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INTRODUCTION 

lt is a we l l  est ab l i shed fact that mathemat i cal  models  p lay a very 
significant rol e  in predi ct ing the biodynamic response of the human body sub
j e cted to vehicu l ar crash conditions . Properly deve loped mod e l s  of the human 
body provide a s ound bas i s  for the des ign of support -restraint systems and 
veh i c l e s  as we l l .  These mathemat ical  mode l s  recently have attracted part i cu 
l ar att ent ion in vehic l e  crash v i ct im studies in view o f  t h e  high cost of the 
experiments with cadavers or anthropometric dummie s .  The most sophisticated 
version s  of the total -human -body model s  are art iculated and mult i -segmented to 
s imu late al:l t he maj or j oint s and segmcnts of the human body in three -dimen
s ional space . 

During the l ast decade and a half there has been as many as t en 
d i st inct vehi cle-occupant mod e l s  dev e l oped in the U . S . A . alon e .  Pormu l at i on 
of t he equat i on s  of motion in these mode l s  has been done by ut i l i zation of 
Lagrange ' s  equat ions , Euler ' s  rigid body equat ions , and Lagrange ' s  form of 
d ' Al embert ' s  princip l e . Natura l l y ,  the first model s  developed have been two
dimen s i onal and they t ake their impetus from the original work of McHenry ( 1 ) . 
Since this  work , refinements and other t wo -d imen s i onal mode l s  appeared in the 
crash victim simu l at ion l it erature (2 , 3 , 4 , 5 , 6 ) . The three -dimensional mod e l s  
developed in various research centers in the USA inc lude three -segment mod e l  
of HSRI (7)  i n  Michigan , t welve-segment mode l s  o f  TTI (8) i n  Texas and of UC 
(9) in Ohi o ,  and fifteen-segment mode l  of Cal span ( 1 0 , l l , 1 2 )  in New Yor k .  The 

C a lspan three -dimensional  model in recent years went through several deve lop
ment st ages . I t s  present ver s i on can be considered the most s ophist icated 
three-dimens ional crash vict im s imulat ion model avai l ab l e  at  the present t ime . 
lt  can have any desired number of body segments l imited only by t he storage 
capabi l it y  of the comput er . Multip le impacts between the crash v i ctim and 
vehi c l e ,  mod e l ing of pedestrian struck by veh i c l e ,  as wel l  as mod e l ing of mul 
t i p l e  occupants of a veh i c l e  are some of t he sal ient features of the Calspan 
mode l .  By some additional  features the Cal span mod e l  i s  now a l so ava i l ab l e  
for a i r  force re lated app l i cat i ons . An e xc e l l ent review of both two- and 
t hree-d imens ional mathemat i cal  model s  simu l at ing biodynamic respons e  of t he 
human body was provided by King and Chou ( 1 3 ) . 

Short -t ime response of the mul t i -segmented model s  to  predict accu
rate l y  l ive human response requires proper characterizat ion of the passive re
s is t ive force and t orque dat a in maj or art iculat ing j oint s .  A res earch pro
gram devel oped to c o l l ect both passive and active resist ive force and t orque 
dat a on maj or art icu l at ing j oints has already becn described ( 1 4 ) . Results 
on pass ive res ist ive t orques associated with t he rotat ional motion of body 
segments about long bone axes of the upper and l ower extremities ( 1 5 ) , and 
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resu l t s  on the act ive mus c l e  t orques about the same long-bone axes (16)  have 
been provided . Simulation of bi odynamic evcnt s l ast ing more than a fraction of 
a second a l s o  requires the incorporat ion of act ive mus c l c s  into the mult i 
segmented mod e l s  and con st itut e l ang-t ime respon se o f  t h e  mod e l . The next 
generat ion mod e l s of t he human body wil l  most l ikely hav e ,  in add it ion to the 
pass ive resistive soft -tissue e l ement s ,  contribut ions of various act ive mus c l e s  
i n  determining t h e  mot ion o f  one body segmcnt with respect to t h e  adjacent body 
segment . This paper is concerned with the col l ect ion of active mus c l e  force 
data for t he upper and the lower l imbs . Same representative resul t s  are pre
sent ed from experiment s conducted on 20-22  year-old  three ma l e  and three femal e  
subj ect s t o  determine their i sometric mus c l e  resistance at different orient a
t ions of the l imbs with respect to t he tors o .  

MATERIALS AND METHODS 

In this  researc h ,  both t he pos1t1on determination of the limbs and 
force data c o l lect ion were accomp l ished by ut i l i z ing several son i c  emitters and 
a son i c  d ig it i z e r .  This new t echni que is quite different than the one used in 
previ ously reported studies ( 1 4 , 15 , 1 6 )  where the kinemat ic and force data were 
obtained by means of t hree-dimen s i onal l inkagc devices . The maj or component s  
o f  t h e  experimenta l  apparatus for this  rescarch are a subj ect restraint system , 
a force app l icat ion device which emp l oys thrce sonic emit.t crs , and an upper arm 
or upper l eg cuff with four sonic emitters . figure 1 shows the microphone as
semb l y ,  t he son i c  emitt ers , and the rest of the experimental s ctup . The son i c  
emitt ers are ut i li zed t o  determine t h e  d irect i on and t h e  l o cation o f  t h e  force 
appl i cation on the limbs and the orientat i on of the upper arm and the upper l eg 
with respect t o  t he t orso . Since principles of soni c  digit i z in g ,  descript ion 
of a force and moment transducer and i t s  usages with a force app l i cator having 
s on i c  emit t e r s ,  and posit ion det erminat i on by means of son i c  emitt ers have a l 
ready been presented in a previous art icle  ( 1 7 ) , they are not repeated here . 

Subj ects were university student s with no special training in ath l e 
t ic s .  S e lected anthropometric measurement s  of the subj ect s a l ong with defin i 
t ions of t h e  anthropometric  measurement s are given i n  ( 1 7 ) . Two set s  of ex
periments on the col lect i on of act ive musc l c  force and moment data were con s i 
dered . In the first set of experiment s ,  i s ometric musc l e  force res istances and 
corresponding moment values at t he shoulder j oints of subj ects were determined 
at d i fferent posit i on s  of the upper arm with ful ly extended e lbow. Various 
orientations of arm were described by means of the spherical coordinates 8 and 
� - The 8 ang l e  refers to t he ang l e  between the z -axis of the torso and the 
long-bone axis of the upper arm . This ang l e  also defines the shoulder fl exion 
extens ion in the sagitt a l  p l ane . The � ang l e  refers to t he ang l e  bet ween the 
proj ect ion of the l ong-bone axi s  of the upper arm on the xy-p l an e  and the x
axi s ;  the posit ive and negative values of this ang l e  also define t he shoulder 
abduction and adduct ion ,  respect ive l y .  Note that in Fig . 1 the torso fixed 
Cart esian coordinate syst em i s  shown as Cxt , Yt , zt ) for which posit ive x-direc
t ion refers to ant er i or direct ion , pos it ive y-d irection to right l at eral and ,  
natural ly ,  positive z -d irect ion refers t o  inferior direct ion . The ang l es 8 1 , 
�l and 82 , �2 shown in F ig . 1 define the angular orientation of the subj ect r e 
straint system and t he microphone assembl y ,  respect ivel y ,  with respect t o  t h e  
laboratory coordinate system (X ,Y , Z ) . 

I n  the s econd set of experimen t s  the isometric musc l e  force res i s 
tances and corresponding moment values at the h i p  j oints o f  subj ect s  were de-

157 



MICROPHONE 
- ASSEMBLY 

SONIC 
EMITTERS 

FORCE 
TRANSDUCER 

Fig.  1 Schemat ic drawing of experimental setup .  

t ermined at d ifferent posit ions of the l ower l imbs .  Tests were conduct ed for 
various combinat i ons of the spherical coordinates 8 and cp , describing the pos i 
t ion o f  the upper l e g  in relation t o  the t orso with the knee f lexed and the 
kne e  locked posit ion s .  The 8 ang l e  refers t o  the ang l e  between the z -axis of 
the t orso and the femoral axi s  (8 = 90° for seated posit ion ; 8 = 0° for stand
ing position) . The ·ang l e  cp measures the proj ect ion of the femoral axis on the 
xy p l ane and the x-axis of a coordinate system fixed in the mid -torso l o cat ion . 
The isometric force app l i cat ions by the subj ects were on the wrist and elbow 
for the first set and on the knee and j ust above the ank le for the second set . 
The force app l i c�tion by the subj ects l asted approximat ely three seconds and 
t e s t s  were repeated t wice for each subj ect . 

RESULTS AND CONCLUDING REMARKS 

In this paper , because of the space l imitat ions , only the maximum 
values of the isometric resist ive musc l e  forces of the subj ects t e st ed are pre
sented . The corresponding moments about the shoulder and the hip j o ints can 
be found in t he final report of a recent ly completed research proj ect ( 1 8 ) . lt  
should be emphas ized that the numerical values plotted in Figs . 2 -6 are the 
magnitudes of the force vectors having al l three component s although , depending 
upon the direct ion of the force app l icat ion ,  one component of the force vector 
predominates the other t wo .  

Based on the numerical results presented in Figs . 2 - 6 ,  several con
cluding remarks can be made on the maximum values of the isometric resist ive 
mus c l e  force response of the upper and lower l imbs of the human body : 
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t o  increase muscu lar strength.  lt i s  reasonab l e  t o  expect that t he values of 
the isometric r e s i s t ive mus c l e  forces of the upper and l ower l imbs depend not 
only on s ex and anthropometry of the subj ect s  as  shown in this  research but a l 
s o  o n  age,  physical fitness,  and , part icu l ar l y ,  degree o f  training for muscular 
strength . We can al so point out that , a lthough there are both intra- and 
int er - subj ect variat ions for the maximum values of the resistive mu scle forc es 
of t h e  extremit i e s ,  t here are some trends one can establ ish for the behavior of 
their magnitud e s .  

l t  i s  expected that incorporation o f  t h e  active musc l e  force data 
into the mu l t i - segmented mathemat ical mod e l s  of t he human body should improve 
the long - t ime response capab i l i t i e s  of these mod e l s  so t hat they can simu late 
more real i s t i c a l l y  the biodynami c  event s which t ake place when the human body 
is subj ected t o  vehicu l ar crash condition s .  Improvemen t s  of the mathematical 
mod e l s  with incorporat ion of the act ive muscl e force data resu l t s  from the no
t ion that calcu l at ed decelerat ion profi l es of the limbs with respect to the 
t orso wi l l  be substant ia l ly d ifferent than those calcu:Jiat ed from a model inc lu
d ing only the passive r e s i s t ive force and moment s in maj or art icul at ing j oint s .  
Re.cogn i z ing t hat d i s locat ions of the maj or art iculat ing j oint s along with asso
c ia t ed s oft and hard t i s sue inj uries are c l osely related to the magnitudes of 
the dec e l erat ion forces , one can appreciat e  the importance of incorporat ing 
act ive mus c l e  force and corresponding moment data into the mul t i - s egment ed 
mathemat ical mode l s  of the human body. 
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1 .  The average values of t he maximum magnitudes of the i s ometric 
resistive forces ,  against the external force appl icat ions on the e l bow, for the 
various posit ions of the arm with a fixed value of � = 30° , start with 2 1 3  N at 
8 = 30°  and decrease st eadily t o  1 7 9  N at 8 = 1 2 0 °  for the mal e  subj ect s ,  for 
the female subj ect s ,  the same quant ity start s wit h  1 1 5  N at 8 = 30° , exhibit s a 
gradual decrease t o  98 N at 8 = 90° , and subsequen t l y  increase t o  1 4 6  N at 8 = 

1 2 0 ° . The rat ios of the average values of the maximum magnitudes of the iso
metric  res i s t ive forces against the  external force appl i cations on the  e lbow to 
that of the wrist range from 1 . 58 t o  1 . 68 for the mal e  subj ect s ,  and 1 . 96 to 
2 . 33 for the female subj ect s .  

2 .  The average values of the maximum magnitudes of the i s ometric 
resistive forc e s ,  against the external force appl i cat ions on the . e lbow for the 
various position s  of the arm with a fixed value of � = 6 0 ° , start with 2 1 8  N at 
8 = 30°  and shows a gradual increase t o  2 4 0  N at 8 = 90°  and subsequent drop t o  
1 82 N at 8 = 1 2 0 °  for the male subj ect s ;  for the female subj ect s ,  the same 
quantity starts with 1 0 7  N at 8 = 3 0 ° , decreases gradua l l y  t o  82 N at 8 = 90°  
and shows an increase t o  1 0 6  N at 8 = 1 2 0 ° . The rat ios of the average values 
of the maximum magnitudes of the i s ometric resistive forces against the ext er
nal force appl icat ions on the e l bow to that of the wrist range from 1 . 71 to 
2 . 1 2 for the male subj ect s ,  and 1 . 76 to 2 . 39 for the female subj ects . 

. 3 .  The behavior of the average values of the maximum magn itudes of 
the i s ometric r e s i s t ive forces ,  against the external force app licat i ons on the 
e l bow, for the various pos it ions of the arm with a fixed value of � = 90° (in 
the frontal p l an e )  is very simi lar for both male and female subj ect s . This 
quantity start s with 2 3 1  N for the male subj ect s ( 1 0 1  N for the female subj ect s )  
at 8 = 30° and after a s light increase at 8 = 60° , it decreases gradual ly t o  
1 69 N (77  N for the female subj ect s )  at 8 = 1 2 0 ° . The corresponding e lbow t o  
wrist resist ive force rat ios range from 1 . 5 6 t o  1 . 98 for the mal e  subj ect s ,  and 
1 . 85 to 2 . 26 for the female subj ect s .  

4 .  The behavior of the average values of the maximum magnitudes of 
the isometr i c  resist ive forces , against the ext ernal force appl icat ions on the 
elbow, for the various posit ions of the arm with a fixed value of � = 1 2 0 °  is 
very s imilar for both mal e and female subj ect s .  This quan t ity starts with 245 
N for the male subj ect s (129 N for the female subj ects) at 8 = 30°  and gradu
al ly decreases t o  2 1 0  N ( 1 0 1  N for the female subj ects) at 8 = 1 2 0 ° . The cor
responding e l bow to wrist resist ive force rati o s  range from 1 . 7 7 to 2 . 01 for 
the male subj ect s ,  and 1 . 77 to 1 . 96 for the female subj ect s .  

5 .  For the init ial seated posit ion (8  = 90° , � = 0 ° ) ,  the maximum 
magnitude of the medial l y  appl ied isometric res i s t ive force by the leg i s  grea
ter when the knee is flexed than when the knee is l ocked , greater for force ap
p lied to the knee than for force appl ied to the ankl e ,  and greater for the male 
subj e ct s  than for the female subj ect s .  In t erms of rat io s , we find that the 
rat io of t he average values of the maximum magnitudes of the i s ometric r e s i s 
t ive forces with t h e  knee flexed to t h e  force with t h e  knee locked i s  1 . 61 for 
the mal e  subj e ct s ,  and 1 . 67 for the female subj ect s ,  when the force app l i cat ion 
is on the ank l e .  When the force i s  app l ied at the knee , the i sometric resi s 
t ive force of t h e  l eg i s  1 . 47 t imes the force when appl ied on the ank le for the 
male subj ect s ,  and for the female subj ect s ,  this rat i o  is 1 . 93 ,  wher e ,  for both 
male and female subj ect s ,  the knee is locked . When the knee is flexed , the 
rat ios of force on the knee to force on the ankle are 1 . 24 for males , and 1 . 55  
for femal e s .  

The resu l t s  presented in this paper were obtained from three male 
and three female subj ects who are young , healthy and with no special training 
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