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INTRODUCTION 

B lunt abdomina l trauma i s  a ma j or cause o f  death in the Uni t ed S t a t e s . 
However , l i t t le exper iment a l  work has been done t o  c la r i f y  the mechanism of 
b lunt abdomina l i n j u r y , 2 - 9  and that wh ich has been done was not a lways we l l  
c on t r o l led . I n  order t o  provide an engineering and med i c a l  approach to the 
subj e c t  of b lunt abdomi na l trauma , a j oint s tudy wa s i n i t i a ted by the Highway 
Sa fe t y  Re search Ins t i tu t e  and the S e c t ion of Genera l Surgery of the Univer s i t y  
o f  Michi ga n .  A n  experiment was d e s i gned to s tudy the forces involved i n  b lunt 
abdomina l trauma in genera l and to quant i ta t e  the forces i nvolved in l i ver 
injuries in par t i c u lar . Wh i le Winquist i n  1 9 5 3 1 1 produced i n j ur ie s  by impa c t ing 
a moving anima l against a s ta t ionary targe t , the i n j u r i e s  in t h i s  s e r i e s  were 
produced by impa c t ing a s t a t i onary an ima l w i th a moving impa c t or . 

METHODS AND MATERIALS 

N i ne t y- s i x  squirre l monke ys , Rhesus monke ys , and baboons were u t i l ia t ed 
to s tudy a range o f  prima t e  ma s s e s  and body propor t i ons .  In add i t i on ,  fi f t een 
p i g s  (Su i s  Scrofa) weighing approx ima t e l y  100 pounds apiece were used be cause 
their abdomina l v i s cera l w e i gh t s  are known to approxima te those of man .  E a ch 
of the s e  anima ls was exposed to a h i gh l y  control led and mon i t ored abdomina l 
imp a c t . (Table 1) . The anima l t o be t e s ted wa s kept wi thout food or wa ter 
for twelve hours prior to the t e s t  and wa s ane s thes ized w i th intravenous 
Phenoba rbi t a l  or Ketamine . An a t tempt was mad e  to provide ana lge s i a  and yet 
keep mu s c le tone . The ane s t h e s i zed a nima l was shaved and targe t ed for h i gh 
speed phot ograph i c  ana l ys i s .  A c omp le t e  s e t  of anthropome t r i c  measurements 
was ob t a ined . 

In the f i r s t  experiment , the an ima l was sea ted and h e ld in an e r e c t  
pos i t ion w i th s i l k  threads through t h e  ea rs . The upper limbs were secured out 
of the f i e ld with masking t ape . T h i s  me thod of support makes the animal e s s en
t i a l l y  a free bod y ,  provides reproducible resul t s ,  and e l imina t e s  the c omp l i 
c a t e d  bound a r y  cond i t ions o f  a s e a t  o r  s l in g .  Various s i zed inpa c t ors were 
used to s imu l a t e  conunon a u t omotive i n j ur i e s . In other t e s t s , lap be l t s  were 
used e i ther to s lap aga in s t  the abdomen of the suspended anima l or to con t a i n  
t h e  anima l in a s led run . A l l  imp a c t s  were carried out by a pneuma t i c a l ly
opera ted cannon spe c i a l ly cons truc ted for imp a c t  s tud i e s . (Figure 1) The 
machine c on s i s t s  of a ground and honed c y lind e r , an a i r  reservoir , and two 
care fu l l y  f i t ted p i s t on s .  The transfer p i s t on (22 lbs . )  is prope l led by 
compressed a ir through the c y linder and trans fers its momentum to the imp a c t  
p i s ton ( 2 2  lbs . ) . A s t r iker p l a t e , a t tached to the imp a c t  p i s t on ,  trave ls a 
d i s t ance o f  about ten inches where a n  inve r s i on tube absorbs the energy of the 
imp a c t  p i s t on and h a l t s  i t s  moveme n t .  The s t roke o f  the impac t or i s  c on
t r o l led by i ts i n i t i a l  p os i t ioni n g ,  and i t s  v e l oc i t y  is c on tr o l led by the 
re servoir p r e s sure . The imp a c t or is ins trumented w i t h  an a c c e lerome ter and 
an iner t ia c ompensa ted force transduc e r .  H i gh-speed motion pi c tures at 3000 
to 5000 frames per s e c ond were taken for photographic ana l y s i s .  Conta c t ing 
forces and pulse dura t i on were photograph i c a l ly recorded from an o s c i l loscope . 
Imp a c tor ve loc i t y  was d e t e rmined from the h igh-speed mot i on p i c t ure ana lys i s .  

*From the Unive r s i ty o f  Michigan , Ann Arbor , Mich igan , U . S .A .  
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The anima ls were posi t i oned t o  limi t the d e p th of pene t ra t i on t o  approxima t e ly 
500'0 of body w i d t h , and a one - foot- t h i c k  s o f t  foam pad was arranged t o  absorb 
the momentum o f  the anima l a f ter impa c t . A n t e r i or imp a c t  areas were varied 
in loca t i on from the mid - ep i g a s t r i c  to the supra-pubic r e g i on . These regions 
were de fined a s :  Regi on I - - upper 1 / 3  of the abdomen , Region II -- mid 1 / 3  of 
the abdomen , and R e g i on I I I  - - the lower 1 / 3  o f  the abdomen. S ome impac t s  
were made i n  the r igh t a n t e r i or ob l i q ue pos i t ion one-ha l f  way be tween the 
xyphoid and t h e  1 2 t h  r i b .  

The s e c ond experiment was d e s i gned t o  d e t ermine the pre c i se energy needed 
to injure the l i ver i t s e l f .  The liver was surgi ca l ly mob i l i zed in anesthe
s i zed Rhesus monke y s .  A liver lobe was laid on to a sma l l  load ce l l  whi le s t i l l  
being perfused i n  t h e  l i ving anima l .  Load d e f le c t ion curves were e s t a b l i shed 
by varying the ve loc i t y  of the imp a c t or whi le keeping the percent pene t ra t i on 
of the exposed lobe constant a t  50%. A qua r t z  load ce l l  was a t tached t o  a 
hydrau lica l ly opera t e d , servo-con t r o l led t e s t ing machine capable of load c om
p r e s s i on a t  3 0 , 000 i n /min . Ve loc i t y  was d e t ermined by u s i ng a P la s t e ch opt i 
ca l tra cking s y s t em w i t h  a frequency response o f  3 0 , 000 Hz . Load d e f l e c t i on 
curves were recorded on f i lm from a d u a l  beam , s t orage unit os c i l loscop e .  

A l l  anima l s  were au t op s i e d  f o l lowing the impac t .  Injuri e s  were then 
c la s s i f ied and ra ted on an E s t ima ted Seve r i t y  of Injury S c a l e  (E S I )  o f  1-5 as 
d e f ined in Table 2 .  The re l a t ive importance o f  various injuries';sub j e c t ive ly 
d e termined . When severa l  organs were inj ured , the Es t imated Sever i t y  of 
l n j ury S c a l e  was made t o  r e f le c t  the seve r i t y  of the t o t a l  i n j u r y .  S ome injur
ies were j u d ged to be at a leve l between two whole numbers and were g i ven 
r a t ings a c c ord i n g l y .  A l l  injuri es were phot ographed so that d ir e c t  compari
sons be tween a nima l s  c ou ld be made . 

RESULTS 

Sma l l  changes i n  ve loc i t y  produced large changes i n  the d e gree o f  injury. 
Les s  energy wa s required t o  p r od uce an i n j ury in the upper abdomen than in the 
lower abd ome n .  A n  E s t ima ted Seve r i t y  of I n j ury o f  3 was found t o  be produced 
wi th an average of 87 p s i  us ing a r i gid bar impa c t or and 22 p s i  w i th a large 
surface impac t or .  In the twen t y  anima ls impa c ted w i t h  a lap be l t , the forces 
t e s t ed were h i gh and comparable t o  those seen in the simu la t ed c r a sh impac t s ; 
however , the lap be l t  produced few i n j ur i e s  i n  these anima ls .  Thi s d a t a  was 
submi t t ed to a c ompu t e r - a s s i s t e d  s t a t is t ica l ana l y s i s  for both pos i t i ve and 
nega t i ve corre la t ions be tween the various parame t e r s  and the E s t imated 
Severi t y  of I n j ur y .  It wa s found tha t the peak force and pu lse dura t i on had 
a h i gh leve l o f  corre la t i on with the E s t ima ted Seve r i t y  o f  lnjury.  (Table 3) . 
The an ima ls used in these expe rimen t s  varied in s i ze and we i gh t . In order t o  
i n tegra t e  t h i s  d a t a , d imensiona l ana l ys i s  t e chniques were used w i t h  the a i d  of 
a c ompu ter . This r e s u l t e d  in a formu la which c onpensa t e s  for we i gh t  and 
c on t a c t  area : 

E S i oc  Log f t 2 

m../f 

Here , f= force of impac t ,  t•dura t i on of impa c t , mcMas s  of the an ima l ,  and 
a=con ta c t  area . The d a t a  for a l l  four s p e c i e s  w i t h  a n t e r i or impa c t s  was 
found to corre l a t e  w i t h  this f ormu la as shown i n  T a b le 4 .  



The d i rec t l i ver impac t d a t a  was conver ted t o  energy dens i t y  (inch-pounds 
of energy app l ied per cubic inch of t i s s ue ) . 
5+ injury was produced b3 a n  average force of 
with 10 to 1 5  in . lb . / i n .  , a 3+ injury w i th 7 
w i t h  4 t o  6 i n . lb . / in . 3 , and 1+ injury w i th 1 

DISCUSS I ON 

Us ing a ve loc i t y  of 12 f t / s e c , a 
16 t o  18 in . lb . �in . 3 , a 4+ injury 
t o  9 in . l b . / i n .

3
, a 2+ injury 

to 3 i n . l b . / i n  . .  

The i n j ury produced by a g i ven force was found t o  be a d i r e c t  func t ion of 
the surface area , dura t ion o f  impa c 4  and mass of the anima l .  Narrow impa c t ors 
app l i ed to the body sur face over l ying the l i ver resul ted in tearing and trans 
s e c t i on fra c t ures o f  the l i ver , proba b l y  due to the l oc a l i zed and concent rated 
for c e s  produced i n  the area . However , the l i ver tended to bur s t  when the im
p a c t  was made w i t h  a large d iame ter imp a c t or .  I f  the same for c e  and v e l oc i t y 
o f  impac t  were app lied wi th a narrow bar impa c t or and a large surface impac tor , 
the sma l l  bar tended t o  produce grea ter liver inj ury . When pres s ures of 
impac t of the large d i ame t e r  impa c t or and the bar impac tor were the same , the 
g r e a t e r  injury wa s produced by the large impac t or . Equa l inJur i e s  (ES I - 3 )  were 
produced when a pres sure of 87 p s i  was app l i ed w i th a bar impac tor and 22 psi 
w i t h  a large d iamet e r  impa c t or . 

These resu l t s  can be exp la ined by the fa c t  tha t the liver is mad e  of 
v i s c oe la s t i c  ma t e r i a l .  The vi s c oe la s t i c  proper t i e s  of the l i ver cause h i gh 
sur fa c e  s t resses resu l t ing i n  s t ruc tura l f a i lure over a large area . Th i s  
proper t y  a l so a c c ounts for the fa c t  tha t the i n j u r y  produced i s  dependent on 
the dura t i on of impac t .  The injury produced by a given force i f  app l i ed over 
a long per i od of t ime i s  much more severe than i f  tha t same force is app l ied 
b r ie f l y .  The loc a r ion of the impac t grea t l y  inf luences the injury produc ed . 
When the loca t i on of imp a c t  and ma s s  of the subj e c t  are t a ken i n t o  a c c ount , 
the c ompos i te func t ion , E S I � Log f t 2 /m,fä, r e l a t e s  we l l  to the degree of inj ury 
produced in an ant e r ior abdomina l impac t .  R e l a t i ve l y  sma l l  forces were re
q u i red to produce severe i n j u r i e s  of the s o l i d  viscera when the imp a c t  was 
made in the upper abdomen (Region I ,  Table 4) . However , much grea t e r  forces 
were required to produce c ompara t ive ly s e vere i n j u r i e s  when force was app l i ed 
t o  the lower abdomen (Region I I I ) . 

The low inc idence of i n j u r y  of so lid v i s c era a s s oc ia ted wi th the use of 
lap b e l t s  c on f i rms their va lue as a res t ra in t  s ys tem in the a u t omobi l e .  Few 
i n j u r i e s  other than hema t omas of the mes en t e r y  and r e troperi toneum were noted . 
In tes t i na l  i n j u r i e s  were rare ly produced and on ly occurred when an a c c identa l 
maxima l pene t ra t icn was ob t a i ned . This agrees w i t h  W i l liams who pos tulated 
tha t lap b e l t  injuries were a s s o c i a t e d  w i t h  a crushing of the in t e s t ine be tween 
the abdomi na l wa l l  and the spine . 1 , 10 

On ly a sma l l  percent o f  the force app l i ed to the experimenta l anima ls , and 
presuma b l y  to a human in an a u t omob i l e a c c ident , wa s a c tua l l y  t ransmi t t ed 
d i re c t l y  to the l i ver . Whereas approx ima te ly 350 lbs . were needed to produce 
a 2+ injury in an i n t a c t anima l ,  on ly abou t  1 5 0  lbs . were needed to produce a 
s imi lar inj ury in the d irec t l y exposed l iver . This can b e  explained by the 
prot e c t i on provided by the abdomina l wa l l ,  body moveme n t , visc era l re s i s tanc e , 
and the dampening of an a p p l ied ener g y .  
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Two previous s t ud i e s  were de s i gned to e v a l ua t e  the forces required t o  
inj ure the l i ver . G lenn dropped res ec t e d cadaver l i vers from va r i ous h e i g h t s  
and dropped weigh t s  on to t h e  abdomen of l i ving dogs . 3 He was a b l e  to produce 
t yp i ca l bur s t ing i n j u r i e s  by app l v i ng ene r g i e s  of 2 5 0  f t . l b .  to the dogs and 
by d r opping l i vers f r om 7 to 25 fe e t . Mays i nj ec ted cadave r  l i vers wi th 
barium t o  reproduce the i r  p e r fused tur gor and then dropped them from va r i ous 
h e i gh t s to p roduce i n j uri e s . 7 He found t h a t  30 f t . lb .  produce capsular t ears 
and 300 to 360 f t .  lb . produced ma s s ive bu rs t i n g  i n j u r i e s .  However , to our 
knowledge , no one has done d i rec t impac t s t ud i e s  on a norma l l y  per fused pr ima t e  
l i ve r  i n  the li ving anima l .  When Ma ys ' d a t a  i s  conver ted to s t ra i n energy 
dens i t y ,  i . e . , the t o t a l  energy a v a i l a b l e  di vided by the vo lume of the l i ver , 
i t  c a n  be c ompa red w i th the resu l t s  o f  our d i re c t  l i ve r impa c t s . Mays ' resu l t s  
conve r t  t o  4 i n . l b . / i n3 for capsular tears and 40-48 i n . lb . / i n . 3 for ma s s ive 
burs t i ng in j u r i e s . Because of the viscoe las t ic proper t i e s  of s o f t  t is sues , 
tha t i s ,  i t s  ve loc i t y  dependenc v ,  only the lowe s t  i n j u r y  le vel of 2+ of Ma ys 1 
s t.ud y i s  compara h l e  t o  this s e t  o f  te s t s . Ma ys ' ma s s ive bur s t in g  injuries 
were ob t a i ned with v e l oc i t i es in exc e s s  of 60 f t . /s ec . Th i s  was necessary in 
h i s  experime n t a l  des ign t o  obta in the h i gh e r  forces needed to produce this 
type of inj u r y .  Because our energy was not v e l oc i t y  dependent , we found tha t 
a t  12 f t . / s e c . a n  energy d e ns i t y  leve l of on l y  about 1 7  i n .  l b . / i n . 3 was needed 
to o b t a i n  ma s s i v e  hurs t in g  i n j ur i e s . Th is i s  only abou t one - th ird tha t of 
Mays ' va lue s . Recause of the r a t e  sens i t i v i t y  o f  s o f t  t i s sue , we would expec t 
the energy d e ns i t y  t o  increase for a g i ven i n j u r y  leve l wi th an increase i n  
ve l oc i t y ,  thus ma king Ma ys ' human cadaver tes t s  q u i t e  compa ra b l e  t o  our mon
key 1 i  ver t e s  t s . 

SUMMARY 

There i s  a pos i t ive corre la t i on between the degree o f  abd omina l injury 
produced i n  b lunt abdomina l trauma and the force , surface a rea , anima l mas s ,  
and dura t i on of imp a c t  in p i gs and three spe c i e s of prima te s . On l y  a sma l l  
p e r c e n t  o f  the force app l i ed to the abd omen o f  an exper iment a l  an ima l i n  
t h e s e  exper imen t s ,  and presuma b l y  t o  a human in a n  a u t o  a c c i d en t , is a c t ua l ly 
transmi t t ed d i rec t l y  t o  the l i ver . When the loca t i on o f  impa c t  and the mass . 
of the subj e c t  are taken i n t o  a c c ount , a c ompo s i te func t i on , E S I '"< Log f c2 /m1rä , 
r e l a t es we l l  to the d e gree o f  i n j u r y  produced i n  an impac t .  T h i s  formula 
mi gh t be expec ted to app l y  to man for the f o l lowing rea sons : 1) the v i s c era l 
weigh t s  o f  the p i gs approx ima t e  those of man ,  2) the other spe c i e s  s tud ied 
were prima t e s , and 3) the ma s s  of the subj e c t  was taken i n t o  ac count in the 
formu l a . 

(The r e s earch upon which th i s  pa per is based wa s per formed pur suant t o  C on t ra c t  
Nos . FH- 1 1 - 7 2 8 8 , FH - 1 1- 7608 , and H S - 0 3 1 - 2 - 382 w i t h  the Department o f  Trans
por t a t i on ,  N a t iona l H ighwa y S a fe t y  Bure au , and G i f t  Funds from the Motor 
Veh i c le Manu fac t u r e s  A s s oc ia t i on ,  U . S . A . )  
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TABLE I I .  DEFINITION OF ESTIMATED SEVERITY OF INJURY (E S I )  

1+ - Minor Trauma - R e t roper i t onea l hemat oma , me sente r i c  abr a s i on , subcapsular 
hema t oma of li ve r .  

2+ - Mi ld Trauma - S p lenic hemat oma , i n t e s t i na l  hema t oma , sma l l  non-bleeding 
l i ver la cera t ion or capsular hema t oma . 

3+ Moderate Trauma - Sp le ne c t omy or l i ve r  i n j u r y  requiring s u ture repa i r .  

4+ - Major Trauma - Hepa t i c  r e se c t ion , panc rea t i c  frac ture - surv iva l onl y  
w i t h  maximum surgica l car e .  

5+ - Ma s s ive Trauma - Comp le t e  ma cera t i on o f  liver , sp leen , or pancrea s . 
Pre suma b l y  l e th a l  a t  a c c ident scene . 



2000 

1800 

1600 

1400 

1200 

(i) 
III 
_. 

w 1000 
(.) ex: 0 u.. 
!II: 

800 ci: 
w 
Q. 

600 

400 

200 

0 

• 
• 

� 

0 

• 

• 

0 0 i o 

0 0 0 
o/ o 

o j 
2 3 

0 

0 
I 

0 / / 0 

o} 7 f 
• 

• • 

- - o  RHESUS MONKEY 

--e MIN l - PIG 

4 5 

ESTIMATED SEVERITY OF INJURY 

PEAK CONTACT FORCE vs ESTI MATED 

SEVERITY OF INJURY. 

TABLE I I I  

4 3 9 



10 

5 

1.0 

..... ,� 0.5 

LI.. � 

0.1 

.05 

LOWER ABDOMEN e 
!REGION m l  // 1 

• /. 6 / � / 6 / • 
• / 6 0 

• • / .  % 8 : ,t'/� �J/ o ; o 
1 

/ ö � o o o 0/ 
/ 6 / 0/o 

/Sö y � §/o � /0 0/ 
o/ B o/o � � 
o / 
V 

1 2 3 4 5 

ESTIMATED SEVERITY OF I NJURY 

MIO ABDOMEN 6 
( REGION I! )  

UPPER ABDOMEN O 
( REGION l )  

EXPERIMENTAL SCALING FACTOR FOR ABDOMINAL 

INJURY SENSITIVITY. 

TABLE IV 




