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I'd Abstrmet 
Protect ive  head gear i s  cur ren t ly  evaluated using several ANSI guide- 

l i n e s ,  such as ANSI 789.1. The r i g id  heatiform specif ied  i n  t h i s  standard 
does not r e a l i s t i c a l l y  represent  the headamneck-torso complex of the poten- 
t i a l  helmet wearer; f u r t h e r ,  the impact condit ions speci f ied  there in  do not 
simulate the var ie ty  of impact conditions encountered in actual indus t r i a l  
accident .  

The object ives  of t h i s  project  were t o :  1 ) examine the 1 i t e r a t u r e  to  
def ine  the required impact c h a r a c t e r i s t i c s ,  2 )  iden t i fy  the  unavai lab1 e data 
then conduct t e s t s  to obtain such d a t a ,  3:1 develop a  helmet impact t e s t  sys- 
tem based on acquired response da t a ,  and f i n a l l y ,  4 )  const ruct  such a de- 
v ice  and de l ive r  i t  along with i t s  u s e r ' s  manual. 

These object ives  were met, and the wc~rk leading to  the  f ina l  goal i s  
in t h i s  f ina l  r epor t .  The devic'e i t s e l f  i s  delivered seperate ly  

long w i t h  a l l  engineering drawings and the  assembly and operation manual. 
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PREFACE 

Protective head gear i s  essential in preventing head injuries i n  a hazardous 
environment where the head may be subjected t o  various mechanical and/or 
el ectrical shocks. The worthiness of safety helmets i s  currently evaluated 
using several American National Standards Ins t i  t u  t 2  (ANSI) guide1 i nes . 
The procedure for testing industrial safety helmets, as specified i n  ANSI 
289.1 , has several shortcomings. First of a l l  , the riqid headfom specified 
i n  th is  standard does n o t  real is t ical  1y represent the head-neck- torso 
complex of  the potential helmet wearer. Second, by limiting the impact 
testing t o  the vertex of the head in the superior-inferior direction, this 
procedure disregards other hazardous s i t ~ i i  ti ons whi ch may be just as serious . 
Finally, even if  nore real i s t i c  headforms and impact modes are introduced, the 
injury mechanisms of the head or cervical and thoracic spines are ignored by 
using the peak transmitted force as the orily to1 erance cri terion.  

A t e s t  system which simulates the response of a f i f t ieth-percenti le  a d u l t  nale 
t o  impacts a t  any location above a plane 2 . 5  cm above the basic head ana- 
tomical (Frankfort) plane i s  therefore needed. Based upon  this need, NIOSH 
contracted the Highway Safety Research Inst i tute (HSRI) of the University of 
Michigan t o  develop a helmet impact t es t  system. 

The contract specifies that the work shal'i be done i n  5 phases: ( I )  Examine 
the 1 i terature t o  define the required impact characteristics ; ( I  I )  identify 
ttle unavailable b u t  needed data, then coriduct tes ts  to obtain such data; 

(111) propose three levels of impact t es t  system sophistication b o t h  i n  soft-  
ware and hardware; ( I \ / )  construct and va1 iclate the most feasible of the 
prooosed three systems; and f inal ly ,  ( V )  ciel iver the systsm and i t s  documen- 
tation. 
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1 .  PHASE I - LITEIRATURE S U R V E Y  

This i s  the final report on Phase I of the Helmet Impact Test System Oevelop- 
ment project. The objectives of this  phase are  outlined in section 1 . 1 .  The 
mechanisms of head, neck, and upper-torso injur ies  are  br ief ly  discussed in the 
next section. In section 1.3, the requirements of the desired system are di s- 
cussed, followed by a discussion of the injury tolerance c r i t e r i a  and the 
unavailable data.  The findings of this  phase are summarized in section 1.6 
and a bibliography l i s t  i s  given in the l a s t  section. 

1 . I  . OBJECTIVES 

A t e s t  system that simulates the response of a f i f t ie th-percent i le  adult male 
t o  impacts a t  any 1 ocation 2 . 5  an above the basic plane i s  needed t o  real i s- 
t i ca l  ly evaluate the impact resistance of industrial  helmets. 

The f i r s t  phase i n  developing such a syst~lm i s  t o  examine the available 
research l i t e ra tu re  with two objectives in mind. The f i r s t  objective i s  t o  
define the response requirements of the desired system. This involves an 
understanding of the dynamics of typical fm~acts  t o  the helmeted head, the 
biomechanics of the resulting head-neck-tc~rso injur ies  , a n d  the correlation 
between impact descriptors and injury pat1:erns. 

The second objective i s  t o  determine whiech of these response requirements have 
a1 ready been developed, through previous research ef for t s ,  and which responses 
are needed t o  complete the data base necessary for  designing the desired t e s t  
system. This would provide guide1 i nes for. designing, conducting , and analyzing 
the experiments in subsequent phases of this  project. 

1 . 2 .  HEAD-NECK-TORSO INJURY MECHANISMS 

The objectives of Phase I of th i s  research program are best served by under- 
standing the individual injury mechanisms of the head, neck, and upper torso. 
In the following discussion, the types of injur ies  which are  most 1 i kely to 
occur as a resu l t  of head impacts are  emphasized. The intent  of the discussion 
i s  t o  introduce the reader t o  some aspects of the problem rather than present 
an in-depth analysis. 

1 . 2 . 1 .  Head Injuries 

These may be so f t  -tissue (scalp)  in jur ies ,  skul 1 fractures, and brain and brain- 
stem in jur ies .  I n  an industrial  environment where a worker i s  wearing a pro- 
tect ive helmet, superior-inferi or ( S - I )  impacts occur most frequently when the 
helmet i s  struck by a f a l l i n g  object. Since helmets act  as load dis t r ibutors .  
remote l inear skul 1 fractures are the most 1 i kely types o f  head injuries to occur. 

1-1  



Remote 1 inear sku1 1 fractures occur when the applied forces of  impact are we1 1 
distributed, causing cranial she1 1 bending and creating tensile stresses away 
from the point of impact. These can be so excessive t h a t  a crack in the skull 
i s  initiated and propagated. 

In  many cases, sku1 1 fractures are no t  considered serious injuries by them- 
selves. Nontheless, they serve as indicators of the severity of  injury, since 
they are often associated with brain injuries. 

Three types o f  brain injuries are common: 1 aceration, contusion and concussion. 
Cerebral laceration may be caused by direct invasion of the crania1 cavity by 
foreign objects or by violent motions of the brain relative t o  the skull.  Con- 
tusion is characterized by ruptures of small blood vessel s .  Cerebral con- 
cussion, which i s  usual l y  associated with unconsciousness, i s  the 1 east severe 
because i t  i s  often reversible. 

The exact mechanisms of brain injuries today remain unknown i n  most of the 
cases. However, researchers are able t o  relate,  with some success, a given 
type of injury t o  certain loading modes of the head. This i s  useful since i t  
a1 lows the safety engineer t o  design protective devices for s ~ e c i f i c  types of 
impact hazards. 

1 . 2 . 2 .  Cervical Injuries 

The neck i s  perhaps the weakest 1 i n k  i n  the head-neck-torso complex structure. 
The mechanisms of acute cervical spine injuries may be classified in four 
ca tegori es . 

1 )  FLEXION of several types, which may produce subluxation and bilateral 
interfacetal dislocation, which are principally soft tissue injuries; simp1 e 
wedge fracture (anterior compression of the vertebral body) ; Cl ay-shovel e r ' s  
fracture of the spinous process (usually C6 or C7) ; and the most serious type 
of tear-drop fracture, where a triangularly-shaped, separate fragment i s  
displaced and may impinge upon  the surface of the cervical spinal cord. 

2 )  FLEXION-ROTATION, which may produce "locked" or "perched" vertebra. This 
type of injury refers t o  the anterior dislocation of the inferior facet o f  
the involved vertebra with respect t o  the superior facet of  the one below. 

3) VERTICAL COMPRESSION, which produces bursting fractures. Least common of 
these i s  the "Jefferson" anterior and posterior fracture of the ring of C1, 
and the bilateral displacement of i t s  lateral masses. The most common ver- 
tical compression occurs i n  the mid or lower cervical segments and is caused 
by i ntervertebral di sc materi a1 being impel 1 ed through an end-pl ate i n t o  the 
vertebral body, causing i t  t o  burst. The posterior fragment is displaced 
and may impinge upon the spinal cord. 

4) EXTENSION, which may produce as simple an injury as a fracture of the 
posterior neural arch resulting from compression during maximum extension, or 
an injury as serious as the tear-droo fracture of an upDer segment, usually 
C2, i n  which the triangularly-shaped fragment i s  ? u l  led away from the main 
vertebra 1 body. 



In most cases, cervical spinal injur ies  can be determined with radiographic 
examination of the neck; however, i t  i s  possible for a spinal cord damage to be 
present in the absence of radiographic evidence of vertebral f racture or dis- 
location. The use of  x-ray diagnosis s i m ~ l  i f i e s  the experimental studies of  
in jur ies  using cadavers and permits the correlation o f  the exerted forces and  
resulting in jur ies ,  1 eadi ng to the establ i shment of  to1 erance level s and injury 
c r i  t e r i  a. 

1 . 2 . 3 .  Upper Thoracic Spi ne and Torso 

I t  i s  conceivable tha t  a heavy load imposed on  the top of the head would push 
the head-neck s t ructure infer ior ly into tlie upper to r so ,  causing damage t o  the 
upper thoracic spinal column and possibly fracturing the clavicles .  Fcrr t h i s  
t o  occur, the loads must be so large tha t  head and neck injur ies  would have 
occurred in the process. Therefore, a conservative to1 erance 1 imi t shoul d be 
based on  injur ies  t o  the head and neck and not on  those t o  the upper torso. 

The importance of the upper torso and thoracic spine in the current project 
stems from the role  they play in the production of  neck in jur ies .  During 
impact t o  the helmeted head, the forces appl ied through the occipital  condyles 
must be countered by reaction forces applied by the upper thoracic vertebrae 
to  the neck. Therefore, the compliance of the upper thoracic spine plays a n  
important role in absorbing the energies transmitted through the neck. 

1 - 3 .  PARAMETERS OF THE TEST SYSTEM 

The response of the human head, neck, and  upper torso t o  impacts a t  any location 
2 . 5  cm above the basic plane may be charac:terized by the following dynamic 
variables: ( 1  ) the contact forces,  control led by the impactor weight and velocity 
and dynamical ly measured using force transducers, ( 2 )  the location, direction 
and dis t r ibut ion of the forces transmitted t o  the head through the protective 
helmet,(3) the gross kinematics of  the head, described by angular and trans- 
1 ational accelerations,  vel O C ~  t i e s ,  and displacements , ( 4 )  the shear and axi a1 
forces and the moments applied by the head t o  the neck a t  the occipital  con- 
dyl e s ,  and( 5 )  the spinal axi a1 and bending deformations characteri zed by the 
re la t ive  motions between the head, neck, and torso. 

Most of these dynamic variables are measurable quant i t ies ,  e i ther  direct ly  
using electronic transducers or indirect ly  using d i rec t  measurements i n  con- 
junction w i t h  physical laws. The resul t s  are expressed quantitatively as 
time-histories , averages, and/or peak values. 

I n  addition to these dynamic variables, the impact response i s  characterized by 
the pattern and severity o f  injury sustained by the involved body segments, 
usual ly described i n  qua1 i t a t ive  medical terms. A 1  though several quantitative 
scales have been devised t o  assess the severity of injury,  this  assessment 
remains primarily descriptive.  Nonthel ess , the design and evaluation o f  pro- 
tect ive devices must incorporate some means of injury assessment. 

A t e s t  system which eval uates the perforinance character is t ics  of protective 
helmets must therefore take i n t o  account the biomechanical parameters 
described above. However, an e i f ec t i  ve system should be aes i gned t o  jiiilu 1 are  



the most frequent impact situations. 

In an  industrial environment where a worker is  required to wear a protective 
helmet, a f a l l i n g  object is  the most common hazard encountered. The configu- 
ration of the worker a t  the time of impact determines the location and di- 
rection of the applied impact forces; however, unless the worker's head is 
ti1 ted, or the object is not f a l l i n g  a l o n g  the "vertical ," the impact forces 
will most likely be in the general superior-inferior ( S - I )  direction, and may 
be normal or oblique with respect to the helmet surface. 

Throughout this report, the expressions "S-I impacts" and "top-of- the-head 
impacts" are therefore loosely used t o  indicate impacts a t  locations above the 
basic anatomical plane and i n  the general superior-inferior direction. 

1 .4 .  INJURY TOLERANCE CRITERIA 

The central concern of this research program is t o  minimize trauma t o  the 
head, neck,and upper torso, caused by falling objects o n t o  the helmeted head 
of a worker. The possible mechanisms of injuries were briefly discussed i n  
section 1 . 2 .  I n  this section, the tolerance criteria currently used for 
injury assessment and prediction are discussed. This discussion is based o n  
a n  extensive review of  the available research 1 iterature, and most of the 
statements made are digested from the references given a t  the end of this 
report. The intsrec ted reader qay furtner consul t these references for more 
detai 1 ed presentations. 

1 . 4 . 1 .  Head Injury Tolerance 

The f i r s t  serious attempt a t  establishing a human tolerance level was the 
Wayne State To1 erance Curve derived from rigid impacts t o  cadaver heads i n  
the anterior-posterior ( A - P )  direction. In each of these tes ts ,  the uniaxial 
acceleration of the head was measured and skull fracture was used to indicate 
an injurious impact. Since cerebral concussion i s  often a reversible injury, 
i t  may be associated with a conservative estimate of  head injury tolerance. 
Furthemre, since skul 1 fractures are associated with cerebral concussion, 
i t  is reasonable t o  use 1 inear skul 1 fractures as indicators of overall head 
injury tolerance. T h a t  is the reason for the pooulari t y  of the WSU Tolerance 
Curve as an overall head injury criterion. This curve became the basis for a 
host of methods for determining the severity of a head impact and later 
evolved to the Head Injury Criterion ( H I C )  currently used as a government 
standard i n  automotive crash testing. 

Today, the HIC is  the most widely used criterion for assessment of overall 
head injury, a1 though there is  room for debate on the critical value that 
should be used. I t  should be noted that the WSU tolerance d a t a ,  from which 
the H I C  evolved, includes on ly  A-P accelerations resulting from A-P impacts. 
Furthermore, the structural assymmetries of the brain and head suggest t h a t  
the impact response may be dependent on  the direction and location of impact. 
Therefore, there is  1 i t t l  e experimental biomechani cal justification for using 
the resultant head acceleration for head injury assessment as required by the 
HIC. 



I t  should f ina l ly  be pointed o u t  tha t  the HIC appi ies to the translational 
acceleration of the head. Recent i nvest8i gations have shown that  ro ta t i  ona1 
accelerations (with 1 i t t l e  or  no translational accelerations) oroduce cere- 
bral concussions. However, no rotational motion tolerance l imits have been 
establ i shed. 

1 . 4 . 1 .  Spinal Injury Tolerance 

Most p u b l  ished data on the tolerance limi-5s of the cervical and thoracic spines 
f a l l s  into two categories, The f i r s t  involves force levels which can be to l -  
erated by individual vertebral elements, usual l y  in compression modes, whi l e 
the second deals with forces and moments vihich can be to1 erated by mu1 t i -  
vertebrate sections of the spine. 

The average u l  timate s t a t i c  compressive strength of a typical cervical vertebra 
i s  reported t o  be somewhere between 1 . 7 5  and 2.0 kN. I n  general , however, 
dynamic strength (and tolerance) of these elements may be twice as much. 
Furthermore, the interaction between adjacent vertebrae, thei r i n i t i a l  con- 
figuration as well as the mode and ra te  of: loading may influence to a great 
extent the level of dynamic forces which can be tolerated before any of the 
spinal injur ies  described earl i e r  may occur. 

Dynamic loading of the cervical spine have extensively been reported in the 
Proceedings of the Stapp Car Crash Conferences. These publ ications are  con- 
cerned with impulsive loadings of the head due t o  violent motions of the torso. 
Such work does not specif ical ly  deal w i t h  S - I  impacts to the t o p  of the head, 
b u t  the reported data may be used t o  derive estimates of tolerance levels 
which are  not otherwise available and which are necessary for  the design and 
development of the desired helmet t e s t  sys tern. 

Data for  S-I impacts to el even cadavers, obtained i n  a recent study a t  HSRI, 
indicate that  cervical spine fractures occur for   pea^ forces of 5 . 7  kN with an 
energy of 380 J transfered early in the impact from a 10-kg mass moving a t  
7 . 5  m/s. The same study also found that  these values are  greatly influenced 
by the physical condition of the cadaver's cervical spine, i t s  i n i t i a l  orien- 
tation and the mode of loading. Finally, these eleven tes t s  fa i led to pro- 
duce basal skull f ractures ,  a serious mode of injury thought t o  occur in S - I  
impacts. Most of the damage occured in the lower cervical and upper thoracic 
vertebrae, suggesting the importance of incl udi ng these elements i n  the t e s t  
sys tem bei ng developed. 

1 . 5 .  UNAVAILABLE DATA 

The current research 1 i terature lacks conclusive data on the human response 
and tolerance to impacts t o  the t o p  of the head i n  the general S - I  d i rect ion.  
;dost of the available documentation relates  t o  skull and wain  injury mechanics 
and impact tolerance. Head in ju ry  c r i t e r i a  are  based o n  A-P impacts b u t  have 
been app1 ied w i t h  some degree of success to other directions impacts. Neck 
injuries and tolerance data are available for  loads which are rypified by 
"l,~hiolash" motion. J i rec t  imoacts t o  ihe t o p  of the head are not well docu- 
mented i n  ~ s m s  of spinal in jur ies .  
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The review of 1 i tsrature,  therefore, suggests that the biomechanics of cervical 
and upper thoracic spinal injuries shouid further be investigated. I n  par- 
ticul ar, the parameters of location, direction and distribution of impact 
forces, and the in i t i a l  configuration of the head and spine should be evaluated 
as they effect the injury patterns and severities during direct impacts i n  the 
S - I  direction. 

A comprehensive tolerance study is  no t  possible in a single study because of 
time and funding limitations. Therefore, an in-depth investigation of one of 
the above parameters may prove to be most productive. I t  appears, from the 
HSRI pilot study, that emphasis should be placed on padded impacts t o  the t o p  
of the head when the head is  flexed (forward) a b o u t  20 degrees. With this 
configuration, the cervical spine is nearly "straight," a worst-case situation 
where most of the impact energy would  be absorbed by the vertebral column. 
The goal of this study i s  t o  generate tolerance and kinematic data and observe 
injury mechanisms, which would be the basis for both further testing and devel- 
opment of helmet impact t e s t  system. 

1 . 6 .  SUMMARY 

A review of the research 1 i terature on human response and tolerance has been 
conducted. The most significant pub1 ications which are pertinent t o  the head, 
neck and upper torso are 1 isted i n  the bibliography, section 1 . 7 .  

Most of the available data deals with the automotive crash environment with 7 i t t l e  
or no emphasis on S - I  impacts. Head and brain injury tolerance for this type 
of impacts i s  incomplete b u t  adequate for use i n  developing the desired hel- 
met impact t es t  system. Documentation of neck and spinal injuries resulting 
from S-I impacts are virtually non-existent. Such data must be generated, 
even on a 1 imited basis, before a real i s t i c  helmet t e s t  system is  developed. 



The f o l l c ~ i n g  is  a l i s t  of s e l e c t e d  r e f e r e n c e s  d e a i i r g  ?di th t o p i c s  r e l e v a n t  t a  
t h e  unders tanding  of t h e  bionechanics  of  heiid, neck and upper t o r s o  i s j u r i e s .  
hos t  o f  t h e s e  p u b l i c a t i o n s  were genera;ed around t h e  autcmotive c r a s h  
environment; however, they  provide t h e  r e a d e r  wi th  i n s i g h t  i c t o  t h e  i n j u r y  
mechanisms, t o l e r a n c e  and p r c t e c t i o n s  of  t h e  above body r eg ions .  The c i t a t i o n s  
a r e  l i s t e d  i n  ch rono log ica l  o r d e r  and a r e  g:?cuged by body reg ion .  
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Appendix A 

REVIEW OF PUBLISHED DATA 

I n  t h i s  Appendix, t he  data a v a i l a b l e  i n  the  research 1  i t e r a t u r e  concerning the  
biomechanics o f  head and neck i n j u r i e s  i s  reviewed. A1 though d e t a i l e d ,  t h i s  
p resen ta t i on  i s  by no means exhaust ive  s ince  t h e  volume o f  pub1 i c a t i o n s  deal i n g  
d i r e c t l y  o r  i n d i r e c t l y  w i t h  t h i s  sub jec t  i s  massive. Furthermore, papers o f -  
f e r i n g  q u a n t i t a t i v e  data on head and neck impact t o le rance  are  o r i e n t e d  t o  
automotive crash environment, w i t h  l i t t l e  o r  no emphasis on S - I  impacts as may 
be encountered i n  i n d u s t r i a l  hazardous cond i t i ons .  Therefore, t h e  rev iew pre- 
sented here i s  in tended t o  f a m i l i a r i z e  t h e  reader w i t h  t h e  concepts o f  d e f i n i n g  
human to lerances t o  impacts, t o  present  t y p i c a l  examples t o  i 1 l u s t . r a t e  the t ype  
o f  data t h a t  i s  u s u a l l y  o r  should be monitored, and t o  g i ve  t y p i c a l  r e s u l t s  t h a t  
have c o n s i s t e n t l y  been obta ined by var ious researchers.  

I t  should be po in ted  o u t  t h a t  much o f  t h e  data c u r r e n t l y  a v a i l a b l e  does n o t  deal 
d i r e c t l y  w i  t h  human to1 erances t o  impacts i n  t he  general S-1 d i r e c t i o n .  Ex t ra -  
p o l a t i o n  o f  these r e s u i t s  t o  impa c t s  t o  the  t o p  o f  t he  human head i s ,  a t  bes t ,  
specu la t ive .  Nonethel ess , the experience gained from previous research i s  
extremely va luab le  i n  ga in ing  i n s i g h t  i n t o  t h e  problem a t  hand, i n  p o i n t i n g  o u t  
poss ib le  d i r e c t i o n s  f o r  new research, and i n  a l e r t i n g  researchers t o  t h e  p i t f a l l s  
and d i f f i c u l t i e s  o f  d e f i n i n g  human t o l e r a n c e  t o  impact. 

O f  t he  p u b l i c a t i o n s  examined, those which con ta in  q u a n t i t a t i v e  assessment o f  
i m p a c t - i n j u r y  o f f e r  such a  wide range o f  t e s t  cond i t ions ,  method01 ogies, f i nd ings ,  
and i n t e r p r e t a t i o n s  t h a t  i t  would n o t  be f e a s i b l e  t o  sumnari ze them i n  a simp1 e 
easy-to-read tab1 e. Ins tead,  t h e  most re1 evant i n f o m a t  i o n  from i n d i v i d u a l  
pub1 i c a t i  ons w i  11 be h i  ghl i ghted w i t h  emphas i s  on : 

a) q u a n t i f i c a t i o n  o f  t h e  impact cond i t i ons ,  such as force l e v e l  and 
du ra t i on ,  impactor  v e l o c i t y  and mass, l o a d i n g  r a t e ,  l o c a t i o n  and d i r e c t i o n ,  o f  
a p p l i e d  forces as we1 1  as shape o f  impactor and fo rce  d i s t r i b u t i o n ,  and 

b)  quant i  f i  c a t i o n  o f  response parameters such as measured d e f o m a t i o n / d i  s -  
placement, a c c e l e r a t i o n  1 eve1 and dura t ion ,  p ressure /s t ress  t ime h i s t o r i e s  as 
we11 as type and degree o f  specimen f a i l u r e  o r  i n j u r y .  

A.1. PROPERTIES OF HUMAN SKULL 

A? though s k u l l  f r a c t u r e  has been s tud ied  fo r  over  one hundred years,  i t  has been 
o n l y  r e c e n t l y  t h a t  experiments t o  determine the  mechanical p r o p e r t i  es o f  sku1 1  
bone as a  ma te r ia l  have been performed. The f i r s t  s tudy was t h a t  o f  Evans and 
L i ssne r  [l] i n  1957. The average u l t i m a t e  s t reng th  o f  specimens o f  p a r i e t a l  
compact bone was found t o  be 70 MPa i n  tens ion ,  152 MPa i n  compression  hen 



loaded in the sane tens i le  load direction, and 167 MPa in compression when loaded 
perpendicular t o  the tensil  e load direction. The average compressive strength o f  
specimens of the cancellous diploe layer bone was found t o  be 25 MPa. 

More recently, Wood [2] has reported on a study o f  the mechanical properties o f  
unembalmed human cranial bone in tension ,~ased on tes t s  of over 120 specimens from 
th i r ty  subjects. The specimens were take11 from the compact layers of par ietal ,  
temporal and  frontal bone and tested a t  s t rain rates ranging from s t a t i c  t o  150 
sec-1. The modulus of e l a s t i c i ty ,  the breaking s t ress  and  s t ra in  were found  t o  
be s t rain-rate  sensit ive,  while the energy absorbed t o  fa i lure  were n o t .  A t  low 
s t ra in  rates ,  the average tensi le  strength found to  be 69 MPa agrees closely with 
the value obtained by Evans and Lissner. The average modull~s of e l a s t i c i ty  ranged 
from 1 2  t o  20 GPa, and the average value of energy absorbed t o  failure was 
347 k~/m3. 

The f rac ture  of the skul 1 as a whole has been under investigation for over a 
century. Thus, quantitative data on the magnitude of the force required for 
fracture has appeared in the 1 i terature  as early as 1859 when Weber [3] found  that  
the skul 1 of a small boned tuberculous gir l  27 years of age required only 4 . 9 5  kN, 
while the skull of a robust 37-year old woman d i d  n o t  fracture under 5.12 kN. 

In the classical study in 1880 by Messerer [4], the skulls from 25 men and women 
with ages ranging from 18 t o  82 years were loaded ei ther  in the transverse 
direction or in the longitudinal one. Judging from the forces required for 
fracture,  Messerer found that skulls of women were stronger i n  the transverse 
direction than those of men, while the skulls of men were stronger in the l o n g i -  
tudinal direction than those of women. In b o t h  sexes, the longitudinal strength 
was higher than the transverse strength. lilhen a l l  t e s t s  were combined, the 
average load was 5.08 kN ( 3 . 4  - 7.8 k N )  fo,r transverse loading and 6.36 kN (3 .9  - 71.8 kN) for longitudinal loading. 

In addition to his t e s t s  described above, IYlesserer investigated compression in a 
direction perpendicular t o  base of the s kul 1 , or superior-inferior direction. 
This was done o n  8 skulls with 3 or 4 attached cervical vertebrae. In th is  
series of t e s t s ,  the base o f  the sku17 was destroyed before the compression had 
much effect  on the en t i re  skul l .  In many cases, the f i r s t  or second vertebra 
fractured before the sku1 1 did. The average breaking load was found to be 2.64 kN 
( 2 . 2  - 2 . 9  k N ) .  

The amount  of energy and the time for i t s  a,bsorption required t o  fracture 55 
intact human cadaver heads was investigatec i n  1949 by Gurdjian, gebster a n d  
Lissner [5] .  Data obtained in these tes t s  showed that energy varying from 45- 
100 J was required t o  produce a single l inear fracture, with insignificant cor- 
relation between location of impact and the amount of energy. 

Evans, Lissner and Lebow [ 6 ]  studied in 1953 the relation of energy, velocity and  
acceleration t o  skull deformation and  fracture in intact human heads taken from 
embalmed a d u l t  cadavers, by dropping the head on a 1954 model automobile instru- 
ment panel, and  producing blows t o  the forehead. fractures were produced w i t h  
peak impact accelerations o f  337, 344, 5 5 5  and 724 g having a total  time duration 
o f  1 1 . 2 5 ,  4.88, 9.03 and 3.38 ms, respectivcsly . I n  some cases t h e  head to1 erated, 
without fracture,  peak acceleration as h i g h  as 686 g and available kinetic energy 
as great as 782 J .  



I n  1968 Nahum e t  a1 . [7] conducted a se r i e s  of experiments on 10 human sku1 1 s using 
a drop tower t o  apply imapcts t o  the frontal and tempero-parietal junction w i t h  
a 1-square inch impactor area.  The data obtained from t h e i r  experiments led the 
authors to suggest the following c r i t i c a l  values when the contact area i s  effec- 
t ive ly  one square inch: 4 . 9  kN for  frontal area, 2 . 5  kN for  par ietal  area,  and 
1 . 0  kN for  zygomatic area.  In t h i s  study, Nahum e t  a l .  a lso concluded that  the 
thickness of the soft  t i s sue  plays an important ro le  in increasing the tolerable  
impact forces. 

A .  2 .  B R A I N  INJURY TOLE,MNCE 

Many researchers have concluded tha t ,  as f a r  as injury t o  the brain or brain 
stem injury i s  concerned, the ultimate physical cause i s  shear s t r e s s .  Quanti- 
f icat ion of th i s  shear is so d i f f i c u l t  t ha t  other physical, more measurable 
factors ,  were related t o  head in jur ies  by invest igators .  Thus, head accel er- 
ations ( t rans la t iona l  and ro ta t iona l )  as a peak value, average value or  mean 
value associated with a pulse duration, impulse, energy and velocity were used to 
quantify tolerance of the brain t o  head impacts in the experimental animal 
research. Others focused o n  the pressure gradient that  i s  produced in the 
cranium i n  the hope of establishing a correlation between the level of impact 
and the resul t ing brain injury. 

In a se r i e s  of experiments reported by Ommaya in chapter 23 of [a], 80 Rhesus 
were used i n  head impact t e s t s  under varying conditions. Cerebral concussion 
was defined as the loss of voluntary movement and aversive response to ear pinch 
when these were present immediately before impact. Severity of impact and 
response was measured by piston (impactor) velocity,  head tangential velocity,  
head 1 i near accel era t ion,  impact force and i ntracranial pressure, or  by ca1 cu- 
lated values of kinet ic  energy, and impulse. Omaya concluded in his analysis 
that the impulse of impact was a re l iab le  and s t a t i s t i c a l l y  s igni f icant  index 
that may be used t o  r e l a t e  the input and the dissipation of energy of occipi ta l  
blow t o  experimental concussion. Thus, the probabil i t y  o f  concussion i s  10% for  
an impul se between 0.20 t o  0 . 3 3  N .s , 50% for  an impul se between 1 .85 to  1 .94 N .  s , 
and 90% for an impul se  between 13.32 and 13.46 t i .  s . 
Another index tha t  was found  to be re1 iabl e in predicting concussion i s  the head 
acceleration w i t h  levels of 9.9 - 13.7 g ' s ,  100.1 - 1 0 2 . 5  g ' s  and 865.3 - 869.1 
g ' s  associated w i t h  lo%, 50% and 90% concussion probabil i ti es ,  respectively.  Sur- 
prisingly,  no s t a t i s t i c a l  correlation between intracrani a1 pressure and con- 
cussion was found t o  ex is t  in th is  ser ies  of measurements. 

In another ser ies  o f  experiments, Omaya, Faas, and Yarnell [9 ]  studied the  ef- 
fects  of whiplash on the production of cerebral concussion, using 50 Rhesus 
monkeys. The angular acceleration o f  the head was measured from 1000 frames/sec 
highspeed movies. The resu l t s  indicate tha t ,  as the duration o f  the angular 
acceleration increases from 3, 4, 5, 6 ,  7 to 10 ms, the  concussion threshold of  
i t s  peak magnitude decreases from 500, 150, 90, 70, 60 t o  40 krad/s2. 

The dynamic structural character is t ics  o f  monkey sku1 1 and brain were deter- 
mined over a wide frequency range by Stalnaker and McEl haney i n  a 1972 study 
and reported in [lo]. The measured property was the driving point impedance 



which a1 lowed t h e  conceptua: cha rac te r i za t : i on  o f  t he  head as two masses coupled 
by a  s p r i n g  and a  dashpot. It was determined t h a t  t h e  shape o f  t h e  impedance 
curve was s i m i l a r  f o r  severa l  spec ies o f  subhuman p r imates  and t h e  f resh human 
cadaver.  

I n  o r d e r  t o  v a l i d a t e  t h e i r  model, which produces a  mean s t r a i n  as o u t p u t  when 
t h e  i n p u t  i s  a  measured a c c e l e r a t i o n ,  t h e  au thors  t e s t e d  30 Rhesus monkeys by 
impac t i ng  t h e  head a t  i n c r e a s i n g  l e v e l s  i n  va r ious  d i r e c t i o n s  ( f r o n t ,  s ide,  back, 
t o p  and m i d - f r o n t ) .  I n  t h i s  study, McElhaney, S ta l nake r  and Roberts found t h a t  
f o r  f r o n t ,  s ide,  t o p  and r e a r  impacts, t h e  c r i t i c a l  a c c e l e r a t i o n s  were 1800, 1500, 
980 and 1000 g  w i t h  du ra t i ons  o f  3.6, 2.8, 7.0 and 3.4 ms, r e s p e c t i v e l y .  

GJhile Ommaya and h i s  co l leagues  emphasized t h e  impor tance o f  head de fo rmat ion /  
b r a i n  r o t a t i o n  as t h e  cause o f  shear stres.5 f o rma t i on  i n  t h e  b ra in ,  o t he rs  ( l e d  
by Gu rd j i an )  suggested t h a t  p ressure  g r a d i  e n t s l c a v i  t a t i o n  a r e  t h e  cause f o r  
these shear s t resses .  Heasurements o f  i n t r a c r a n i a l  pressures d u r i n g  head 
impact  has been at tempted and r e s u l t s  used i n  head model ing [11, 12, 131. 

The most r e c e n t  s t udy  i s  t h a t  o f  Nahum, Smfth and 'YJard [ I 4 1  where two s e r i e s  o f  
cadaver head impact exper iments were conducted. Measured i n t r a c r a n i a l  pressures 
a t  v a r i o u s  s i t e s  were c o r r e l a t e d  w i t h  o t h e r  impact parameters. The au thors  found 
s t r ong  c o r r e l a t i o n  between the  head a c c e l e r a t i o n  and i n d i v i d u a l  pressures,  w i t h  
c o r r e l a t i o n  c o e f f i c i e n t  ( r 2 )  v a r y i n g  between 0.89 t o  0.95. S ince  cadavers were 
used, no i n j u r y  t o l e r a n c e  c r i t e r i o n  was est:abl i shed  f o r  t h e  1  i v i n g  human. 

I n  o r d e r  t o  es t ima te  t o l e rances  f o r  t h e  l i v i n g  humans, scal  i n g  has been suggested 
by Omnaya and H i r s h  [I 51 and by McEl haney e t  a1 . [I  01. Scal  i n g  Rhesus monkey 
to1 erance t o  r o t a t i o n a l  a c c e l e r a t i o n  t o  t h a t  o f  man, Ommaya proposed t h e  use o f  
t h e  mass o f  b r a i n  and ob ta i ned  a  t o l e r a n c e  t h resho ld  o f  about  1200 rad /s2  o f  

. angu la r  a c c e l e r a t i o n  o f  t h e  human head. McEl haney used a  d imension less parameter 
u s i n g  average s k u l l  dimensions and weight,  a long  w i t h  impact dynamics t o  e x t r a -  
p o l a t e  data f rom 3 sub-human pr imates spec ies t o  man. He concluded t h a t  t h e  
human head would t o l e r a t e  up t o  2.24 m/s impact by a  f l a t  r i g i d  s t r i k e r ,  t h a t  t he  
peak t o l e r a b l e  a c c e l e r a t i o n  for  t h e  s i d e  o f  t h e  human head would be 56 g, and 
t h a t  a  peak f o r c e  o f  800 1b. would be t o l e r a t e d  by t h e  human head. 

A. 3. SPINAL INJURY LITERATURE 

The s imp les t  s t r u c t u r a l  element o f  t h e  sp i ne  i s  t h e  ve r tebra .  S t reng ths  o f  t h e  
ve r tebra  ( p r i m a r i l y  i n  compression) and o f  s p i n a l  sec t i ons  c o n s i s t i n g  o f  severa l  
ve r t eb rae  have been determined by va r i ous  i n v e s t i g a t o r s .  ~ M o s ~  ex tens i ve  r e p o r t i n g  
was done by Evans and h i s  co l leagues  i n  t h e  1950 's  and 1960 's .  

Evans repo r t ed  [I61 i n  1962 t h a t  t h e  end pla, tes o f  28 f r e s h  ve r t eb rae  f a i l e d  
w i t h  an average l o a d  o f  3  kN ( 1 .9  - 4.0 kN) s t a t i c a l l y  a p p l i e d .  I n  a  p rev ious  
s tudy  [17], Evans and L i s s n e r  s t u d i e d  t h e  re!sponse o f  sec t i ons  o f  t h e  sp ine  
( d e f l  e c t i  on, energy absorp t ion ,  moment) t o  c,ompression and bending. They found 
t h a t  lower  s p i n a l  s e c t i o n  ( T I 2  - L5) de f l ec t s  on t h e  average 3.5 cm and absorbs 
56 3 o f  energy when sub jec ted  t o  an average 680 1b o f  compressive l oad ing .  

Hodgson, L i s s n e r  and P a t r i c k  [ l a ]  s t u d i e d  t h e  e f f e c t s  o f  j e r k  on t he  human sp ine .  
They def ined a  dynamic l o a d  f a c t o r  t o  be used t o  es t imate  t h e  dynamic t o l e rance  
of t h e  sp ine  from s t a t i c  data.  They concluded t h a t  a  l o a d  f a c t o r  o f  2.2 and 2 .4  



should be app l i ed  when t h e  r a t e  o f  onset o f  t h e  a p p l i e d  a c c e l e r a t i o n  i s  between 
800 and 2000 G/sec. 

I n  t h e i r  c l a s s i c a l  s tudy i n  1967, Mertz and P a t r i c k  (191 summarized t h e  vo lun ta ry  
s t a t i c  human t o l e r a n c e  l e v e l s  based on reac t i ons  a c t i n g  a t  the  o c c i p i t a l  condyles 
as fo l l ows :  f o r  t h e  normal head p o s i t i o n ,  178 PI ( P - A )  and 356 N ( A - P )  shear f o r c e ,  
1100 ?I (1-5 )  a x i a l  force;  25.8 J ex tens ion  and 14.2 J extension torque.  These 
values change s i g n i f i c a n t l y  f o r  extended o r  f l e x e d  head. ~ u r t h e m o r e ,  when dynamic 
whip lash t e s t s  were performed on volunteers,  and t h e  r e s u l t s  compared t o  s i m i l a r  
t e s t s  on cadavers, the  inaximum dynamic head response i n d i c a t e d  t h a t  t h e  c a l c u l  a ted  
torque, a x i a l  and shear fo rces  i n  cadavers were 2.5, 0.6 and 0.5 t imes those i n  
vo l  unteers, r e s p e c t i v e l y .  

In a subsequent s tudy i n  1971, M e r t t  and P a t r i c k  [20] proposed response envelopes 
o f  t h e  human neck hyperextension and extension.  These envelopes o f  t h e  t o l e r a b l e  
moments a t  t h e  o c c i p i  tat condyles as func t ions  o f  t he  head angle r e l a t i v e  t o  the  
t o r s o  remain today t h e  design basis  f o r  anthropomorphic dummy necks. 

Most o the r  data on neck i n j u r i e s  a re  qua1 i t a t i v e  i n  nature, w i t h  fragmented pieces 
o f  numerical resu l  t s ,  ob ta ined p r i m a r i l y  from est imates based on impact recon- 
s t r u c t i o n .  These pub1 i c a t i o n s  a re  va luab le  f o r  t he  understanding o- the  mechani sms 
o f  neck i n j u r i e s .  

R EFilA RKS 

I n  rev iewing t h e  p u b l i c a t i o n s  t h a t  deal w i t h  i n j u r i e s  t o  t h e  head, neck and upper 
to rso ,  two pr imary conclus ions were reached. F i r s t ,  the  bu l k  o f  t h e  data i s  
qua1 i t a t i v e  i n  nature, g i v i n g  1 i m i t e d  d e f i n i t e  numerical answers t o  t h e  "how much" 
quest ion.  Second, t he  m a j o r i t y  o f  numerical data was generated i n  the  l a s t  t h ree  
decades w i  t h  emphasi s on t h e  automotive crash env i  ronment . 
Since t h i s  p r o j e c t  i s  geared toward helmet development and t e s t i n g  f o r  p r o t e c t i v e  
worthiness i n  i n d u s t r i a l  environment, t h e  search o f  1 i t e r a t u r e  was concentrated 
on s u p e r i o r - i n f e r i o r  modes o f  impact, o r  any impact s i t u a t i o n  t h a t  might  r e s u l t  
i n  an a x i a l  l oad ing  o f  t he  head-spinal column s t r u c t u r e .  

The human to le rance  data which was presented i n  t h i s  appendix may be used as a 
basis  t o  es t imate  to le rance  t o  a x i a l  l oad ing  and response, b u t  such est imates w i l l  
o n l y  be specu la t i ve .  The d i r e c t  approach o f  o b t a i n i n g  t h i s  t o le rance  data under 
the  des i red  impact cond i t i ons  remains, t he re fo re ,  the  bes t  method f o r  d e f i n i n g  
t h a t  human response and to1  erance. 
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2 .  PHASE I1 - CADAVER IMPACT TESTS 

The second phase of the project  i s  designed t o  generate human kinematic re-  
sponse which remains unavailable in the research 1 i t t e r a t u r e ,  and which could 
feas ibly  be obtained w i t h  cadaver t e s t i ng .  I t  was determined t ha t  very l i t t l e  
data i s  avai lable  on the human response to  impacts in the S-I d i rec t ion .  There- 
fore ,  a l l  the t e s t s  performed in t h i s  phase were conducted by delivering the 
impact to the crown of the head in the spinal S-I d i rec t ion .  

Five f u l l y  instrumented t e s t s  were performed. The data generated i s  massive 
and, therefore ,  will not be included here in d e t a i l .  Instead, processed 
t ime-histories of the response of various parameters a r e  presented, along 
w i t h  supported documents and br ief  descript ion of the experimental and ana- 
l y t i c a l  methods employed i n  the t e s t ing  and data analys is .  

I t  was fe1 t t ha t  the sample i s  too small to  draw general conclusions; there-  
fo re ,  none was drawn. Instead, spec i f i c  observations were made about con- 
s i s t e n t  response trends which a r e  then used t o  provide guidelines for  the de- 
sign of the helmet t e s t  device i t s e l f .  

The t e s t  subjects  were unembalmed cadavers obtained through the Anatomy De- 
partment a t  the Universi ty 's  Medical School. The protocol for  the use of 
cadavers in this study was reviewed by the Committee to  Review Grants f o r  
Cl i nical Research and Investigation Invol wing Human Beings of the University 
of Michigan Medical Center and follows guide1 ines established by the U.S. 
Public Health Service and recommended by tihe National Academy of Science/ 
National Research Counci 1 . 

OBTAINABLE TEST DATA 

There a r e  two categories of responses tha t  could be determined from f u l l y  
instrumented cadaver t e s t i ng .  The f i r s t  i s  t o1  erance response which i s  
based o n  post - tes t  autopsy examination of the physical damage caused by the  
impact. The second category i s  kinematic and dynamic responses of various 
body segments, e i t he r  d i r ec t l y  measured w i t h  transducers such as accel e r -  
ometers and load ce7 1 s, or ind i rec t ly  obtained by mathematical manipulation 
of d i r ec t  measurements. 

I t  i s  t h i s  kinematic and dynamic response which was sought i n  the cadaver 
t e s t ing  phase of the project .  Furthermore, emphasis was placed on the ac- 
curacy and compl eteness of measurement. New instrumentation techniques a1 - 
low the measurement of the fu l l  three-dimensional motion of the head as a 
r ig id  body and the monitorinq of the motion of vert2bral bodies during im- 
pacts to the head i n  the S-I  d i rec t ion .  Therefore, the following measure- 
ments were made: 

a )  the velocity and energy of -7 imoact. 

b )  the d i rect ion and location of impacit force w i t h  respect to the head 



coord ina te  system and the  o r i e n t a t i o n  o f  t he  c e r v i c a l  sp ine r e l a t i v e  t o  the  
1  i ne o f  impact; 

c )  t h e  3-0 r i g i d  body mot ion  o f  t he  head, i n c l u d i n g  displacement,  ve- 
l o c i  t y  and a c c e l e r a t i o n  o f  t h e  s i x  degrees o f  freedom; 

d )  t he  r e s u l t a n t  a c c e l e r a t i o n  a t  t he  head center  o f  mass and t h e  H I C  
(head i n j u r y  c r i t e r i o n )  ; 

e) t h e  fo rces  and moments ( i n  3 d i r e c t i o n s )  a t  the  o c c i p i t a l  condyles; 

f )  t he  components o f  t he  a p p l i e d  fo rce ,  reso lved t h e  head center  o f  mass. 

Most o f  t h e  above parameters were measured and/or computed as func t ions  o f  
t ime f o r  per iods o f  75  ms, from the  i n i t i a t i o n  o f  impact.  I n  many instances,  
suppor t ing  measurements had t o  be made i n  o rder  t o  app ly  laws of dynamics 
fo r  computat ion o f  var ious  fo rces  from k inemat ic  rneasurenents . I n  a d d i t i o n ,  
soph is t i ca ted  experimental  methods were employed t o  express measured quan- 
t i  t i e s  i n  standard anatomical re fe rence frames, 

F ina l  l y ,  t he  t e s t s  were f i l m e d  a t  1000 frames/second us ing  2  high-speed 
mot ion p i c t u r e  cameras aimed i n  or thogonal  d i r e c t i o n s .  The i n t e n t  was t o  
measure the  3-0 motions o f  t he  1 s t  and 12 th  ver tebrae.  A f t e r  c a r r y i n g  o u t  
t he  data r e d u c t i o n  f o r  the  f i r s t  t e s t  and cons ider ing  the  a v a i l a b i l i t y  o f  the  
t r i a x i a l  a c c e l e r a t i o n  measurement a t  T1 and TI 2, i t  was decided t o  cont inue 
the  f i l m  coverage b u t  n o t  t o  c a r r y  o u t  t he  data reduc t i on  f o r  t he  3-0 mot ion 
o f  T I  and T12. 

The p e r t i n e n t  r e s u l t s  o f  5 t e s t s  ( 7 9 ~ 2 0 1  through 7 9 ~ 2 0 5 )  a r e  repo r ted  here. 
The methods used i n  o b t a i n i n g  the  r e s u l t s  a r e  descr ibed i n  d e t a i l  o n l y  when 
such methods have n o t  been repo r ted  p rev ious l y  elsewhere. 



2 . 2 .  INPUT TO ANALYSIS PROGRAMS 

Pre-analysis processing of x-ray motion picture film as we11 as transducer 
signals was applied in order to prepare for analysis of t e s t  data. 

Figures 1 through 5 show the input used for the data analysis programs which 
compute the 3-0 motion of the head and those which determine the i n i t i a l  o r i -  
entations of the head, the location of the occipital  condyles in the head an- 
atomical reference frame and the orientations o f  the TI and T I 2  vertebral 
mounts i n  the laboratory reference frame. 

Figures 6 though 10 contain the 9 acceleration components used to determine 
the 6 degrees-of-freedom motion of the head. Each t r iax  components are  re- 
solved about the standard head anatomical reference frame ( P A ,  L R ,  a n d  S I )  . 
The actual nine accelerometer readings were taken in another instrumentation 
frame whose orientation and origin i s  known (through x-ray 3-D film analysis)  
with respect to the standard head anatomical reference frame. 

The accelerations were f i l t e red  a t  300 Hz and sampled a t  1600 Hz. Fil tering 
was done by performing a FFT (Fast Fourie,r Transform) on each s ignal ,  then 
throwing out a l l  components whose frequenlcy i s  above 300 Hz. 
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FIGURE 4. TEST 79H204 

Instrumentation Frame wrt Anatomical Frame 
3 Translations (em) 
3 Rotations f d e g )  

1 

Anatomical Frame wrt Lab Frame 
Anatomical Center Positions fern) 
Eul er Angles fdegl  

PROGRAM 

3DNINE 

Condyle Center wrt Anatomical Center 
Condyle (midpoint, em) 

I 

INPUT* 

Positions of T1 wrt Cross (m) 
Rotations of TI wrt Cross f d eg )  
Initial Position of TI wrt Lab (m) 
Initial Angle of TI wrt Lab ( d e g )  

Positions of TI2 wrt Cross fmml 
Rotations of TI2 wrt Cross fdegl  
Initial Position of TI2 wrt Lab (ml 
Initial Angle of TI2 wrt Lab f deg l  

*Order of INPUT is x,y,z for translations; and roll, pitch, yaw for rotations. 
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2.3.  HEAD KINEMATIC RESPONSE 

Processing of the 9 acceleration readings of the head produced as many as 60 
variables which can be used to characterize the response. Not a l l  these var- 
iables a re  included here, since many of them are  s ignif icant  only i n  special 
r igid body motion. 

The head 1 inear ( i  . e . ,  translational ) and angular veloci t ies  and accelerations 
were chosen t o  be reported here, since they have a d i rec t  bearing o n  the de- 
sign of  the helmet t e s t  system, and since most injury tolerance c r i t e r i a  are  
defined in t e n s  of these variables. 

The angular motion of the head for  the 5 t e s t s  i s  shown in Figures 11 -1 5 .  
The angular acceleration and velocity vectors a re  shown both as components 
in the head anatomical directions (which are  moving i n  the laboratory frame 
during the impact) and as resul tants .  I t  i s  interesting to note tha t  most 
o f  tne t e s t s  (except HZ03) indicate that  primary mot ion i s  about the L-R axis 
( i  . e . ,  flexion-extension). The 1 inear motion of the head, i . e . ,  translation 
of the head anatomical center,  i s  given in Figures 16-20 .  Here a l so ,  the 1 in- 
ear acceleration and velocity a re  given both as resul tants  and as components 
in the head anatomical reference frame. As expected, the translational mo- 
t i o n  i s  most severe in the S-I direct ion;  however, motion i n  the L-R and A-P 
direction i s  generated t o  a lesser  extent. 

The HIC for the resul tant  acceleration has been computed. I t  i s  interest ing 
t o  note that  none of the t e s t s  resulted in HIC higher than 3 2 5 ,  even though 
the impact forces and energies were near what i s  t h o u g h t  to be the fracture 
tolerance l imits  o f  the neck. This point will be discussed in detai l  in 
chapter 4 .  
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2 . 4 .  RESPONSE OF TI A N D  TI 2 VERTEBRAE 

Figures 21-25 show the accelerations of '71 in the P - A ,  R-L and I-S directions 
and the resultant of these components. 

Figures 26-30 show the accelerations of 'r12 broken i n  the same directions as 
T1 . 
Figures 31 -40 show the "velocities" of these accel erations,  obtained by simp1 e 
integration o f  the components, then finding the resultant of the integrated 
velocities as the square root of sum of the squared components. 

As expected, the highest accelerations and velocity changes are i n  the S - I  
direction, i . e . ,  along the impact axis.  Note tha t ,  in general, the response 
of 712 i s  lower than that  of TI, indicating tha t ,  as the point of observation 
i s  moved away from the point of impact, the mot ion  i s  dissipated. This observa- 
t i o n  i s  used as a general guide1 ine for t,he design of a real i s t i c  helmet impact 
device. 



Tape: NlOSH File: 1 Run ID: 79H20 1 

IMPACT 
FORCE 
(N) 

I FORCE I IMPULSE 

I T-01 ACC 

I " '  I " '  I " '  I " '  I 

I T-0 1 ACC 

1 T-01 ACC 

I T-01 ACC 

20 
Figure 21 

2 - 2 6  



Tape: NIOSH 

I IMPACT 
FORCE 
(N) 

1 FORCE 
I IMPULSE 

I T-01 ACC 

CO 

I T-01 ACC 

T-01 ACC 
P-A(I) 

File: 1 Run ID: 79H202 

(m/s/s) 

I T-0 1 ACC 

20 40 
Figure 22 

2-2'7 

60 80 rns 



Tape: NIOSH File: 1 Run ID: 79B203 

8 
IMPACT 
FORCE 
(N) 

'' 
a 

I T-0 1 ACC 

FORCE 
IMPULSE 

g 

1 T-01 ACC 

(Nos) 

T-01 ACC 
P-A(]) 
(m/s/s> 

I 1 i l l ~ l l l l t l l ~ ~ l i l l i J  
20 40 60 80 ms 

Figure 2 3  

2 - 28 

g 
T-01 ACC 
IRES1 
(m/s/3) 



Tape: NlOSH 

I IMPACT 
FORCE 
(N) 

1 FORCE 
cO 

1 T-01 ACC 

IMPULSE 

a 

File: 1 

(Nag) 

T-01 ACC 
P -A (I) 

Run ID: 79H204 

(m/s/s> 

1 T-0 1 ACC 

-- 
20 40 60 ms 

F i g u r e  24 

g 
T-01 ACC 
IRES1 
(m/3/3) 



Tape: NIOSH 

IMPACT 
FORCE 
(N) 

l FORCE I IMPULSE 

T-01 ACC . 

cD 

I T-01 ACC 

T-01 ACC 
P-A(I) 

File: 1 Run ID: 79H205 

(m/s/s) 

T-01 ACC 
IRES1 

Figure 25  



Tape: NlOSH File: 1 Run ID: 79H20 1 

a 

I FORCE 

IMPACT 
FORCE 

IMPULSE 
(N.4 

(N) 

Figure 26 

CU 
rC 

T-12 ACC 
I-S(K) 
(m/s/s) 



Tape: NIOSH 

IMPACT 
FORCE 
(N) 

1 FORCE 

CO 

I T-12 ACC 

IMPULSE 

E 

I T-12 ACC 

( N . 4  

'T-12 ACC 
P-A(I) 

I T-12 ACC 

(m/9/3) 

File: 1 Run ID: 79H202 

20 40 60 80 ms 
Figure 27 



Tape: NlOSH 

1 FORCE 

8 
IMPACT 
FORCE 

File: 1 Run ID: 79H203 

(N) 

T1 
a 

T-12 ACC o, 
P-A(/) 
(m/s/3) V 

IMPULSE 

' T-12 ACC 
O2 I-S(K) 
CC 

(m/9/4 

(N.3) 

I T-12 ACC 

F i g u r e  25 



Tape: NlOSH 

IMPACT 
FORCE 
(N) 

l FORCE 

File 1 Run ID: 79H204 

'' 
CO 

T-12 ACC 
R-L(J) 
(m/3/3) 

IMPULSE 

T-12 ACC 
~ R E S ~  
(m/s/s) 

( N . 4  

Figure 29 



Tape: NIOSH File: 1 Run ID: 798205 

I IMPACT 

1 FORCE 

g FORCE 
(N) 

'' 
cQ 

IT-12 ACC 

IMPULSE 

a 
rC 

I T-12 ACC 

( N 4  

T-12 ACC 
?+(I) 

Figure 3 3  

2 - 3 5  

(m/s/s) 



Tape: NIOSH 

I IMPACT 

1 FORCE 
IMPULSE 
(N.3) 

If-01 VEL 

T-01 VEL 
R-L(J) 

I-S (K) 
'EL 

I T-01 VEL 

File: 1 Run ID: 79H201 

F igu re  31 

2-36 



Tape: NiOSH ' File: 1 Run ID: 79H202 

CD 

l FORCE 

IMPACT 
FORCE 

I IMPULSE 

(N) 

f-01 VEL 
R-I(J) 
(m/4 

* * 

'EL 

T-01 VEL 
P-A(]) 

'T-01 VEL 
IRES1 
(m/s> 

(m/s> 

F igu re  32 

2-37 



Tape: NOSH Flle: 1 Run ID: 79H203 
l l f t l l a l l ~ l ~ l l t l [ l l i (  

I IMPACT 

l FORCE 

51 

I IMPULSE 

FORCE 

T-01 VEL 
P-A (I) 

(N) 

T-01 VEL 
R-L(J) 
(m/s> 

T - 0 1  VEL 
I-s(K) 

Figure 33 

g 
T-0 1 'VEL 
IRES1 
(m/3> 



Tape: NlOSH 

I IMPACT 

1 FORCE 

T-01 VEL 
P-A(/) 
(m/s) 

CO IMPULSE 

IT-01 VEL 
I-S(K) 
(m/3) 

( N . 4  

& 

T-01 VEL 
IRES1 

T-01 VEL 
R-L(J) 

File: 1 Run ID: 79H204 

(m/a> 

Figure 34 

2-39  



Tape: NIOSH 

I IMPACT 

File: 1 Run ID: 79H205 

a 

1 FORCE 

FORCE 

I IMPULSE 

(N) 

T-01 VEL 
R-L(J) 
(m/s) 

a 
T-01 VEL 
P-A (I) 

I T-01 VEL 

(m/s) 

a 
CO 

F igu re  35 

T-01 VEL 
I-S(K) 
(m/3) 



Tape: NlOSH 

I IMPACT 

l FORCE 
2 I IMPULSE 

I T-I2 VEL 

T-I2 VEL 
R-L(J) 
(m/3) 

rC 

I T-12 VEL 

P -A (I) 

T-12 VEL 
IRES1 
(m/s)' 

(m/3) 

Run ID: 79H2 0 1 

-- 
20 40 60 rns 

Figure 36 

2-41 



Tape: NIOSH File: 1 Run ID1 79H202 
l ~ 8 ~ l ~ ~ ~ l ~ ~ ~ ~ ~ i ~ ~ l l l ~  

I IMPACT 
FORCE 

(N) 

l FORCE 
C' 
CO IMPULSE 

* 
E 

I T-12 VEL 

(N.4 

T-12 VEL 
P -A (I) 

* 
rC 

I T-12 VEL 

(m/s) 

T-12 VEL 
R-L(J) 

Figure 37 

2-42 

( m / 4  - 



Tape: NlOSH 

I IMPACT 
FORCE 
(N) 

File: 1 . Run ID: 79H203 

1 FORCE 

l T-12 VEL 

rl 
a IMPULSE 

T-12 VEL 
I-S(K) 
(m/s) 

(N.4 

& 

T-12 VEL 
IRES1 
( 4 9 1  

T-12 VEL 
R-I(J) 

-- 
20 4 0  60 80 ms 

Figure 38 

(m/s> 



Tape: NlOSH 

I IMPACT 
FORCE 
(N) 

I FORCE I IMPULSE 

File: 1 Run ID: 79H204 

I T-12 VEL 

1 T-12 VEL 

l T-12 VEL 

* 
CC 

Figure 39 

T-12 VEL 
I-S(K) 
( m / 4  



Tape: NlOSH 

1 IMPACT 

File: 1 Run ID: '79H205 

g 

l FORCE 

FORCE 
(N) 

If-12 VEL 

a IMPULSE 

'T-12 VEL 
R-C(J) 

(N-8) 

* 
rC 

Figure 4 4  

P -A (I) 
(m/3> 



2.5. DYNAMICS OF HEAD IMPACT 

The head da ta  p resen ted  e a r l i e r  may be desc r i bed  as k i nema t i c  da ta  which a p p l y  
t o  any r i g i d  body r e g a r d l e s s  o f  i t s  i n e r t i a l  p r o p e r t i e s .  I n  o r d e r  t o  d e s c r i b e  
t h e  dynamics o f  impact,  t h e  mass o f  t h e  r i g i d  body ( i . e . ,  t h e  head) and i t s  
moment o f  i n e r t i a  m a t r i x  must be known. The dynamic a n a l y s i s  o f  impac t  shou ld  
then y i e l d  t h e  r e a c t i o n s  o f  t h e  head, assumed t o  be a r i g i d  body, a t  t h e  neck 
j o i n t .  

A l though  t h e  head mo t i on  w i t h  r e s p e c t  t o  t h e  neck i s  a  s l i d i n g - r o l l i n g  mo t i on  
about  t h e  o c c i p i  t a 1  condy les,  a  reasonab le  model f o r  t h i s  j o i n t  i s  t o  assume 
a s imp le  " j o i n t "  a t  which t h e  head e x e r t s  on t h e  neck a s i n g l e  f o r c e  v e c t o r  
and a s i n g l e  moment v e c t o r  which may be r e s o l v e d  a l ong  3 o r thogona l  d i r e c t i o n s .  

Therefore,  t h e  f o l  l o w i n g  q u a n t i t i e s ,  needed f o r  t h e  dynamic a n a l y s i s ,  were de- 
f i n e d :  

a )  t h e  l o c a t i o n  o f  t h e  head-neck connec t i on  p o i n t  (assumed t o  be mid-way 
between t h e  two condy les )  r e l a t i v e  t o  t h e  head r e f e r e n c e  frame; 

b )  t h e  l o c a t i o n  o f  c e n t e r  o f  mass i n  t h e  head r e f e r e n c e  frame, which i s  
near b u t  n o t  t h e  anatomica l  cen te r ;  

c )  t h e  mass o f  t h e  head; 

d )  t h e  moment o f  i n e r t i a  m a t r i x  o f  t h e  head about  t h e  head s tandard  r e -  
f e rence  frame. A l t e r n a t e l y ,  t h e  p r i n c i p a l  axes o f  i n e r t i a  must be d e f i n e d  
a l ong  w i t h  3 p r i n c i p a l  moments o f  i n e r t i a .  

The above q u a n t i t i e s  were determined as f o l l o w s :  

a )  Condyle l o c a t i o n s  were determined by x - r ay  a n a l y s i s  o f  co r respond ing  
l e a d  t a r g e t s .  These coo rd i na tes  a r e  i n c l u d e d  i n  t h e  e a r l  i e r  F igures  1 -5 .  

b )  Head c e n t e r  o f  mass was always assumed t o  be i n  t h e  m i d - s a g i t t a l  
p lane, w i t h  coo rd i na tes  ( 3 ,  0-0, 2,1) cm a long  t h e  head ( P - A ,  R-L, I - S )  
axes, r e s p e c t i v e l y .  These coo rd i na tes  a r e  j u s t i f i e d  i n  a  s tudy  by E. 3 .  
Becker e n t i  tl ed "Measurement o f  Mass D i s t r i b u t i o n  Parameters o f  Anatomical  
Segments", 

c )  Head mass was computed by a r e g r e s s i o n  model developed u s i n g  R .  F. 
Chand le r ' s ,  " I n v e s t i g a t i o n  o f  I n e r t i a l  P r o p e r t i e s  o f  t h e  Human Body", a  
s t udy  where exhaus t i ve  measurements were made on 6 cadaver heads. 

d )  Head p r i n c i p a l  moments o f  i n e r t i a  were computed u s i n g  a r e g r e s s i o n  
model developed by 0. G. L e t t  i n  a  r e p o r t  e n t i t l e d ,  " E s t i m a t i n g  Moments o f  
I n e r t i a  o f  t h e  Head From Standard An th ropomet r i c  Data" .  

Once a l l  these q u a n t i t i e s  a r e  determined, t h e  f o r c e s  and moments a t  t h e  condy les 
may be c a l c u l a t e d .  T h i s  method i s  t h e  o n l y  way a v a i l a b l e  f o r  t h i s  determina-  
t i o n  s i n c e  i t  i s  h a r d l y  f e a s i b l e  t o  i m p l a n t  l e t  a l one  develop a s i x -channe l  
t ransducer  t o  measure t h e  6 r e a c t i o n s  a t  t h e  condy les .  

I n  t h e  r e g r e s s i o n  models, i n e r t i a l  p r o p e r t i e s  o f  t h e  head were p r e d i c t e d  us i ng  
4 an th ropomet r i c  measurements which a re :  



LEN . . . . A-P length; 
8RT . . . . L-R bread1,th; 
HGT . . . . 5-1 height; 
CIR . . . . Circumference of the head. 

The regression models a re  presented in Figures 41 and 42 ,  the dependent 
variables a re  the mass of the head ( M A S ) ,  and the 3 principal moments of i n -  
e r t i a  (IUU, IVU, IWW). The correlation coefficients range from 0.86 t o  0.95,  
an extremely h i g h  correlation for biological materials and systems where var- 
ation i s  wide. 

Using these models, and anthropometric measurements of the 5 tested cadavers, 
shown in Figure 43, and the kinematic resu l t s  of the 3-0 rigid body motion de- 
scribed ea r l i e r ,  i t  was possible t o  calculate the time his tor ies  described be- 
low. 

The impact force was assumed to ac t  in a fixed laboratory direction while the 
head (and  i t s  reference axes) were moving.. The impact force was therefore re- 
solved i n  the 3 moving axes o f  the head as shown in Figures 44-48. Also shown 
in these figures i s  the l inear  acceleration vector ( 3  components) of the head 
calculated a t  the head CG (center of gravi ty.)  

The next se t  of figures,  49 th rough  53, shown the condyles reactions which 
consist of  3 force and 3 moment components. 

Note that  the I-S force component and the moment about the R-L axis a re  the 
highest, indicating tha t  i t  may be reasonable in the design of a real i s t i c  
helmet device, i t  may be suff ic ient  to monitor the flexion - extension torque 
a t  the bottom o f  theadummy head along w i t h  the load a t  that  same point in the 
S-I  direction. 
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HEAD ANTHROPOMETRY 

LEN B RT HGT C I R 
Test No. (cm) (cm) (cm) (cm) 

where: LEN = A-P 1 ength 
BRT = L-R Breadth 
HGT = S-I Heigh t  
CIR = Circumference. 

F igure  43 
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2 . 6 .  CHARACTERIZATION OF THE H U M A N  BODY 

The portion of the human body effected by 5-1 impacts t o  the t o p  of the head 
include the head i t s e l f ,  the neck and spine and the upper thorax. This portion 
may be considered as a physical system consisting of many inter-acting elements. 
Analysis of the inter-actions may render practically impossible the understand- 
ing of the biomechanics of th i s  portion of the human physical system. 

I t  i s  a usual practice i n  complex system analyses t o  consider input-output 
relationships as characterization of such a system. This relationship i s  call  - 
ed the transfer function of the system and may or may not be independant of 
time. This transfer function i s  a process which transform the given input in- 
to an o u t p u t .  I t  i s  assumed here that  th i s  process i s  stationary or time- 
i nvariant . 
There are  a number of i n p u t  and output parameters which have been measured 
d u r i n g  the 5 cadaver t e s t s .  Thus, the measured impact force i s  an input quan- 
t i  t y ,  whi l e accel eration and velocity responses a t  the head anatomical center,  
a t  TI and a t  TI2 are  a l l  output quantit ies.  I t  i s  therefore legi t imite  to 
characterize the upper portion of the body by transfer functions or processes 
which transform the impact force into any one of the resulting responses. The 
usefulness of such characterization i s  the development of a "black box" model 
which, given the impact force, would predict the human response t o  impact, 

One such transfer functions i s  the mechanical impedance, defined as the ra t io  
of "force" over "veloci tyl ' .  Here, "force" and "velocity" are  assumed to be 
the magnitudes of these quantit ies when the system has reached a steady s t a t e  
under sinusoidal excitation. Mechanical impedance (with a magnitude and phase 
angle) i s  usually generated by exciting a given system with a given frequency, 
then sweeping the frequency over a desireci range. A t  each frequency the mag- 
n i  tude of the steady-state velocity (a1 so s i  nusoidal ) resul t i  ng in an imped- 
ance which i s  function of the frequency. 

Unorthodox techniques are  used in this  prc~ject to obtain the mechanical im- 
pedance of the system as function of frequencies. The method makes the fol-  
1 owi ng assumptions : 

a )  the system i s  time-invariant; 

b )  the system i s  l inear ,  therefore the principle of superposition may be 
appl i ed 

c )  the i n i t i a l  conditions of the system are  a l l  zero, a1 l owing  to assume 
that  the magnitude of response a t  any given frequency i s  the resu l t  of a n  ex- 
ci ta t ion of the same frequency. 

Armed w i t h  these reasonabl e assumptions, and w i t h  the understanding that any 
irregular function of time (e.g. ,  impact force, acceleration response) may 
be considered as one period o f  a periodic function, each of  the i n p u t  and o u t -  
p u t  quantit ies were transformed t o  the frequency domain, resulting i n  a fre- 
quency spectrum a t  discrete frequencies ranging from tne fundamental t o  the 
Nyquist ra te .  The fundamental i s  equal t o  the inverse of  the signal duration, 
while the Nyquist ra te  i s  equal t o  half of the Sampling r a t e .  However, be- 
cause of rounding errors of the Fast Fourier Transform (FFT) and since mag- 
nitudes of components in the upper frequency range (higher than 100 Hz) are  



small approaching the rounding er ror ,  output/input ra t io  a re  noisy and should 
not be considered highly re l iab le .  

Now tha t  a l l  signals of in te res t  have been transformed via FFT to the frequency 
domain, i t  i s  possible to  characterize the system a t  each discrete  frequency, 
resulting in an overall impedance curve which i s  function of frequency. Finally, 
note that  the input t o  the mechanical system may be a t  any location and in any 
direction, and the o u t p u t  also i n  any different  (o r  same) direction and lo- 
cation. 

The following four sections contain transfer impedances between the impact 
force as input, and the velocity as output measured a t  three different  "lo- 
cations" (Head, TI and T12) in 4 different  "directions" ( resu l tan t ,  P-A,  R-L, 
I-S), as tabulated below: 

Sec. 2 .6 .1 .  Resultant impedance curves a t  the head CG for 5 t e s t s ,  a t  
TI for 5 t e s t s  and a t  TI2 for 5 t e s t s .  

Sec. 2.6.2. P-A impedance curves also a t  the head C G ,  a t  T1 and a t  TI2 
each for  the 5 t e s t s ;  

Sec. 2 . 6 . 3 .  R-L impedance curves, similar t o  the above, 

Sec. 2 .6 .4 .  I - S  impedance curve, a1 so similar t o  the above. 



2 .6 .1  . Resul tant  ' s Transfer Impedance Curves - 
Figures 54-58 give the impedance of  the head when the "output" i s  the "in- 
tegrated resul tant  velocity" which d i f fe rs  from the resul tant  acceleration by 
a factor equal to the frequency a t  which the impedance i s  calculated. Note 
tha t ,  generally, the low-frequency behavior of the head i s  mass-like. Note 
also that there i s  an anti-resonance a t  30-40 Hz and a resonance (natural 
frequency of the head) around 60-80 Hz. 

Figures 59-63 give the transfer impedance between the impact point and TI in 
the resul tant  "direction". Note the mass-1 i ke behavior a t  low frequencies, 
which indicates,  asmight be expected, a higher mass than the equivalent mass 
of the head. 

Figures 64-68 give the transfer impedance between the impact point and T12, 
also i n  the "direction" of the resul tant .  This time, the low-frequency i s  
consistently mass-1 i key with equivalent masses def ini te ly higher than both 
head or TI equivalent masses. 

































P-A Transfer Impedance Curves 

Figures 69-73 are  f ive t ransfer  impedance curves between the impact point and 
the head CG in the P-A direction. Note that  the impedances are  generally h i g h -  
e r  than those for  the resul tants ,  indicating the head "refuses" to move in the 
P-A direction as much as i t  moves in the resul tant  direction. Simply s tated,  
the impedance curves confirm the f a c t  tha t  resultant accelerations a re  higher 
than the component in the P-A direction. 

Figures 74-78 give the t ransfer  impedances a t  T I ,  while figures 79-83 give 
impedancy a t  TI 2 .  The general trend i s  'that T I 2  impedances a re  higher than 
those a t  T I ,  indicating a dissipation o f  energy as one moves away from the 
point of impact. 

































2 .6 .3 .  R-L Transfer Impedance Curves 

The transfer impedances between the p o i n t  of impact and various observation 
points in the R-L direction are given in figures 84-88 for the head C G ,  in 
figures 89-93 for TI and i n  figures 94-9El for TI 2. 

As w i t h  the P-A impedances, these R-L impedances are higher than the resultant 
impedances and even higher than P-A impedlances thmsel ves . This indicates that 
the system response t o  S-I impact i s  less sensitive in the R-L direction 
than other direction responses. 

































2.6.4. I-S Transfer Impedance Curves 

lhe final group of transfer impedance curves a re  those in the I-S direction; 
thus, figures 99-1 03 are  those fo r  the head, figures 704-108 are  for TI and 
figures 109-113 a re  those f o r  T12. 

These impedances a re  the most important group since the output (acceleration) 
is in the sane direction as the input (impact force) .  Several observations 
may be made about these curves. 

First of at 1 ,  the impedances a re  lower for the head, and higher for TI 2 ,  while 
TI., impedances a re  somewhere i n between. T h i  s supports earl i e r  observations 
tha t  the impact energies a re  dissipated by the system, so that  i t  effects  
mostly the head and t o  lesser  extent the lower thoracic vertebrae. 

The second observation is tha t ,  a t  low frequencies below 30 Hz, the system 
ac ts  l i k e  viscous damping (dash pot) w i t h  constant impedance which i s  inde- 
pendant of the frequency. This observation i s  important since i t  suggest 
tha t  any real i s t i c  t e s t  device must have elements which dissipates energy 
without returning this energy back to the system, as i s  the action o f  a spring. 

































2 . 7 .  REQUIREMENTS FOR HELMET TEST DEVICE 

The t e s t  resu l t s  presented in the previous sections a re  those from 5 cadaver 
t e s t s ,  a sample too small to  draw def in i te  general conclusions about human 
response to S-I impact. There were, however, some observations which were 
consistently made regard1 ess of the t e s t  being considered or the parameter 
used in making the observation. 

The cadaver t e s t s  have consistently suggested that  any r e a l i s t i c  helmet impact 
t e s t  system must respond to S-I impacts as follows: 

a)  the motion of the head should be primarily in the S-I direction; 

b )  the head rotation re la t ive  to the neck should be primarily about a n  
L-R axis 

c )  the motion of the head should be (absorbed by non-conservative elements 
which diss ipate  the energy. 





3. PHASE I11 - PROPOSAL OF IMPACT TEST SYSTEMS 

3.1 . BACKGROUND 

The requirements of Phase I11 of this pro,ject may be summarized as io1 lows: 
1 ! propose three levels of impact t e s t  systems sophistication, 2) develop an 
analytical model for  each proposed system, and 3) submit sketches and nar- 
ra t ive  description of each system. 

The design of these systems should incorporate resu l t s  from cadaver tes t ing 
i n  Phase 11. Although this test ing phase i s  not completed, there i s  enough 
data to suggest trends in response and t o  allow the formulation of a prelim- 
inary design c r i t e r i a  of the desired t e s t  system which i s  human-1 i ke in re- 
sponse. 

The overlap between phases I1 and 111 i s  necessary to compensate for  the un-  
avoidable ea r l i e r  delays. As test ing in Phase I1 continues, the design re- 
quirements of Phase I11 will be modified to accommodate additional resu l t s  
from cadaver t e s t s .  W i t h  t h i s  in mind, three systems a re  proposed based 
on our prel imi nary findings . 

3,2. PRELIMINARY TRENDS IN RESPONSE 

Results from 3 t e s t s  (79H201, 202 and 203:l indicate the following trends in 
the measured cadaver response to  S-I impacts: 

1 ) The motion (acceleration, velocity ancl displacement) i s  primarily b u t  
not exclusively i n  the direction of impact;. Thus, while accel erations of 
the head, T1 and TI2 a re  highest in the S-#I direct ion,  accelerations in the 
A-P and L-R directions a re  generated as wall. 

2 )  As the point of observation moves away from the point of impact (from 
the head, to TI t o  TI 2 , )  the magnitudes of responses a re  reduced indicating 
some dissipation of energy through the head, neck and spine. 

3) From impedance analysis of one t e s t  (79H201) in the frequency domain, 
the S-I and resul tant  responses a t  low frequencies i s  consistant w i t h  the 
masses of the head, head-neck and head-neck-upper spinal segments of the body. 
The A-P and L-R responses exhibit a dashpot-type behavior character is t ic  of 
a constant force-veloci t y  relationship,  independant of frequency. Resul ts 
from t e s t s  79H202 and 79H203 general 1 y support t h i s  characterization; however, 
no s t a t i s t i c a l l y  valid conclusion can be made w i t h  a sample of only 3 t e s t s .  

No attempt will be made a t  this stage t o  interpret  or explain these resul ts  
except to include tnem as Appendix 3 .A.  



3 , 3  DESIGN REQUIREMENTS 

Any r e a l i s t i c  impact t e s t  device should provide some k ind  of damping since 
preliminary resu l t s  indicate tha t  energy i s  being dissipated by the head-neck- 
spine system. 

The t e s t  system should include, as a minimum, a headform where a helmet could 
be instal led and a lower linkage representing the neck-torso. Kinematic re- 
sponse of the head and of the neck should be monitored along w i t h  the in te r -  
action forces a t  the head-neck junction. 

Several levels of sophistications could be achieved by the selection of the 
headfon, the design of  the neck-torsol s t ruc ture  and by the requirements im- 
posed on the number and accuracy of measurements being made of the response. 
In a11 cases,  the device must be capable of being positioned to receive brows 
a t  any location above a reference plane which i s  2.5 above the head basic 
plane, 

Most importantly, the measured response of the device t o  impact should match, 
as closely as possible, tha t  of the l iving human under similar conditions. 
The emphasis placed on t h i s  human-1 i ke behavior underscores the d i  f f icu l  ti es 
i n  achieving such a device. Considerable e f f o r t  will therefore be spent in 
tuning the constructed device to produce the desired response, 

3 . 4 .  THREE PROPOSED SYSTEMS 

In the following sections,  three helmet impact t e s t  systems are  proposed. 
These systems d i f f e r  by the complexity of the i r  construction and by the num- 
ber of transducers used to monitor the i r  impact response; however, they a11 
have the same basic configuration: a headform, a "neck" s t ructure and a 
mounting base. The use of commerically avai lable  components would reduce the 
cost of constructing the device, b u t  would r e su l t  in limited t u n i n g  f lex- 
i b i l i t y .  On the other hand, an extremely f lex ib le  design d ic ta tes  tha t  a11 
components be designed, from the ground u p ,  to produce the desired human- 
l i k e  response and to meet the design requirements spelled o u t  e a r l i e r .  The 
compromise systern wou1 d incorporate some available components tha t  would be 
moderately modified, w i t h  improved 1 i nkages between the various parts .  

3.5 PROPOSED MINIMUM COST SYSTEM 

In order to keep the cost a t  a min imum,  existing dummy head and neck would be 
used. The mounting base would be adapted from a ball -and-socket vise  tha t  i s  
commercially available.  This system i s  sketched i n  Figure 714. 

3.5.1. The Head 
Part 572 ATD head would be used in th i s  design. The vinyl skin would also be 
included to br ing the head to the appropriate circumference and weight and t o  
absorb some of the h i g h  frequency resonances tha t  m i g h t  be generated. 

Instrumentation of the head would be limited to a t r iax ia l  (or equivalent) ac- 
celerometer mounted a t  the head center of gravity.  



SIMPLE STRUCTURE, SIMPLE INSTRUMENTATION 
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/ 

Figure 114 - "Ninimum-Cost" Helmet Impact Test System 



3.5.2. The Neck 
The neck in th i s  low-cost design would also be that  of Part 572 A T D ,  because 
of i t s  ava i lab i l i ty  and simplicity. This neck a monolithic rubber casting, 
cyl indrical I n  shape,, w i  t h  a f lexi bl e s teel  cab1 e along i t s  longitudinal axis ,  
connected to two washers a t  the ends of the cylinder, 

Connection between the neck and head would be designed around a special GSE 
load cell  to measure the moment and shear and axial forces a t  the condyles. 
This interface would be similar to that  used in the construction of the GH 
Hybrid I11 dummy. 

3 . 5 , 3 ,  The Base 
The neck-head assembly would be mounted t o  the laboratory floor (or work table)  
through a heavy-duty bal 1-and-socket work posi t ioner , such as Mi 1 ton  ' s Pow- 
Ram Work Positioner No. 302.  This support would provide u p  t o  1000-1 b loads 
a t  12 inches, and has a wide range of angular adjustments. 

3.5.4, Advantages 
This "minimum cost" system can be constructed without major e f for t  in de- 
signing i ts  components. The use of a standard anthropomorphic head ensures 
a human-1 i ke response of the head, a t  l eas t  under impact conditions similar 
to most of those encountered in frontal automobile crashes. 

A standard dummy head has also the advantages of provisions for  mounting a 
t r iax ia l  accel erometor a t  i t s  center of gravity,  a m i n i m u m  instrumentation 
requirement. 

The advantages of using an existing neck i s  the commercial ava i lab i l i ty  of 
such a component, and i t s  acceptance as an anthropomorphic surrogate of the 
hwnan neck. The choice of th i s  neck (as  opposed to other available necks) i s  
the simp1 i c i t y  of i t s  construction, i t s  ruggedness, and the possibi l i ty  of 
specifying a longer neck i f  i t  became necessary. 

The mounting base i s  a f a i r l y  common machine shop equipment used to position 
a work piece a t  various angles for  machining. The ball joint  vise, which has 
a quick release/clamp mechanism, allows the head-neck assembly (work piece) t o  
be oriented in any position w i t h i n  a wide b u t  limited range. 

The proposed instrumentation package allows the monitoring of the head c.g. 
accelerations and of the reaction forces a t  the condyles. These same response 
measures are  obtained in cadaver tes t ing,  so that  t u n i n g  of the device be 
1 imi ted to matching head accelerations and condyl es reactions. 

3 . 5 . 5 .  Di sadvantaqes 
Uhile th is  design i s  appealing because of i t s  simplicity and low cost,  i t  
presents three potential sources o f  problems: 1 ) the mounting base, 2 )  the 
neck response, and 3 )  the monitoring of response. 

The problem w i t h  a ball-and-socket vise i s  that  i t  cannot be clamped down 
t igh t ly ,  t o  el iminate possible slippage during impact, unless i t s  s ize i s  in- 
creased beyound practical 1 imits, Another problem i s  the 1 imit of ranges of 
adjustment because of the design o f  the opening in the socket. A third prob- 
lem i s  tha t ,  once the vise i s  released from a given position, i t  would be very 
d i f f i c u l t  to repeat the same position for another t e s t .  Finally, the location 



and direction of impact would be very d i f f i c u l t  t o  document by the angular 
position of the t o p  plate,  a desirable feature for conducting parametric stud- 
ies .  

The second potential source of ,problems i s  the neck i t s e l f ,  primarily because 
of the absence of damping. While hysteresis exis ts  i n  the Part 572 dummy 
neck, i t  i s  not suf f ic ien t ly  h i g h  to account for  the documented energy ab- 
sorption character is t ics  of the head-neck s t ructure.  In addition, the effects  
of the upper thorax on  the head response i s  not accounted for  in th i s  design, 
unless those effects  a re  incorporated i n  the neck by designing an unrealis- 
t i c a l l y  long neck. Tun ing  the device to produce human-1 ike response would be 
limited t o  adjustments of the neck length, which may no t  c r i t i c a l l y  e f fec t  the 
response. 

The third potential area of trouble has t o  do w i t h  the noni tor i  ng of response. 
While head accelerations a t  the c.g. have been associated w i t h  injury,  other 
paramenters such as angular accelerations o f  the head or the kinematics and 
reactions a t  the C7-Tl connection may be just as important, and may even be 
the c r i t i c a l  factors in determining the injury potential in S - i  impacts. 
This design does not provide for these measurements to be used i f  and when 
future tes t ing so indicates.  

PROPOSED BEST POSSIBLE SYSTEM 

The "best" system tha t  could possibly be designed i s  one that  eliminates 
the disadvantages of the low-cost system while retaining most of i t s  desirable 
features.  Improvements in the design would therefore: 1 )  provide for a r igid 
and repeatabl e mounting device, 2 )  increase the neck damping and incorporate 
the effects  of the non-rigid thoracic su,b-structure, and 3)  monitor as many 
response variables as possi b1 e ,  The proposed "best" system i s  i 11 ustrated 
in the sketches of Figure 11 5 and i s  described below. 

3.6.1. The Head 
The Hybrid 111 dummy head i s  selected for th is  design because of i t s  improved 
response t o  r igid impacts. A complete 3-11 motion measurement package, such as 
the HSRI 3-3-3 or the WSU 3-2-2-2 nine-accelerometer arrangement would provide 
the 3-0 kinematics of the head. 

3 . 6 . 2 .  The Neck 
The 1 ink between the head and the adjustable rigid inounting base would con- 
s i s t  of two elements which simulate the cervical and the upper thoracic por- 
tions a f  the spine. 

To simulate the cervical spine, the GM Hybrid 111 neck would be used. This 
neck i s  a one-piece, f lexible  component with biomechanical bending and damping . 
responses in b o t h  flexion and extension. Three rigid a l u m i n u m  vertebral e l -  
ements a re  molded in butyl-elastomer to fclrm the neck structure.  

The purpose o f  the second element i s  t o  simulate the energy absorbing char- 
ac t e r i s t i c s  o f  the upper thoracic s t ructure and  t o  provide additional control 
over the axial and bending response or' t h e !  neck. This element would amount t o  



SOPHISTICATED STRUCTURE. SOPHISTICATED INSTRUMENTATION 
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F i g u r e  11  5 - "Best Posji ble" Helinet Impact Test System 



a cyl indrical casting from polyurethane material . The s t i f fness  (or  sof tness)  
of t h i s  "sub-neck" would be controlled specifying the dimensions and the chem- 
ical composition. Two end plates would be used t o  provide attachment surfaces 
for  the neck and the mounting base. 

The interface between the upper and lower necks would be instrumented w i t h  a 
t r i ax ia l  accelerometer to  monitor the kinematics of a point simulating the 
C7 or TI vertebra.  The GSE load ce l l  would be u t i l ized  to monitor the moment 
and axial and shear forces transmitted to  the bottom of the head-neck assembly, 
since reactions a t  the condyles ( a l l  6 of them) would be calculated from the 
3-0 r ig id  body dynamics of the head. 

3.6.3. The Base 
The "best" improvement tha t  could be made over the low-cost design i s  t o  use 
a more sophisticated work piece posi t ioner .  Therefore, the mounting base in 
t h i s  design i s  proposed to be a heavy duty universal angle v ise ,  such as Wes- 
son's No. 1 VR. This vise maintains s e t  u p  accuracy and swings through 360 
degrees i n  the horizontal plane and 90 degrees in the vert ical  plane. The 
body and cradl e can be locked to take u p  to  2000 1 b 1 oadi ng . 
3.6.4. Advanta es 
This system _p_ e iminates most of the problems associated w i t h  the low-cost 
design- proposed i n  section 3 .5 ,  wh i  1 e retaining those desirabl e features .  
T h u s ,  the use of existing components i s  maintained wherever possible t o  keep 
the cost of the system a t  a reasonable 1 evel. The performance of the device 
i s  enhanced by incorporating additional elements tha t  have to be custom-made. 

By selecting a more rugged, easi ly  adjustable and very f lex ib le  mounting base, 
the problems of bal l - joint  support i s  eliminated. I t  would be possible t o  
design and construct a new mounting base to increase the range of position- 
ing, however, the additional cost of th i s  e f f o r t  cannot be ' jus t i  f ied when com- 
pared to  the additional benefits.  

The same argument holds t rue  for  using an existing dummy head which i s  h u -  
man-1 i ke in i t s  biomechanical response and i t s  anthropometry. Any attempt 
t o  improve the response i s  a major e f fo r t  which involves additional data tha t  
i s  not currently avai 1 abl e .  The addition of a 3-0 n i  ne-accel erometer package 
to the standard dummy head enhances the response monitoring capabi 1 i ty. 

The major advantage of t h i s  design i s ,  however, in the concept of simulating 
both neck and thoracic s t ructures  and in monitoring the motion of a point 
equivalent to f i r s t  thoracic vertebra, TI. The specified upper neck (Hy- 
brid I11 neck) has flexion and extension responses tha t  were val idated 
against those of human volunteers and cadavers. In the construction of t h i s  
neck, the butyl elastomer was chosen for i t s  h i g h  damping charac ter i s t ic  in 
order to approximate the biomechanical hysteresis requirements. 

Since t h i s  neck was designed primari ly for  sagi t ta l  bending, 1 ateral  bending 
as may occur in L-R impacts was not taken into account. Furthermore, t h i s  
neck was not intended to be mounted on a r igid platform, b u t  rather on the 
thorax of a dummy. Finally, the axial defgrmation (e.g. s t r e t ch )  of th i s  neck 
i s  not allowed to a reasonable extent. Because of a l l  these reasons, a sub- 
s t ructure t o  which the head-neck i s  mounted would be included in t h i s  design. 



The use of a polyurethane casting allows f l ex ib i l i t y  in tuning th i s  device to 
produce the closest  match between i t s  response and that  of the available 
S-I, A-P and L-R human impact response, 

3.6.5. Di sadvantaqes 
One of the problems in the proposed "best" possible helmet impact t e s t  device 
i s  the pract ical i ty  of such a design, While the proposed system can be con- 
structed, i t  i s  very d i f f i c u l t  t o  achieve an exact match between human and 
device response. This i s  true especially for the neck axial displacement 
which approaches 10 inn when the thorax i s  included in the impact. Such dis- 
placement i s  necessary to produce the appropriate accelerations observed a t  
the head level.  

The proposed device will have some compliance in the axial direct ion,  b u t  be- 
cause of the 1 imit on  the amount of displacement which would occur, i t  i s  ex- 
pected that  the tuning process wi 11 be time-consumi ng , a major disadvantage. 

The primary disadvantage is , ,  however, in the amount of measured data to be 
processed. By using the 9-accel erometer package, a data analysis program 
would be required to extract the angular and translational acceleration com- 
ponents in the A - P ,  L-R and S-I direction, This would be a burden that  slows 
down the process of evaluating protective helmets, a n d  may require the avail-  
ab i l i t y  of a large digi ta l  computer. 

3.7. PROPOSED COMPROMISE SYSTEM 

In proposing the "minimum cost" system in section 3.5, the goal was t o  pro- 
vide improvements over the current headform specified in the ANSI standard, 
while keeping the cost to a minimum.  For the "best possible" system proposed 
in section 3,6,, the cost was not a major concern. The underlying philos- 
ophy in designing tha t  system was the achievement of the "best device re- 
sponse" possible without resorting to outlandish schemes and mechanisms. While 
ei ther  of the proposed systems can be constructed, a more reasonable compro- 
mise between t h e m  has been conceived, and i t s  selection i s  recommended. 

The proposed compromise system, shown i n  the sketch of Figure 1 1 6  i s  mechan- 
ica l ly  more sophisticated than the "low-cost" version, so that  a more human- 
l ike  response can be obtained. However, th i s  system does not include a11 of 
the instrumentation package specifiec in the "best" system, a reasonable sac- 
r i f i ce ,  This system i s  described below. 

3.7.1. The Head 
The head used in  the comoromise system i s  a d i rec t  carryover from the two other 
proposed systems. This head was ketained because i t  rebresents the state-of- 
the-art knowledge of human head anthrompometry and biomechanical response. 
The precision-cast aluminum head and v iny l  skin would be purchased from one 
of the dummy manufacturers. 

Instrumentation inside the head would be limited t o  the standard t r iax ia l  ac- 
cel erometers in the A-P, L-R and S-I  directions a t  the head center of gravity. 



SOPHISTICATED STRUCTURE, SIMPLE INSTRUMEMTATIOri 
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Figure 1 1 6  - Compromise Helmet impact Test System 



3 . 7 , 2 .  The Neck 
In order to improve and control the response of the head, the chosen neck for 
the compromise system i s  carr ied over from the "best" system described earl i e r  . 
T h u s ,  the neck will consis t  of the GMR Hybrid 111 neck, mounted o n  a custom- 
designed, cy1 i ndrical cas t  of polyurethane. The two "necks" w i  11 be interface 
w i t h  an aluminum, "washerN tha t  i s  not instrumented, 

The interface between the upper neck and the head will be indentical to the 
design of the Hybrid 111, so tha t  a "nodding" adjustment i s  allowed. 

Instrumentation o f  the neck would be limited t o  measurement of the moment 
(abcut the L-R)  ax is ,  the 5-1 axial force and the L-R shear force,  using a 
special load cel l  designed for  th i s  purpose and manufactured by GSE. 

3 . 7 . 3 .  The Base 
The base specified i n  t h i s  system i s  the same one proposed in section 3 . 6 . 3 .  
for the "besti1 system. This i s  a 3-way, compound vise tha t  may be purchased 
a t  a re la t ive ly  low price from amachine shop supply company, or may be ob-  
tained from a shop as surplus equipment. 

3 . 7 . 4 .  Advantages 
When the other two svstems a re  considered, i t  becomes a ~ ~ a r e n t  tha t  the most 
desirable features a're: 1 )  reasonable e f f o r t  and cost o f  development and con- 
s t ruc t ion ,  2)  a controllable neck design tha t  produces a human-1 i ke head re- 
sponse, and 3 )  simplicity of usage in terns  of actual tes t ing  and data pro- 
cessi n g ,  

The proposed compromise design features a1 1 these advantages wi thout design 
specif icat ions,  response va1 idation or post-test  data processing requirements. 
The reader i s  referred t o  sections 3 . 5 . 4 .  and 3 . 6 , 4 .  for a discussion of the 
advantages of the l e a s t  and the most sophisticated system, most of which are  
offered i n  the proposed compromise system. 

3 . 7 . 5 ,  Di sadvantages 
Very few drawbacks can be pointed o u t  in t h i s  compromise system. The most 
prominent i s  the elimination of the complete 3-0 head motion measurement 
package, 1 imiting the head response monitoring to t ranslat ional  accelerations 
a t  the c.g. (no angular acc. ) , and the reactions a t  the condyl es to 1 moment 
(instead of 3 )  and 2 forces (instead of 3 ) .  

As fa r  as the neck/torso i.s concerned, the use of viscoelast ic  material (butyl 
elastomer in the upper neck and polyurethane in the lower neck) i s  expected 
t o  provide some damping; however, t h i s  damping may not be su f f i c i en t  to sim- 
u la te  f a i th fu l ly  the energy absorbing capacity of the human neck and torso.  
While t h i s  l imitation i s  a disadvanyage, i t  may not be possible t o  increase 
the damping without using externally mounted dampers (viscous or f r i c t ion -  
type) ,  an option which was i n i t i a l l y  considered b u t  l a t e r  dropped. 



3 .a. ANALYTICAL MODELING 

The purpose o f  us ing  an a n a l y t i c a l  model f o r  each o f  t he  3 proposed systems i s  
twofo ld :  1 )  t o  determine which system i s  most 1 i k e l y  t o  produce the  des i red  
human-1 i ke response, and 2 )  t o  use the  model t o  d e f i n e  the  mechanical charac ter -  
i s t i c s  o f  t he  var ious  components i n  the  candidate system, such as the  S - I  com- 
p l  i ance. 

I n  t he  e a r l y  stages o f  t h i s  p r o j e c t ,  i t  was f e l t  t h a t  a soph is t i ca ted  3-0 
crash v i c t i m  s imula ter ,  namely the  Calspan 3-0 CVS, would be the  i d e a l  t o o l  
f o r  t h i s  purpose. As experience was gained i n  dea l i ng  w i t h  t h i s  CVS, i t  
became apparent t h a t  t he  model does n o t  have the  f l  e x i  b i  1 i t y  requ i red  fo r  
c o n f i g u r a t i o n  changes o r  impact f o r c e  s p e c i f i c a t i o n .  I n  add i t i on ,  t he  s t ruc -  
t u r e  o f  t he  program and the  documentation which accompanies the  model i s  hard- 
l y  user-or iented.  

The a1 t e r n a t i v e  i s  t o  use a more user -or ien ted  s imu la to r  which has both con- 
f i g u r a t i o n  f l e x i  b i l  i t y  and a7 lowance fo r  impact f o rce  s p e c i f i c a t i o n .  Such 
advantages a re  o f f e r e d  i n  t h e  MVMA-2D crash v i c t i m  s imula tor ,  a t  t he  cos t  o f  
p lanar  mot ion l i m i t a t i o n .  Since most of t he  data t h a t  w i l l  be used i n  com- 
par ing  response i s  i n  t h e  s a g g i t t a l  plane, i t  may be argued t h a t  p r e d i c t i o n  
o f  the  o f f - p l a n e  mot ion cannot be complete!ly va l  i da ted .  Other advantages o f  
the  MVMA-2D CVS i nc lude  i t s  immediate a v a i l a b i l i t y  and access t o  t h i s  pro- 
j e c t ,  and t h e  g rea t  success w i t h  which i t  has been ab le  t o  s imu la te  a c a r  
occupant response under var ious  impact cond i t i ons .  

3.8.1. Simulated Systems 
Since the  th ree  proposed mechanical devices d i f f e r  p r i m a r i l  Y i n  t he  mountina . . 
i n t e r f a c e ,  t he re  would be o n l y  two systems t o  be simulated.' The f i r s t  one,- 
which cons i s t s  o f  the  Hybr id  111 head and neck, i s  mounted r i g i d l y  t o  t he  
" f l o o r "  through a sub-neck which in t roduces a d d i t i o n a l  a x i a l  and bending com- 
p l  iance t o  the  head-neck assembly, 

The f i r s t  model ( w i t h o u t  a sub-neck element) w i l l  n o t  be a? lowed t o  have 
a x i a l  camp1 iance, and t h e r e f o r e  cannot s imu la te  t h i s  c h a r a c t e r i s t i c  o f  the  
ac tua l  human head-neck-torso, Any model i n g  a r t i f i c e  t o  i nc lude  such an e l  - 
ement amounts t o  model ing o f  the  second mechanical system which does i n -  
c lude a phys ica l  equ iva len t .  This would then be redundant e f f o r t  and, 
therefore, o n l y  one mathematical model w i  11 be conceived. 

3.8.2. Proposed Model 
The model i s  t o  be used as a t o o l  f o r  d e f i n i n q  the  mechanical c h a r a c t e r i s t i c s  " 
of the  ac tua l  human upper t h o r a c i c  s t ruc tu re ,  so t h a t  an equ iva len t  component 
may be incorpora ted  i n  the t e s t  device. 

The model cons i s t s  then of a head ( w i t h  a mass and a moment o f  i n e r t i a ) ,  a 
neck which has bending c h a r a c t e r i s t i c s  (prl5defined as those o f  the  Hybr id  
I11 neck) w i t h  no a x i a l  deformation allowed, and a general t r a n s l a t i o n a l  and 
r o t a t i o n a l  element represent ing  the  unknown upper t h o r a c i c  compl ex. 

I n i t i a l  guesses have t o  be made as t o  these unknown c h a r a c t e r i s t i c s .  This 
w i l l  be based p r i m a r i l y  on T1 and T72 t ho rac i c  ver tebrae responses, obta ined 
from cadaver t e s t i n g  , e i t h e r  d i r e c t 1  y from t ime-hi s t o r i  es , o r  by i nte rp re ta -  
t i o n  o f  mechanical impedance data. 



To exercise the model, the lower point of the sub-neck element would be fixed, 
while impact force i s  specified a t  some point on the head. The motion of the 
head would then be predicted by the model and compared t o  monitored responses 
from actual cadaver t e s t s .  To improve the match between predicted and actual 
response, the t ranslat ional  and rotational charac ter i s t ics  would be modified. 

Once a sa t i s fac tory  match i s  obtained, i t  would be reasonable to  assume tha t  
the va1 ues used i n  the model to describe the mechanical properties of the "sub- 
neck" approximate those of  the actual human s t ruc ture ,  and tha t  any sub-neck 
components to be incorporated in the t e s t  device should have equivalent prop- 
e r t i  es . 
3 . 8 . 3 .  Alternatives to  Modelin3 
In pr incipal ,  modeling i s  an a t t r a c t i v e  method of simulating a physical system. 
This e f fo r t  necessarily involves abstraction of the physical charac ter i s t ics  
into mathematical elements. Once the model i s  refined and tuned, the reverse 
process i s  applied to  construct a physical s t ruc ture  from the mathematical 
abstraction. Since both these processes involves approximations, the f inal  
outcome (constructed device) may or may not fol low the requirements indicated 
by the model . 
Additionally, i n i t i a l  guesses have t o  be made as to  the mechanical prop- 
e r t i e s  of the unknown element, namely, those of the proposed sub-neck. These 
guesses must be based on  impedance data and/or response time-histories. I t  
may be argued, then, tha t  going through an analytical model to  ref ine these 
estimates will produce fur ther  estimates and no more. . 

Since the only component, over which there i s  control ,  i s  the polyurethane 
sub-neck, and since approximate compl iance charac ter i s t ics  have t o  be ob- 
tained from the actual response data ,  an a l te rna t ive  to  the design-by-model- 
ing approach i s  to bu i l t  a polyurethane neck t o  meet these approximate char- 
a c t e r i s t i c s ,  then tune the overall s t ruc ture  by conducting actual t e s t s .  This 
would not be too d i f f i c u l t  since i t  may involve the casting of several d i f f e r -  
ent sub-necks from polyurethane w i t h  d i f fe rent  chemical composi t ions . 

3.9. SUMMARY A N D  RECOMMENDATIONS 
Prel iminary resul t s  of '  cadaver tes t ing indicate  that  the upper thorax ac ts  as 
an energy absorbing s t ruc ture  in S-I impacts. The design c r i t e r i a  for  a helmet 
impact t e s t  system should include provision for some damping. 
Three systems a re  proposed tha t  range i n  sophistication from "minimum cost" t o  
"best possiblen. The compromise system has the s t ructural  advantages of the 
"best",  b u t  has the "minimum" instrumentation required for evaluating a given 
helmet 
The use of the MVMA-20 model i s  proposed, a1 though argument is  made for  a 
d i r ec t  approach for  designing the energy absorbing component o f  the device. 
I t  i s  recommended that  the proposed compromise system, described in section 
3 , 7 , ,  be sel ected for  actual construction, w i t h  a sub-neck from polyurethane 
tha t  has compliance and damping charac ter i s t ics  tha t  approximate the i n i t i a l  
guesses obtained from impedance data. This component may be redesigned with 
parall ed guidance from mode1 predictions,  device t e s t  resu l t s  as we11 as ad- 
d i  tional cadaver tes t ing .  



4.  PHASE IV - HELMET IMPACT TEST SYSTEM CONSTRUCTION 

The helmet impact t e s t  system (HITS) selected for actual construction has been 
proposed and described in the previous chapter. However, as actual prototypes 
were being t r ied  o u t ,  i t  became obvious that  a sub-neck system consisting of a 
polyurethane neck would not respond to  impact as was anticipated. 

The design was modified in order t o  meet the response requirements spelled o u t  
by observations and resul ts  of actual cadaver t e s t s .  The resu l t  i s  a repeat- 
able and re l iab le  t e s t  device that  would stand u p  to a demanding testing envi- 
ronment and whose response closely matches observed responses in actual cadaver 
t e s t s  . 
I n  the following sections,  key features of the HITS are described, and resul ts  
of laboratory impact t e s t s  are  presented t:o be compared t o  cadaver t e s t  resu l t s .  

The actual HITS hardware i s  being delivered to NIOSH, as required by the con- 
t r a c t .  A1 1 engineering drawings and specifications are  submi t ted (under sep- 
a ra te  cover) t o  allow exact duplication of the HITS and/or possible future 
modifications and improvement, A1 so submitted under separate cover, i s  an 
operation and assembly manual which gives detai 1 ed step-by-step instructions 
t o  t e s t  engineers and technicians for the use of the HITS. 

4.1. KEY FEATURES OF THE HITS 

The design of the HITS was g u i d e d  by observations from cadaver responses to 
5-1 impact t e s t s .  The design philosophy was to incorporate separate mechanical 
elements which perform different  b u t  specific functions. Whenever possible, 
the l a t e s t  versions of existing elements were selected; in some cases, however, 
new components were specif ical ly  designed to be incorporated in the HITS. 

4.1 .I. The Head 
The head used in the HITS i s  the Hybrid I11 dummy head, developed by General 
Motors Laboratories for automotive crash test ing.  This head i s  the state-of- 
the-art model of the human head in which the iner t ia l  and anthropometric pro- 
perties are  fa i thfu l ly  simulated. The response of th is  head has been exten- 
sevely studied and has been val idated against actual cadaver head impact re- 
sponses. 

4.1.2. The Neck 
The neck used in the HTIS i s  also borrowed from the G f l  Hybrid I11 dummy. Just 
as with the head, t h i s  neck has been designed to duplicate responses obtained 
from cadavers as we11 as from human volunteers. 

While th is  neck can fa i thfu l ly  duplicate human response in pitching motion 
(flexion - extension) about an L-8 axis ,  i t s  response in la teral  flexion about 
an A-P axis i s  not well documented. Furthermore, i t s  axial s t i f fness  i s  so 
high that the neck exhibits negligible axial deformation ei ther  as elonga- 
tions or compressions. 

I n  actual cadaver S-I impact t e s t s ,  the primary rotation of the head i s  about 
a n  A-P axis ,  while other rotations (about the L-R and 5 -1  axes) are  secondary. 
This i s  a fortunate observation since i t  allows the acceptance o f  the Hybrid 
111 neck as a sui table  HITS component. 



4.1.3. The Thorax 
I n  order to provide axial compliance of the HITS, the neck i s  mounted o n  a sub- 
assembly which allows the plunging of the head/neck u p  t o  a maximum of 2 .5  
inches. This was necessary since such axial motion i s  not possible with the 
neck alone. 

Based on analysis of impedance curves (presented in chapter 2 )  and simple mo- 
dels ,  i t  was determined that  a simp1 e spring and dashpot system would produce 
resu l t s  similar to  those observed in the cadaver t e s t s .  Furthermore, a spring 
constant of 300-400 1 b/in and a c r i t i c a l l y  damped system were suggested by 
several computer exercises of simp1 e model s . 
The use of stock compression springs was dictated by the high cost of custom 
designed springs so tha t ,  in order to obtain the desired s t i f fness  and deforma- 
t i o n  range, six springs were selected as the compl ient  element of the thorax. 

Because the neck response in bending i s  validated, the thorax was designed 
so that  i t  provides no additional rotat ion,  thereby preserving the a1 ready- 
proven neck bending characteri s t i  cs . 
Finally, cadaver t e s t  resu l t s  indicate that  some of the impact energy i s  ab- 
sorbed by the spine and upper thorax. The HITS was therefore designed t o  in- 
cl ude f r ic t ion  elements that  effect ively diss ipate  some of the kinetic energy. 
Friction damping was sel ected as a design compromise over Viscous dampers. 
The reason in our recent experience w i t h  Viscous dampers where, in order to 
meet certain c r i t e r i a ,  a "dashpot" proved t o  be very troublesome t o  design 
and use. The f r i c t ion  elements incorporated here are  troubl e-free,  and 
provide an acceptable method of energy diss ipat ion.  

4 .7 .4 .  The Base 
1 n i t i a l l y , a Y  compound angle vise  was proposed as a mounting base for the 
thorax, to allow the re-orientation of the head and the control of location and 
direction of impact. 

Because of the impact forces involved, a simpler base was designed t o  withstand 
the highest impact forces and moments, and to a1 low the adjustment of two an- 
gl es in 5-degree discrete  increments . 
The base allows therefore adjustments in the "pitch" and " ro l l "  angles i n  such 
a repeatab1 e fashion that  no standard compound angl e vise could. Description 
and instructions for i t s  use a re  given in the HITS Operation and Assembly Man- 
ual . 
4.1 .5 .  Transducers 
The HITS includes a mu1 ti-channel load cel l  which f i t s  the Hybrid 111 head and 
neck. This neck transducer measures 3 interaction loads between the head and 
neck, which are  the shear force in the A-P d i rect ion,  the axial force in the 
S-I direction and the moment about an axis in the L-R direction. These loads 
a re  measured a t  a location which corresponds t o  that  of the occipital  condyles 
in the human head. 

This load cell  was included because of i t s  ava i l ab i l i t y ,  even though cadaver 
t e s t s  suggest that  the shear force may be ignored in S-I  impact cases. 



The head has a provision fo r  mounting a t r i ax i a l  accelerometer package a t  the 
head center  of mass. The r e su l t an t  accelera t ion a t  the head C G  may therefore  
be computed, even though a s ing le  accelel-ometer i n  the S-I d i rec t ion  may be 
su f f i c i en t  f o r  monitoring the head motion in S-I impact cases .  

4.2. TESTING PARAMETERS AbJW'MEfiTS 

There i s  a number of parameters which cart be adjusted to produce the desired 
HITS responses. However, two parameters a r e  more important than others  ; these  
a re :  

a )  the energy of impact, determined by the  weight and drop height of the 
impactor, and 

b )  the amount of f r i c t i o n  introduced in the system. 

Other parameters include the cha r ac t e r i s t i c s  of the helmet being tes ted  ( o r  
those of the padding over the impactor surface)  and the location and d i rec t ion  
of impact, a l l  of which a r e  variables t ha t  a r e  s e t  depending o n  the objectives 
of the impact t e s t .  F inal ly ,  o ther  parameters a r e  fixed and cannot be ad jus t -  
ed, such as  the  cha r ac t e r i s t i c s  of t he  head and neck. For these  uncontrollable 
parameters, i t  i s  assumed t ha t  they have already been adjusted and t ha t  they 
a r e  a t  t h e i r  op t imum " s e t t i ng" .  

In order to  "tune" the  device, t e s t s  were conducted while varying the two most 
important parameters : impact energy 1 eve1 and amount of f r i c t i o n .  

4.2.1. Effects  of Energy Levels 
The ANSI 289.1 standard requires dropping an 8-1 b spherical weight from a 5- 
f t  height .  This produces an energy level of 40 f t -1  b o r  about 55 J .  However, 
most cadaver t e s t s  suggest t h a t  even an e:nergy level of 200 J would not pro- 
duce such h i g h  energy l eve l ,  e i t he r  the drop height of an 8-lb mass must be in- 
creased t o  over 20 f t ,  o r  a weight of 18 I bs may be dropped from a height of 
9 f t .  

To resolve t h i s  di1 emma, a s e r i e s  of HITS t e s t s  (80H306-311) was conducted 
varying the  drop height while using the same helmet and sane weight of 9.55 
1 b .  The pitch and ro l l  o r ien ta t ions  of the base were both s e t  to  zero. Loads 
produced i n  these t e s t s  a r e  given in f igures 11 7 - 1 2 2 ,  . and head accel era-  
t ions i n  f igures  123 - 128. 

Judging by the head accelera t ions ,  the HIC values produced ( 7  9-1 5 2 )  were too 
small compared to HIC values (around 300)  produced in cadaver t e s t s .  This 
suggests t ha t  much higher energy levels  wauld be needed t o  produce higher HIC 
values . 
When comparing S-I neck loads produced by the HITS t e s t s  (4900-7300 N )  w i t h  
those produced in cadaver t e s t s  (around 5000 N ) ,  i t  seems t ha t  a drop tower 
w i t h  9 .5-1b weight and reasonable heights (5-8 f t )  would generate su f f i c i en t  
energy l eve l s  to  t e s t  the HITS. 

The f ac t  t ha t  the same helmet was repeatedly impacted may explain the lower 
HIC values and the unexpected lower $-I accelera t ion in  t e s t  80H310. Further- 
more, the absence of f r i c t i o n  from the system during t h i s  s e r i e s  may have 
effectgd the response. 



To eliminate the effects  of repeated impact o n  the same helmet, t e s t s  80H317, 
320,323, and 326 were conducted using a brand new helmet every time, and vary- 
ing the drop  heights of 9.55-1 b mass from 5 to 8 f t .  load responsas, shown in 
figures 129-132, indicate that  the use of a new helmet does not s ignif icant-  
l y  effect  the axial loads. 

4.2.2. Effects of Friction Dampin 
To study the effect  of f r i c t ion ,  t f e  s e t  screws i n  the two f r ic t ion  blocks were 
s e t  a t  torques of 30, 50 and 70 in-lb for  three t e s t s  80H312, 313 and 314, re- 
spectively. Results a re  shown in figures 133 - 138. In these t e s t s ,  the 
same helmet was used, and the 9.55-1b weight was dropped from a height of 8 f t .  
These resu l t  seem to indicate that  f r ic t ion  does not e f fec t  the response, a l -  
though such conclusion was disproved in next ser ies  of t e s t s .  

In the next ser ies  of t e s t s ,  the same helmet ( # I )  was used and f r i c t ion  damp- 
i ng was varied from 0 to 45 i n-1 b by 15 i n-1 b increments . The drop height was 
maintained a t  7 f t  and the 9.55-1 b weight was used. Results are  shown in f ig .  
139 - 146 for  the four t e s t s  80H347-50, The lowest axial load of 2546N (Test 
80H347) corresponds t o  no-friction se t t ing ,  while a f r ic t ion  set t ing of 45 in- 
1 b produced an axial load of  3472N. Therefore, f r ic t ion  does e f fec t  the load, 
i f  i t  i s  low enough as t o  not "lock" the springs o u t  of the system. 

The refinement and adjustment of the system must also be based on  head accelera- 
t i o n  1 eve1 s produced during impacts. 

4.3'. ACCELERATION LEVELS 

So f a r ,  most head accelerations produced during impacts to the HITS a re  ex- 
tremely low. This was t rue regardless of the type of helmet used ( 2  types) 
or the numbe~ of repeated impacts delivered t o  the same helmet. 

In order to simulate the impact conditions under which the cadaver t e s t s  were 
actually conducted, i t  was necessary t o  t e s t  the HITS under the following con- 
d i  tions : 

a )  No helmet shall be used; 
b )  some Ensolite padding shall be used; 
c )  vary the f r ic t ion  (from 0-45 in-IS se t t ings)  
d )  impact w i t h  energy corresponding t o  an 18-lb weight dropped from 9 - f t  

height. 

Using an 18.1-1b weight, with f l a t  impact surface, and  a padding of certain 
thickness of Ensolite (type A H ) ,  tests were conducted i n  search o f  the "best" 
drop height that  would produce accelerations similar to those observed in ca- 
daver t e s t s .  

The effect  of padding thickness i s  demonstrated i n  f i g .  147-750. These are  
resul ts  o f  two t e s t s  where the 19.1-lb weight was dropped from a 9-ft height. 
The difference i s  that  in t e s t  80H356, a two-inch padding was used , while 
only one-inch thick padding was used in 80H363. The resul ts  suggest that  a 
1 inch padding produces a much higher acceleration than desired. 



If 1-inch padding i s  t o  be used, the drop height must be lowered, as was done 
in t e s t s  80H359 and 360, both run a t  the same d r o p  height of 5 ' f t ,  under iden- 
t ica l  impact condi tions . Resul t s  (figures 151 -1 54) indicate that  the 5 
f t  height does not  produce acceptable acc:el erations , whi 1 e loads are  acceptabl e 
a t  th i s  energy level .  The o p t i n u m  d r o p  height would therefore be between 5 
and 9 fee t .  

By interpolating between the two heights, i t  was determined that  a drop height 
of 6.3 f t  would resu l t  in approximately 70 G of head acceleration. 

The next step was t o  determine the optimal set t ing of the f r i c t ion ,  for the 
same drop height of 6.3 f t .  The assumption i s  that  the "best" response of the 
mechanical HITS i s  one which absorbs the maximum amount of energy by f r i c t ion ,  
as evidenced by a no-rebound behavior. 

Tests 80H374 through 380 were conducted w i t h  d i fferent  set t ings of  the f r i c t ion .  
Acceleration responses a re  shown in f ig .  155-161, and load responses a re  shown 
in f i g .  162-168. From these t e s t s ,  i t  was determined that  the f r ic t ion  se t -  
t i n g  of 30 in-1 b screw torque i s  the border1 ine between a rebound and a no- 
rebound. This was supported by h i g h  speed films taken for th is  ser ies  of 
t e s t s .  

4 . 4 .  NON- A X I A L  IMPACTS 

Several t e s t s  were conducted to demonstrate the effects  of impacting the HITS 
a t  angles other than along the S-I axis,  a t  locations other than the iiead 
vertex. 

I n  these t e s t s ,  the spherical weight of 9.55 1bs was dropped from a height o f  
6.33 f t  producing impact velocities about 5 . 5  m/s. The variable parameter in 
these t e s t  was the orientation of the device with respect t o  the vertical  drop 
1 ine. Results a re  shown in figures, 1-69~1?6. 

The pitch and rol l  angles of the base were se t  as follows: 

Test No. -- Pitch - Roll 
80H382 0 " 45" 
80H383 0 C' 30' 

80H384 45" 0 O 

80H385 30'' 0 O 

Location of the impact was the highest point o n  the helmet when the two angles 
are s e t  as described. 

4.5. SUMMARY 

There are  several key observations t o  be made about the behavior of  the jITS 
as a tool for tes t ing the performance of industrial helmets: 

a )  One should recognize that  the human body i s  a complex system and 
that one could o n l y  hope t o  approach the human response with mechanical devices. 



Another point to be recognized that  human to1 erance data remains t o  be firmly 
established so that  the response of the mechanical HITS remains to  be in te r -  
preted in 1 ight of actual to1 erance data.  

b )  The second observation i s  that a wide range of responses can be pro- 
duced by the device by control1 ing external parameters such as the impactor 
weight and drop height, and internal parameters such as the amount of f r i c t ion  
damping introduced into the device and i t s  orientation. 

c )  An  op t imun  drop height seems t o  be about 6 f e e t ,  using a weight of  
about 18 1 bs. This produces reasonable accelerations b u t  extremely high loads. 
To reduce the generated loads, a weight of 9 lbs may be used, resulting not only 
in lower and acceptable loads, b u t  also in lower accelerations.  Regard1 ess of 
the weight used, helmet performance c r i t e r i a  as peak loads and/or peak accel- 
erations must be adjusted based on resul ts  from actual cadaver t e s t s ;  i . e . ,  
the resul ts  from testing helmets should be scaled t o  produce meaningful1 re- 
sul ts. 

d )  A torque set t ing of 30 in-1 b corresponds t o  the amount of f r ic t ion  
damping which separate the rebound from the no-rebound behavior of the device. 

e )  The HIC values obtained in tes t ing the HITS were much lower than those 
judged t o  be intolerable.  This was t rue regard1 ess of the parameters used in 
the t e s t s ,  such as the type . o f  helmet, the amount of padding, the height and 
weight of the dropping man. This seems t o  indicate that  the head accelera- 
tions may not be the proper response upon which helmet performance c r i t e r i a  
should be based. Such conclusion i s  supported by cadaver t e s t  resul ts  which 
indicate that  neck injury occurs even when HIC valued are  s ignif icant ly below 
the 1000 level used in automotive crash tes t ing .  



TEST NO. 80H306 

Peaks: Shear1309 N Axiab=4933 N Momenf=ll N.m 

5.09 m/s Impact Velocity 

~ i g u r e  1 1 7 :  Impactor Deceleration and Neck Loads 



TEST NO. 80H307 

Peaks: Shears248 N Axio!=5492 N Moment= 7 1  N.m 

5.60 m/s impact Velocity 
I " '  

Figure 7 18: lmpqctor Deceleration and Neck Loads 
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r e  9 :  Impactor Decelerdion and Neck Loads 



TEST NO. 80H309 
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~ ~ ~ I ~ ~ ~ l l l l l l l l l l l ,  

Peaks: Shear=322 N Axial-669 7 N Moment= 15 N.m 

6.50 m/s Impact Velocity 

Figure 120: Impactor Deceleration and Neck Loads 



TEST NO. 80H310 18-AUG-80 
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Figure 121: Impactor Deceleration and Neck Loads 



TEST NO. 80H311 

Peaks: Shear=350 N Axia/=7275 N Moment= 78 N.m 

7.27 m/s lmpac t Vela city 

Figure 122: Impactor Deceleration and Neck Loads 



TEST NO. 80H306 

1 1  1 1 1 1 1 1 , 1 1 , , , 1 , 1 1 1 , (  

Peaks (g) P-A=9 f?-1=5 1-S=4 1 

HIC occurred between 12.8 and 17.5 ms 

Figure 1 2 3 :  Head Acceleration vs. Time 



TEST NO. 80H307 

~ ~ ~ ~ ~ ~ I ~ ~ I I I ~ I J I ~ ~ ~ ~ ~  

Peaks (g): P-A=12 R-L=6 1-549 

HIC occurred between 13.3 and 16.8 ms 
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F i g u r e  124: Head Acceleration vs. Time 
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Peaks (g): P-As14 R-L=7 1-S=94 

TEST NO. 80H308 18-AUG-80 
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TEST NO. 80H309 

Peaks (g): P-A= 16 /?-La9 I-S= 135 

HIC occurred between 13.6 and 17.0 ms 

F igu re  1 2 6 :  Head Accelerafion vs. Time 



TEST NO. 80H310 18-AUG-80 

Peaks (g): P-A= 18 R-1=8 I-S=94 

HIC occurred between 13.4 and 17.2 ms 
I . I I I I T  

inn 

F igu re  1 2 7 :  Head Acceleration vs. Time 



TEST NO. 80H311 

Peaks (g): P-A= 19 R-L=9 I-S= 152 

HIC occurred between 13.3 and 16.5 ms 

F i g u r e  128:  Head Acceleration vs. Time 



TEST NO. 80H317 

5.14 m/s lmpac t Velocity 

Figure 129 :  Impactor Deceleration and Neck Loads 



TEST NO. 80H320 18-AUG-60 

Peaks: Shear= 178 N Axiu/=2586 N Moment= 72 N.m 

5.60 m/s Impact Velocity 

Figure 133:  Impactor Deceleration and Neck Loads 



TEST NO. 80H323 
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Peaks: Shear= 136 N Axiolx2728 N Moment= 11 N.m 

6.1 7 m/s Imp act Velocity 

~ i g u r e  1 3 1 :  Impactor Deceleration and Neck Loads 
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TEST NO. 80H312 

l l ) l )o ( l l l l l l t l l l l l  
Peaks: Sheur=244 N Axiai<=6825 N Moment= 14 N.m 

6.43 m/s Impact Velocity 

F i g u r e  133  : Impactor Deceleration and Neck Loads 



TEST NO. 80H313 18-AUG-80 

6.50 m/s Imp act Velocity 

70 20 30 40 ms 

~ i y u r e  1 3 ~ :  Impactor Deceleration and Neck Loads 



mm 
Peaks: Shear=295 N Axia/=7705 N Momenf = 77 N.m 

6.43 m/s Impact Ve/oc:ity 

Figure 135:  Impactor Deceleration and Neck Loads 



TEST NO. 80H312 

Peaks (g): P-A=17 R-L=7 I-S=127 

HIC occurred between 13.4 and 16.8 ms 

F i g u r e  136: Hegd Acceleration vs. Time 



TEST NO. 80H3 13 

Peaks (g): P d =  19 R-L= 12 I-S=?33 

HIC occurred between 7'3.6 and 17.2 ms 

Figure 1 3 7 :  Head Acceleration vs. Time 



TEST NO. 80H314 

Peaks (g): P-A=77 R-L=7 I-S=98 

HIC occurred between 13.7 and 77.2 ms 

Figure 138: Head Acceleration vs. Time 



TEST NO. 80H347 

5.93 m/s lmpact Velocity 

Figure 133: Impactor Deceleration and Neck Loads 



TEST NO. 80H348 18-AUG-80 

Peaks: Shear= 157 N Axial=2840 N Moment= 16 N.m 

5.99 m/s Impact Velocity 

10 20 30 40 ms 

Figure a O :  Impactor Deceleration and Nee k Loads 



TEST NO. 80H349 

mrn 
Peaks: Shear=237 N Axiol~=3777 N Moment=?5 N.m 

5.93 m/s Impact Velocity 

~ i g u r e  141 : Impactor Deceleration and Neck Loads 
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TEST NO. 80H347 

1 1  1 1  I ~ 1 1 , 1 , , ~ 1 1 , , 1 1 1  

Peaks (g): P-A=6 17--1=3 1-S=M 

H/C occurred between 8.7 and 49.2 rns 

Figure 143: Head Acceleration vs. Time 



TEST NO. 80H348 

Peaks (g): P-A=6 R-L=3 I-S=10 

HiC occurred between 8.6 and 39.1 ms 

I " '  I " '  I " '  

10 20 30 40 ms 

Fijure 1a4: Head Acceleration vs. Time 



TEST NO. 80H349 

g I I I 1 I I I 1 I  

Peaks (g): P-A = 7 R- L =3 /-S= 10 

HIC occurred between 8.6 and 31.2 ms 
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10 20 30 40 ms 

~ i ~ u r e  l a 5  : Head Acceleration vs. Time 



TEST NO. 80H350 18-AUG-80 

Peaks (9): P-As7 R- i=3 I-S= 10 

HIC occurred between 8.6 and 34.4 ms 

I " '  I " '  I " '  I " '  I 

F igu re  146 :  Head Acceleration vs. Time 



TEST NO. 80H356 18-AUG-80 
1 1 1 ~ ~ ~ 1  
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g I I I I 1 t t I t I  

Peaks (g): P-Ax20 /?-L =3 I-S=43 

HIC occurred between 10.6 and 47.8 ms 

F i g u r e  147: Head Acceleration vs. Time 



TEST NO. 80H363 

Peaks (g): P-As30 R-L=9 /-S= 130 

HiC occurred between 12.9 und 16.2 ms 

~ i r l u r e  148: Head Acceleration vs. Time 



TEST NO. 80H356 18-AUG-80 

mm 
Peaks: Shear=562 N Axia/=7402 N Moment=48 N.m 

Z 02 m/s Imp ac t Veio city 

~ i g u r e  149: Impactor Deceleration and Neck Loads 



TEST NO. 80H363 

Peaks: Sheor=409 N Axial= 10333 N Moment =62 N.m 

7-02 m/s /mpac t Vela city 

Figure 153 :  Impactor Deceleration and Neck Loads 



~ i s u r e  151 : Head Acceleration vs. Time 

TEST NO. 80H359 18-AUG-80 

- - 
- - 

C3 
9 

w 

v, 

I -+- Y -l 
0 

3 
0 
0 

0: d - 
- 

V o Q  
- 
9 

- - 

- -99 
1 1 1 1 1 1 1 1 1 1  I I l I I I I ,  - 

Peaks (g): P-A= 15 R-L=4 /-S=37 

HIC occurred between 7.6 and 49.2 ms 

40 L l r I I ' I ,  l l l ~ " ,  1 I I '  

f Peak= 38 g - - - 32 C3 
u - I 

HIC= 15 

I- 24 -- 
Z 
4 
I- 
-I 16 

I - 
a- 

3 
V) u 
K 

1 
I 



TEST NO. 80H360 

Peaks (g): P-A= 13 R-L=3 1-S=34 

HC occurred between 7.5 and49 .2  ms 

~ i l u r e  152:  Head Acceleration vs. Time 



99 
Peaks: Sheur=345 N Axial==5938 N Moment =32 N.m 

TEST NO. 80H359 18-AUG-80 

II 

9 

5.09 m/s lmpac t Velocity 

b g: 
l Q -  m v -  

Figure 153:  Impador Deceleration and Neck Loads 
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TEST NO. 80H360 

Peaks: Sheor=264 N Axial=5894 N Momen t=32 N. m 

5.13 m/s lmpacci Velocity 

sure 154:  Impactor Deceleration and Neck Loads 



TEST NO. 80H374 

I I I I I I I I I , I I I I I I I I I I .  

Peaks (g): P-A124 R-L =5 1-S=67 

HtC occurred between 12.9 and 16.7 ms 

~ f s u r e  1 5 5 :  Head Acceleration vs. Time 



TEST NO. 80H375 19-AUG-80 

Peaks (g): P-As22 R-L=6 1-S=67 

HIC occurred between 72.5 and 76.2 ms 

F i j u r e  1 5 6 :  Head Acceleration vs. Time 



Figure 157:  Head Acceleration vs. Time 

TEST NO. 80H376 19-AUG-80 
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TEST NO. 80H377 

Peaks (g): P-A=25 R-L=6 I-S=63 

HIC occurred between 13.1 and 76.7 ms 

F i ~ u r e  158: Head Acceleration vs. Time 



TEST NO. 80H378 19-AUG-80 
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TEST NO. 80H379 19-AUG-80 

Peaks (g): P-As25 R-L=5 I-S=58 

HIC occurred between 12.6 and 16.5 ms 

Figure 160 :  Head Acceleraiion vs. Time 



TEST NO. 80H380 

Peoks (g): P-As24 R-L=5 l-S=62 

Figure 161 : Head Acceleration vs. Time 

HIC occurred between 12.6 and 16.5 ms 
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TEST NO. 80H374 

Peaks: Shear=375 N Axiai=9025 N Moment =45 N. m 

5.93 m/s Imp act Velo city 

10 20 30 40 ms 

F i g u r e  162:  Impactor Deceleration and Neck Loads 



TEST NO. 80H375 

mm 
Peaks: Shear=399 N Axiak938S N Moment =38 N.m 

F i g u r e  163:  Impactor Deceleration and Neck Loads 



TEST NO. 80H376 

Peaks: Shear-394 N Axial=9926 N Moment-32 N.m 

S. 87 m/s Impact Velocity 

10 20 30 40 ms 

Figure 156:  Impactor Deceleraiion and Neck Loads 
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TEST NO. 808377 

m i  
Peaks: Shear=391 N Axia/=70506 N Momenf=28 N.m 

5.87 m/s Impact Velocity 

Figure I 6 5 :  Impactor Deceleration and Neck Loads 
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TEST NO. 80H379 

Peaks-. Shear=397 N AxiaJ~=10864 N Momenf=27 N.m 

5.87 m/s Impact Velocity 

~ i g u r e  167 : Impactor Deceleraiion and Neck Loads 



TEST NO. 80H380 

Peaks: Shear=395 N Axial= 1 7090 N Moment =27 N.m 

5.87 m/s Impact Velocity 

~ i g u r e  163: Impactor Deceleration and Neck Loads 



TEST NO. 80H382 19-AUG-80 

5.50 m/s Impact Velocity 

10 20 30 40 ms 

Figure 169:  Impactor Deceleration and Neck Loads 



TEST NO. 80H383 

Peaks: Sheur=JOO N Axial=2449 N Moment =36 N.m 

Figure 1 7 0 :  Impactor Deceleration and Neck Loads 



TEST NO. 80H384 

Peaks: Shear=99 N Axial=2224 N Moment =7 N.m 

5.60 m/s lmpact Velocity 

F i g u r e  171 : Impactor Deceleration and Neck Loads 



TEST NO. 80H385 19-AUG-80 

Peaks (g): P-A=5 R-i=2 1 I-S= 7 1  

HIC occurred between 9.5 and 49.4 ms 

10 20 30 40 ms 

F i s ~ r e  1 7 2 :  Head Acceleration vs. Time 



TEST NO. 80H382 

Peaks (g): P-A=149 R-L=13 1-S=52 

HiC occurred between ?3.4 and 14.7 ms 
~ l l l , l l l , l l l , l l l  I " '  

Figure  1 7 3 :  Head Acceleration vs. Time 



TEST NO. 80H383 19-AUG-80 

1 1 1 1 1 1 1 1 ~ 1 1  1 1 1 1 1 1 1  I 
Peaks (g): P-A= 12 R-L=4 1-S=9 

HIC occurred between 9.4 and 18.9 ms 

10 20 30 40 ms 

Figure 174 :  Head Acceleration vs. Time 



TEST NO. 80H384 

Peaks (g): P-As5 R-L=24 1-S=8 

HIC occurred between .9.7 and 20. 1 ms 

Figure 1 7 5 :  Head Acceleration vs. Time 



TEST NO. 80H385 

Peaks: S h e ~ r ~ 7 . 5  N Axial=2 183 N Moment= 10 N.m 

5.50 m/s Impact Velocity 

sure 175:  Impactor Deceleration and Neck Loads 



5 .  SUMMARY A N D  RECOMMENDATIONS 

5 .1  SUMMARY 

. -. The Helmet Impact Test System Development Program has been a complex research 
program during which the following objectives were met: 

( I )  The research l i t e ra tu re  concerning human response and tolerance t o  S-I  
impact was surveyed. I t  was concluded thilt very 1 i t t l e  i s  known about this  
topic, and that any helmet performance c r i t e r i a  must be based on data yet t o  
be generated . 
(11) Five ful ly  instrumented cadaver tes t s  were conducted, primarily t o  gen- 
erate response data a t  impact levels below the estimated tolerance level s .  
Guide? ines for the design of a real i s t i c  helmet impact t e s t  device were drawn.  

(111) Three devices were conceived and proposed, b u t  o n l y  one was recommend- 
ed for actual construction. The advantages and disadvantages of each were 
spell ed o u t ,  and the recommended design was defended. 

(IV) The actual Helmet Impact Test System (HITS) was designed and construct- 
ed. The resulting HITS differed s l ight ly  from the proposed one, b u t  the 
design change was necessary t o  meet design c r i t e r i a  and requirment spelled 
o u t  i n  (111) above. 

( V )  The HITS operation and assembly instructions manual was written,  and 
delivered as a companion t o  the device. Complete se t  of shop drawings were 
a1 so del ivered for possible d u p l  ication of the hardware and/or future improve- 
ments and modifications. 

5 . 2  RECOMMENDATIONS 

Throughout this  Final Report, specific observations and conclusions were made, 
The t e s t  resul ts  of cadaver 5-1 impacts ara kinematic and dynamic responses 
and do not include tolerance response. Furthermore, the HITS i s  a mechanical 
system w i t h  i t s  own l imitations.  Therefore, care should be exercised when 
the device i s  being used, and more importantly, when the resulting HITS re- 
sponses are being interpreted. 




