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This r epo r t  i s  a f i n a l  repor t  on the  f i r s t  year  of the I.liiole Body 

Response Researcn Prograni conducted by tile biomechanics Group _ c f  the  - - - -  '--CI- .- 

Hi ghway Safety Research I n s t i t u t e  (HSRI ) of The University of I.li chi gan 

under the  sponsorship of the Gerieral llotors Research Laborator ies .  The 

general ob j ec t i ve s  of the  program are t o  obtain data on tiurnan whole body 

kinenlatics under control led t e s t  conditions which represent  r e a l i s t i c  auto- 

motive impact environments. The t e s t  sub jec t s  in  the  program are unem- 

balmed male human cadavers wtlic~i are su i t ab ly  instrumented and sub jec ted  
/ 

t o  the  t e s t  e n v i r o n ~ e n t s  a t  various l eve l s  of crash s eve r i t y .  P r i o r  t o  

t e s t i n g ,  an thropor~e t r i  c neasureri;ents, including x-ray an thropowtry  v1i 11 be made 

on each sub jec t  t o  quarlti fy the s u a j e c t '  s g e o ~ e t r i c  c h a r a c t e r i s t i c s  ai?d t o  

loca te  the t e s t  instrumentation :.~itii respect  t o  anatomical 1~ndi::arl:s. The 

r e s u l t s  of the  t e s t  program are  being analyzed t o  provide i n f o r m t i o n  f o r  

the  development of sca l ing  laws fo r  pe r cen t i l e  ra t ing  of i-esponse data a n d  

f o r  prescr i  bi rig performance requi r e w n t s  f o r  dumrly resaonse 9val uat ion.  
- 
Ihe following sec t ions  of the  regor t  d iscuss  t he  program pros ress  

during the f i r s t  program period ( Ju ly  1 , 1973 t o  Augus t31 ,  1974) and the  

arlalyti cal and experimental techniques developed t o  perform the t e s t i n g  and 

data  arialysis required i n  the  progranl. . - .  -- 

A t o t a l  of seven s l e d  t e s t s  were run during the  time period -- four  

dumny t e s t s  and th ree  huiilan cadaver t e s t s .  These t e s t s  a re  summarized in  

Section 5.0 The head motion determination technique based on s i  x-acceleronieters 

(Section 4.1) has been shown t o  be sub jec t  t o  computational i n s t a b i l i t i e s .  A 

discussioti of t h i s  problem and i t s  suggested s o l u t i o n  by the  i t ~ c l u s i o n  o f  

th ree  redundant accelerometers can be found in  Sect ion 5.3.  



2.0 BACKGKOUIID A l i D  APPROACII  

2.1 PROGRAM DESCRIPTIOil 

The f i r s t  yea r  program of  the  IJhole Body Response Research Program 

involved four  phases of work: 

I .  Ini  t i  a1 t e s t  developme~t  

2 .  Cadaver anthropometry development 

3. Cadaver and dum~y t e s t i n g  program 

4, Tes t  da ta  ana lys i s  and syn the s i s  

The requirements in  each phase are  d e t a i l e d  i n  tile fol lowing s e c t i o n s .  

2 .1  . I  I n i t i a l  Tes t  Develonmnt 

The t e s t  conf igura t ion  used in  the f i r s t  yea r  program was t h a t  of  a  
/' 

tn ree -po in t  be1 t r e s i r a i  n t  system as descr ibed  in  t he  d e t a i  1 ed GI!? Gut1  i ne  

e n t i t l e d  A l i t i l r op~ r~~e t r i c  Dunmy - Human --- Cauaver Dyr~afi:ic Resoorise Ca l i b r a t i on  

Program, dated October 18, 1972. This conf igura t ion  i s  shown sciieinati ca l  l y  

i n  Figures 1  and 2.  The t e s t  i n s t runen t a t i on  requ i renen ts  f o r  t h i s  t e s t  

conf igurat ion a r e  l i s t e d  in  Table I and t he  t e s t  cinematograpii ic coverage 

req~i re r~ le t r t s  a r e  l i s t e d  in  Table 11. 

The t e s t  program u t i l i z e s  t he  IiSRI Impact Sled F a c i l i t y ,  and,  s i n c e  

the program i s  p a r t  of a  l a r g e r  program inv.olving dummy t e s t s  on t he  GI! 

Researcli s l e d  and embalmed cadaver t e s t s  on t h e  llayne S t a t e  Univers i ty  s l e d ,  

the  f i r s t  s t e p  i n  developing t e s t  procedures a t  tlSRI was t o  determine t h e  

equivalence of  the  HSRI s l e d  environments with t h e  o t h e r  s l e d  environments.  

Two l e v e l s  of  impact s e v e r i t y  were chosen f o r  t he  t e s t s  - -  a low s e v e r i t y  

level  cons i s t i ng  o f  23 nip11 ve loc i t y  change wit11 a  22-inch s t o p  (approximately  

10 G average d e c e l e r a t i o n )  and a high s e v e r i t y  l eve l  c o n s i s t i n g  o f  33 n~ph 

ve loc i ty  change with a  22-inch s t op  (approximately  20 G average d e c e l e r a t i o n ) .  

The hi gll s e v e r i t y  l eve l  was chosen f o r  t he  equ iva lence  t e s t i n g  and two runs 



I" Styrofoam head support 
' during acceleration 

so f t  foam for  head 
Frankfort  Plane horizontal 

Lower arm parallel to  
direction of sled travel Fcom cut aillay fcr 

I" Foam beam across th ig accelerometers 

El bow to cor?tact 

Pelvis pressed against sect - 
back ivhile subject lean i rq  

Knee and ankle lateral  
spacing to be 13 in. 
center to  center 

.. . . 

Figure 1 

POSITIONING DIAGRAM 



Accelerorrleter Headset 
(Target sides and  to^ \ 

$ 1  belt a t  I"  s ~ a c i n a  
- - a  

Belf target (stapled) 

rorneter target in9 , ';;:;:;)accele- 

Horizontal magnesium 
tube for pelvis tw is t  

analysis 

Pplvic accelerometer 
targeting ( 3 sides) 

F i g u r e  2 

TARGETING DIAGRAM 



T A B L E  I .  TEST II.ISTKUl4EI/TATIOIi SUKtV\RY 

All Channels recorded on t a p e ,  u n f i l t e r e d ,  

Sled v e l o c i t y  and dece l e r a t i on .  

Filrn/tape sync. by s t r obe  f l a s h  using p h o t o e l 6 c t i . i ~  c e l l  t o  generate  

voltage sp ike  on tape from s t r o b e  l i g h t  f l a s h .  

Lap and shoulder  be1 t webbing fo rce  t ransducers  ( f o u r )  

Head accelerometers  -- 3 Entran bi axi a1 a c c e l e r o w t e r s  , mounted on t u -  

bu l a r  rnagnesi urn headset .  

Cadaver c h e s t  accelerometers -- AP, S I ,  and LR a t  I1VSS 208 l e v e l ,  

pot ted t o  spinous process .  

Cadaver pe lv i s  accelerometers --  A P  and S I  a t  H-point l e v e l ,  a t t a ched  

t o  p o s t e r i o r  of sacrun.  

Dummy ins t rumenta t ion  t o  be provided by GF1R. 

Recapi t u l  a t  ion of Transducer Requi rements 

Tes t  No. 1 

Sled ve loc i t y  and a c c e l e r a t i o n :  1 channel 

Fi lrn/tape sync: 1 channel 

Be l t  f o r c e s :  4 ctiannels 

Occupant a c c e l e r a t i o n s :  11 ' channels  

TOTAL 1 7  channels 



T A B L E  I I .  TEST CIF4EIIATOGRAFtIIC COVEPAGE SUMI,lAEY 

CAMEM COVERAGE 

I .  L a t e r a l ,  l e f t  and r i g h t ,  1000 f r anes / s ec .  

2 ,  Overhead, in midsag i t t a l  p lane ,  v e r t i c a l  , 1000 frames/sec .  

3 .  Fron t ,  1000 frarnes/sec. 

4. Color f i l m ;  1000 tlz t iming marks 

T A R G E T I N G  (See Fig. 2 )  

1. Targets  l c ca t ed  r e l a t i v e  t o  s k e l e t a l  landmarks by means of x- 

ray radiography 

2. Targe t s  a t t ached  t o  the  s k e l e t a l  s t r u c t u r e  

3. Head - -  Lateral  X Y, e ;  l e f t  and r i g h t  s i d e s  

4. Thorax -- Lateral  X, Y ,  5 a t  C,/T, i n t e r s p a c e ;  l e f t  and r i g h t  

5. Thorax - -  Overhead X ,  Y, 6 a t  C,/T, i n t e r s p a c e  

6 .  Pelv i s  -- Late ra l  X ,  Y ,  6 a t  I{-points;  l e f t  and rigi7t 

7. Pe lv i s  -- Overhead neasuremer~t o f  H-point a x i s  

8. Femur -- Lateral  

9. Shoulder (acromion) -- Overhead, X, Y ;  l e f t  and r i g h t  

10. Sled - -  Lateral  and overhead X ,  Y ;  a l s o  s c a l e  f a c t o r  t a r g e t s  f o r  

f i l m  ana ly s i s .  



were made ~ i i  ti1 the GMR s  uppl i ed ilybri d I I dunimy . 
The niain p a r t  of tile i n i t i a l  t e s t  developnlent \ /as concerned with tne  

development of the spec ia l i zed  cadaver preparation techniques and i n s t r u -  

mentation f i x t u r e s  necessary fo r  the  performance of the  projecl;-Jh_e_s-e_ ,--- - -- 
techniques ,  f i x t u r e s  and procedures are  de t a i l ed  in Section 3 .3  EXPERII1Ei . I -  

TAL PROCEDURES. 

2.1.2 Cadaver Anthropometry Developnient 

The cha rac t e r i z a t i on  of the  physical geometry of the hunan cadaver t e s t  , 
I 

sub jec t s  used in  tne t e s t  program required the developnent of  a  comprehensive 

s e t  o f  a n t h r o p o x t r i c  measurements. 

Two types of d i r e c t  neasurcments are nade? one represen ts  c l a s s i c  anthro-. 

pomt ry  and serves t o  allow c l a s s i f i c z t i o ! :  of the  cadaver i . ~ i t h  respect  t o  

i t s  pe r cen t i l e  s i z e  ranking in the  U.S. population and o t h e r  measurer:ents are  

specia l  measurements aimed a t  def ining ttiose d i e ~ n s i o n s  ~f ~ z r t i c u l a r  impor- 

tance t o  dummy c l a s s i f i c a t i o n  and performance. In  add i t ion  t o  the  d i r e c t  

measurements, x-ray a n t h r o p o ~ e t r y  i s  a l so  used t o  allovr deteririination of the 

ske l e t a l  f ea tu res  of i n t e r e s t  and t o  l oca t e  t e s t  t a r g e t s .  All of the  

speci a1 teci~t i i  ques and equi pmerlt rlecessary t o  perform these  t asks  Irere 

developed duritlg t h i s  phase of the  program. Many of the  measurements a r e  made 

w i t h  the  cadaver supine.  However, many of the  nap-cl a s s i c a l  measurement: and 
-- 

the  x-ray an thropowtry  are made u i t h  the  cadaver sea ted  i n  a  cha i r  t h a t  i s  

represen ta t ive  of the  t e s t  conf igura t ion .  The l i s t  of measurer2nts i s  de- 

t a i l e d  in Section 3 ,11.  

2 .1 .3  Cadaver and Dummy Test ing Program 

Following completion of the development of  the  t e s t i n g  and anthropornetric 

techniques necessary t o  success fu l ly  perform the requ i red  t e s t i n g ,  the  t e s t  

program was t o  be i n i t i a t e d .  The tiloroughness with which each cadaver was t o  



be measured, t a r g e t e d  and t e s t e d  and the  subsequent d a t a  ana lyzed ,  and the  / 

l i m i t e d  time t h a t  a  f r e sh  cadaver can be worked w i t h ,  precluded l a rge  nuill- 

be r s  of  m u l t i p l e  t e s t s  with tile same cadaver .  I n s t e a d ,  i t  was decided t h a t  

two s l e d  runs be made r .~ i th  each cadaver -- a  lopi s e v e r i t y  run --fZS-mph,i.'~3-G)--- - -- 
followed by a  high s e v e r i t y  run (33  m p h ,  20 G ) ,  Due t o  the  e x t e n s i v e  da ta  

a n a l y s i s  which was t o  be performed on  t h e  t e s t  d a t a  and the  random na tu r e  

of  cadaver a v a i l a b i l i t y ,  i t  was decided t o  use ten male cadavers i n  t he  f i r s t  

y e a r  program. Thus,  a  t o t a l  of twenty s l e d  t e s t s  of  uneiribalmed human 

cadavers was planned.  These t e s t s  were t o  be folloi.,ed by twelve liybrid I 1  

dummy runs under i  den t i  cal condi t ions .  

2 .1 .4  Test  Data Analysis and Synthesis  

Concurrent with the  t e s t  program, tile t e s t  r e s u l t s  a re  t o  be reduced 

and analyzed a t  HSRI using inhouse da ta  a n a l y s i s  f a c i l i t i e s .  The da ta  t h a t  

i s  recorded on t h e  t ape  recorder  i s  t o  be analyzed in  t he  fe l lowing  canner: 

1 .  A-to-D conversion of  a l l  acce le ra t io t i  and fo r ce  d a t a .  D ig i t i z ed  da t a  

w i l l  be s t o r e d  on punched c a r d s ,  and s t o r e  o r i g i n a l  analog t a p e .  

2. Light bean o sc i l l og raph  records from the  o r i g i n a l  analog t a k e  w i l l  be 

made. 1111650 galvos wi 1 1  be used on a1 1  channe l s ,  excep t  f o r  an l l i O O  

galvo on the  s l e d  dece l e r a t i on  channel .  

3. Apply IlVSS 208 f i l t e r i n g  t o  head and ches t  a cce l e r a t i o l i  d a t a .  - - 

4. Apply MVSS 208 f i l t e r i n g  t o  p e l v i s  a c c e l e r a t i o n  and b e l t  f o r c e  d a t a .  

5. Compute head angula r  a c c e l e r a t i o n s  versus  time using f i l t e r e d  d a t a .  

6. Compute head and ches t  r e s u l t a n t  a c c e l e r a t i o n s  versus  tirnc us ing f i  1  t e r e d  

da ta .  

7. Compute Gadd Seve r i t y  Index ( G S I )  and tlead I n j u r y  C r i t e r i o n  ( t i IC)  f o r  

the  head and c l ~ e s t ,  using f i l t e r e d  d a t a ,  as f o l l ows :  

a .  Head -- GSI and tfIC f o r  A P ,  S I ,  and LR  con~ponents ,  and f o r  t he  r e s u l t a n t .  



b .  Chest -- GSI versus tinie f o r  the  A P ,  S I ,  and LR co~lponents ,  and f o r  / 
t h e  r e s u l t a n t .  

8. Use coniputer graphics package t o  p l o t  ou tpu t .  

I n  g ene ra l ,  t h e  cinematographic data i s  t o  be analyzed in  the-fdl-or.iin-c~~------.- - 
manner : 

1. Analyze f i lms  using the  Vanguard i4otion Analyzer. 

2. Conlpute f i l m  speed. 

3.  Synchronize f i lm  time base t o  tape time base by recording f r a ~ e  nurnber 

f o r  s t r o b e  f l a s h .  

4, G e o w t r j c  s c a l e  f a c t o r  determination - -  lileasure length of s c a l e  f a c t o r  

t a r g e t  on s l e d .  Use in conjuriction with camera-to-occbpant t a r g e t  d i s -  

tances t o  compute s e o r e t r i c  s ca l e  f a c t o r s .  

5.  Measure X ,  Y ,  and 5 as a funct ion of framc nurnber f o r  every 100 Hz t i r i n g  

mark and a frame approximately midway beixeen r a r k s .  A l l  t a r g e t s  indica-  

t ed  in Table I 1  are t o  be analyzed. 

6 .  Analyze data  by computer t o  ob ta in  the  folloi.!ing data  as a func t ion  of 

time. (Displacements a re  r e l a t i v e  t o  the  s l e d .  Correct ions  \ # / i l l  be made 

f o r  misplaced t a r g z t s .  ) :  

a.  Head cg displacement from i n i t i a l  pos i t i on  ( X ,  Y ,e ) .  

b .  Head cg displacement r e l a t i v e  t o  thorax  ( X ,  Y , 6 )  
- - .  . 

c.  Thorax displacement from i n i t i a l  pos i t i on  ( X ,  Y ,  9 ) .  

d .  Pelvis  d i s p l a c e n m t  from i n i t i a l  pos i t i on  ( X ,  Y ,  6 ) .  

e .  Pe lv i s / thorax  angle change. 

f .  Femur/pel vi s  angle change. 

g ,  Shou lde r  displacenient r e l a t i v e  t o  thorax  (overhead)  . 
7, Di f f e r en t i a t e  the above quanti  t i c s  once t o  ob ta in  v e l o c i t i e s .  

8. Use computer graphics package t o  p l o t  ou tpu t .  



With r e spec t  t o  tile t e s t  con f igu ra t i on ,  the d a t a  ana ly s i s  i s  t o  produce / 
the  following informat ion:  

1. t4VSS 208 acce le ra t ion  response,  be1 t load response,  and 3-dimensional 

head angular  acce le ra t ion  response.  

2. Displ acenlent a n d  ve loc i ty  responses -- 1 inea?  and angul a r .  

3. Head/thorax angulation and tiead cg t r a j e c t o r y  r e l a t i v e  t o  C,/T,  

ve r tebra l  in te r space  (neck response) .  

4. Pel vi s /  thorax angul a t i on  and C 7 / i ,  ve r tebra l  i n t e r s  pace t r a j e c t o r y  

r e l a t i  ve t o  H-point ( 1  umbar response) .  

5. Femurlpe? vis angul a t i on  (h ip  j o i n t  response) .  

6 ,  Shoul der l thorax  response. 

7. Torso t w i s t  response.  

8. Time phasing of onsets  and peaks o f  fo rces  and z c c e l e r a t i o n s .  



3.0 EXPERIEIENTAL PROCEDURES 

3.1 TEST PREPARATI0;I SCIiEDULE 

The succe s s fu l  , e f f e c t i v e  t e s t i n g  of unembal med human c a - b ~ ~ - s - ~ q ~ i r 2 . ~ ,  - -  - . 
ca r e fu l  plantling and coordinat ion of preparat ion and t e s t i n g  e f f o r t s .  The 

unembalmed human cadavers used in the  program a r e  made a v a i l a b l e  f o r  use 

on a temporary ba s i s  and must be prepared and t e s t e d  w i th in  t l ~ o  days of 

a r r i v a l .  In o r d e r  t o  f a c i l i t a t e  t he  e f f i c i e n t  p repara t ion  and t e s t i n g ,  

t he  schedule shown in  Table I 1 1  has been developed. 

3.2 SAU ITARY PREPkRATION 

The fol lowing procedure i s  followed f o r  s a n i t a r y  p r epa ra t i on  of t h e  

cadaver :  

a )  A1 1 body openings (nose ,  m o u t h  and anus ) are  s t u f f e d  i.!i t h  absorbent  

gauze and taped c losed.  Tampons and duct tape have proven t o  be s u i t a b l e  

materi  a1 s  . 
b )  The head i s  shaved with e l e c t r i c  c l i p p e r s  t o  f a c i l i t a t e  l a t e r  

su rgery .  

c )  All personnel wear su rg i ca l  gloves and lab  coa t s  whi le  a t t end ing  

t o  cadaver ,  and should remove them before  l e av ing  surgery  a r e a .  

d )  A d i s i n f e c t a n t  hand c l eanse r  such as Phisophex i s  a v a i l a b l e  in  
. . -- 

the  p repara t ion  a r ea .  

3.3 H E A D  PREPARATIOri 

3.3.1 I n s t a l  l a t i o n  of  Anatomical Markers 

Four lead p e l l e t s  ( i O  s h o t )  a r e  requ i red  t o  def ine  phys io log ica l  axes 

on x-rays.  The p e l l e t s  a re  to  be mechanically deformed as  descr ibed  below 

f o r  i dcn t i  f i  ca t ion purposes.  The i n s t a l  l a t i o r )  procedures  a r e  as fol lows : 



T A B L E  I I I .  bIHOLE BODY RESPOliSE 

TEST SCHEDULE 

Event 

Cadaver Arrives 
Place on autopsy t a b l e ,  ga ther  t o o l s  and p a r t s ,  
a l e r t  personnel , perform s a n i t a r y  p repara t ion .  

I Anthroponetry i4easurenents 

I n s t a l l  Pe lv ic  Accelerometer F ix ture  

8 hours 

Clean-up 

I Perform liead Analyt ical  X-Rays 

Begin Surgery - I n s t a l l  ileadset 

I n s t a l  1 Thoracic Accelerometer F i  xture 

4 hours I Perform 3ody X- Rays 

1 Seated knthroponetry ileasurernents 

8 hours 

I Cadaver moved i n t o  s l e d  l ab  and s t r apped  on t e s t  
f i x t u r e  

I n s t a l  1 Accelerometers 

I n s t a l l  Be l t s  and Load Cel l s  

I n s t a l  1 Target ing 

Posi t ion Subject  and Tension Be l t s  

Begin Sled Check1 i s t  

Perform Tests  

Cadaver Returned t o  Autppsy Room 

Remove Tes t  Apparatus 

Clean- up 



E Y E  PELLETS: 

Palpat ion i s  used t o  l oca t e  i n f e r i o r  o r b i t a l  s t r u c t u r e ;  an i n c i s i o n  t o  

bone i s  made a t  the  midpoint ,  and a cubed p e l l e t  i s  bonded in place  with 

Eastman 910. 

The procedure i s  repeated a t  o t h e r  eye ,  taking. ca re  t o  ensure  p e l l e t s  

a r e  e q u i d i s t a n t  from c e n t e r l i n e  of  nose s t r u c t u r e .  A cubed p e l l e t  wi th  l e ad  

tang  i s  i n s t a l l e d  on l e f t  s i d e .  

The i n c i s i o n s  a r e  bonded closed with Eastnan 910. 

E A R  PELLETS: 

A round l ead  p e l l e t  i s  i n s e r t e d  . 75  i n .  from the  o u t e r  end of a 114 i n .  

OD vrood dowel 1.50 i n .  long so  t h a t  p e l l e t  i s  f l u sh  with  t h e  OD o f  the  doidel 

The p e l l e t  i s  bonded in place  i f  necessary.  

One dowel i s  i n s e r t e d  in  each e a r  and o r i en t ed  s o  t h a t  p e l l e t  c o n t a c t s  

the  supe r io r  aud i t o ry  meatus. (Uppermost su r f ace  of  e a r  canal ) .  

Care i s  taken t o  ensure  t h a t  the  dokrels a r e  i n s e r t e d  trle same d i s t ance  

i n t o  each e a r  cana l .  

The l e f t  s i d e  dowel has a l e c 3  tang o n  t h e  round p e l l e t  f o r  i d e n t i f i c a t i o n .  

3.3.2 I n s t a l l  a t i on  of Accelerometer Headset 

The accelerometer  headset  i s  a r i g i d  ~ a g n e s i u m  tube weldnent by which 

t h r ee  Enirali bi axi a1 accelerometers  a re  rilai n t a i  ned in  t he  B ( 2 - 2 - 2 )  

conf igura t ion  descr ibed in  Sect ion 4 .1 .2 .  The headset  i s  bo l t ed  t o  t h r e e  

c o l l e t s  t h a t  a r e  r i g i d l y  clamped t o  tile s k u l l ,  A complete i n s t a l l a t i o n  i s  

shown i n  Figure 3 on t he  HSRI dumnly. 

The i n s t a l l a t i o n  procedure u t i l i z e s  t he  headse t  as a template  t o  l o -  

c a t e  and niark the  de s i r ed  attachment po in t s  on t he  s c a l p .  The sku l l  i s  ex- 

posed a t  these  th ree  pos i t i ons  by e i t h e r  s u r g i c a l  i n c i s i o n s  o r  cor ing  tech-  

n iques ,  and a S t ryker  bone d r i l l  wi th  a 10 mi;] t r e p h i n e  o r  c u t t i n g  t oo l  i s  used 



Figure 3. Accelerometer Headset Mounted on HSRI Dummy (Two o f  three Entran b i a x i a l '  

accelerometers shown mounted). 



t o  make the three  mounting holes in the s k u l l .  One of the side posi t ions 

i s  d r i l l e d  f i r s t  and the c o l l e t  i n s t a l l e d .  The headset i s  positioned 

on the Iiead, bolted to  the side c o l l e t ,  and then the hole center  fo r  the 

other  s ide  c o l l e t  i s  accurately located. ldith both side c o l l e t s  i n s t a l l e d ,  

the headset i s  attached t o  them and the hole center  fo r  the uppermost 

c o l l e t  on the  skull  i s  located, Since the headset i s  now r e s t r i c t e d  

t o  ro ta t ion  about the side c o l l e t s ,  both the posi t ioning and angulari ty of 

the upper c o l l e t  i s  c r i t i c a l  fo r  f ina l  attachment of the headset.  Some 

adjustment i s  provided by individually f i t t e d  magnesium spacers t h a t  are 

used t o  take up  any clearance bet~ieen the c o l l e t s  and headset.  These 

spacers allow the  f ina l  f i t t i n g  of the headset to  the s k u l l - c o l l e t  system 

and prevent d i s to r t ion  of the headset when i t  i s  t ightened to  the c o l l e t s .  

3.4 I;lSTALLATIO;.I O F  TtIORACIC A C C E L E R O I I E T E R  FIXTURE 

To measure chest accelerat ions a t  the T 8  l e v e l ,  a n  accelerometer 

f ix tu re  was designed t o  mount d i rec t ly  t o  the spinous process of T7.  This 

f ix tu re  accepts two Entran biaxial accelerometers t o  provide a  t r i a x i a l  con- 

f igura t ion  and one redundant axis .  The f i x t u r e  cons is ts  of a  mounting pad 

with a  tubular  extension. Attachment of the f i x t u r e  i s  e f fec ted  by put t ing  

the tube portion over the spinal process using dental a c r y l i c  compound. 

I n s t a l l a t i o n  requires surgical exposure and thorough scraping of the 

T, process. The dental ac ry l i c  compound i s  then mi xed and used t o  f i  11 tile 

tube of the f ix tu re .  When the a c r y l i c  i s  s u f f i c i e n t l y  s e t  so i t  wi 11 not 

run, the tube i s  pushed over the exposed and cleaned process,  or iented  as 

symmetrically as possible with respect  to  the  body, and allowed t o  s e t .  

A photograph of an i n s t a l l a t i o n  with accelerometers i s  shown in Figure 4.  

The incision should be closed and sealed careful ly ,  using s u t u r e s ,  surgica l  

tapes, and adhesi ves to  minimize leakage of body f l  ui ds. The accelerometers 



Figure 4. Thoraci c  Accelerometer  F i x t u r e  I n s t a l  1 a t i o n .  



are  a t t ached  t o  a  p l a t e  whicli i s  niounted t o  the pad of tile f i x t u r e  by 

means of f ou r  socke t  head screws. A s t e e l  ba l l  i s  sandviiched between the  

accelerometer  p l a t e  and t h e  mounting pad. by d i f f e r e n t i a l  adjustment  of 

the  four  sc rews ,  f i n e  adjustriient of the  p l a t e  o r ie t i t a t ion  can be made. 

3.5 INSTALLATIOA OF FELVIC A C C E L E R O M E T E R  FIXTURE ' 

Acce le ra t ions  a t  t he  pe lv i c  l eve l  are  measured in  the  A - P  and S-I 

d i r e c t i o n s  us ing two Se t r a  type 113 acce l e rooe t e r s .  The mounting f i x t u r e  

i s  a  5/9 O D  magnesium tube t h a t  i s  bent  t o  conform t o  the  lower back con- 

tour and a t t a ched  with four  wood screws i n t o  the  pe lv i c  bone s t r u c t u r e .  

Figure 5  shows the  tube attachment and tile tube clamping block with the  ac- 

c e l e r o m t e r s  fas tened .  

I n s t a l l a t i o n  requ i res  tile f i t t i n g  of the  magnesium tube and l oca t i on  

of t h e  nounting ho l e s ,  whicl~ a re  oval siiaped t o  aiiok: f c r  screvi a n g u l a r i t y .  

An i nc i s i on  t o  the  bone i s  r;:ade under each hole and a  p i  l o t  hole  d r i l l e d  

in t h e  bone. The tube i s  then a t t ached  by th read ing  the  wood screws i n t o  

the  p i l o t  ho les .  The clamping block i s  placed around t he  tube and t h e  

two accelerometers a re  bo l ted  r ig id ' ly  i n t o  p lace .  Again,  much care  should 

be taken t o  c lose  the  i n c i s i o n s  t o  prevent  bleeding.  

3 .6  CLOTtiIIIIG 

The fol lowing c lo th ing  i s  used. 

Undergarments 

Sears 2-Piece Vinyl e x e r c i s e  s u i t  #6-99101. 

Outemear  

a )  Sears Heavyweight Thermal Ci r c u l a r  Knit Angle Length Drawers 

#33-54507 and 1  ong s l e eve  sh i  r t  #33-54506 

b )  Cotton s tockings  

c )  Cotton gloves 





d) S u r g i c a l  hood o v e r  f a c e .  

NOTE: S e a t  a n d  l a p  o f  swea t  s u i t  a r e  s p r a y e d  on b o t h  s i d e s  w i t h  S c o t c h  

Spray  l i lount A r t i s t ' s  Adhes i ve  Ca t .  l.lo. 6065 t o  e l  i n l i n a t e  s l i p p a g e  be tween 

s k i n ,  sweat  s u i t ,  and t h e r m a l  d rawe rs .  The s h i r t  i s  t r e a t e d  s i m i l a r l y  i n  

a r e a  o f  s h o u l d e r  be1 t c o n t a c t ,  as 'Is t h e  sweat  s u i t .  

The c l o t h i n g  i s  p u t  on t h e  c a d a v e r  f o l l o w i n g  t h e  s u r g i c a l  p r o c e d u r e s .  

It i s  recommended t h a t  t h e  p l a s t i c  s u i t  t o p  be t u c k e d  i n t o  t h e  p l a s t i c  

p a n t s  and t h e  t w o  t a p e d  t o g e t h e r  s e c u r e l y  w i t h  d u c t  t a p e .  L i k e w i s e ,  t h e  

socks  and g l o v e s  s h o u l d  be t u c k e d  unde r  t h e  k n i t  s u i t  and  s e c u r e d  w i t h  

d u c t  t a p e .  S m a l l  open ings  a r e  m2de i n  t h e  s u i t s  t o  a l l o i i  p e l v i c  and  

t h o r a c i c  a c c e l e r o m e t e r s  t o  p r o t r u d e .  The s u r g i c a l  hood  i s  i n s t a l l e d  t o  

c o m p l e t e l y  c o v e r  t h e  face and t o p  o f  head,  w i t h  c l e a r a t i c e  s l i t s  f o r  t h e  

a c c e l e r o u e t e r  h e a d s e t  c o l l e t s ,  The hood i s  f i t t e d  s n u o l y  and i s  sewn 

t o g e t h e r  t o  e l  i m i n a t e  l ooseness  o r  gaps. 

3.7 II4STALLATIOiI OF FEMUR TARGETS 

The femur  t a r g e t s  a r e  a t t a c h e d  a f t e r  t h e  c l o t h i n g  j s  comp le te .  The 

t a r ~ z t s  a r e  2 . 0  i n .  d i a m e t e r  a luminum d i s c s  w i t h  t w o  h o l e s  f o r  t h r e a d i n g ,  

w i t h  n y l o n  w i r e  wraps ,  Two w i r e  wrap  and t a r g e t  a s s e m b l i e s  a r e  s t r a p p e d  

t o  each  t h i g h  a t  equa l  s p a c i n g .  Adhes i ve  p i l o t o g r a p h i c  t a r g e t s  a r e  t h e n  

p a s t e d  t o  each d i s c .  

3.8 PRE- IIIPACT X-RAYS 

3.8.1 X-Ray S e a t i n g  F i x t u r e  

A wooden s e a t i n g  p l a t f o r t n  was c o n s t r u c t e d  t o  p r o v i d e  t h e  same p o s i t i o n i n g  

o f  t h e  c a d a v e r  as t h e  i m p a c t  s l e d  t e s t  buck .  The s e a t i n g  p l a t f o r m  i s  c lamped 

t o  a  movable s t e e l  t a b l e  t h a t  i s  a d j u s t a b l e  f o r  h e i g h t .  A f t e r  t h e  c a d a v e r  

p r e p a r a t i o n  has been comp le ted ,  i t  i s  l i f t e d  o n t o  t h e  s e a t i n g  f i x t u r e ,  s t r a p p e d  

s e c u r e l y  i n  p l a c e ,  and  r o l l e d  i n t o  t h e  x - r a y  room. 



3.8,2 Head X-Rays 

Two orthogonal x-rays o f  the head are  required t o  def ine the head 

accelerometer and physiological axes relat i 'onship as descr i  he&+det& ;,-+-t---- - - 
Section 4 . 2 ,  The accelerometer pos i t ions  a re  provided by aluninum cubes 

whicil a t t ach  t o  the headset in place of the accelerometers and pos i t ion  a  

l ed  p e l l e t  a t  the  e f f e c t i v e  center  of mass of each Erltran b i ax ia l  accelero-  

meter. The cadaver head should be securely taped in place fac ing  s l i g h t l y  

t o  e i t h e r  s i d e  t o  provide a d i s t i n c t  view of both of the  s i d e  accelerometer  

p e l l e t s  i n  t he  l a t e r a l  x-rays. Orthogonality of the two x-rays i s  ob- 

ta ined  by a l ign ing  orthogonal s ides  of the s t e e l  t a b l e  v i i  t h  t he  v e r t i c a l  

face of the x-ray t a b l e .  Pr ior  t o  each head x-ray,  the  o p t i c a l  cen te r  r i ng  

should be exposed on the f i lm as d e t a i l e d  in  Section 4.2,s. After  each 

x-ray, measurements fron: the x-ray t ab l e  t o  each lead  pel 'et. c a r g e t  must 

be made and en tered  in  t h e  data shee t  before the sub jec t  i s  moved. These 

dimensions a re  required by the x-ray c a l i b r a t i o n  program t o  determine the 

t rue  d is tances  between p e l l e t s .  The procedure check l i s t  and data  shee t  

f o r  the head x-rays a re  shown in Tables I'd and V .  

3 . 8 . 3  Full Body X-Rays 

The purpose o f  tile f u l l  body x-rays i s  t o  provide a  complete record 
- . . - 

of the s k e l e t a l  s t r u c t u r e  of the sub jec t s  and obta in  pos i t i on  and o r i en -  

t a t i on  data  f o r  the pe lv i c  and t l loracic  a c c e l e r o m t e r .  Sca l ing  i s  

accomplished with lead p e l l e t s  imbedded in  long p lex ig l  ass  s t r i p s  a t  two- 

inch i n t e r v a l s ,  and the  s t r i p s  placed along the  s k e l e t a l  s t r u c t u r e  a t  the  

same d is tance  from the  x-ray screen as the member t o  be sca l ed .  All the  

p lex ig lass  s ca l ing  s t r i p s  should be a t t ached  p r i o r  t o  beginning the x- rays ,  

should over lap ,  and have iden t i fy ing  rnarkers such as lead  l e t t e r s  in  the 

overlap zone so success ive  x-rays may be i n t e g r a t e d  a t  a  l a t e r  time. 

20 



T A B L E  IV. X - R A Y  CHECKLIST ( S E A T E D )  

1. Head X- Rays 

X-Ray Table X-Rav Table 

X-Z Plane Y-7. Plane 

Orthogonal X-Rays o f  the  Head a r e  Required t o  Define Or i en t a t i on  

of Accelerometer t o  Anatomical Axes. 

Check1 i  s t  
a.  Polyethylene shee t i ng  on t a b l e  

b .  X-Ray t a b l e  and head pos i t ioned  a t  maximum s2pa ra t i on  

c .  Film c a s s e t t e  labeled app rop r i a t e ly  (\.I 6 R - I ,  I = 1 , 2 ,  3 . . . 
= Subjec t  No.) 

d. Optical  c en t e r  r i ng  pro jec ted  on f i lm 

e .  Subjec t  pos i t ioned  

f. Plane labe l  taped t o  t a b l e  

g. X-Ray sub j ec t  and record x-ray s e t t i n g s  

h. Record dimensions t o  anatomical and headse t  l ead  p e l l e t  

t a r g e t s  from x-ray t a b l e .  

i. Move s u b j e c t ,  i n s t a l l  f r e s h  c a s s e t t e  

j. Filni c a s s e t t e  l abe led  app rop r i a t e ly  

- k. Optical  c en t e r  r i ng  p ro j ec t ed  on f i l m  

1. Subjec t  pcsi  ti oned (90" r o t a t i o n )  

m. Plane labe l  taped t o  t a b l e  

n .  X-Ray s u b j e c t  and record x-ray s e t t i n g s  

o .  Record dimensions on da t a  s h e e t  t o  anatomical and headse t  

lead p e l l e t  t a r g e t s  from x-ray t a b l e .  
9 1 



T A B L E  I V .  D ISTA i jCES FROM X-RAY SCREEN 

ANATOMICAL P E L L E T S  DISTANCE ( I n c h e s )  

X -Z  P l a n e  Y - Z  P l a n e  

R i g h t  E y e  

L e f t  E y e  

R i g h t  E a r  

L e f t  Ear 

- - .  

HEADSET ACCELERO!4ETERS 

R i g h t  S i d e  

L e f t  S i d e  

TOP 



T e s t  I lo .  

TABLE V *  HEAD X-RAY DATA SHEET 

(TUBULAR HEADSET) 

Acce l  . Tape D i s t a n c e  F rom X-Ray Tab1 e 

Pos i  t i on P I N  channel  X-Z P.lane ( F r o n t a l )  X-Z P lane S ide  V i e w  

Acce le rome te rs  

RIGHT 
SIDE 

LEFT 
SIDE 

PELLETS 

EYE ( R )  

EYE (I) 
EAR (R) 

EAR ( I )  

X-RAY DATA 

VOLTAGE 

CURRENT AMPS 

SEC SEC 

SAT1 SFACTORY? 
(Check i f  Yes) 



Two p o s i t i o n s  a re  required f o r  the  f u l l  body x-rays .  The l a t e r a l  x-rays 

a r e  obtained whi le  t he  sub j ec t  i s  s t i  1 1  f as tened  in t he  wooden s e a t i n g  f i x t u r e ,  

which provides the  same posture  as expected f o r  the  i s ~ p a c t  t e s t .  The s e a t i n g  

f i x t u r e  i s  moved back and fo r t h  i n  f r o n t  of the  x-ray sc reen  and the  f i l m  

c a s s e t t e  moved v e r t i c a l l y  t o  ob ta in  the de s i r ed  vie!/. Fluch c a r e  i s  t o  be 

taken to  ob t a in  a c l e a r  o u t l i n e  of t he  sp ina l  and pe lv i c  o r e i n t a t i o n s .  The 

f ron t a l  views a r e  obtained with the  s u b j e c t  ly ing  prone on t h e  ho r i zon t a l  

x-ray screen t o  avoid damaging pe lv i c  and t ho rac i c  acce le romete r  f i x t u r e s .  

The procedure check l i s t  f o r  the  f u l l  body x-rays i s  shown in Table V I .  

3.9 IMPACT TESTIkIG 

3.9.1 Ins t rumentat ion Data 

Table VII i s  t he  s tandard ins t rumenta t ion  worksheet used f o r  t he  \ /ho le  

Body Response t e s t  prcgram. One page i s  used f o r  each tape  r eco rde r ,  
- two of which a re  p r e sen t l y  requ i red  t o  handle the da ta  i npu t .  r hese s h e e t s  

a re  to  be completely f i l l e d  out  p r i o r  t o  impact t e s t i n g  and s e r v e  as a  

check l i s t  as well as permanent da ta  record.  

3.9.2 Camera Coverage 

Four camera pos i t i ons  w i l l  be u t i l i z e d  f o r  impact t e s t i n g  - r i ~ h t  

and l e f t  s i d e ,  overhead, and f r o n t a l .  All cameras w i l l  be run a t  1080 frames 

pe r  second and w i l l  u t i l i z e  c o l o r  f i lm .  Camera synchron iza t ion  i s  by a  

s t robe  f l a s h  which i s  s l e d  ac tua ted  a t  To. A po l a ro id  Graph Check camera 

i s  a l so  s l e d  ac tua ted  and provides e i g h t  s equen t i a l  exposures  o f  the  impact 

immediately af terward.  

3.9.3 Pos i t ion ing  

The pos i t ion ing  diagram shown in  Figure 1 i s  used as a c h e c k l i s t  f o r  

cadaver o r i e n t a t i o n  in  t he  impact f i x t u r e .  Care i s  taken t o  ensure  t h a t  



TABLE V I .  F U L L  BODY X - R A Y  CHECK L IST  

2. BODY X-RAYS 

A. Body X-Ray Check l i s t  (Sea ted)  

a.  

b. 

C. 

d .  

e .  

f ,  

9 * 

h .  

i  

j a 

i:. 

1 .  

m. 

Sub jec t  a g a i n s t  x-ray tab1 e  

All t a r g e t i n g  i n  p lace  (P l ace  a t  c e n t e r  1 i n e  

o f  s ec t i on  of i n t e r e s t .  

Fresh f i  1m c a s s e t t e  i n s t a l  l e d  

Casse t te  1  abeled appropri  a t e l y  

X-ray u n i t  ad ju s t ed  f o r  de s i r ed  view 

Cas se t t e  a1 i gned 

(A-WBR-I, I =  1 ,  2 ,  3 -  Subj .  No.) 

Check and record x-ray s e t t i n g s  

X-ray vo1 tage  

x-ray c u r r e n t  

x-ray time 

x-ray s u j b e c t  

x-ray s a t i s f a c t o r y  (check i f  y e s )  



T A B L E  VI. FULL B O D Y  X-RAY CtlECKLIST 
(con t inued)  

B .  Body X-Ray Checkl i s t  (Prone) 

X- Rav Pos i t i  on 

A B C D E F G  

a .  A1 1  t a r g e t i n g  i n  place  ( P o s i t i o n  

as c l o se  as pos s ib l e  to  s e c t i o n  o f  

i n t e r e s t )  

b. Fresh f i lm  c a s s e t t e  i n s t a l l e d  

c. Cas se t t e  1 abel ed appropr ia te ly  

d. X-ray un i t  ad jus ted  f o r  des i red  view 

e .  Cas se t t e  a l igned  

f ,  Check and record x-ray s e t t i n g s  

x-ray vo l tage  

x-ray c u r r e n t  

x-ray time 

i. x-ray s u b j e c t  

j. x-ray s a t i s f a c t o r y  (check i f  y e s )  

k .  At complet ion,  remove polyethylene 

shee t i ng  from x-ray t a b l e ,  remove 

and d i s ca rd  a l l  o t h e r  d i sposab les  

used t o  handle the  t e s t  s u b j e c t .  



TEST NO. 

S l e d  Run 

TABLE \!I I  II'ISTRUMENTATION WORKSIiEET 

TRANSDUCER CALIB . CALIB. CALIB. SENSITIVITY 
INPUT AXIS TYPE , S/N RESISTOR VOLTAGE VALUE 

S l e d  Decel 

Head Q1 ( R t )  
Head Q1 ( R t )  

Head Q 2  ( L t )  

Head Q Z  ( L t )  

4, ( T o p )  

Head Q, ( T O P )  
T h o r a x  S - I  

T h o r a x  A-P 

T h o r a x  L - R  
-. . 

S l e d  Vel . P u l s e  

S l e d  Decel 

R t .  Lap Be1 t 

L t .  Lap Belt 

Up. S h d r .  B e l t  

Low. S h d r .  Belt 

P e l  v i  s 
P e l v i s  

- - - .  - -  

- 
S l e d  Vel, P u l s e  

-- 

( - )  X E n t r a n  
Y E n t r a n  

Y En t r a n  

( - ) X  E n t r a n  

X E n t r a n  

Y E n t r a n  

X E n t r a n  

Y E n t r a n  

X E n t r a n  

S t a t l ~ a m  1 3 5 8 7  -- 
GSE - - 
GSE - - 

GS E - - 
S e t r a  - - 
S e t r a  - - 

1 2 "  b e t .  p u l s e s  

12"  b e t .  p u l s e s  

-- . 
Time Base  



the cadaver i s  seated vert ical  ly and symmetrically. Final head pos i t ioning 

i s  maintained with narrow masking tape. A hole punched in the tape provides 

a weak sec t ion  fo r  minimizing spikes on the head acceleronleter t races  from 

tape breakage. For the same reason, care i s  taken t o  make sure--the--nx~s!:&g--- - - 
tape does not contact any part  of the accelerometer headset. 

The knees tend to  separate as the lap bel t  tension i s  applied.  

A l oop  of s t r i n g  around both legs a t  the knees i s  used t o  hold the knees 

a t  the co r rec t  center  spacing before preloading the  l a p b e l t .  

3.9.4 Targeting 

The t a rge t ing  diagram in Figure 2 shows the posi t ioning of the photo- 

graphic t a r g e t s  on the properly pos7 tioned cadaver. The distances 

between ferilur ta rgets  are recorded f o r  both r igh t  and l e f t  s i d e s .  Flood 

l igh t ing  i s  positioned so the pelvic and thoracic  accelerometei. t a r g e t s  are 

well i l luminated a t  To so t h e i r  motion may be analyzed throughout the inpact .  

A s ca l ing  t a r g e t  i s  provided on  the s l ed  and a tlewtonian reference 

t a rge t  i s  h u n g  above the s led  centered it1 the impact area.  

3.9.5 Belt Anchor Position Data 

To provide a record of  b e l t  pos i t ioning,  the char t  in Table V I I I  

was developed fo r  l i s t i n g  the anchor point dimensions. This char t  i s  

completed a f t e r  both lap and shoulder b e l t s  are in f i n a l  adjustment and 

correc t ly  tensioned, 

3.9.6 Calibration 

Calibrat ion of transducers i s  t o  be performed jus t  p r i o r  t o  impact 

a f t e r  a l l  s e t  up  work on the cadaver i s  completed. The following items 

are followed in the ca l ib ra t ion  procedure: 

a )  A 1  1 ca l ibra t ion  s i  gnals are  recorded sirriul taneously on magnetic 

t a p e .  



b )  Cal ib r a t i on  s i gna l s  are recorded f o r  a minin~um of s i x  f e e t  on the  

magnetic t ape .  

c )  A z e ro  level  s ignal  i s  recorded on a l l  channels s imul taneously  
. - 4--- I -  - 

f o r  a  mininium of s i x  f e e t  on the magnetic tape.  

d )  All c a l i b r a t i o n  values a re  en te red  on the  ins t rumentat ion da ta  shee t .  

3.9.7 Post Impact Be l t  Length 

Af te r  impact,  the lap and s e a t  b e l t s  a re  removed from the s e a t i n g  

f i x t u r e  and measured f o r  length.  A ten  pound tension i s  app l ied  t o  each 

b e l t  and t he  overa l l  length between t h e  b e l t  cen te rs  of the  c l ev i s  

hardislare treasured. Care i s  taken riot t o  change t he  pos i t ion ing  of the b e l t  

harduare while removing the  be1 t s  form the  t e s t  f i x t u r e .  The be1 t length 

da ta  i s  recorded on the cha r t  sho!ln in Table VIII. 

3.10 POST ItlPACT X-RAYS 

Following impact t e s t i n g ,  the procedure ou t l i ned  in  Sect ion 3.8 f o r  

prone f u l l  body x-rays i s  repeated.  The emphasis i s  on de t ec t i ng  any 

s k e l e t a l  damage r e su l t i ng  from the impact l oads ,  a1 t h o u g h  none i s  a n t i c i p a t e d  

with the low seve r i t y  t e s t i n g  in t h i s  program. 

Anthropometry measurements a r e  taken a f t e r  the  s a n i t a r y  p repara t ion  
-- 

i s  complete and the cadaver i s  ly ing on t he  surgery room t a b l e .  Seated 

measurements may be taken while the  cadaver i s  in  the x-ray s e a t i n g  f i x -  

t u r e  or posi t ioned on the  s l e d .  The anthroponietry form in  Table I X  l i s t s  

the  measurements t o  be t aken .  

3.12 CADAVER TEST C O N F I G U R A T I O N  

Following a1 1 the p repara t ions  discussed above, t h e  t e s t s  a re  performed 

on the H S R I  In~pact Sled with the  cadaver s ea t ed  i n  the  t e s t  buck suppl ied  by 

G M R ,  The p r e t e s t  and post  t e s t  conf igura t ions  f o r  t e s t  number A-725 a r e  shown 

in Figures 6 through 9 . 
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T e s t  No. 

R i a h t  S i d e  

TABLE VI I I .  BELT DATA 

ANCHOR POSITIOlS 

SEAT BELT 

Left S i d e  

SEPARATION J = 

SHOULDER BELT 

R i g h t  S i d e  Lap Belt 

L e f t  S i d e  Lap Belt 

S h o u l d e r  Be1 t 

BELT LEiiGTHS 

(Ten Pound P r e l o a d  A p p l i e d )  

l ~ l i t h  Load C e l l  \ . l i t h o u t  Load C e l l  



TABLE VIII. ( c o n t i n u e d )  Test NO. 

Side 

BELT DATA . 

ANCHOR POSITIONS 

Mark adjustment holes used 

Upper Plate 

Side 

TQ P 



T A B L E  IX. C A D A V E R  A N T H R O P O M E T R Y  

S u b j e c t  No. 
R A  = Regula r  2 11 l!;;-o;c:r.c':c:. 
CA - Curved ari;l:ro?o:;~~,-t.-r 

Date T =: S t e e l  t a p e  CADAVRI ,4:iTHROPO:IIETI?I'< 

I .  P rone  

. . . . . . . . . . . . . . . . . . . . . . .  R A 1. V a i s t  h e i g h t  (from t o p  of  h e l d )  -- 

R P. 4 .  Knee b r e a d t h  ( f e x ~ o r a l  b i e p i c o n d y l a r )  - R . . . . . . . . . . . . .  --- 
5. Knee b r e a d t h  - L ................................I.... 

11, h 'eu t ra l  - 
.................. R A 1. C c r v i c a l e  h e i g h t  (from t o p  of h e a d ) .  -- 

.............................. C A 2 .  Chest  d e p t h  ( a t  e s i l l z )  

C A 3 .  Chest  dep th  ( a t  v i p h o l d )  ..............,.......,....... 

C A 4 .  T-12 ( c h e s t  dep th )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Ck 5. V a i s t  dep th  ( a t  s u a e r i o r  r i d g e  of pely:;s) . . . . . . . . . . . .  
Ck 6. H i p  dep th  ( a t  l e v e l  of  t r o c h a n t e r )  ................... 

1 2 1 .  Supine  

.... I? A 1. S t a t u r e  ......................................,... 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  R A 2 .  B i a c r o n i a l  b r e a d t h  

............................ R A 3 .  C h e s t  b r e a d t h  ( a t  e s i l l a )  

. . . . . . . . . . . . . . . . . . . . . . . . . . .  R A 4 .  Chest  b r e a d t h  ( 2 , t  s i p h o i d )  

R A 5. T-12 ches t  b reau th  ............... , a , , . - . . . . . . . . . . . . . . . . .  

. . . . . . . . . .  It A 6.  Y a i s t  b r e a d t h  ( a t  s u p e r i o r  r i d g e  of  p e l - ? i s )  

. . . . . . . . . . . . . . . . .  R A 7.  I l ip  b r e a d t h  ( n t  l e v e l  of t r o c h a n t e r )  

R A 8. B i d e l t o i d  b r e a d t h  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Head bsendth  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Head l e n g t h  (mas ,  c r 3 n i u n )  ..................,......., 

. . . . . . . . . . . . . . . . . . . . . . .  Ilend h e i g h t  ( i n i o n  - g l a b e l l a )  

........................... Mcnd ( s a g i t t a l  a r c  l e n g t h )  

Hcad ( c o r o n a l  a r c  l e n g t k )  ............................ 
................. B a l l  o f  Ilumcsus - r a d i n l c  l e n g t h  - R 
................. G a l l  of  humerus - r n d i a l e  l e n g t h  - L 

......................... R n d i i ~ l e  - s t y l i n n  1c::gth - R 

......................... R n d i n l c  - s t y l i n n  l e n z t h  - L 

. . .  Lo\\.cr l e g  l e n g t h  ( f e ~ o r ? ~ l  condj71e - sc'lycrian) - R 

................................. Lower l e g  l eng t l l  - L 



TABLE . I X  IV. Circunfcrcnccs ( a l l  u s e  s t e e l  t a p e  T) --- -.- 

(con t inued)  I .  c h e s t  (n:  ~ : : i l l ~ )  ..................................... 
.................................... 2.  Chest ( n t  s i p h o i d )  

................... 3 .  Yiaist ( n t  su?e r io r .  r i d g e  of p e l v i s )  

.................................... 4 .  Neck (~1.t 1: i id- l ine)  

......................... 5 .  Hips ( n t  l e v e l  o f  t r o c h a n t e r )  

................................ 6. Left: t h i g h  ( a t  c r o t c h )  

........................................... 7. R igh t  t h i g h  

................... 6 .  Lower t h i g h  (above p a t e l l a )  - I? .... 
........................................ 9 .  L o w r  t h i g h  - L 

........................ 1 0 .  Uppcr c a l f  (belo.?: p a t e l l a )  - R 

........................................ 11. U2pcr c a l f  - L 

.................. 12,  Mid-cnlf (nas iaux c i r c u ~ f  e r e r ~ c c )  - R 

.......................................... 13, Blid-calf - L 

1.4. Lower l e g  ( n t  anl ; lc)  - R .............................. 
......................................... 15. Lower 1 . e ~  - L 

............................. 16. Upper ?.rm ( 2 t  e x i l l , ? )  - R 

......................................... 3.7. Upper 2 . m  - L 

18. Biceps  - P, ............................................ 
. . . .  ................................. 19. Biceps  - L :..,.,. 

, ............................ 20, Zlb0:i1 - R , . , . , . . . . , , . , . . . . . ,  

21. ElboY; - L........................... ........,...,.,,.., 
?,2. Lower a]-3 - P,.... ...................................... 
23 .  1,ower 2r:; - L.. ........................... .. .. ... . . . . . . .  
2 4 ,  Krist - R .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .~..,.,, . , . .~.,,. 
2 5 .  Yrist .. I , .  . . . . . . . . . . . . . . . . . . . . . . . . . .  ..... . . . . . . . . . . . . .  
26. Head , .  ................................................. 

I3. Seated 

......................... 1. T-12 h c i j i h t  ( f r o 3  sse t  b o t t o x )  

................... 2.  C e r v i c n l c  !leig.h.t ( f r o 3  s e ? t  1 3 0 t t 0 ~ )  

3 .  \ ' ia is t  !ici,-hi: (fro:: s c ~ t  bo t tc :n)  ....................... 
. . . . . . .  4 .  P e l v i c  l:cig!\t ( n : ~ ? e r i o ~  i l i n c  s p i n e  hcS!t) - R 

5 .  P e l v i c  hc.i;!:t - L ........................ .... ........ 
................. 6 .  Acro::ijo:i hcight; (s!!ouldnr n e j g h t )  - ii 

7. Acro:;:ior: h s i g h t  - I, ................................... 
...................................... 8. Femur l e n g t h  - R 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9.  Fcnul- Ici:;th - L 
(Fcnul- I.c'~::th s1:ouid b e  t a k e n  u s i n g  So:;.i i n  f r o n t  
of aSdo::cn t o  f c z o r n l  cond;.] c )  





Figure 7. Pre-test  Configuration Front View- Test A-725 (The small black s t r ap  under 

arms i s  for  pre- tes t  positioning only, i t  i s  not used during the t e s t ) .  





Figure 9. Post-test Configuration Front View - Test A-725. 



4 .0  DATA AiiALYSI S P R O C E D U R E S  

The exper imental  determinat ion of t he  three-dimensional r i g i d  body 

motion of the  head requ i red  t he  developnient of  t h r e e  ba s i c  t echn iques :  

1 .  A n  app rop r i a t e  t h e o r e t i c a l  ana ly s i s  technique t o  cal  c u l a t e  the  

o v e r a l l  motion based on accelerometer  informat i  on. 

2. An app rop r i a t e  method f o r  i n s t a l l i n g  and l o c a t i n g  t h e  acce le romete rs  

on t h e  head. 

3. An app rop r i a t e  rad iographic  technique f o r  l o c a t i n g  t h e  acce le romete rs  

with r e spec t  t o  anatomical 1 andmarks. 

These t h r e e  t echn iques  a re  d e t a i l e d  in t he  fol lowing s e c t i o n s  

4.1.2 Tneo re t i c a l  Analysis  of Head Motion 

A number of accelerometers  a t t ached  t o  a r i g i d  body can provide enough 

informat ion t o  completely deterniine i t s  motion with r e spec t  t o  an i n e r t i a l  

r e fe rence  frame, provickd t he  fol lowing condi t ions  a r e  met: 

( 1 )  A minimum of 6 accelerometers  a r e  used. 

( 2 )  They a r e  d i s t r i b u t e d  over a t  l e a s t  3 d i f f e r e n t  non -co l l i nea r  l c -  

c a t i ons  . 
( 3 )  Th e i r  r e spec t i ve  d i r e c t i o n s  must be such t h a t  t h e  axes o f  a t  l e a s t  

one p a i r  of a c c e l e r o m t e r s  be para1 l e l  t o  the  axes of an a r b i t r a r i l y  

chosen orthogonal coord ina te  system on t h a t  body. (An or thogonal  

coord ina te  system i s  chosen f o r  convenience on ly .  ) 

For t h e  minimum 3 l o c a t i o n s ,  Q l  , Q2, Q3 on a rPi g i  d body, n ine  s c a l a r  

equa t ions  can be used t o  de sc r i be  the  motion of  t h e  r i g i d  body with  r e s p e c t  

t o  an i n e r t i a l  frame. 

For t he  r igid body shown in  Figure 10, 



F I G U R E  10  

A h A  

where 0 ( 1  J K ) :  i n e r t i a l  po in t  and f r a w  
A A A 

"q, e 2 ,  e , ) :  p a r t i c u l a r  p o i n t  and moving frame on the  r i g i d  body 

Q : general  po in t  o n  the r i g i d  body 

-+ 
LC : a b s o l u t e  average ve loc i t y  of r i g i d  body ( r e l a t i v e  t o  i n e r t i a l )  
-f 
UJ : abso lu t e  average acce l e r a t i on  of  r i g i d  body 

6? = a : vec to r  pos i t i on  po in t  P ( a b s o l u t e )  
+ 3, = p :  p o s i t i o n  of Q r e l a t i v e  t o  ( e l ,  e z ,  e a )  

4 -t 
09, = 5 :  p o s i t i o n  of Q ,  a b so lu t e  

The nine s c a l a r  equat ions  f o r  po in t s  Q, , Q2, Q3 a r e :  

For P & Q, : 



For P & Q2: 

And f o r  P & Q3: 

The 6 accelerometers may be d i s t r i b u t e d  over  3 po in t s  i n  e i t h e r  of  

2 cothi  nat ions  : 

Q 1 2 3 

Combination A 

Combination B 

Depending upon the p a r t i c u l a r  cornbinati on and acce le romete r  o r i e n t a t i o n  

used ( i n  accordance t o  the  aforementioned r u l e s ) ,  6 of the  9 va lues ,  b l l ,  

b21, b 3 1 ,  b 1 2 ,  b22, b32, b 1 3 ,  b 2 3 ,  b33,  w i l l  be known, as  well  as the 
* - > a  

components of  f i ,  p 2 ,  y3.  

Af ter  some manipulations,  3 o f  the  9 equa t ions  above can be used t o  



Then, Eule r  Angles 0 ,  $, @ can be defined a t  po in t  P g iv ing  the  

fol lowing r e l a t i o n .  

where 

Iiurnerical i n t e g r a t i o n  of t h i s  s e t  of  equat ions  would give 6, $, & 

q ,  the  Euler angles f o r  the  r i g i d  body. 
A A h  

Next, by using 9 ,  y ,  and o the Euler  Transformation from e l  e 2  e 3  
h h h  

t o  f 3 # can be ca l cu l a t ed .  Then, using t h i s  t r ans format ion ,  express ions  
.. .. .. 

f o r  x ,  y ,  z can be wr i t t en  f o r  any point  on the r i g i d  body in  terms of 
A A A  

the  known a cce l e r a t i on  components a t  t h a t  point  r e l a t i v e  t o  e l  e 2  e 3 .  

In p a r t i c u l a r ,  f o r  po in t  P ,  

Two s i n g l e  numerical i n t eg r a t i ons  of these  equa t ions  w i l l  then give 

l i n e a r  absolute  v e l o c i t i e s  and acce l e r a t i ons  as well  as t h e  x,  y ,  z ,  

absol ute pos i t ion  of t h a t  po in t .  

Hence, the  o r i en t a t i on  of  the  head ( t r e a t e d  as a  r i g i d  body) ,  i t s  

angular  ve loc i ty  and angular  a c c e l e r a t i o n ,  and the  1 i  near  absol u te  

v e l o c i t i e s  and acce l e r a t i ons  of the 3 po in t s  on t h e  head may be determined 

from a  minimum of 6 accelerometers loca ted  on the  head. 



B- 2-2-2 Combinat ion 

F i g u r e  11. 2-2-2 Combinat ion 

For t i l e  U ( 2 - 2 - 2 )  combinat io t l  siiown i n  F i g ,  11,  

and f o r  Y = 45: 
Tit = ~~ 

Dropping t e r m  n o t  c o n t a i n i n g  p l l ,  p22 ,  p 3 3  in t h e  o r i g i n a l  9 s c a l a r  

equa t i ons  r e l a t i v e  t o  p o i n t  P and s u b t r a c t i n g  t h e  r e s u l t i n g  equa t i ons  

(by s e t s )  i n  t h e  manner ( I I , I ) ,  111-11), & (1 -11)  g i v e s  n i n e  equa t i ons  

which do n o t  c o n t a i n  gl, g2, g3; 



I + ' E  
% p ""J 

L L w  



@ bZ = = *%)a :- b,-aJd,-t (a, -a,)d, - P , ~ , L . J ~  ds -a,$,) 
2 dl d, 

-- 
d ,d3 

These, then, can be nureri cal ly  in tegra ted  given the val ues 

Ini t i  a1 Conditions Geome t lay Acceleration Values 

Ul(0) d 1 ( % - a d  

~ 2 ( 0 )  d 2  (a1-a6) 

~ 3 ( 0 )  Cl 3 ( a 3 - a ~ )  

t o  give wl, u2 & m 3 .  

Next, the  absolute accelerat ion components, g , ,  g 2 ,  g3 transformation 

can be calculated from known quan t i t i e s ,  

and x, y ,  z can be determined. 

Tile n~e tiiod of liead noti 011 deterr,ii llati oil cllosen f o r  appl i  cat ion in the 

llllole Body Response program i s  the 8 ( ? - 2 - 2 )  arrangement of three  b iaxia l  

accelerometers. The fea tures  of tile experirilenta? f i x t u r e  f o r  rlounti n g  the 

acccleroriieters are discussed it) S e c t i o ~ ~  3 , 3 , 2 ,  



4 . 2  T H R E E  D I I ~ E , ~ S I O I ~ A L  X-RAY T E C I ~ I I I Q U E  

4.2.1 In t roduc t ion  

I n  measuring acce le ra t ions  of po in t s  on the  head, i t  i s  d i f f i c u l t  t o  

l oca t e  and o r i e n t  the accelerometers in s tandard anatomical 1  oca t ions  and 

d i r e c t i o n s .  I t  i s  the re fore  more convenient t o  reso lve  q u a n t i t i e s  

measured i n  an a r b i t r a r y  coordinate system i n t o  components in the  s tandard  

anatomical d i r e c t i o n s .  All t h a t  i s  needed i s  an accurate  de sc r i p t i on  of  

the  mathematical t ransformat ion between the  two coordinate  systems. 
A A A  

Let ( e l ,  e 2 ,  e 3 )  be an a r b i t r a r y  coordinate  system used in  ins t rument ing 
A A A  

the  head, and l e t  (i , j ,  k )  be the  s tandard  anatomicai coordinate  system, 

commonly r e f e r r e d  t o  as t he  ( A - P ) ,  ( L - R )  and ( S - I )  axes.  Both systercs may 

be ternied body-axes t r i a d s ,  which a re  f i xed  one r e l a t i v e  t o  t h e  o t h e r ,  
A h h  

but moving with the  head. An i n e r t i a l  frame ( I ,  J ,  K )  i s  used as a  re fe rence  

t o  both moving frames. Then 

and 

where [El and [A]  a re  the  d i r e c t i o n  cos ines  matr ix  r e l a t i v e  t o  the  i n e r t i a l  

frame of the  ins t rumentat ion and the anatomical coord ina te  sys  terns, r e spec t i ve ly .  
* A h  

The ob j ec t i ve  i s  t o  obtain  a  t rans format ion  mat r ix  between ( e , ,  e , ,  e , )  
A A A  

and ( i ,  j ,  k ) :  



h h  

From ( 21 ,  an express ion f o r  ( I ,  J y  k )  i s  obta ined:  

Equation ( 4 )  i s  then s u b s t i t u t e d  i n t o  equation ( 1 )  

By comparing eqvat ions  ( 3 )  and ( 5 ) :  

To ob ta in  [ R ] ,  one must obtain  [ E l  and [ A ]  which involve the  follovling ' 

s t e p s :  
h h h  

a. de f ine  ( e l ,  e,,  e 3 )  
A  A 

b.  de f ine  ( i ,  j ,  i )  
c.  devise  a  method t o  compute the d i r e c t i o n  cos ine  mat r ix  [El of  

h h h  

( e l ,  e 2 ,  e 3 )  r e l a t i v e  t o  an a r b i t r a r y  i n e r t i a l  frame. 
-- 

d. devise  a  m t h o d  t o  compute t he  d i r e c t i o n  cosine ma t r i x  [A] of  

(i, j ,  k )  r e l a t i v e  t o  the  - same a rb ' t r a ry  i n e r t i a l  frame. 

e. compute the matrix product [ E l  [A]- ' t o  ob ta in  t he  d i r e c t i o n  cos ines  
h h h  

matrix [ R ]  of ( e l ,  e 2 ,  e 3 )  r e l a t i v e  t o  ( 7 ,  j, i ) .  



I n s t r u n e n t a t i o n  D e f i n i t i o n s  - The c o n f i g u r a t i o n  o f  t h e  6 a c c e l e r o n ~ e t e r s  

n e c e s s a r y  t o  measure  t h e  head  ~ i o t i o n  was chosen so t h a t  t h e y  l i e  on t h e  3 

axes o f  t h e  i n s t r u m e n t a t i o n  c o o r d i n a t e  sys tem.  Each p a i r  i s  l o c a t e d  a t  

a  known d i s t a n c e  f rom t h e  o r i g i n  P o f  t h i s  s ys tem as i n  F i g u r e  12. Thus :  

A n a t o m i c a l  D e f i n i t i o n s  - The s t a n d a r d  d e f i n i t i o n  o f  t h e  ( A - P ) ,  (L -R)  and 
A h *  

( S - I )  axes,  o r  a l t e r n a t e l y  t h e  ( i  , j, k )  s y s t e m  i s  bzsed  on t h e  F r a n k f o r t  

p l a n e .  T h i s  p l a n e  i s  d e f i n e d  b y  t h e  f o u r  p o i n t s  ( s e e  F i g u r e  1 3 ) .  

PI : s u p e r i o r  edge o f  t h e  r i g h t  a u d i t o r y  m e a t ~ s ,  

P2 : s u p e r i o r  edge o f  t h e  l e f t  a u d i t o r y  mea tus ,  

P3 : r i g h t  i n f r a o r b i t a l  n o t c h ,  and  

P4 : l e f t  i n f r a o r b i t a l  n o t c h .  

L e t  C be t h e  r n i d p o i n t  between PI and P p ,  and M t h e  r n i d - p o i n t  be tween P 3  

and P4, t h e n  

a. t h e  a n a t o m i c a l  c e n t e r  i s  d e f i n e d  as p o i n t  C 

b. t h e  A-P a x i s  i s  d e f i n e d  as :  

c. t h e  L-R a x i s  i s  d e f i n e d  a s :  



I INERTIAL FRAME 

FIGURE I2 INSTRUMENTATION COORDINATE 

SYSTEM FOR THE HEAD. 
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FIGURE 13 ANATOMICAL POINTS DEFINING THE 

FRANKFORT PLANE. 



d. the S - I  3xis i s  defined by the cross product 

4.2.4 X-Ray Measurements of a  Single Point 

Two-dimensional coordinates - The x-ray photograph of an objec t  i s  sim- 

ply the shadow o f  t ha t  object  captured on a  photo-sensi t ive f i lm  and generated 

by a  near-point source of x-rays. 

I t  i s  proposed to  obtain the t rue  coordinates ( x , z )  of an objec t  ( s ee  

Figure 14)  given the x-ray photo i t s e l f ,  and re levant  c h a r a c t e r i s t i c s  of the  

x-ray set-up which produced i t .  

A t yp i ca l  x-ray set-up i s  s impl i f ied  in the  diagram of f i gu re  14. The 

x-ray t ab l e  i s  ver t ica l  in t h i s  case ,  and the f i lm c a s s e t t e  i s  located behind 

the tab le  a t  a  dis tance B .  The dis tance between the t ab l e  and the x-ray 

source i s  A ,  and between the t ab l e  and the objec t  i s  D .  Af te r  the  f i lm 

has been deveioped, the t race 0 of the opt ica l  axis  i s  phys ica l ly  located 

on the f i lm and the distances X and z a r e  measured. 

Given the measured X and Z ,  the  rad ia l  d i s tance  R and the angle 3 

may be computed: 

Now the t rue  radial distance r  may be obtained from the geometrical 

property : 

The constants @ and B depend s o l e l y  on the  x-ray set-up and a re  the  

same f o r  any object  a t  any dis tance D from the  x-ray t ab l e .  



FIGURE 14 SIMPLIFIED X-RAY SET-UP FOR 
A SINGLE POINT 



The r e l a t i o n s h i p  of equation ( 1 6 )  was experinlentally determined and 

i s  shown in  f i g u r e  1 ,  Note t h a t  t h i s  parametric c a l i b r a t i o n  curve i s  

va l i d  f o r  the  x-ray set -up a t  HSRI and w i l l  vary depending on the  A and B 

d i s t ance s .  
. -  ---- ' -  --4 

Now t h a t  the  t r u e  rad ia l  d i s tance  i s  known, the t r u e  coord ina tes  a r e :  

x =  r cose 

z = r s i n e  

Three-dimensional coordinates  - To obtain  complete 3-D coordinates  of  

an ob jec t  p o i n t ,  the  procedure followed in the  previous s ec t i on  may be re-  

peated f o r  t he  ( Y - Z )  p lane ,  This can be done s imul taneously  wi th  the  ( X - Z )  

measurement kihi ch requi res  two separa te  x-ray sources and two s epa ra t e  f i  l m  

p lanes ,  which a re  mutually perpendicular ,  A s impler  method i s  t o  x-ray t he  

( X - Z )  plane f i r s t ,  then r o t a t e  the  ob jec t  90' and ob ta in  a  new x-ray which 

would be of the ( Y - Z )  plane.  The ana ly s i s  of the two x-rays would y i e l d  

t r u e  ( x , z )  and ( y , z )  coordinates .  The z-coordinate would be t he  average of  

the  t ~ o  values obtained,  s i nce  experimental e r r o r s  would normally r e s u l t  in 

s l i g h t l y  d i f f e r e n t  values.  

The i n e r t i a l  coordinate reference system i s  formed by the  op t i c a l  ax i s  

going once through the  ( x , z )  plane,  then going again through t he  ( y , z )  plane 

of the  head. Therefore ,  care  must be taken t o  keep t he  head a t  the  same 

e leva t ion  with respect  t o  the  op t i c a l  a x i s  when i t  i s  being r o t a t e d .  This 

e leva t ion  may, however, be a r b i t r a r y .  

4 .2 .5  Experimental X-Ray Procedure 

The experimental procedure in x-raying the  head must be o r i en t ed  toward 

an accurate  measurement of the  transfornlation matr ix  between t h e  instrumen- 

t a t i o n  and the  anatopi ca1 coordinate  system. This procedure i s  descr ibed 

and j u s t i f i e d  in the  fo l  loving paragraphs.  





On each x-ray, the opt ical  ( i n e r t i a l )  reference frame must be defined. 

For t h i s  purpose, a special  lead p l a t e ,  Figure 16, was machined t o  f i t  

precisely  over the  window of the x-ray source. This p la te  wi 11 allow a th in  

c i r c u l a r  r ing  of x-rays to  pass through and be recorded on the  f i lm,  p r i o r  

t o  taking the  x-ray of the head. Careful machining Ensures t h a t  the op t ica l  

cen te r  i s  the same as the  center  of the ring. A v e r t i c a l  axis  was obtained 

on the f i lm by hanging a weight from a long lead wire and taping the  top end 

of the wire onto the x-ray tab le .  Thus, the op t ica l  center  as well as 

the ver t i ca l  and horizontal  op t ica l  axes may accurate ly  be drawn on the f i lm  

and used t o  measure the  ( X ,  Y ,  Z )  coordinates of any given point .  

In order t o  iden t i fy  the 4 anatomical points of the Frankfort  plane,  

lead pe l l e t s  with d i s t i nc t i ve  tabs are used as follows. The lowest points 

on the two o rb i t a l  c av i t i e s  are exposed by small inc i s ions  and, using East- 

man-910 cement, two pe l l e t s  are cemented d i r e c t l y  on the  bone a t  the lowest 

point  of each o r b i t a l  cavi ty .  This i s  the c lo se s t  approximation t o  the two 

infraorbi  t a l  notches P 3  a n d  P4 used in def ining the  Frankfort  plane.  To 

approximate the o ther  two points of t h i s  p lane,  P1 and P2,  two wooden plugs 

( shor t  cy l inders )  are  used t o  carry lead p e l l e t s  so t h a t ,  when these plugs 

are inser ted in the  auditory meati , the lead p e l l e t s  would approximate the  

super ior  edges of the two meati. 

Final ly ,  t o  iden t i fy  the 3 points Q l ,  Q2 ,  Q3 which represent  the centers  

of mass of the  3 pa i r s  of accelerometers,  3 aluniinum dumny blocks are  machined 

t o  replace the 3 pa i r s  of accelerometers during the  x-raying. Each dummy 

block contains a p e l l e t ,  so  located as t o  p rec i se ly  f a l l  on the  c.m. of the  

accelerometer-pair which i s  being replaced. 

Once the  seven p e l l e t s  are properly mounted on the head, the sub jec t  

whose head i s  being x-rayed i s  then placed ( o r  s ea t ed )  on a r o l l i n g  cha i r  



FIGURE 16 .LEAD PLATE FOR PRE-RECORDING OF 

OPTICAL CENTER. 



o r  pla t form and the  following s teps  a re  taken: 

Step 1, With the sub j ec t  ou t s ide  the x-ray f i e l d ,  expose t he  f i lm  wi th  

the  c i r c u l a r  r ing .  

Step 2. Place the sub j ec t  in  the  x-ray f i e l d ,  and ob ta in  and record 

t he  d i s t ance s -o f  seven p e l l e t s  from the  x-ray t a b l e .  

Step 3. Expose the  f i lm t o  obtain  the x-ray of the  head s t r u c t u r e  

and the  v e r t i c a l  lead wire .  This g i v e s  t he  x-ray of the  (j-i) 
plane.  

Step 4.  Remove the  sub jec t  from the x-ray f i e l d ,  a n d  change the  f i l m  

c a s s e t t e .  

Step 5 ,  Expose the f i lm  t o  ob ta in  t he  c i r c u l a r  r ing .  

Step 6 .  Replace the  sub jec t  t o  exac t ly  the  same previous e l eva t i on  

and i n  the  x-ray f i e l d .  

Step 7. Rotate the platform car ry ing  t h e  sub j ec t  through t 3 0 h b o u t  the  
h 

K-axis. 

Step 8. Obtain and record the seven di 'stances betlieen the  x-ray t a b l e  

and the  individual  p e l l e t s .  

Step 9 .  Expose the  head and the v e r t i c a l  lead wire t o  ob ta in  an x-ray 

of the  (i,t?) plane. 

Once the  two orthogonal x-rays have been developed, the  o p t i c a l  c e n t e r  

and axes a re  drawn and the  seven p e l l e t s  l abe led  on each x-ray,  then f o r  

each p e l l e t ,  ( X , Z )  and ( Y , Z )  p a i r s  a r e  measured d i r e c t l y  from t h e  x-rays .  

These pa i r s  a r e  supplemented with the  corresponding d i s t ance s  from the  x-ray 

t ab l e  obtained e a r l i e r  during s t ep s  2 and 8 of t he  x-raying procedure.  Each 

pe l l e t  will  then have (X, Z ,  D x l )  and (Y,Z,D ) which can be used t o  ob ta in  
Y Z  

t r u e  ( x , y , z )  coordinates  with respec t  t o  an a r b i t r a r y  re fe rence  frame, given 

the  ca l i b r a t i on  constants  a and o f  t h e  x-ray set -up.  



4.206 Computational Procedure 

A computer program, X R k Y ,  was wri t ten t o  carry the necessary s t eps  

toward the  evaluation of the transformation matrix [ R ]  between the instrumen- 

t a t ion  and the  anatoniical coordinate systems. 

Instrumentation Frame - The i n e r t i a l  vector position of the 3 accelero- 

meter p e l l e t s  may be obtained: 

and 

B u t  

OF, = bP t @, 

where 
A w, = P l  e l  
h 

R, = P 2  e 2  (21)  

W3 = P 3  i 3  

The f i r s t  s t ep  in solving the problem i s  t o  obtain the  i n e r t i a l  coor- 

dinates of point P ,  or igin of the instrumentation t r i a d .  Solving f o r  fl,, IT), 
and 703 from equation ( 2 0 )  and s u b s t i t u t i n g  the values in equation ( 2 1 )  y i e l d s :  



Equations ( 2 2 )  may be w r i t t e n  i n  s c a l a r  form by do t  mu l t i p ly ing  each 

equat ion by i t s e l f :  

Equations (23 )  nay be manipulated t o  ob ta in  the  fo l lowing  l i n e a r  

simultaneous equa t ions :  

F ina l ly  t h i s  s e t  of equa t ions  i s  solved by subrou t ine  LOC34 t o  y i e l d  ( x  ,y z ).  
P P P  

The next s t e p  i s  simple and involves  computing t he  d i r e c t i c n  cos ines  

of each of t h e  vectors  f12. v3 which a re  i d e n t i c a l  wi th  those of  t h e  
A h , .  

u n i t  vectors  e l ,  e, ,  e 3 .  Thus: 

or simply 



Anatomical Frame - - Using the  same no ta t ion  f o r  t h e  anatomical p e l l e t s ,  

the  i n e r t i a l  pos i t i on  vectors  of the  four  anatotxical p e l l e t s  a r e :  

= x l i  + y 1  J^ + z l  K 

F i r s t  de f i ne  t he  d i r e c t i o n  cosines  of ;-axis o r  the  L - R  a x i s .  T h i s  

may be done by one o f  two methods: 

The two methods a r e  equ iva l en t  wi thin  some expe r inen i a l  e r r o r .  T O  

minimize t h i s  e r r o r ,  the  average i s  taken as t he  f i n a l  d i r e c t i o n  cos ines  of  
A 

u n i t  vector  j ,  i . e . :  

Next, de f ine  t he  5-1 o r  [ - ax i s .  This  a x i s  i s  pe rpend i cu l a r  t o  t he  

Frankfor t  plane def ined by t he  4 anatomical p e l l e t s .  The u n i t  v ec to r  

must be along the  c ross  product of  t he  vec tor  j and any vec to r  l y ing  

in  the  Frankfor t  p lane.  Thus: - .  -- 



The average i s  t h e n  : 

F i n a l l y ,  t h e  d i r e c t i o n  cos ines  o f  t h e  A - P  o r  7 -ax i s  a r e  o b t a i n e d  by 

t h e  c r o s s  p r o d u c t :  

A A A  

i = k x j  (30 )  

Equa t ions  (28 ) ,  ( 2 9 )  and (30 )  may be w r i t t e n  compac t l y  as:  

T r a n s f o r m a t i o n  m a t r i x  [ R ]  - S ince  t h e  t r a n s f o r m a t i o n  m a t r i x  [R] ,  d e f i n e d  

by 

t h e  d e s i r e d  r e s u l t ,  i t  i s  s i m p l y  

[Rl = [El 
The m a t r i x  [A] i s  an o r t h o g o n a l  

equa l  t o  i t s  t ranspose.  

[A]- '  = [ A ] ~  

Thus, 
[Rl = [ E l  DlT 

o b t a i n e d  by: 

t rans fo lan ia t  i o n ,  t h e r e f o r e ,  i t s  i n v e r s e  

The m a t r i x  mu1 t i p l i c a t i o n  i n  Equa t i on  ( 3 1 )  i s  s t r a i  g h t f o n r a r d .  
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T r a n s l a t i o n  of t he  two o r i g i n s  - In a d d i t i o n  t o  t he  t rans format ion  mat r ix  

between t h e  ins t rumenta t ion  and the  anatomical coord ina te  systenls,  t he  loca-  

t i o n  o f  t h e  ins t rumenta t ion  o r i g in  P must be known r e l a t i v e  t o  t he  anatomical 

coord ina te  system,  i . e .  _ . . . _ _ _ -  *__-- ---/ 

This vec to r  can be computed from 

then expressed in  t h e  anatomical system. F i r s t ,  t h e  vec to r  @ i s  by 

d e f i n i t i o n  ( s e c t i o n  4 . 2 , 3 ) ,  

and 

t he r e fo r e  @ = ( x  -x ) ? .+ (y -y ) j + ( z  -z ) k 
P c P c  P c  

To ob ta in  ( d l ,  d Z ,  d g ) ,  t h e  anatomical components of  3, we express  3 in  the  

anatomical system: 

@ = 

A h A 

Using equat ion ( 2 ) ,  ( I , J , K )  i s  s u b s t i t u t e d  t o  o b t a i n :  



Tile purpost? o f  higtl-speed camera coverage i s  t o  monitor thu3=di~~ms?una+- - -- ' 

h h h  

rnotioi~ of  tile t e s t  s u b j e c t .  This means ob ta in ing  t he  t h r ee  c a r t e s i a n  ( I , J , I : )  

coo rd i r~a t e s  o f  a  s i n g l e  ~ o i n t - t a r g e t  atidlor the  G degrees-of-freedopi o f  a  

r i g i d -  body segment. 

I n  p r i n c i p l e ,  two cameras are  s u f f i c i e n t  t o  provide t h i s  coverage.  
A  A  

Tiius, one may use camera I ( r i g h t  s i d e )  t o  ob ta in  t he  I and I.: coord ina tes  
h A 

of  a  t a r l e t ,  and camera I V  ( t o p )  t o  ob ta in  the  I and J  coord ina tes  o f  t h e  

same t a r g e t .  T~le  four  coordinates  obtained from two cameras art. then com- 
h h A  

bined, resul t i n g  i n  a  r r i p l e t  of ( I , J , i ; )  coord ina tes  of t h a t  t a r s e t .  t{o:..lever, 

another  t a r g e t  may no t  be v i s i b l e  from carnera I  o r  !V, a p o s s i b i l i t y  v~h:'cll 

n e c e s s i t a t e s  t h e  use of a l t e r n a t e  and/or add i t iona l  camera coverage.  

Thir s e t  u p  used f o r  R u n  A-725,  shown in Figure 17, i s  t y p i c a l .  I t  

cons i s t s  of  4 synchronized hi gh-speed cameras, which \ i i  11 cap ture  the  

fo1 loiring coord ina tes :  
A  h 

c a m r a  I .... r i g h t  s i d e  .... X =  I ,  Y = K 
h h 

camera I1  .... l e f t  s i d e  . . . .  X = - I ,  Y - I< 
A A 

carncra 111 . . . .  f r o n t  view .... X = J ,  Y = K 
. . .  . . - . . . . . . . 

h A  

camera IV . .. . top view . . . .  X = J ,  Y = - I  

biith t h i s  s e t u p ,  the  chancc of a  t a r g e t  being o b s t r u c t e d  from vie:.! i n  one 

cam2ra i s  compensated by i t s  v i s i b i l i t y  i n  one o r  more o t h e r  vievrs. 

4.3,2 Carrcras arid Filnl 

Three Ptiotosoni cs 1 -U catxeras atld one tlycan 2004E camera were used i n  

tile t e s t s .  

Ti le tiycam had a  \ ~ i d c - a n g l e  letis becsusc of space  1  iini t a t i o t i s .  
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The f i l m  used was Kodak Ektacllrone 7242 EF. 

4.3.3 Syticiironi za t ion  

A1 1 cameras were run a t  a  nominal speed o f  1030 frames/secmd~---l js  ;rtft-- - --- 
tile same t im ing  sou rce ,  t isl ing l i g h t s  \ / e r e  p u t  on tile edges o f  a l l  f i l r i s  

a t  t h 2  r a t e  o f  1000 pulse  pe r  second,  wi th  double-pulses each 10 msec and 

t r i p l e - p u l s e s  each 100 msec. In a d d i t i o n ,  a po\rerful  s t r o b e  \ / as  f l a s h e d  

a t  t ime = z e r o ,  klhictl was v i s i b l e  i n  a l l  4 views, artd was picked u p  and 

recorded on analog tape for the  synchron iza t ion  o f  f i l m  wi th  t h e  analog 

da t a .  

4.3.4 Magnif icat ion Cali b ra t ion  

The s i z e  of d i s t ance s  czptured on each f i l m  ve r e  c a l i b r a t e d  by i n -  

- s t a l l i t l g  a  I:nor.~n s c a l e  in  tile o b j e c t - p l a ~ e  of  each canera .  ~ h u s ,  a  s c a l e  i s  

recorded on f i l m ,  alorig ii~itti a1 1  the  o t h e r  t a r g e t s ,  and \,i 11 undergo t h e  

same magni f ica t ion  as t he  o t h e r  t a r g e t s  . 
This  procedure has proven s a t i s f a c t o r y  !/hen the  camera-tr2rqet d i s t a n c e  

i s  l a r g e ,  when the  t a r g e t  i s  in the  v i c i n i t y  o f  t h e  o p t i c a l  c e ~ t e r ,  and when 

t h e  motion of  the  t a r g e t  i s  e s s e r l t i a l l y  in  the  plane o f  tile c a l i b r a t i o n  " s c a l ~ . "  

I f  tile depar tu re  from the  obove cond i t i ons  i s  s i g n i f i c a n t ,  i . e . ,  i f  t h e  

motion i s  in-and-out of a  given o b j e c t  p l ane ,  o r  i f  t h e  t a r g e t  being analyzed 
.- 

i s  t oo  f a r  from the  o p t i c a l  a x i s ,  or when the  l en s  used i s  a  wide-arigle one,  

under these  c o n d i t i o n s ,  cocipensation and c o r r e c t i o n s  must be i n t roduced  t o  

ttle simple X - Y  coord ina tes  ob ta ined  on the  sc reen  of  a  f i l m  ana lyze r .  

4 .3.5 Coordinates Reading 

Each f i l m  i s  analyzed s e p a r a t e l y  us ing t he  Vanguard Film Analyzer .  

Tlie ( X - Y - e )  coord ina tes  of a l l  v i s i b l e  t a r g e t s  a r c  recorded ,  a long wi th  those  

o f  a  t a r g e t  f i xed  011 the  s l e d  and an i n e r t i a l  t a r g e t  f i x e d  t o  t he  c e i l i n g  

o f  trle l abo ra to ry .  
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At trle sanle tinie, t l ~ e  actual caniera speed i s  measured by  counting 

tile number of  frames betv/een two timing l i g h t s  of kno\;/n separa t ion .  

F ina l l y ,  several  measuremer~ts are made of a  know dis tance bet\ieen two 

t a r g e t s ,  from \/hi cn an avcrage nagni f i  catiori f a c to r  (ac tua l  inclies per  

Vanguard inch)  i s  obtained. 

The number of frames analyzed arid tile nuniber of t a r g e t s  i n  each 

frame var ies  with each f i lm depending on tile f i e l d  of view of  each camera 

and tnc v i s i b i l i t y  of the various t a r g e t s .  Analysis i s  begun as many as 

20 f r a m s  p r i o r  t o  the  t = 0 s t robe  f l a sh .  Since only pos i t i ons  were 

desi red it) the  ana ly s i s ,  ana lys i s  \/as c a r r i ed  oti each 5 f r a ~ e s .  i lo~,ever,  

i f  v e loc i t i e s  and acce le ra t ions  were to be obtained by n u w r i c a l  d i f f e r en -  

t i a t i o n ,  each frame must be analyzed. 

4.3.G Analysis of a  Typical R u n  - A - 7 2 5  

Pl~otorrietric ana lys i s  was performed f o r  Ruri  A - 7 2 5 ,  Tlie raw da ta  con- 

s i s t e d  of 4 dccks of c a rd s ,  each of vitiich contains:  

1 - Test ID and descr ip t ion  of view 

2 - camera speed (frames per  second) 

3 - magnification f a c t o r  (ac tua l  inclies per  screen i nch )  

4 - up t o  6 t a r g e t  names/ ident i f icat ions  

5 - a  d ~ c k  of cards (one card f o r  each frame) con ta in ing  the  frame 

number, and up t o  6 t r i p l e t s  ( X , Y , e )  measured f o r  each o f  the  

analyzed t a r g e t s .  

Tiiese decks were subsequently processed by a  general-purpose Vanguard 

a t ~ a l y s i s  program t o  obtain  the i l i e r t i a l  ( I  , J , t< )  coordinates  of  t he  various 

t a r g e t s ,  o r  t i i e i r  coordinates r e l a t i v e  t o  ttie s l e d .  The coordinates  analyzed 

a re  described in  Table X , 



T A B L E  X . SUMFMRY T A B L E  O F  PI IOTOMETRIC AI . IALYSIS FOR RUN A-725 

iiumbers i n  boxes indicate t h a t  positions were obtained r e l a t i v e  to t h a t  t a r g e t  
n umbe r. 

frames/second 

actual inches 
per screen 

T A R G E T  

, T i  ~ r t i a l  Point 1  

;led Point 2  

R i g n t  Ear 3 

Left Ear 4 

Top o f  tiead 5  

Tnorax 6 

Pel vis 7 

Thi gn 8 
t 

Notes: * Frame ra tes  estimated - Timing marks l o s t .  
** "0" indicates analysis  done re la t ive  to Vanguard screen reference 

sys tern, 
' I - "  indicates no analysis performed. 

Cam2 ra- 1 

Right View 

15.94 

9 00 

Camera-2 

Left View 

11.02 

950* 

A 

I ~ e - I  

Camera- 3  

Top View 

10.38 

952 

0** 

Camera-4 
7' 

Front View 

1 2 . 2 1  

950* 

- 

- 

0 

1 1 - 1  

0 

f i  

- 

K e  
h 

J - I  

0 1 0  

2 2 -  

- 
- 

0  

1  

- 
- 

5 

h 

- 

1 1  1 / -  

2 1 2  

2 - 

2 2 -  

6 

0 

- 

- 

- 

1 

- 

2 

- 

- 

2 2 - 2  

0 - 

fi  

J 

0 

2 

- 
2  

h 

K I 6  

- 1 ,  * 

1 - - 

- 

- 0  

o 
- 

2 1 2  
i 

4. 

- 

- 2 

- 1 -  
- 2 



Tile program o u t p u t  i s  tabu1 ated x ( t ) ,  y ( t ) , a l i d  a ( t ) ,  whi cil were then 

manual l y  p l o t t e d .  Trans1 a t ion  of axes (siii f t i n g  curves )  was necessary to  

account f o r  using d i f f e r e n t  s l e d  t a r g e t s  as reference p o i n t s ;  and occas iona l ly  

averaging of severa l  curves \la; done manually s i nce  tile sanc coordinate  

was obtained fronl more toan one vie\ , .  Some of  the  rcsul  t s  are  stlown in 

Figures 13  t/irougli 21 . 
idormally, pilotometric ana lys i s  i s  presented in  tuo types of  time- 

- 
posi tioil h i s t o r i e s :  iype-1 i s  intended t o  descr ibe  the  p o s i t i o n s ,  re1 a t i  ve 

t o  a s l e d  p o i n t ,  of  a s i n g l e  t a r g e t  such as t he  p e l v i s .  The s l e d  po in t  

i s  chosen t o  tie the point  where the  t a r g e t  in  quest ion \ /as  l oca t ed  a t  time 

zero.  Thus, a t  t i r s  = zero ,  tile pos i t ion  of the  pe lv i s  i s  z e ro ,  and any 

subsequent motion i,ould be the "excursion" o f  the  p e l v i s  i n s i d e  tile s i r u l a t e d  

vehicle .  

Type-2 graphs are i n t e ~ d e d  t o  be used f o r  tile 3-3 rinid-body motion 

ana lys i s  of t he  head. Tliese cons i s t  of ^I, and p l o t s  of t h r ee  po in t s  

on the  head. I t l i t i a l  condi t ions  ( i n e r t i a l  pos i t i ons  and v e l o c i t i e s )  a re  

obtained from tiiese graphs a t  timc = zero and a re  used as inpu t  t o  the  6 o r  

9 accelerometer 3-D motion ana ly s i s .  Cileckpoints may be obtained t o  

ver i fy  the  r e s u l t s  o f  t he  acce le ra t ion  a t ia lys is  and to  v a l i d a t e  t he  covpu- 

t a t i o n a l  procedure. 

I t  should be noted t h a t  the  3-D photometric a n a l y s i s  i s  a tedious  

process and should be used spa r i ng ly ,  and only f o r  v e r i f i c a t i o n  of  the 3-D 

acce le ra t ion  ana ly s i s .  

4 .3 .7  Rigi d-Gody Photomztric Analysis 

Olice the  i n e r t i a l  coordinates  ( x ,  y ,  z )  o f  3 po in t s  on the  head a re  

p lo t t ed  o u t ,  and " d i g i t i z e d "  manually t o  ob t a in  9 coo rd ina t e s ,  i t  i s  pos s ib l e  



Figure 18. Excursions re la t ive  to  s l e d ,  of a  typical  t a rge t  
obtained from pllotonietri c analysi s  . [Thorax, 
R u n  A-7251 
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t o  con~pute t h e  6 degrees-of - f reedom o f  any p o i n t  on t h e  head ,  g iven  the 
4 

l o c a t i o n  o f  t h e s e  p o i n t s  ( f rom X-rays) .  The procedure  i s  s imp le  and i t  

fo l lows  t h e s e  s t e p s  : 

2 )  compute ( x c , y C 3 z c )  

3 )  compute t h e  d i r e c t i o n  c o s i n e s  o f  ( e  , e , e ) ,  r e s u l t i n g  i n  t h e  

E u l e r  t r a n s f o r m a t i o n  m a t r i x  

4 )  compute t h e  p i t c h ,  yaw and r o l l  from t h e  e l emen t s  o f  t h e  E u l e r  

mat r i  x. 

A d e t a i l e d  wr i t e -up  on t h i s  procedure  i s  given i.n ?e p a p e r ,  "!lotion 

Measurement of  a Rigid Body i n  Three Dimensions ," by D ,  ii. Robbins ,  Z .  ?!I. 

Bowman, and 11. M. Alem, S o c i e t y  o f  Fhoto-opt i  ca l  : n s t r u n e n t z t i o n  E n g i n e e r s ,  

Nov. 1972. 



5.0 PROGRAM SUlltlARY A N D  RECOI.Il1EN DATIOi,IS 

The p rog re s s  of tile program in  terms of number o f  t e s t s  performed has 

been l e s s  than  o r i g i n a l l y  planned. A sunimary of tile t e s t s  made dur ing t he  

f i r s t  y e a r  o f  t h e  program i s  shobrn i n  Table XI. S i g n i f i c a n t  p rogress  has 

been made i n  terms of developing the  s o p h i s t i c a t e d  measurement t echn iques  

and da ta  a n a l y s i s  c a p a b i l i t i e s  necessary f o r  p rov id ing  the  qua1 i  t y  

o f  da t a  requ i red  f o r  e f f e c t i  ve perforniance of  t h e  program. Tlie 

progress  on t he  var ious  aspec t s  of the  program a r e  d i scussed  i n  t h e  fo l lowing  

s e c t i o n s  . 

5.1 PREL1!4IiJAKY SLED PULSE E V A L U A T I O i l  

Two s l e d  runs ,  A-716 and A-717, were performed a t  tiSRI using GllR 

suppl ied  Hybrid I 1  dumiily and ins t rumenta t ion .  The t e s t s  were t o  be com- 

pared t o  s i m i l a r  G:IR t e s t s  S-558, S-559 and S-560. The t e s t  cond i t i ons  a r e  

l i s t e d  in Table XI1 and t he  comparative peak value da ta  i s  l i s t e d  i n  Table 

XIII .  The r e s u l t s  i n d i c a t e  t h a t ,  in  g e n e r a l ,  t h e  IiSRI s l e d  pu lse  g ives  

very comparable dumniy response t o  t h a t  of t he  G:1R f a c i l i t y  i n  t e r m  of  

peak a c c e l e r a t i o n s  of  the  head and c l i es t ,  peak b e l t  loads,  and head angu l a r  

and l i n e a r  displacements .  I t  would appear t h a t  t h e  IISRI pu l s e  produces the  

peak values somewhat sooner  in time than t he  G M R  pu l s e .  This  d i f f e r e n c e  

i n  time phasing and durat ion,  p lus  the  s l i g h t l y  lower t e s t  v e l o c i t y  i n  t h e  

HSRI t e s t s ,  produced l o r ~ e r  GSI val ues t h a n  the  G N R  d a t a .  

5.2 C A D A V E R  I~~STRU~IEIIITATIO~J At4D PREPARATI0I.I T E C t i l i  IQUES 

The development of app rop r i a t e  and e f f e c t i v e  t echn iques  f o r  p r epa r ing  

and ins t rument ing t he  cadavers f o r  t e s t i n g  took s i g n i f i c a n t l y  g r e a t e r  time 

than o r i g i n a l l y  a n t i c i p a t e d .  I t  i s  f e l t ,  however, t h a t  the  t echn iques  de- 

s c r i bed  i n  Sect ion 3.0 a r e  well thought  ~lt and,  wi th  s l i g h t  n iodif icat ion 





TABLE XI I  DUPlI1Y TEST COtlPARISOrl 

TEST CONDITIOi4S: GM Hybrid I 1  Dummy i n  GH S u p p l i e d  3 p o i n t  t e s t  
f i x t u r e .  

1 0  I b .  l a p  b e l t  p r e l o a d  

1 0  l b ,  s h o u l d e r  b e l t  p r e l o a d  + 3" s l a c k  

Te f lon  on s e a t  -- c o t t o n  c l o t h e s  

H S R I  t e s t s  run a t  31 .9  mph wi th  21 G d e c e l e r a t i o n  

GM t e s t s  run a t  33 mph w i t h  21 G d e c e l e r a t i o n  

DATA FILTERING: For Head X ,  Y ,  Z and K e s u l t a n t  -- SAE Channel C l a s s  
1000 

For Ches t  X ,  Y ,  Z and R e s u l t a n t  -- SAE Channel C l a s s  
180 

For Lap Be1 t Loads - -  SAE Ch3nnel C l a s s  1900 
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Tes t  Number 

ITEM A-716 A- 71 7 S-558 S-559 S-560 

Lo Shoulder  Be1 t 

Max Lb. 1200 1250 121 4.44 1 1 96,-32-.- - $U-.2J- - .- 

@ Time ( m s )  6 1 6 7 67.1 65.1 72.1 

Up Shoulder  Be1 t 

Max Lb. - 1800 -1 730 -1517.38 -1581.12 -1 536.37 

@ Time (ms) 6 3 6 5 69.1 68 .4  73.1 

R i g h t  Lap Be1 t 

Max Lb, 2900 2950 -2826.51 -2968.25 -2833.76 

@ Time (m) 6 3 64 68.1 68.5 69.4 

L e f t  La5 B e l t  
I 

2250 2340 2265.09 2408.36 2256.81 

@ Time (ms) 6 3 6 3 60.3 68.1 70.3 

i L ~ T  SU!l lbARY 

I .~iIi . lUl.l  YEAD E X C U R S I O I i S  ., iiio. Hor i  zon t a l  V e r t i c a l  Angular  

S-558 25.5 i n .  -10.0 i n .  92.5" 

S-559 25.8 i n .  -10.1 i n  95" 

S- 560 25.7 i n .  - 9.7 i n .  94.4" 
-- 

A-716 24.5 in .  -10.9 i n .  94.8" 

A-717 25.7 i n .  -12.9 i n .  101.7" 



as more exper ience  i s  gained dur ing tile con t inua t ion  of the  prograai, \ / i l l  

provide t he  high q u a l i t y  of da ta  requ i red  f o r  d e t a i l e d  response e v a l u a t i o n .  

5.3 DATA AIiALYSIS TECHiiIQUES 

With the  except ion of  the  t h r ee  dimensional head motion a n a l y s i s ,  the  

da ta  a n a l y s i s  requi renients o f  the  program a r e  gene ra l l y  s t r a i  g h t f o n i a r d .  

However, t he  l a r g e  number of da ta  channels t o  be processed and analyzed as  a  

t o t a l  package requi red t he  upgrading o f  e x i s t i n g  da ta  hand1 i n g  techn iques  

and the  developrent  o f  new and improved ccmputer a n a l y s i s  proorams a t  

HSKI t o  e f f i c i e n t l y  handle the ana log - to -d ig i t a l  convers ion o f  t h e  da t a  

and the  subszquent a n a l y s i s  and p r e sen t a t i on  of  the  d a t a .  

Early in  t h e  cadaver  t e s t i n g  program, c e r t a i n  problems a ro se  i n  t h e  

ana ly s i s  of t he  s i x  acce le romete r  method of determining t i - , ree-dinensional  

motion. An i n s t a b i l i t y  i n  the  computations occurred which l e d  t o  a c a r e fu l  

and time consuming re -eva lua t ion  of  the  t h e o r e t i c a l  f o r r ~ u l a t i o n  anci t he  

computer program used i n  the  a n a l y s i s .  As a  r e s u l t ,  i t  was found t h a t  t he  

formulation f o r  s i x  accelerometers  i s  s u b j e c t  t o  i n s t a b i l i t y  due t o  e r r o r  

buildup in  the  i n t e g r a t i o n  t o  determine angula r  v e l o c i t i e s ,  The cause of  the  

i n s t a b i l i t y  i s  no t  f u l l y  determined, b u t  probable sou rce s  a r e  t h e  i n s t a b i l i t y  

of the  Jacobian of the system under c e r t a i n  cond i t i ons  ( n o t a b l y ,  nea r - cons t an t  

ve loc i t y  mot ion) ,  coupled with round-off e r r o r s  i n  even t h e  most s t a b l e  

i n t e g r a t i o n  rou t i ne s .  

Af te r  much s t udy ,  i t  i s  f e l t  t h a t ,  f o r  the  case  where the  e v e n t  of  

i n t e r e s t  i s  the  i n i t i a l  high a c c e l e r a t i o n  phase of  head motion,  t he  s i x  

a c c e l e r o n ~ t e r  method i s  adequate .  For long du ra t i on  even t s  i n  which both 

t he  forward motion and the  rebound motion a r e  t o  be determined as in t h e  

Wllole Body Response Program, i t  i s  necessa ry  t o  u t i l i z e  redundant  a cce l e ro -  

meters t o  acconlplish t he  a n a l y s i s .  A system o f  t h r e e  t r i a x i a l  accelcrorneters  

7 8 



has been r ecen t l y  analyzed and proven to  eliiriinate the  i n s t a b i l i t y  on a  

t heo re t i c a l  ba s i s  a t  HSRI. Future t e s t s  on t h i s  program w i l l  u t i l i z e  the 

nine-accelerometer technique f o r  obtaining th ree  d i ixns iona l  head motion. 

5 . 4  CADAVER TEST PROGMM 

As ind ica ted  in  Table X I ,  t e s t s  have been performed cn two cadavers 

meeting the  requirements of the  program ( t h a t  i s ,  male cadavers near  the  

50th pe r cen t i l e  i n  s i z e ) .  A temporary reduction in the  a v a i l a b i l i t y  of 

cadavers during the l a t t e r  p a r t  of the  program prevented add i t i ona l  t e s t s  

from being performed. 

Review of the t e s t  r e s u l t s  from the f i r s t  cadaver t e s t ,  A-720, was con- 

ducted in conjunction with GlriR persor,nel in o rder  t o  eva lua t e  procedures 

and rev i se  them viliere necessary.  Problem areas  which vjere ev iden t  in  the  

t e s t  included a  tendency f o r  the  sub j ec t  t o  r o t a t e  out of the  shou ld s r  

b e l t ,  d i f f i c u l t y  in  a t t a i n i n g  the  co r r ec t  upper l eg  pos i t i on  due t o  i n su f -  

f i c i e n t  f oo t  support  adjustment, and marginal pe lv i c  l a t e r a l  x-ray.  Other areas  

discussed were increased t a rge t i ng  a t  t he  shoulder  and the  t ho rax ,  improved 

s e a t  back ang le ,  the use of an undewear  s h i r t ,  and femur t a r g e t  v i s i b i l i t y  

in  p r e - t e s t  x-rays.  Due t o  the data  ana lys i s  d i f f i c u l t i e s  discussed i n  Sec t ion  

5.3,complete data ana ly s i s  f o r  t h i s  t e s t  i s  n o t  ava i l ab l e  y e t .  

The second cadaver t e s t  s e r i e s ,  A-725 and A-72G, was conducted wi th  

many of the above problem areas  cor rec ted .  Tes t  A-725 was a  very success fu l  

low seve r i t y  t e s t ,  while t e s t  A-726, a  high s e v e r i t y  t e s t ,  was a  f a i l u r e  due 

t o  a  shoulder b e l t  rupture  ~rliicli was t raced  t o  i napp rop r i a t e  b e l t  th read ing  

i n s t ruc t i ons .  As in t e s t  A-720, the  complete da ta  ana ly s i s  i s  not  a v a i l a b l e  

y e t .  (Photometric ana ly s i s  of t e s t  A-725 can be found i n  Sec t ion  4 . 3 . 6 ) .  

However, evaluat ion of the quick-1001: da ta  t r a c e s  was niade i n  conjunct ion 



with GI4R persontiel and a t e s t  c r i t i q u e  made. Recommendations f o r  f u tu r e  

t e s t s  based on t h e  conipleted t e s t s  a re  discussed in tile f o l l ov~ ing  s e c t i o n .  

5.5 PKOGRAi4 RECOFlI.lEI\II)AT IOI\lS 

Based on t h e  experience acquired with the  lihole Body Response t e s t s  

a l ready run, t h e  following improvements are  sugges t ed ' f o r  incorpora t ion  

i n t o  the  fu tu r e  program. 

5.5.1 Acceleroineter Headset 

The problems encountered t o  date include a r ing ing  phenonlenon of the  

t ubu l a r  assembly even when secure ly  fas tened  t o  the  sku l l  - an e x t r e m ~ l y  

c r i t i c a l  and t ime consuming i n s t a l l a t i o n  procedure - and cab le  damage dur ing 

impact. An a l t e r n a t e  method f o r  a t t a ch ing  head accelerometers  i s  p r e sen t l y  

being designed which u t i l i z e s  tn ree  indi  vicual col l e t s  clamped t o  the sku l l  

with an accelerometer  po t ted  t o  each c o l l e t  in  the  c o r r e c t  o r i e n t a t i o n .  

An ad jus tab le  i n s t a l  1 a t i on  f i x t u r e  hol ds the  accelerorneters p roper ly  po- 

s i t i o n e d  while t he  p o t t i n g  mater ia l  s e t s ,  and reasureni;nt of t h e  f i x t u r e  pro- 

vides the  coord ina tes  of the  accelerometers .  Gy a l i g n i n g  a l l  cab les  inward 

toward the top of the  head, i t  i s  hoped t h a t  the  damage caused by con t ac t  

with tile arms during inlpact \ / i l l  be minimized. 

In  conjunction with t h i s  at tachment change, t h e  acce le romete r  conf igura-  

t i o n  wi l l  be changed from th r ee  b i ax i a l  t o  t h r e e  t r i a x i a l  accelerometers  t o  

provide th ree  redundant acceleronieter readings  as a means of  reducing the  

i n s t ab i  l i  ty  encountered in the  equa t ions  f o r  head motion a n a l y s i s .  

5 .5 .2  Anthropometry 

A revised and co r r ec t ed  l i s t  of  anthropometry measurements i s  shown i n  

Table XIV. 

5 .5 .3  Targeting 

a )  Improved t a r g e t i n g  t o  perniit r~~casu ren~en t  o f  r o t a t i o n a l  and t r a n s l a t i o n a l  



TABLE XIV. A l i T H R O P O M E T R Y  MEASUREMENTS 

The fo l  lowing measurements a r e  proposed f o r  f u t u r e  Wnole Body Response 

Tes t ing :  

Whole Body 

1 .  S t a t u r e  
2. Weight 

Head - 
3. Head Breadth 
4 .  Head Length 
5, Head Circumference 
6. Head, Mid-Sagi t t a l  Arc Length 
7. Head, Coronal Arc Length 
8. tiead, Tragi on-Vertex Hei q h t  
9 .  Head, Menton-Vertex i-lei gnt 

Additional A1 t e r n a t i  ve Measurements : Head 

10. Bi t r ag ion  Diameter 
11. Bi goni a1 Diameter 
12. tylenton Diagonal 
13. Mastoid Diagonal 

Neck - 
14. Mi d-Neck Circumference 
15. Nuchale - Vertex Height 
16.  Hastoid - Vertex Height 

Torso 

Bi acromi a1 Di ameter 
Bi del t o i  d Breadth 
Chest Breadth a t  T4 
Chest Depth a t  T4 
Chest Circumference a t  T4 
Ches t ,  T 4  Vertex Height 
Chest Breadth a t  T8 
Chest Depth a t  T8 
Chest Circumference a t  T8 
Chest ,  T8 - Vertex Height 
Chest Breadth a t  T12 
Chest Depth a t  TI2 
Chest Ci rcurnference a t  T12 
Chest ,  TI2 
C 7  - Vertex Height 
Hip Breadth,  I l i o c r i s t a l e  

Torso ( con t i nued )  

Hip Depth, I l i o c r i s t a l e  
I l i o c r i s t a l e  - Vertex Height 
Hip Circumference,  I1 i o c r i  s t a l e  
Bispinous Diameter,  An te r i o r  
I l i a c  Spine 
AS I S  - Vertex Hei c ~ h  t 
Rt. ASIS 
Lt. ASIS 
Bi t r o c h a n t e r i c  Diameter 
Buttocks Depth, Trochan te r ion  
Buttocks Ci rcumference,  Trochan- 
t e r i  on  
Trochan te r ion  - Vertex Hei ght  

Uooer Arr, 

44. Acromion - Radiale  Lengtl- 
45. Bal l  of tiurgerus - Radiale Length 
46. Upper Arfi C i rcunfe rence ,  Ax i l l a  
47.  Upper Arm Ci r c u ~ f e r e n c e  , i4i d- 

B i ceps 
48. Upper Arm Ci rcumference Hui~~eral  

Condyles 
49. Humeral Bi epocondyl a r  Breadth 

Lower Arm 

50. Radiale  - S-tyl ion Length 
51. Olecranon - S t y l i o n  Length 
52. Maxi nium Forearni Ci rcumference 
53. Wris t  Circumference - -  

Hand 

54. Hand Length 
55. Hand Breadth 
56. Hand Depth 

Upper Leg 

57. Fenlur Length 
58. Upper Thigh Ci rcunlference 
59. Mid Thigh Ci rcumference 



TAGLE X I V  ( c o n t i n u e d )  

Upper Leg ( c o n  ti nued)  

60. Lower  T h i g h  C i  r cumference  
61 . Femoral B i  e p i  condy l  ar B r e a d t h  

Lower  L e g  

62. T i b i a  L e n g t h  
63. F i b u l a  Leng th  
64. Maximum Cal f C i  r cumference  
65. A n k l e  C i  r cumfe rence  

F o o t  

66. F o o t  L e n g t h  
67. Foo t  B r e a d t h  



motion i s  t o  be incorporated a t  t he  pe lv i c  and t h o r a c i c  acce le romete r  

l o c a t i o n s ,  and a t  the  T1 pos i t i on .  

b )  A s p h e r i c a l  t a r g e t  i s  t o  be incorpora ted  a t  the  acrosiion on each 

s i d e .  

c )  The method of  a t t a ch ing  femur t a r g e t s  with p l a s t i c  t i e - ~ i r a p s  has 

proven unsa t i s f ac to ry  s ince  tile 1 ap t a r g e t  p o s i t i o n s  niay change between t h e  

x-rays and f i n a l  posi t ior i ing on the  s l e d  and t h e  t ie-wraps  t hense lve s  have 

shown a  tendency t o  f r a c t u r e  dur ing impact. Revised fernur t a r g e t i n g  u t i l i z i n g  

wood screws d i r e c t l y  i n t o  t he  femur w i l l  be used i n  f u t u r e  t e s t i n g .  

5 .5 .4  X-Rays 

Future improvements \1i 11 be d i r e c t e d  tc!~ 'ards  b e t t e r  r e s o l u t i o n  i n  the  

pe lv i c  a rea  in the l a t e r a l  sea ted  x-rays .  P a r t i c u l a r  emphasis ~iii 11 be p laced  

on def in ing  "Lie sea ted  o r i e n t a t i o n  of t he  pubic c r e s t ,  i l i a c  c r e s t s ,  a n d  

tile o u t l i n e s  of the  acetabul urns. I f  r equ i r ed ,  l ead  p e l l e t s  ~ l i l l  be s  t irgical  l y  

implanted t o  a s s i s t  in  i d e n t i f y i n g  these  landmarks. Contact  p r i n t  cop ies  

of  a l l  x-rays w i l l  be suppl ied  f o r  each t e s t  s u b j e c t .  

5.5.5 Pos i t ion ing  

Generally , addi t iona l  e f f o r t  i s  t o  be di r e c t ed  towards more accu ra t e  

pos i t i on ing  of  t he  cadaver in  the  t e s t  f i x t u ' r e ,  p a r t i c u l a r l y  such items as 

mainta ining the  t o r s o  v e r t i c a l ,  keeping the lower arms para1 l e l  , and t he  

s u b j e c t  symmetrically s i t u a t e d  with  r e spec t  t o  both h i s  own and the  t e s t  

f i x t u r e  axes .  The tendency t o  slump and the  i n t e r a c t i o n  of  t he  adjustriients 

a r e  the  p r inc ipa l  f a c t o r s  impeding i dea l  p o s i t i o n i n g ,  and i f  nece s sa ry ,  

add i t iona l  t ap ing  or t h e  use of  s t r i n g s  with e l e c t r i c  rope c u t t e r s  \ / i l l  be 

adopted t o  maintain the  cadaver i n  p l ace .  The head i s  t o  be pos i t i oned  

a f t e r  a l l  o t h e r  adjustnients a r e  f i n i shed ,  This  p l i l l ~ ~ n ~ i ~ t  o f  t ap ing  t he  

head i n  t he  nlost neu t ra l  fo re  and a f t  p o s i t i o n  with narrow masking tape  

weakened f o r  low e f f o r t  breakage. 



5.5.6 Future Program Plans 

The second year- con t inua t ion  of t h i s  program involves  completion o f  the  

o r i g i n a l  cadaver  and d~mniy t e s t  mat r ix  and add i t i ona l  t e s t i n g  with  o t h e r  

c o ~ l f i g u r a t i o n s .  The progress  niade dur ing  the  f i r - s t  yea r  program in  over-  

coming many o f  the  experiniental and a n a l y t i c a l  d i f f i c u l t i e s  involved i n  t h i s  

type of  t e s t i n g  w i l l  provide a  s o l i d  b a s i s  f o r  t h e  e f f e c t i v e  implenentat iot i  

o f  t h e  second y e a r  e f f o r t .  


