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FINAL REPORT 

Chapter 1 

I N T R O D U C T I O N  

1 . I .  Proaram Objectives 

The Whole-Body Response ( W B R )  research program was conducted 

over t h e  past four years (September 1973 t o  August 1977) a t  the 

Highway Safety Research I n s t i t u t e  (HSRI) of the  University of 

Michigan, under the  sponsorship of the Biomedical Science Depart- 

ment of the General Motors Research Laboratories ( G M R L ) .  

The general object ive of the program was t o  generate data on 

the  kinematic response of human surrogates ,  res t ra ined  by a three- 

point b e l t  system, and subjected t o  a r e a l i s t i c  automotive impact 

environment. Ultimately, the generated data  is t o  be u t i l i z e d  i n  

ident i fy ing  s i m i l a r i t i e s  and differences i n  kinematic response of 

the  various types of surrogates ,  and i n  pointing out areas  t h a t  need 

improvement i n  anthropomorphic t e s t  devices (dummies) and in  the  

development of mathematical models. 

The immediate object ives  of the WBR research program were t o  

develop and employ the  techniques necessary f o r  obtaining the  

desired whole-body kinematic responses, conduct s led  t e s t s  w i t h  

f u l l y  instrumented and properly selected subjec ts ,  then analyze the 

r e su l t i ng  data  and present it  i n  a most useful  format. 

Program Objectives 
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1 . 2 .  General A~roach 

Full-scale sled t e s t s  were conducted a t  the HSRI Sled Fac i l i ty  

w i t h  a  t e s t  configuration consisting of an idealized hard sea t  

representation of a car  sea t  w i t h  a  three-point harness r e s t r a i n t  

sys tem. 

Three sever i ty  levels  of crash t e s t s  were used: 

1 )  LOW ... 16-mph velocity change, 10-G deceleration, 

2)  M I D  . . . 20-mph velocity change, 10-G deceleration, 

3 )  H I G H  , . . 32-mph velocity change, 20-G deceleration. 

Four human surrogates were used i n  t h i s  program, a l l  

approximating the  50th percenti le  male in  s ize :  

1 )  Unembalmed male cadavers*, selected on the basis of t he i r  

s i z e  and ske le ta l  i n t eg r i t y ,  

2 )  A c e r t i f i ed  Part 572 ( H y b r i d  11) Anthropometric Test Device 

( A T D )  , 

3 )  Hybrid I11 ATD,  recently developed by GM and which includes 

addit ional  bui l t - in  instrumentation, 

4) MVMA-2D Crash Victim Simulator, which i s  a two-dimensioal 

mathematical model of a car  occupant. 

.................... 
* The protocol f o r  the use of cadavers i n  t h i s  study was reviewed 

by the Committee t o  Review Grants fo r  Clinical  Research and 
Investigation Involving Human Beings of the University of 
Michigan Medical Center and follows guidelines es tab1 ished .b~  
the U.S. Public Health Service and recommended by the National 
Academy of Sciences/National Research Council. 

I N T R O D U C T I O N  
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The t e s t  procedures f o r  the cadavers involved the  following 

fea tures :  de ta i led  anthropometric descr ipt ion of the sub jec t ,  

extensive pre- and pos t - tes t  radiographic documentation of the 

s k e l e t a l  s t r u c t u r e ,  mounting nine accelerometors on the head f o r  

three-dimensional motion measurement, mounting of accelerometers on 

the  thoracic  spine and the pe lv is ,  t a rge t ing  the  body segments fo r  

photographic motion ana lys is ,  and f i n a l l y ,  measurement of r e s t r a i n t  

system loads. 

The t e s t  setups and subjec ts  were su i tab ly  instrumented and 

f u l l y  documented f o r  subsequent da ta  analysis .  Standard methods of 

ana lys i s  were applied where possible ,  b u t  addi t ional  new techniques 

were developed a s  needed. 

This f i n a l  report  culminates the research e f f o r t s  of t h i s  four- 

year program, and presents  an overview of what was accomplished. 

Detailed r e s u l t s  were e i t h e r  presented i n  e a r l i e r  repor t s  [ I  ,2,31*, 

or a r e  included i n  Appendices A ,  B ,  and C of t h i s  repor t .  

1 - 3 0  -Review 

The data  t h a t  has been produced by t h i s  program represents  one 

of the most comprehensive and extensive documentations of whole body 

response t o  date .  T h i s  research e f f o r t  pioneered many of the 

methods considered today t o  be the s tate-of- the-ar t .  The following 

i s  a year-by-year review of the progress of t h i s  program. 

.................... 
fi Numbers i n  [ ] a r e  references given a t  end of report .  

Progress Review 
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1.3.1 . Review of 1973-74 Year. Much of the f i r s t  year of the 

WBR research program was spent i n  i n i t i a l  development. T h i s  

included instrumentation hardware design and fabr ica t ion,  data 

processing software development and implementation, and development 

of an overall  t e s t  procedure and cadaver handling protocol. 

Since many kinematic responses ( e . g . ,  3-D motion of the head) 

were being measured fo r  the f i r s t  time anywhere, new or iginal  and 

sophist icated measurement techniques and data processing methods had 

t o  be developed and tes ted .  T h i s  revealed some deficiencies in  the 

industry-wide standard data acquisi t ion system being used a t  HSRI, 

and necessitated the  introduction of new data handling equipment and 

methods which w i l l  be described l a t e r .  As a r e su l t ,  the f i r s t  two 

cadavers tes ted  were only par t i a l ly  used i n  subsequent data 

analyses, and only a t o t a l  of four cadavers were tested during t h i s  

period. 

1.3.2. Review .a 1974-75 Year, During the  second contract 

year, the  surgical  techniques were refined,  the photographic 

coverage improved, the instrumentation hardware redesigned and 

improved, nine accelerometers were mounted on the head instead of 

the or ig inal  s i x ,  and generally,  experience from the f i r s t  year 

resulted i n  the refinement of the t e s t  protocol. 

A t o t a l  of twenty-five t e s t s  were conducted during t h i s  period. 

Four cadavers were subjected t o  two t e s t s  each for  a t o t a l  of 8 

cadaver t e s t s ,  and a c e r t i f i ed  Part 572 dummy w i t h  two types of 

instrumentation was subjected t o  17 t e s t s  a t  the three di f ferent  

1 .  I N T R O D U C T I O N  
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s eve r i t y  l eve l s .  

Development of data  ana lys is  methods, i n i t i a t e d  i n  the f i r s t  

year ,  continued during t h i s  year,  and were val idated towards the end 

of t h i s  period. 

1.3 - 3 .  Review of 1975-76 Year. By the  t h i r d  contract  year of 

the  WBR program, instrumenting and t e s t i n g  of cadavers and dummies 

became a well  ref ined rout ine  operation. Data ana lys is  of previous 

dummy runs revealed instrumentation f a i l u r e s  which were not apparent 

a t  the time t e s t s  were conducted. Thus a  t h i r d  s e r i e s  of 9  t e s t s  ( 3  

a t  each s e v e r i t y )  was conducted on the Part  572 dummy. The GM 

Hybrid-I11 was a l so  subjected t o  t he  same matrix of t e s t s .  F ina l ly ,  

nine addi t iona l  cadavers were subjected t o  a  t o t a l  of 1 1  t e s t s  a t  

various seve r i ty  l eve l s  t o  f i l l  t he  voids i n  the  matrix of r e s u l t s .  

1 . 3 , 4 .  Reviw of 1976-77 Year. The fourth and f i n a l  year was 

devoted t o  processing of a l l  t he  da ta  generated during the  previous 

th ree ,  and t o  analyzing those r e s u l t s .  

Data processing consisted of organizing t h e  wr i t ten  data  shee ts  

i n  uniform and consis tent  formats, converting the  transducers1 

recorded analog s igna l s  t o  d i g i t a l  ones, and f i n a l l y ,  applying 

appropriate  computer programs t o  the  converted d i g i t a l  s igna l s  t o  

produce d i r e c t  and calculated measurements of kinematic responses. 

Data ana lys is  consisted of examination of the processed data  t o  

point out unusual r e s u l t s ,  t abula t ion  of r e s u l t s  by var iab les ,  

sub jec t s  and seve r i ty  l e v e l s ,  l imited s t a t i s t i c a l  analyses of these 

Progress Review 
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r e s u l t s ,  and f i n a l l y ,  drawing conclusions about the kinematic 

responses var ia t ions  between subjec ts  a t  various impact sever i ty  

l eve l s .  

1 . 4 .  R e ~ o r t  Outline 

The remainder of t h i s  f i n a l  report  i s  organized i n  the 

following chapters:  

CHAPTER 2 ,  which describes the t e s t  setup and hardware, the  

general protocol f o r  handling subjec ts  and conducting a typica l  WBR 

t e s t ,  and ou t l ines  b r i e f ly  the  new techniques developed f o r  

processing and analyzing the  data  generated by the  WBR program; 

CHAPTER 3 ,  where t e s t  condit ions ( i . e .  , i n i t i a l  configuration, 

r e s t r a i n t  system, crash seve r i ty )  and t e s t  subjec ts  (i .  e ,  , cadavers, 

dummies, computer models) a r e  described; 

CHAPTER 4, i n  which summaries of the t e s t  r e s u l t s  a r e  

presented, and includes condensed graphs and t ab le s  from the  

experimental phase of the  program; 

CHAPTER 5 ,  which describes the computer simulations and 

presents and discusses t h e i r  r e s u l t s ;  

CHAPTER 6 ,  where these r e s u l t s  a r e  discussed t o  point out 

s i m i l a r i t i e s  and differences between various responses, o f f e r  

possible in t e rp re t a t ions  and explain discrepencies,  and discuss the  

s ignif icance of the r e s u l t s ;  

CHAPTER 7 ,  where conclusions a re  drawn based on the lessons 

learned from t h i s  program and recommendations a r e  made fo r  fu tu re  

research programs. 
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I n  addi t ion t o  i t s  main body, t h i s  report  includes ( i n  separate  

volumes) three appendices which cons t i t u t e  one of the most compre- 

hensive and de ta i led  documentation of a whole-body t e s t i ng  program. 

The 3 appendices are:  

A :  METHODOLOGY appendix which describes the ana ly t ica l  and 

experimental methods developed f o r  the WBR program b u t  may be 

applied i n  a wide range of s i tua t ions .  

B:  RAW DATA appendix which i s  a complete tes t-by-test  

documentation of a l l  the  generated data before i t  was processed. 

C :  PROCESSED D A T A  appendix which includes tabular  and 

graphical d e t a i l s  of a l l  recorded and computed variables.  

Report Outline 
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Chapter 2 

T E S T I N G  A N D  A N A L Y S I S  M E T H O D S  

Most of the experimental techniques and procedures employed i n  

t e s t i n g  the  cadavers were developed by HSRI spec i f i ca l ly  fo r  t h i s  

research program, s ince  no standards had been establ ished f o r  

dealing w i t h  instrumentation and handling requirements fo r  t h i s  type 

of t e s t i n g .  Since then, t he  use of cadavers a s  surrogates  f o r  the  

l i v i n g  human has gained enough acceptance t h a t  spec i a l  guidel ines  

and s tandards have been suggested. 

In  cont ras t  t o  cadavers, t e s t i n g  standards f o r  anthropomorphic 

dummies a r e  well es tab l i shed  so  t h a t  most of the procedures followed 

i n  preparing the  dummy f o r  a WBR s led  t e s t  and the  subsequent data  

processing were standard and accepted ones. 

T h i s  chapter ,  therefore ,  focuses on those methods which were 

developed and employed throughout the cadaver t e s t i n g  par t  of t h i s  

program. The adopted procedures described below a r e  the l a s t  

nvers ionl f ,  s i nce  many of them evolved over t he  pas t  four  years t o  

the  l e v e l  of soph i s t i ca t ion  necessary f o r  producing s a t i s f a c t o r y  

r e s u l t s .  
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2.1.  alrgkal- 

Several types of t ransducers  were r i g i d l y  at tached t o  the  bony 

s t r u c t u r e  of each cadaver a t  var ious loca t ions .  T r i ax i a l  accelero- 

meters were mounted on the  s k u l l ,  t ho rac i c  sp ine  and pe lv ic  complex. 

A l l  these  mounts had provision f o r  mounting three-dimensional photo- 

graphic t a r e g e t s .  Simple photographic t a r g e t s  ( b a l l s  o r  d i sc s )  were 

a l s o  mounted on the  two acromions and two femurs. 

During t h e  development phase of each surgery technique, and 

during i t s  ac tua l  app l i ca t ion ,  primary considerat ion was given t o  

three  basic  requirements: 1 )  s impl ic i ty  and speed of surgery and 

hardware mounting, 2)  s t r eng th  and r i g i d i t y  of the mount-bone 

s t r u c t u r e  and 3 )  r epea t ab i l t y  of loca t ing  t ransducer  from one 

cadaver t o  another .  Other considerat ions were a l s o  given t o  

avoiding s i g n i f i c a n t  a l t e r a t i o n s  of the  whole-body mechanical 

p rope r t i e s ,  c learances between s e a t  and hardware during the  t e s t ,  

a b i l i t y  t o  prec ise ly  determine loca t ions  and o r i en t a t ions  of t rans-  

ducers r e l a t i v e  t o  "standardv anatomical reference frames and 

f a c i l i t y  of transducer removal a f t e r  t he  t e s t  i s  completed. 

2.1.1.  Head Accelerometer Mountinq. Three s i t e s  on the  s k u l l  

a r e  se lec ted  so  t h a t  they provide maximum separa t ion  between the  

th ree  t r i a x i a l  accelerometers.  The sca lp  is  removed exposing the  

s k u l l  which i s  then cleaned and dried.  For each mount, 3 p i l o t  

holes  a r e  d r i l l e d  i n  t he  s k u l l  t o  allow th ree  screws t o  be placed 

i n t o  the  outer  l aye r  of the  s k u l l  bone. A s t e e l  wire is  wrapped 

around t h e  th ree  partially-exposed screws forming an t r i angu la r  a rea  

2 .  TESTING AND ANALYSIS METHODS 
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where the mount is  placed and secured t o  the  wire and screws w i t h  

dental  a c r y l i c .  The ac ry l i c  is  allowed t o  harden before removing 

the spec ia l  alignment j i g  and leaving the  three mounts r i g id ly  

attached t o  the sku l l  i n  an orthogonal formation. 

2 . 1 . 2 .  Thoracic Accelerometer Mountinq. The basic pr inc ip le  of 

a t taching hardware t o  the ver tebra l  body (T7 i n  t h i s  case)  is  to  

secure a U-shaped aluminum mount over the spinous process w i t h  a 

long sheet-metal screw through and along the  process i n to  the  body 

of the vertebra.  To add r i g i d i t y  and reinforcement and t o  s top any 

looseness,  dental  a c r y l i c  i s  used t o  pot the U-shaped mount over the 

process and t o  f i l l  the  voids between the bone and metal. 

2.1.3. Pelvic Accelerometer Mountinq. To a t tach  the pelvic  

mount, which cons i s t s  of a long machined aluminum bar,  two inc is ions  

a r e  made down t o  the  superior-poster ior  pelvic  c r e s t s ,  a p i l o t  hole 

d r i l l e d  i n  each c r e s t  i n  the A-P d i r ec t ion ,  and a long coarse lag 

bolt  threaded i n  u n t i l  f l u sh  w i t h  the sk in ,  The heads of these two 

bo l t s  form a s t rong support f o r  the aluminum bar ,  a t  the center  of 

which the pelvic  b iax ia l  accelerometer is  mounted. 

2.1.4. Photonraohic 2acgda. The femur ta rge t  consisted of a 

f l a t  d i s c ,  while the acromion t a rge t  was a Styrofoam b a l l .  Each was 

mounted t o  the  bone w i t h  a long, coarse screw i n t o  which a small 

machine screw holding the  t a rge t  was threaded. I t  was found t h a t  a 

screw threaded i n t o  a thick o r  s t rong bone provides a s u f f i c i e n t l y  

Surgical Techniques 
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strong and r i g i d  support fo r  light-weight hardware. Dental ac ry l i c  

was not necessary i n  mounting these  t a r g e t s ,  s ince  they a r e  l i g h t  i n  

weight, and s ince  the  femur and the  acromion a re  s u f f i c i e n t l y  s t rong 

f o r  t h e i r  support.  

2 . 2 .  D ia i t a l  Sinnal Processinq 

The complexity of experimental measurement methods, developed 

and employed during the  WBR research program, requires  a  well 

organized data  handling protocol ,  capable of transforming laboratory 

records i n t o  c l e a r  f i n a l  presentat ions.  Such protocol i s  followed 

a t  HSRI, a s  i l l u s t r a t e d  i n  the flowchart of Figure 1 .  An Essent ia l  

requirement i n  t h i s  system i s  a  sophist icated s igna l  processing 

procedure. Wi th  the a v a i l a b i l i t y  of d i g i t a l  computers, t h i s  task i s  

g rea t ly  s impl i f ied ,  but new s igna l  processing methods had t o  be 

developed and implemented. 

Tradi t iona l ly ,  analog s igna l s  have been the primary form of 

descr ibing measured transducer output.  Standards and guidel ines  f o r  

dealing w i t h  analog s igna l s ,  such a s  SAE-J211, a r e  therefore  well  

es tabl ished and widely applied. I n  con t r a s t ,  no guidel ines  f o r  

dealing w i t h  d i g i t a l  s igna l s  a r e  ava i lab le ,  s ince  t h i s  form of data  

i s  r e l a t i v e l y  new, pa r t i cu l a r ly  i n  biomechanics appl icat ions.  I t  

was therefore  necessary t o  develop and adopt new guidel ines  f o r  

converting analog s igna l s  t o  d i g i t a l  form, and f o r  d i g i t a l  f i l t e r i n g  

of these s igna l s ,  t o  be s p e c i f i c a l l y  applied t o  impact t e s t i ng .  

2 .  TESTING AND ANALYSIS METHODS 
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FIGURE 1 .  Flow-Chart of Data Handling System in Operation 
a t  HSRI f o r  Biomechanicak Experiments. 
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2.2.1. P-to-Q Conversion. The f i r s t  operation i n  d i g i t a l  

s ignal  processing i s  t o  convert the analog data t o  d i g i t a l  form. 

Results from t h i s  operation ( t a b l e s  of sampled values of the analog 

s igna l )  a r e  affected by two in te r re la t ed  fac tors :  1 )  the sampling 

r a t e ,  i . e . ,  the  time in te rva l  between two consecutive samples, and 

2)  the  bandwidth of the analog s igna l  being d ig i t i zed .  A proper 

choice of the sampling r a t e  and the  proper bandlimiting of the 

analog s igna l  determines the  v a l i d i t y  and usefulness of the d i g i t a l  

s ignal  i n  l a t e r  ana ly t i ca l  appl ica t ions .  

The sampling r a t e  used i n  t h i s  program was 1600 Hz t o  allow the  

exact mathematical reconstruction of a l l  frequencies below 800 Hz. 

I t  was judged t h a t  no frequencies higher than the  800-Hz Nyquist 

r a t e  a r e  of i n t e r e s t  a s  f a r  as  the  types of measurements being made. 

The A-to-D conversion un i t  a t  HSRI has a fixed sampling r a t e  of 400 

Hz per channel, so  t h a t  time-expansion of the taped s igna l s  was 

necessary t o  a t t a i n  the  desired sampling r a t e  of the  ac tua l  s ignals .  

In order t o  eliminate any d i s to r t ions  ( a l i a s i n g  e r r o r s )  i n  the  

d ig i t i zed  s i g n a l s ,  which r e s u l t  from the  sampling process, the  time- 

expanded analog s igna l s  were bandlimited t o  200 Hz by using a n t i -  

a l i a s ing  analog f i l t e r s ,  inser ted  between the  tape output and the  

input the the  A-to-D un i t .  These were ac t ive  linear-phase f i l t e r s  

w i t h  corner frequencies a t  100 Hz, so tha t  a l l  frequencies above 200 

Hz were attenuated by a t  l e a s t  24 dB. The d i g i t a l  s ignal  processing 

methods a r e  described i n  Appendix A of t h i s  report .  

2 .  TESTING A N D  ANALYSIS METHODS 



FINAL REPORT 

2.2.2.  E i J t e r i n ~ .  Early work on d i g i t a l  f i l t e r i n g  was 

concerned w i t h  the ways analog f i l t e r s  could be approximated on 

d i g i t a l  computers. With the  introduct ion of the Fast Fourier 

Transform (FFT) i n  1965, many s igna l  processing concepts had t o  be 

reformulated t o  conform t o  the exact mathematics of the FFT. The 

implicat ion of these conceptual changes is t h a t  many industry and 

government standards cannot be i n t e l l i g e n t l y  be applied t o  d i g i t a l  

f i l t e r s .  

An example i s  the SAE-J2llb instrumentation guidel ine which 

s p e c i f i e s  the  channel c l a s s  f i l t e r s  to  be used on transducer s igna l s  

i n  the  impact t e s t i ng  of anthropomorphic dummies. In  t h i s  

gu ide l ine ,  i t  is recommended t h a t  f i l t e r s  have a passband r ipp le  of 

0 , 5  dB,  a common tolerance i n  commercial analog f i l t e r s ,  which can 

e a s i l y  be reduced t o  0.01 dB i n  a d i g i t a l  f i l t e r .  Another recom- 

mended p rac t i ce ,  a l s o  based on analog f i l t e r s ,  i s  t o  allow the 

corner frequency (-3 dB poin t )  t o  be a s  much a s  65% of the cutoff  

frequency where the gain begins t o  drop. In  d i g i t a l  f i l t e r s ,  the 

corner frequency may be made a s  low a s  5% of the cutoff  frequency, 

which means t h a t  t he  d i g i t a l  f i l t e r  may be designed t o  have a much 

sharper corner than i t s  analog counterpart .  

Current ly,  there  i s  no "standardu f o r  specifying d i g i t a l  f i l t e r  

c h a r a c t e r i s t i c s  f o r  appl ica t ions  i n  biomechanics instrumentation. 

Unti l  such a guide l ine  i s  es tab l i shed ,  HSRI has been following a 

p rac t i ce  t h a t  i t  has developed based on i t s  experience i n  t h i s  

f i e l d .  T h i s  p rac t ice  i s  f u l l y  documented i n  Appendix A .  

Digi ta l  Signal Processing 
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2.3 .  W v t i c u  Measurement Nethods 

Innovative methods were developed f o r  monitoring t h e  kinematics 

of whole-body response. Most of these  methods a r e  concerned w i t h  

t h e  three-dimensional motion of t he  head, using accelerometry and 

photogrammetry. They required the  refinement and/or development of 

s i g n a l  d i g i t i z i n g  and f i l t e r i n g  methods, t he  development of 

experimental procedures f o r  t ransducer  i n s t a l l a t i o n  and design of 

assoc ia ted  hardware, t h e  development of a n a l y t i c a l  methods f o r  

determining t h e i r  l oca t ions  on the  body, and t h e  development of 

a n a l y t i c a l  methods t o  e x t r a c t  t h e  des i red  kinematic information from 

d i g i t i z e d  s i g n a l s  and from photographic sequences. 

This sec t ion  descr ibes  b r i e f l y  some of these  procedures, which 

were developed during t h i s  program, but which a r e  considered t o  be 

most usefu l  f o r  general  appl ica t ions .  A l l  of these  a r e  f u l l y  

documented i n  Appendix A ,  or  references t o  t h e i r  de t a i l ed  

desc r ip t ion  a r e  given. 

2.3.1. 3-D Accelerometrv. Three-dimensional rigid-body motion 

measurement of the  head dominated t h e  a n a l y t i c a l  e f f o r t s  i n  t h i s  

research program. A t  t he  onset of t he  program (1973),  i t  was 

believed t h a t  s i x  accelerometers a r e  necessary and s u f f i c i e n t  f o r  

complete desc r ip t ion  of the  6 degrees of freedom of the  motion. 

Subsequent work a t  HSRI and elsewhere [ 4 , 5 1  showed t h a t  t he  mathe- 

matical  formulation using only s i x  acce l e ra t ion  readings is nume- 

r i c a l l y  unstable ,  and cannot be r e l i a b l y  used f o r  complete 3-D 

motion determinat ion.  

2 .  TESTING AND ANALYSIS METHODS 



FINAL 3ETORT 

The use of redundant accelerometers was therefore necessary t o  

za in t a in  the s t a b i l i t y  of the numerical in tegra t ion  procedure. 

Several ccnfigurat iocs  were suggested, including the  HSRI 3-3-3 and 

the  Wayne S t a t e  3-2-2-2 ones. Since experimental procedures were 

already developed a t  HSRI f o r  mounting a 2-2-2 configurat ion cf s i x  

accelerometers,  the choice of the new 3-3-3 configuration was a 

c a t u r a l  one, and required the  addi t ion  of only one more accelero- 

meter a t  each of the three  loca t ions .  The computaional procedure 

f o r  t h i s  configurat ion,  which has been proven s t a b l e ,  i s  described 

i n  Appendix A and has been presented elsewhere [ 6 , 7 , 8 ] .  

2 . 3 . 2 .  3-J Photoarammetrv. The use of high-speed movies i n  

crash t e s t i n g  has been and today remeins the primary means of 

documenting the  motion of the t e s t  subject .  T h i s  photographic docu- 

mentation i s  q u a l i t a t i v e  i n  na ture ,  s ince  most of the  attempts t o  

ex t r ac t  quan t i t a t i ve  t ime-his tor ies  from these f i l m  have 

cons is ten t ly  r e su l t ed  i n  d i s t o r t e d ,  p a r t i a l  o r ,  a t  bes t ,  approximate 

answers. 

Although each WBR s l ed  t e s t  was covered from the  top,  f r o n t ,  

r i g h t  and l e f t  s ides  with high-speed cameras, ea r ly  attempts t o  

c a l i b r a t e  the  f i e l d  of view and t o  ex t r ac t  3-D motion of body 

segments ( p a r t i c u l a r l y  the  head) were not very succesfu l l .  

I t  was not u n t i l  t h e  middle of the f i n a l  contract  year t h a t  a 

three-dimensional technique [ 9 1  using the  Direct Linear Transfor- 

mation was implemented and succesfu l ly  t r i e d  out a t  HSRI. I t  is  

an t ic ipa ted  t h a t  most fu tu re  t e s t s  conducted a t  HSRI which c a l l  f o r  

Analyt ical  Measurement Methods 



photographic  coverage w i l l  employ t h i s  method. The method i s  

g e n e r a l  and s i a p l e ,  and r e q u i r e s  no s p e c i a l  o r  expensive equipment, 

and rnay be a p p l i e d  i n  high-speed motion o r  s t i l l  photogrammetry o r  

radiogrammetry. 

One of t h e  s t e r e o m e t r i c  methods developed and s u c c e s s f u l l y  

implemented i n  t h i s  program was t h e  x-ray t echn ique ,  desc r ibed  i n  

Appendix A ,  t o  o b t a i n  t h e  or thogonal  t r a n s f o r m a t i o n  mat r ix  between 

t h e  i n s t r u m e n t a t i o n  and ana tomica l  r e f e r e n c e  frames. The matr ix  i s  

e s s e n t i a l  i n  t r ans fo rming  t h e  kinemat ic  d a t a  from t h e  a r b i t r a r i l y  

chosen a c c e l e r o m e t e r l s  frame t o  a s t andard  one.  

2 . 3 . 3 .  F a s t  H I C  C o m ~ u t a t i o n .  Eva lua t ion  of head response  is  

c u r r e n t l y  done by c a l c u l a t i n g  t h e  Head I n j u r y  C r i t e r i c n  ( H I C )  , a s  

r e q u i r e d  by FMvSS-208 [ l o ] .  If approached i n  a s t r a i g h t f o r w a r d  

manner, t h i s  computation can be a c o s t l y  and l eng thy  p r o p o s i t i o n ,  

even us ing  t o d a y ' s  f a s t  d i g i t a l  computers. 

The H I C  p r o p e r t i e s  have been s t u d i e d  [ 1 1 ]  s o  t h a t  time-saving 

procedures  may be implemented. An a d d i t i o n a l  s t u d y  was c a r r i e d  o u t  

a t  HSRI and new p r o p e r t i e s  of  t h e  H I C  uncovered. Using t h i s  

cumulat ive  knowledge, a new, f a s t  a lgor i thm f o r  computing t h e  H I C  

was developed,  and is f u l l y  documented i n  Appendix A of  t h i s  r e p o r t .  

2 .  TESTING AND ANALYSIS METHODS 
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Chapter 3 

D E S C R I P T I O N  O F  T E S T S  

3 .1 .  Test Conditions 

The t e s t  environment a t  the onset of impact is  described in  

terms of seat ing configurat ion,  r e s t r a i n t  system, d i rec t ion  and 

seve r i ty  of impact and the  type of surrogate  used a s  t e s t  subject .  

I n  a l l  of the WBR t e s t i n g  program, the subject  was seated f o r  

f r o n t a l  impact i n  a GM-supplied t e s t  f i x t u r e  (buck) which is  an 

ideal ized hard s e a t  representat ion of a car  s e a t .  The subject  was 

positioned a s  close as  possible  t o  t he  diagram of Figure 2 ,  which 

represents  a "na tura l t t  sea t ing  pos i t ion  of a typ ica l  car  dr iver .  

The r e s t r a i n t  system used was a three-point system i n  a 

d r i v e r ' s  s ide  configuration and instrumented w i t h  load transducers 

t o  monitor t he  upper and lower forces  i n  the  shoulder harness,  and 

the  l e f t  and r i g h t  forces  i n  the  l ap  b e l t .  A l l  t he  b e l t s  were 

tensioned t o  a 10-lb preload, then a 3-inch s lack was introduced i n  

t h e  shoulder harness. 

The s l ed  decelerat ion p r o f i l e s  were selected t o  provide three 

l eve l s  of crash s e v e r i t i e s .  The low-severity l eve l  corresponds t o  a 

16-mph veloci ty  change and a 10-G average decelerat ion,  o r  an equi- 

valent  stopping dis tance of 1 1  inches. The intermediate-severity 

l e v e l  has twice the k i n e t i c  energy of the low sever i ty  one, and 

corresponds to  20 mph and 10 G .  F ina l ly ,  the  high-severity l e v e l  

w i t h  twice the energy of the mid-severity one but the same stopping 

Test Conditions 
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FIGURE 2 .  Diagram of Seat ing and Pos i t ion ing  i n  All Whole- 
Body Response Tes ts .  
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SLED DECELERAT I ON. G 'S 

TIME [ MSEC 1 

FIGURE 3. Typical Sled Deceleration P r o f i l e s  a t  Three 
Sever i ty  Levels Used i n  t he  WBR Testing Program. 
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dis tance  of 22 inches,  corresponds t o  a 32-mph ve loc i ty  change and 

20-G average dece lera t ion .  A l l  t he  s l ed  dece lera t ion  pulses  were 

approximately "squareu and t y p i c a l  ones a r e  shown i n  Figure 3 .  

The su r roga te s  used i n  t h i s  program were cadavers,  anthropomor- 

phic t e s t  devices  and computer models. These t e s t  sub jec t s  a r e  

described below, along w i t h  t h e i r  assoc ia ted  instrumentat ion and 

spec i a l  handling requirements. The number of s led  runs conducted on 

each of the  sur roga tes  is  given i n  Table 1 .  

TABLE 1 .  Matrix of Sled Runs Conducted During the  Whole- 
Body Response Research Program. 

SEVERITY CADAVERS PART 572 H Y B R I D - ?  TOTAL 

1 ow 4 1 1  3 18 

medium 13 8 3 2 4 

high 6 7 3 16 

TOTAL 2 3  26 9 5 8  

3 . 2 .  Cadaver Se l ec t ion  D e s c r i ~ t i o n  

F i f t een  male cadavers,  designated WBR-1 through WBR-15, were 

se l ec t ed  a s  human sur roga tes  f o r  t e s t i n g  i n  t h i s  research program, 

a l l  approximating t h e  50th pe rcen t i l e  i n  s i z e .  A l l  but two were un- 

embalmed, s ince  embalming has been es tab l i shed  t o  a l t e r  t h e  mecha- 

n i c a l  p rope r t i e s  of both s o f t  t i s s u e  and bone. 

3.  DESCRIPTION OF TESTS 
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Surgery was performed f o r  the  purpose of mounting the  ins t ru-  

mentation necessary fo r  monitoring the  three-dimensional motion of 

the head, t he  acce lera t ions  of the thorax and pe lv i s ,  and f o r  photo- 

graphic coverage of the motions of the head, shoulders,  t o r so  and 

legs.  Locations of thorax and pe lv is  accelerometers were se lec ted  

t o  correspond approximately t o  those b u i l t  i n  t e s t  dummies. 

Detailed anthropometric measurements were taken before surgery. 

In  addi t ion ,  a  complete x-ray record was made of each cadaver 

s k e l e t a l  s t r u c t u r e ,  both i n  a  l a t e r a l  seated view t h a t  simulates the 

t e s t  configurat ion and i n  a  prone f r o n t a l  view a f t e r  surgery has 

been completed. 

In  order t o  completetly descr ibe the tes ted  cadavers, some 75 

anthropometric measurements were taken on each cadaver. These 

measurements, given i n  d e t a i l  i n  Appendix B ,  a r e  e s sen t i a l  t o  data  

ana lys t s  fo r  i n t e rp re t a t ion  of the r e s u l t s ,  and provide mathematical 

modelers w i t h  the  necessary da ta  f o r  computer simulation of 

individual  t e s t s .  To give an idea about some of the physical 

c h a r a c t e r i s t i c s  of the  sample of cadavers, Table 2 presents  se lec ted  

measurements and t h e i r  s t a t i s t i c a l  var ia t ions .  

During the  f i r s t  two years of the WBR program, each cadaver was 

subjected t o  two s l ed  t e s t s ,  one a t  the  intermediate crash sever i ty  

l e v e l ,  followed by a  second one a t  the high l eve l .  I t  was consis- 

t e n t l y  observed t h a t  the  tes ted  cadavers were sustaining conside- 

r ab l e  damage i n  the thoracic  region,  including r i b ,  sternum and 

c l av ic l e  f r ac tu re s .  

Cadaver Select ion and Description 
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TABLE 2 .  Selected Anthropometric Measurements of Tested 
Cadavers. 

MEASUREMENT (cm) 

Age (yea r s )  
Weight (kg) 
S t a tu re  

Head A-P length  
Head L-R Breadth 
Head Circumference 

N - - MEDIAN - MEAN - S.D. 

Vertex t o  Acromion 6 23.8 23.9 0.88 
Vertex t o  Mid-Chest 12 40.9 40.9 6,70 
Vertex t o  Trochanterion 12 82.3 81.7 3.93 

Mid-Chest A-P Depth 14 22.3 22.1 2.46 
Mid-Chest L-R Breadth 14 29.9 30.5 1.63 
Hip Breadth a t  I l i o c r i s t a l e  12 29.2 28.8 3.15 

Upper A r m  (Acrom. -Radiale) 13 18.4 18.6 0.90 
Lower A r m  (Rad. -Stylon) 12 25.0 25.9 1,47 
Upper Leg (Troch. -Fibulare)  13 42.2 43.1 3.29 
Lower Leg (Fib.  -L.Malleus) 12 39.0 39.8 1.96 

Since s i g n i f i c a n t  thorac ic  and c l av ica l  bone damage may a l t e r  

s i g n i f i c a n t l y  t h e  kinematics of the  sub jec t ,  and t o  avoid the  r i s k  

of degrading t h e  s k e l e t a l  s t r u c t u r e  during t h e  f i r s t  t e s t ,  each of 

t he  cadavers subsequently t e s t e d  i n  the  t h i r d  cont rac t  year was 

subjected t o  a s i n g l e  t e s t  a t  a s eve r i t y  l e v e l  determined t o  f i l l  

t h e  voids i n  the  matrix of runs. The s l ed  runs d i s t r i b u t i o n  f o r  the  

t e s t ed  cadavers is given i n  Table 3,  along with the  cause of death 

and age a t  death of each cadaver. 

3. DESCRIPTION OF TESTS 
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Cadaver Se lec t ion  and Description 
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3.3 .  A n t h r ( g Q l Q r ~ h i c  Test Devicea 

Anthropomorphic dummies a r e  genera l ly  used a s  human sur roga tes  

i n  crash t e s t i n g  and allow reapeatable  and cons is ten t  kinematic 

response measurements t o  be made. I n  order t o  provide a da ta  base 

f o r  comparing t h e i r  kinematics t o  those of cadavers,  two s e r i e s  of 

t e s t s  were conducted using two d i f f e r e n t  dummies: a c e r t i f i e d  Par t  

572  ATD o r  "Hybrid-IIu, and the  Hybrid-I11 dummy, recent ly developed 

by G M .  

I n  addi t ion  t o  t h e  t ransducers  b u i l t  i n  these  dummies, t he  head 

was instrumented w i t h  t he  HSRI nine-accelerometer package f o r  

measuring t h e  three-dimensional head motion. Since both cadavers 

and dummies were instrumented with the  same head package, t he  

measured 3-D motion would be compatible f o r  comparison, 

Furthermore, t he  added weight was considered t o  be t o l e r a b l e  i n  

comparison t o  t h a t  of the  head alone.  

Standard instrumentat ion on t h e  Par t  572 ATD and the  Hybrid-I11 

c o n s i s t s  of t r i a x i a l  accelerometers a t  t he  head, ches t  and pe lv i s .  

The Hybrid-I11 included an add i t i ona l  neck t ransducer  t o  measure the  

neck a x i a l  and shear  fo rces  and i t s  moment, a chest  defelctometer 

and two femur load c e l l s .  

Every e f f o r t  was made t o  s e a t  the  dummies i n  t he  same 

configurat ion a s  the  cadavers ( s e e  Figure 2 1 ,  and t h e  same th ree  

crash seve r i ty  l e v e l s  (Figure 3) were appl ied.  

3.  DESCRIPTION OF TESTS 
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Chapter 4 

E X P E R I M E N T A L  R E S U L T S  

Complete and de t a i l ed  documentation of the experimental r e s u l t s  

a r e  given i n  Appendix B (Raw Data) and i n  Appendix C (Processed 

Data) of t h i s  f i n a l  r epo r t ,  or  have already been presented i n  

e a r l i e r  r epo r t s  [ I  ,2,31. In t h i s  chapter ,  attempt is  made t o  

condense these r e s u l t s  i n  tabular  and graphical  summaries, which a r e  

most c h a r a c t e r i s t i c  of the whole-body biomechanical response. Thus, 

t he  next sec t ion  summarizes the  autopsy r epor t s  on each tes ted  

cadaver, followed by graphical  summaries sec t ion ,  i n  which kinematic 

responses of the th ree  s led- tes ted  surrogates  a r e  presented. 

4 . 1  . Thoracic Damaae 

As par t  of t e s t  subjec t  documentation, x-rays and anthropo- 

metr ic  measyrements were taken on each cadaver p r i o r  t o  each t e s t .  

Pos t - tes t  x-rays and autopsy were included i n  the  t e s t i n g  protocol 

t o  i d e n t i f y  and record thorac ic  damage due t o  t he  three-point be l t  

system being used. Resul ts  i nd ica t e  t h a t  a l l  t e s t ed  cadavers 

suffered r i b  cage damage t o  varying ex ten ts .  The t e s t  in jury  

records a r e  summarized i n  Table 4 .  

Thoracic Damage 
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4 .2 .  K i n e ~ a t i c  R ~ S D O ~ S ~ S  

The kinematic responses of tested cadavers and dummies may be 

characterized by accelerat ions,  veloci t ies  and displacements of 

various body segments, a s  well as the bel t  forces. For each sled 

run, data processing produced time-histories of as many as  52 such 

variables,  some of which were d i rec t ly  measured, others resul t ing 

from computational procdures described i n  Appendix A .  

To be concise, only the twelve most charac te r i s t i c  variables 

were selected t o  be included here. These va r iL j l e s ,  l i s t e d  i n  Table 

5 ,  a r e  common to  a l l  three tested surrogates, and a re  the  most 

compatible f o r  comparison purposes. 

TABLE 5 .  Variables Used t o  Characterize the Whole-Body 
Response Kinematics. 

VARIABLE LOCATION TYPE UNITS 

Angular Acc. Head Resultant r / s / s  
Angular Vel. Head Resultant r / s  

Transl. Acc. Head C . G .  Resultant G I s  

Transl. Vel. Head C . G .  Resultant i n / s  

Acceleration I n t .  Thorax A-P G I s 
Acceleration Ext. Thorax A-P G's 

Acceleration I n t .  Pelvis  A-P G's 
Acceleration Ext. Pelvis A-P G f  s 

Belt Force Shoulder Upper l b s  
Belt Force Shoulder Lower l b s  

Belt Force Lap Belt Left l b s  
Belt Force Lap Belt Right l b s  

4 EXPERIMENTAL RESULTS 
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In  the following 36 f i gu res ,  composite t ine-h is tory  ? l o t s  of 

each of  the 12 va r i ab l e s  a r e  given f o r  the  cadavers,  Hybrid I1 and 

Bybrid III dummies a t  the th ree  seve r i ty  l e v e l s .  I t  should be noted 

t h a t  these p l o t s  include only va l id  t ime-his tor ies  s ince ,  i n  some 

t e s t s ,  da t a  processing was ne i the r  poss ib ls  nor s a t i s f a c t o r y  because 

of instrumentat ion problems. 

Kinematic Responses 
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FIGURE 4 .  R e s u l t a n t  Head Angular A c c e l e r a t i o n  
Low-Severity S l e d  Runs -- A Composite P l o t .  
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FIGURE 5. Resul tant  Head Angular Acceleration 
Mid-Severity Sled Runs -- A Composite P lo t .  
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RESULTRNT HERO RNG ACC, RRO/S/S 
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FIGURE 6. Resultant Head Angular Acceleration 
High-Severity Sled Runs -- A Composite Plot. 
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FIGURE 7 .  R e s u l t a n t  Head Angular Ve loc i ty  
Low-Severity Sled Runs -- A Composite P l o t .  
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FIGURE 8.  R e s u l t a n t  Head Angular V e l o c i t y  
Mid-Severi ty S led  Runs -- A Composite P l o t .  
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FIGURE 9 .  R e s u l t a n t  Head Angular Ve loc i ty  
High-Severi ty Sled Runs -- A Composite P l o t .  
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RESULTANT HERO C. G, ACC, G'S 
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FIGURE 10. Resul tant  Head Center-of-Mass Acceleration. 
Low-Severity Sled Runs -- A Composite P lo t .  
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RESULTANT HERO C. G. ACC, G 'S 

FIGURE 1 1 .  Resultant Head Center-of-Mass Acceleration. 
Mid-Severity Sled Runs -- A Composite Plot. 
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RESULTFWT HERO C. G. ACC, G'S 
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FIGURE 1 2 .  Resultant Head Center-of-Mass Acceleration. 
High-Severity Sled Runs -- A Composite Plot .  
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F IGURE 13. Resultant Head Center-of-Mass Velocity.  
Low-Severity Sled Runs -- A Composite P lo t .  
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FIGURE 1 4 .  R e s u l t a n t  Head Center-of-Mass V e l o c i t y .  
Mid-Sever i ty  S l e d  Runs -- A Composite P l o t .  
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FIGURE 15. Resultant Head Center-of-Mass Velocity.  
High-Severity Sled Runs -- A Composite P lo t .  
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INTERNAL CHEST A-P ACC, G 'S 

FIGURE 16.  Internal Chest A-P Acceleration. 
Low-Severity Sled Runs -- A Composite Plot. 



FINAL REPORT 

INTERNAL CHEST R-P ACC, G 'S 
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FIGURE 17. I n t e r n a l  Chest A-P Acceleration. 
Mid-Severity Sled Runs -- A Composite P lo t .  
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FIGURE 18. Internal Chest A-P Acceleration. 
High-Severity Sled Runs -- A Composite Plot. 
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EXTERNAL CHEST A-P ACC, G 'S  
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FIGURE 19.  E x t e r n a l  Chest  A-P Acce le ra t ion .  
Low-Severity S led  Runs -- A Composite P l o t .  
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EXTERNAL CHEST A-P ACC, G 'S 
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FIGURE 20. External  Chest A-P Acceleration. 
Mid-Severity Sled Runs -- A Composite P lo t .  
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FIGURE 21.  External Chest A-P Acceleration. 
High-Severity Sled Runs -- A Composite P lo t .  
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INTERNRL PELVIS A-P RCC, G 'S 

FIGURE 22. Internal Pelvis A-P Acceleration. 
Low-Severity Sled Runs -- A Composite Plot. 
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INTERNAL PELVIS A-P ACC, G 'S 
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FIGURE 23. I n t e r n a l  P e l v i s  A-P Acceleration.  
Mid-Severity Sled Runs -- A Composite P l o t .  
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INTERNAL PELVIS A-P ACC, G 'S 
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FIGURE 24.  I n t e r n a l  Pe lv i s  A-P Acceleration. 
High-Severity Sled Runs -- A Composite P lo t .  
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FIGURE 25. External Pelvis A-P Acceleration. 
Low-Severity Sled Runs -- A Composite Plot. 
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FIGURE 26. External Pelvis A-P Acceleration. 
Mid-Severity Sled Runs -- A Composite Plot. 
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FIGURE 27. External Pelvis A-P Acceleration. 
High-Severity Sled Runs -- A Composite Plot. 
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FIGURE 28.  Upper S h o u l d e r  H a r n e s s  Fo rce .  
Low-Severity S l e d  Runs -- A Composi te  P l o t .  
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FIGURE 29. Upper Shoulder Harness Force. 
Mid-Severity Sled Runs -- A Composite Plot. 
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FIGURE 30. Upper Shoulder H a r n e s s  Force. 
High-Severity Sled Runs -- A Composite P l o t .  
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FIGURE 31. Lower Shoulder Harness Force. 
Low-Severity Sled Runs -- A Composite P lo t .  
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FIGURE 33. Lower Shoulder Harness Force. 
High-Severity Sled Runs -- A Composite P lo t .  
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FIGURE 34. Lef t  Lap Bel t  Load. 
Low-Severity Sled Runs -- A Composite P lo t .  
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FIGURE 3 5 .  Left  Lap Bel t  Load. 
Mid-Severity Sled Runs -- A Composite P lo t .  
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FIGURE 3 6 .  Lef t  Lap Belt  Load. 
High-Severity Sled Runs  -- A Composite P lo t .  
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RIGHT LAP BELT FORCE. LBS 

25 50 75 100 125 150 175 
TIK [ MSEC 1 

FIGURE 3 7 .  Right Lap Belt Load. 
Low-Severity Sled Runs -- A Composite Plot. 
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RIGHT LAP BELT FORCE, LBS 
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FIGURE 38. Right Lap Bel t  Load. 
Mid-Severity Sled Runs -- A Composite P lo t .  
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FIGURE 39. Right  Lap Be l t  Load. 
High-Severi ty Sled Runs -- A Composite P l o t .  
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4 EXPERIMENTAL RESULTS 
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Chapter 5 

C O M P U T E R  S I M U L A T I O N S  

The past  several  years have seen the development of 

sophist icated computer models fo r  simulation of whole-body motions 

of an automobile occupant within a crash environment. In computer 

simulations,  the  mathematical model of the occupant may be viewed a s  

a surrogate  f o r  the l i v ing  human. 

Use of whole-body motion models has both advantages and 

disadvantages i n  comparison w i t h  t e s t  programs using cadavers, 

anthropomorphic dummies, and sub-human primates. Primary advantages 

a r e  f a c i l i t y  and f l e x i b i l i t y .  A primary disadvantage i s  tha t  good 

biomechanical data must  be obtained i f  the simulation predictions 

a r e  t o  be representat ive of human response. 

Computer models have been developed fo r  predicting dynamic 

responses i n  two and three dimensions. Two-dimensional models a r e  

usefu l ,  of course, only fo r  simulation of events i n  which the 

primary motions a r e  approximately planar. In  t h i s  research program, 

kinematic responses to  -Gx decelerations of cadavers restrained by a 

three-point bel t  system have been found t o  be de f in i t e ly  three- 

dimensional. However, the magnitudes of responses i n  the  X-Z plane 

a r e  general ly  on the order of double the out-of-plane components, 

and the  peaks fo r  out-of-plane components generally occur l a t e r  than 

peaks of in-plane components. It was therefore considered 
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reasonable t o  use the MVMA Two-Dimensional Crash Victim Simulator 

[12 ] ,  probably the  most advanced of cu r r en t ly  ava i l ab l e  2-D models, 

t o  s imulate  responses of cadavers i n  s l ed  t e s t s  performed i n  t h i s  

research program. I n  the  context of t h i s  program, the  computer 

model was thus used a s  an add i t i ona l  type of surrogate  f o r  cadavers. 

5 .1 .  Descriotion of Simulations 

The s imulat ions conducted i n  t h i s  study may be described i n  

terms of the  sur roga te ,  t he  r e s t r a i n t  system, and the  s l ed  

acce l e ra t ion  p r o f i l e s .  These t e s t  condi t ions a r e  described below, 

5.1.1.  Cadaver Model. The data  s e t  developed f o r  descr ibing 

the  cadaver f o r  MVMA 2-D s imulat ions does not represent  any s p e c i f i c  

cadaver used i n  the  s l ed  t e s t s .  The simulated cadaver is 5 f e e t  8 

inches and 140 pounds. T h i s  approximates the  height and weight of 

severa l  t e s t  cadavers.  

Most of the  anthropometric and biomechanical data  used was 

taken from a study which inves t iga ted  impact dynamics of f r e e - f a l l  

vict ims [ 13,141 . Also used was a  study which invest igated the  head- 

neck response of wel l-restrained human volunteers  t o  -Gx s l ed  dece- 

l e r a t i o n s  [ 15,161. In both of these  s t u d i e s ,  t he  MVMA 2-D model was 

used ex tens ive ly .  Sagi t ta l -p lane  bending s t i f f n e s s  da ta  f o r  f lex ion  

and extension was derived from r e s u l t s  reported by Mertz and Pa t r ick  

[ I 7 1  f o r  adul t  male cadavers. Active muscle tension r e s i s t ance  t o  

head-neck angulat ions was s e t  t o  zero f o r  t he  present s tudy,  a s  is  

appropr ia te  f o r  s imulat ion of cadaver responses. 

5 .  COMPUTER SIMULATIONS 
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5 .1 .2 .  Restraint  System Model. The be l t  r e s t r a i n t  system model 

i n  the  MVMA 2-D Crash Victim Simulator is  not capable of accurately 

. r ep re sen t ing  the  t e s t  r e s t r a i n t  system i n  a l l  respects .  However, a  

reasonable approximation can be modeled. The primary problem i s  

t h a t  the  shoulder harness cannot be attached t o  the  l ap  be l t  a t  a  

buckle. Since ac tua l  forward motion of the buckle i s  not large in  

comparison w i t h  the length of shoulder harness webbing between the 

buckle and t h e  chest/shoulder a rea ,  the  peak horizontal  component of 

shoulder-harness force a t  the buckle can be expected t o  be small i n  

comparison w i t h  t h a t  of the l ap  be l t .  For t h i s  reason, no la rge  

inaccuracies  a r e  introduced i n  the simulations by assuming the  lower 

end of the shoulder harness t o  be fixed t o  an "anchorn on the  s led 

a t  the i n i t i a l  pos i t ion  of the buckle. 

The modeled be l t  r e s t r a i n t  system included compensations fo r  

the  dimensions of inextensible  sec t ions  of the ac tua l  system, such 

a s  the buckle and anchor hardware. Also, out-of-plane webbing 

lengths were considered i n  the  development of force-s t ra in  webbing 

c h a r a c t e r i s t i c s  supplied a s  input data  t o  the  computer model. The 

base s t i f f n e s s  was t h a t  of the webbing of the ac tua l  be l t  system. 

The loading curve was determined from a  laboratory t e s t  t o  be nearly 

l i n e a r  f o r  loads l e s s  than about 800 l b  and s t r a i n s  l e s s  than about 

0.086;  the  constant s t i f f n e s s  determined was 9200 l b s /  ( i n / i n )  . 

5.1.3.  I n i t i a l  Confinuration. In the  simulations,  the  cadaver 

was seated w i t h  approximate i n i t i a l  equilibrium between gravi ty  and 

contact forces.  The body l i nk  o r i en t a t ion  was estimated t o  approxi- 

Description of Simulations 
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mate the conf igura t ion  of Cadaver WBR-4 i n  t e s t  A-869. In accor- 

dance w i t h  t he  s e tup  condit ions f o r  a l l  t he  s l e d  t e s t s ,  t he  i n i t i a l  

upper l e g  angle was 5 degrees above the  ho r i zon ta l ,  the  lower l e g  

angle was 30 degrees above the  ho r i zon ta l ,  and the  f e e t  were 

fastened t o  a  45-degree toeboard. Examination of the f i lm  of t e s t  

A-869 shows t h a t  the  base of the neck (C7-TI) was i n i t i a l l y  about 1 6  

degrees back from t h e  v e r t i c a l  through the  H-point. T h i s  condi t ion 

was used a s  a  cons t r a in t  i n  es t imat ing  the  i n i t i a l  t o r s o  l i n k  

angles .  The arms were posi t ioned approximately a s  shown i n  the  

f i lm.  I t  was not possible  t o  accura te ly  def ine  head and neck angles  

from the  f i lm.  I n i t i a l  values used were 3.6 degrees back from t h e  

v e r t i c a l  f o r  the  head and 20  degrees forward from t h e  v e r t i c a l  f o r  

t he  neck. These a r e  the  values t h a t  were used i n  a  previously men- 

t ioned study [I51 f o r  t he  l i v i n g  sub jec t s  and should be represen- 

t a t i v e  of setup condi t ions  i n  t he  present  s tudy.  

The s e a t  modeled f o r  t he  s imulat ions was a  good representa t ion  

of t he  s e a t  i n  t he  s l e d  buck. The seatback was 25 degrees back from 

the  v e r t i c a l  and was modeled w i t h  a hard foam sur face .  A composite 

of hard foam and s o f t  foam was modeled f o r  t h e  head r e s t ,  and a  hard 

seatboard was simulated. 

5 . 1 . 4 .  Sled Accelerat ions.  Computer s imulat ions were made f o r  

t h r e e  d i f f e r e n t  s e v e r i t i e s  of s l ed  acce l e ra t ion  p r o f i l e s .  The low- 

s e v e r i t y  p r o f i l e  was taken from t e s t  A-926; t h e  medium- and high- 

s e v e r i t y  p r o f i l e s  were from t e s t s  A-869 and A-866, respec t ive ly .  

The ve loc i ty  changes and average acce l e ra t ions  f o r  t he  p r o f i l e  

5 .  COMPUTER SIMULATIONS 
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plateaus a r e  summarized i n  Table 6 .  

TABLE 6 .  Velocity Changes and Average (P la teau)  Accele- 
r a t i ons  of the Three Simulated Sled P ro f i l e s .  

T E S T S E V E R I T Y V E L O C I T Y A C C E L E R .  

A-926 1 ow 16.7 mph 9.3 G's 

A-869 medium 2 4 . 4  mph 9.8 G I s  

A-866 high 31.9 mph 19.8 G I s  

TABLE 7 .  Weights and Heights of Simulation "Cadaveru and 
the  Cadavers of Three Simulated Tests .  

TEST - CADAVER WEIGHT HEIGHT 

Simulation "Cadaverff 140 l b  68 i n .  

A-926 WBR-7 1711b  7 0 i n .  

A-869 WBR-4 135 l b  65 i n .  

A-866 WBR-3 126 l b  68 i n .  

5 .2.  Results of Simulations 

The r e s u l t s  reported here a r e  f o r  th ree  simulations which 

d i f f e r  only i n  the  acce lera t ion  p r o f i l e s  of the s l ed .  With respect 

t o  i n i t i a l  configurat ion,  be l t  r e s t r a i n t  system, and cadaver 

parameters, t he  da ta  s e t s  were iden t i ca l .  Each simulation p red ic t s  

dynamic response of the  140-lb, 68-in cadaver previously described. 

Results of Simulations 
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Because the model i s  capable of pred ic t ing  only planar motions and 

because the  c ~ d a v e r s  used i n  the  th ree  a c t u a l  s l e d  t e s t s  a r e  

d i f f e r e n t  i n  s i z e  from the  s imulat ion "cadaver ,"  simulated responses 

a r e  expected t o  c o r r e l a t e  w i t h  t e s t  responses i n  varying degrees. 

Cadaver anthropometry i s  summarized i n  Table 7 .  Since the  height 

and weight of cadavers WBR-3 and WBR-4 a r e  i n  best  agreement w i t h  

t h e  s imulat ion cadaver va lues ,  experimental responses f o r  t e s t s  A -  

866  and A-869 a r e  expected t o  be i n  best  agreement w i t h  s imulat ion 

r e s u l t s .  These a r e  the h i g h -  and medium-severity acce l e ra t ion  

p r o f i l e  t e s t s .  

5 . 2 . 1 .  Pr in te r -P lo t  Se~uence .  Figures 40 through 42 i l l u s t r a t e  

simulated occupant motion. These a r e  s e l ec t ed  "frames" from a  time 

sequence of p r i n t e r - p l o t s  generated by t h e  MVMA 2-D model f o r  t e s t  

A-869. With  t he  exception of arm not ion ,  t h e  kinematics i l l u s t r a t e d  

a r e  found t o  be very s imi l a r  t o  motions observed on the  t e s t  f i lm.  

Simulated arm motions a r e  somewhat g r e a t e r  than i n  t h e  t e s t s ,  i n  

which the arms do not go f a r  above the hor izonta l  a s  they swing 

forward. The reason f o r  t h i s  d i f f e r ence  i s  made obvious by viewing 

t h e  f i lm.  The simulated shoulder  a r t i c u l a t i o n s  a r e  s t r i c t l y  i n  t he  

plane of s imula t ion ,  while i n  t h e  t e s t s  there  i s  a  s i g n i f i c a n t  

component of upper arm abduction. 

5 .  COMPUTER SIMULATIONS 
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5 .2 .2 .  Low-Severity Resul ts .  Figures 43 through 45 show gra- 

phical  r e s u l t s  f o r  s imulat ion and t e s t  dynamics f o r  the  low-severity 

t , es t  ( t e s t  A-926, 171-lb, 70-in cadaver WBR-7). 

Head responses were se lec ted  a s  the primary desc r ip to r s  of 

subjec t  response i n  the  s l ed  t e s t  program and a l s o  a s  the  primary 

ind ica to r s  of c o r r e l a t i o n  between computer s imulat ion and a c t u a l  

t e s t  dynamics. The graphs i n  t h i s  sec t ion  and i n  the  next two show 

head p i t ch  v e l o c i t y ,  head p i t c h  acce l e ra t ion ,  the  A-P and S-I 

components of head center-of-mass acce l e ra t ion ,  and the  b e l t  loads.  

The head angular  motions p lo t ted  f o r  the  t e s t s  a r e  f o r  t he  angular 

ve loc i ty  vector  component along t h e  l a t e r a l  head a x i s .  Best 

agreement w i t h  simulated in-plane pi tching can be expected before 

out-of-plane motions i n  t he  t e s t s  become s i g n i f i c a n t .  

5.2.3, Medium-Severity Resul ts .  The parameter values f o r  the  

s imulat ion cadaver b e t t e r  approximate the  t e s t  cadaver f o r  t e s t  A- 

869 than the  cadaver used i n  e i t h e r  of the  o the r  t e s t s  simulated. 

The s imulat ion cadaver weight and height  a r e  140 l b  and 68 inches;  

cadaver WBR-4 of t e s t  A-869 is  135 l b  and 65 inches.  Graphical 

r e s u l t s  f o r  t h i s  t e s t  a r e  shown i n  Figures  46 through 48. 

5.2.4.  Hiah-Severitv Resul ts .  The weight and height  of cadaver 

WBR-3, which was used i n  t e s t  A-866, a r e  126 l b  and 68 inches.  

Simulation and t e s t  dynamics f o r  A-866 a r e  shown i n  Figures  49 

through 51. 

5 .  COMPUTER SIMULATIONS 
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FIGURE 43. Head Pitch Velocities and Accelerations for  Low- 
Severity Test, A-926. 
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FIGURE 44. Anatomical Components of Head Center-of-Mass 
Accelerat ion f o r  Low-Severity Tes t ,  A-926. 
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FIGURE 45. Simulation and Actual Torso Belt Loads for Low- 
Severity Test, A-926. 
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FIGURE 46 .  Head Pi tch  Ve loc i t i e s  and Accelerat ions f o r  Mid- 
Sever i ty  Tes t ,  A-869. 
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FIGURE 47. Anatomical Components of Head Center-of-Mass 
Acceleration for Mid-Severity Test, A-869. 
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FIGURE 48. Simulation and Actual Torso Belt Loads for Mid- 
Severity Test, A-869. 
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FIGURE 49. Head Pi tch  Veloc i t ies  and Accelerations f o r  High- 
Sever i ty  Tes t ,  A-866. 
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FIGURE 50. Anatomical Components of Head Center-of-Mass 
Acceleration for High-Severity Test, A-866. 
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FIGURE 51. Simulation and Actual Torso Bel t  Loads f o r  High- 
Sever i ty  Tes t ,  A-866. 
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5 . 3 .  Discussion ef Limub t io l l s  

Discussion of simulation r e s u l t s  should be prefaced by emphasis 

.of a  primary f e a t u r e  of the  s imula t ions ,  namely, t h a t  a  s ing le  

l fs imulat ion cadaveru was used f o r  a l l  t h r e e  s imulat ions,  while t h ree  

d i f f e r e n t  cadavers of var ious he ights  and weights were used i n  t he  

corresponding s l e d  t e s t s  ( s e e  Table 7 ) .  Consequently, simulation 

and t e s t  responses a r e  not expected t o  be i n  exact agreement. The 

r e s u l t s  demonstrate t h a t  i t  i s  possible  t o  accura te ly  predic t  a l l  

t h e  bas ic  c h a r a c t e r i s t i c s  of the  dynamic responses w i t h  respect  t o  

peak magnitudes, phases and curve waveform and t h a t  these  characte- 

r i s t i c s  a r e  seemingly much more s e n s i t i v e  t o  dece lera t ion  condit ions 

than t o  moderate va r i a t i ons  of subjec t  anthropometry. 

Magnitudes and phase f o r  predicted p i t ch  v e l o c i t i e s ,  p i t ch  

acce l e ra t ions ,  and anatomical components of l i n e a r  head 

acce l e ra t ions  a r e  seen t o  be i n  good agreement w i t h  t e s t  r e s u l t s  

through the second peak ( p o s i t i v e  o r  negat ive)  i n  each response 

h i s t o r y .  Predicted peak b e l t  loads range from 13 t o  54 percent 

higher  than t e s t  r e s u l t s  f o r  t h e  upper and lower segments of t he  

shoulder  harness .  Predicted peak l a p  b e l t  loads a r e  genera l ly  low 

and d i f f e r  from t e s t  peaks by an average of 16 percent .  Predicted 

peaks f o r  t r a n s l a t i o n a l  acce l e ra t ions  of the  head, thorax and pe lv i s  

a r e  i n  reasonably good agreement w i t h  t e s t  r e s u l t s ,  d i f f e r i n g  by an 

average of 13 percent .  Peak acce l e ra t ion  responses and b e l t  loads 

a r e  summarized i n  Table 8 .  

Modifying t h e  ac t ion  of the  l ap  b e l t  would not s i g n i f i c a n t l y  

a l t e r  head-neck response s ince  the  pe lv i s  is well-restrained i n  both 

5 .  COMPUTER SIMULATIONS 
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TABLE 8 .  Peak Values f o r  Accelerations Responses and Belt  
Loads. 

LOW-SEVERITY MID-SEVERITY HI-SEVERITY 
(A-926) (A-869) (A-866) 

TEST SIMUL TEST SIMUL TEST SIMUL - - 
Lef t  Lap Belt 
Load ( l b )  ,,...... 756 546 569 619 1148 1042 

Right Lap Belt  
Load ( l b )  ........ 1509 1095 1375 1205 2232 2048 

Upper Shoulder 
Bel t  Load ( l b )  . . . 1007 1134 871 1343 1636 2037 

Head Transl .  
Accel. ((3's) . . . .. 28 3 0 3 4 3 9 6 3 7 0 

I n t e r n a l  Thorax (26 )  ' (25)  ' (59)  ' 
Accel. (G Is )  . .. .. (20 ) "  24 ( 2 2 ) "  25 ( 3 4 ) "  52 

I n t e r n a l  Pe lv i s  ( 2 3 ) '  ( 25 )  ' ( 4 1 ) '  
Accel. (G Is )  . . . .. (16 ) "  16 (24 ) "  18 ( 4 8 ) "  35 

...................... 
( 1 I and ( ) n  a r e  Hybrid-I1 and Hybrid-I11 responses,  respec t ive ly .  
(No i n t e r n a l  instrumentat ion i n  cadavers. ) 

t e s t  and simulation and t h e  neck i s  remote from the  pe lv is .  

Somewhat more e f f e c t  might be expected from modifying shoulder 

harness ac t ion ,  but no e f f o r t  was made t o  improve the modeling of 

any port ion of the r e s t r a i n t  system. Shoulder harness loads may be 

high because b e l t  loading was represented a s  s t r i c t l y  l i n e a r  while, 

i n  f a c t ,  t he  webbing so f t ens  f o r  s t r a i n s  g r e a t e r  than 0.086 and 

loads g r e a t e r  than 800 l b s .  

Discussion of Simulations 
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Although the re  is considerable  s i m i l a r i t y  between simulation 

and t e s t  r e s u l t s  f o r  head responses through the  second peak of each 

response h i s t o r y ,  t he re  i s  considerable  disagreement, of an o s c i l l a -  

to ry  na ture ,  a f t e r  t he  second peak. (Simulation r e s u l t s  a r e  not 

shown beyond 130 ms. ) T h i s  is explained p a r t l y  by the  f a c t  t h a t  

out-of-plane motions i n  the  t e s t s  begin t o  become s i g n i f i c a n t ,  but 

t he  d i f f e r ences  a r e  caused mostly by a  model shortcoming. In  t h i s  

domain of the  responses,  t he  o s c i l l a t i o n s  c o r r e l a t e  exact ly w i t h  

peak " jo in t - s top"  torques a t  t he  upper- and lower-neck a r t i c u l a t i o n s  

of the two-joint ,  MVMA 2-D neck. Jo in t - s top  a c t i v i t y  is  more severe 

than reasonable because: 1 ) nonlinear  j o in t  s t i f f n e s s  a r e  unreason- 

ab ly  l a rge  except f o r  small  and moderate angula t ions ,  and 2 )  too 

l i t t l e  viscous damping i s  modeled. Without modif icat ions t o  t he  

a n a l y t i c a l  model and the  computer code f o r  t h e  MVMA 2-D Crash Vic ..in 

Simulator ,  i t  i s  not poss ib le  t o  both more accurately represent  the  

neck w i t h  regard t o  nonlinear s t a t i c  loading c h a r a c t e r i s t i c s  and 

velocity-dependant energy l o s s  and a l s o  guarantee proper h y s t e r e t i c  

energy l o s s  upon unloading. 

I n  s h o r t ,  t h e  opportunity of fe red  by t h i s  study t o  compare 

model pred ic t ions  w i t h  cadaver response has pointed out the need f o r  

an improved, more general  j o in t  model. I n  p a r t i c u l a r ,  i t  is  c l e a r  

t h a t  minimum improvements would include:  1 )  t he  addi t ion  of a  l i n e a r  

term t o  t h e  quadra t ic  and cubic jo in t - s top  torques of the cur ren t  

model ( A p r i l  1978),  and 2 )  a  modif icat ion t o  make viscous damping 

c o e f f i c i e n t s  dependent on angulat ion ( a t  l e a s t ,  zero and non-zero i n  

d i f f e r e n t  p a r t s  of the  range) .  I d e a l l y ,  provision should be made 

5 .  COMPUTER SIMULATIONS 



FINAL REPORT 

f o r  tabular  spec i f ica t ion  of jo in t  torque loading curves. 

With the model improvements just outlined and appropriate 

spec i f ica t ion  of associated biomechanical data ,  the improper 

o sc i l l a t i ons  seen a f t e r  the f i r s t  two peaks in  head responses should 

be absent because of so f t e r  loading and diss ipat ion of k ine t ic  

energy. While i t  i s  desirable  t o  eliminate the aforementioned i n -  

accuracies i n  predicted responses, i t  should be noted t h a t  the 

usefulness of r e s u l t s  obtained and i l l u s t r a t e d  in  Figures 46 through 

54 i s  uncompromised. Since maximum values fo r  the response 

parameters always occur a s  one of the f i r s t  two peaks in  t e s t  

r e s u l t s ,  the domain a f t e r  the f i r s t  two peaks of the predicted 

responses may simply be neglected a s  long a s  the peak values of 

responses a r e  of primary in t e re s t .  Agreement between predicted and 

t e s t  responses is excellent through the f i r s t  two peaks, particu- 

l a r l y  for  the cadavers of t e s t s  A-866 and A-869, which a re  both near 

t o  the  simulation cadaver i n  height and weight. Table 9 summarizes 

the phase and peak responses fo r  the three t e s t s  and simulations. 

Discussion of Simulations 
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TABLE 9 .  Magni tudes  and Phases  of Head Responses .  
(Pr imed peak numbers i n d i c a t e  " p l a t e a u u  p e a k s . )  

LOW-SEVERITY MID-SEVER1 TY HI-SEVERITY 
HEAD PEAK (A-926) (A-869) (A-866) 
RESPONSE N O .  TEST SIMUL TEST SIMUL TEST SIMUL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 3 6 . 7  40 .9  5 0 . 2  42 .3  59 .4  59.2 
P i t c h  Vel. @ 9 8  @ 104 @ 92 @ 97 @ 75 @ 76 
( rad /s  @ ms) ...................................................... 

2 5 . 0  6 . 8  3 . 5  18.1 -15.1 
@ 124 @ 123 @ 122 @ 91 @ 104 

P i t c h  Acc. 1" 1342 
( r / s / s  @ ms) @ 87 ...................................................... 

2 -1895 -3254 -3008 -3203 -4468 -5366 
@ 108 @ 116 @ 102 @ 110 @ 82 @ 88 

1 " 20 .6  32 .3  
A-P Acc. @ 86 @ 74 
( G I s  @ ms) ...................................................... 

2 4 . 3  -5.4 -9 .6  -3.3 -8.7 -7 .4  
@ 108 @ 116 @ 101 @ 110 @ 8 2  @ 86 

1 " 

S-I A C C .  
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Chapter 6 

D I S C U S S I O N  O F  R E S U L T S  

T h i s  program has generated a grea t  deal of de ta i led  data and 

analyses of such data  depend t o  a geat extent upon the spec i f i c  

i n t e r e s t s  o r  viewpoints of the reader.  This chapter of the report 

w i l l  present discussions of some areas  of the t e s t  r e s u l t s  which a re  

f e l t  t o  be of general i n t e r e s t  t o  researchers i n  biomechanics. More 

spec i f i c  analyses a r e  l e f t  t o  t he  reader through the use of the 

de ta i led  data appendices of t h i s  report .  

The following sec t ions  discuss  spec i f i c  fea tures  of the experi- 

mental program and comparisons of the responses obtained w i t h  the 

three  human surrogates  tes ted i n  t h i s  program, namely, cadavers, 

Par t  572 (Hybrid 11) A T D  and Hybrid I11 ATD.  

6.1 . Factors Inf luencinq the Ex~er imenta l  Results 

In  t h i s  sec t ion ,  the  e f f e c t s  of repeated t e s t s  upon cadaver 

responses and the  e f f e c t s  of embalming a r e  discussed. 

6.1.1. Effects pf- Tests. Many of the cadavers were 

tes ted  more than once in  the e a r l i e r  s tages  of the program. T h i s  

procedure was l a t e r  abandoned and subsequently only s ingle  t e s t s  

were conducted on each cadaver. The reason f o r  t h i s  was primarily a 

concern over the  e f f e c t s  of s t r u c t u r a l  damage of the thorax on the 

Factors Influencing the Experimental Results 



9 4 WHOLE BODY RESPONSE 

response measures. A secondary concern r e l a t e s  t o  the poss ib le  

general  loosening o r  modification of s t r u c t u r a l  l inkages and r e s i s -  

tance t o  motion t h a t  might occur i n  the  s k e l e t a l  system during the  

f i r s t  t e s t .  Examination of the  t e s t  r e s u l t s  of those cadavers t h a t  

were t e s t e d  only once and  comparison of the  r e s u l t s  with those 

obtained b y  repeated t e s t s ,  w i t h  a l l  t e s t s  a t  the  same seve r i ty  

l e v e l ,  allows the  assessment of such e f f e c t s .  The mid-severity t e s t s  

provide the  bulk of such da ta .  

TABLE 10. Comparison of Mid-Severity Chest Acceleration 
Peak Data. 

PEAK RESULTANT 
TEST SLED TEST NUMEER CHEST A C C E L . ,  g  NUMBER OF FRACTURES 

SERIES ---------------- ---------------- ------------------- 
NUMBER 1st Run 2nd Run 1st Run 2nd Run Right Left  Strnm. ------ ------- ------- ------- ------- ----- ---- ------ 

WBR - 5 A-874 A-875 3 2 3 3 4 2 1 

The r e s u l t s  of the  s i n g l e  run t e s t s  (WBR-9, 1 1 ,  12 and 14) 

i n d i c a t e  t h a t  s i g n i f i c a n t  numbers of r i b  f r a c t u r e s  occur during t h e  

f i r s t  mid-severity run. Thus, i t  can be assumed t h a t  i n  a l l  mid- 

. 
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sever i ty  t e s t s  the f i r s t  run produced some degree of s t ruc tu ra l  

disrupt ion i n  the  thorax. These r e s u l t s  a r e  summarized in  Table 1 0 ,  

along w i t h  the peak r e su l t an t  chest accelerat ion values fo r  the 

pert inent  mid-severity t e s t s .  

Comparison of the f i r s t  and second run peak resu l tan t  chest 

accelerat ion values shows tha t  the second run values a r e  s l i g h t l y  

higher.  Similar ly,  an examination of the accelerat ion time- 

h i s t o r i e s  (Appendix C) reveals  tha t  the waveforms are  generally the 

same f o r  repeated runs w i t h  the second run peak having a  s l i g h t l y  

longer duration than the  f i r s t  run peak. In  general,  the repeated 

t e s t s  d i d  not appreciably change the thoracic  response, a s  measured 

by the  thoracic  spine accelerometers, which may be indicat ive of the 

r e l a t i v e  in sens i t i v i ty  of the thoracic  spine accelerat ion t o  defor- 

mation of the r i b  cage from f ron ta l  loading due t o  shoulder harnesses. 

The cerv ica l  spine (neck) is  another region of the s k e l e t a l  

s t r u c t u r e  of the body t h a t  could be effected by repeated t e s t s .  The 

cerv ica l  spine linkage and i t s  res i s tance  t o  motion exert  a  strong 

influence on the dynamic response of the head i n  the type of impact 

t e s t s  conducted i n  t h i s  program. Review of the ro ta t iona l  and 

t r ans l a t iona l  head accelerat ion t ime-his tor ies  fo r  the repeated runs 

of cadavers WBR-4, 5 and 7 shows t h a t  the repe t i t ion  of runs on the 

same cadaver produce very s imi la r  head accelerat ion p ro f i l e s  both in  

magnitude and i n  waveform. 

Thus, it  appears t h a t  the  repeated run technique used ear ly  i n  

the program d i d  not inva l ida te  the data  produced on head and chest 

accelerat ion response during t h e  second t e s t .  

Factors Influencing the Experimental Results 
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6.1.2. Ef fec t s  d Embalminq. Two embalmed cadavers were t e s t ed  

i n  t he  WBR program. The main purpose f o r  using embalmed cadavers 

was t o  determine i f  the embalming process,  which s t i f f e n s  s o f t  

t i s s u e  s t r u c t u r e s ,  could minimize the  r i b  f r a c t u r e s  t ha t  were found 

t o  be occuring w i t h  the unembalmed cadaver t e s t s .  The embalmed 

cadavers were prepared f o r  t e s t i n g  by limbering the  knee, h i p ,  elbow 

and shoulder j o i n t s  u n t i l  they were f l e x i b l e  and e a s i l y  moved. 

The embalmed cadaver t e s t  s e r i e s  consis ted of two mid-severity 

followed by a  s ing le  high-severity runs on one of the  two cadavers,  

and of a  high-severi ty  run conducted on the  second cadaver, f o r  a  

t o t a l  of four  embalmed cadaver t e s t s .  I n  t h i s  s e r i e s  of t e s t s ,  

s i g n i f i c a n t  numbers of r i b  f r a c t u r e s  were s t i l l  produced. From these 

t e s t s ,  i t  was not apparent t h a t  s t i f f e n i n g  of the s o f t  t i s s u e s  of 

t he  thorac ic  orgaris and i n t e r c o s t a l  t i s s u e s  had a  marked e f f e c t  on 

the  number o r  d i s t r i b u t i o n  of r i b  f r ac tu re s .  The age and medical 

h i s t o r y  of the  cadaver a r e  more l i k e l y  t o  be the  major f a c t o r s  t h a t  

inf luence r i b  f r a c t u r e s .  

The response measures d i d  not appear t o  be s i g n i f i c a n t l y  

e f fec ted  by embalming. The ches t  acce lera t ion  t ime-his tor ies  were 

comparable i n  magnitudes and waveforms t o  s imi l a r  t e s t s  w i t h  

unembalmed cadavers. With t he  head response, t he re  d i d  appear t o  be 

a  tendency f o r  the  embalmed cadaver t o  produce less-sharp peaks i n  

head acce l e ra t ion  b u t  the magnitude was not conclusively modified 

(compare WBR-3, 10 and 1 5 ) .  T h i s  e f f e c t  could be a t t r i b u t e d  t o  

g r e a t e r  r e s i s t ance  t o  motion on the ce rv i ca l  sp ine  of the  embalmed 

cadaver. 

6 ,  DISCUSSION OF RESULTS 
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6.2. ConDarisonaf HumanSurroaateTestResults 

Three human surrogates  were used i n  the experimental phase of 

the WBR program: cadavers, Part  572 ATD o r  Hybrid I1 and Hybrid I11 

ATD.  In  t h i s  sec t ion ,  r e s u l t s  from t e s t i n g  these surrogates a r e  

compared. 

6.2.1. Head-Neck Res~onse.  The dynamic response of the head, 

a s  indicated by head accelerat ion measurements, i s  controlled p r i -  

marily by the  neck linkage and i t s  res i s tance  t o  motion. 

Comparisons of the head responses of the three surrogates i s  thus a 

comparison of the neck cha rac t e r i s t i c s .  In  the case of cadavers, 

the neck linkage is  an accurate representat ion of the l i v ing  human 

neck b u t  the res i s tance  t o  motion (muscle tone) i s  lacking. The 

Hybrid I1 dummy neck is  monolithic rubber s t ruc tu re  t ha t  has been 

noted t o  be r e l a t i v e l y  s t i f f  i n  comparison t o  the human neck, while 

t h e  Hybrid I11 neck design represents  an intermediate area between 

the  two extremes. It has a segmented s t ruc tu re  tha t  i s  not as  

complex a s  t ha t  of the human neck w i t h  motion r e s i s t i n g  elements 

t h a t  a re  not a s  s t i f f  a s  the Hybrid I1 neck. These general charac- 

t e r i s t i c s  a r e  evident when comparing the  head motion responses of 

the  th ree  surrogates.  The most d i r ec t  measure of neck response is 

the  angular accelerat ion of the head, Figures 4 ,  5 and 6 show the  

comparisons of the r e su l t an t  head angular accelerat ions fo r  the 

three  surrogates  a t  the three t e s t  s eve r i t i e s .  Note t ha t  the f i r s t  

major peak, which is  r e l a t ed  t o  the motion resis tance l eve l  of the 

neck, i s  lowest i n  magnitude f o r  the  Hybrid I1 data.  T h i s  i s  

Comparison of Human Surrogate Test Results 
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cons is ten t  w i t h  the s t i f f  na ture  of the Hybrid I1 neck. The second 

major peak, which is r e l a t e d  t o  t he  stopping of the head motion, 

occurs l a t e r  w i t h  the  Hybrid I1 i n  comparison w i t h  the  cadavers and 

Hybrid 111. The Bybrid I11 waveforms tend t o  be more l i k e  the  

cadaver responses than those of t he  H y b r i d  11. The cadavers exhib i t  

much g r e a t e r  v a r i a b i l i t y  i n  t h e i r  response than the dummies do and 

the  Hybrid I11 produced the  most cons is ten t  response of a l l .  The 

s i m i l a r i t y  of t he  Hybrid I11 head angular  acce l e ra t ion  response t o  

t h a t  of t he  cadavers i s  shown a l s o  i n  the  head angular  ve loc i ty  

comparisons of Figures 7 ,  8 and 9 .  The head angular  ve loc i ty  t r a c e s  

f o r  the  Hybrid I1 t e s t s  exh ib i t  a c h a r a c t e r i s t i c  sus ta ined  rebound 

ve loc i ty  t h a t  i s  not a s  pronounced w i t h  e i t h e r  t h e  cadavers o r  t he  

Hybrid I11 responses.  This again is  a  manifestat ion of t he  neck 

cons t ruc t ion  of the  H y b r i d  11. 

The t r a n s l a t i o n a l  acce l e ra t ion  responses (Figures  10, 1 1 and 

1 2 )  and t r a n s l a t i o n a l  ve loc i ty  responses (Figures  13, 1 4  and 15) of 

t he  head exh ib i t  l e s s  pronounced d i f f e rences  between the  sur roga tes  

than the  head r o t a t i o n a l  motion responses. 

An add i t i ona l  aspect  of the  head motion which is not apparent 

from t h e  summary p lo t s  of t he  r e s u l t a n t  acce l e ra t ions  and v e l o c i t i e s  

i s  the  d i f f e r ences  i n  t he  three-dimensional na ture  of the  motion of 

t he  head f o r  each of the sur roga tes .  In  order  t o  i nves t iga t e  t he  

na ture  of any such d i f f e rences ,  i t  is necessary t o  look a t  t he  ind i -  

vidual  components of the  t r a n s l a t i o n a l  and r o t a t i o n a l  motion s ince  

the  r e s u l t a n t  is a  root-mean-square blending of those components. 

T h i s  r equ i r e s  examination of the  r e s u l t s  i n  Appendix C and i n  

6 .  DISCUSSION OF RESULTS 
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Reference [ 31  ( f o r  the Hybrid I11 r e s u l t s ) .  As w i t h  the resu l tan t  

da ta ,  the  t r ans l a t iona l  component responses a r e  generally s imilar .  

The ro t a t iona l  data  does show some differences,  however. In  

pa r t i cu l a r ,  the Hybrid I11 head motions displayed lower angular 

acce lera t ions  about the S-I ax i s  (yaw) and consequently lower 

angular ve loc i t i e s  about t ha t  ax is .  Both cadavers and the Hybrid I1 

t e s t s  produced higher values about t h a t  ax is .  

An example of the differences between the three surrogates i n  

terms of three-dimensional angular motion can be seen by considering 

the  angular accelerat ion peak values associated w i t h  the stopping of 

head motion during maximum forward excursion of the surrogate.  This 

motion represents  a highly complex three-dimensional motion a s  the 

surrogate  i n t e r a c t s  w i t h  the shoulder harness. The medium sever i ty  

runs were analyzed f o r  the peak values of a l l  th ree  components of 

angular accelerat ion and i t  was found t h a t  the mean peak values fo r  

the  cadavers were the l a r g e s t  i n  a l l  th ree  d i rec t ions .  The compo- 

nent about the L-R ax i s  ( p i t c h )  was the major value w i t h  the Hybrid 

I11 mean value being 93% of the  mean cadaver value, while the  Hybrid 

I1 was 52%. The components about the A-P(rol1) and S-I(yaw) axes 

were much smaller than the p i tch  value about the L-R ax is  (30-405) 

b u t  there  were in t e re s t ing  var ia t ions  i n  the  r e l a t i v e  magnitudes 

between the surrogates.  For mean peak angular accelerat ion about 

the  S-I ax i s ,  the  Hybrid I1 produced a value t h a t  was 79% a s  grea t  

a s  the cadaver value, while the Hybrid I11 produced only 35%. For 

values about the A-P ax i s  the Hybrid I1 produced 22% and the Hybrid 

I11 produced 64% of the value produced by the cadavers. T h i s  

Comparison of Human Surrogate Test Results 
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ind ica t e s  t h a t ,  w i t h  respect  t o  t he  motion r e s i s t ance  of the neck, 

t he  stopping motion of the  dummies is more r e s t r i c t e d  i n  c e r t a i n  

d i r e c t i o n s  than i t  is in t he  cadavers.  I t  would appear t h a t  f o r  

motion about the  S-I a x i s  t he  Hybrid I11 neck i s  the s t i f f e s t  while 

f o r  motion about the  A-P a x i s  the  Hybrid I1 neck i s  the s t i f f e s t .  

These observat ions a r e  cons is ten t  w i t h  t he  cons t ruc t ion  f ea tu re s  of 

t hese  necks. 

6 .2.2.  Chest Response. I t  is  not possible  t o  mount accelero- 

meters i n t e r n a l  t o  the  ches t  i n  cadavers. I n  t h i s  t e s t  program, the  

ches t  accelerometers were mounted ex te rna l ly  on both the  cadavers 

and t h e  dummies a t  l e v e l s  which were comparable i n  S-I l oca t ion  t o  

t he  plane of i n t e r n a l l y  mounted accelerometers i n  t h e  dummies. 

P l o t s  of t he  A-P a x i s  accelerometer da t a  of the  dummies ( i n t e r n a l  

and e x t e r n a l )  and t h e  cadavers ( e x t e r n a l )  a r e  given i n  Figures 16 

through 21 f o r  var ious t e s t  s e v e r i t i e s .  Only the  A-P a x i s  da ta  were 

chosen f o r  comparison because of the  d i f f e r e n t  s p a t i a l  l oca t ion  of 

t h e  i n t e r n a l  and ex te rna l  accelerometers.  I n  t he  Hybrid I1 da ta ,  

t h e  A-P acce l e ra t ions  f o r  both i n t e r n a l  and ex te rna l  mounting po in t s  

a r e  very s i m i l a r  i n  magnitude and waveform whereas f o r  t he  Hybrid 

111, t h e  ex te rna l  da ta  a r e  cons i s t en t ly  higher i n  magnitude (16-298) 

and ex ih ib i t ed  d i f f e r ences  i n  waveform, p a r t i c u l a r l y  during the  

rebound o r  unloading phase of the  t r aces .  

Comparison of the  ex t e rna l  A-P accelerometer da ta  from a l l  

t h r e e  sur roga tes  (F igures  19, 20 and 2 1 )  shows t h a t  t h e  magnitudes 

and waveforms of t he  two dummies a r e  genera l ly  comparable t o  those 
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obtained w i t h  the cadavers. The cadaver responses were more 

variable  and of a more osc i l l a to ry  nature which may be due t o  r i b  

f r a c t u r e  e f f e c t s  and vertebral  body motions not present w i t h  the 

dummies . 

6.2.3.  Pelvis  Response. As w i t h  the chest accelerometers, i t  

was not possible t o  mount the pe lv is  accelerometers in te rna l ly  i n  

the  cadavers. Figures 22, 23 and 24 present the A-P accelerat ion 

t r aces  f o r  the in t e rna l ly  mounted dummy accelerometers while Figures 

2 5 ,  26 and 27 present the comparable external ly  mounted data f o r  the 

cadavers and dummies. The Hybrid I11 external  peak values tended t o  

be cons is ten t ly  higher (approximately 30% ) than the in te rna l  values 

while the Hybrid I1 externa l  values were consis tent ly lower than the 

in t e rna l  values. 

The cadaver data  exhibited broader waveforms w i t h  lower peak 

values t ha t  the comparable dummy data .  the dummy responses a l so  

featured an i n i t i a l  acce lera t ion  spike which was much more pronoun- 

ced than t h a t  which occured w i t h  the cadavers. These differences i n  

response may be re la ted  t o  differences i n  pelvic  mass d i s t r i bu t ion  

and ches t -pelvis  l inkages. 

6.2.4. W r a i n t  Svstem Loads. The r e s t r a i n t  syatem load data 

a r e  presented i n  Figures 28, 39 and 30 (upper shoulder be l t  l oads ) ,  

Figures 3 1 ,  32 and 33 (lower shoulder be l t  loads) ,  Figures 3 4 ,  35 

and 36 ( l e f t  l ap  be l t  loads) and Figures 37, 38 and 39 ( r i g h t  lap  

be l t  loads) .  The upper shoulder be l t  data  f o r  the three surrogates  

Comparison of Human Surrogate Test Results 
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were genera l ly  comparable i n  magnitude (although the  va r i a t i ons  i n  

cadaver subjec t  weight caused some indiv idua l  t r a c e s  t o  vary g rea t ly  

from t h e  mean d a t a )  b u t  t he  cadaver responses exhibi ted longer 

dura t ion  waveforms than those f o r  t he  dummies. Some d i f fe rences  

were evident  i n  t he  l ap  b e l t  magnitudes, p a r t i c u l a r l y  t h e  r i g h t  l a p  

b e l t  values (which include the  shoulder harness l oads ) .  These d i s -  

crepencies  may r e f l e c t  d i f f e r ences  i n  t he  s t r u c t u r a l  l inkages 

between the  t o r s o  and t h e  lower body a s  wel l  a s  mass d i s t r i b u t i o n  

d i f f e r ences  between the  sur roga tes .  

6 .  DISCUSSION OF RESULTS 
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Chapter 7 

C O N C L U S I O N S  

The general  object ive of the WBR program was t o  generate data  

on the  kinematic response of human surogates,  res t ra ined  by a three- 

point b e l t  system and subjected t o  a r e a l i s t i c  automotive impact 

environment. The immediate object ives  were t o  develop, demonstrate 

and employ the  techniques necessary for  mesurement of the kinematic 

response. 

Evaluation of t h i s  research e f f o r t  should be based on the  

success i n  achieving t h e  goals  defined a t  the onset of the program 

and modified during i t s  course. Consideration should a l so  be given 

t o  t he  ind i r ec t  benef i t s  gained from the  experimental and ana ly t i ca l  

techniques developed f o r  use i n  t h i s  program but a r e  of general 

app l i cab i l t y  i n  other  research programs. F ina l ly ,  the overa l l  

mer i t s  of t h i s  program cannot be completely assessed u n t i l  the  

generated data  is  p u t  t o  ac tua l  use f o r  improvement of the anthropo- 

metric t e s t  devices and mathematical models. 

7 .1 .  -Methods 

Procedures f o r  handling and preparing cadavers fo r  a s led  t e s t  

were developed. These include a step-by-step protocol f o r  moving, 

s to r ing  and placing t h e  cadaver f o r  surgery, x-raying and f o r  

t e s t i n g .  Instrumentation mounting techniques were a l so  developed t o  

Experimental Methods 
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allow e f f e c t i v e  and r e l i a b l e  monitoring of var ious transducer 

s igna l s .  Thus, t ransducers  were mounted on the  s k u l l  f o r  mesurement 

of the head motion and on the  tho rac i c  spine and pelvic  complex t o  

measure the  ches t  and pe lv i s  acce lera t ions .  

7 . 2 .  Analyt ical  Methods 

Several new a n a l y t i c a l  techniques were developed, val idated and 

appl ied during t h i s  program. Some were i n i t i a t e d ,  but were not 

completey ready f o r  appl ica t ion  u n t i l  t h e  f i n a l  year.  

The new a n a l y t i c a l  procedures t h a t  were developed, i n  pa r t  f o r  

t h i s  program, include a general-purpose d i g i t a l  f i l t e r i n g  technique, 

a three-dimensional motion ana lys i s  program t o  measure the motion of 

t h e  head o r  any other  r i g i d  body, a three-dimensional x-ray 

technique t o  l o c a t e  implanted instrumentat ion and, f i n a l l y ,  an 

improved Head In jury  Cr i t e r ion  ( H I C )  computation algorithm. A l l  

t hese  a r e  described i n  d e t a i l  i n  Appendix A .  

7 . 3 .  Com~uter Simulations 

The computer s imulat ions ca r r i ed  out f o r  t h i s  program produced 

four major accomplishments. F i r s t ,  i t  has demonstrated t h a t  a two- 

dimensional whole-body motion model can be used e f f e c t i v e l y  f o r  

s imulat ing important events of a crash h i s to ry  which include l a rge  

motions i n  t h ree  dimensions. Second, the  study has demonstrated 

t h a t  anthropometric and biomechanical da ta  developed f o r  t he  head 

and neck of t he  MVMA 2-D model a r e  reasonable,  while a t  t he  same 

time suggesting s i g n i f i c a n t  improvements t h a t  might be made i n  t he  

7 .  CONCLUSIONS 
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j o i n t  model. T h i r d ,  t h i s  s t u d y  h a s  provided  a n  a d d i t i o n a l  d e g r e e  of 

v a l i d a t i o n  o f  a  c r a s h  v i c t i m  s i m u l a t o r  which is  f i n d i n g  more and 

c o r e  u s e  a s  a r e s e a r c h  t o o l .  F i n a l l y ,  t h e  d e g r e e  of agreement  

between p r e d i c t e d  and e x p e r i m e n t a l  :ad and neck r e sponses  s u g g e s t s  

t h a t  r e s e a r c h  programs combining computer  s i n u l a t i o n s  w i t h  i n s t r u -  

mented t e s t s  might  b e  p a r t i c u l a r l y  p r o d u c t i v e .  

7 - 4 .  Some A s ~ e c t s  of  t h e  R e s u l t s  

The d i s c u s s i o n  of  e x p e r i n e n t a l  r e s u l t s  (Chap te r  6 )  emphasized 

t h e  d i f f e r e n c e s  between t h e  r e s p o n s e s  o f  v a r i o u s  s u r r o g a t e s .  I n  

p a r t i c u l a r ,  t h e  d i s c u s s i o n  p o i n t e d  o u t  some of t h e  f a c t o r s  

i n f l u e n c i n g  t h e  e x p e r i m e n t a l  r e s u l t s  and concluded t h a t  r e p e a t e d  

r u n s  on t h e  same cadave r  d i d  n o t  i n v a l i d a t e  t h e  r e s u l t s  o f  t h e  

second r u n ,  and t h a t  embalming d i d  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  

r e s p o n s e  measures .  

The d i s c u s s i o n  of  Chap te r  6 i n c l u d e d  a  comparison o f  r e s p o n s e s  

of t h e  v a r i o u s  t e s t e d  human s u r r o g a t e s .  S p e c i f i c a l l y ,  i t  was 

concluded  t h a t  t h e  head-neck r e s p o n s e  is c o n s i s t e n t  w i t h  t h e  

p h y s i c a l  c o n s t r u c t i o n  o f  t h e  v a r i o u s  necks .  It  was a l s o  concluded  

t h a t  t h e  c h e s t  r e s p o n s e  of  b o t h  Hybr ids  I1 and 111, a s  measured by 

s p i n a l  a c c e l e r o m e t e r s ,  is  i n  g e n e r a l  agreement  w i t h  t h a t  o f  t h e  

c a d a v e r s ,  a l t h o u g h  t h e  cadave r  c h e s t  r e s p o n s e  were more v a r i a b l e  and 

o s c i l l a t o r y ,  which may be  a t t r i b u t e d  t o  r i b  f r a c t u r e  e f f e c t s  and 

v e r t e b r a l  body mot ions  n o t  p r e s e n t  i n  e i t h e r  dummy. The p e l v i c  

r e s p o n s e  of  c a d a v e r s  had a b r o a d e r  waveform t h a n  t h a t  o f  t h e  

dummies, b u t  a l l  were  i n  g e n e r a l  agreement .  Any d i s c r e p e n c i e s  may 

Some Aspec t s  of  t h e  R e s u l t s  
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be due t o  d i f f e r e n c e s  i n  t h e  p e l v i c  n a s s  d i s t r i b u t i o n  and c h e s t -  

p e l v i s  l i n k a g e s .  S i m i l a r  o b s e r v a t i o n s  may be  made a b o u t  t h e  

r e s t r a i n t  sy s t em l o a d s .  

A g r e a t  d e a l  o f  k i n e m a t i c  r e s p o n s e  d a t a  h a s  been g e n e r a t e d  by 

t h e  WBR program. Ana lyses  o f  t h i s  d a t a  depend t o  a  g r e a t  e x t e n t  

upon t h e  s p e c i f i c  o b j e c t i v e  of t h e  i n v e s t i g a t o r .  Through d e t a i l e d  

e x a m i n a t i o n s ,  o f  t h e  t y p e  p r e s e n t e d  i n  Chap te r  6 ,  i t  is  p o s s i b l e  t o  

a t t a i n  t h e  u l t i m a t e  o b j e c t i v e s  o f  t h i s  program, namely,  t o  i d e n t i f y  

s i m i l a r i t i e s  and d i f f e r e n c e s  i n  k i n e m a t i c  r e s p o n s e  of t h e  v a r i o u s  

t y p e s  o f  s u r r o g a t e s ,  and t o  p o i n t  o u t  a r e a s  t h a t  need improvement i n  

an th ropomorph ic  t e s t  d e v i c e s  and i n  development  o f  ma thema t i ca l  

models .  
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