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Impact Response and I n j u r y  o f  t he  P e l v i s  

Guy S .  N u s h o l t z ,  Nabih M. Alem, and John W .  M e l v i n  

Proceedings o f  t h e  2 6 t h  Stapp Car Crash Conference,  Paper No. 821 160 
SAE, I n c . ,  1982. 

f i u l t i p l e  a x i a l  knee impacts and/or a s i n g l e  
l a t e r a l  p e l v i s  imoact were performea on a t o t a l  
o f  l g  caaavers.  The impact ing sur face was 
oaadea w i t h  va r i ous  m a t e r i a l s  t o  produce 
a i f f e r e n t  fo rce- t ime and load d i s t r i b u t i o n  
cnarac ter is : ics .  Impacr loaa and s k e l e t a l  
a c c e i e r a t i o n  data  are  presented as f u n c t i o n s  of  
oath t ime and freauency i n  the form of 
mechanical imoedance. I n j u r y  d e s c r i p t i o n s  Dased 
on gross autopsy a re  g iven.  

The k inemat ic  response o f  the p e l v i s  d u r i n g  
and a f t e r  imoact i s  presenrea t o  i n d i c a t e  tne  
s i m i i a r i t i e s  ana d i f f e r e n c e s  i n  response of  tne 
o e i v i s  f o r  va r i ous  ioao l e v e l s .  Whi le the  
impact response aata  cannot p r e s c ~ i b e  a s p e c i f i c  
t o l e rance  l e v e l  f o r  the  p e l v i s ,  they do i n d i c a t e  
var i ao ies  which must De considers0 and some 
p o t e n t i a l  problems i n  aeve lop ing an accu ra te  
i n j u r y  c r i t e r i o n .  

INTRODUCTION 

P e l v i s  i n j u r i e s  o f  va ry ing  type and 
sever i r y  aave been found t o  occur i n  a 
s i g n i f i c a n t  number o f  automot ive acc idents  
(1-5).  I n v e s t i g a t i o n s  o f  t r a u m a o f  t h e p e l v i s  
r e s u l t i n g  from imoact i n  an automot ive 
environment have been documented p r i m a r i l y  
through acc ident  i n v e s t i g a t i o n  methods. There 
have o n l y  been a l i m i t e d  number o f  b iomechanical  
s tud ies  a t t emp t i ng  t o  research p e l v i s  impact 
trauma under l abo ra to ry  cond i t i ons .  One of t he  
e a r l i e s t  of  these s tud ies  was conducted by Evans 
and L i ssner i n  195 5 ( 6 )  , and consi s ted  o f  
impacts t o  the  aenuded ~ e l v i s  i n  the i n f e r i o r -  
super io r  d i r e c t i o n .  Al tnough no f r a c t u r e  
t o l e rance  aata  were obta inea,  i t  was conciudea 

from t h i s  s tuay t h a t  the  p e l v i s  e x h i b i t e d  
e l a s t i c  behav ior  and f a i l e d  aue t o  t e n s i l e  
s t resses i n  va r i ous  s t r u c t u r a l  memoers. Sen 
years l a t e r  a study o f  :he behavior o f  t he  knee- 
femur-pe lv is  comolex i n  an automot ive impact 
environment was ? w a r t e d  by P a t r i c k  e t  a l .  17) 
I n  t h i s  s e r i e s  o f  t e s t s ,  an imoact s i ed  was used 
t o  app ly  femora l -ax is  impacts t o  the  knee o f  
embalmed cadavers. The lowest aopl i e d  load 
found t o  cause p e l v i s  i n j u r y  was 7 . 1  kN, and 
loads rang ing from 8.5 kN t o  17 kN were found t o  
cause m u l t i p l e  f r a c t u r e s  o f  t h e p e l v i s .  I t  
was suggested t h a t  a maximum f o r c e  c r i t e r i o n  (of  
aoout 6 . 2  kN) should be the  th resho ld  l eve l  f o r  
i n j u r y  f o r  :he p a t e l l a / f e m u r / p e l v i s  c o m ~ i e x .  A 
s i m i i a r  study us ing  unemoalmed caaavers was 
repo r ted  by H e l v i n  and Nusho l :~  i n  1980. A 
s i n g l e  p e l v i s  f r a c t u r r  was found :o occur a t  an 
a ~ p l i e d  load o f  about 20 kN, however loaos uo t o  
26 kN were a p o l i e d  w izh  no r e s u l t i n g  ~ e l v i s  
i n j u r y .  

A r ecen t  biomechanical  study of p e l v i s  
impact i n  an automot ive environment was 
documented f i r s :  i n  1979 (9) ana more complete1 y 
i n  1980 (10) by Cesari and Ramet. The goal o f  
t h i s  research was t o  supply data  f o r  des ign  o f  
s i de  aoor padding by impact ing cadavers 
l a t e r a l l y  i n  the p e l v i s  and reco rd ing  the fo rce /  
i n j u r y  r e l a t i o n s h i p s  observed. I t  r a s  suggested 
from t h i s  study t h a t  t he  response t o  imoact i s  
cha rac te r i zed  by v e l o c i t y  of impacts, maximum 
force,  ana impulse. Admissible f o r c e  to le rance  
f o r  females was documented as 5-7 kN (1 100-1600 
l b )  and f o r  males as 7-13 k N  (1600-2900 I b ) .  
These s tud ies  e s s e n t i a l l y  c h a r a c t e r i z e  p e l v i s  
i n j u r y  t o l e rance  us ing  maximum f o r c e  and impulse 
i n d i c a t o r s .  

To f u r t h e r  i n v e s t i g a t e  t he  k inemat ic  and 
i n j u r y  response o f  the p e l v ~ s  i n  automot ive- 
environment impacts, a s e r i e s  of  t e s t s  i n v o l v i n g  
i n d i r e c t  impacts t o  t he  p e l v i s  have been 
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:onauctea oy tne jiomecnanics Seortment at HSRI. 
The tests were conductea using unembalmed 
cadavers and two types of impact facilities: a 
pendulum impactor and a pneumatic impactor. 
Indirect loaas were delivered to the acetabulum 
of the pelvis by impacting the femur either 
axially or laterally. This allowed loaas to be 
aelivered to the acetabulum in either anterior- 
to-posterior or rignt-to-left directions. The 
ClQIVerS were instrumented to measure pelvic 
triaxial accelerations in all tests, wnile in 
some rests three-dimensional motion of tne 
D C ~ V ~ S  was recoraed with nine ac:eierometers. 
Aaaitional lv, :riaxi31 accelerations of the 
femur and the thoracic vertebrae (T8) were 
measures. Photograpnic targets on the OelviS 
anc femur were used for photokinemetric analysis 
of motion 3ue to :he impact. 

ANATOMICAL OVERVIEW 

The bony ~ e l v i s  (Figure i j  consists of two 
large, flat irregular shaped hi0 icoxal) bones 
that join one another at the pubic symphysis on 
the anterior midline. Posteriorly the wedge 
snaoed sacrum comoletes the pelvic ring forming 
a relatively rigid structure. 

I n  :he adul:, eacn hip bone is formed by 
:he fusion of three separate bones, the ilium, 
ischium, and oubis, which join at the 
ace~abuium. The ilium forms the broad uoper 
lateral par: of :he hi3 bone and the upper 
porzion of :he acetabulum. Its upper curved 
edge is the iiiac crest. The most c?mmonly 
-efered to prominence on this crest is the 
anterior-suoerior iliac spine. Posteriorly the 
cres: enas in the posterior iliac spine, 
adjacent to irs articularion with the sacrum, 
the sacroiliac joint. The ischium forms part of 
the acetaoulum ana nas a superior ramus :hat 
ends below in the ischial tuberosity. From 
there the inferior ramus ascends to join with 
the inferior ramus of the pubic bone. Together 
this bar of bone is freauentiy referred to as 
the ischio-PUD~C ramus or inferior ~ u b i c  ramus. 
The body of tne pubic bone forms the anterior 
part of the acetabulum. From here the superior 
pubic ramus passes to the midl ine where it joins 
its fellow of the opposite side through the 
pubic symphysis. Below the infcrior pubic ramus 
joins the inferior Ischiai ramus. The 
posterior-lateral bony pelvis is covered by 
multiple muscle layers. buttock fat and skin. 
The iliac crest is relatively free of heavy 
musculature. The rounded hard of the femur 
articulates wih the acetabulum and is held 
within the socket by ligaments. Laterally, on 
the upper femur is a large bony prominence. :he 
Greater trochanter, for the attachment of 
musc l es. 

SUBJiCT PREPARATION 

Following transfer to HSRI, the cadaveric 
subjects were stored at b e  C unti 1 sunsequent 
use. The cadavers were sanitarily prepared ana 
were examined radiologically prior to the 
installation of accelerometer naraware and after 
tne tes:. 

IMPACT TESTING 

lm~act tests were conaucted using HSRI's 
pendulum ana Dneumatic impacting devices. A 
total of 19 caaavers were used in three series 
of tests. Muitipie left knee impacts (aescribed 
below) and a single lateral impact were 
pcrf0rmed on a group of eight cadavers. 
instrumented with triaxial ac:elerometer 
clusters on the pelvis an0 rignt trochanter of 
the femur. A second group of eight cadavers was 
suojected to knee impacts along the airection of 
the femoral axis of each side. Of these eight 
subjects, four had triaxial accelerometer 
clusters on both trocnanters, one was 
instrumented with a nine-accelerometer plate on 
the pelvis, ana tnree had no instrumentation. 
Finally, three cadavers were subject to Ieft- 
side lateral impacts, each instrumented with a 
pelvic nine-accelerometer plate. 

Acceleration Measurement -- Accelerations 
were measured in tnree ortho~onal oirec:ions at 
twa different sites (trochanter an0 J ~ I v ~ s )  uith 
Enaevco 2264-2000 oiezoresi st ive accelerometers 
by securing a triaxial accelerometer cluster to 
a mounting olatfcrm at each site. Three- 
dimensional motion determination was made 
possible by affixing three triaxial clusters of 
accelerometers to a lightweight magnesium plate 
wnich was in turn ri~ialy attached to the 
pelvis. The location of the center of gravity, 
the coordinate system of the triaxial clusters, 
and the nine accelerometer array are shown in 
Figure2. The figure is divided into four 
sections. The top half of the figure snows the 
location of the instrumentation for those tests 
in which the responst of both trochanters were 
obtained. The lower left hane corner shows the 
location of triaxial clusters in those tests in 
which bath trochanter and pelvis response were 
measured. The lower right hand corner shows the 
location of the triaxial cluster or nine 
accelerometer array for those tests in which 
only pelvis response was measured. The location 
and mounting of the accelerometer platforms were 
as foilows: 

Trochanter: An incision was maae below the 
greater trochanter and several snor: sclf- 
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FEMORAL \ RAMUS 

INFERIOR PUBIC RAMUS 

Fig. 1 - Anatomical overview of pelvis (5) 
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BI -TROCHANTERION RESPONSE 

!EFT TROCHANTER AND/OR PELVIC RESPCNSE 

Fig. 2 - Instrumentation and phototarget location 
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:annlng screws us lns  a  rnu l t t - po in t  attacnmen: 
scneme secure0 tne mounting p la t f o rm  t o  the 
femur. The p la t f o rm  was then anchorea w i t s  
a c r v i i c  t o  insure p i g i d i t y .  

Pe l v i s  9-Acce lermeter :  Four lag b o l t s  were 
screwed i n t o  the p e l v i s  near the p o s t e r i o r -  
super io r  i l i a c  spines. A c r y i i c  was app l ied ,  
encasing both the b o l t s  and the mounting p l a t e ,  
u i t h  the ii of the ins t rumenta t ion  p l a t e  midway 
between the pos te r i o r - supe r i o r  i l i a c  spines. 

Pe l v i s  T r i ax :  Two lag  b o l t s  w i t h  tapped 
neaas were scrmea i n t o  the pos te r i o r - supe r i o r  
i i i a c  spines. A l i g n t w e i g h t  magnesium p l a t e  
spanned the DOI  t s  and was secured by two screws 
anchored i n t o  the tapped heads o f  :ne lag b o l t s .  

~endu lum Imoac?s -- The pendulum impact -- 
device cons i s t s  o f  a f r e e - f a l l i n g  penauium as 
an energy source whi cn s t r i k e s  e i  the? a  25 ~g or 
a j b  ~g impact p is ton.  The impactor, guided by 
E se t  of Thompson l i n e a r  b a l l  bushings, was 
brougnt t o  impac: v e i o c i t y  p r i o r  t o  impact and 
t rave led  up t o  25 cm be fo re  being ar res ted.  
Ax ia l  loads were measured w i t h  e i t h e r  a  GSE 
b i a x i a l  loaa c e l l  o r  a  Set ra  model 1 1 1  
accelerometer.  Shear loads were measured (when 
re levan t )  w i t n  the CSE b i a x i a l  load c e l l .  
iaoac: cond i t i ons  between t e s t s  were c o n t r o i l e d  
by va ry ing  impac: v e l o c i t y  (up t o  8.5 m/s) , and 
the type and aepth o f  paading on ;he impact 
p i s t o n  surface. The p i s t o n  excurs ion and the 
d i s tance  :he ? i s t o n  :raveled from the p o i n t  o f  
contac t  t o  the  Doint  o f  a r r e s t  ranged from 3 t o  
20 cm. The v e l o c i t y  o f  the p i s t o n  was measured 
by t im ing  the pulses from a magnetic probe which 
sensea :he mot ion  o f  t a rge ts  on the p i s t o n  a t  
0.89 cm i n t e r v a l s .  A s n e c i a l l y  designed t imer 
box was used t o  c o n t r o l  and synchronize the 
events of  a  t e s t ,  such as the  release o f  the 
penauium and a c t i v a t i o n  and d e a c t i v a t i o n  o f  
l i g h t s  and h igh  speed cameras. 

For t es t s  conaucted u i t h  t h i s  device, the 
sub jec t  was placed i n  a  r e s t r a i n t  harness and 
suspended i n  a seated p o s i t i o n .  I n d i r e c t  
impacts t o  the a c e t a n u l w  i n  the a n t e r i o r - t o -  
p o s t e r i o r  d i r e c t i o n  were d e l i v e r e d  by impact ing 
the knee along the d i r e c t i o n  o f  the femoral 
sha f t  ax i s  ( "ax ia l  knee impacts") . l  nd i r e c t  
l a t e r a l  impacts t o  the acetabulun were de l i ve red  
by impact ing the t r o c h a n t e r i c  reg ion  o f  the  
femur, a long the ax i s  o f  the  neck o f  the  femur. 

Pneumatic imoacts -- The pneuriutic impact 
device cons i s t s  o f  an a i r  r ese rvo i r  which i s  
connected t o  a  honed s t e e l  c y l i n d e r ,  A d r i v e r  
p i s t o n  i s  propel  led  down the c y l i n d e r  by the  
pressur ized a i r  i n  the  r e s e r v o i r .  The d r i v e r  
p i s t o n  contac ts  a  s t r i k e r  p i s t o n  which i s  f i t t e d  
w i t h  a p i e z o e l e c t r i c  accelercinerer ( K i s t l e r  
90kA) and a  p i e z o e l e c t r i c  load washer ( K i s t l e r  

6 G j A i  to  a l i ow  the aetermlnat ion  of 
acceleration-compensated contact  ioaas a p ~ i  iea 
to  tne . tes t  suo jec t .  The mass, veloc i  t y ,  and 
s t roke of tne s t r i k e r  p i s t o n  can be c o n t r o i i t a  
t o  prov ide :he aes i red impac: condi t i o n s  f o r  a  
p a r t i c u l a r  t e s t .  The v e l o c i t y  o f  the impactor 
i s  measured by t im ing  the pulses from a magnetic 
probe which senses the mot ion o f  t a rge ts  on the 
impactor a t  1.3 cm i n t e r v a l s .  

For :he pneumatic impactor t e s t s ,  :he 
suDject was suspended Dy a  body harness ana an 
overhead p u l l e y  system and i n  a d d i t i o n  was 
seatea on a  b lock  of balsa wood. imnacts were 
aei ivccea ~ n d i r e c t l v  t o  the s e ! v i s  tnrough 
loadlng of the femur a t  the knee. as descr ibed 
above. 

THREE-OlfiENSIONAL HOTION DETERMINATION 

The HSRI methoa urea f o r  measuring the 
three-dimensional mot ion o f  the p e l v i s  i s  based 
on a  technique use8 t o  measure the  general 
mot ion o f  a  v e h i c l e  i n  a  s imulated crash (11 ) .  
I n  the c u r r e n t  a p p l i c a t i o n ,  th ree t r i a x i a l  
c l u s t e r s  o f  Enaevco 226L-2000 accelerometers are 
a f f i x e d  t o  a  l i g n t r e i g h t  magnesium p l a t e  wnich 
i s  then r i g i d l y  at tached t o  the p e i v i s .  With 
t n i s  method i t  i s  poss ib le  t o  take advantage of 
:he phys ica l  and geometr ical  prooer:ies o f  the 
tot sub jec t  as we l l  as the s i t e  o f  imoact i n  
the  design o f  a  system f o r  measurements of 3-0 
motion. 

The n ine  acce le ra t i on  s igna ls  obta ined from 
the three t r i a x i a l  c l u s t e r s  are used f o r  the  
computation o f  the  p e l v i s  mot ion us ing a l eas t -  
squares technique, the d e t a i l s  o f  wnich are 
desCriDea elsewhere (12.13) . The method takes 
advantage o f  the redundancy of n ine  inaependent 
acce le ra t i on  measurements t o  minimize the e f f e c t  
o f  exper imental  e r r o r .  

Each sub jec t  underwent two r a d i o l o g i c  
examinations, one o r i o r  t o  ana one f o l l o w i n g  the 
t e s t .  High-speed pnotographic coverage o f  the 
t e s t  cons is ted o f  two l a t e r a l  views. A Hycam 
camera ope ra t i ng  a t  3000 frames per second 
provided a  c lose-up view of the  oe l v i s .  w h i l e  a  
Photosonics 18 camera opera t ing  a t  1000 frames 
per second was used t o  ob ta in  an o v e r a l l  view o f  
the t e s t  sub jec t .  The mot ion of the sub jec t  was 
determined from the f i l m  by f o l l o w i n g  the 
motions o f  f i v e - p o i n t  pho to ta rge t r .  The ta rge ts  
were a f f i x e d  t o  the  r i g i d  accelerometer mounts 
located on the  pe l v i s .  t rochanter ,  and spine. 
Since the r e s u l t i n g  f i l m  prov ided a  l a t e r a l  v i m  
o f  the t es t .  the mot ion observed was two- 
dimensional and r e s t r i c t e d  t o  tne olane o f  the 
f '  i m .  
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INITIAL CONDITIONS AND PGSlTlONlNC 

For a l l  t e s t s ,  the  suojec: was placea i n  a 
r e s t r a i n t  harness which was i n  t u r n  suspendea 
from the c e i l i n g .  For the  a x i a l  knee impacts, 
the sub jec t  was p o s i t i o n e d  as i n  F igu re  3 w i t h  
the  impactor i n i t i a l l y  8 t o  10 cm from the knee. 
These t e s t s  used as padding e i t h e r  2.5 cm of  
Enso l i t e .  2.j cm of styrofoam, or a combinat ion 
of 2.5 cm E n s o l i t e  and 2 . j  cm styrofoam. The 
l a t e r a l  p e l v i s  impacts requ i red  t h a t  t he  s u b j e c t  
be pos i t i oned  as i n  F igu re  4 ,  w i t h  the  impactor 
i n i i i a l l ! .  centered 6 cm a n t e r i o r  t o  the  g rea te r  
t r ocnan te r .  For these t e s t s .  tne impactor was 
e i t h e r  r i g i a ,  paaaea w i t h  2 . j  cm Enso l i t e ,  o r  a 
combinat ion o f  2 . 5  cm E n s o l i t e  and 2 . 5  cm 
stvrofoam. 

DELVlS IMPACT RESPONSE 

One method f o r  ana l yz ing  the  mot ion  o f  a 
m a t e r i a l  body i s  t o  analyze the mot ion  o f  a 
b o i n t  on t h a t  body. I n  the  care  o f  the  t e s t s  
performed i n  t h i s  stuay, the  p o i n t  chosen i s  
midway between p o s t e r i o r - s u ~ e r i o r  i l i a c  sp ines 
(PSIS) . The mot ion  i s  then analyzed us ing  the 
concept of a moving frame discussed elsewhere 
(13)  and b r i e f l y  summarized here. 

A vec tor  f i e l d  i s  a f u n c t i o n  which ass igns 
a un ique ly  de f i ned  vec to r  t o  each p o i n t  a long 
the path  generated by t he  moving p o i n t .  
S i m i l a r l y ,  any c o l l e c t i o n  o f  t h ree  m u t u a l l y  
orthpgonal  u n i t  vec to rs  emanating from each 
p o i n t  on the path  i s  a f i e l d .  Thus any 
vector  de f i ned  on the  pa th  ( f o r  example, 
acce ie ra t i on )  may be reso l ved  i n t o  t h ree  
orThogonal comaonents o f  any w e l l  de f i ned  frame 
f i e l d .  

I n  biomechanics research,  frame f i e l d s  
wni ch are  f r e q u e n t l y  used are def ined basea on 
anatomical re ference frames. The anatomical  
re ference frames used here a re  shown i n  F igu re  
2 .  The frames are  based on the anatomical  
o r i e n t a t i o n  o f  a s tand ing t e s t  sub jec t .  
Therefore,  the 1-5 d i r e c t i o n  o f  the r rochan te r  
i s  rough ly  equ i va len t  t o  the  minus A-P d i r e c t i o n  
of  the  p e l v i s  f o r  a seatea sub jec t .  Other frame 
f i e l d s  such as the  P r i n c i p a l  D i r e c t i o n  T r i a d  
(14)  o r  Frenet -Ser re t  frame ( 1 3 ) .  which c o n t a i n  
i n fo rma t i on  about the  mot ion  embedded i n  t he  
frame f i e l d ,  have a l s o  been used t o  desc r i be  
mot ion  r e s u l t i n g  from impact. 

The Frenet -Ser rer  frame c o n r i s t s  o f  t h ree  
mu tua l l y  or thogona l  v e c t o r s  T, N, 8 .  A t  any 
p o i n t  i n  t ime a u n i t  v e c t o r  can be cons t ruc ted  
t h a t  i s  co -d i rec t i ona l  w i t h  the  v e l o c i t y  vec to r .  
Th i s  normai izea v e l o c i t y  vec to r  de f i nes  the 
;angent d i r e c t i o n  '. k secona u n i t  vec tor  N i s  

const ruc tea by fo rming a u n i t  vec io r  co- 
d i r e c t i o n a l  w i t h  the  t ime d e r i v a t i v e  o f  the 
tangent vec ro r  T ( t he  a e r i v a t i v e  of a uni :  
Vector i s  normal t a  the vec to r )  . To complete 
t he  or thogona l  frame, a t h i  r d  u n i t  vec to r  B ( the  
un i  t b inormal )  can be d e f i n e d  as t he  c ross  
product  T x N. Th i s  then de f i nes  a frame a t  
each p o i n t  a long the  path  and reso lves  the 
a c c e l e r a t i o n  i n t o  two d i s t i n c t  types. The 
tangent a c c e l e r a t i o n  (Tan (1)) i s  always the r a t e  
o f  change o f  speed (abso lu te  v e l o c i t y )  and the 
normal a c c e l e r a t i o n  (Nor (N) ) con ta ins  
a c c e l e r a t i o n  i n fo rma t i on  aDout tne cnange i n  
d i r e c t i o n  o f  the  v e l o c i t y  v e c t o r .  The binormal 
d i r e c t i o n  con ta ins  no a c c e l e r a t i o n .  

I n  the  case o f  a s i n g l e  t r ~ a x i a l  
acceierometer,  the use o f  the Erenet -Ser re t  
frame i s  imprac t i ca l  bur i t  has been found (14) 
t h a t  i n  many cases d u r i n g  a i r e c t  tmoacts i t  i s  
possible t o  f i n d  t he  most s i g n l C i c a n t  CMDOnent 
o f  a c c e l e r a t i o n ,  t h e r e f o r e  the p r ~ n c i p a l  
d i r e c t i o n  o f  mot ion  can be obta inea.  

One method of de te rm in ing  the p r i n c i p a l  
d i r e c t i o n  o f  mot ion  and c o n s t r u c t i n g  the  
P r i n c i p a l  D i r e c t i o n  T r i a d  i s  t o  determine the  
d i r e c t i o n  o f  t h e  a c c e l e r a t i o n  vec to r  i n  the  
moving frame o f  the t r i a x i a l  accelerometer 
c l u s t e r  and then p resc r i be  the t rans f  ormat i  on 
necessary t o  o b t a i n  a new moving frame t h a t  
would have one o f  i t s  axes i n  :he ~ r i n c i p a l  
d i r e c t i o n .  A s i n g l e  p o i n t  i n  t ime a t  wnich the 
a c c e l e r a t i o n  i s  a maximum was chosen t o  d e f i n e  
:he d i r e c t i o n a l  cosines f o r  t rans forming from 
the t r i a x  frame t o  a new frame i n  such a way 
t h a t  the  r e s u l t a n t  a c c e l e r a t i o n  vec to r  (AR) and 
"pr i n c i  p a l "  u n i t  vec to r  ( h  I )  were co- 
d i r e c t i o n a l .  Th i s  then can be used t o  cons t ruc t  
a nsw frame r i g i d l y  f i x e d  t o  the  ?:iax, bu: 
d i f f e r i n g  from the o r i g i n a l  one S y  an i n i t i a l  
r o t a t i o n .  A f t e r  comple t ing  the necessary 
t r ans fo rma t i on ,  a c m a a r i s o n  between the 
magnitude o f  the  p r i n c i p a l  d i r e c t i o n  and the 
r e s ~  l  t a n t  accel  e r a t  ion  I s performed. I n the 
case o f  the  impacts presented here, there  was 
on l y  a s l  i g h t  d i f f e r e n c e  between the two 
q u a n t i t i e s  d u r i n g  t h e  most s i g n i f i c a n t  p a r t  of 
the  impact. However, f o r  responses o c c u r r i n g  
a f t e r  impact t h i s  was no t  always the cars .  

FORCE-TIME DURATION DETERlllNATlON 

I n  order  t o  d e f i n e  the pu l se  du ra t i on ,  a 
standard procedure war adopted which aetsrmines 
the  beg inn ing  and end o f  t he  pu lse .  The 
procedure i s  t o  determine f i r s t  the  peak and the  
t ime a t  which i t  occurs.  Next, t h6  l e f t  h a l f  o f  
the  pu lse ,  de f i ned  f r m  the  p o i n t  where the 
pu lse  s t a r t s  t o  r i s e  t o  :he t ime o f  the  peak, i s  
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Fig. 3 - Schematic pendulum test setup - right leg impact 
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Fig. 4 - Schematic pendulum test setup - pelvis impact 
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leas:-squares f i t t e d  w i t h  a s t r a i g h t  i i n e .  Th is  
r i s e  i i n e  i n te rsec ts  the t ime ax i s  a t  a p o i n t  
which i s  taken as the formal beginning o f  the 
pulse.  For those t e s t s  wnich e x h i b i t  
multimodal s i gna l s ,  the  least-sauares l i n e  i s  
f i t t e d  from where the pu lse  s t a r t s  t o  the t ime 
of the f i r s t  s i g n i f i c a n t  peak. A s i m i l a r  
procedure i s  fo l lowed f o r  the r i g h t  h a l f  o f  the  
pulse,  i.e., a l e a s t  squares l i n e  i s  f i t t e d  t o  
the f a l l  sec t i on  o f  the  pu lse  which i s  de f i ned  
from the peak t o  the  p o i n t  where the f i r s t  pu lse  
minimum occurs. The formal end o f  the pu lse  i s  
def ined then as the  p o i n t  where the f a l l  l i n e  
i n te rsec ts  the t ime ax i s .  I n  many cases, 
however, the  formal end o f  the pulse (as def ined 
above) i s  not  the  end o f  contact  between the 
impactor and the sub jec t .  I n  these instances, 
two dura t ions  are used; one t o  i nd i ca te  the end 
o f  the most s i g n i f i c a n t  aspect o f  the fo rce- t ime 
h i s t o r y  and one t o  i n d i c a t e  the end o f  the 
contac t .  

IMPACT TRANSFER FUNCTION ANALYSIS 

' With b l u n t  impacts, the  r e l a t i o n s h i p  
between impact f o r ce  and the mot ion r e s u l t i n g  a t  
va t  ious p o i n t s  o f  the  impacted system can be 
expressed i n  the  frequency domain through the 
use 3 f  a t r ans fe r  f unc t i on .  A f a s t  Fou r i e r  
t rans format ion  o f  s imultaneously monitored 
transducer t ime h i s t o r i e s  can be used t o  o b t a i n  
the frequency response func t i ons  o f  impact f o r c e  
and acce lera t ions  o f  remote po in t s .  Once 
obtained a t r ans fe r  f u n c t i o n  o f  the form 

can be ca l cu la ted  from the transformed 
q u a n t i t i e s  where W i s  the g iven frequency, and 
P'F(M and F{A(HI are  the Four ie r  t ransforms 

o f  the impact forces and acce le ra t i on  o f  the 
p o i n t  o f  i n t e r e s t ,  a t  the g iven frequency. Th is  
p a r t i c u l a r  t r ans fe r  f u n c t i o n  i s  c l ose l y  r e l a t e d  
t o  mechanial t r a n s f e r  impedance which i s  de f i ned  
as the r a t i o  between simple harmonic d r i v i n g  
f o r ce  and corresponding v e l o c i t y  o f  :he p o i n t  o f  
i n t e r e s t .  nechani ca l  t r ans fe r  impedance (15) i s  
a complex valued func t i on  which f o r  the  purpose 
o f  p resenta t ion  w i l l  be descr ibed by i t s  
magnitude and i t s  phase angle. 

RESULTS 

The tab les  and graphs presented on the 
fo l l ow ing  pages represent  the data considered 
most p e r t i n e n t  i n  d iscuss ing the t e s t  r e s u l t s .  
Table 1 conta ins  b i o m r t r i c  data o f  a l l  t e s t  
subjects,  as we l l  as the t e s t  numbers 
corresponding t o  each sub jec t  (s ince most 

sub jec ts  rece ived m u l t i p l e  Knee i m ~ a c t s  as we l l  
as a l a t e r a l  p e l v i s  impact, one sub jec t  w i l l  
have several  c o r r e s ~ o n d i n g  t e s t  numbers) . The 
i n i t i a l  cond i t i ons  f o r  a l l  knee impact t es t s  and 
a l l  l a t e r a l  impact t e s t s  are  presented i n  Tables 
2 and 3, r espec t i ve l y .  

A summary o f  gross autopsy r e s u l t s  f o r  the 
l a t e r a l  impact t e s t s  i s  presented i n  Table 4. 
The se r i es  o f  knee impacts produced on ly  one 
i n j u r y .  A l l  p e l v i c  i n j u r i e s  were sustained on 
the impacted s ide of the p e l v i s .  

Impact t e s t  summaries con ta in ing  fo rce  and 
three-dimensional mot ion in format ion  f o r  ax ia l  
knee impacts t o  eacn cadaver appear i n  T a ~ l e  j, 
and i n  Table 6 f o r  l a t e r a l  p e l v i s  impacts. 
Summaries f o r  f o r ce  and t r i a x i a l  acce le ra t i on  
are  presented i n  Tables 7 and 8 f o r  the ax ia l  
knee impacts, and i n  Table 9 f o r  the l a t e r a l  
impacts. 

DISCUSSION 

The r e s u l t s  presented i n  t h i s  paper have 
been obtained from a se r i es  o f  o e l v i s  i n j u r y  
research programs conducted du r i ng  the past f i v e  
years. T h e d a t a  i s  presented i n  abbreviated 
form t o  reoresent the  t rends which are  f e l t  t o  
be important f ac to rs  i n  p e l v i s  impact response. 

PELVIS RESPONSE FROH AXIAL KNEE IHPACTS 

The response o f  the  p e l v i s  as c2arac ter ized 
by the time h i s t o r y  o f  var ious  acce lera t ions  and 
v e l o c i t i e s  (both angular and l i n e a r )  i n  a d d i t i o n  
t o  the fo rce  time h i s t o r y ,  i s  dependent on the 
impactor surface padding, mass and i n i t i a l  
v e l o c i t y  as we l l  as v a r i a t i o n s  between 
i nd i v i dua l  :est sub jec ts .  Th i s  i s  a r r i v e d  a t  
from ana l ys i s  o f  th ree dimensional mot ion 
obtained from n ine  accelerometers, t r i a x i a l  
accelerometer c l u s t e r s  ( a f f i x e d  t o  the p e l v i s ,  
the impacted ,femur and the femur oppos i te  the 
impactor) , as we1 l  as h igh speed photokinemetr i c  
documentation. 

Three-Dimensional Mot ion -- Tests 
79A243-79A248 represent  s i x  impacts t o  a s i n g l e  
t e s t  sub jec t .  The s i x  t e s t s  a re  d i v i ded  i n t o  
th ree groups w i t h  s i m i l a r  impacts on each knee. 
The three groups are: low v e l o c i t y  (3.5 m/s and 
2.5 cm Ensol i t e  impactor surface padding) , 
medium v e l o c i t y  (5.0 m/s w i t h  2.5  cm Ensol i t e  
impactor sur face padding) , and h igh  v e l o c i  t y  
(8.5 m/s w i t h  r i g i d  impactor sur faces) .  The 
time h i s t o r y  o f  the  th ree dimensional mot ion of 
the p e l v i s  obtained from the n ine  accelerometer 
ar ray  i s  summarized i n  Table 5 .  The maximum 
impact f o r c e  ranged from LkN t o  2OkN w i t h  the 
du ra t i on  o f  impact rang ing f r ~ m  12 ms t o  30 ms. 
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Table  1 .  B i m e t r i c s  

i tadaver Height  Weigntl 1 
NO. 1 Cause of  Death 

Guy S. Nusholtz 
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congestion 
6 169 

9 :79 4 1 . 6  b b ~ ~ m ~ o t r o o h i c  l a t e r a l  s c l e r o s i s  
10 
1 1  
12 
13 
I l r  
15 
16 
17 
18 
19 

17L 
I80 
175 -- -- 
184 
180 
169 -- 
1 7 4  

61.9 73 Terminal pneumonia 
9 1 . 2  56 lCard iac  a r r e s t  

I 
Cardiac a r r e s t  
Cardiac a r r e s t  
Cardiac arres: 

6 0 C a r d i a c a r r e s t  
Cardiac a r r e s t  
Myocardial  i n f a r c t i o n  . 
Cardiac a r r e s t  

100 1 62 
88.0 1 61 -- 
52.0 
76.9 
86.5 -- 

52  

67 
65 -- 

68.3 4OjCardiac a r r e s t  



Table'-2: Sumnary of I n i t i a l  Conditions fo r  Knee Impacts 

Test 1 Cadaver Impactor i I mpaetor 
ty  im/s) nass I ~ g i  Paading 

I 
I 

7 7 ~ 2 0 6 1  13 1 15.2 I I 10 1 1 0  cm Enso l i t c  1 

1 77120. 1 18 15.2 1 10 
r 

7 7 ~ 2 0 5  I 1 3  1 12 .2  I I 10 

I 

79n245 1 14 1 j . 0  1 25 / 2 .5  cm Ensol i te  I 

10 cm Ensoi i te  / 

10 cm ins01 i te / 

2.5 an Ensoi i te  

Rig id  

7 9 ~ 2 4 8  8 . 5  Rig id  

2 . 5  cm E n s o l i t e  

I 
2 . 5  cm Styrofoam I 

7 9 L O e 2 /  1 / 5 . 5  1 56 / 2 .5  cm Enso l i t&  
I 2.5 cm Styrofoam 

1 79LO85 / 2  / 5 . 5  1 
I 

2.5 cm Ensol i t& 
2 .5  cm Styrofoam 

2.5 cm Ensol i te+ 
2 .5  cm Styrofoam 1 
2.5 cm Styrofoam 

2.5 cm Ensoi i tn 5.5 1 56 1 -  
2.5 cm Styrofoam 1 
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Taole  2: Sumnary o f  I n i t i a l  Cond i t ions  f o r  Knee Impacts (cont inued)  

5.9 1 56 1 R i g i d  I I 

T a r t  I NO. 
I 

--- - - -- -- - - - -  

i 8OLl l5  i 8  T 5.8 r 56 1 R i g i d  
- - --- - - -- - - -- - - - - -  - / 8OL118 1 9  T 4.1 [ 56 / R i g i d  1 

I 8 0 ~ 1 0 2  I 6  5.5 56 1 2 . 5 c m E n s o l i t e  
1 

5.8 1 56 1 R i g i d  

i 8 0 1 1 0 9 i  7 1 j.j j 6  ~ 2 . 5 c m E n r o i i r e  

Cadaver 
NO. 

- - 

1 s o r i g  1 g  4.2 1 56 / R i g i d  

5.9 1 56 / R i g i d  

l  mpac t o r  
V e l o c i t y  (m/s) 

-p , - -- 
- - - -  - - - - - -  

1 801124 1 10 [ 4.1 1 56 / R i g i d  I 

Impactor 
nass (Kg) Padd i ng 

I I i 
5.9 

t 

Guy S .  Nushoitz 

56 / R i g i d  1 
I 8 0 ~ 1 2 9  / 1 1  

8 0 ~ 1 3 0  

I 8 0 i i 3 j  

8 0 ~  1 3  j 

80L 135 

80L 136 
L 

4.3 

1 1  

19 - 

5  6  

5.9 

R i g i d  

56 / R i g i d  

R i g i d  

R i g i d  

R i g i d  I 

19 1 6.0 1 56 

1.0 / 56 .. 

19 

19 

' R i g i d  

4.0 

6.0 

5 6  

5 6  



Table 3.  Sumnary o f  I n i t i a l  Conditions for  Latera l  Impacts 

Padd i ng 

I 8 0 ~ 1 1 1  1 7 1 5.8  1 56 Rig ic  

/ 8 0 ~ 1 1 6  / 8 1 5 .7  1 56 / Rigid  I 

1 8 0 1 1 2 6  1 10 1 5.8 1 56 / Rigid  1 
1 8 0 L 1 3 1  1 :: 1 5 . 5  56 Rig id  

80L137 I 5 . 9  56 Rig id  
I 

2.5 cm E n s o l i t *  
82E008 / 15 1 8.4 25 1.3 cm Styrofoam 

82EO28 1 16 1 8.4 1 25 / 0 . j c m i n s o i i t c  

! 2.5 cm Ensol i t *  , 821019 1 17 , 8.b 25 2 . j  cm Styrofoam 
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Tes t 
NO. 

vmlocity r a e l e r m t i o n  

i roen.  

~ a x t m  
( m i l l  

FOCCS 

Troeh. . 
MSXIM 

(g's) 

Pelvis 

~ . x i n ! u m  
(m/sl 

P e l v i s  

~axlraun 
( g ' s )  

Energy 
( ~ - m )  

Inwl lra 
( N - S )  

Oura t tm 
(ma) 

1 s t  Pmak 
(N)  

M a x i m  
(N)  



Table 8. Lateral Pelvis Impact 

Force Acceleration Velocity 1 Test / , I 

~umaer 
Ma;;;um 

Duration 1st / Maximum 

TIBIS 9. Lateral ~mpacts 

irrwa / ty I 7 1 29 1 3: 1 8;: 1 -;? 1 8;; ma* 

Test 
NO. 
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1 a 

t I 

Pemk 
Forem 
(NI 

ouratlon 
(m8i 

rmpursa 
(N-r) 

Peak Lt-r 
Ac~ele~ation 

(m/s/s) 

- 1 - 1 1 -  1 a n  

Peak ~ngular 
A~~mleratlon 

( raa/s/ 9 )  

p-A I i-r j 1-s I ass 1 



Several ais;inc: events occurred i n  a l l  the 
f o r ce  time h i s t o r i e s  and could be used as event 
markers. They are: the beginning of impact 
noted as E l ,  the peak force noted as E2, and the 
end o f  imoact noted as E J .  Both angular and 
l i n e a r  a c ~ e l e r a t i o n s  begin a t  the E l  event and 
reach maximums a t  or before  the E2 event. Even 
though there  i s  s i g n i f i c a n t  angular acce le ra t i on  
du r i ng  t h i s  i n t e r v a l ,  the  pr imary acce lera t ion  
i s  i n  the tangent d i r e c t i o n  (w i t h  a  smai l e r  
component i n  tne normal d i r e c t i o n )  i n d i c a t i n g  
t n a t  the d i r e c t i o n  of mot ion changes slowly w i t h  
t ime. I n  add i t i on ,  the angular acce lera t ion  
du r i ng  t h i s  i n t e r v a l  d i f f e r s  i n  rmgnitude and 
d i r e c t i o n  f o r  each of the three sets o f  t es t s .  
For t es t s  79AZLi3 and 79A241, (Figures 3 and 6 )  
the angular acce ie ra t i on  was found t o  be 
p r i m a r i l y  i n  the I - S  d i r e c t i o n  (although lesser 
components Occurred i n  the  R-L and P-A 
d i r e c t i o n s ) ,  i n  t es t s  79A2kS and 79A246, the  
mrgnituoe o f  the angular acce le ra t i on  i s  greater 
and i s  t o  a  greater degree i n  t he  R-L and P-A 
d i r e c t i o n .  I n  t es t s  79A2k7 and 7 9 ~ 2 k 8  (Figures 
7 and 0) , the magnitude o f  the  angular 
acce le ra t i on  i n  the R - L  and P-A d i r e c t i o n  i s  
s i m i l a r  i n  magnitude t o  t h a t  o f  the 1-5 
d i r e c t i o n .  Along w i t h  the  changes i n  magnitude 
and d i r e c t i o n  o f  the angular acce le ra t i on  w i t h  
changing i m ~ a c t  v e l o c i t y ,  there  i s  an increasing 
r a t i o  o f  angular acce le ra t i on  t o  peak force as 
we l l  as a  change i n  the r e l a t i v e  phasing of the 
angular acce le ra t i on  t ime h i s t o r y  t o  fo rce  t ime 
h i s t o r y  du r i ng  the El-E2 i n t e r v a l .  I n  add i t i on  
t o  changes i n  angular acce le ra t i on  w i t h  
increas ing impactor v e l o c i t y ,  there  were a lso  
changes i n  the l i n e a r  acce lera t ion ;  i t s  
magnitude. d i r e c t i o n ,  and phasing w i t h  respect 
t o  the  E2 events. For t es t s  79A243 and 79A244, 
the l i n e a r  acce le ra t i on  was p r i m a r i l y  i n  the RL- 
PA plane dur ing  the E l - i i  event i n te rva l .  As 
the magnitude o f  the loading increased (as i n  
t e s t s  79A2k5 through 79~248)  , a s i g n i f i c a n t  
cmponent o f  l i nea r  acce le ra t i on  i n  the I-S 
d i r e c t i o n  develooed. 

Phys i ca l l y ,  t h i s  impl ies  t h a t  the response 
o f  the  p e l v i s  can be i n te rp re ted  as the response 
o f  one ma te r i a l  body ( t he  p e l v i s )  i n  contact  
w i t h  other ma te r i a l  bodies ( the femur, spine. 
abdominal organs, and s o f t  t i s sue )  . The degree 
t o  which each o f  the ma te r i a l  bodies i n te rac t s  
w i t h  the p e l v i s  i s  dependent upon the amount of 
a v a i l a b l e  impactor energy and how i t  i s  
t ransmi t ted  t o  the pe l v i s .  

T r i a x i a l  - Bitrochan te r i e  R C S D O ~ S C  -- Although the padding on the impactor surface 
was d i f f e r e n t ,  the load ing i n  t es t s  79~081  
through 79L090 (Table 7) i s  simi l a r  t o  t h a t  o f  
the the previous tes ts .  The response i s  
measured w i t h  two t r i a x i a l  acce le rme te r  
c l u s t e r s  located near each t rochanter .  Using 
the same event markers on the fo rce  time h i s t o r y  

as i n  the previous tests,  some in format ion  about 
the response o f  the p e l v i s  from the t rochan te r i c  
response may be obtained. Near the  E l  event 
the acce le ra t i on  o f  the t rochanter o f  the 
impacted s ide begins, however the  accelerometer 
of the opposi te t rochanter d isp lays  l i t t l e  or no 
motion u n t i  l near or a f t e r  the E2 event. 
Acce lera t ion  o f  the impacted s iae peaks before  
the i 2  event, whereas the acce le ra t i on  response 
of the other t rochanter reaches a  maximum near 
the E3 event. The motion ind ica ted by t h i s  type 
of r tsponse i s  somewhat s i m i l a r  t o  t e s t  79A243 
and 79AZkL ( f o r  the  D ~ I V ~ S )  w i t h  the greates t  
r o t a t i o n  i n  the I - S  d i r e c t i o n .  However, i t  i s  
c lear  from the accelerometer data and high-speed 
movies t h a t  al though the p e l v i s  seems t o  behave 
as i t  were r o t a t i n g  about a  f i x e d  p o i n t  near the 
t rochanter o f  the opoosi te fcmur du r i ng  the E l -  
i 2  i n t e r v a l ,  mot ion a f t e r  the E2 event i s  
consiaerably more complex, . w i t h  the peak 
v e l o c i t y  of the  opposi te femur more then h a l f  o f  
t ha t  of the  impacted femur. 

Pe l v i s  and Trochanter ic R ~ S D O ~ S ~  -- Tests -- 
80Logk t o  80L136 (Table 8) represent s imi l a r  
loading t o  t h a t -  of the p r e v i o k l y  mentioned 
tes ts  (79A2G3-248 and 79LOBI -090) . The response 
i s  measured by tho use o f  t r i a x i a l  
accelerometers located on the  p e l v i s  and 
trochanter on the s ide of impac:, as we l l  as 
photokinemetr ic documentation. The peak forces 
range from 6 t o  12 I ~ N .  

I n  some o f  these tests,  the f o r ce  time 
h i s t o r y  i s  s i m i l a r  t o  t ha t  o f  79~081  through 
79L090 w i t h  one perk and a  we1 1 de f ined 
beginning and end, however a  few o f  the t es t s  
have a  more complex fo rce time h i s t o r y .  They 
e x h i b i t  several  loca l  maxima and/or cont inu ing 
i m ~ a c t o r  contac t  a f t e r  the i n i t i a l  p a r t  o f  the 
pulse occurs. Although the response o f  the 
t rochanter as i n te rp re ted  by the p r i n c i p a l  
d i r e c t i o n  acce le ra t i on  and r e s u l t i n g  
acce le ra t i on  t ime-h is tory  waveforms i s  s i m i l a r  
t o  some o f  the  previous heavily-padded tes t s ,  
others d i sp lay  damped o s c i l l a t o r y  mot ion (Figure 
9) . This response i s  general l y  observed dur ing  
the f i r s t  sec t i on  of the pulse and unobservable 
s h o r t l y  a f t e r  the  E2 event. I n  a d d i t i o n  the 
park acce le ra t i on  genera l ly  occurs around the 
time o f  the f i r s t  s i g n i f i c a n t  maximum of  the 
f o r ce  t ime h i s t o r y .  Other researchers us ing 
f i n i t a  element modeling o f  the femur (16) have 
shown t h a t  var ious  modes o f  bending and t o r s i o n  
can occur. P o t e n t i a l l y  both  the  oscillator^ 
nature of the  t r ochan te r i c  response and the 
multimodal nature  o f  the  fo rce time h i s t o r i e s  
f o r  these t e s t s  a r e  a  r e s u l t  of the bending o f  
the femur. 

Althougn i n  these tes t s  on ly  t r i a x i a l  
acce lera t ion  i s  measured and the force time 
n l s t o r y  va r i es  from t e s t  :o t e s t  i n  a  very 
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general *ay tne response of tne p e i v i s ,  as 
i n t e r p r e t e d  ov the p r i n c i p a l  o i r e c r i o n  
acce le ra t i ons ,  i s  s i m i l a r  i n  these t e s t s  t o  t h a t  
o f  the resoonse i n t e r p r e t e d  by t a n g e n t i a l  
a c c e l e r a t i o n  i n  t e s t s  79A247 and 79A248. Table 
8  compares the  a c c e l e r a t i o n  t ime h i s t o r y  o f  t he  
p e l v i s  t o  t h a t  of  t h e  f o r c e  t ime h i s t o r y  and 
a c c e l e r a t i o n  t ime h i s t o r y  o f  t he  t r o c h a n t e r .  I n  
genera l ,  the  peak a c c e l e r a t i o n  of  t he  p e l v i s  i s  
less  than and lags behind t h a t  of Deak 
t r o c n a n t e r i c  a c c e i e r a t i o n s .  I n  a o o i t i o n ,  the  
r e s u l t a n t  peak v e l o c i t y  o f  the t r ochan te r  i s  
greater  than and preceoes the p e l v i s  Deak 
v e l o c i t y ,  and i s  P r i m a r i l y  i n  the I - S  d i r e c t i o n  
(o f  the  femur) . 

Transfer  Funct ions  -- The t r a n s f e r  f u n c t i o n  
formed from the impact f o r c e  ana a c c e l e r a t i o n  
inc ludes the e f f e c t s  o f  padding and suDjec t  
response. 4 c o r r t d o r  f o r  t r a n s f e r  f u n c t i o n s  
formed from the  imoact f o r ce  and tangent  
a c c e l e r a t i o n  f o r  t e s t s  7 9 ~ 2 4 3 - 7 9 ~ 2 4 8  i s  shown i n  
i i gu re  i ? .  

For t e s t s  79A243 and 79A24b the t r a n s f e r  
f u n c t i o n  i s  inc luded i n  t h e  c o r r i d o r  t o  100 H z .  
For t e s t  79AiL5 and 796246 the t r a n s f e r  f u n c t i o n  
i  s  i ncluaed t o  150 HZ, and f o r  t e s t s  79A2b7 and 
7 9 ~ 2 4 8 ,  i t  i s  inc luaed from 10 t o  400 Hz. The 
c o r r i a o r  r e ~ r e s e n t i n g  p e l v i s  response 
( i n t e r p r e t e d  by mechanical impedance f o r  f o r c e  
and r e s u l t i n g  v e l o c i t y )  shows t h a t  a l l  s i x  t e s t s  
are  s i m i l a r  t o  100 Hz.  Four t e s t s  a re  s i m i l a r  
t o  150 Hz and two a re  s i m i l a r  t o 4 0 0  H z .  T h i s  
seems t o  be t r u e  d e s p i t e  t he  d i f f e r e n t  impact 
cono i t i ons  ( d i f f e r e n t  oadding, d i f f e r e n t  i n i t i a l  
v e l o c i t y ,  oppos i t e  s i a e  imoacts) ,  and d i f f e r e n t  
t ime h i s t o r y  responses. Th i s  would seem t o  
i n d i c a t e  t h a t  the  responses f o r  t h i s  s u b j e c t  a r e  
reoeatao le ,  symmetr i c (same resoonse f o r  
o o ~ o s i t e  s ides)  and l i n e a r  t o  a t  i e a s t  100 Hz. 

The mechanics l impedance f o r  t e s t s  79A081 - 
79A090 (F igu re  11) i s  generated from f o r c e  and 
p r i n c i p a l  d i r e c t i o n  acce le ra t i on ,  and i s  
cons i  dared v a l  i d  between 10 and 100 Hz. I n  the  
frequency range between 10 and 30 H z  i t  i s  
somewnat s i m i l a r  t o  the  impedance o f  t e s t s  
79A243 through 79A248. Above t h i s  range. 
however, t he re  i s  a  c o n t i n u a l  d e c l i n e  i n  t he  
va lue  o f  t h e  impedance. Th i s  i s  be l i eved  t o  be 
a  r e s u l t  o f  t h e  s ry ro foam padding used i n  these 
t e s t s .  

For p e l v i s  t e s t s  80L094 - 80L136. t h e  
mechanical impeaance ob ta ined  from the p r i n c i p a l  
d i r e c t i o n  a c c e l e r a t i o n  was s i g n i f i c a n t l y  l ess  
than those c a l c u l a t e d  f rom the  acce le ra t i ons  i n  
the  two d i r e c t i o n s  normal t o  i t  above 25 Hz i n  
a l l  t es t s .  For t h e  t r o c h a n t e r ,  t he  mechanical  
impedance was v a l i d  f o r  reg ions below t h i s  range 
however f o r  comoarison purposes i t  i s  presented 
oown t o  25 Hz. The upper l i m i t  f o r  the v a l i d i t y  

o f  rne p e l v l  s  impeoance was 400 Hz and t n e r e f o r e  
the ~ r o c n a n t e r i c  upper l i m i t  i s  chosen as 400 
Hz. To o o t a i n  i n fo rma t i on  about the  
r e p e a t a b i l i t y  of the  response of  d i f f e r e n t  t e s t  
sub jec ts ,  m u l t i p l e  impacts ( a t  a  s u b i n j u r i o u s  
l e v e l )  were performed on each s u b j e c t  (Table 8) 
w i t n  each sub jec t  i n  t he  same i n i t i a l  p o s t u r a l  
c o n f i g u r a t i o n  w h i l e  the  imoactor sur face padding 
and v e l o c i t y  were va r i ed .  The t r a n s f e r  f u n c t i o n  
formed from the p r i n c i p a l  d i r e c t i o n  a c c e l e r a t i o n  
and force- t ime h i s t o r y  f o r  00 th  tne  p e l v i s  anc 
crochanter are  shown i n  F igures  i 2  and ! ?  f o r  
:ests 8 0 ~ 1 1 4  and 8 0 ~ i I j ,  r e s p e c t i v e l y ,  and i n  
i l g u r e s  14 anc I; f o r  t e s t s  ~ O L ! ! S  ana 80L136, 
r e s p e c t i v e l y .  

I :  was observed t h a t  tne a c c e l e r a t i o n  
resoonse o f  the  t rochanter  i s  p r i m a r i l y  i n  t he  
same d i r e c t i o n  as t h a t  o f  t he  f o r c e  w h i l e  the 
a c c e l e r a t i o n  o f  t he  p e l v i s  i s  n o t .  Deso i te  t h i s  
and the  f a c t  t h a t  imoact c o n d i t i o n s  v a r i e d  
between impacts t o  the  same s ide,  oose rva t i on  o f  
tnese t r a n s f e r  f u n c t i o n  waveforms (and o the rs  
no t  presented) shov t h a t  t he  t r a n s f e r  f u n c t i o n s  
f o r  repeated t e s t s  on the  same s i d e  are  s imi l a r  
f o r  bo th  t he  p e l v i s  and t rochan te r .  The 
t r a n s f e r  f u n c t i o n  f o r  the  p e l v i s  and t h e  
t rochanter  of the same s u b j e c t  a re  s imi  l a r  i n  
waveform up t o  200 Hz, a l though they o i f f e r  i n  
magnitude -- va lues f o r  the  mechanical imoedance 
of the p e l v i s  are  general  l y  two t o  f ou r  t imes 
t h a t  o f  those f o r  the  t r o c h a n t e r .  The amount o f  
s c a t t e r  between sub jec t s  i s  addressed i n  F igures  
16 and 17, which represent  t he  c o r r i a o r  f o r  
impacts t h a t  d i d  no t  r e s u l t  i n  i n j u r y  f o r  bo th  
the o e l v i s  and t rochan te r ,  r e s ~ e c t i v e l y .  
P I  though the two c o r r i o o r s  look s imi  l a r  
( d i f f e r i n g  on l y  i n  magnitude below 100 H z ) ,  they 
cover a wide range o f  p o s s i b l e  responses, 
p a r t i c u l a r l y  above ZOO Hz. T h i s  magnitude 
i nd i ca tes  t h a t  a l though the  response o f  a  s i n g l e  
sub jec t  i s  s i m i l a r  f o r  repeated impacts, t h e r e  
i s  wide s c a t t e r  between sub jec t s .  

I n  a d d i t i o n  fo t he  above observat ions  on 
the  t r a n s f e r  f unc t i ons ,  i n  some o f  t he  t e s t s  
(e.g., 8 0 L l j 5  and 8 0 ~ 1 3 6 )  a  resonance was 
observed between 180 and 280 Hz,  wn i ch i s  w i  t h i n  
t h e  band i n  which o the rs  have observed a  
resonance (16.17) . Thi  s  resonance (which i s  
observed i n  bo th  t he  p e l v i s  ana t rochan te r ,  
a l though i t  i s  more pronounced i n  t he  t rochan te r  
t r a n s f e r  f u n c t i o n )  i s  p o t e n t i a l  l y  r e l a t e d  t o  t he  
oscillatory behav ior  mentioned above and a l s o  t o  
t h e  p r e d i c t e d  f i r s t  mode bending (16) . Although 
most o f  t h e  t e s t  sub jec t s  d i d  n o t  d i s p l a y  t h i s  
resonance, i t do ts  occur i n  a  few o f  t he  t e s t s  
which may h e l p  t o  e x p l a i n  some o f  the  s c a t t e r  
observed. 

Oamaoe to t he  P e l v i s  and Femur -- Many o f  
t he  t e s t s  invo lved loads above 10 kN, w i t h  o n l y  
one r e s u l t i n g  i n j u r y  ( t e s t  8 0 ~ 1 0 3  r e s u l t e a  i n  a  
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Fig. 10 - Corridor for pelvis impacts, 79A243-79A248 
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commutec f r a c t u r e  o f  tne femcrai  conoy les ) .  I n  
t h i s  regard, t e s t s  79A20h t o  791208. w i  t n  loads 
from 20 t o  3 7  k N ,  r e s u l t e d  i n  no i n j u r y  t o  the  
femur or  p e l v i s .  Therefore.  w i t h  respect  t o  
s e t t i n g  t o l e rance  l eve l s ,  t h e  i n d i c a t i o n  i s  t h a t  
e i t h e r  much n igher  impact v e l o c i t i e s  ( f o r  a 
g iven mass) than nave been used i n  these t e s t s  
must be considered. or  e l s e  o the r  f a c t o r s  no t  
addressed i n  t h i s  stuay i n f l uence  the i n j u r y  
resDonse o f  the  p e l v i s .  I n  these t e s t s ,  the  
s u b j e c t ' s  i n ~ t i a ;  c o n f i ~ u r a t i o n  was he la  
constant and the impactor padding, mass, and 
i n t t i a l  contac t  v e l o c i t y  were var ied .  ?oss ib i y ,  
the t o le rance  l eve l  cou ld  be in f luenced by t he  
o r i e n t a t i o n  o f  the  o e i v i s  and/or femur be fo re  
con tac t .  I n  a d d i t i o n ,  no c o n t i a e r a t i o n  was 
g iven t o  :he i n t e r a c t i o n  o f  the  p e i v i s  u i t h  a 
seat,  which cou ld  be an impor tant  f a c t o r  g i ven  
the complexi ty o f  the  p e l v i s  response shown i n  
t h i s  study. There fore ,  the i n fo rma t i on  
generated i n  these knee impact t e s t s  cannot be 
used t o  s e t  t o l e rance  l e v e l s  i n  and o f  
themselves. The comolex nacure of the  response 
and the s c a t t e r  between t e s t  sub jec t s  emphasize 
the d i f f i c u l t y  o f  t h i s  task.  

LATERAL IMPACTS 

The response o f  t he  p e l v i s  under dynamic 
l a t e r a l  loads requ i res  t he  d e s c r i p t i o n  o f  
severa l  m a t e r i a l  bodies: t he  impactor,  the  
femur, the  s o f t  t i s s u e  and the p e l v i s .  The b a l l  
and socket na tu re  o f  t he  i n t e r f a c e  o f  t he  
acetaDulum and the  head o f  the  femur as w e l l  as 
t he  d i f f  i c u l  t y  o f  impact ing througn the 
e f f e c t i v e  center  o f  mass o f  the  pe lv is - femur  
c o m ~ i e x  suggest t h a t  i n  general  an i n s t a b i l i t y  
w i l l  r e s u l t  as asymmetric load ing o f  the  
acetabulum occurs d u r i n g  impact. Th is  type o f  
i n t e r a c t i o n  as w e l l  as the  e f f e c t s  o f  damage 
produced d u r i n g  load ing can lead t o  a wide range 
o f  responses. I n  t h i s  regard  the  accelerometer 
mounting p la t f o rm ,  which i s  anchored t o  t he  
p e i v i  s through the use o f  l ag  b o l t s ,  may add t o  
the l a t e r a l  s t i f f n e s s  o f  t h e  p e l v i s  by reduc ing 
tne d i f f e r e n t i a l  movement between the two coxal  
bones du r i ng  impact, and consequent ly 
s i m p l i f y i n g  the gross whole body mot ion  o f  t he  
p e l v i s .  However, a l though the  degree t o  which 
the acceleromter p l a t e  s t i f f e n s  the  p e l v i s  i s  
undetermined. No damage was observed as a 
r e s u l t  o f  the  l ag  b o l t s  i n d i c a t i n g  t h a t  t he  
accelerometer p l a t f o r m  was no t  a s i g n i f i c a n t  
load path.  The t e s t s  represented i n  Tables 6 
and 9 desc r i be  t h e  r e s u l t s  of l a t e r a l  acetabulum 
load ings through the t r o c h a n t e r i c  area. Only i n  
t e s t  8 0 ~ 1 2 1  was the p e l v i s  loaded d i r e c t l y  near 
the i l i a c  c r e s t .  The f o r c e  t ime-h i s to ry  f rom 
these t e s t s  can be descr ibed i n  a manner s i m i l a r  
t o  t h a t  o f  t e s t s  79A243 through 7 9 ~ 2 4 8  (Table 5) 
and 79LO81 through 79L090 (Table 7) us ing  the 
same event markers. The peak forces f o r  the  

t e s t s  rangea from 3 t o  19 k N  w i t n  au ra l i ons  from 
30 t o  j 0  ms, 

Table 6 summar i zes t he  three-d imens i ona I 
mot ion  f o r  the  p e l v i s  o f  82E008, 82E028, and 
82EOL9. I n  these t e s t s  the  d i r e c t i o n ,  
magnitude, phasing, and waveform o f  the  mot ion  
d e s c r i p t o r s  obta ined from the n ine  accelerometer 
ana l ys i s  d i d  not  f o l l o w  a cons i s ten t  p a t t e r n .  
These d i f f e rences  occur p r i m a r i l y  i n  both  
angular a c c e l e r a t i o n  and I inear acce le ra t i ons  i n  
those d i r e c t i o n s  p e r ~ e n d i c u l a r  t o  the  impactor 
mot ion.  Examples are  F igures  13 and 1: f o r  
82E049, ana Figures 20 ano 21 fo r  82E028. Both 
the  l i n e a r  and angular va r i ab les  d i f f e r  
s i g n i f i c a n t l y  du r i ng  the El t o  12 i n t e r v a l  even 
:hougn the gross overa i  I mot ion  as obta ined from 
both  the n ine  accelerometer ana l ys i s  and the 
high-speed movies are  t he  same. Va r i ao les  
reoresent ing  t h i s  t r end  are the  r e i a t i v e  
magnitude and phasing o f  the  r e s u l t a n t  and 
p r i n c i p a l  d i r e c t i o n  a c c a l e r a t i o n  f o r  t e s t s  
80L095 t o  8 0 ~ 1 3 7  (dep ic ted i n  Table 91, w i t h  no 
c l e a r  r e l a t i o n  between peak f o r c e  and 
acce le ra t i on  as w e l l  as when i t  w i l l  occur i n  
the f o r ce  t ime h i s t o r y .  Th i s  i s  c o n s i s t e n t  w i t h  
the  r e s u l t s  from the a c c e l e r a t i o n  data presented 
i n  (10).  F igure  22 d e p i c t s  some o f  the  
waveforms observed i n  these t e s t s .  

The response o f  t he  p e l v i s  t o  impact i s  
compl icated n o t  on l y  by dynamic i n s t a b i l i t i e s  o f  
t he  femur-pe lv is  complex, bu t  a l s o  by t he  
v a r i a b i l i t y  between sub jec ts .  Since load i s  
d i s t r i b u t e d  t o  the  p e l v i s  through l o t h  s o f t  
t i s s u e  and the femur, v a r i a t i o n s  i n  these 
phys ica l  aspects between sub jec ts  can lead t o  
v a r i e d  s t r e s s  l e v e l s  on t h e  acetabuium f o r  a 
g iven impact f o r ce .  For those sub jec t s  w i t h  
l a rge  amounts o f  s o f t  t i s sue .  a longer El t o  E2 
i n t e r v a l  was observed. 

Because o f  the  comolex na tu re  o f  the  
response o f  the  p e l v i s  t o  l a t e r a l  impacts, i t  
becomes d i f f i c u l t  t o  generate a t r a n s f e r  
f u n c t i o n  f o r  these experiments. However, f o r  
some t e s t s  i n  which a tr i a x  was used a t r a n s f e r  
f u n c t i o n  cou ld  be obta ined tha t  generatea 
mechanicai impedance values s i g n i f i c a n t l y  iess  
than those c a l c u l a t e d  f o r  t he  two d i r e c t i o n s  
normal t o  the  p r i n c i p a l  d i r e c t i o n  aDove 10 Hz. 
I n  a d d i t i o n  a t r a n s f e r  f u n c t i o n  was generated 
from the tangenta l  a c c e l e r a t i o n  f o r  those t e s t s  
i n  which the n i n e  accelerometer p l a t e  was used 
(F igure  23 ) .  The t r a n s f e r  f u n c t i o n  shows t h a t  
i n  these t e s t s  f o r  low frequencies ( f rom 10 t o  
40 Hz) the  p e l v i s  behaves as a mass o f  about 25 
kg i n d i c a t i n g  t h a t  the  gross o v e r a l l  mot ion  o f  
t he  p e l v i s  may be s imply  modeled. 

Damaoe -- The p e l v i c  bone damages observed 
i n  these t e s t s  a re  s imi I ar  t o  those observea i n  
the  automot ive environment as repor ted i n  ( 1 - 5 ) :  
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Run ID: 82E049 H? 

l IMPACT 
i FORCE 

(N) 

/ FORCE 
1 IMPULSE 

] LIN ACC 

i i l N  ACC 
i NOR(N) 
I (?/s/s) 

l ANG ACC 
i ?-A(]) 
1 (rd/s/s) 

1 ANG ACC 

I (rd/s/s) 

1 ANG ACC 
I I-S(K) 
I (rd/s/s) 

Fig. 18 - Test 82E049 
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/ IMPACT 
I 
: 'ORCE 
I (N) 

/ LIN ACC 
1 TA N(7) 
1 (n/s/s) 

! i l N  ACC 
i =-A(:) 
I 
i (~/s/'s) 

LIN ACC 
I2- i (J )  
i (m/s/s) 

Run ID: 823049 H? 

; LIN ACC 
I I-S(K) 
1 (m/s/s) 

Fig. 19 - Test 82E049 

Guy S .  Nushol t z  

36 



1 FORCE 
/ IMPCILSE 
I (N.s) 

/ i l N  ACC 
TAN(-) 

i ( * /s /s )  

' LIN ACC 
I NOR(N) 
I (n /s , / s j  

I ANG ACC 
D-A(i) 

1 (rd;'s/s) 

~ u n  ID: 823028 H7 

i ANG 4CC 
' " - i ( J )  
i (rd/s,!s) 

1 ANG ACC 
1 1-S(%) 
i ( re /s /s)  

Fig. 20 - Test 82E028 
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I " "  I " "  I " "  I / / (  l l t l r ' l  

1 LlPi ACC 
I TP,N(T) 
: (E /S/ 'S)  

; L!N ACC 
I I-S(K) 
~ (m,h,/s) 

Run ID: 823028 H? 

Fig. 21  - Test 82E028 
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Fig. 22 - Pelvis impact response 

Guy S .  Nushol tz  

3 9 



Z=FI/VI for PELVIS 

Fig. 23 
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noweve:, no o ;  l a t e r a l  f r a c t u r e s  occurrea. 7ne 
comolex nature  of the resDonse of  the p e l v i s  t o  
i a t e r a l  loads may preclude tne aeterminat ion  o f  
a  s i n g l e  to le rance c r i t e r i o n .  This i s  a r r i v e a  
a t  by comparing the r e s u l t s  i n  Taales i and 9 as 
we1 l as the above discussion. I n  t h i s  regard, 
peak f o r c e  does not r e l a t e  t o  the  damage 
proauced. Th is  i s  be l ieved t o  be a  r e s u l t  o f  
the  i n t e r a c t i o n s  of the paading, impactor 
surface shape, and/or the  s o f t  t i s s u e  between 
:he impactor and the p e l v ~ s .  With add i t i ona l  
paading and s o f t  t i s s u e  the load can be 
d i s t r i ~ u t e d  over a la rger  area o f  the  p e l v i s ,  
and the re fo re  less o f  the a v a i l a b l e  impact 
energy i t  concentrated on the acetabulurn. The 
maximum force t o l e r a b i e  seems t o  increase w i t n  
an increase i n  l o a d - d i s t r i b u t i n g  paading fo r  
s i m i l a r  a v a i l a b l e  imoact energy. 

Based on d i f f e rences  i n  the i n i t i a l  
cond i t i ons  of the t e s t s  performed a t  HSRl ana 
thosedesc r i bed  i n  ( l o ) ,  i t  i s  no t  r e a d i l y  
v e r i f i a b l e  t h a t  peak force and impulse are  
accurate p e l v i s  i n j u r y  c r i t e r i a .  The t e s t  
methods descr ibed i n  (10) anployed a  sub jec t  
seated i n  an u p r i g h t  ~ o s i t i o n  and impacted by an 
unDadded 17.3 kg impactor w i t n  a  hemispher ical  
surface. i: was found i n  t h i s  ser ies  o f  t es t s  
performed a t  HSRl (which employed an 
unconstrained sub jec t  and f l a t  impactor surface) 
t n a t  v a r i a t i o n s  i n  imoactor padding, mass, and 
load path may r e s u l t  i n  la rge d i f f e rences  i n  the  
peak force and imoulse of  the impact which do 
not  necessar i l y  correspond t o  t he  i n j u r i e s  
produced. Add i t i ona l  t e s t  parameters, such as 
sub jec t  con f i gu ra t i on ,  a lso  a f f e c t  comparisons 
between t e s t  se r i es  r e s u l t s  i n  an unknown 
manner. For example, the f a c t  t h a t  i n  one 
research program the sub jec t  i s  seated i n  a  
f i x e d  p o s i t i o n  may r e s u l t  i n  sub jec t -seat  
i n t e r a c t i o n s  thus producing d i f f e r e n t  i n j u r i e s  
f o r  an o therwise s i m i l a r  impact. 

CONCLUSIONS 

This has been a  l i m i t e d  p re l im ina ry  study 
of  some important k inemat ic f ac to rs  and damage 
modes associated w i t h  i n d i r e c t  load ing o f  the 
p e l v i s  through the femur. 

Because o f  the  complex nature  of the  
pelv is- femur i n t e r a c t i o n  du r i ng  an impact event, 
more work i s  necessary before  these k inemat ic  
f a c t o r s  can be gene ra l i r ed  t o  descr ibe  p e l v i s  
response. However, the  f o l l o w i n g  conclusions 
can be drawn: 

(1 )  The comp I e t e  descr i p t  i on o f  three- 
dimensional mot ion i s  inva luab le  t o  the 
understanding o f  p e l v i s  response. 

( 2 )  The response o f  the  p e l v i s  o f  a  s i n g l e  t e s t  

suo jec t  t o  a x i a i  Knee imoacrs as given by 
mecnanical impedance i s  l i nea r  from 10 t o  
130 Hz, reoeatao le ,  and symmetric ( tne  same 
fo r  each s  iae) . 

(3)  The complex nature  of  the response of the 
f m u r / p e l v i s / s o f t  t i s sue  system. between- 
suojects v a r i a b i l i t y ,  and damage pa t te rns  
proauced may prec lude the determinat ion  of 
a  s i n g l e  to le rance c r i t e r i o n  such as 
maximum force or  peak acce le ra t i on  
resoonse. 

( L j  Energy-absorbi ng and loaa-di s t r  i a u t  i ng 
ma te r i a l s  are e f f e c t i v e  methods o f  
t r a n s m i t t i n g  greater  amounts o f  energy t o  
tne p e l v i s  w i t hou t  aamage being proauced i n  
l a t e r a l  impacts. 

( 5 )  The nature  of  the impactor/femur/pe l v i  s 
i n t e r a c t i o n  as v e i l  as the b iome t r i es  o f  
tne popu la t i on  a t  la rge are  c r  i  t i c a l  
f ac to rs  i n  understanding the response o f  
the p e l v i s  t o  impact and suaseouent damage 
Patterns.  

The r e s u l t s  presented i n  t h i s  paper have 
been obtained from a se r i es  of  independent ly 
funded research programs conducted ou r i ng  ?he 
past f i v e  years. The funding agencies were: The 
Biomedical Science Department o f  General Motors, 
the  Motor Veh ic le  Aanufac turer 's  Associat ion.  
and the Uni ted States Department o f  
Transpor ta t ion ,  Nat iona l  Highway T r a f f i c  Safe ty  
Admin is t ra t ion .  

The authors wish t o  acknowledge the 
con t r i bu t i ons  o f  Jean Brindamour, Don Huelke, 
Marv Dunlap, Jodi Blank, Va le r i e  Moses, Paula 
Lux, M i l es  j a n i c k i ,  Je f f  Pinsky,  and Carol 
Sobecki i n  complet ion of  t h i s  work. 
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The description o f  the impact rsponsc of the htlman body and i ts  
surrogates rqui r$s thzt  the kinematic quanti ties moasursd sxperi~enta 
be described in ~ r ' e r c n c g  i r m s  which va ' r j  from one i nstrmentation 
method ' b another. 

In order ta assure precise comparison o f  mechanical responses 
bebeen subjects, i t  is necessary b refer a i l  results t o  a "st~ndard" 
anatomical frme whf ch may be easily identified. On the other hand, 

i t  is impractical to requim tha t  transducers be a1 i qned w i t b  this 
anat;rniczl ? m e ,  sinc? this '~lould create problerns which nay not  be 

satisiactoriiy solved. 

An a1 ternative i s  t o  m o u n t  trznsducers in an arbi tray;/ and con- 
venient rer'erenc~ frame, then. aescri be the transfornation necessary to 
convert the data from t h i s  frme t o  the desir5d anatomical one ( I )* .  

We now have three re fe~nce  f r m e s  in which t o  describe the kinematic 
quantf ties: the instmentation frme, the anatarnica1 frme and t ! e  iner- 
ti al' (or 1 aboratory) frame. An addi tional method for describing the k f  m- 
matic quantities o f  a test is  that o f  f~trne f i e l d s .  Cne such f r n e  i i e ld ,  
i ntmduced by F ~ n e t  i n  1847 and independent1 y by Serrzt i n  1851 , has 
been .adopted for use i n  nead notion analysis a t  HSZI. 

-- INSTRUMENTATION REFERENCE FRAME 

The method used a t  HSRI t o  measure the 3-0 mtf on o f  the head em- 

ploys nine accelemmeters mounted on the head i n  three cl ustors. Each 
. cluster is a triaxial wi t which measures the components of the aced era- 
tfen vector a t  fts centgr  In three orthogonal directions, which a r e  the 

same for the other tm clusters. These ort,C:agunal instmentation dirac- 
t ions  a r e  a r b i t r a r f l y  chosen for conveniencz o f  munting and a= suc! that 
the centers Q1, 42 and 43 o f  the three tri ax i  a1 cl usters w i  11 1 i e on the 

1 .. 
axes El , E2, and E3 of tibe instrtlmentati on frsrce, a t  known distances, 
Rl, 82 and W frcm fhe o r i g f n  7 ,  as snotlltn in F i g u r ~ ,  1 .  

Given the ctJortiinates o f  5ie o r i g i n  ?, 2nd thosa o f  %a ? a i n t i  

Number i n  pa~ntheses indicate reference at end o f  paper. 
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and 92, ;he u n i t  vec-.ors 27 and k ' a r a  de t tn i  ned by noma1 izing 

the dis&nczs PQ1 and PQZ. Tne third u n i t  vector k3 is  then obtained 
by mss-nultiplying g1 by 2. However, i t  is experimentally n ; o ~  

practical to supoiy the c=ordin&s o f  all three goints Ql , and 

43, as well as the dis2ncss f r o m  tltern to the origin P, then carrtpt;:= 
the coordinates o f  other paints neczssa1-y t o  define tfre' inst;c:ne33tion 

frame a m p l e t ~ l y  in t h e  3-0 spac:. 

The aria-i cal 7-axis is defined a1 ong the int=rsect:on o f  tke 
.Frankfort and m i  cisagi ttal p l  ines in the post~ri or- t o - a n t ~ r i  or (? -A)  
direction: The j-axis f s  defined along the l ine jo in ing  the ~ A O  superior 

edges o f  the a u d i b r l  reati ,  in the right-to-l eft (4-L) d i ~ c 5 c n .  This 

&axis,  wnich l ies i n  the Frankfort plane,' is peqendicllar to t i e  

miasa~ittal plane at the "znztodcal cmttr," w h ' i c h  is  taken as the 
1 

ori g i n  o f  the anatsmi cal fame ( i i  gure 2) . Finally , the. k-axi s i s 
1 

defined as the ctoss-prcduct o f  the unf t vectors d ;- and j-axes , 
and tkrefore, will l i e  in the midsagi tta1 plane pel-.,enaicui ar t o  t k  

Frankfort plane, and will be in the inferior-0-superior (1-5) 

dl recti on. 

. '' Thus, the anatomical miemrce frame ( T ,  3, E) can be cempl ats ly  
defined once the four anatmica1 f andnarks are sped fid. 

LABORATORY REFERENCE FRAME 
4 

I t  i s  desired t o  describe.the inst=ntatfon f t l ,  2, 3) 
1 

i n  
tern of t+e anatomical ( 7 ,  j, c) uni t  vectan :. 

where B] f s an orthagunal t r ans~mt ion  matrix made up w i t h  the nine 
unkntmn direction a s i n s .  This matrix may be determined by f i rs t  
upnssing each o f  the ( h, a3) and ( , f)  in t a m  o f  an ar- 
b 4 t m y  f 7 m  (t, i, i ) :  



FIGURE 2* HEAD ANATOMICAL REFERENCE SYSTE)!, 
BASED ON THE SXULL'S FRANKFORT AND 
HIDSAGITTAL PLANES. 



then elidnatina the ( f ,  , k; bet~een the t,o expressions t o  o b t a i n  

the matrix [ E l :  

Since [UI and (V] a& debmined imm coordinates of s~veral 
. - a  

points, the arbitrary frame (I, J ,  K) will s i q l y  he the laboratory 
frame. in which these coordinates are neasured. fhe x-ray methad uszd 
a t  HSRI t o  uieasure thess points autmatically defines the labora tor j  
frame. 

FRENET SERRET TRIAD 

Fur any moving point, such as the anatomical enter  o f  the hezd, 
the absol utz position, velocity and acceleration vettars are given in 
the 7 abaru"L;iry ~ i e r e n c e  frame as: 

As the poinz moves in space, i t  travels along a curve defined hy 
x(t) , y( t )  and z ( t ) .  This curve . may he thougnt o f  as a skewed 

i r r  

"one-way track" which is fixed i n  the 1 abaratory ( I  , J , K) feieenca 

frame. 

The distance traveled along the curve is a function o f  time, 

s ( t ) .  This - function determines the position o f  any point  an t!!e 
curve, and the tangent  t o  the curve a t  this point  i s  defined as a u n i t  

- 

vector: 

d; but sfnce A = 



then 

The quantity w (t) is called the s p e ~ d  o f  the p o i n t ,  and i s  

equal to  the derivatAve o f  s ( t )  w i t h  ~ s p e c t  to tire. I t  i s  clear 
a 

that  ~ ( t )  is precisely the resultant o f  t h e  veIaci2j vectar, i . e . ,  

Sincs t h e  derivative of a vector i s  normal t o  the vector, the 

principle normal o i  the curve i s  defined as: 

e a a 

where N is perpendictll ar "Lj 7' and r: cfiasen so that  N is a u n i t  vecar. 
A . 

Finally,, the c n s s  produc t  T x N defines a third vecar ,  per;rendicular 
ta b o t h  the tangent and gri nci pal n a m i  , and i s a1 I td the b i  nomal : 

Any l ine perpendicular to  the tangent ? i s  called a normal l ine and the 

plane containing a l l  the normal l ines i s  called the normal plane. The plane 
containing b o t h  the tangent ? d n d  principle normal a i s  called the osculating 

plane . 
4 - a  

The three orth~gunal u n i t  vec'sn (T, N, 8) shnwn in ffgm 3 fow 
a Ttght-hand triad,  u l l e d  the Fmet triad. As the rigid 3ody moves 

f n  3-0 space, eadq body p o i n t '  mves alang a -space curve; ; the=- 

%=, eac!! p o i n t  o f  t ? e  r i g i d  bod{ leaves behind a unique track c!!a.farrc- 
Qn'td by individual Frenet triads attached LCD that curve. For 

a g i v e n  curve the collection o f i t s  triadsisoit~ncalied a 
"field," which is s t a t i o n a r j  i n  3-0 space. 



F I G U R E  3.  F R E N E T  S E R R E T  TRIAD 



CURVATURE ' A Y D  TORSION OF A C!iR\lF 

It is o f t a n  usriul :a s h d v .  i n  3-0 suacs, t h e  t u r n i n g  and t ~ i s t i n g  
o f  the  curve of a point on a rigid b o d ~ t .  For head motion, one such ~ o i n t  i s  the 

anatomical center. The Frenet formulas provide mathematical measurements o f  the 
turn ing and h i s t i n g ,  when the i n e r t i a l  cqmponenis o f  the p o s i t i o n ,  

v e l o c i t y  and a c c r l e n t i a n  v e c t m  a i  t ! e  p o i n t  of inkrest are given. 

Let P be a poin t  on a given curve and P '  a neighboring 

point  shown i n  Figure 3, such t!+at: - 

arc (P 2') = fi 

and let  ? and P' be t f e  t a n g e n t  vectors t o  the curve a t  P and P' , 
respectively, such that the angle bet~een 7 and ? is: 

The definition o f  a derivatf ve o i  ? is g i v e n  by: , 

r. 

and that o f  the n o m a l  u n i t  vector ?i is g i v e n  by 

r. 

But N is a u n i t  vectrJr, K must be t!!e msultant ( a b s a l u t e  value) af the tangant, so that 

T h e r e f o r e ,  as P appmac!!es P , the above  I imi t is defined as the 
turvatum o f  the curve a t  p i n t  P . The radius of curtaturz Q 
f s defined as t ! e  i n v e m  o f  c: 

A slow turn o f  tCIe curve is  characterized by a small curvature 
C9 



(OF large radiuso) , while large curvature (small p )  indicates a shar:, 

turn o f  tfic curve. A numerical va? ue o f  the c u r v a t u r s  is therzflr? 

extrezely useful i n  q u a n t i t a t i v e l y  C~scri  bin? the shargness of the 
i n  ~ $ e  curve o f  i n t e r e s t .  

In order ta cal cul a t t  the curvatur? K , cgnsider the 

velocity vectar o f  a point along the curve, 

-t 

The acceleration' vector may be obtained by diiferen~ ating R :  

but  

so thet 

Thus, the acceleraticn vec3r may be resolved i n t o  t ,~o  ort,tloguna? 
ccmgonents , one a? ong i!e tancent (crl l ed tzngenti a i accz? erati on) and 

one along the principal nornal ( c r l  led the n o m l  accrleration) . §y 
A 

cross mu1 tiplying the above equation by t i e  unit T vector, we have: 

a 

kt s i n e e  f and it are defined by the components of ,  t f e  absol u t s  veloci 2, 

and acceleration vector, i t  i s  possible to express a l l  terms in the 
" .a - 

abave equatfon as functions o f  ( i ,  j ,  i) and ( x ,  y , z) to obtain the 

Next, we turn o u r  a t t en t ion  t o  the binormal vectar 3 defined 
A 

earlier. The d e r i v a t i v e  o f  0 w i t h  respect t o  s may be shown t o  De: 



- 
Thus ,. in addifi  an ta being pcqendiczl ar ta 5 ,  the derivatf ve i s  

also per;endic3lar :a ? and, subs~quently, nust  be along the noma1 

where 7 is  called t i e  k t r s f a n  of the curve, and may be either p o s i -  

tive or negative. The radius o f  t o n i o n  A is def  ned as the inverse o f  

the b r s i a n  T, and, : i n  'a  manner similar the ar&ur?, my be shown 
t3 be 

where AS is tha angl e be-heen tvo a d j a e n t  binamls Q L9e c w v e  zt 
2~0 points segara2d by As. 

It t s  possible O snow t!a: i i e  t g n i o n  i may b'e cal- -, 4 

' .  - c~laW ircm tie v c l c c ? ~  i(;, );i) aceleration? (I, 9,  2) a d  jerk 
3 (?, f ,  3 v e a n  firs: by fuming t i e  mixed (triple) p n d u c t  

so t h a t  .; , is a1 czlated by 

-- ' I  '-- - 

pa l ly ,  we turn our a t t e n t i o n  t o  the normal vector, the d e r i v a t i v e  

of ~i ,iM respect t o  s may be shown t o  be 



di di UU we obtain the following Collecting the three fornulas for , , dS 

equations ( Frenet equations) : 

dhb ds - dN =-.- - 
d t  d s d t  

and 

Examination of equation (30) shows that KV and rv can be interpreted as 
components of the angular velocity (u) o f  the triad as i t  moves a l o n g  the 
curve; in fact setting 

the frenet equation. becomes : 

The vector u is  sometimes called the Darboux vector after  the 
inventor of this interpretation of the meaning of curvature and torsion. 
The equation (32)  states t h a t  the torsion neasures the rate a t  which the 
osculating plane turns a b o u t  the tangent vector t o  the curve while the 
curvature measures the rate a t  which the normal plane turns about  the 
binormal vector. 



EXAMPLES OF  HEAD RIGID B O D Y  FUTION D U E  TO DIRECT IMPACT 

In principle,  e ~ecmetri c pro01 en inval ving motion along a 
curved path cm be solved by means of the Frenet f o n u l a s .  For simple 

cases, i t  may be sufficient t? r5cord the acceleration data and express 

i t  i n  a cgnvenient farin. 

For example, the following can be shown to  be true: 

Geometri ca? Quant i  t(j Hation o f  a Point 

K = O  straight l ine  
K > O , T = O  - planar 
K > 9, c = cunstant t = 0 ci rcul ar 

- - - 
- -. use of the F z n e t  frame fie1 d can be zn importznt tool 1 ne understanding 
tfie curve of the iieaa as a rigid body as i t  moves throu* space. Some examples of 

the way this frame f ie ld can be used follow. These examples come from a series of 
direct head impacts in which the subject was positioned in front of the HSRI 

pneumatic cannon w i t h  the head surface t o  be impacted approximately normal t o  the 
cannon impacting surface, and the centerline of the impact approximately through the 
head center of gravity ( 2 ) .  

Padded rear impact 
Examination of the tangential and normal component i n  Figure 4 shows that 

during impact the anatomical center's motion i s  essentially a straight line until 
near the end of impact. A t  this p o i n t  not only  does i t  move off the l ine of  
impact (normal acceleration) b u t  there i s  also a negative acceleration along the 
tangent, indicating a force acting o n  the skull other than that caused by the 
impactor. 

Ri q i  d im~act  
Figure 5 shows a rigid impact in which the skull was fractured (depression 

under the impactor). The skull i s  loaded very rapidly. The force then drops, 
during which the tangent acceleration drops t o  zero; the normal acceleration 
increases rapidly, indicating that the large unfractured portion of the skull i s  
not in complete contact with the impactor and that the only  acceleration i s  from 
the change in 7 .  This short-lived change o f  f (rotation) ends when the im~actor 

i comes ir] complete contact ai t h  the sku1 1, as evidenced by a rapid increase of the 1 

angular velocity. Onca the unfractured portion of the skull i s  back in complete : 

contact with t h e  impactor, the angular velocity drops and the tangential 
i 
! acceleration increases . C13 t 
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APPENDIX D: Force  Time Histories 
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