s should be 
noted . Firstly , it wi l l  be seen that the maximum non-contact head 
acceleration resulting from restraint of the torso by the three
point belt f a l l s  typically in the range f rom 40 to 7 0  g .  Head 
contact with the vehicle interior is most l i kely to occur within a 
few mi l l iseconds o f  the maximum acceleration induced by the 
restraint system, when the ATD head excursion i s  also near i t s  
maximum . The magnitude o f  the external force input t o  the ATD head 
that can occur without exceeding the 8 0  g l imit is therefore quite 
modest . Where such contact events can be ident i fied on the 
resultant head acceleration trace , they typical ly have a duration 
of about 3 ms and produce an acceleration increment of about 2 0  g .  
Often however ,  though paint transfer between the ATD head and the 
vehicle has occurred, the contact event can not be ident i f ied on 
the acceleration trace . 
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The second , and perhaps more important , point i s  that none of the 
vehicles in which such event s occurred were designed to meet an 
80 g head acceleration l imit . The intent , and the expected result , 
of such a requirement i s  that head contact with anything but an 
airbag wi l l  be avoided ent irely . The expected inc idence of such 
events in vehicles designed to comply is very low .  Most , if not 
all , wi l l  be equipped with airbags . Those that are not , may be 
expected to combine improvements in the performance of the primary 
restraint system with suf fic ient free head excursion t o  as sure 
repeatable non-contact head response . 

3 . 4  Non-contact events exceeding 8 0  g 

The principal reason for maintaining the 8 0  g l imit when no head 
contact occurs , is to l imit the risk of neck inj ury associated with 
seatbelts that promote the development of high neck forces . As 
noted by Dalmotas and Welbourne [ 8 ] , a resultant head accelerat i on 
of 8 0  g i s  consistent with the l imit of 3 . 3  kN ,  suggested by 
Mertz [ 9 ) , for the tolerable tens ile force in the nec k .  

3 . 5  Relevance of the requirement to vehicles equipped with 

airbags . 

The data presented above suggest that , i f  a l l  vehicles were 
equipped with airbags , the advantages of the 8 0  g l imit with 
respect to HIC would be moot . Although a l l  vehicles for the North 
American market wi l l  very probably be f itted with airbags , 
itremains to be seen whether the rest of the world follows North 
America in that respect . In particular, i t  i s  d i f f icult t o  j ust i fy 

Figure 5 :  Restrained occupants with airbags in frontal collisions 
at 5 6  km/h (n= 2 8 )  
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the cost o f  mandat ing passenger airbags where seatbelt usage 
exceeds 9 0  percent or so . A more modest investment in improving 
lateral impact protect ion would provide greater benefits . Where a 
pas senger bag is not present , the considerat ions of Section 3 . 3  
would apply . 

However , the 80 g l imit distinguishes airbag malfunctions that HIC 
can not . The data shown in Figure 5 derive from the U . S .  New Car 
Assessment Program (NCAP ) of frontal barrier collisions at 56 km/ h .  

Two cases i n  which the maximum head acceleration exceeded 80 g wi l l  
be noted . In the more serious event of the two , the ATD head 
struck the hardware behind the deployed airbag , producing an 
" acceptable " HIC of 674 , but a head acceleration of 1 6 5 . 7  g .  The 
acceleration l imit is also sensit ive to high airbag deployment 
speeds , which may be associated with an increased risk of 
concussion or facial injury . In such a case , also shown in 
Figure 5 ,  HIC was 762 and the maximum acceleration ,  8 5 . 2  g .  

3 . 6  Rebounds 

In about s ix percent of Transport Canada tes t s ,  the maximum 
resultant head acceleration occurred as the ATD rebounded, s t riking 
the B-pi l lar , the s ide glass or the seat . About hal f  such rebounds 
resulted in maximum accelerations exceeding 80 g .  The 
indeterminate biof idelity of the ATD in impacts t o  other than the 
frontal region of the head e ffect ively preclµdes the regulat ion of 
such event s .  Moreover the mot ion of the ATD , some 1 0 0  ms or more 
a fter ini tial  vehic le-to-barrier contact ,  i s  l ikely to be quite 
unpredictable . No rebounds are represented in Figures 3 , 4  or 5 .  

4 CONCLUDING NOTE 

The proposed l imit of 80 g on resultant head acceleration i s  
arguably f ounded on a much f irmer base o f  biomechanical data than 
the Head Injury Criterion has ever been , s ince i t  is cons istent 
with a large body of evidence from l ive humans in real col l i sions . 
However, i t  should not be considered a biomechanical injury 
criterion in the conventional sense . 

Spec i f i c a l ly ,  the use of the 80 g l imit implies no conclusions as 
t o :  

( 1 )  human tolerance for l inear head accelerat ion ; 

( 2 )  the relevance o f  either angular acceleration or impac t  
duration t o  human head injury ; 

( 3 )  desirable or attainable levels o f  ATD or human head 
accelerat i ons in other coll i s ion environments ; or 

( 4 )  the general val idity , as predictors of human injury , o f  
kinetic ( rather than dynamic ) measures o f  ATD response . 

The 80 g l imit i s  t o  be regarded s imply as a practical means o f  
dist inguishing acceleration events ent a i l ing a very small risk o f  

- 1 60 -



human head inj ury from those as soc iated with a much higher ( though 
s t i l l  indeterminate )  risk in frontal crash test s .  

The only assumption implicit in the use of the 8 0  g l imit i s  that 
the ATD kinetic response to the vehicle crash pul s e  and restraint 
forces is suffic iently humanl i ke for regulatory purposes . That 
as sumption underlies any use of an ATD to measure vehicle 
performance in a crash test . 

Finally , the 8 0  g limit does not e l iminate the need for a rel iable 
means of predicting head inj ury risk in the many pract ical 
c ircumstances where head contact can not be prevented . 
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