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1 .0 INTRODUCTION 

The Whole Body Response research program, conducted by the Highway 

Safety Research Institute (HSRI) of the University of Michigan, and 

sponsored by the General Motors Research Laboratories, is now in its 

third year. 

The objectives of the program are to generate data on the kinematic 

response of the human body, restrained by a 3-point be1 t system, and 

subjected to real i sti c automotive impact environment. The test con- 

ditions and test subjects (unembalmed male human cadavers approximating 

the 50th percentile in size) are suitably documented and instrumented, 

so that all the information necessary to analyze and evaluate the data 

is recorded. The data generated by these tests are to be utilized for 

the development of humanlike response requirements for anthropomorphic 

dummies and mathematical models. 

Much of the first year of the program was spent in initial . 

development. This included designing instrumentation hardware, and 

developing data processing techniques. This work resulted in improve- 

ment of the sophisticated measurement techniques and data analysis 

capabi 1 i ti es necessary for providing the qua1 i ty of data required for 

effective performance of the program. 

During the second contract year, the surgical techniques were re- 

fined, the instrumentation hardware was redesigned and improved to per- 

* The protocol for the use of cadavers in this study was reviewed and 
approved by the Committee to Review Grants for Clinical Research 
and Investigation Involving Human Beings of the University of 
Michigan Medical Center and fol lows guide1 ines establ ished by the 
U.S. Public Health Service and recommended by the National Academy 
of Sci ences/Nati onal Research Counci 1. 



mit the use of Endevco Type 2265-2000 accelerometers, nine accelerometers 

( three t r i ax i a l  c lus te r s )  were mounted instead of the original s i x  

accelerometer system, the photographic coverage was improved, and 

generally, the lessons from the f i r s t  year resulted in the refinement 

of the t e s t  protocol. 

A to ta l  of twenty-five sled t e s t s  were conducted during the 

second year period. Four cadavers were each subjected to  two t e s t s ,  

and a ce r t i f i ed  Part 572 du~lirny r v i  t h  two types of instrumentation was 

subjected to  seventeen t e s t s  of three severi ty levels  for  the purposes 

of comparison with cadaver response and t o  compare instrumentation 

differences. 

This presentation i s  the Final Report ( 2 n d  year)  covering the 

period of September 1 ,  1974 through August 31 ? 1975. This report 

discusses the de t a i l s  and revisions of the t e s t  procedures and pre- 

sents a l l  the raw data collected in the second contract year. 



2.0 DESIGN OF EXPERIMENTS 

The Who1 e  Body Response program r e q u i r e s  an accu ra te ,  d e t a i  1 ed d e s c r i p -  

t i o n  o f  b o t h  t e s t  s u b j e c t  and t e s t  c o n d i t i o n s  as w e l l  as t h e  r e c o r d i n g  

o f  t h e  da ta  necessary t o  a n a l y t i c a l  l y  d e s c r i b e  t h e  k i  nelnati cs d u r i n g  

impact .  T h i s  s e c t i o n  d iscusses t h e  d e t a i l s  and techn iques u t i l i z e d  t o  

o b t a i n  t h i s  data,  

2 .1  Tes t  S u b j e c t  D e s c r i p t i o n  

The t e s t  s u b j e c t ' s  p h y s i c a l  d e s c r i p t i o n  i s  o b t a i n e d  by means o f  de- 

t a i  1  ed anthropometry  measurements taken b e f o r e  su rge ry  f o r  t ransducer  

i n s t a l  1  a t i o n  i s  begun. The Anthropometry da ta  sheet  1  i s t i  ng t h e  measure- 

ments t h a t  a r e  recorded appears i n  Appendix A w i t h  t h e  cadaver da ta  

p r e s e n t a t i o n .  Diagrams a r e  be ing  prepared t o  i l l u s t r a t e  and c l a r i f y  t h e  

t e r m i  no1 ogy. 

I n  a d d i t i o n ,  a  complete x - r a y  r e c o r d  i s  made o f  t h e  s k e l e t a l  s t r u c -  

t u r e  i n  b o t h  a  l a t e r a l  seated v iew t h a t  s imu la tes  t h e  t e s t  c o n f i g u r a t i o n  

and a  prone f r o n t a l  v iew a f t e r  su rge ry  has been completed. B i p l a n a r  

o r thogona l  x - r a y s  o f  t h e  head a l l o w  t h e  s p a t i a l  r e l a t i o n s h i p  o f  t h e  head- 

s e t  acce lerometers  t o  t h e  p h y s i o l o g i c a l  axes o f  t h e  head t o  be determined 

m a t h e m a t i c a l l y ,  The t h e o r e t i c a l  b a s i s  o f  t h i s  techn ique  i s  presented 

i n  Appendix C .  The measurements t h a t  must be made a t  t h e  t i m e  o f  

t h e  x - r a y s  t o  p e r m i t  t h i s  r e l a t i o n s h i p  t o  be c a l c u l a t e d  appear on 

t h e  x - r a y  d a t a  sheets i n  Appendix A. 

2.2 T e s t  C o n d i t i o n s  

The t e s t  env i ronment  a t  t h e  onse t  o f  impact  i s  desc r ibed  i n  terms o f  

t h e  t e s t  s u b j e c t ' s  c o n f i g u r a t i o n  and r e s t r a i n t s .  The p o s i t i o n i n g  and 

t a r g e t i n g  diagram p rov ides  t h e  r e c o r d  o f  i n i t i a l  c o n d i t i o n s ,  and t h e  be1 t 



length data form give a detailed geometry of the three point res t ra in t  

system. These forms are used for d a t a  presentation as well as t e s t  setup 

and. appear in Appendix A .  

The subject i s  seated for a frontal impact in G . M .  supplied t e s t  

f ixture  and  i s  restrained by a three point belt  system instrumented with 

load transducers in a dr iver ' s  side configuration. The foot rests  are 

adjusted t o  provide the  ieg angles specified i n  the targeting and positioning 

diagram. All the belts are tensioned t o  a ten pound preload and  then three 

inches of slack i s  introduced i n t o  the shoulder be1 t .  Two impact t e s t s  

are conducted on each subject, with the lower severity impact f i r s t  t o  

minimize any effects from skeletal damage. Three levels of impact severity 

are used in this  program; they are as follows: 

Hjgh-severi ty 

33 mph velocity change 

20 g constant deceleration 

(equivalent t o  21.8 in .  stopping distance) 

Intermedi ate-severi ty 

2 3 . 3  mph velocity change 

10 g constant deceleration 

(equivalent t o  21.8 in. stopping distance) 

(half the kinetic energy of the hi-severity) 

Low-severi t y  

16.5 mph velocity change 

10 g constant deceleration 

(equivalent t o  10.9 in.  stopping distance) 

(half the kinetic energy of the intermediate severity t e s t )  



2.3 C inematograph ic  Coverage 

To d e s c r i b e  t h e  t h r e e  d imens iona l  k i n e m a t i c s  o f  t h e  t e s t  s u b j e c t  

d u r i n g  impact ,  c inematog raph ic  d a t a  i s  o b t a i n e d  f o r  t h e  photo  t a r g e t s  

i n s t a l l e d  on t h e  s k e l e t a l  s t r u c t u r e  o f  t h e  s u b j e c t .  As d i scussed  i n  

S e c t i o n  4 , t h e  pho to  t a r g e t s  a r e  s p h e r i c a l  f o r . a l l  p o s i t i o n s  excep t  

on t h e  femur so t h e  same p o i n t  i n  space can be i d e n t i f i e d  and t r a c k e d  

f r o m  any camera p o s i t i o n ,  These s p h e r i c a l  t a r g e t s  a r e  used a t  t h e  

f o l l o w i n g  p o s i t i o n s :  

a .  Head - a  s p h e r i c a l  s h e l l  enc loses and t a r g e t s  t h e  e f f e c t i v e  

i n e r t i a l  c e n t e r  o f  each o f  t h e  t h r e e  acce le romete r  t r i a x i a l  packages, 

b .  Thorax - a  s p h e r i c a l  t a r g e t  i s  a t t a c h e d  t o  t h e  t r i a x i a l  a c c e l e r o -  

me te r  mount measur ing  t h e  a c c e l e r a t i o n  a t  t h e  T8 l e v e l .  

c .  P e l v i s  - two s p h e r i c a l  t a r g e t  assembl ies  a r e  a t t a c h e d  t o  t h e  b i -  

a x i a l  mount ing  f i x t u r e  f o r  p h o t o m e t r i c  a n a l y s i s  o f  p e l v i c  m o t i o n  d u r i n g  

impact .  

d .  Ac romion (shou lde r )  - a  s p h e r i c a l  t a r g e t  i s  a t t a c h e d  t o  t h e  acromion on 

b o t h  r i g h t  and l e f t  s ides .  

Pho tog raph ic  coverage c o n s i s t s  o f  f o u r  h i g h  speed movie cameras 

o p e r a t i n g  a t  n o m i n a l l y  1000 f rames p e r  second. C o l o r  f i l m  i s  used and 

a  t e n  m i l l i s e c o n d  t i m i n g  1  i g h t  p u l s e  i s  imposed a t  each camera t o  

a c c u r a t e l y  c a l i b r a t e  f i l m  speed. A s i n g l e  s t r o b e  f l a s h  a t  t h e  o n s e t  o f  

impac t  a1 lows s y n c h r o n i z a t i o n  o f  a l l  c i nematog raph ic  and magnet ic  tape  

d a t a .  The cameras a r e  s i t u a t e d  t o  p r o v i d e  f o u r  o r thogona l  v iews o f  

t h e  i m p a c t  - r i g h t  s i d e ,  l e f t  s i d e ,  overhead and f r o n t a l .  I n  a d d i t i o n ,  

a  P o l a r o i d  graph-check camera p r o v i d e s  an immediate e i g h t  s e q u e n t i a l  

exposure r e v i e w  o f  t h e  t e s t .  



2.4 Instrumentation 

Accelerometers are  surgical ly  attached to  the t e s t  sub jec t ' s  skele ta l  

s t ructure  to  provide the following data d u r i n g  impact. 

1.  Head - three t r i ax i a l  accelerometer headset from which three- 

dimensional head motion i s  t o  be obtained. 

2. Thorax - A P ,  S i ,  L R  accelerat ions a t  the T8 level measured by 

accelerometers fastened to  the spinous process of T7.  

3. Pelvis - AP, S I  accelerat ions.  

Belt load c e l l s  are  ins ta l led  in the r e s t r a i n t  systems and used 

t o  determine the be l t  webbing forces acting on the subject  during the 

test.  

The sled decelerat ion,  sled velocity,  to  strobe pulse, and ten mi l l i -  

second time base pulses are  also recorded. Light beam oscil  lograph records 

from the original tape are made. MI650 galvos are  used on a l l  channels 

except fo r  an MlOO galvo on the sled deceleration channel. 



2 . 5  Data Analysis 

In general,  the cinematographic data i s  analyzed in the following 

manner: 

1 .  Analyze films using the Vanguard Motion Analyzer. 

2 .  Compute film speed. 

3. Synchronize film time base to  tape time base by recording 

frame number fo r  strobe f lash .  

4 .  Geometric scale fac tor  determination -- Measure length o f  

scale  fac tor  target  on s led .  Use in conjunction with camera- 

to-occupant target  distances t o  compute geometric scale fac tors .  

5. Measure X ,  Y ,  and 8 as a function of frame number for  every 1000 

Hz timing mark and a frame approximately midway between marks. 

6 .  Analyze data by computer t o  obtain the following data as a func- 

t ion of time. 
. - 

a .  Head cg displacement from i n i t i a l  position (X,Y,€l). 

b .  Head cg displacement re la t ive  t o  thorax (X,Y,0). 

c .  Thorax displacement from i n i t i a l  position (X ,Y  , 0 ) .  

d .  Pelvis dis?lacemcnt from i n i t i a l  position ( X , Y , e )  

e .  Pelvis/thorax angle change. 

f .  Femur/pel vis  angle change. 

g .  Shoulder displacement re1 a t ive  to  thorax (overhead). 

7 .  Differentiate the above quant i t ies  once t o  obtain veloci t ies .  

8. Use computer graphics package to  plot  output, 



L ikew ise ,  t h e  i n s t r u m e n t a t i o n  d a t a  s t o r e d  on magnet ic  t a p e  i s  processed 

as f o l l o w s :  

1. A-to-D convers ion  o f  a l l  a c c e l e r a t i o n  and fo rce  da ta .  D i g i t i z e d  

d a t a  w i l l  be s t o r e d  on magnet ic  tape,  and s t o r e  o r i g i n a l  

ana log  tape .  

2 .  L i g h t  beam o s c i l l o g r a p h  r e c o r d s  f r o m  t h e  o r i g i n a l  ana log tape  w i l l  

be made. MI650 ga lvos  w i l l  be  used on a1 1  channels,  excep t  f o r  an 

MlOO g a l v o  on t h e  s l e d  d e c e l e r a t i o n  channe l .  

3. App ly  MVSS 208 f i l t e r i n g  t o  head and c h e s t  a c c e l e r a t i o n  d a t a .  

4. App ly  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 be1 t f o r c e  

d a t a  . 
5. Compute t h r e e  d imens iona l  head mot ions  versus t i m e  u s i n g  f i l t e r e d  

d a t a  . 
6. Compute head and c h e s t  r e s u l t a n t  a c c e l e r a t i o n s  versus t i m e  u s i n g  

f i l t e r e d  da ta .  

7. Compute Gadd S e v e r i t y  Index (GSI) and head i n j u r y  c r i t e r i o n  (HIC) 

f o r  t h e  head and chest ,  u s i n g  f i l t e r e d  da ta ,  as f o l l o w s :  

a. Head -- GSI and HIC f o r  AP,  S I ,  and LR components, and f o r  

t h e  r e s u l  t a n t  . 
b. Chest  -- G S I  versus t i m e  f o r  t h e  AP, S I ,  and L R  components, 

and f o r  t h e  r e s u l t a n t .  

8. Use computer g r a p h i c s  package t o  p l o t  o u t p u t .  



3.0 PROGRAM STATUS 

3.1 Background 

Whole body response s tud ies  sponsored by GMR commenced a t  H S R I  

J u l y  1, 1973 f o r  one yea r  w i t h  a fund ing  o f  $62,705. A no-cost exten- 

s i o n  c a r r i e d  the  program t o  August 31, 1974. A one-year renewal was 

nego t i a t ed  t o  c a r r y  t h e  program from September 1, 1974 through August 

31, 7975 a t  an a d d i t i o n a l  c o s t  o f  $60,000. The research o r i g i n a l l y  

planned i n  t h i s  program i s  summarized below. 

1.  Three-po in t  be1 t s  r e s t r a i n e d  response eva lua t i on  f rom 20 

t e s t s  on 10 unernbalmed cadaver sub jec t s  and 18 t e s t s  on a Hybr id  I 1  

dummy sub jec t .  

2. Chest/shoulder system response eva lua t i on  from 13 t e s t s  on s i x  

unembalrned cadaver sub jec t s  and 18 t e s t s  on a Hybr id  I1  dummy sub jec t .  

3. P r e i n f l a t e d  a i r  cush ion r e s t r a i n e d  response eva lua t i on  f rom 

13 t e s t s  on s i x  unembalmed cadaver sub jec t s  and 18 t e s t s  on a Hyb r i d  

I 1  dummy sub jec t .  

3.2 Tes t i ng  Schedule 

The above research  program has progressed a t  a much slower r a t e  

than a n t i c i p a t e d .  S i g n i f i c a n t  problems l ead ing  t o  t h i s  s i t u a t i o n  inc lude :  

1. Underest imat ion o f  t h e  comp lex i t y  o f  t h e  expe r imen ta l / ana l y t i ca l  

three-d imensional  head k inemat ics  ana l ys i s .  

2. An unan t i c i pa ted  problem i n  p rocu r i ng  t he  cadaver sub jec ts  d u r i n g  

t he  summer o f  1974. 

3. Unan t i c i pa ted  problems w i t h  accelerometer ins t rumenta t ion ,  and 

de lays i n  p rocu r i ng  rep1 acement equipment. 

As o f  August 31 , 9 975, twe lve  cadaver t e s t s  us i ng  s i x  cadavers and 

seventeen c e r t i f i e d  dummy t e s t s  had been completed us i ng  t h e  t h r e e  p o i n t  



be1 t restraint  system. No work on the chest/shoulder system or pre- 

inflated a i r  cushion experiments will be pursued i n  the present pro- 

gram. The present s ta te  of instrumentation, surgical techniques and 

related equipment now permits the Whole Body Response cadaver tes t s  

to be performed on a relatively routine basis whenever a cadaver becomes 

available. The supply of suitable 50th percentile unembalmed male 

cadavers remains as the sole obstacle to completing the required num- 

ber of tests . 



3.3 R i b  Damage Problem .I;. 

A s ign i f i can t ,  unanticipated r e su l t  consistently being observed 

in the three-point bel t  restrained experiment i s  that  unembalmed 

cadaver subjects a re  sustaining considerable damage in the thoracic 

region. Damage has included r i b ,  sternum, and c lavic le  fractures.  

Cervical spine dislocations have a1 so occurred, 

I n i t i a l l y ,  the two t e s t s  on a cadaver subject consisted o f  an 

intermediate sever i ty  run followed by a high severi ty run, and i t  was 

thought that  the h i g h  sever; ty condition caused the damage, Later 

experimentation i 11 us t r a t ed ,  however, that  s ignif icant  damage could be 

induced by two intermediate severi ty t e s t s .  There i s  some evidence 

tha t  the f i r s t  t e s t  leads t o  s ignif icant  s t ructura l  degradation of the 

subject ,  leading to  fractures during the second t e s t .  

Significant  thorax and cervical spine damage has a non-negl ig ible  

e f f ec t  on the kinematics of the subject .  Accordingly, t h i s  i s  an un- 

acceptable s i tua t ion  fo r  a biomechani cal response evaluation. There- 

fo re ,  a third, low severi ty impact condition as defined in Section 

2 .2  was introduced fo r  WBR#6, the l a s t  cadaver t e s t  of th i s  report  

and fo r  the ce r t i f i ed  dummy t e s t s .  Hopefully, two impact t e s t s  on 

a cadaver -- low severi ty followed by another low severi ty o r  an 

intermediate sever i ty  -- wi 11 not produce signficant  skeletal  damage 

while yielding useful kinematic data. 



3 .4  Accelerometer Mounts 

I t  i s  f e l t  t h a t  the present design o f  accelerometer mounts pro- 

vides satisfactory attachment t o  the cadaver's skeletal structure and 

only minor detai 1 improvements are anticipated. The thoracic mount  

remains the most f ragi le  and i s  also most l ikely t o  be damaged during 

rebound by fracture of the spinal process, b u t  careful positioning of 

the seat back support bolsters and  a reduction in sled rebound braking decelera- 

tion have greatly reduced the incidence of breakage. The new head 

accelerometer mounts have proven t o  be quite strong and have taken 

severe blows against the seatback during rebound without harm. 

However, foam padding has been added to the seatback in the area of head 

impact t o  reduce the shock to the accelerometers. 



4.0 PROGRAM REV ISIONS 

This section discusses the changes tha t  have been made to  the 

program during the second contract  year. Most of the revisions were 

a r e su l t  of changing from Entran to Endevco accelerometers to  improve 

re1 i a b i l i t y ,  packaging and signal qual i ty .  As new mounts were de- 

signed to accomodate the Endevco accelerometers , changes were a l  so 

i ncorporated i n the mounti ng techniques to  el imi nate probl ems en- 

countered in e a r l i e r  tes t ing.  

4 . 1  Experimental Procedure Revisions 

4.1 .1 Pulmonary Pressurization 

As of WBR-4, lung pressurization was introduced to  determine the 

e f f ec t  of inf la ted  lungs on the r i b  breakage problem discussed in 

Section 3.2. The procedure involves insert ing a p las t i c  tube into the 

trachea during surgery and clamping i t  closed u n t i l  the t e s t .  Immediately 

before t e s t i ng ,  the lungs a re  inf la ted  with a regulated a i r  supply 

adjusted to  5 mm of mercury, 'and then connected to  a pressurized reservoir  

fixed to  the sled t o  maintain the inf la ted  s t a t e  during the t e s t .  



4.1.2 Head Accelerometer Ins ta l la t ion 

A new design accel erometer headset replaced the original  we1 ded 

magnesium tube f ix tu re  used through WBR-2. The head i s  shaved as before 

t o  f a c i l i t a t e  surgery. Three locations a re  selected on the skull f o r  

accelerometer mounting, a  one inch diameter section of scalp removed 

a t  each location and a 3/8 inch diameter hole d r i l l ed  through the skull 

outer table  a t  each s i t e .  The holes are  enlarged to an oval shape 

j u s t  su f f i c ien t  to  a1 low insert ion of the machined rectangular bolt  

heads and the s o f t  diploe layer between tables i s  removed t o  permit 

the bolts  to  be rotated and locked between tables .  The three bolts  

a r e  potted in th i s  position with dental ac ry l i c ,  a  f l a t  washer p u t  over 

each bol t  to  provide a level surface,  l o c t i t e  p u t  on the bolt  threads, 

and the potting cups screwed onto the bolts  and tightened securely. 

The accelerometer m o u n t i n g  blocks a re  attached to the ins ta l  1 at ion 

f ix tu re ,  and the f ix tu re  i s  adjusted t o  position each of the mounting 

blocks in to  a potting cup. The f i x tu r e  i s  removed, the cups f i l l e d  

w i t h  dental acryl ic  and the f ix tu re  re ins ta l l ed .  The positions of the 

mounting blocks along the f ix tu re  axes are  measured and recorded 

(see Figure 1 )  and the f ix tu re  i s  unbolted and removed when the acry- 

l i c  is s e t ,  leaving the accelerometer mounting blocks potted in to  the 

cups i n  a  known configuration. 



I 
FIGURE 1 : ; MEASUREMEdT OF A X I S  014 HEADSET I I ~ S T A L L A T I O I ~  F I  XTURE 



4.1.3 Thorac ic  Accelerometer I n s t a l  l a t i o n  

A 1 i g h t e r ,  more compact t h o r a c i c  accelerometer f i x t u r e  was designed 

t o  accomodate the  Endevco 2264-2000 acce l  erometers i n  a  t r i a x i a l  

c o n f i g u r a t i o n .  (See r i g u r e 2 ) .  The bas ic  p r i n c i p l e  o f  p o t t i n g  a  

tube t o  t he  sp ina l  process o f  T w i t h  I ~ n t a l  a c r v l i c  I-!?: r e t 2 i n e 4 ,  w i t h  7 

t he  a d d i t i o n  o f  t he  nrocess be ing  d r i l l e d  a long i t s  a x i s  and a sheet 

meta l  screw threaded i n  p a r t  way t o  s t reng then  t he  process and improve r e -  

t e n t i o n  t o  t h e  p o t t i n g  compound. 

4.1.4 P e l v i c  Acceleronieter I n s t a l l a t i o n  

The p e l v i c  acce lerometer  mount was a l s o  1  ightened and redesigned 

t o  accomodate t he  Endevco 2264-2000 accelerometers i n  a  b i a x i a l  

c o n f i g u r a t i o n  (See F i g t i r e  3 ) .  To a t t a c h  t he  new p e l v i c  mount, two 

i n c i s i o n s  were made down t o  t he  p o s t e r i o r ,  supe r i o r  p e l v i c  c res t s ,  

a h o l e  d r i l l e d  i n  each c r e s t  i n  t h e  A-P  d i r e c t i o n ,  and a coarse l a g  

b o l t  threaded i n  u n t i l  f l u s h  w i t h  t h e  sk i n .  (See F igu re  4 ) .  The 

l a g  b o l t  heads a r e  p r e d r i l l e d  and tapped f o r  a t t a c h i n g  t h e  aluminum 

channel t o  which t he  t ~ l o  Endevco accelerometers mount. 

4.1.5 X-Rays 

D i f f i c u l t i e s  remain i n  o b t a i n i n g  g o ~ d  s k e l e t a l  d e f i n i t i o n  i n  t h e  

l a t e r a l  seated x- rays.  The tendency o f  t h e  cadavers t o  be osteo- 

p o r o t i c  and edemic a r p  t h e  p r imary  reasons f o r  t h i s  problem. I t  was 

found t h a t  t he  p l a s t i c  sweat s u i t s  were causing a d d i t i o n a l  x - r ay  

s c a t t e r  and they  a r e  now f i t t e d  t o  t he  cadaver a f t e r  x - rays a r e  

completed. 

The l ead  p e l l e t s  used t o  l o c a t e  t h e  e f f e c t i v e  i n e r t i a l  cen te r  of 

t h e  headset t r i a x  u n i t s  on t h e  head x- rays a r e  sometimes d i f f i c u l t  t o  

i d e n t i f y  on t he  two o r thogona l  exposures. 



F I G U R E  2: THORACIC ACCELEROMETER FIXTURE 



FIGURE 3: PELVIC ACCELEROMETER FIXTURE 



FIGURE 4: P E L V I C  LAG BOLT INSTALLATION 



Lead numbers 1, 2, and 3 a re  now be ing  a t tached  before t a k i n g  

x- rays t o  correspond w i  t h  t he  Q1 , 02, Q3 accelerometer p o s i t i o n s  and 

pe rm i t  much more re1  i a b l e  a n a l y s i s  of t h e  head x-rays.  

4.1.6 D iscuss ion  of X-Ray Gr ids  

X-ray fi 1  t e r  q r i d s  improve t he  c o n t r a s t  qua1 i t y  o f  r ad iog raph i c  

images by t r a p p i n g  the  g rea te r  p a r t  o f  s ca t t e red  r a d i a t i o n .  Sca t te red  

r a d i a t i o n  i s  t h e  l a r g e s t  s i n g l e  f a c t o r  r espons ib l e  f o r  poor r a d i o -  

g raph i c  image q u a l i t y ,  assuming o t h e r  exposure f a c t o x  a r e  a p ~ r o p r i a t e ,  

and i s  always present .  I t s  e f f e c t  i s  t o  produce a  general  photo- 

g raph ic  f o g  on f i l m  which reduces c o n t r a s t  between ad jacen t  areas. 

Amount o f  s ca t t e red  r a d i a t i o n  depends on s u b j e c t  dens i t y ,  t o t a l  volume 

i r r a d i a t e d ,  and i n t e n s i t y  o f  t he  p r imary  x - ray  beam. The o n l y  known 

way t o  remove e f f e c t i v e l , ~  t he  g r e a t e r  p a r t  o f  s ca t t e red  r a d i a t i o n  i s  by 

use o f  an x - ray  f i 1  t e r  g r i d ,  s i nce  r a d i a t i o n  which does n o t  t r a v e l  

i n  t h e  same d i r e c t i o n  as t he  p r imary  beam i s  absorbed by l ead  s t r i p s  

o f  t h e  g r i d .  

X-ray g r i d s  a re  con~merc i a l l y  a v a i l a b l e  w i t h  e i t h e r  focused o r J  

para1 l e l  l ead  s t r i p s .  These two types a r e  produced i n  e i t h e r  l i n e a r  

o r  c rossed -g r i d  c o n f i g u r a t i o n .  The focused g r i d  has i t s  l ead  s t r i p s  

angled p r o g r e s s i v e l y  i n  such a  way t h a t  l ines  through t h e  g r i d  and 

con t inued  o u t  f rom the  g r i d  w i l l  i n t e r s e c t  a t  a  s p e c i f i e d  d i s t a n c e  

f rom t h e  g r i d .  Th i s  d i s t ance  i s  c a l l e d  t he  f o c a l  d i s t ance  o f  t h e  

g r i d .  The crossed g r i d  i s  u s u a l l y  two l i n e a r  g r i d s ,  one on t o p  o f  

t h e  o ther ,  so t h a t  t h e  l e a d  s t r i p s  c ross  each o the r .  The crossed g r i d  

w i l l  remove more s c a t t e r e d  r a d i a t i o n  than  a  l i n e a r  g r i d .  Focused 

g r i d s  may be used s a t i s f a c t o r i l y  through a  smal l  range o f  d i s t ance  c a l l e d  

t h e  f o c a l  range. Gr ids  a re  cha rac te r i zed  by t h e  so -ca l l ed  g r i d  r a t i o ,  



which i s  simply the r a t i o  of the height of the lead s t r i p s  to  the 

distance between them. Distance between s t r i p s  i s  generally 0.010- 

i n . ,  so i f  s t r i p  height i s  0.080-in.,  then the grid r a t i o  i s  8 : l .  

A s t r i p  of height 0.120-in. would give a 12:l g r id ,  and so on. 

Exposure factors  f o r  many of the e a r l i e r  l a te ra l  radiographs of 

cadavers were s e t  f o r  a 12 :1  l inea r  grid with focal range sui table  f o r  

52" distance.  I t  was thought t h a t  the x-ray table contained a long 

focal length 12:1 l inear  g r id ,  based on information obtained from 

Picker, and data accompanying the uni t .  When successive l a te ra l  

radiographs showed substant ia l ly  less  than expected minimum resu l t s ,  

the table  assembly containing the grid was removed, and i t  was found 

t ha t  the x-ray table  contained an 8:1 grid with a focal range of 34-in. 

t o  44-in. Subsequently, l a te ra l  views improved, except f o r  two 

specimens which were extremely large and edemic. 

Ins ta l l a t ion  of a 12:l l inear  grid would s ignif icant ly  improve 

radiographic contras t ,  b u t  a  second 8:l l inea r  grid i s  available with 

which an 8:1 crossed prid experiment will be performed with a l a te ra l  

lumbar spine view. I t  i s  expected t h a t  s c a t t e r  removal will be roughly 

equivalent t o  a  16:1 l inear  gr id ,  which would be considerably superior 

t o  a 12:1 grid ra t io .  



4.2 Impact Testing Revisions 

The following changes have been made in the setup procedures for 

Whole Body Response impact testing: 

4.2.1 Instrumentation Data Sheets 

The instrumentation data sheets have been modified t o  facil  i t a t e  

experimental setup and t o  provide a better record of calibration data, 

gain sett ings and transducer polarit ies.  A simp1 ified version without 

internal set  u p  data will be used for data presentation as seen in 

Appendices A and B.  

4.2.2 Be1 t Anchor Measurements 

The belt anchor geometry measurements taken for each t e s t  s e t  u p  

have been changed to reduce the potential error and to simplify the 

measuring techniques. The revised be1 t anchor data sheet which o u t -  

l ines the information that i s  now taken to def f  ne the be1 t anchor 

positioning and orientation i s  used for a l l  t es t s  a f te r  WBR-5 

and appears in Appendix A with the data presentation. 

4.2.3 Subject Positioning 

To ass i s t  in correctly positioning the cadaver on the sled, the footrest 

f ixture side frames have been slotted vertically and horizontally under the 

attaching bolts t o  simp1 ify the process of adjusting the correct leg 

angles. The seatback support bolsters against which the cadaver 

rests  have been made vertical ly adjustable t o  faci 1 i  t a te  adjusting 

the torso posture and to minimize interaction with and damage of 

the thoracic a n d  pelvic accelerometer targets.  The practice of tying 



the knees together a t  the reqaired th i r teen inch spacing and the use 

o f paper tape with a punched hole t o  give control led breakage fo r  

head positioning i s  being continued. The paper tape method i s  a lso  

being used across the shoulders t o  help maintain the torso ver t ica l  

whenever slumping i s  a problem. 

4.2.4 Subject Targeting 

Targeting methods have been changed t o  improve durabi 1 i ty  and 

v i s i b i l i t y  and  t o  adapt to the new accelerometer mounts designed fo r  

use with the type 2264-2000 Endevco accelerometers. 'Ahenever possible, 

a spheric21 target  i s  used for  the accuracy i t  provides in photometric 

analysis  since the t a r g e t ' s  center i s  the same point in space from 

any camera posit ion.  All the spherical targets  are  constructed from 

pre-formed styrofoam bal ls  f o r  l ightness and are painted with a bright 

postzr paint .  They are attached with 6-32 machine screws pushed 

through the center of the ba l l s  and bonded in place. This configura- 

t ion i s  used on the thoracic m o u n t  ( F i g .  5 ) ,  the pelvic mount 

( F i g .  6 ) ,  and fo r  the acromion targets  (Fig, 7 ) .  The pelvic and 

thoracic targets  simply thread in to  tapped holes provided in the 

accelerometer mounts, the acromion ta rge t  threads in to  the tapped head 

o f  a lag bolt  which has been threaded into the bone. The femur 

t a rge t s ,  which are  f l a t  d i scs ,  a l so  at tach t o  lag bolts which a re  threaded 

in to  the femur (Figure 8 ). 

The headset accelerometers a re  targeted with spherical she l l s  cut 

from ping-pong ba l l s .  Each t r i zx  i s  enclosed in a shell  of this type 

which has been machined so t ha t  when i n  position as shown in Figure 9', 

the center of the sphere coincides with the effect ive  center of the 

t r i ax .  The t a rge t  she l l s  a r e  presently taped in place and painted 



FIGURE 5: T t l O R A C I C  TARGETING 



FIGURE 6: PELV IC  T A R G E T I N G  



FIGURE 7 : ACROMIOil TARGET COMPONENTS 



FIGURE 8: FEMUR TARGET COMPONEilTS 



FIGURE 9: HEADSET ACCELEROMETER TARGETING 



w i t h  a  b r i g h t  p o s t e r  p a i n t .  At tachment w i t h  a  smal l  1  i g h t  w e i g h t  

machine screw w i l l  be a  f u t u r e  improvement t o  s i m p l i f y  i n s t a l l a t i o n  

and t o  improve t h e  appearance o f  t h e  headset  t r i a x  t a r g e t .  

The o r i g i n a l  method o f  u s i n g  n y l o n  w i r e  wraps t o  s t r a p  femur 

t a r g e t  d i s c s  t o  t h e  t h i g h  proved u n s a t i s f a c t o r y  s i n c e  t h e  w i r e  wraps 

tended t o  f a i l  d u r i n g  impact .  The p r e s e n t  method u t i l i z e s  two coarse 

l a g  b o l t s  screwed d i r e c t l y  i n t o  each femur a t  a  s e p a r a t i o n  o f  app rox i -  

m a t e l y  twe lve  inches.  A s h o r t  i n c i s i o n  i s  made a t  each t a r g e t  s i t e  

and h o l e s  f o r  t h e  l a g  b o l t s  d r i l l e d  i n  t h e  femur. The heads o f  t h e  

l a g  b o l t s  a r e  p r e - d r i l l e d  and tapped f o r  a t tachment  o f  t h e  photo t a r g e t  

d i s c s .  The femur t a r g e t  components a r e  shown i n  F i g u r e  8. 

Spher i ca l  acromion t a r g e t s  were added as o f  WBR-4 and u t i l i z e  

t h e  same method o f  a t tachment  w i t h  t h e  l a g  b o l t s  as t h e  femur t a r g e t s .  

The photo  t a r g e t s  a r e  one i n c h  d iameter  s ty ro foam b a l l s  r a t h e r  than 

d i s c  t a r g e t s ,  and a r e  coated w i t h  a  b r i g h t  p o s t e r  p a i n t .  The acromion 

t a r g e t  components a r e  shown i n  F igure  7. 



4.2.5 Low-Severi t y  Impact 

As discussed in Section 3.3 , a low severity impact was intro- 

duced as o f  WBR-6 because of the high incidence of r ib  fracture 

experienced in previous testing . Combinations of 1 ow and inter- 

mediate severity impacts will be conducted and the results evaluated 

t o  determine the t e s t  severity and sequence best suited for the study 

o f  dynamic whole body response. 



5.0 SIGNAL PROCESSING A N D  DATA ANALYSIS 

The complexity of experimental simulation of automobi 1e impact 

s i tua t ions  has become so g rea t ,  t h a t  an equally sophist icated system 

i s  required t o  handle a n d  process the resul t ing  data. 

With the a v a i l a b i l i t y  of d ig i t a l  computers, t h i s  task i s  great ly 

simp1 i f i e d .  F i r s t  analog signals  are  converted t o  d ig i t a l  s ignals  

which are  then cleaned up  and prepared f o r  subsequent analysis  and presen- 

t a t ion .  The cleaning process cons is ts  of truncating undesired portions 

of the s igna l s ,  a n d  f i l t e r i n g  out frequencies, i r re levant  t o  the a n t i c i -  

pated analys is ,  using high-performance d i g i t a l  f i l t e r s ,  The mathematical 

analyses are more complicated b u t ,  with d ig i t a l  computers, can be done 

with l i t t l e  or no e f f o r t .  Final ly,  r e su l t s  a re  usually presented in 

graphical and/or tabu1 ar forms fo r  eas ie r  in terpre ta t ion  and evaluation 

of the experiment. 

The HSRI signal processing package, developed in the past year 
a 

i s  only one phase of the t o t a l  data handling system, which i s  diagrammed 

in Figure 10.  

5.1. A-to-D Conversion 

The f i r s t  s tep  in computerizing the data analysis  i s  t o  convert 

a11 analog s ignals  in to  d ig i t a l  form. The A-to-D process requires 

special care in se lec t ing  the  sampling r a t e  and/or the e lec t ronic  

f i l t e r i n g  of the analog s ignals  pr ior  t o  d ig i t i z ing .  Details of the 

A-to-D system a t  HSRI are  given in appendix E. 
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FIGURE 10. H S R I  DATA HANDLING S Y S T E M  



5.2  Digital Fi l ter ing 

The data n~easured and recorded during any given t e s t  in t h i s  project  

f a l l s  in to  one of the following categories: 

. . 

a. sled deceleration ( g ' s )  

b. r e s t r a i n t  system loads (1 bs) 

c. femur forces (1 bs) 

c hanne 1 
class  

d. chest accelerations ( g ' s )  180 

e .  pelvis accelerations ( g ' s )  -- 
f .  head accelerations ( g ' s )  1000 

The recommended SAE instrumentation guide1 i nes (SAE - J21 Pa) 

suggests tha t  these measurements be f i  1 tered with the channel classes 

l i s t e d  above. However, since the data i s  d igi t ized and subsequently 

d ig i t a l  f i l t e r s  are applied, the recommended practice cannot be followed pre- 

c i se ly .  This i s  due t o  the f a c t  t ha t  the dynamic accuracy of the data 
8 

channels specified in SAE - J211a are much less  accurate than most d i g i -  

t a l  f i l t e r s .  To be more speci f ic ,  the following comparison i s  presented 

( r e f e r  to SAE - 921 l a ) :  

1. The passband r ipple  (a = k0.5) dB can be reduced with d ig i t a l  

f i l t e r s  t o  as low as k0.01 dB. 

2. The overshoot frequency FN, which i s  5/3 times the corner 

frequency FH can be reduced in a d ig i t a l  f i l t e r  t o  as low as 3/2 the 

corner frequency, 

3. The roll-off  from the passband t o  the stop band cannot be 

specif ied in a d ig i t a l  f i l t e r ,  Instead, the frequency response curves 



exceed, even f o r  s h o r t  f i l t e r s ,  t h e  sharpest  r o l l  o f f  r a t e  o f  -24 dB/octave. 

4. The stopband a t t enua t i on ,  s p e c i f i e d  i n  J211a t o  -30 dB, can be 

made much lower,  even f o r  s h o r t  f i l t e r s ,  and can exceed -200 dB f o r  

medium l e n g t h  (N=50) f i  I t e r s .  

It i s  t h e r e f o r e  no t  recommended t o  use J211a as a  g u i d e l i n e  f o r  

s p e c i f y i n g  t h e  dynamic accuracy o f  a  d i g i t a l  f i l t e r .  Ins tead,  appro- 

p r i a t e  f i l t e r s  w i l l  be used based on t h e  s p e c i f i c  measurement be ing  

f i l t e r e d .  The f o l l ow ing  i s  t h e r e f o r e  t he  l i s t  o f  t h e  measurements, t he  

"SAE recommended channel c lass, "  and t h e  a c t u a l  d i g i t a l  f i l t e r  used. 

Recommended 
Signal  c l ass  FH/FN 

s l e d  dece le ra t i on  60/100 

be1 t loads 60/100 

femur forces 600/1000 

chest  acce le ra t i ons  180/300 

p e l v i s  acce le ra t i ons  - - - 

head acce le ra t i ons  100011650 

App1 i e d  ' ( E q u i  v.  ) 
~1  ass FH/Fi,,/FS 

60/ 8811 80 

180/250/450 

180/250/450 

180/250/450 

180/250/450 

360/460/720 

F i  1  t e r  
Number 

The frequency response o f  these fi 1 t e r s  a re  shown i n  F igures  11, 

12, 13, 14, 15, and 1 6 .  The f i l t e r e d  s i g n a l s  o f  a l l  t h e  channels 

which were processed i n  t he  second c o n t r a c t  yea r  a re  presented i n  

Appendices A and B.  
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FIGURE 11. "CHANNEL CLASS 60" -- SAMPLING 4000 HZ 



SRMPLING= 4000 HZ, NCOF=43 
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FIGURE 12, "CHANNEL CLASS 180" - SAMPLING 4000 HZ 
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FIGURE 13. "CHANNEL CLASS" 360 - -  SAMPLING 4000 HZ 



FIGURE 14.  "CHANNEL C L A S S "  60 -- S A M P L I N G  2000 HZ 



FIGURE 1 5 ,  "CHANNEL CLASS" 180 -- SAMPLING 2 0 0 0  HZ 



SAMPLING= 2000 HZ, NCOF=l7 

FREQUENCY [HERTZ) 

FIGURE 16. "CHANNEL CLASS" 360 -- SAMPLING 2C00 Hz 



5.3 3-D R i o i d  Body Mot ion  Measurement 

5I3.1 Kinemat ic  Equat ions 

The general  3-0 mot ion  o f  t h e  r i g i d  body, shown i n  F i g u r e  17, can be 

desc r ibed  w i t h  k inemat i c  equat ions which determine i t s  s i x  degrees o f  

freedom a t  any i n s t a n t  o f  t ime.  
A A A  

L e t  P be t h e  o r i g i n  o f  an i n s t r u m e n t a t i o n  frame (el ,e2,e3) wh ich i s  

embedded i n  t h e  r i g i d  body. L e t  0 be a  f i x e d  p o i n t  i n  space and t h e  
A A A 

o r i g i n  o f  an i n e r t i a l  r e f e r e n c e  frame (I,J,K). 

Consider a  body -po in t  Q,, embedded i n  t h e  r i g i d  body such t h a t  

$1 = Rl 

and i e t  T= 5 be t h e  p o s i t i o n  v e c t o r  o f  t h e  moving o r i g i n  P. The p o s i t i o n  

v e c t o r  o f  p o i n t  Q, w i t h  r e s p e c t  t o  t h e  i n e r t i a l  space i s  then: 

-L 

r1 = Bjl = d + 

t h e  v e l o c i t y  and a c c e l e r a t i o n  v e c t o r s  of Q1 a r e  

and 

Equat ion ( 3 )  may be r e w r i t t e n  as 3 s c a l a r  equat ions by exp ress ing  

each v e c t o r  i n  any d e s i r e d  c a r t e s i a n  frame. The most conven ient  one i s  

t h e  moving r e f e r e n c e  frame (G, ,;,,;,). Thus, 



FIGURE 17. RIGID BODY COORDINATE SYSTEMS 





5.3.2 Minimum-Input Method 

There a re  severa l  methods which have been suggested t o  deal  w i t h  

t h e  9 equat ions (18)  through (26), A method which has been adopted a t  
b 

HSRI r e q u i r e s  a  minimum number o f  i n p u t  a c c e l e r a t i o n  readings.  A1 though 

a l l  t he  minimum-input methods a re  proven t o  be mathemat ica l l y  uns tab le ,  

t h e  HSRI method i s  presented here f o r  t he  record,  and because i t  has 

shown a 1 i m i t e d  successfu l  appl i c a b i  1  i ty. 

To simp1 i f y  t he  problem, equat ions (18), (22) and (26) a re  d i s -  

regarded because they  a re  redundant, and because they  do n o t  c o n t a i n  

components o f  t he  angu la r  a c c e l e r a t i o n  vec to r .  Th is  r e s u l t  i n  6 equa- . . -+ 
t i o n s  and 6 unknowns which a re  t h e  components o f  1 and o, (: i s  n o t  an 

-t 

unknown s i nce  i t  i s  t h e  i n t e g r a l  o f  ;.) The r e q u i r e d  a c c e l e r a t i o n  

readings become what i s  termed t h e  2-2-2 combinat ion of u n i a x i a l  acce le ro -  

meters.  

A f t e r  some l eng thy  man ipu la t ions ,  t h e  remain ing s i x  equat ions (1 9, 

20, 21, 23, 24, 25) a re  p a r t i a l l y  uncoupled t o  y i e l d  t h e  two se ts  o f  

equat ions.  The f i r s t  i s  a  s e t  o f  3 coupled, non l i nea r ,  s imultaneous, f i r s t  

o rde r  d i f f e r e n t i a l  equat ions i n  k l ,  & and h3: 



where 

and 

The o t h e r  i s  a s e t  o f  3 uncoup led algebraic equa t ions  i o h e  3 aim- 

oonents of d : 



where 

and 

The forms o f  equat ions ( 2 7 )  and (30)  are  r e a d i l y  programmable s i nce  
b 

t h e  ma t r i ces  [S], [ T I ,  [F], and [ G I  a re  cons tan t  throughout  t he  i n t e g r a -  

t i o n  per iod .  It can be s h o ~ n  mathemat ica l l y  t h a t  equat ions (27 )  a re  

uns tab le .  However, 1 i m i t e d  success was encountered where the  i n t e g r a -  

t i o n  i s  c a r r i e d  o u t  up t o  a  c e r t a i n  p o i n t ,  a f t e r  which e r r o r s  grow 

exponen t ia l  l y  causing t h e  i n t e g r a t i o n  t o  "blow up. " 

The i n t e g r a t i o n  i s  t he  f i r s t  s tep  toward a complete s o l u t i o n ,  a f t e r  

which equa t i ons (30 ) '  may be solved, then subsequent i n t e g r a t i o n s  and 

t r ans fo rma t i ons  l e a d  t o  t he  f i n a l  s tep  o f  o b t a i n i n g  . the t h r e e  r o t a t i o n s -  

and t h r e e  t r a n s l a t i o n s -  t ime  h i s t o r i e s  i n  i n e r t i a l  space. 

5.3.3 Redundant-input Methods 

The i n s t a b i l i t y  o f  minimum-input methods has l ead  researchers  t o  

suggest t he  a d d i t i o n  o f  more "redundant"  a c c e l e r a t i o n  readings and 

e i t h e r  avo id  t he  i n t e g r a t i o n  a l t oge the r ,  o r  i n t r oduce  a  s t a b i l i z i n g  

feedback t o  t he  i n t e g r a t i o n .  

One method used a t  Wayne S t a t e  U n i v e r s i t y  r e q u i r e s  t he  mounting 

o f  a  f o u r t h  p o i n t  Q4 a t  which 3 readings a re  ob ta ined  and added t o  t he  
* 



analysis of a 3-2-1 configuration. This method does n o t  require any 

integration,  and the solution fo r  the angular accelerations i s  unique. 

However, the mounting of a 4-point system i s  considered to  be cumbersome. 

Three other methods are being implemented a t  HSRI, which do not 

require a 4 t h  point mounting, b u t  do  r e s ~ l t  i n  9 accelerometer readings. 

The f i r s t  method i s  one used a t  Calspan: i t  requires 3 t r i ax ia l  accelero- 

meters b u t  eventually boils down to  an integration of 3 coupled, nonlinear 

simultaneous 1 s t  order d i f fe ren t ia l  equations, Instabi 1 i  ty i s  expected 

to  occur when readings contain gross e r ro rs ,  b u t  i t  i s  expected that  

the " l i f e "  of the integration will be longer than other 6-acceleration 

methods. 

The second 3-point, 9 acceleration method i s  developed a t  HSRI. 

The solution i s  obtained algebraically,  b u t  i t  resul ts  in double roots 

fo r  the angular accelerat ions.  Continuity of physical motion and i n i t i a l  

conditions are used t o  se lec t  the proper roots. However, when the roots 

are  very close,  t h i s  technique may not prove very powerful. 

The th i rd  redundant method which uses a 3-point mount i s  a combination 

of the above two methods. This method i s  n o t  fu l ly  developed, b u t  i t  wil l  

be primarily a "checked" integration.  The integration may be e i the r  t ha t  

of the 6 acceleration method, or  tha t  of the Calspan method, and checking 

will be done against the 3 redundant readings or against one of the 

roots of the algebraic method. 



5.3.4 Method A: HSRI Algebraic Method 

Equations (18) through (26) may be manipulated, first by eliminating 
. . . 
o l ,  u2, u3, then by eliminating Al, A2 and A3, from then resulting 6 

equations. The outcome is a set of 3 nonlinear simultaneous algebraic 

equations in wl, u2 and w 3 :  

and let 

(39) 5 = GI t y 2  



To s o l v e  equat ions (33, 34, 35)  s imu l taneous ly  f o r  WI, u 2 ,  ~ 3 ,  

a  s tandard IBM-SSP r o u t i n e ,  FMFP i s  used. T h i s  r o u t i n e  search f o r  t h e  

r o o t s  wl, w 2 ,  w 3  which min imize any g i v e n  f u n c t i o n  V ,  Such a  f u n c t i o n  

i s  c o n s t r u c t e d  as:  

T h i s  f u n c t i o n  i s  always zero and t h e  search should produce a  zero minimum. 

Therefore ,  t h e  i n i t i a l  guess a t  a  minimum, r e q u i r e d  by FMFP, i s  taken 

as zero .  I n  a d d i t i o n ,  FMFP r e q u i r e s  t h e  va lues o f  t h e  p a r t i a l  d e r i v a -  

t i v e s  o f  V w i t h  r e s p e c t  t o  t h e  unknowns WI, w2,  w 3 :  

where a F / a ~  terms a r e  e a s i l y  ob ta ined  f rom t h e  d e f i n i t i o n s  o f  F1, F2 and 

F3: 

26 - 2 p, d, t (1: +?2) ~2 - -  
a*, 



The soluticn of equations (33, 34, 35) i s  repeated a t  each time 

instant,  and i s  independent from past history of the U ' S .  However, 

the previous values of ( u , ,  u,, u 3 )  are used t o  provide guesses for 

the in i t i a l  values from which the i teration procedure s t a r t s .  

Note that i f  the expressions for F1, F2, F 3  were sat isf ied for 

a s e t  of ( u ~ ,  0 2 ,  u 3 ) ,  they are also sat isf ied for  the negative s e t  

(mul, -w2,  - u 3 ) .  I t  i s  therefore conceivable that the minimization 

routine FMFP would return the negative se t  of U ' S .  TO select  the correct 

s e t ,  i t  i s  f i r s t  estimated w i t h  the approximate formulae: 



where (ol , u2, u 3 )  are  t he  angular  v e l o c i t i e s  taken a t  t he  prev ious 

t ime i n s t a n t ,  n t  i s  the  t ime  s tep,  and (k,, k2, A 3 )  are  t he  angular  

v e l o c i t i e s  a t  t h e  prev ious p o i n t ,  ob ta ined  from equat ion (27 ) .  If  

t h e  va lues re tu rned  by FMFP a re  w i t h i n  a  g iven  t o l e rance  from the  

est imated values, then t he  re tu rned  values a re  r e ta i ned .  If t h e  

re tu rned  values a re  w i t h i n  a  g iven  to le rance  from the  nega t i ve  of t he  

est imated values, the  r e tu rned  values must be the  nega t i ve  se t ,  and 

what i s  r e t a i n e d  i s  t he  nega t i ve  o f  t h e  r e tu rned  values. 

5.3.5  Method B: HSRI Hyb r i d  Method 

Th is  method i s  s t i l l  i n  t he  develop ing stages, and promises t o  be 

more e f f i c i e n t  than t he  a1 gebra ic  method alone. 

E s s e n t i a l l y ,  t h i s  method i n t e g r a t e s  equat ions ( 2 7 )  us ing  6 

acce le ra t i ons  o n l y .  A t  t he  end o f  each t ime step, the  p r e d i c t o r -  

c o r r e c t o r  i n t e g r a t o r  r e t u r n s  w i t h  a  s e t  o f  U ' S  and ;'s. One a d d i t i o n a l  

c o r r e c t i o n  i s  made t o  these values based on t he  d i f f e r e n c e s  between 

each o f  t h e  unused 3 a c c e l e r a t i o n  readings and t he  corresponding com- 

puted values. Th i s  feedback ac t s  as a  s t a b i l i z i n g  l oop  i n  t h e  i t e r a -  

t i o n  f o r  a  s o l u t i o n .  A t  t h e  present  t ime, i t  has n o t  been decided 

whether t o  i n c l u d e  t h i s  c o r r e c t i o n  i n  t h e  i n t e g r a t i o n  r o u t i n e  ( l e e . ,  

w r i t e  a  new i n t e g r a t i o n  r o u t i n e ) ,  o r  t o  add t he  c o r r e c t i o n  a f t e r  t he  

i n t e g r a t i o n  has been completed i n  one t ime s tep .  I n  t h i s  case, t h e  

same i n t e g r a t i o n  r o u t i n e  would be used, knowing t h a t  t h e  r ecen t  

h i s t o r y  o f  t h e  va r i ab l es ,  which i s  kep t  by t he  i n t e g r a t o r  may have been 

a1 t e r e d  . 
Th i s  feedback method i s  n o t  a  new idea, s i nce  i t  i s  an essen t i a l  

p a r t  of any s t a b l e  c o n t r o l  system. 



5.3.6 Method C:  Calspan Least-Squares Method 

This method was developed a t  Calspan to  deal w i t h  as many as 12 

t r iaxial  accelerometers mounted on one vehicle (36 readings) . Since 

only 6 acceleration readings are independent for  a rigid body, the 

redundant readings must be related with constraint equations. However, 

errors i n  the calibration and noise of the signals resul t  usually in 

inconsistent readi ngs. The redundancy i s uti 1 i zed t o  produce six equa- 

tions to  be integrated. The mathematical instabi l i ty  i s  not solved, 

but the input i s  improved. Following i s  a presentation of th is  method, 

i n  which i t  i s  assumed t h a t  the acceleration readings are given along 

the anatomical directions. 
A A L, 

Let Q1 , Q2, Q3 be located in the rigid body, which has ( i , j , k )  

for  anatomical frame and C as origin of this  frame. b l i t h  C as a 

reference point, 

Consider now the centroid Q0 of Q1, Q2,  Q3, defined by 

then l e t  r be the matrix of  coordinates of Ql , Q 2 y  Q3 relat ive to Qo 
h h h  

(expressed in i , j , k ) ,  i . e . :  



Final ly ,  the 3 absolute acceleration vectors ii, Z 2 ,  d 3 ,  measured 

a t  Q 1 ,  Q 2 $  Q3 and expressed in the anatomical frame ( i  , j  , k )  are: 

. . * A  

As the rigid body moves in inertial  space (!,J,K), i t s  orientation 

i s  defined by the Euler transformation matrix, which i s  made u p  of the 
A A 

direction cosines of the anatomical unit vectors i ,  j and k with 
6 

A , . *  

respect to the iner t ia l  frame ( I , J ,K) .  Let D be that matrix: 

The acceleration of a point Q i  ( i  = 1,2,3) i s  given by equation (3)' 

.. -t 

where ito i s  the acceleration vector of any reference point, and : are 

the angular acceleration and velocity vectors and -bi  i s  the position 

vector of Qi relat ive t o  t h e  reference point. Equation (63) may be 



expressed i n  t h e  i n e r t i a l  frame, and t h e  c e n t r o i d  Qo may be taken as 

t h e  r e fe rence  p o i n t  . 
The p o s i t i o n  vec to r  pi i s  known r e l a t i v e  t o  t h e  anatomical  frame: 

where r i  i s  t h e  1  i n e  vec to r  g iven  i n  t he  m a t r i x  T: 

The components o f  gi, another  l i n e  vec to r ,  may be t ransformed 

i n t o  a  column vec to r  s imp ly  by t ranspos ing:  

where T i  i s  now a  column vec to r ,  and D-I i s  t h e  transpose of D 

( s i n c e  D i s  or thogonal  , i t s  i nve rse  equals i t s  t ranspose) .  

Now, equa t ion  ( 6 3 )  may be w r i t t e n  i n  tensor  form as: 

However, F .  i s  n o t  measured, b u t  D F .  i s  measured, i .e. : 
1 1 



F i n a l l y ,  equa t ion  ( 6 9 )  may be r e w r i t t e n  f o r  i = 1, 2, 3, i n  the  

compact form 

D 3 T  - R ;  + V = O  

where t he  f o l l o w i n g  d e f i n i t i o n s  a re  used: 

( 9  x 3 m a t r i x )  

( 9  x 3  m a t r i x )  

w i t h  

Assume t h a t  t he  e r r o r s  i n  t he  accelerometer readings have a  zero 

mean and a  co-var iance m a t r i x  p .  Then the  quad ra t i c  form o f  equa t ion  

(74 )  P 

i s  a  measure o f  t he  squared weighted e r r o r .  Assume f u r t h e r  t h a t  t h e  

e r r o r s  a re  independent and have equal var iance,  then p may be rep laced  
. 

by t he  i d e n t i t y  m a t r i x  I .  F i n a l l y ,  expressions f o r  w l ,  w 2  , L3 may 

be ob ta ined  i n d i v i d u a l l y  by m in im i z i ng  t he  squared e r r o r  o f  equa t ion  (75) .  



This i s  done by d i f fe ren t ia t ing  with respect t o  each of k,, i2, k3, and 

setting the par t i a l  derivatives equal t o  zero: 

Since Qo i s  the geometric center of Q , ,  Q2, Q3 

i t  may be shown t h a t  therefore:  

hence 

= ( R ~  R)- l  RT V 

After some manipulation, i t  can be shown t h a t  V may be replaced by 

another 9 x 1 matrix vector: 

so that  

T -1 T The matrix [ ( R  R )  R ] i s  a constant matrix and can be prepared pr ior  

t o  the in tegrat ion.  Once the angular acceleration and velocity vectors 

a re  computed, the remainder of the analysis  i s  straight-forward. 



5 .3 .7  Motion in Inertial  Space 

The angular acceleration a n d  velocity vector, obtained in any of 

the above descri bed methods, are expressed in the anato~~iical frame 

If the acceleration readings were directly employed in the solution . 
(methods A a n d  B ) ,  then: and : are expressed in the instrumentation 

h A A 

frame (e l  ,e2 , e 3 ) ,  and must therefore be transformed t o  anatomical 

where [ E l  i s  defined by 

If on the other hand, the acceleration readings are f i r s t  transformed 
A A A  

3 -+ 
t o  ( i  , j  , k )  , then, method C results in ; and u directly expressed in 

anatomical (i ,,j ,k)  ., 

I n  e i ther  case, the constant transformation matrix [ E l  must be known. 

A technique was developed to obtain [ E l  using two orthogonal x-rays 

of the head and i s  described in detail  in Appendix C.  

The next step in obtaining a complete solution i s  t o  determine 

the orientation o f  the rigid body i n  iner t ia l  frame. This i s  defined 

by matrix [Dl given in equation (621, in which [Dl i s  the Euler matrix: 



The three Euler angles, yaw ($ ) ,  pitch ( 0 )  and  ro l l  ( 4 )  are defined 

as follows. Assume that  i n i t i a l l y ,  the r ig id  body's anatomical axes 
A A A  A A A 

( i , j , k )  coincides with the i n e r t i a l  frame ( I , J , K ) .  Then, yaw i s  

defined as a positive rotation of magnitude about the k-axis, resul t ing 
A A A 

in an intermediate frame ( i* ,  j*, k* ) .  Next i s  pitch which i s  
A 

defined as a posit ive rotat ion of magnitude a a b o u t  the new j*-axis, 

result ing in a second intermediate frame (?**, j**, k** ) .  Finally,  

the ro l l  i s  defined as a positive rotat ion of magnitude 4 a b o u t  the newest 
A A A *  

i**-axis, result ing in the desired frame ( i  ,j , k ) .  Therefore, the orien- 

ta t ion of the anatomical frame in ine r t i a l  space can completely be de- 

fined by specifying 3 ordered independent rotat ions called the Euler 

angles . 
I t  can be shown from the defini t ion of the Euler angles tha t  

the angular velocity vector i s  the sum of three angular ra tes :  

-+ -b -+ 
This i s  t rue even t h o u g h  the 3 vectors 4 , e , and 4 are  not ,  in 

general,  mutually orthogonal. Equation (88) may be projected on each 

of the anatomical axes so t h a t  



or  

u l  = 4 - i s in  e 

Since u ~ ,  u2 and LO, are known a t  t h i s  s tage ,  equations ( 9 2 ) ,  (93) ,  and 

(94) may be solved fo r  the Euler angular ra tes :  

The Euler angular ra tes  are  therefore defined except when 0 +90°. 

This case, known as the "Gimbal lock," can be avoided by switching t o  

another s e t  of Euler angles. However, a  numerical procedure was impro- 

vised fo r  t h i s  case t o  deal with t h i s  problem without switching Euler 

s e t ,  and has been sa t i s fac to ry .  

Equation (95) can be integrated t o  obtain the Euler angles as 

functions of time, which are  used in determining the transformation matrix 

[ D l  a t  each ins tan t  of time. 

After determining the 3 rotat ional  degrees of freedom, the 3 trans-  

la t ional  degrees of freedom are  t o  be computed. These a re  defined as 

the accelera t ion,  velocity and position vectors of a body-point i n  

i n e r t i a l  frame. To t h i s  end, the motion of a convenient reference point 



must be known.  Depending on the method used, this  point may be the 

origin C of the anatomical frame, or the centroid Q, of Q l ,  Q Q , whose 2 '  3 
location in the anatomical frame i s  k n o w n .  Also, the location of the 

body-point in the body-frame i s  assumed t o  be k n o w n .  This may be the 

center of mass of the head, or any other point of interest .  Then, 

-f 
where p B  i s  the position vector of B (body-point) in the anatomical frame, . . 

i s  the acceleration vector of the reference point obtained as the 

algebraic average of  the 3 t r iaxial  readings ( i f  Qo i s  used) or obtained 

with equation (30)  i f  the origin C i s  used. 
A A A  

Now given the acceleration of B in anatomical ( i  , j  , k ) ,  and given 

the Euler transformation matrix, the absolute acceleration vector of 

B may be expressed i n  the iner t ia l  frame: 

Finally, ~ ( t ) ,  Y( t ) ,  ~ ( t )  are integrated independently 

to  yield the velocities k ( t ) ,  ? ( t )  and i(i), then integrated again t o  

obtain the three translational degrees of freedom X(t ) ,  Y ( t ) ,  Z ( t ) .  



5.4 Severity of Impact Analysis 

To determine the severi ty of impact, accelerations (di rect ly  recorded 

or indirect ly  computed) are processed t o  determine the Severity Index 

and/or the Head Injury Criterion.  Those signals which are n o t  analyzed 

are presented "as i s . "  The progranis for  these analyses have been written 

b u t  n o t  incorporated in the processing package. 

5.4.1 Gadd Severity Index 

Given an acceleration pulse a ( t ) ,  of duration T ,  the Gadd severi ty 

i s  defined as 
P 

GSI = 1 i ~ ( t ) ] ~ * ~  d t  

0 

where a ( t )  i s  expressed in g ' s  and d t  in seconds. The  GSI i s  computed 

fo r  the A P ,  S I ,  L R  components a n d  t he i r  resultant  accelerations 

a t  a body-point on the head (center of mass) and a t  the thoracic lo- 

cation of the accelerometer. 

5.4.2 Head Injury Criterion 

The HIC i s  defined by: 

HIC = [K]*'~ d t  

where 

and a ( t )  = resul tant  acceleration i n  g ' s  

t = time in seconds 

t1 = any arbi t rary  time point in the pulse 

t2  = fo r  a given t l ,  a time point in the pulse which maximizes HIC. 



The HIC i s  computed only for resultant accelerations a t  the 

center of mass of the head. 

5.4.3 Unweighted Signals 

In the cases where neither the GSI nor the HIC computations are 

possible, such as a missing component, the signal i s  presented as i s ,  

and qualitative evaluation of the severity may be made. This presenta- 

t ion,  normal l y  done in graphical form, includes the sled decelerations, 

the belt  loads, the femur loads and any other acceleration signal which 

has escaped the weighted-impul se analyses. 



5.5  Film Motion Analysis 

High-speed photographic film coverage a1 lows a qua1  i t a t ive  and quanti- 

ta t ive evaluation of the kinematics of motion of a sled t e s t .  The three 

dimensional motion i s  normally obtained with two cameras, however, 

additional cameras are provided as backup t o  cover those targets which 

are obstructed from view from either or b o t h  primary cameras. The con- 

figuration of the photographic coverage i s  diagrammed in figure 18, 

5.5.1 "Digitizing" Positions 

The f i r s t  step in analyzing photographic data i s  t o  follow a given 

target on a screen. The target coordinates on the screen are recorded 

as well as the frame number. The coordinates are in "screen inches," 

relative t o  a "screen reference" point. The frame number provides a 

time reference relative to a given frame, usually taken a t  the beginning 

of a sled pulse. blith the proper conversion factors,  the two 

spatial coordinates can be converted from screen inches t o  real inches, 

and the frame number t o  a time instant in milliseconds. The result  i s  

time history tables of x ( t )  and y ( t )  for as many targets as desired. 

5.5.2 Time Synchronization and Calibration 

I n  order t o  synchronize a l l  four cameras, a t-zero strobe flash 

i s  made visible from a1 1 cameras. The frame number corresponding t o  

this  flash i s  called to on a l l  films. The calibration of the film 

speeds i s  obtained with a 1000 Hz pulse, generated by the same source, 

and channeled simultaneously t o  a1 1 cameras. 

New LED'S were installed in a l l  cameras so that brighter spots 

on the film edges are now visible.  The average film speed (frames/seconds) 





is obtained by counting the number of frames between two pulses of a 

given interval, usually 60-100 msec. As a backup, a rotating wheel, 

turning at a precise rate (1800 rpm), is installed in the field of 

view of camera I and 111. Currently, work is under way to develop a two- 

flash strobe system, with the first flash at to and the second flash 

precisely 100 msec later. Since there is small variation in film speed, 

and because of failures and possible error in counting light-spots, 

a more reliable average film speed can be obtained by counting the num- 

ber of frames in the precisely indicated 100 msec interval, 

5.5.3 Space Synchronization and Calibration 

A new inertial reference target was designed and installed toward 

the later part of the second contract year. This target is more rigid 

thzn the previous one, and provides a common inertial reference point, 

relative to which all measurements from all films are to be computed. 

The calibration of two-dimensional film analysis is more compli- 

cated than it seems to be. A1 though a simple calibration "gage" of 

known length may be used to convert screen inches to actual inches, 

this procedure is only approximate when the camera-target distance 

is small (wide-lens camera), when the target being analyzed is too 

far from the optical center, or when the motion of the target in-and- 

out of the plane of calibration is significant. 

Many schemes have been suggested, however, at present time no 

program has been written to introduce the necessary corrections to 

the readings. Meanwhile, all the test films up to the end of the 

second contract year (WBR-6) have been "digitized" and are awaiting 

analysis. 



5.5.4 Time Histories 

The targets which were analysed for each of the 4 views of each 

t e s t ,  vary depending on their  v is ib i l i ty .  Since ultimately one would 

end with x ( t ) ,  y ( t ) ,  z ( t ) ,  many of the analysis i s  redundant and i s  

used to  average o u t  reading errors. For most of the runs, the following 

targets were analyzed: 

1 .  iner t ia l  target 

2. sled target 

3.  head target ( r ight  ear)  

4. head target ( l e f t  ear) 

5. head target (top/back of head) 

6. shoulder targets ( l e f t  and r ight)  

7. thorax 

8. pelvis 

9. thigh 

The orientation of some body segments were also directly measured. 

These include the thigh, the thoracic instrumentation cluster and the 

shoulder-to-shoul der angle. 



6.0 RECOMMENDATIONS 

6.1 Acce lerometer  Mounts 

The t h o r a c i c  acce lerometer  mount a t tached  t o  T7 i s  prone t o  

damage i n  a  t e s t  s i n c e  i t  a t t a c h e s  t o  t h e  r a t h e r  f r a g i l e  s p i n a l  

p rocess.  A 1  though n o t  necessary,  an improved des ign  niounti  ng 

d i r e c t l y  t o  t h e  v e r t e b r a l  body would be d e s i r a b l e ,  

6 .2 T a r g e t i n g  

The femur l a g  b o l t s  a r e  o c c a s i o n a l l y  s t r u c k  by t h e  arms and 

b e n t  d u r i n g  rebound. To reduce t h i s  problem, a  curved photo  t a r g e t  

d i s c  conforming t o  t h e  l e g  con tou rs  shou ld  be used i n  c o n j u n c t i o n  w i t h  

i n s t a l l i n g  t h e  l a g  b o l t s  so t h e  heads a r e  f l u s h  w i t h  t h e  s k i n .  

The s p h e r i c a l  t a r g e t s  used f o r  t h e  head acce lerometers  can be im-  

p roved by t h e  a d d i t i o n  o f  a  screw t y p e  f a s t e n i n g  method t o  a t t a c h  them 

t o  t h e  acce lerometer  mount ing b l o c k s  r a t h e r  than  t a p i n g  them i n  p lace.  

The suspended Newtonian re fe rence  t a r g e t  shou ld  be r i g i d l y  

mounted and c o n s i s t e n t l y  l o c a t e d  t o  f a c i l i t a t e  f i l m  a n a l y s i s .  

T e t h e r i n g  t h e  cadavers '  hands t o  p r e v e n t  them f rom s t r i k i n g  t h e  N e i ~ t o n i a n  

re fe rence  has been successfu l  and shou ld  be cont inued.  

6.3 X-Rays 

The q u a l i t y  o f  t h e  l a t e r a l  p e l v i c  x - rays  v a r i e s  c o n s i d e r a b l y  

between d i f f e r e n t  cadavers depending on t h e i r  bone compos i t i on  and 

f l u i d  mass, and t y p i c a l l y  l a c k s  t h e  d e s i r e d  d e f i n i t i o n .  To improve 

t h e  a v a i l a b l e  c o n t r a s t ,  t h e  use o f  a  8 : l  c r i s s - c r o s s  x - r a y  g r i d  r a t h e r  

than  t h e  p r e s e n t l y  a v a i l a b l e  8: 1  1  i n e a r  g r i d  would reduce x - ray  s c a t t e r  

s u b s t a n t i a l  l y  as we1 1 as a1 low exposures o f  20% h i g h e r  p o t e n t i a l .  Also,  

t o  a1 l ow  more a c c u r a t e  r e c o n s t r u c t i o n  of t h e  e n t i r e  s k e l e t a l  s t r u c t u r e  



from the x-rays, i t  i s  recommended that a permanent lead gridwork be 

constructed a n d  instal led on the x-ray table surface for  scaling and 

overlay purposes. See Section 4.1.6 for a more thorough discussion 

of the x-ray grid. 

To as s i s t  in the identification of the accelerometer positions, 

Q, , Q2 and Q on the head x-rays, the marker pel 1 e ts  w i  11 be labeled 
3 

w i t h  the appropriate lead number 1 ,  2 ,  or 3 for  future tes t s .  
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APPENDIX A: CADAVER DATA PRESENTATION 

The dimensional  and i ns t r umen ta t i on  records f o r  t h e  Whole Body 

Response s e r i e s  a re  presented i n  t h i s  s e c t i o n  by t e s t  number. Cadaver 

t e s t s  WBR-3 through NBR-6 conducted i n  t h i s  c o n t r a c t  yea r  a re  i nc l uded  

i n  t h i s  summary. The da ta  f o r  each cadaver t e s t  i s  r epo r t ed  i n  t h e  

f o l  1  owing sequence: 

SLED TEST SUMMARY 

P O S I T I O N I N G  AND TARGETING DIAGRAM 

BELT LENGTH AND ANCHOR GEOMETRY DATA 

INSTRUMENTATION DATA SHEETS 

X-RAY DATA SHEET 

ANTHROPOMETRY 

AUTOPSY INFORMATION 

COMPUTER DATA PLOTS A N D  KEYS 

SET-UP PHOTOS (RIGHT,  FRONT, L E F T )  

GRAPH-CHECK PHOTO OF TEST 

POST TEST PHOTOS ( I f  A n y )  

HEAD X-RAYS 

WHOLE BODY X-RAYS (LATERAL)  

WHOLE BODY X-RAYS (PRONE) 



WHOLE BODY RESPONSE 

T E S T  SUMMARY 

T E S T  S E R I E S  WBR-3 

TESTS A-865 and  A-866 



WHOLE BODY RESPOilSE 

SLED TEST SUflFIARY 

SLED TEST NOS. A- 865 Ai4 D A- 8 6 6  

TEST SUBJECT DATA 

CADAVER ID !lo. : 201 50 LUNGS PRESSURIZED: No 

AGE : 59 y e a r i  WEIGHT:  26 I ~ S .  

HE1 GHT 7 73.8 cmF: SEX: M 

TEST PARAiIETERS 

VELOCITY : 

DECELERATI011: : 

IlllPACT DIRECTIOii : 

RESTRAIilT SYSTE;!: 

POST IMPACT EVFILUATI Oi I  

a. T e s t  S u b j e c t :  

Damage : 

c.' Trat~sducers  : 

Any U n i t s  Damaged 

Any U n i t s  Looseued 

d. ,,,$py Data Los t :  

FIRST I /{PACT SECOJD IMPACT 

22.2 f4PH 31.2 tlP H 

8.2 G ' s  45.8 G ' s  

FROIITAL FROIITAL 

3 p t .  b e l t  3 p t .  b e l t  

FIRST II,lPACT SECOllD IMPACT 

B leed ing  f rom L.R. 
None obvious Femur I n c i s i o n  

None None 

Severe Rebound Shoulder Be1 t S l  i ~ o e d  3.. 2 ,  

None 1" th roush  b u c k l e  (abrasign) 

None None 

None None 

None None 



Spherical photo targets  
Position Head in Most iveutral Fore over accelerometer t r i a x  
arid A f t  Posit ior~ a f t e r  a l l  Otiier i n s t a l l a t i ons  
Adjustments completed 

Belt Targets (Stap 

Torso to be ver t ica l  ans 
symme t r i  cal with t e s t  
f i  xture Spherical Acromion 

Lower arm parallel  t o  direc- 
t ion of s led  travel Provide open areas on 

seatback fo r  s ide  

I "  Foam &am across thigris 

Spherical Pelvic Targets 
071 to  contact seat -  

Feet s  trapped 

Pel v i  s  pressed against  
seatback wliile subject  

1 eani n g  forward 

Knee and Ankle Lateral 
Spacing t o  be 13" center  
t o  center. 

Irii t i a l  Be1 t Lengths: R. Lap = 12" 
(Center t o  Cer~ter of Ends) L.' Lap = 32.5" 

St~oulder = 42" 
Femur Target Spacing: 

Right Side = 8.75 i n .  
. . 

 eft Side = 8-75  i n .  



WHOLE BODY RESPONSE 

BELT LENGTH DATA 

TEST A- 865 

Post-  Impact 

Test A- 866 

Pre-Impact 
P o s i t i o n  Be't I Length ( i n )  

R t .  Lap 

L t .  Lap 

Shoulder 

I post-~mpact 
Be1 t I Pre-Impact I post-Inpact Length wi ih 
P o s i t i o n  I Length ( i n )  Length ( i n )  I Stretch ( i n )  Load Cells 

Post -  Impact Length with 
Length ( i n )  

12 

32 112 

42 

R t .  Lap 

Lt. Lap 

Shoul de r 

12 

32 314 

42 

12 

32 112 

42 

0 

1 /4  

0 

11 114 

3 2 

40 114 

12 118 

32 518 

- - 

42 314 

118 

7 /8  

3/ 4 

11 1 /2  

3 2 

41 3/8 



BELT ANCHOR DATA WUR-3 
TEST A-865 

SEAT BELT DIMENSIONS 

r-7 
Shoulde r  Be1 t At tachment  

S I D E  - 
V I  EN - 

Seat  Be1 t 
Attach;. 

men t 

RIGHT SIDE [.EFT S I D E  

Be1 t Anchor Separa t i ons  

SHOULDER BELT DIFIENSIONS 

Shou lde r  Be1 t 
L e f t  S i d e  S e a t  
Be1 t At tachment  

A t tachmen t  - 
PLAN VIEW pS-11 SEAT - I 

R i g h t  Side 
Sea t  be1 t a t tachmen t  



BELT ANCHOR DATA 

SEAT BELT DIMENSIONS 

RIGHT SIDE LEFT SIDE 

SIDE 
VIEW - 

L e f t  Side Sea t  
Shoulder Be1 t Be1 t Attachment 
Attachment - 

Shoulder Be1 t Attachment 

A 

PLAN VIEW 

Js 

Be1 t Anchor Separat ions 

D 
A 

d - B P 

SHOULDER BELT DI!.IENSIO!\'S 

I 

C 

R i g h t  Side 
Scat be1 t attachment 

\ 't SEAT' - 
h I 

Seat Bel t  . 

men t 

E I  
I 







HEAD X-RAY DATA SHEET 

WHOLE BODY RESPONSE PROJECT 
WBR N O *  3 - 

DISTANCE FROM X-RAY PLANE 

X-Z PLANE Y-Z PLANE 
(Side view) (Frontal ) 

14.0 12.25 

10.0 12.25 

12.75 16.0 

12.0 19 

9.5 18.75 

14.5 16.75 

8.5 16 

136 136 

100 100 

0.5 0.5 

J 4 

INSTALLAT I O N  
F I  X l U R i  

DIMENSION 

5.38 

4.81 

4.48 

TARGET 

ACCELEROMETERS 

A;;ATG;~: L L P , ~  P n I ?:ilRL;ER PELLETS 

Right E y e  0 

Left E y e  P 
Right Ear 0 

Left Ear 9 

X- RAY DATA 

VOLTAGE 

CURRENT 

T I  ME 

SAT I S  FACTORY? 
(Check i f  Y e s )  

.- 
Sketch of Re1 a t ive  Positions of Accelerometer 

Targets As Viewed from X-Ray Source, 

A-7 1 

Location 

o l l e t  Furthest t o  
ni  ght-Rear o f  Head 

e x t  C o l  1 e t  clockwise 
. rom Q1 ( v iew2d  from top) 

ext  Col le t  clockwise 
rom Q2 ( v i e w e d  from top) 

- Name 

Q1 

2 

3 



WHOLE BODY RESPOI'JSE : A:{THROP014ETRY 

CADAVER ID: 20150 - 

DATE: 4-1 6-75 

Anthroponetri c i,leasurernents : 

(A = ~ n t h r o p o k t e r ;  ' ~ p .  C. = Spreading c a l i p e r s ;  51. C .  = s l i d i n g  

c a l i p e r s ;  T = Tapes) 

1. Gleight 

2. Sta tu re  ( A )  

b 3. Trochar~ter i  OII iigt. (A) 

173.8 crn 

L t .  86.0 

4. Anterior-! , , r i o r  I l i a c  Spine Hgt. ( A )  R t .  79.9 

: 8 .  A- 

5. I l i o c r i s t a l e  Hgt. ( A )  

6. Substernale  Hgt. ( A )  

7. Axil l a  tigt. ( A )  

8. Suprasternale  Hgc. (A) 

9. iiipplc itgt. ( A )  

10. Mastoid H y t .  ( A )  

11. Ilucliale H g t .  ( A )  
r 

12. Tragion Hgc. ( A )  

. . ..- . 
. : .. 13. Menton Hgt. ( A )  

14. Head Breadth (Sp. C. ) 

15. Head iengtll (Sp. C . )  

L t .  79.9 

R t .  69.9 

L t .  - 71.7 

58.8 

L t .  12.0 
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16. Bitragion Diameter (Sp. C . )  

17. Bigonial Diameter (Sp. C . )  

18. Menton Diagonal (Sp .  C.) 

19. Mastoid Diagonal ( A )  

20. Head Circumference (T) 

21. Mid-Sagittal Arc Length (T) 

Coronal Arc Length (T) 

M i  d-~ieck Ci rcumference (T) 

Chest Circur~iference a t  Axi 1 l a  ( T )  

Chest Circumference a t  tiipple (T) . 
C ~ ~ e s t  Ci rcunference a t  Substernale (I) 

Hip Circumferdnce, I l i oc r i s t a l e  (T) 

Buttocks Ci rcumference , Trocnanterion ( T )  

Upper Arm Ci rcunference , Axi 11 a (T) 

Upper Arm Circumference, Mid Biceps (T)  

Upper Arm Circumference , Humeral Condyles ( T )  

Maximum Forearm Ci rcurnference (T) 

\ k i s t  Ci rcumference (T) 

Upper T;li g ; ~  Ci rcumference (T) 

Mi d-Ti~i gll Ci rcumference (T) 

Loiqer Thigh Ci rcurnference (T) 

t4aximum Cal f Ci rcumference (T)  

38. Ankle Ci rcumference ( T )  
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. 39. Biacromial Diameter (A)  35.4 

40. Bidel toid Breadtn ( A )  41 .O 

41, Chest Breadth a t  Axil la  ( A )  

42, Chest Breadth a t  ifli d-Poi n t  be tween Supra- 
s t e r n a l e  and Substernale 29.3 

43. Chest Breadth at Substernale ( A )  29.3 

44. Hip Breadth, I l i o c r i s t a l e  ( A )  27.6 

45. Bispinous Giameter (A) 

46. ASIS t o  Syrnphysion Distance ( A )  

8 

47. Bitrochanter ic  Diarreter ( A )  

48. Chest Depth a t  Suprasternale  (A)  

49. Chest Depth a t  Axil la  (A) 

50. Chest Depth a t  iiipple (A )  

51. Chest Depth a t  Substernale ( A )  

52. Hip Depth, I l i o c r i s t a l e  ( A )  

53. ASIS Depth ( A )  

R t ,  12.7 

54. Buttocks Depth, Trociianterion ( A )  19.7 

55. Troc~tdntc.rion R t .  

Lt. 

56, Syrnphysion ( t i g t .  ) 

57. Acroln'ion-Radial e Length 32.8 
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B a l l  o f  Humerus - R a d i a l e  Length  (A) 

1 

Radi a l e - S t y 1  .ion Letlgth ( A )  

O l ec ronan -S ty1  i o n  Leng th  ( A )  

Femur Lengtii  (A) 

T i b i a  Length  ( A )  

F i b u l a  Length  ( A )  

Upper Arn Depth ,  Kid B iceps  (S1.C.) 

Hurreral B i e p i  condyl  a r  B r e a d t h  (S1 .C. ) 

Forearm Depttr (S1 .C. ) 

Wrist Depth (S1.C.) 

Hai~d  Leng th  (S1.C.) 

Hand B r e a d t ~ i  (S l  ,C. ) 

Hand Depth (S l  .C.) 

Thigh  B r e a d t h ,  Mid-Thigh (S1 .C , )  

Calf  Depth ($1 .C.) 

Bimal l e o l u s  d r e a d t h  [Sl, C.)  

Foo t  Length  ($1. C, ) 

Foo t  B r e a d t h  (S1 .C.) 

# 
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WHOLE BODY RESPONSE - WBR #3 AUTOPSY RESULTS ( c o n t i n u e d )  

f r a c t u r e s  a r e  no ted  on the autopsy sheet .  There was some b r u i s i n g  o f  
t h e  h e a r t  b u t  we were n o t  a b l e  t o  t e l l  whether t h i s  was caused b y  b e l t  
l o a d i n g  o r  had o c c u r r e d  p r i o r  t o  death,  s i n c e  t h e  i n d i v i d u a l  d i e d  o f  h e a r t  
a t t a c k .  
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JAN 21, 1976 / 15:14:56 RUN ID: R-866-2: W6R-3 
8 MS - 

L '  ' I '  ' * , l r k  (I I, 
t t r t 1 1 h I 1 A J  H T 1 I I I ---- l l 1 1 I I T V *  

1 
-9 

B ns 
Fl 

20 PTS 
; .. .;; ; ., .;] 
FILES: 506415, 1APE:CHR-Fl 401 PTS o 2014 HZ = 190.5 MS 



SETUP PHOTOGRAPH: TEST A - 8 0 5  



i ' SETUP PHOTOGRAPH: TEST / A-865 
i .  



SETUP PHOTOGRAPH : TEST A - 8 6 5  



GRAPHCHECK PHOTOGRAPH: TEST A-865 



TEST PHOTOGRAPH: WBR-3, TEST A-865 



POST-TEST PHOTOGRAPH : TEST A-865 
, .  . 



SETUP PHOTOGRAPH: TEST A-866 



SETUP PtiOTOGKAPti: TEST A-866 , 



I I 
SETUP PHOTOGRAPH: TEST A-866 i 

I 



A 866 

GRAPHCHECK PHOTOGRAPH : TEST A-866 



TEST PHOTOGRAPH: WBR-3 TEST A-866 
I ! 



































WHOLE BODY RESPONSE 

TEST SUMMARY 
-- 

-4 

TEST S E R I E S  WBR-4 

TESTS A-869 and A-870 



WHOLE BODY R E S P O ~ I S E '  

SLED TEST SUFICIARY 
4 

DATE 6-3-75 

SLED TEST EiOS. A- 869 AfJD A- 870 

TEST SUBJECT DATA 

CADAVER ID NO. : 201 94 LUNGS PRESSURIZED: yes 

AGE : 82 . y e a r s  WEIGHT: 135 l b s .  

HEIGHT 165.5 cm. SEX: M 

TEST PilRAilETERS 
FI RST I f4PACT SECOiiD IMPACT 

VELOCI N : 24.2 f4PH 23.8 llP H 

DECELERATIOII: 10 .2  G's 9.6  G's 

IlilPACT DIRECTIOII : FROtITAL FROIITAL 

RESTRAIiIT SYSTEi1: 3 p t .  be1 t 3 p t ,  b e l t  

POST IIIPACT EVkLUATIOil - 
+, FIRST II4PACT SECOflD IEIPACT 

a. t e s t  S u b j e c t :  

Aily I t l jury  None Apparent 

Submarining None None 

b. R e s t r a i n t  System 

Darna ge : None None 

c, T r a r ~ s d u c e r s  : 
Any Uni ts  Damaged, 140 No 
Any Uni ts  Loosened I4 o No 

d, Any Data Lost :  Thorax R t o  L Thorax R t o  L 



r-- Spherical photo t a rge t s  
Position t i ead  i n  E o s t  Neutral Fore o v e r  acceierometer t r i  ax 
a r ~ d  Aft Posi tior1 a f t e r  a l i  Other ins  t a l  1 a t i  ons 
Ad j us tmen t s  comp l e ted 

White 1 ines on b e l t  

Be1 t Tdrgets ( S t a p l e d )  

Torso to be ver t ica l  ana 
symme t r i  cal w i  t n  t e s t  
f i  xture Sp heri cal Acromi on 

Lower arm para1 1 el t o  di rec- Acccl erome t e r  Targers 
t ion of sled travel  P r ~ v i d e  open a r e x  on 

seatoack fo r  s ide  
vi e:.l of accel eroneter  

1" Foam beam across thigrls 

Spherical Pelvic Targets 
E i  bow t o  contact seat -  

Feet s trapped 

P e l  vis ~ r e s s e d  against  
searbac< wiiile subject  

1 eani n g  foward 

Knee and Ankld Lateral 
Spacing t o  oe 13" center  
t o  center ,  

I r ~ i  t i a l  Be1 t Lengths: R .  Lap = 12" 
(Center t o  Cer~ter 3f Ends) 1. Lap = 32.5" 

Shoulder = 42" 
Femur Target Spacing: 

R i g h t  Side = 6;0 i n e  
  eft Side = 5 1/8 in. 



WHOLE BODY RESPONSE 

BELT LENGTH DATA 

TEST A- 869 

Test  A- 870 . - 

Pos t-Impact 
Length with 
Load Cell s 

11 114 

32 518 

40 518 

Rt. Lap I O 

Be1 t 
Stretch ' ( i n )  

0 

112 

114 

1 

Post- Impact 

Post- Imoact 
Length ( i n )  

1 2  

33 - 

42 114 

Be1 t 
Pos i t i  on 

Rt. Lap 

L t .  Lap 

Shoulder 

Be1 t 
Pos i t i  on 

Pre-Impact 
Length ( i n )  

1 2  

32 112 

42 

Pre- Impact Post- Impact Be1 t Length wi t n  
Length ( i n )  Length ( i n )  

I 



BELT ANCHOR DATA 

RIGHT S I D E  LEFT S I D E  - 

S I D E  
VIEW - 

Shoulder  Be1 t 
L e f t  Side Seat  
Be1 t Attachment 

Attachment - 
PLAN VIEW 1 - 

SEAT I 
. R i g h t s i d e .  - 

Sea t  be1 t attachment 

Be1 t Anchor S e p a r a t i o n s  

SHOULDER SELT CIMEYSIONS .- 



-BELT ANCHOR DATA WBR-4 
TEST A-870 

Left- S ide  S e a t  
Shoul d e r  3el t Be1 t Attachnen t  
At tac t ln len  t 

SEAT BELT DIMENSIONS 

RIGHT SIDE LEFT SIDE 

E =  3 1 1 2 "  E = 5" 

F =  6 518" F = 6 5/8" 

G = 7 318" G = 9 " 

H = 1 1 H = 11 112" 

--- - 

Be1 t Anchor S e p a r a t i o n s  

PLAN V I E W  I-'- SEAT 1 A- 

SHOULDER S ELT DIl.IENSI3'1S 

R i g h t  S ide  
Seat  be1 t at tachment  

A- 58 



TEST 110. WR-4 SLL:II aus 140. A-869; A-870 - - -  o n ~ ~  6-3-75 PREPARED BY 
- - - - -- - - ----- 

TAPE U T A :  RECORDER H ~ ~ e 1 1 - - - - - -  - .: !:I (:ullL) SI'l.L[) . 30-_- -2--- 
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HEAD X-RAY DATA SHEET 

WHOLE BODY RESPONSE PROJECT 

4 i WBR NO. 
I 

TARGET 

ACCELEROMETERS 

INSTALLATION 
F I  XTLliii 

'DIMENSION 

3.184 

4 . 2 1  9 

4.620 

L o c a t i o n  

C o l l e t  F u r t h e s t  t o  
R i  ght-Rear o f  Head 

Nex t  Col l e t  c l o c k w i s e  
f r o m  Q, ( v i ewed  f r o m  t o p )  

Nex t  Col l e t  c l o c k w i s e  
from Q2 ( v i ewed  i r o n  t o p )  

DISTANCE FROM X-RAY PLANE 

X-Z PLArJE Y-Z PLANE 
( s i d e  v iew)  ( F r o n t a l  ) 

12.75 18.0 

8.5 17.75 

12.0 21.25 

F \ : i A T Q ~ { ~ ~ J ~ i  )',L,Z!;ER PELLETS 

R i g h t  Eye 0 

L e f t  Eye P 
R i g h t  E a r  0 

L e f t  Ea r  ? 

X- MY DATA 

VOLTAGE 

CURRENT 

T I ME* 

SAT1 S  FACTORY? 
(Check i f  Yes) 

Sketch  o f  Re1 a t i  ve P o s i t i o n s  o f  Acce le romete r  

Ta rge ts  As Viewed f r o m  X-Ray Source. 

A-61 

- Name 

Q1 

92 

Q3 

7.5 24.5 

6.25 23.0 

10.5 24.0 

6.5 1.5 

90 

100 

.4 

J 



WHOLE BODY RESPOIJSE : A:\ITHROPOI;1ETRY 

CADAVER ID: 20194 

DATE: 

~~THROPOtlETRIST: H .  i4. Reynolds 

Anthropometri c I,ieasurements : 

(A = Anthropometer; Sp.  C. = Spreading Calipers; 

calipers ; T = Tap2s) 

1. Wei g i l t  

2. Stature ( A )  

Trochaiiterior~ i i g t ,  ( A )  

Anterior-Superior I1 i ac Spine i l g t .  ( A )  

I1 iocristal e Hgi.  ( A )  

Substernal e Hgt .  ( A )  

Axil l a  t i g t .  ( A )  

Suprasternale t i g t .  ( A )  

iiipplc i tg t ,  ( A )  

Mastoid t l y t .  ( A )  

I.lucliale Hgt .  ( A )  

Tragion tlgx. ( A )  

Menton Hgt .  ( A )  

Head Breadth (Sp. C, ) 

tlead ieng.tli (Sp. C. ) 

R t  . 
L t .  

Rt. 

L t *  

R t .  

L t .  

S1. C, = sliding 

R t .  

L t .  



Page 2. 

Cad. I.D. 20194 

Bitragion Diameter (Sp. C.) 

Bigonial Diameter (Sp. C.) 

Elenton Diagonal (Sp. C . )  

Mastoid Diagonal ( A )  

Head Ci rcumference (T) 

f9i d-Sagi t t a l  Arc Length (T) 

Coronal Arc Length (T)  

r~li d-deck C i  rcumference ( T )  

Chest Circunference a t  Axil l a  (T) 

Chest Ci rcumference a t  iiipple (T) 

26. Cilest Circumference z t  Substernale (T) 87.9 

27.  H i p  Circumference, I1 i o c r i s t a l e .  (T) 76.9 

28. Buttocks Ci rcumfsrence , Trocnanteri on (T) 

Upper Arm Ci rcumference , Axi 11 a (T) 

30. Upper Arm Circumference, //lid Biceps (T )  23.2 

31. Upper Arm Ci rcurnference , Humeral Condyles (T)  23.1 

32. Maxi m u m  Forearm Ci rcumference (T) 21 . O  

33. lJri s t  Ci rcumference (T) 

34, Upper T i l i g i ~  Ci rcumference (T) 

35.  Mi d-Tili gh Ci rcumference (T) 

36. Lower Thigh Circumference (T) 35.5 

37. Maximum Cal f Ci rc umference (T) 

38. Ankle Ci rcurnfe rence (T) 21.9 



. Page 3 

Cad. I.D. 20194 

39. Biacromial Di ane ter  ( A )  35.3 

40. Bidel toid Breadth ( A )  

41. Chest Breadth a t  Axil la  ( A )  

42. Chest Breadth a t  lli d-Poi n t  between Supra- 
s t e r n a l e  and S w s t e r n a l e  

43. Chest Breadth a t  Substernale (A) 

44. Hip  Breadth, l l i o c r i s t a l e  ( A )  

45. Bispinous D i a r ~ t e r  ( A )  

46. ASIS t o  Syirgnysion Distance (A) R t .  

48, Chest Depth a t  Suprazternale ( A )  

47. Bit rochanter ic  Diameter (A) 

49. Chest Depth a t  Axil la  ( A )  

50. Chest Degtil a t  ilipple (A) 

51. Chest Depth a t  Substernale ( A )  

52. Hip Depth, I l i o c r i s t a l e  (A) 

53. ASIS Depth ( A )  

L t .  -- 16.6 

54. Buttocks Depth, Trochanterion ( A )  - -1 7 .1 

56. Syrnphysion ( t i g t . )  

57. Acrorn-i on-Radi a1 e Length 

R t .  

L t .  



58. B a l l  o f  Humerus - R a d i a l e  Leng th  ( A )  

59 .  Radi a l e - S  ty l  ,ion Lc t lg th  ( A )  

Olec ronan -S ty1  i o n  Leng th  ( A )  

Femur l e n g t h  (A) - :  - a 

T i b i a  Leng th  ( A )  . - 

F i b u l a  Leng th  ( A )  

U?per Arm D e p t ! ~ ,  Mid b i c e p s  [Sl.C.) . 

Humeral B i e p i e o n d y l  ar b r e a d t h  (S1 .C.)  

Forearm Deptii (S1.C.) 

Wrist Depth (S1.C.) 

Haild Leng th  (S1 .C. ) 

Hand Bread t i )  (S1 .  C. ) 

Hand Depth  IS1 , C , )  . - 

T h i g h  U r e a d t n ,  f l id-Thigh (S1 .C , )  

C a l f  Deptii (S1 .C.) 

B i m a l l e o l  us b r e a d t h  ( S l ,  C.) 

Foo t  Lengt i i  (S1 , C. ) 

F o o t  B r e a d t h  (S1 .C, ) 

Page 4 

Cad. I.D. 20194 ' 



WHOLE BODY RESPONSE - WBR 94 

AUTOPSY RESULTS 

Bony Thorax, anterior aspect 
R I B  FRACTURE S I T E S  ARE I N D I C A T E D  BY DASHED L I N E S  ( - - - - - )  

OTHER I N J U R I E S  

There was a b e l t  bur11 on the l e f t  s ide  of the neck. 
The r i b  f rac tures  are  noted on the  autopsy sheet .  
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JAN 21, 1976 / 15:20:55 RUN ID: R-869-2: WBR-4 
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8 MS JP! 21, 1976 / 14:47:47 
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JAN 21, 1976 / 15:25:06 RUN ID: Fl-870-2: WBR-II 
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SETUP PHOTOGRAPH : TEST A-869 



SETUP PHOTOGRAPH : TEST A-869 

- - 



SETUP PHOTOGRAPH : TEST A-869 



GRAPHCHECK PHOTOGKAPH : TEST A-869 



TEST PHOTOGRAPH: WBR-4 TEST A-869 



SETUP PHOTOGRAPH : TEST A-870  



S E T U P  P H O T O G R A P H :  T E S T  A-870 



SETUP PHOTOGRAPH : TEST A-870 
I 



GRAPHCHECK PHOTOGRAPH: TEST A-870 



TEST PHOTOGRAPH: WBR-4 TEST A-870 













LATERAL X-RAY:  WBR-4 



LATERAL X - R A Y :  WBR-4 













bJHOLE BODY RESPONSE 

T E S T  SUMMARY 

TEST S E R I E S  WBR-5 

TESTS A-874 and A-875 



WHOLE BODY RESPOilSE 

SLED TEST SUIIMARY 

SLED TEST 140s. A- 874 

TEST SUBJECT DATA 

CADAVER I D  NO. : 20208 LUNGS PRESSURIZED: 

AGE : 49 y e  a r s  WEIGHT: 185 1bs. 

HE I GHT 170.6 c m .  SEX: M 

TEST PARAilETERS 
FIRST I !!PACT 

VELOCI N : 21.7 MPH 

POST IKPACT E\lkLUATI@i.l 

a. Tes t  Subject :  

Ally 111j ury 

Submarining 
. " J  I 

b. R e s t r a i n t  System 

Damage : 

c. Trar~sducers : 

Any Uni ts  Damaged 

Any Uni ts  L o o s e ~ ~ e d  

d. Any Data Lost :  

SECOilD IMPACT 

2 2 . 5  MP H 

3 o t .  b e l t  

FIRST I LIPACT 

tione None 

None None 

None f6ne 



- S?herical ~ h o t o  t a rge t s  
Position tiead iri i-lost iluutral Fore over accelerorne t e r  t r i  ax 
ar~d A f t  Positioti a f t e r  a l l  0r;rler ins ta l  l a t ions  
Adjustments compl e t e d  

White Sines on b e l t  

70 Lb preload 

Torso t o  be vertica,l  ano 
syrnrnc t r i  cal w i  t n  t e s t  . Spherical Acrsmion 
f i x tu r e  

Spherical Thoracic 

Lower arm para1 l e l  t o  d i r e c -  Accei erometer Targee 

t ion of sled travel  Provide open areas on 
seatback fo r  s ide  
v i  e;.i o f  accelerometer 

Spherical P e l v i c  Targets 
o: i  t o  contact sea t -  

P e i  v i  s pressed against  
seatback while subject  

I e a n i  ng fo~;!ard 

nee and Ankle Lateral 

Femur Target Spacing: 

R i g h t  Side = s-- in. 

L e f t  S ide  = - - - in ,  

I r ~ i  t i  a1 Be1 t Lengths : R .  Lap = 12" 
(Cer~ter  to  Ceriter of Ends) L .  Lap = 32.5" 

St~oulder = 42" 

FOSITIOI~IIIG Ai iD TARGETIliG DIAGRAM WBR-5 

A-99 



. . 
WHOLE BODY RESPONSE 

BELT LENGTH CATA 

. TEST A- 874 

Post- Impact 
Length w i t h  
Load Cells 

Be1 t 
Stretch ( i n )  

R t .  Lap 

Lt .  Lap 

Shoul der 

T e s t  A- 875 

4 

Post- Impact 
Length ( i n )  

Be1 t 
P o s i t i o n  

Pre-Impact 
Length ( i n )  

12 

32 1 /2  

1 2  

32 5/8 

Post- I m p a c t  
Length w i  t n  
Lo26 Cei l s  

11 114 

32 1 /4  

40 3 /4  

Be1 t I ?re-Impact ! ~ 3 s t - i r c g ~ c t  / ~ e l t  
, L e n g t h  ( i n )  1 Stretch ( i n )  P o s f t i o n  1 Lengrn (il) I 

I 

0 

118 

42 I 
42 0 

0 

1  / 2  

31 8 

Rt. Lap 

L t .  Lap 

Shoul der 

0 

1 2  1 12 

32 112 

4 2 

3 3 

42 31s 



srcE 
VIEW - 

EELT ANCHOR DATA A-874 
TEST 

SEAT BELT GI !,:ENS IONS 

RIGHT SIDE LEFT S IDE 

n Shoulder  Be1 t Attachment 

Left S i d e  S e a t  
Shoulder  B e i  t Be?  t Attachnun t 
Actachnent  

PLAN VIEW 

* . = = =  
I SEAT 

Be1 t Anchor Separa t ions  

L = 14  314" 

M =  151 /211  

SHOULDER E E L T  DIbrENSIONS 

Righ t  Side 
S e a t  b e l t  attachment 



BELT ANCHOR DATA - 

SEAT B E L T  DI!!ENSIO:!S 

Shoul der Be1 t A t  tachrnent 

Left  Side S e a t  
Shoulder Pel t Be1 t A t t a c h w n t  
At tachnlcnt  

r 1 

PLAN VIC:,J I 
t - 

I SEAT 

RIGHT SIDE LEFT SIEE 

E = 3 1 / 2 "  E = 4 1/8" 

F = 6 518" F = 6 172" 

G = 5 7/8" G = 8 1 / 4 "  

Be1 t Anchor Separa t ions  

SHOULDER B E L T  DI:ltYS!O'iS 

i 

R i g h t  S i d e  
Seat  bcl t a t t a c h ~ l e n t  







HEAD X-PAY DATA SHEET 
WBR NO. 5 

W!:OLE EODY RESPOllSE PROJECT 

I!ISTAL!!jT 
FIXTURE 

DI WENSION 

DI STtl:(CE 'POM X- ?YtY PLANE 

X-Z PLANE Y-Z PLANE 
( S i d e  v iew)  ( F r o n t a l  ) TARGET 

L o c a t i o n  I Name - 
C o l l e t  F u r t h e s t  t o  
R ight -Rear  o f  Head 

Next  Col 1 e t  c l o c k w i s e  I 

AtlATO:.IICki ''.L,,RKE?. PELLETS 

R i g h t  Eye 

L e f t  Eye 

i r o n  Ql ( v i e w e d  f r o m  t o p )  

N e x t  Col l e t  c l o c k w i s e  

R i g h t  E a r  

2 

L e f t  E a r  

X- R A Y  DATA I I 

1 
90 KVP 1 90 KVP VOLTAGE ' I 

CURRENT 

TIME 

SAT I S FACTORY? 
(Check if Yes) 

Sketch s f  Re1 a t i v e  P o s i t i o n s  o f  Acce le romete r  

T a r g a t s  As Viewed from X-Ray Source. 



WHOLE BODY RESPOilSE : A:JTHROF3i.1ET3Y 
4 

DATE: 6/13/75 

&ITttROPOflETKIST: H .  M. Reynol cis 

Anthropometri c Ileasurements: 

(A = Ailthroponleter; Sp. C. = Spreading Calipers; 

calipers; T = Tapes) 

2. Stature ( A )  
, . .  

0 3. Trochar~terion i ig t .  ( A )  \ 
R t  . 

. L t .  

4. Anterior-Superior I1 iac Spine i i g t .  ( A )  R t .  

L t .  

5. Il iocristale Hgt .  ( A )  R t .  

L t .  

6. Substertiale Hgt .  ( A )  

7. Axilla t i g t .  ( A )  

8. Suprasternale tigc. ( A )  

9. iiipple i l g t .  ( A )  

10. IJlastoid t l y t .  ( A )  

11. I luc l~a lc  H g t .  ( A )  

12. Tragion Ilgs. ( A )  

S1. C. = sliding 

185. Lbs 

R t .  12.9 

L t .  - 12.6 

13. Menton Hgt .  ( A )  24.1 

14. Hcad Breadth ( S p .  C. ) 

15. tlead iengtll (Sp. C . )  



Page 2, 

Cad. I . D .  20208 

di tragion Diameter (Sp. C . )  

Bigonial Diameter (Sp. C . )  

llentori Diagonal (Sp: C,) 

Mastoid Diagonal ( A )  

Head Ci rcumference ( T )  

14i d-Sagi t t a l  Arc Length ( f )  

Coronal Arc Length (T) 

Mi d-14eck Ci rcumference (T)  

Chest Ci rcur,iference a t  Axi 11 a (T) 

C~iest Ci rcumference ah l i i  pple (T) 

Cilest Circumference ;t Substertiale (T) 

H i p  Ci rcumfercnce , I1 i o c r i s t a l e  (T) 

13uttocC..s Ci rcumference, Trociianterion ( T I  

Upper Arm Ci rcumferencs; Axi 11 a (T) 

Upper Arm Ci rcumference , F l i  d Biceps (T) 

Upper Arm Ci rcumference ,' Hurneral Condyles ( T )  

Maximum Forearm Ci rcumference (T) 

Llri s t  Ci rcumference ( T )  

Upper Ti~i  g ; ~  Ci rcuniference (T) 

Mi d-Tili g t ~  Ci rcumference (T) 

Lower Thi gi l  Ci rcumference (T) 

f4aximum Calf Circumference (T) 

Ankle Circumference (T) 



Page 

Cad. 

Biacrorni a1 Oi ame t e  r ( A )  

Bide1 t o i d  Bruadtn ( A )  

Chest Breadth a t  A x i l l a  ( A )  

Chest Breadth a t  14i d-Poi r i t  between Supra- 
s ternale  and  Substernale 

Chest Breadth a t  Substernale ( A )  

Hip Breadth, I l  ioc r i s t a le  ( A )  

Bispinous D i  aneter ( A )  

ASIS t o  Sjir?hysion Distance ( 4 )  Rt . 
L t .  

Bitrdchante r ic  Di amter  ( A ]  

Chest Depth a t  Sup rz s t e r~a l e  ( A )  

Chest Depth a t  A x i l l a  ( A )  

Chest Deptii a t  i i i p p l e  ( A )  

Chest Depth a t  SuLs te r~a le  ( A )  

Hip Depth, ! i i s c r i s t a l e  ( A )  

ASIS Depth (P,) R t .  

L t .  

Buttocks Ce;3  ti^, Trocl~antzrion ( A )  

R t .  

Lt. 

Acroin.ion-Radi ale Length 



Page  4 

Cad. I .D. 20208 
a 

58. B a l l  of Humerus - R a d i a l e  Leng th  ( A )  28.4 

R a a i a l e - S t y 1  ion  Lcrlgtil ( A )  

O l ec ronan -S ty1  i o n  L e n g t h  (A)  

Femur Leng th  (A)  

T i b i a  Leng th  ( A )  

F i b u l a  Leng th  ( A )  

Upper Arm Dept i ,~ ,  !?lid b i c e p s  (S1 .C.) 

Humeral b r iep icondyl  a r  B r e a d t h  ($1 ,C. ) 

Forearm Dept11 (S1 .C.) 

Wrist Depth (S1.C.) 

Haild Length  (S1 .C.) 

Hand t i readt i1  (S1. C, ) 

Hand Depth (S1 ,C , )  

Th igh  B r e a d t n ,  Hid-Thigh ( ~ 1  .c,) 

Calf  Depth (S1 .C.) 

Birna l leo l  us t ; r e a d t i ~  ( S l .  C.) 

Foo t  Leng th  (S1 . C. ) 

F o o t  Breadt i1  (S1 .C.) 



WHOLE BODY RESPONSE - WBR $ 5 

AUTOPSY RESULTS 

Bony T!lor;;s, :interior x p e c t  

R I B  FRACTURE S I T E S  ARE INDICATED BY 9ASHED LINES ( - - - - - )  

OTHER I N J U R I E S  : 

The Acrolnidl a r t i c u l a r  surface was dislocated. 
The Hu~;!crus t-it.,:d ~ 1 ~ 1 3  d i  s l  o c d t e d .  
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8 HS 
JAN 22, 1976 / 01: 18:37 RUN ID: R-875-2: WBR-5 
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8 MS 
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20 PTS 
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SETUP PHOTOGRAPH : TEST A-874 



SETUP PHOTOGRAPH : TEST A-874 



SETUP PHOTOGRAPH : TEST A-874 



GRAPHCHECK PHOTOGRAPH: TEST A-874 



TEST PHOTOGRAPH: WBR-5 TEST A-874 



SETUP PHOTOGRAPH: TEST I A-875 ' 



SETUP PHOTOGRAPH : T E S T  k-875 



SETUP PHOTOGRAPH: TEST , A-875 



GRAPHCHECK PHOTOGRAPH : TEST A-875 



TEST PHOTOGRAPH: WBR-5 TEST A-875 

































- .  _ FRONTAL X-RAY:  WBR-5 i 
t I 



\/HOLE BODY RESPONSE 

TEST SUMMARY 

T E S T  S E R I E S  WBR-6 

TESTS A-881 AND A-882 



kItlOLE BODY RESPOiISE. 

SLED TEST SU1,lPlARY 

DATE 7-1-75 

SLED TEST i l O S ,  A- 881 

TEST SUBJECT DATA 

CADAVER IG NO. : ?O2l8 L U ~ G S  PRESSURIZED: Yes 

AGE : 50 y e a r s  WEIGHT: lbs. 

HE1 GHT 159.7 SEX: M 

TEST PARAi4ETERS 
F I R S T  IMPACT -- 

17.8 HPH VELOCITY : 

DECELEW,TI CII : 

IMPACT D IRECTI i l i i :  

R E S T M i i l T  SYST i i i :  

10.0 G 's  9.7 G's  

3 p t .  b e l t  3 p t .  b e l t  

POST I14PACT E\/A!.UATI Oi4 - 
FIRST I IPPACT -- 

a. T e s t  S u b j e c t :  

Aily 111 j ury 

Submari n i  n g 

--- - - - 
None None 

b. R e s t r a i n t  S y s t e m  

None None Dana ge : 

c, Tral~sducers : 
Any U n i t s  Dar:iaged 

A n y  U n i t s  L o o s e n e d  

None None 

Trach Tube  D i  sconnectcd 
d u r i n g  Impact. 

d. Any Data l o s t :  



Sphzri cal photo targets  
Position Head iil Flost iqeutral For? over accelerometer t r i  a x  
a r ~ d  Aft Posi~ior l  a f t e r  31 1 Otiler ins ta l  l a t ions  
Adjus~ments completed 

\ \!hi t e  l ines  on b e l t  
Be1 t Targets (Stapled) a t  

Torso to be ver t ica l  ana 'at, 
I\ 

1"  spacing 

10 Lb preload 
plus 3 inch 
slack 

sy~m2t r i  cal with t e s t  LA. / 4 - J W  
/ Sp heri ca7 Acromi on 

Targets 
/ S ~ h e r i  cal Thoracic 

Accelerometer Targets 

f i x tu r e  

Lower arm oaral le l  t o  d i  rec- 
t ion o f  s led  travel  Provide o w n  areas on 

s e a t ~ a c k  f o r  s ide  
vi e:.i c f  accelerometer 

1 "  Foam deam zcross tn ig :~s  targets  
supporting wris ts  

Spherical Pelvic Targets 

Feet strapped 
to  contact seat -  

d o ~ r i  &- 

Pel v i s  nressed aqainst  

femr Target Spacing: 

Right Side = ---- i n ,  
 eft Side = ="'" i n ,  

I r ~ i  t j a l  Be1 t Lengths: R. Lap = 12'' 
(Center t o  Ceriter of Ends) L .  Lap = 32.5" 

St~oul d e r  = 42" 



WHOLE BODY RESPONSE 

BELT LENGTH DATA 

TEST A- 881 

Test  

Post-Impact 
Length w i t h  
Load Cells 

Be1 t Pre- I ~ p a c t  I ?os t- 1mpact I Belt 

R t .  Lap 

Lt.  Lap 

Shoul de r 

P o s i t i o n  Lengtn ( i n )  1 Length ( i n )  I Strz tch  ( i n )  i 

7 2 

32 112 

4 2 

Post- I m p a c t  
Length wit(? 
Lo36 Cells 

11 1/8 

31 718 

40 118 

f 

1 2  

32 114 

Be1 t Pre- I r 3 a c t  ? x t - I m c a c t  Bel t  

0 

- 1/4 

11 112 

31 112 

42 

Position I i e n ~ r h  ( i n )  , Length  ( i n )  S i re tch  ( i n )  

40 112  

R t .  Lap 

Lt. Lap 

Shoul cler 

- 114 

0 

- 1 114 

1 2  I 11314 

32 112 

42 

32 112 

40 314 



ClttOLE GOD\' KESPOilSE 

BELT AliCHOR O R 1  ENTATIOilS 

SI IOULDER BELT 

LAP BELT 

LEFT 
SIDE 

. TOP 
VIEM 

R I  GiiT 
SIDE 

SIDE 
VIEW 

L~ E FT 
= 2 5/32 in,  

L~~ GHT 
= 3 in .  



WHOLE BODY RESPOilSE . 

BELT ANCHOR OR1 ENTAT1 0% 

WBR# 6 . - 
Test llo. A-882 

I 
TOP VI E\/ 

LEFT 
SIDE 

. TOP 
VIE\J 

LAP BELT - 

RIGHT 
SIDE 

L~~~~ 
= 2 114 i n ,  

W ~ T  
= 3 114 i n .  

- 48 0 

A~~~~ 
- 

- 52 0 - 
A ~ ~ ~ t ~ ~  

, . 

SIDE 
V I E!! 







HEAD X - R A Y  DATA SHEET 
WBR NO. 6 

KHOLE BODY RESPONSE PROJECT 

I I N S T A L L ~ T I O S !  GISTG~ICE F R O M  X-RAY PLANE 

Y-Z PLANE X-Z PLANE TARGET (Side view) (Frontal ) 

A C C E L E R O M E T E R S  

Location 

Collet  Furthest t o  
Ri ght-Rear of Head 

Next Coll e t  clockwise 
from 9, (viewed from t o p )  

Next Collet  clockwise 
i (viewed from top) 2 

N arne - 

91 

Q, 

93 

R i g h t  Eye, 

L e f t  Eye 

Right Ear ' 0 I 
L e f t  Ear 

X-RAY DATA I 
VOLTAGE I 
CURRENT 

T 1 ME 

SAT I S FACTORY? 
(Check i f  Yes) 

Sketch of Re1 at ive Positions of Accelerometer 

Targets As Viewed from X-Ray Source. 



WHOLE BODY RESPOIISE : A;4THROPgiSETRY 

CADAVER ID : 2021 8 

DATE: 6-24-75 t 

Anthroponetri c Keasurernents: 

(A = Anthropometer; s?. C. = Spreading Calipers; 

ca l ipers ;  T = Tapes) 

1. Weight 

2. Statur? ( A )  

3. Trochar~ t e r i  on i i g t .  ( A )  R t  . 
Lt .  

4. Anterior-Superior I l i a c  Spine H g t .  ( A )  R t .  

Lt. 

5. I l i oc r i s t a l e  ilgt. (,4) 

6. Substernale t ig t .  ( A )  

7. Axilla t ig t .  ( A )  

8. Suprasternale H g t ,  ( A )  

9, iiipple i i g t .  ( A )  

10. Mastoid t l y t .  ( A )  

1 ! lucllale t i l t .  ( A )  
, 

12. Tragion t j g ~ .  ( A )  

13. Mcnton H g t .  (A) 

14. Head Breadth (Sp.  C . )  

15. tlead icngtli (Sp. C . )  

R t .  

S1. C. = s l id ing  

117.8 

Lt .  

L t .  12.9 



Page 2. 

Cad. I.D. 20218 

16. Bitragion Diameter (Sp.  C.) 

17. Bigonial Diameter (Sp.  C,) 

Menton Diagonal (Sp, C. ) 
t 

t,lastoi d 13i agonal ( A )  

Head Ci rcumference ( T )  

liii d-Sa;i t t a l  Arc Lengtii (T) 

Coronal Arc Length (T) 

Mi d-deck Ci rcumference (T)  

Chest Circ~r~lference a t  Axil l a  (T) 

Ciiest Circumference a t  , i ipple ( T I  

C i ~ s t  Circumference c t  Substernale ( 7 )  

Hip  Circumference, I1 i o c r i s t a l e  ( T )  

Buttocks C i  rcumference , Trochanterion ( T )  

Upper Arm Circumference ,. Axi 11 a ( T )  

Upper Arm Ci rcumference , I4i d Biceps ( T )  

Upper Arm Circumference , Humeral Condyles (T) 

Maximum Forearm Circumference (T) 

blrist Ci rcumference (T) 

Upper Viiigil C i  rcumference (T) 

Mid-Tili gt1 Ci rcumference ( T )  

Lower T h i  gn Ci rcumference (T) 

l9aximum Cal f Ci rcumference (T)  
P 

38. Ankle Ci rcumference ( T )  
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Cad. I.D. 2021 8 

39. Biacromial Di ai-ceter ( A )  

40. Bidel to id  Breadtn ( A )  
t 

41. Chest Breadth a t  Axil l a  ( A )  26.0 

42. Chest Breadth a t  I e l i  d-Point between Supra- 
s ternale  and Sutst2rnale 27.0 

Chest Breadth a t  Substernale ( A )  

Hip Breadth, I1 i oc r i s t a l e  ( A )  

Bispinous Giamter ( A )  

ASIS t o  Synghysion Distance ( A )  

Bitrochanteric D i z z ~ t e r  (A) 

Chest Depth a t  Suprasternale (A,) 

Chest Depth a t  Axil 7 a ( A )  

Chest Depth a t  iiipple ( A )  

Chest Depth  a t  Subsxerncie ( A )  

Hip D e ~ t h ,  I l ? o c r i s t a l e  ( A )  

A S I S  Ceptl~ ( A )  

Lt,  17.0 

54. Buttocks Depth, Trcchantcrion ( A )  

55. Trocr~antzrion R t .  

Lt. 

56. Synpi~ysion ( H g t . )  , 

57. Acrorn.ion-Radi a1 e Length 



Page 4 

Cad, I . D .  2021 8 - 
58, Ball o f  Humerus - R a d i a l e  Length  (A)  

t 

59, Rad ia l e -S ty1  i o n  L e r ~ g t h  ( A )  

Olec ronan -S ty1  i o n  Leng th  (A) 

Femur Length  (A) 

T i b i a  Length  (A)  

F i b u l a  Length  ( A )  

Upper Arm Depth ,  Mid Biceps  (Sl .C.> 

t i u m r a l  B i e p i  conayl  a r  B r e a d t h  (S1 ,C. ) 

Forearm Dep tt~ ($1 .C, ) 

\Jrist Depth (Sl.C,) 

Haild Leng th  (Sl .C, ) 

Hand B r e a d t ~ i  (S1. C. ) 

Hand Depth (Sl ,C.) ' 

T h i g h  B r e a d t h ,  Mid-Thigh (S1 .C,) 

C a l f  Depth (S1.C.) 

B i m a l l e o l u s  e r e a d t h  [Sl. C.) 

Foo t  Leng tn  (S1 .C.) 

Foo t  B r e a d t h  (Sl ,C,) 



WHOLE BODY RESPONSE - W B R  # 6 

AUTOPSY RESULTS 

junction 

Bony Thorax, anterior aspect 
RIB FRACTURE SITES ARE INDICATED BY DASHED LINES ( - - - - - )  

Other Injuries: 

There was a long subcutaneous bruise with lacerations 6-7 cm l o n g  
between rib 1 and  2 .  The lungs protruded. The tissue was ful l  

: of f luid.  Blood was f o u n d  inside the pericardium. 
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SETUP PHOTOGRAPH : T E S T  A-881 





SETUP PHOTOGRAPH: TEST 
A-881 



GRAPHCHECK PHOTOGRAPH: TEST 
I A-881 

1 



S E T U P  PHOTOGRAPH : TEST A- 882 



SETUP PHOTOGRAPH : T E S T  A-882 i 



SETUP PHOTOGRAPH: TEST A-882 



GRAPHCHECA PHuTOGRAPH : TEST A-882 































APPENDIX B 

CERTIFIED D1IKF:IY DATA PRESENTATION 



APPENDIX B: CERTIFIED D U M M Y  DATA PRESENTATION 

For each type o f  instrumentation, three di f ferent  sever i ty  levels  

were tested using the same velocity a n d  deceleration parameters as the 

equivalent cadaver t e s t s  (see Section 2 .2 ) ,  The ce r t i f i ed  dummy data i s  

presented by severi ty level in the follcwing sequence: 

1 .  Lo-Severi ty 

2. Intermediate Severi ty 

3. Hi-Severity 

For each severi ty level ,  the d a t a  w i  11 appear by t e s t  number i n  the 

following sequence: 

SLED TEST SUMMARY 

INSTRUlilENTATI O N  DATA SHEETS 

BELT ANCHOR DATA 

BELT LENGTH DATA 

COMPUTER DATA PLOTS A N D  KEYS 

SET-UP PHOTO PRINTS 

GRAPH-CHECK PHOTO O F  TEST 



~ . 1  w e  I Instrumentation - 

The c e r t i f i e d  dummy t e s t s  were run w i t h  two d i f f e r e n t  instrumented 

configurat ions - type I consisted of the  following: 

1 .  Head C . G .  Tr iax ia l  Accelerometer ( i n e r t i a l )  

2 .  Chest C . G .  Tr iax ia l  Accelerometer ( i n e r t i a l )  

3. Pelvis  C . G .  Tr iax ia l  Accelerometer ( i n e r t i a l )  

4 .  Femur Forces 

5.  Thorax Tr iax ia l  Accelerorneter (Cadaver Type I n s t a l l a t i o n )  

6 .  Pelvis  Biaxial Accelerometer (Cadaver Type Ins ta l  l a t i o n )  

7 .  Four Be1 t Webbing Forces 

The data follows: 



WHOLE BODY RESPOFjSE 

CERTIFIED DU:dilY TEST 

\ow Severi ty Impact 
' . 

Frontal Impact 

Three Po in t  Gelt R e s t r a i n t  

TEST F!O. 

A-888 

A-889 

(3" slack no t  i n  . shoul -  
der be1 t ) 

IMPACT VELOCITY ~ E W )  

16.6 

16.6 

IMPACT DECELERATJO;! (GI s )  







BELT Ai iCt iOR O R 1  ENTATIOi fS 

SHOULDER BELT 

WBR# C e r t i f i e d  I)urluny 
. - .- ..--- 

T e s t  110. A-888 - - 

LAP BELT 

LEFT 
S IDE 

RIGHT 
SIDE 

. TOP 
VIEW 

(Ske tc l l  i r i d i c a t c s  P o s i t i v e  ' ~ l l g l e  
J i  r c c t i  or~s) 

-' 6 
L~~~~ 

- in .  

r = 6 1/16 in, 
L~~ GHT 

= 5 3  1 / 2 0  
A~~~~ 

- 59 - 0 

A~~~~~ - 

SIDE 
VIEW 



WBR# Certified Dusm; 
. . . -.---- - 

WHOLE BODY RESPOiiSE 

BELT AIiCHOR O R 1  E N T A T I  O F 6  

Test  Ilo. A-889. - 

T O P  V I E l l  

SHOULDER 3ELT 
t 

LAP BELT 

LEFT 
SIDE 

. T O P  
, VIEd 

RIGHT 
SIDE L~~~~ = 5 3/4 in.  

- - 6 1 /4  
L ~ ~ ~ t j ~  i n .  

SIDE 
V I  EN 

= 61 0 

(Sketcll i n d i c a t e s  P o s i t i v e  Arlgle *RIGHT 
J i r e c t i o r ~ s )  



i,itiOLE BODY RESPOiISE 

BELT AiiCtIOi? 0RIEi. I 'TATIOilS 

T e s t  lio. A-890 --. . -- 

LEFT 
SIDE 

. TOP 
VIEW 

RIGttT 
SIDE 

(Skctcll i n d i c a t e s  P o s i t i v e  Al~glc 
d i  rcct iol \s)  

L~~~~ 
= 5 518 in, 

L~~~~~ 
= 6 518 in. 

SIDE 
VIEW 



WHOLE BODY RESPOiiSE 

BELT AI'iCHOR O R I E i i T A T I O i l S  

I I 6 
TOP VI Ell 24: 1 

WBR# C e r t i f i e d  Uur~~m:  
... .----...- 

Test [ lo .  A-891 - 

SHOULDER BELT 

l.kP BELT 

I-' 4 0 

- 

LEFT 
SIDE 

. TOP 
VIt'ld 

RIGHT 
S! DE 

(Sketcl l  i l l d i  cates P o s i t i v e  Ar~g le  
J i r e c t i o r i s )  

 EFT = 6 1 /16  i n .  

S I D E  
V I  Ell 



WHOLE BODY RESPONSE 

BELT LECiGTH DATA 

TEST A- 888 

Be l t  1 Pre-Impact 
Fos i t ion Length ( i n )  

1 

L t .  Lap 

R t ,  Lap 12 

Test  

Shoulder 

Be1 t Pre-Impact 
iiii t i o ~  I Length ( i n )  

4 2 

Post-Impact 
Length ( i n )  

Certi f i c d  Oununy 
NBR# 

Be1 t 
S t r e t c h '  ( i n )  

post-~rnpact I S e l t  
Length ( i n )  1 Stre tch  ( i n )  

Pos t-Impact 
Length with 
Load Cel Is 

Post- Im?act 
Length w i  tn 
Load Cells 



WHOLE BODY RESPONSE 

BELT LENGTH DATA 

TEST A- 890 

Be1 t 
Pos i ti  on 

Post-Impact 
l e n g t h  w i t h  
Load Cells 

Pre-Inpact 
L e n g t h  ( i n )  

R t .  Lap 

L t .  Lap 

Shoulder 

Post- Impact 
l e n g t h  ( i n )  

Tes t 

Be1 t 
P o s i t i o n  

Pre-impact Pos t-Impact 
L e n g t h  ( i n )  I lsngth ( i n )  

R t .  Lap I l 2  ! l 2  
1 

I Post-Inpact 
9 e l t  Length lili ch 

j S;retch ( i n )  Loed Cel l s  
I 

I 1 

L t .  Lap 32 1 / 2  32 1 / 2  



* I  - A n n - C I n  - I ~n 
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Z 1 I * *  
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I m 
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I o 
I  
I 
I  Q 
I C4 
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t r 
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8 MS 
JAN 21, 1976 / 03:~2:31 RUN ID: A-888- 1 : DM3X-L 

1 ' , '  ,' : ', ' , ' , '  : ' , ' , '  : ', ' , I  : ', ' , I  

20 PTS FILES: 1- 12, TAPE:GMR-F1 U01 PTS 0 2008 HZ = 199.2 MS 



r 3  m I1 
Z N I t  
kt * t  It 
c: 12 II 
4 0 I1 
f t  r *  Il 
c-l N II 
k1 C2 II 
r4 It 

II 
4 II 
rr: II 
Z b 0  II 
u r  11 
Ha '  It 
Crl t- 11 

II 
)--I I1 
4 r  II 
E.c N II 
H II 
CJ Z II 
H 4 II 
3311 

L1 

E 4 [-I r-( i-r 
x x x x  
frj f.3 F1 i r l  

L O X * %  
t-l 4 64 4 
P W W U j  

J C C C  
G ( ' S , =  
Cs L71 t-4 L-4 



8 MS 
JW 21, 1976 / 13:50: 17 RUN ID: A-888-2: DM3X-L 

H l ~ ~ I t I I 1 t I I I I I I I * * I I I l I I I * L 1 ,  

20 PTS 

< g> 9.E+01 T 1~ 1 
-C 

<lo> S.EfO1 IE 
~k 

8 MS 
I=% 

1 
c 

~ ~ ~ V I ~ U T I I ~ ~ ~ I T I I U I I I I  

1 ,  P W  

20 PTS FILES: 121-129, TRPE:GMR-F1 401 PTS % 2024 HZ = 197.5 MS 





JA~U 21, 1976 1 03:~3:20 BUN rc: F\-889-1: DM3X-L 
8 MS 

20 PTS 

<12> 2.E 
8 MS 

F r = l - r = l - r = l - . - - ~ ~  -i ;i I ,  , ,'---- * 
20 PTS ;.ILES; 13- 24, 'it'.PE:GIII;-\-FI ur~ l  pyS o 2007 H i  -; 199.2 EiS 

6-18 



t-c C-l E-c & 
X X X X  
C-1 W CII P1 

Q II 0 
I ffi 

F-r It !a 



8 MS 
JRN 21, 1976 / 13:50:52 RUN ID: R-889-2: CM3X-L 

l-4 I ' 1  ' I 1  1 '  ' ' I  ' I 1 , '  ; 'I ' t ' l 1  I '  '4 ' I  ' 1 ' * 1  ' 1  ' 1 '  , '  I' I ,  A 

20 PTS A 

8 MS 
l==4 

w 
20 PTS FILES: 130-138, TflPE:GMR-F1 U01 PTS 0 2025 HZ = 197.5 MS 





8 MS 
JAN 21, 1976 / 03: ~ 3 :  ~7 RUN ID: A-890- 1 : DM3X-L 

I & -  t ' 1  : ' 1  ' r l  u 1  ' 'l ' , ' I '  t' '1 ' 1 '  t 1  : ', l C 1 , '  : ' $  ' , I  
,. 20 PTS 

I < 1 > 2.E+OOT 

H 
20 PTS FILES: 25- 36, TRPE:GtlR-F1 

1 
401 PTS 0 2007 HZ = 199.3 MS 



I II 
X I1 
m II 
>: It 
a II 

I I 
I D  11 
CU I1 
I II 
0 II 

I1 
CO I1 
I II 

Ird II 
II 

9 t 11 
a 11 
I-I I1 

II 
z 11 
3 11 
ffi II 

E-1 t-4 L-4 tr 
X X X X  



8 MS 
H 
20 PTS 

8 MS - - 
r ~ n . ~ ~ a l l r r l l ~ * l l l l * l r l l l ~  I=+ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l i  

20 PTS FILES: 139-1117, TAPE:GMR-F1 1101 PTS 0 2024 HZ = 197.6 MS 





JAN 21, 1976 / 03:44:24 

20 PTS 
i: < l> 2.E+00T 

8 MS 
L 

k . 4  .-+==.---.~ : ' 1  l r ' l '  : ' r  ' t ' r '  : ' 1  ' 8 ' t '  r' ' v  ' 8 '  

20 PTS FILES: 37- 118, TRPE:GMR-F1 q01 PTS 0 2007  ti^ a 199.3 MS 



* 
U 
0 
c 

II P4 
II A 

7 I\ o 
L=4 I1 ;r: 
I II B 
s I1 
%:I1 o r  
L ?: c-4 

II -- 
* *  II I.,: 
F J I I  Q 
C?c I1 0 
rd II f f i  
L'4II PC 



8 MS 
H 
20 PTS 

<lo> 6.E+01 

8 MS 
I=+ 
20 PTS FILES: lU8-156, TAPE:GMR-F1 U01 PTS 0 202U HZ = 197.5 MS 



SETUP PHOTOGRAPH: TEST A-88d , 



SETUP PHOTOGRAPH : TEST A-888 



GRAPHCi iECK PHOTOGRAPH : TEST A-888 



SETUP PHOTOGRAPH: TEST A-889 



SETUP PHOTOGRAPH : TEST A-889 



G R A P H C H E C K  PHOTOGRAPH: TEST . . A-889 . , 



SETUP PHOTOGRAPH : T E S T  A-890 



SETUP PHOTOGRAPH : TEST A-890 
. . 



GRAPHCHECK PHOTOGMPH: TEST A-890 



SETUP PHOTOGRAPH: TEST A-891 ; I 



SETUP PHOTOGRAPH: TEST A-831 



GRAPHCHECK PHOTOGRAPH: TEST A-891 ' 



\,/HOLE BODY - RESPONSE 

CERTIFIED DUIvIMY TEST 

Intermediate Severity I m ~ a c t  

I Type Instrumentation 

Frontal Impact 

Three P o i n t  Belt Restraint 

TEST NO. --- 

A-892 

A-893 

A-894 

IFlPACT VELOCITY (I4PH) 



M B R # .  C e r t i f i e d  Uusn: 

WHOLE BODY RESPOiiSE 
Test Ilo. A-892 - ,  

BELT AI'iCHOR OR1 ENTATIOiiS 

TOP VIEW 

-++G- 
SHOULDER 8ELT 

LAP BELT 

LEFT 
SIDE 

. TOP 
VIEiu' 

RIGHT 
S! DE LLEFT = 5 518 i n .  

L R I  GHT = 5 3/4 i n .  

SIDE 
VI ELI 



WBR# Certi f i a d  Uur~uny 

1,IEIOLE BODY RESPO?ISE 

TOP V I  EN ---% 

T e s t  [ lo .  A-8'33 
. . -- 

LAP BELT 

LEFT 
SIDE 

TOP 
VIEW 

R IGHT  
S IDE 'LEFT = 4 718 in. 

L~~~~ = 6 5/8 in ,  

(Ske tch  i t l d i c a t e s  P o s i t i v e  Ar~glc 
d i  r e c t i o r l s )  

S I D E  
VIEW 



MB R# C e r t i f i e d  Dur~: I 

WHOLE BODY RESPOiISE 

BELT AIICHOR O R 1  ENTATIOilS 

Test 140. A-894 . - 

1 r !l 
TOP VIEW 2 4 ;  [ 

- LAP BELT 

LEFT 
. SIDE 

RIGHT 
SIEE 

. TOP 
Y I E U  

SIDE 
V I E \,I 



Cer t i f i ed  Dur~~my I K B R #  i WHOLE BODY RESPONSE 

EELT LENGTH DATA 

TEST A- 892 

Post-Impact 
Be1 t Length ~ ~ i t h  
Stretch ( i n )  1 Load Cells 

Pre-Iriipact 
Length ( i n )  

Post- Impact 
Length ( i n )  

Be1 t 
Pos i t ion 

Rt. Lap 

L t .  Lap 

Shoulder 

Test A- 893 

Gel t I I 

Stretch ( i n )  1 
I 

Pos t-Impact 
Length with 
Load Cells 

Be1 t I Pre- 1n:pact 
P o s i t i o n  Lengtn ( i n )  

Pos t-Impact 
Ler,gth ( i n )  

~ t .  ~ a p  1 32 1 1 2  1 3 2 3 1 4  

Shoul der 



WHOLE BODY RESPOIISE WBR# C e r t i f i e d  Dummy 

BELT LENGTH DATA 

TEST A- 894 

Be1 t I Pre-impact 
Posi t ion 1 Length ( i n )  

Rt. Lap 

Shoulder I 42 

12 

Lt .  Lap 

Post- Impact 
l eng th  ( i n )  

32 112 

Be1 t 
S t r e t ch  ( i n )  

Post-Impact 
Length 1:ii t h  
Load Cel l s  

Test A- 

I Be1 t 
Posi t ion 

Rt. Lap 

Lt. Lap 

Shoulder 

Post-Irnpzcr. 
Pre- Impact I Pnst-Impact I Belt i l e n g t h  w i  ~ $ 1  

Length  ( i n )  L e n g t h  ( i n )  S t r e t ch  ( i n )  1 Load Cel ls  



h 

1 0  
N 
"4 

I 
cr 
,P: 
Y 

Ill 
4 



JFlN 21, 1976 / 13:g1:43 RUN ID: A-892- 1 : ZK%-L 
8 MS 

1 1  . ' ' ' ' L t i l t l t q l  
, I I I I I L - - . k  

- , i , , , I I i  
- - I 

20 PTS 

20 PTS 



U U U 
U U U  
A 4 4 

E t - 4 4  I  
3 3 1 2 ;  

C . 5 0  ( 0  
< x 3: 
4 L') Co 

I 
I 
t l n  

Pi c- l u, 
M W W  I r 
Crc 01 :3 I 
Fr' b 0 I  I 
t 4 = 4  I 

I f- 
r .I * *  e e  r r  ( Ln 
a a r > r c J ) r  

t- F v -  1 '  
I ( 9  

I l l  
W I 
4 l  r - a m  
I-I I l n l n l n  
c4 l  F C V -  



20 PTS 



i l l  t-, 3 1 C ; d + ? U r 3 u  
::r-II t 4  
I fr 

Q 3 1 1  * *  2.1 U U U 
C?4 0 1 U U U  



8 MS 
JAN 21, 1976 / 13:u2:36 RUN ID: A-893-1 : DM3X-M 

, I I I ~ I I L ' s k I  H l " " ' l l ~ , L ~ , l ( l ,  i 1 ,  I 1  1 1 1  1 

20 PTS 

< 1 > 2.E+00 

<12> 9.EtOG 

8 MS 
+=4 
20 PTS 



C7 '3 ll 
z .) )I 
I f  * *  ll 
t x y c  It 
Tt1 r 11 
F 1  r *  II 
t l  CJ I1 
h '5 11 
F;r II 

I I 
4 II 
rd II 
;5 '0 II 
C-P I-- I1 
t-r cn II 
U f r  I1 

I I 
b 1  \ II 
Gc=r ll 

c'4 It 
H It 
u II 
H 4 II 
0911 

I:: 

t " J  
I f -  
I ,* 
l 
I T  
I '* 
I Cy 

1 0  
I 
I 
I Q 
3 r- 
10 
I v- 
I 
1 
! r 
I cJ 



20 PTS 

< 2> 3.€+00 

I=+ 
20 PTS 

E 

tc_i w 2, --- , ,-j 
FILES: 166-17'4, 7RPE:GMR-F1 U01 PTS 0 202U HZ = 197.5 MS 





<12> 
8 MS 
k=4 
20 PTS FILES: 73- 8'4, TR?E:GIlR-F1 l i O l  PTS 0 2007 HZ = r39'.3 :'IS 





20 PTS 

< 2> 3.E+OO 

8 NS 
l I r l l l ' ' T  

20 PTS FILES: 175-1 83, TNE:ZI*IH-F1 Q01 PTS 0 202'4 HZ = 157.5 i:S 



SETUP PHOTOGRAPH : TEST A-892 





SETUP PHOTOGRAPH ; TEST A- 833 



SETUP PHOTOGRAPH: TEST A - 8 9 3  



GRAPHCHECK PHOTOGRAPH : TEST A-893 



SETUP PHOTOGRAPH: TEST A-8g4 1 
I 



SETUP PHOTOGRAPH : TEST A-894 



I 

GRAPHCHECK PHOTOGRAPH : TEST A494 



l . i l iOLE B O D Y  R E S P O N S E  

C E R T I F I E D  DUMMY T E S T  

H igh  Severity I n i p a c t  

Type ' 1 I n s t r u m e n t a t i o n  

F r o n t a l  Impact 

Three P o i n t  Zelt  R e s t r a i n t  

IIl'IPACT PARAMETERS 

T E S T  NO. I N P A C T  V E L O C I T Y  ( M P H )  

32.8 

32.8 

33.6 

I M P A C T  D E C E L E R A T I O N  (G's) ' . 



WB R# Certified Durmy 

WHOLE BODY R E S P O i l S E  

BELT AiiCHOR OR1 ENTAT I Oils 

1 b 

TOP VIEN 

SHOULDER BELT 

T e s t  [lo. A-895 , - 

LAP BELT 

LEFT 
S I D E  

. TOP 
VIEU 

R1 GHT 
SIDE 

(Sketcll i n d i c a t e s  P o s i t i v e  Angle 
d l  rccti 011s) 

L~~~~ 
= 5 518 i n .  

L~~ WIT 
= 5 112 i n .  

SIDE 
VIEW 



WHOLE BODY RESPONSE 

BELT AIJCHOR ORIENTATIOiiS 

WBR# C e r t i f i e d  Uuauny 
. ... - -- - 

I 
TOP VI Elrl 

S H O U L D E R  BELT 
T 

T e s t  Ilo. A-896-, --- 

LAP BELT 

LEFT 
SIDE 

. TOP 
VIEW 

RIGHT 
SIDE L~ EFT = 4 1 /4  in, 

SIDE 
VIEW 

(Sketc l r  irldicatcs P o s i t i v e  A t ~ g l c  
d i  r ec t i o r~s )  B-69 

L~~ GHT = 6 3/8 in. 



WBR# C e r t i f i e d  Dusmj 

GIHOLE BODY RESPOiISE 

BELT AI4CHOR ORIENTATIOiIS 

SHOULDER 3ELT 
b 

Test [lo. A-897 .. . . - 

LEFT 
SIDE 

. . TOP 
V I E U  

RIGHT 
SIDE 

LAP BELT 

(Sketcll i n d i c a t e s  P o s i t i v e  Angle 
d i r e c t i o r ~ s )  B-70 

S! DE 
VIEW 



h'ttOLE BODY RESPONSE 

CELT L E N G T H  DATA 

HER# Certified D w  

TEST A- 895 

Test A- 896 

Post- Impact 
Length with 
Load Cells 

I 
Be1 t I Pre-Impact 
Position I Lengtn ( i n )  I 

Post- Impact 
Length ( i n )  I t h  ( i n )  

Be1 t 
Pas i t i  on 

R t .  Lap 12  12 112 

Lt. Lap 32 112 32 918 

Post- Impact 
Length ( i n )  

Pre-Impact 
Length ( i n )  

9 1 2  I 1 1 3 / 8  

R t .  Lap 

L t .  Lap 

Snoul der 

318 

Be1 t 

31 314 

40 3/4 Shoulder 4 2 41 1/4 

Pos t-Impact , 
Lengtn with 

114 

Stretch ( i n )  , Load Cells  



WHOLE BODY RESPONSE 

BELT LENGTH CATA 

WBR'# C e r t i f i e d  Dummv 

Pos t-Impact 
L e n g t h  w i t h  
Load Cells 

Pre-Impact 
Position Be't I Length ( i n )  

Rt. Lap 

Lt .  Lap 

Test A- 

Post-Ispact I Belt 
Length [ i n )  1 Stretch ' ( i n )  

Shoul de r 

12 

32 1/2 

42 

1 /8 

0 

1 2  1/8 

32 1 /2  

Pos t - Impac t  
L e n g t h  :.;i tri 

Load Ce l i s  
Re1 t I P r e - i m p a c t  1 P o s t - I s p a c t  I Be1 t 
Position , Lenctn (in) i Length ( i n )  i Stretch ( i n )  

11 3/8 

42 1/4 

R t .  Lap 

L t ,  Lap 

Shoul der 

- 

7 /4 40 3/4 
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SETUP PHOTOGRAPH: TEST A-895 , 
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GRAPHCHECK PHOTOGRAPH: TEST A-895 , 
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SETUP PHOTOGRAPH : TEST A-896 1 
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SETUP PHOTOGRAPH: TEST A-896 
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8.2 Type I1 Instrumentation 

Type I1 instrumentation involved the addition of the three triaxial  

headset accelerometers for comparative purposes with the internal dummy 

head triax.  The data recorded for this series included the following: 

1.  Nine Accel erometer Headset (Three Triaxial ) 

2. Head C .G. Triaxial Accelerometer ( 1tlertial) 

3 .  Thorax Triaxial Accelerometer (Cadaver Type Installation) 

4. Pelvis Biaxial Accelerometer (Cadaver Type Instal lation) 

5. Four Belt Webbing Forces 

The data follows: 



IdtiOLE BODY RESPONSE -- 

C E R T I  FIED DUEiMY T E S T  

Lqw Severi ty  Impact 
b ,  

Type I I Instrumentation 

Frontal Impact 

Three P o i n t  Be1 t Rest ra in t  

I FIPACT PARAFIETERS 

TEST NO. .--- I I l * lPACT VELOC I T V  (MPH) 

( 3 "  s lack no t  in 
shoulder be1 t) 

I M P A C T  DECELERATION - ,  (G's) 







W B R #  Certi f i u d  DU~I~ITI: 

WHOLE BODY RESP0;iSE 

BELT AIjCHOR OR1 Ei4TATIOi1S 

Test Ilo. 4-907 - - 

1 6 
TOP VIEW 

SHOULDER BELT - 

LEFT 
S I D E  

. TOP 
VIEW 

LAP B E L T  

R I G H T  
SIDE 

(Sketctl  i r i d i  ca tcs  P o s i  t i v c  Aliglc 

SIDE 
VIEN 



WB R# C e r t i  f ied Uunurty -- . ------ 

WHOLE 60DY RESPONSE 

BELT Ai iCHOR O R 1  ENTATIO!lS 

I €3 

12 
TOP VIEPI 

T e s t  Ilo. A-908 . - 

LAP BELT I 

LEFT RIGHT 
S IDE 

. TOP 
VIEW 

(Skctcl~ i u d i  c a t e s  P o s i  t i  vr! Ar~glc 
J i  rcct ior~s)  

S IDE 
VI EM 



WHOLE BODY RESPONSE 

WBR# C e r t i  f i e d  Uur~in: 
-_ -- - 

Test 110. A-909- - 

BELT AiJCHOR ORIENTATIO i lS  - 
TOP VIEW 

LAP BELT - 

I-: 0 - 4 - 

L E F T  
. S IDE  

. . TOP 
V I E U  

R I G H T  
SIDE 

(Sketch i n d i c a t e s  P o s i t i v e  Arrgle 
d i  r c c t i  011s) 

B-100 

SIDE 
VI EN 

L~~~~ 
= 5 1 /2  in .  

L~~ GHT = 5 5 / 8  i n .  



WBR# C e r t i  f i e d  Uuriuny 

WHOLE BODY RESPONSE 

BELT A i iC l iCR ORIENTATIOI' iS 

TOP VIEW -t 
SHOULDER BELT 

LAP BELT 

LEFT 
SIDE 

. TOP 
VIEW 

RIGHT 
SIDE 

(Ske tch  i ~ i d i c a t e s  P o s i t i v e  Atlgie 
J i  r c c t i o r l s )  

B-101 
i7 - .. . 

L~~ WT 
= 5 3/4 in. 

S I D E  
VIEW 



WHOLE BODY RESPONSE 

BELT LENGTH DATA 

C e r t i f i e d  Ounlmy WBR# 

TEST A- 907 

Be1 t 
Pos i t i on  

Rt. Lap 

Lt. Lap 

Shoul der 

BELT DATA IIOT AVAILABLE 

Pre-Impact 
Length ( i n )  

Post- Impact 
Length ( i n j  

Tes t  A- 908 

Be1 t 
Pos i t i on  

I 1  re-~npact I 
I Length ( i n )  
I 

Rt. Lap 

Lt .  Lap 

Shoul der 

St re tch  ( i n )  I 
4 

Post- Impact 
Length w i t h  
Load Cell s 

Pos t - Impact Be1 t 
Length ( i n )  , / i i i a t r h  ( i n )  

Post-!r;:?act 
Length w i  r,h 
Lo rd  Ciiii 



WHOLE BODY RESPONSE WBR# 
C e r t i f i e d  Dummy 

BELT LENGTH DATA 

TEST A- 909 

Tes t  A- 910 

Pos t - Impact  
Length w i t h  
Load C e l l s  

Rt. Lap 

Lt .  Lap 

Shoulder 

Be1 t 
S t r e t c h '  ( i n )  

Be1 t 
Pos i ti on 

12 

32 712 

4 2 

Pre-Impact 
Length ( i n )  

Post- Impact a 

Length w i t h  
Load C e l l s  

JJ-u-- 
31 718 

40 5,!8 

Post- Impact 
Length ( i n )  

12  1/4 

32 112 

4 2 

Be1 t 
S t r e t c h  ( i n )  

0 

118 

0 

Be1 t 
Pos i ti on 

Rt. Lap 

L t .  Lap 

Shoulder 

0 

0 

Pre-Impact Pos t- Impact 
Length ( i n )  Length ( i n )  

- 31 3/4 

40 112 - 

_ 92 

32 112 

42 

12 

32 518 

42 
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GRAPHCHECK PHOTOGRAPH: TEST A-908 
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WHOLE BODY RESP0:ISE 

CERT IF IED  DUMMY TEST 

I n t e r m e d i a t e  Severi ty Impact  

Type I I Instrumentation 

Frontal Inpact 

Three Point B e i t  Restraint 

' IMPACT PA2A"IETEE.S 

TEST FIO. 

A-91 1 

A-91 2 

IM?ACT VELOCITY (:4F!I) 



NBR# C e r t i f i e d  Uununy 

\/HOLE BODY RESP0;JSE 

BELT AiJCtiOR ORIENTATIONS 

T e s t  Ilo. A-911 . - - 

I 
TOP V I E N  

SHOULDER BELT 

LAP BELT 

LEFT 
S I D E  

RI GHf 
S I D E  

- TOP 
VIEW 

(Sketcl i  i n d i c a t e s  Posi t i v c  Arlglc 
d l  r e c t i o r l s )  

SIDE 
VIEW 

- - 5 718 
L~~~~ in. 

L~~ GHT 
= 6 1/8 in, 

- 
A~~~~ 

- 51 

52 0 - 
A~~~~~ - 



WB R# Certified Uur~w, 

WHOLE BODY RESPOiISE 

BELT Ai..ICHOR ORIENTATIOiiS 

SHOULDER 8 i L T  

Test, 110. A-91.2 - 

LAP BELT 

LEFT 
SIDE 
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I vreri 

RIGHT 
S I D E  L~~~~ 

= 5 114 i n .  

L~~ GHT 
= 5 15/16 i n .  

(Skctctl i nd i ca t e s  P o s i t i v e  Ahgle 
= 53 1/2  O , 

A ~ ~ ~ t i ~  -- 

SIDE 
V I  ECi 
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Pos i t i o n  

L e n g t h  ( i n )  ( i n )  1 Load Cells 

Rt. Lap 

L t .  Lap 

Shoulder 

I POS t- Impact 
Pre- In lpac i  Pos t - I m p a c t  ! Belt 
Length ( i n )  I Lensti1 ( i n )  1 S t r e t c h  ( i n )  1 L e n g t h  Load Cells with 
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APPENDIX C: THREE DIMENSIONAL X-RAY TECHNIQUE 

In m o u n t i n g  accelerometers on the head, i t  i s  very d i f f i cu l t  t o  

locate them on standard anatomical landmarks and orient  them along standard 

anatomical axes. I t  i s  more convenient to  mount them in an arbi t rary  

instrumentation frame, then determine the transformation between th i s  

frame and a pre-defined, standard anatomical frame. 

I t  is the purpose of th i s  appendix to  present a technique using 

x-rays t o  determine this transformation. 

C. 1 Reference System 
A A  A  

Let (el ,e,,e3) be an arbi t rary  instrumentation frame, embedded 
A A A  

i n  the head (i , j  , k )  a standard anatomical reference frame, and (1 $3 ,k) be 

an ine r t i a l  frame. For any given arbi t rary  orientation of the head in 

the iner t ia l  frame, 

and 

A  A  

The objective i s  to  obtain a transformation matrix of (q ,e2 , e3)  
A  A A  

i n  the ( i , j , k ) :  

I t  i s  obvious from ( I ) ,  ( 2 ) ,  (3 )  that  

CRI = [El [A]-' 

Thus t o  obtain [R] ,  one must obtain [El and [A] ,  then perform the 

product of equation ( 4 ) .  



C.2 Landfilark L o c a t i o n s  

The s tanda rd  a n a t o m f c ~ i  frame for  t h e  head i s  based on t h e  Frank- 

f o r t  Plane wh ich  i s  d e f i n e d  by f o u r  anatomica l  landmarks:  t h e  two 

s u p e r i o r  edges o f  t h e  r i g h t  (PI) and l e f t  (P2) a u d i t o r y  meat i ,  

and two right ( P 3 )  and l e f t  ( P 4 )  o r b i t a l  no tches.  The anatomica l  

c e n t e r  i s  d e f i n e d  as mid-way between PI  and P then,  and a  p o i n t  M 2 ' 
i s  d e f i n e d  as mid-way p o i n t  between P and P t h e n  

3 4 ; 

anatomica l  A-P a x i s  = = ~ / I c M ~  (5) 

anatomica l  L-R a x i s  = ; = 32/2/1~~21 (6) 

n r 

anatomica l  S - I  a x i s  = k = i x j (7) 

A A A 

The i n s t r u m e n t a t i o n  frame i s  d e f i n e d  by t h e  o r i g i n  P o f  (el ,e2,e3) 

and t h e  3 acce le romete rs '  c e n t e r  o f  mzss Q1, Q2$ Q3: 

T h e r e f o r e  i t  i s  necessary  t o  d e v i s e  a  method t o  lot;:.- t h e  (x,y,z) 

c o o r d i n a t e s  o f  t h e  4 anatomica l  p o i n t s  (PI ,P2 ,P3 ,P4) and the 3 i n s t r u -  

m e n t a t i o n  p o i n t s  (Q1,Q2,Q3) b e f o r e  m a t r i c e s  [ E l  and [ A ]  a r e  known, and 

subsequent ly ,  m a t r i x  [R]. 

T h i s  method was d e s c r i b e d  i n  t h e  F i r s t  Year F i n a l  Repor t  CUM-HSRI-BI 

75-1 1 and has been v e r y  s a t i s f a c t o r y .  However, t h e  computa t iona l  

p rocedure  o f  t h e  o r i g i n  P has been m o d i f i e d  wh ich  r e s ~ i l t s  i n  t h e  p r o p e r  

s o l u t i o n .  I n  a d d i t i o n ,  a  p e r t u r b a t i o n  scheme has been i n t r o d u c e d  t o  

b r i n g  t h e  r e s u l t i n g  m a t r i x  [R] t o  a  p e r f e c t  o r t h o g o n a l i t y .  

t 
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C.3 Location of Instr~irnentation Origin IL 

Given 

XI¶  Y , ¶  2 ,  o f ,  and PO, = P ,  

X2, Y 2 ,  Z2 O F  Q2 and PQ, = P, 

X 3 9  Y 3 3  23 of Q3 2nd dQ3 = p 3  

and assuming t h a t  Q1, Q2, Q3 are  located on the respective axes of 

an instrurnentaticn right-handed t r i a d ,  i t  i s  required t o  find x 
A A A P '  Y ~ '  

z o f  the origin P of (e l , e2 ,e3) .  
P 

The origin P i s  the intersection of 3 spheres of centers Q,, Q 2 ,  Q3 

and radii  P I ,  p2, p 3 .  I t  i s  possible t o  write the equations of these 

spheres in 3-D, b u t  these equations are quadratic equations in ( x  y , z ) P '  P P 
which rneans t h a t  two solutions may be obtained. Furthermore, b o t h  

solutions yield a r ight  handed t r i ad  vihen associated with Q, , Q2, Q3. 

Thus ,  a l ternate  mexhod i s  devised which will yield a unique solution 

which i s  proved t o  02 the proper one. This method, presented below, 

uses intersection o f  l ines and planes, t o  find the correct location 

o f  P. 

Consider spheres ((I,, p l )  a n d  ((q,, p , ) .  In order for  P t o  
i. 

e x i s t ,  they niust in tersect  along a c i r c l e  with center a t  HI  which 

must be located on l ine  Q1Q2 ccnnecting the centers. Furthermore, 

this c i r c l e  i s  the locus of origin P ,  thus i t  has a radius H I P  The 

third sphere (Q3, P ' )  being orti~ogonal t o  each of the f i r s t  two, 

must in tersect  the c i r c l e  ( H i ,  H I P )  a t  r ight  angles, i . e . ,  Q3P 

must be tangent t o  that  c i rc le .  Therefore, the plane Q3PH, i s  

normal to  l ine  Q,q,, or l ine  Q1Q2 must be normal to a l l  l ines con- 
I L 

t a i ncd  i n  p lane  Q3PH, ; i n  part icular  Q1Q2 i s  perpendicular t o  1 ine 



Figure  C-1 



Q3H1 Thus, Q3H1 i s  t h e  height of t r iangle  Q1g2Q3 a t  the base Q,Q2. 

Similar reasoning nay be followed for  each of the other two heights 

Q2H3 and Q, Hz. Since a1 1 three heights in any triangle in tersect  

a t  a common point,  th i s  intersection i s  called point C .  

Next, consider plane Q3H,P w h i c h  i s  perpendicular t o  QlQ2. 

Since point C i s  in th i s  plane, l ine  CP must be perpendicular to Q 1 Q 2 .  

Similarly, CP must be perpendi cul a r  t o  Q2Q3 and t o  Q3Q,. I t  may be 
1 

concluded t h a t  l ine  CP i s  perpendicular t o  the plane of t h e  t r iangle 

Q1Q2Q3, or that  C i s  the orthogonal projection of a single point P 

on the plane Q1Q2Q3. 

Armed with these properties, the solution o f  the problem may be 

broken into smaller problems of 1 ine-plane intersections.  

Given a plane defined by a point ( x z  ,yl , z l )  and the direction 

cosines of a normal vector ( a ,  b, c )  , and given a 1 ine M i n e d  by a 

point (x2,y2,z2) and i t s  direction cosines ( u ,  v, w ) ,  solve fo r  the 

trace ( x ,  y ,  z )  of the l ine  on the plane. 

The normal form of the  equation of the plane i s :  

and the parametric form of the equation o f  the 1 ine: 

A t  the intersecticn,  ( x ,  y ,  z )  must sa t i s fy  b o t h  equation (11) and 

(1  2 )  : 

a[(x2 t u t )  - x l ]  + b[(y2 + v t )  - y l ]  + c [ ( r2  + w t )  - z l ]  = 0 (13) 



which yields:  

The parameter t i s  precisely the distance along ( u ,  v ,  w )  of the 

l ine  between the piercing point and the l i n e ' s  part icular  point. Once 

i t  i s  computed from equation (14), i t  i s  substituted in equation (12 )  t o  

yield the coordinate (x ,  y, z )  of  the intersection. 

The f i r s t  s tep towards a soluticn i s  to  compute the location o f  

H I  as the intersection of Q , Q 2  whose direction cosines and part icular  

points are known, and the plane Q,H P ~ h i c h  has the saxe direction ., 1 

cosines as Q1Q2  and a part icular  point Q This i s  repeated fo r  H2 3 '  

and H3. 

The second step i s  t o  locate C as the intersection of l ine Q H 3 1 
a n d  plane Q H P whose direction cosines and part icular  points are 1 2  

known. The location of C may be obtained w i t h  two other methods: 

intersection of l ine  Q1H2 with plane Q2H3P, or intersection of l ine  

Q p H 3  with plane Q3HIP.  One method i s  su f f i c ien t ,  b u t  the average o f  

the 3 methods reduces the experimental reading errors.  

The direction cosines of l ine  CP are obtained as the normal 

vector to  any two vectors connecting 3 points (4, 5Q23Q3)- The 

proper order i s  important so that  point P would be on the correct s ide 

of the plane (Q1 , Q 2 ' Q 3 ) .  The direction cosines ( u 1  .u2,u3) of t h i s  
A 

vector u are: 



. - 

To complete t h ?  required information, the magnitude of l ine  C P  

must be comput2d. Again there are three methods which would yield that  

length. The average i s  taken t o  minimize experimental error. The 

length CP i s  obtained by soiving the right-angle tr iangle Q3CPy 

given Q3, C and p 3 .  The procedure i s  repeated using ( Q 1  C ,  - 
t r iangle  Q I C P )  and ( q 2 ,  C y  9, - t r iangle Q 2 C P ) ,  and the average CP 

is  retained. 

Finally, the parametric equations of l ine  C P  are used t o  compute 

the location o f  P :  

A h  h 

Once P is located,  the corn?onents of e l ,  e2, and e3 nay be determined 

w i t h  equations ( 8 ) ,  ( 9 )  a n d  ( 1  0 ) .  

C.4 Perturbation Tonards an Orthogonal Matrix 

Since the transformation matrix [R]  i s  computed using experimental 

readings, i t s  elements w i i  1 carry some error .  Fortunately, t h i s  matrix 

must be orthogonal , a property w h j c h  can be used t o  determine the amount 

o f  error  and  t o  pwturbate i t s  e1enent.s so t h a t  i t  becomes as close t o  

being orthogonal as desired. 

Given the uncorrected rnatri x: 



the magnitudes of e l ,  e2 and e3 must be unity. If the deviation 

from unity i s  n o t  acceptable, the following scheme i s  employed as a  new 

unit vector i s  computed using normalized versions of the other two: 

then the old components are  replaced by: 

If the new values of e l ,  e 2 ,  e3  are n o t  acceptable, another 

i tera t ion i s  performed. A check on the orthogonality of the matrix 

is: 

This equation will be t rue  only i f :  

i  .e. ,  when [R]  i s  orthogonal. I t  was found that  5 i tera t ions  were required 

for  the worst case, a case in which the off-diagonal terms of equation 

(19)  s tar ted  with as high as 0.18 and ended with 0.00001. Note tha t  

none o f  the 3 unit vectors were perturbed more than four degrees in 

space, an amount which can conceivably be produced by measurement 

er rors .  
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APPEND1 X D: VALIDATION OF MINIMUM-INPUT 3-D MOTION MEASUREMENT 

The six-accelerometer method for measuring a senera1 three- 

dimensional motion i s  validated using hypothetical a n d  experimental 

acceleration readings. Rssults show t h a t  the 2-2-2  ccnbination of 

accelerometers prove to be stable for t h e  durations of the tested 

motions. Small deviations result from truncation a n d  round-off 

errors,  b u t  considzrably larger errors resui t from the calibration 

o f  accelerometers and fro9 the uncertainties in ineasuring other 

physical quantities requi r~d  for the analysis. The effect of 

both types of errors i s  cumulative, increasing the instabi l i ty  f ,  

integration. The use of additional (redundant) rnedsures i s  there tore 

recommended. 

This presentatim i s  inciuded i n  thjs report f ~ r  g~nera l  infor- 

mation purposes. The work was performed for use on a variety of pro- 

jects a t  HSRI invoived in 3-D motion measurement. 



D. 1 INTRODUCTION 

I t  has been established that  s ix  independent acceleration readings 

are necessary and suff ic ient  for  the determination of a general 

3-dimensional motion [I]*. However, i t  has been the experience of 

many researchers t ha t ,  a1 most always, the six-accel erometer method 

resul ts  in ins tab i l i ty  of the integration of angular accelerations 

into angular veloci t ies .  

In th i s  paper, the accuracy of the 2-2-2 combination of accelero- 

meters [2]  i s  investigated, The procedure i s  t o  carry on the analysis 

of 6 input accelerat ions,  which are the resu l t  of a known motion, This 

motion i s  e i the r  mathematically prescribed or experimentally produced. 

In the f i r s t  (hypothetical) case, a11 variables of the motions are  

exactly known,  and in the second (experimental) case, only the accelera- 

tion in a given direction i s  measured. I n  b o t h  cases, the cornpilted motion 

i s  validated against what i s  k n o w n  to be the actual motion. 

D.2 INSTRUMENTATION AIqD KINEkNTIC EQUATIONS 
A A A  

A r igid body, shown in Figure 1 ,  moving in ine r t i a l  frame (I,J,K) 

i s  instrumented with 6 accelerometers with t he i r  sensit ive axes along an 
A A A  

instrumentation frame ( e l , e2 , e3 ) ,  embedded in the r igid body. 

The accelerometers are mounted in pairs a t  3 points Q1, 42, Q3. 

The origin of the instrumentation frame i s  P ,  as shown in figure 1 .  

The absolute accelerations are: 

*Numbers in brackets refer  'to references a t  end of paper. 
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The angular velocity and acceleration are 

Since a l l ,  a,2 and a 3 3  are not measured fo r  the 2-2-2 configura- 

t i o n  of t h i s  six-acceleration method, the nation i s  t o  be determined 

using only the  other 6 acceleration readings. Kinematic equations are 

written and manipulated t o  produce two se t s  o f  equations. The f i r s t  i s  a 

set o f  three simultaneous, nonlinear, f i  rst-order d i f ferent ia l  equations 

in angular vel oci ty and acceleratior\: 

The second i s  a s e t  o f  algebraic equations in the translat ional  acceleration 

of  the origin P :  



In general , "Le instrunlentation frame is a rb i t ra r i ly  nlounted, and 

one i s  interested in expressing the various vectors a l o n g  a n  "anatomical" 

frame which i s  precisely defined for  the r igid body in question. This 

can eas i ly  be done once the transformation between the instrumentation 

and anatomical frames i s  known; i .e., one must know the Euler matrix 
h A A  A h *  

between ( e l  ,e2,e3) and the arlatomical frame ( i  , j  , k )  , and the location 

of the origin P re la t ive  to  tne anatomical centcr C, exprcsscd i n  the 
A A A  

anatomical (i , j ,k ) ,  

A computer program was written to analyze the 3-D motion under these 

condi tions . I t  requires the kno~ l  edge of the fol l o ~ i n g :  

1. three distances pip p 2  and p 3 ,  

2. s i x  acceleration readings a 2 ~ ,  a319 a329 a12, a13, a23s 
A A A * *  

3.  the  Euler matrix of ( e l  ,e2,e3) re la t ive  to  ( i  ,j,k), 
A * *  

4. the location of P i n  the ( i  , j  , k )  frame, 

5. the location of a body point (e.g. center of mass) in the 
A A A  

( i  ,j , k )  framep 

6 four s e t s  of i n i t i a l  conditions: i n i t i a l  angular velocit ies 
A A A  

along ( e l  , e2 ,e3) ,  i n i t i a l  Euler angles, i n i t i a l  velocity, 

i n i t i a l  position of the body point. . . 

The program produces then the following outputs: 
. 4 A A  

1. Angular accelerations and velocity in the ( i , j , k ) ,  

2. the Euler angular rates and Euler angles re la t ive  to the 
A A A  

ine r t i a l  frame (I,J,K), 

3. the translat ional  acceleration vrctor, of the given body- '. A A 

point expressed i n  the anatomical ( i  , j  , k )  and the ine r t i a l  
A A A  

(I,J,K) frames, 

4. the velocity and position vectors o f  the given body point fn 

the inertia7 frame, - - 



0.3 HYPOTHETICAL MOTION 

The six degrees of freedom of motion are prescribed with the mathe- 

matical function: 

which has a  velocity ( 1 s t  t ime-derivative): 

and an acceleration (2nd time-derivative) 

$ ( t )  = - 4 n 2 S m [ ~ f s i n 2 ~ ~ , t  - #.:si n 2 n  kt] 

by se lec t ing  ( S ,  PI, $ ,) f o r  each of t h e  degrees of freedom, and by 

specifying the location of Q1, Q2, Q3, the accelerat ions "readings" 

a t  these points nay be computed, along w i t h  the intermediate motion 

variables which x i  1 1  1 a t e r  be compared t o  the  various output o f  tile 

3-D analysis program. 

Several t e s t s  ~ 2 r 2  cond~cted  successful ly,  b u t  only t e s t  HYP-81 

will be presented. The duration of the t e s t  was 11.55 milliseconds, 

and data was sampled a t  the r a t e  of 25 kHz resul t ing  in 288 reading 

samples . 
The s i x  degrees o f  freedom f o r  the  motion were specif ied according 

t o  the following table:  

m P 1 ( ~ z )  

x ( t )  : 0.5 inches 250. 

~ ( t ) :  0.1 inches 100. 

z ( t )  : 1.25 inches 0. 

$(t): 2.0 degrees 80. 

e ( t ) :  40, degrees 40. 

~ ( t ) :  5. degrees 50. 



In addition, 

PQ1 = p l  = 2.0 inches 

PQ2 = p 2  = 1.6 inches 

PQ3 = p 3  = 2.5 inches 
A A A  

and without loss of generality , tile instrui~lentation frame ( e l  ,e2,e3) was 
A A A  

selected t o  coinci de wi t h  the "anatomi cal" frame ( i  , j  , k )  , and the body- 

point for  which the translat ional  vectors will  be computed, was sel2cted 

t o  be the origin of the anatomical frame. 

D .  4 COMPARISON OF THEORETICAL A N D  COMPUTED MOTION 

The 6 acceleration "readings" shown in figure 2 \/ere analyzed. 

The resu l t s ,  shown in figures 3 ,  5, 7 ,  and 9 ,  were compared t o  the 

theoretical values and the deviations plotted in figures 4 ,  6, 8 and 

The deviations o f  the angular accelerations were of the order of 5.0 

2 4 2 rad/sec over magnitudes of the order o f  5.0 x 10 rad/sec . Therefore, 

the accuracy of angular accelerations i s  of the order of 0.01%. Similar 

reasoning leads to  determine an accuracy of 0.01% for  angular velocit ies.  

The Eufer angles and rates had a re la t ive  error ,  o r  accuracy o f  

0.0012 fo r  rates and 0.01% for  angles. 

The translational accelerations h a d  an accuracy a f  0.00tL, whereas 

both velocity and positions were accurate to within 0.1%, 

From a qua1 i  t a t ive  point of view, i t  may be observed tha t  the 

e r ro r  on most o f  the variables increase as the integration i s  prolonged. 

Th is  may be a t t r i b u t e d  t o  truncation errors i n  the readings tha t  were 

inputted and to the round-off errors of the evaluation of natural func- 

tions and the in tegrals .  This adds to the ins tab i l i ty  of the system 

- - 
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o f  equations being integrated. 

0.5 EXPERIMENTAL f ( 3 i I O N  

The moticn Mas experimentally generated ~ i t h  an electromagnetic 

shaker. A monkey's skull ( f i g u r e  11 and 1 2 )  \#$as instrumented with 6 

accelerometers (2-2-2) ccmbination a t  3 points. 

The relationship between the instrumentation origin P and 

reference frame 61 ,^e2,53) on one hand and the anatomical center C 
h h h  

and reference frame ( i , j  ,k) on the other hand, as well as the i n i t i a l  

orientat ion of the anatomical frame re la t ive  to the ine r t i a l  (shaker) 

reference frane , were a1 1 determined ~i t h  an x-ray technique developed 

fo r  th i s  purpose [1 , 2 ] .  

The fol lowing nleasurements were found: 

and the i n i t i a l  orientat ion of the anatomical frane w i t h  respect to 

ine r t i a l  [shaker] frame: 

+(O) = 2. 6(0) = -12. $ = -25. degrees 

The s i x  accelerometers Mere a1 1 ENDEVCO uniaxial ones, and t he i r  

signals were calibrated and amplified properly  hen recorded on  a Honey- 

riel1 7600 FM tape recorder. The only motion variable which was direct ly  
f i ,  

recorded was the vert ical  ( i ne r t i a l  K) acceleration of the s k u l l .  This 

signal was to be compared t o  the computed co~ponent o f  the ine r t i a l  



t rans la t ional  accelerat ion of the anaton~ical center.  

The unf i l te red  data,  shown in f igure 13, kias d ig i t ized  then d i g i t a l l y  

f i l t e r e d  using a low-pass f i l t e r .  The d ig i t a l  f i l t e r  had a pass-band 

from 3 to  200 Hz (gain r ipple  under 0.25 d B ) ,  a  gain drop of - 3  dB a t  

275 h'z, and a stop-band froin 500 Hz and u p ,  w i  tn a gain of -65 dB. 

The f i l t e r e d  data i s  shown i n  figures 1 4  and 15. 

The rigid-body motion analysis was carr ied out fo r  the 6-accelera- 

t ion input and resul t s  are shown in f igures 16, 1 7 ,  18, and 19. 

D.6 COMPARISON OF EXPERIMENTAL. AND COMPUTED MOTIONS 

The only d i rec t  measurement which was made was the acceleration 
A 

along the shaker vert ical  axis ( i n e r t i a l  K ) ,  shown in f igure 1'4. 

This should be identical  t o  the top graph of f igure 18. Results show 

tha t  the e r r o r  i n  t h i s  conlputation was about  1.5%. I t  i s  worth noting 

tha t  although no motion i n  the l a t e ra l  ( i n e r t i a l  ? and j) direct ions was 

supposed to be taking place, the computed non-zero accelerations i n  

these direct ions may be a t t r ibuted  to small l a t e ra l  vibrations of the 

shaker in these d i rec t ions ,  and to  unequal accuracies of ca l ibra t ions  

of each pai r  of accelerometers pointing in the same direct ion.  This 

e r r o r  in ca l ibra t ion  resul t s  in s l i g h t l y  d i f fe ren t  readings of the same 

accelera t ion ,  which leads to an apparent rotat ion.  This, in turn, adds,, . 

a 'kotational" conponent t o  the various quant i t ies  during the co7iputational 

procedure. 

D. 7 CONCLUSIONS 

I t  was shown tha t  in many cases, two of which were presented i n  t h i s  

paper, t h a t  a  6-accelerometer technique would be useful and accurate, 

when physical lirni ta t ions  a re  imposed on an experiment. 



The method i s  accurate enough f o r  many short- and long-duration 

applications b u t  tne s t a b i l i t y  of the method depends largely on the  

accuracy of the measurements made and the type of motion being analyzed. 

The truncation errors  due t o  the f i n i t e  length of a computer word 

and ttle round-off e r rors  in  evaluating numerical in tegra ls  and natural 

function, were found to be negligible compared to other er rors .  

Other er rors  which were found to  be s ign i f i can t  were experimental 

uncertainties s ucn as the resol ution of tlne accelerometers , thei r  

cross-axis s e n s i t i v i t i e s ,  mounting and orientat ion er rors .  

Additional (redundant) measurement i s  recommended to  mi nimi ze 

the errors  of computation and measurement,. and t o  counter ac t  the insta-  

a b i l i t y  of the integrat ion.  
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o f  tne 2nd Annual l4eeTing o f  the Ad Hoc Committee or1 Human 
Subjects for  Biomechani ca l  Researcn, A n n  Arbor, Aovember 1974, 
ed. A.  E. dir.sci.1. 

2. Melvin, J .  ' do ,  J .  U, Jenson, and 14. M .  Alem, "bdhole Body Response 
Researcr~ Program," F i r s t  Y5ar Fi rial Zeport, tii gnway Safety Research 
I n s t i t u t e ,  Ann Aruor, 1973 .  

3, Padgaonkar, A .  J . ,  K, 1 4 .  Lrieger d n d  A .  I .  King, "lleasurement of 
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RIGID BODY 

Q1, Q 2 ,  Q3: Location of three biaxial acceleroneters 

DEF1:IITIOiI OF COORDIIIATES FRAMES FOR 3-0 RIGID-BODY IIOTIW , 

Figure 1 
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APPENDIX E 

D I G I T A L  S I G N A L  PROCESSING 



APPENDIX E: DIGITAL SIGNAL PROCESSING 

E. 1 Analog-to-Digital Conversion 

A general-purpose PCP-11/45 ccnputer,  with a 15-channel A / D  

unit i s  cur ren t ly  used a t  Y S R I  t o  convert  a l l  analog s i g n a l s  i n t o  

d i g i t a l  form. Since t h i s  computer i s  not dedicated t o  A / D  conversion,  

i t s  real-t ime sampling r a t e  is about 125 Hz, which is  nuch lower than 

t h e  requi rencnts of biomechanical measurements, where events can be 

a s  b r i e f  as  a few mil l iseconds.  

Sampling r a t e  may be increased by playing back the analog tape  a t  

a speed lower than the one a t  which i t  Nas recorded. T h u s ,  i f  a t ape  

was recorded a t  39 itjs during t h .  e x p e r i ~ e n t ,  and played bick a t  1 718 

ips  during d i g i t i z i n g ,  tne sampling r a t e  1s mu1 t i p l i e d  16 t imes,  r e s u l t i n g  

i n  a sampling r a t e  05 auout 2.0 kHz. 

However, in  nos t  app l i c a t i ons ,  th is  s a rp l i ng  r a t e  may no t  be 

s u f f i c i e n t .  in t h i s  case ,  e i   her a f a s t e r  d i g i t i z i n g  hardware i s  re- 

qu i red ,  or a f u r rhe r  expansion o f  time i s  necessary. The l a t t e r  can 

simply be a c c c ~ p l i s h e d  by re-recording the  analog s igna l  a t  a speed 

higher  than the s p e d  intenaed for playback. Thus, an analog t ape ,  

o r i g i n a l l y  recorded a t  30 ips, can be played back a t  1 718 i p s  i n t o  

another recorder ,  wnich wi l l  re-record tne  expanded s igna l  a t  30 i p s .  

This l a s t  recording i s  played back a t  1 7/8 i p s  during d i g i t i z i n g ,  

r e su l t i ng  f i n a l l y  i n  s sawpling r a t e  of  37 -. k H z ,  which i s  1 6  times 

hi gller than previously obtained. 



The user has tile option of reducing the s a ~ p l i n g  rate by as much 

as he desires. This i s  done by selecting,  say every 8th point,  t o  be 

saved, thus reducing tne maximm rate  of 32 kHz by a factor o f  8, 

resulting in a final sampling rate of about 4 kHz. 

The selected samples of data are converted into physical units,  

and saved on  a digi tal  magnetic tape, each channel in a separate f i l e ,  

alang with a unique run identif icat ion,  a &scription af the contents 

and  tne units ,  the sampling rate and the nunber of resulting points. 

E .  1 .1 The Sampl i ng Process 

The operation of sampling can be viewed as a form of impulse modu- 

iat ion.  Accordingly, i f  an analog signal i s  sampled a t  the rate of fS(Hz), 

i  .e . ,  a t  intervals of T = l / f s  seconds, then tile sampled signal x*( t )  

may be represented as a t ra in  of  ilnpulses given by: 
W 

where x ( t )  = 0 for  t < 0 

6 ( t )  = 1 for  t = nT 

6 ( t )  = 0 for  t f nT. 

The digital  signal x*(,t) is  no t  a continuous function of time, 

b u t  a sequence of numbers, taken as the values of x[ t )  a t  t = nT. The 

z-transform of equation ( 1 )  is 
00 

The original signal x ( t )  can be recovered by passing x*(t)  through 

an  ideal lour-pass f i l t e r  of bandwidth kfS/2. The recovery i s  exact only 

i f  the Fourier transform o f  x ( t )  is  identically zero outside the central 

s t r i p  rfs/Z. This band i s  called the Nyquist b a n d ,  and fs/Z i s  called 



the Nyquist ra te ,  which i s  half the sampling rate.  

E.1.2 The Sampling Theorem 

If a signal x ( t )  has a Fourier transform t h a t  

identically zero for  If1 - > 8 ,  i t  can be completely 

reconstructed from sawplej taken a t  the rate of 

f, - > 28. 

The implications of this  theorem i s  t h a t  i f  we sample a t  a ra te  

f, = 1/T, w i t h  f sufficiently fas te r  than the Nyquist r a te ,  then we 

can retrieve the original x ( t )  by tne use of the ideal interpolation 

operator, which has an impulse response: 

sin [ $ t - n ~ ) ]  
p ( t , ~  1 = 

71 
3 

f ( t - n T )  

then the recovered signal x o ( t )  i s  given by 

n=O 

Again, x o ( t )  will be identical t o  x ( t )  only i f  the analog x ( t )  i s  

band-1 inii ted t o  the iiyquist b a n d ,  i .e., i f  x ( t )  contained no frequencies 

higher than half the sanpl ing rate.  

To guarantee th i s ,  the analog signals may be electronically f i1  tered 

prior  to the A / D  conv2rsion process, thus eliminzting a l l  frequencies 

above the Nyquist frequency. I f  analog f i l t e r s  are t o  be avoided a1 to -  

gether, then the sampling rate must be sufficiently fas te r  than any 

suspected frequency component in the analog signal .  In r igid body motion 

measurements, frequencies of in teres t  are well below 500 Hz, thus, a sampl ing 

o f  2000 Hz i s  quite suff ic ient ,  unless noise frequency are above the 

Nyquist rate of 1000 Hz. 



E . 2  Signal Fil tering 

Tne presence cf higri-frequency components in the digital  signals 

i s  undesirable. Ti~ese coniponents are usual ly  noises o r  mechanical 

resonances of transducers whicn are not relevant t o  the physical quan- 

ti ty being measured. To el iminate these components, analog f i l t e r i ng  

may be employed. However, tne cut-off frequencies must change depending 

on the signal being measured. Sophisticated analog f i  1 ters  are expensive, 

and usually have a fixed cut-off frequency, Variable f i l t e r s  of equal 

sophistication are large and bulky, so t h a t  the only al ternative is 

d i  gi tal  f i l  te r i  ng. 

E .2 .1  Digital F i l t e r s  

Jus t  l ike  analog f i l t e r s  , digital  f i l t e r s  have input-output response, 

b u t  they can be "constructed" a t  a muctl loner cost ,  and are jus t  as easy 

t o  use. 

The output/input transfer  function a i  a general l inear system may be 

transformed to a digital  t ransfer  function of the form: 

Equation ( 5 )  i s  used to compute the current value of the output 

y (nT)  , given current value of the input x(nT) and previous values o f  

the i n p u t  and output: 

The order N of t h e  f i l t e r  must be f i n i t e  in order :n reconstruct the 

signal. Furthermore, the data i s  reconstructed using a f in i  tt: nl~rrlber of 

impulse responses, hence the term f i n i t e  duration impulse response ( F 1 R j  

f i l  ter. 



The case where a l l  the b-coefficients i n  equation ( 5 )  are zero 

reduce the transfer  function to: 

The f i l t e r  i s  then c lass i f ied  as a non-recursive digital  f i l t e r ,  since 

i t  does n o t  use previous values o f  the  output, as can be seen from equa- 

t i o n  ( 6 )  with only tile a-coefficients. 

E.2.2 FIR F i l t e r  Design 

Any f i n i  te-duration sequence i s  completely specified by PI samples 

o f  i t s  Fourier transform, so tnat  the &sign of an FIR f i l t e r  may be 

accomplished by finding N c ~ e f f i c i e ~ t s  of i t s  ivpulse response. The 

truncation of t i 1 2  irlfinite duration impulse response of the f i r s t  r i  

terms means tnat  discontinuities a t  "L,e corner-ireuu2ncies are replaced 

by s ~ o o t h e r  t r ins i t ions .  ?,ccoapanying This t r a n s i ~ i o n  i s  some under- 

and over-shoots  hi cn are generally described 2s the Gi bbs phenomenon. 

The frequency response of an FIR f i l t e r  i s  no longer f i a t  in i t s  pass 

and stop-bands, b u t  contains soxe ripples ~ h i c h  vary i n  magnitudes de- 

pending on tne design characterist ics o f  the f i l t e r .  These ripples 

may be spread uniformly over the ir~querlcy spectrum, resulting in an 

equiripple design. For a given f i l t e r  length N, and a given s e t  of 

corner (edge) freouencies 2nd band ga ins ,  an optimum f i l t e r  becomes one 

which has t h e  !ni nimum peak-to-peak r ipple.  

The Alternation tneoreri! (Parks & McCleIlan, 1970) i s  the basis for  

finding such optin~um f i l t e r s .  Essentially, th is  theorem implies that  

there is a precise nwber o f  frequenctes corresponding to  peaks in the 

er ror  function describing the ripples in the magnitude frequency response. 



Armed with this  theorem, an optimum f i l t e r  may be found by searching 

( on  the  frequency axis)  for  the ' 'best" extrenlal frequencies, i . e . ,  those 

for which ~ h e  ripples sa t is fy  a specified tolerance. 

Subsequently, McClel lan & Parks (1973) pub1 ished a paper in which 

tiley present a general purpose computer program which i s  capable of de- 

sigt~ing a large class of optimum non-recursive linear-phase FIR 

d i  95 ta?  f i l t e r s ,  The search c'lgori t h m  i s  based on the Eemez exchange 

method, which i s  a f a s t  n~ethod t o  approximate an ideal frequency response 

using the minimum weighted Cheoychev error. The program replaces the 

specified design by an equivalent problem, then solves the approxiniation 

o f  tne equivalent probiem using the Remez exchange method, then produces, 

among others, the f i  1 t e r  impulse response. 
- i11e program now used a t  HSRI t o  design digital  f i l t e r s  i s  based on 

t i l e  i4cClell an ciesi gn prograR, However, i t  i s  an interactive program, 

~,nere a user can use a terminal to design, t e s t ,  check frequency re- 

sponse and save, i f  tie so desires, the impulse response of an acceptable 

f i l t e r  on a master f i l e  containing a l l  the f i l t e r s  designed up t o  date. 

Tnis niaster f i l e  i s  effectively (z "storage shelf" for a l l  the digital  

f i l t e r s ,  and when a f i l t e r  i s  needed, i t  i s  e i ther  pulled o u t  of the 

"she1 f , "  or  a new f i l t e r  i s  designed and saved, i f  none of the available 

f i  1 ters  f i t s  the requirements. 

E . 2 . 3  The F i  1 t e r i  ng Operation 

An FIR digital  f i l t e r  of Length I,  is specified by M terms of its 

impulse response: 

h(m) ; m =  1 ,  2, ..., M, 
T I I ~  impulse response i s  symmetric, i.e., 

h(l+k) = h(M-k); k =  I s  L. 



Given then a f i n i t e  number M terms of i t s  impulse response, and 

given a digital  signal specified as a sequence of N values: 

the f i l t e red  signal i s  given by 

Note t h a t  the furthest  point of the unfiltered signal which can be 

used is  x(n-M) which cannot be smaller than x(1) ; therefore, the f i r s t  

f i l t e red  point i s  y(E#l). This also implies t h a t  the d igi ta l  signal 

must have a t  l e a s t  Eil points to produce a t  l e a s t  1 fif tered point. 

Furthermore, the l a s t  f i l t e red  point which may be produced i s  y ( n + l ) ,  

by using the 1 as t  M points of the unfiltered signal. This results  i n  a n  

output signal whicn i s  snorter than the i n p u t  s ignal ,  and which i s  

phase shi f ted  w i t h  respect t o  the input signal. 

The f i r s t  problem may be solved by extending the i n p u t  signal be- 

l ow  the f i r s t  point. This i s  done by rotating the signal 183 degrees 

about  t h e  f i r s t  point. Thus: 

The extension i s  carried o u t  until enough points are generated t o  

produce y ( l ) ,  i . e . ,  k = 1,2, ... (M-1).  

The t i m e  delay problem i s  inherent i n  non-recursive f i l t e r s .  However, 

this problem can be  solved e i ther  by making a correction i n  the phase when 

the phase frequency-respofisr i s  k n o w n ,  or  by usirig the f i l t e r  i t s e l f  

to  s h i f t  back the s i g n a l  by the same amount. 

The l a t t e r  method o f  f i l t e r i ng  forward, then f i l t e r i ng  backwards i s  

an outstanding method, since in general,  each component i s  shi f ted  



by an amount depending on i t s  frequency. Because the frequency content 

of a given signal ' s  n o t  known a p r io r i ,  each component which the f i l -  

t e r  passes i s  phase-shifted during tile fonqard operation, b u t  i t  is 

shif ted back by exactly the same amount during the backward operation. 

However, for  tne backward Fil  te r i  ng operation, the f i r s t  point 

generated i s  the (/i-M)tt~ point,  leaving the l a s t  M points unprocessed. 

I n  ordei- to be able t o  o o t a i n  the X- th  p ~ i n t  of tne signal in a f i l t e red  

form, the i n p u t  signal must be extended (M-1) points beyond the l a s t  

point, much the same way the exrension wds done for  the beginning of 

 he signal . Thus : 

x(::+k) - x(N) = -[x(N-k) - xCN)] 

or x(N+k) = 2x(N) - x[N-k). (11) 

with k = I ,  2 ,  ,... (M-1). 
in tnis  fomzrd/sackward operation, Qt,e gains of the various 

bands are doubled. For example, a lop!-pass f i l t e r  uith a pass-band 

ripple of +0,1 dB and a stop-band gain o f  -65 d3 a n d  a considerable 

phase-shift, effectively becomes a f i l t e r  with a pass-band ripple o f  

50.2 dB which i s  s t i l l  excellent,  a stop-band gain o f  -130 dB, which 

surpasses any str ingent design specif icat ion,  and best of a l l ,  i t  becomes 

phase transparent, 

Therefore, the method o f  applying a given f i l t e r  should be taken 

into consideration during i t s  design. Tllus, i f  a Sow-pass f i l t e r  must 

have a gain of -60 aB in the sto~-band and 20.1 dB ripple in the pass- 

band, and i s  to  be applied twice to a signal, i t  i s  suff ic ient  t o  loosen 

the stop gain t o  -30 d 8 ,  and t o  tignten the pass ripple t o  t0.05 dB. 

This should decrease tne length of the f i l t e r ,  and possibly shorten 

the transi t ion band. 
- 
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