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ABszMcr 

A new approach i n  t h e  perceptual-motor behavior  f i e l d  

has  r e c e n t l y  evolved,  based mainly on t h e  e a r l y  work o f  J.J. 

Gibson. H i s  concepts  l e d  t o  t h e  view t h a t  animal and 

environment c o n s t i t u t e  a synergy, whi le  a c t i o n  and pe rcep t ion  

i n t e r a c t  as a f u n c t i o n a l l y  cons t r a ined  u n i t .  Following t h e s e  

concepts,  t h i s  s tudy  i n v e s t i g a t e d  a l and ing  t a s k  ( s e l f -  

r e l e a s e  f a l l s )  t o  assess t h e  e x t e n t  t o  which v i s u a l  - 

in format ion  ( s p e c i f i c a l l y :  t h e  7 h e u r i s t i c  proposed by D .  N .  

Lee) i s  e f f e c t i v e  i n  t h e  land ing  p r e p a r a t i o n .  S i x  s u b j e c t s  

performed 48 landings  i n  v i s i o n  and no-vision cond i t i ons  (24 

t r i a l s  each)  from 5-10, 20-25, 60-65, and 90-95 cm h e i g h t s  of 

f a l l  c a t e g o r i e s .  The r e s u l t s  suggest  t h a t  t h e  7 model i s  no t  

a p p l i c a b l e  i n  t h i s  t a s k  ( t h i s  w a s  a s s e s s e d  by onse t  of  EMG 

a c t i v i t y ) .  Rather ,  s u b j e c t s ,  i n  bo th  v i s u a l  cond i t i on  used a 

" l i n e a r  s t r a t e g y "  as i n d i c a t e d  by t h e  EMG i n i t i a t i o n  r e l a t e d  

t o  t h e  moment o f  r e l e a s e .  I n  a d d i t i o n ,  v i s i o n  does no t  seem 

t o  enhance t h e  a b i l i t y  t o  reduce t h e  v e r t i c a l  components of 

ground r e a c t i o n  f o r c e s .  No d i f f e r e n c e s  between ' c o n d i t i o n s '  

were found when t h e  second peak (PSP) and t h e  t ime t o  peak 

(TSP) were t h e  dependent v a r i a b l e s  (E(1 ,5)  =3.68, g =. 112; 

and E ( 1 , 5 )  =. 82, g =. 409, r e s p e c t i v e l y )  . S u r p r i s i n g l y ,  when 

t h e  a n a l y s i s  w a s  done on t h e  f i r s t  peak (PFP) t h e  r e s u l t s  

y i e lded  a main e f f e c t  f o r  t h e  ' c o n d i t i o n 1  f a c t o r ,  i n  t h a t  t h e  

mean PFP magnitude w a s  h igher  when v i s i o n  was a v a i l a b l e  



(E(1 ,5)  =6.57, g =.049) . The time t o  f i r s t  peak (TPP) was not 

a f f e c t e d  by t h e  v i s u a l  condi t ion (E(1,5)  =. 13, =.733) ,  thus  

higher  PFP were obtained i n  v i s ion  compared t o  b l indfo ld  

landings within t h e  s i m i l a r  time per iods .  Blindfolded 

sub jec t s  seemed t o  prepare t h e i r  a c t i o n s  i n  advance (EMG 

a c t i v i t y  250 msec before r e l ease )  i n  a  l a r g e r  proport ions of 

t r i a l s  suggest ing t h a t  they were ready t o  land.  When sub jec t s  

could see,  they  genera l ly  d id  not prepare before  t h e  ' 

i n i t i a t i o n  of t h e  f a l l ,  t hus  higher  PFP were obtained f o r  

those t r i a l s .  I t  i s  regarded a s  f e a s i b l e  t h a t  when v i s ion  was 

occluded performers were a b l e  t o  achieve a  v i s u a l  

r ep resen ta t ion  of t h e  environment based on p r i o r  observation 

of t h e  he igh t .  This information may be u s e f u l  t o  time t h e  

response during t h e  f l i g h t .  In  add i t ion  t o  t h i s  f indings ,  

b l indfolded  sub jec t s  showed a l a r g e r  percentage of a c t i v i t y  

i n  an unre la ted  landing muscle ( f r o n t a l i s )  compared t o  s e l f -  

r e l e a s e  t r i a l s  i n  which v i s ion  was allowed (E(1,5)  =13.47, 

~ = . 0 0 1 ) .  In  t h i s  a n a l y s i s  a s i g n i f i c a n t  i n t e r a c t i o n  between 

' condi t ions1  and ' he igh t s '  was a l s o  found (E(3,15) =54.85, 

= .015) .  This i s  in te rpe ted  a s  evidence t h a t  s t a r t l e  a c t i v i t y  

r ep resen ta t ive  of d i f f e r e n t  l e v e l s  of a rousa l  may a l s o  be 

involved during t h e  voluntary prepara tory  phase ind ica t ing  

t h a t  s u b j e c t s  were more ' a l e r t 1  i n  t h e  prepara tory  landing 

t a s k  i n  s p e c i f i c  circumstances. 



F i n a l l y ,  it i s  concluded t h a t  cogn i t i on  may p l ay  a  more 

s i g n i f i c a n t  r o l e  t han  t h a t  p rev ious ly  a s s igned  t o  it by 

proponents of  t h e  7 v i s u a l  s t r a t e g y .  
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The s e a r c h  f o r  a t h e o r e t i c a l  framework i n  which t h e  

convergence of  a c t i o n  and p e r c e p t i o n  may t a k e  p l a c e  i s  

r e l a t i v e l y  new. I n  g e n e r a l ,  p e r c e p t i o n  was regarded a s  an 

o b j e c t  of  s tudy u n r e l a t e d  t o  t h e  environment and independent 

of t h e  motor outcomes of t h e  p e r c e p t s .  The o r i g i n s  of  t h i s  

t r a d i t i o n  may d a t e  from t h e  ancient  a t o m i s t i c  approach on one 

hand, and from P l a t o f s  d u a l i s t i c  mind-body world- on t h e  

o t h e r .  I n  t h e  p r o c e s s  of r e s e a r c h  of sensory  systems, t h e  

o b j e c t  o f  s tudy  (i . e. , p e r c e p t i o n )  has  n o t  c a r e f u l l y  been 

i n v e s t i g a t e d  t a k i n g  i n t o  account t h e  reasons  f o r  perce iv ing ,  

and t h e  context  i n  which it occurs.  A s  noted by Johansson e t  

a l .  (1980; p.388) " t h e o r i e s  o f  p e r c e p t i o n  have t o  a l a r g e  

e x t e n t  been occupied with process  and mechanism, ignoring why 

we perce ive" .  I n  c o n t r a s t ,  t h e  G e s t a l t  t heory  of  Wertheimer, 

Koffka, and Kahler ( a s  c i t e d  i n  Coren, Porac, and Ward, 1979, 

p .  308) , t e n d e d  t o  focus  on h o l i s t i c  phenomena, a l though  

movement was regarded as a means t o  s tudy i n t e r n a l  behavioral  

p r o c e s s e s .  J. J. Gibson (1 950) , i n f l u e n c e d  by t h i s  

philosophy, advanced t h e  concept of pe rcep t ion ,  a c t i o n ,  and 

environment a s  a ' s y n e r g i s t i c  u n i t 1 .  A t  t h e  same t ime,  t h e  

i n t e r e s t  i n  movement p e r  se a s  an a r e a  of s tudy  was mainly 

s t i m u l a t e d  by t h e  work of Berns te in  (1984 d) . Turvey (1974, 

1977) i n  congruence with t h i s  t r e n d ,  r e f e r r e d  t o  an a c t i o n  / 

p e r c e p t i o n  c o a l i t i o n .  H e  i ncorpora ted  i n  h i s  views s e v e r a l  



elements provided by Gibson and Bernstein. Later, Kugler et 

al. (198O), and Kelso et al. (1980, 1981) extensively 

elaborated this dynamic view with an emphasis on the 

development of a new Action Theory. 

This paper attempts to explore the perception of 

environmental information which is assumed to occur without 

the intervention of processing mediators. This information 

affords adaptive actions. It is perceived by means of those 

features of the environment that remain invariant under 

transformations. The free-fall task presented in the 

experiment is occasionally observed in real life situations 

of human and animal subjects. The following analysis is 

expected to lead to understand further the mechanisms by 

which visual information is incorporated in landing related 

tasks in the process of dissipation of vertical ground 

reaction forces after collision with the ground, in order to 

reduce injury risks to body structures. 



2 .  U t e r w e  R e v i e w  

- i n v e s t i a a t i o  2 .1 .  The f r e e  f a l l  t a s k  a s  an o b i e c t  o f  n.  

I n i t i a l  s t u d i e s  on t h e  r e a c t i o n  t o  v e r t i c a l  motion w e r e  

done i n  c h i l d r e n  by S c h a l t e n b r a n d  i n  1925 ( a s  c i t ed  by 

Greenwood and Hopkins, 1980, p.295) . Sudden t r a n s i t i o n s  i n  

a c c e l e r a t i o n  caused  a r e f l e x i v e  l i m b  e x t e n s i o n  i n  b a b i e s .  

Gurnee ( 1 9 3 4 ) ,  i n  t h e  same v e i n ,  conduc ted  a s t u d y ,  t h e  

purpose  o f  which w a s  t o  i n v e s t i g a t e  t h r e s h o l d s  o f  r e sponse  ' 

d u r i n g  upward and  downward movements w h i l e  s u b j e c t s  w e r e  

b l i n d f o l d e d .  The t a s k  c o n s i s t e d  o f  p r e s s i n g  down a key wi th  a  

f i n g e r  on the  r i g h t  side hand when t h e  s u b j e c t  d e t e c t e d  t h a t  

t h e  movement w a s  downward, and t o  p r e s s  a second key on t h e  

l e f t  side when the  movement w a s  p e r c e i v e d  as b e i n g  upwards. 

The r e s u l t s  o f  t h i s  rud imen ta ry  e x p e r i m e n t a l  d e s i g n  w e r e  

i n t e r p r e t e d  a s  e v i d e n c e  t h a t  s e n s i t i v i t y  t o  downward 

movements w a s  g r e a t e r .  The e a r l y  i n t e r e s t  on r e a c t i o n s  t o  

f a l l s  were fo l lowed  up several decades by Matthews (1956) ,  

Mat thews  a n d  W h i t e s i d e  ( 1 9 6 0 )  a n d  o t h e r s ,  i n  more 

s o p h i s t i c a t e d  a n d  c o n c i s e  manner.  These  i n v e s t i g a t o r s  

hypo thes i zed  about  t h e  r e f l e x i v e  r e a c t i o n s  o f  human s u b j e c t s  

d u r i n g  sudden t r a n s i t i o n s  from 0 g t o  1 g  i n  t h e  ver t ica l  

d i r e c t i o n ,  i . e .  from b e i n g  suppor t ed  t o  b e i n g  i n  f r e e - f a l l .  

S i m i l a r l y ,  M e l v i l l  J o n e s  and  Watt  (1971b)  s t u d i e d  t h e  

l a t e n c i e s  o f  o n s e t  o f  musc le  e l e c t r i c a l  a c t i v i t y  (EMG) 



r e l a t e d  t o  t h e  v e s t i b u l a r  s t r u c t u r e s  du r ing  unexpected f a l l s .  

They mainly focused  t h e i r  r e s e a r c h  i n i t i a t i v e  on t h e  o t o l i t h  

organs  and t h e i r  r o l e  i n  e l i c i t i n g  t h e  observed EMG p a t t e r n s .  

They adopted a  des ign  i n  which s u b j e c t s  were suddenly dropped 

whi le  g r i p p i n g  a  suspended b a r  wi th  t h e i r  hands.  The r e l e a s e  

was o b t a i n e d  by means o f  an  e x p e r i m e n t a l l y  c o n t r o l l e d  

e l e c t r o m a g n e t i c  mechanism. T h e i r  f i n d i n g s  p rov ided  i n i t i a l  

ev idence  on t h e  r o l e  o f  l ong - l a t ency  r e f l e x i v e  r e sponses  

a c t i n g  d u r i n g  b r i e f  f a l l s  (2 .5-20.3  c m  h e i g h t )  . They a l s o  

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

c o n t r i b u t i o n  i n  t h e  l and ing  response .  However, Greenwood and 

Hopkins (1977)  l a t e r  r e p o r t e d  t h a t  f a c i l i t a t i o n  o f  t h e  

Hoffman r e f l e x ,  which began a t  a  l a t e n c y  o f  30-40 msec a f t e r  

r e l e a s e ,  may r e p r e s e n t  t h e  onse t  of  motor neuron f a c i l i t a t i o n  

o c c u r r i n g  b e f o r e  t h e  o n s e t  o f  t h e  EMG a c t i v i t y  i n i t i a l l y  

i d e n t i f i e d  by M e l v i l l  Jones  and  Watt (1971a,  b )  . T h i s  

s t e r e o t y p e d  EMG p a t t e r n  observed i n  t h e  gast rocnemius  muscle 

w a s  ob t a ined  a t  a mean l a t e n c y  of 74.2 msec a f te r  r e l e a s e .  I t  

was l a b e l e d  by M e l v i l l  Jones  and  W a t t  (1971a,  b )  a s  a  

' f u n c t i o n a l  s t r e t c h  r e f l e x t  (FSR) of o t o l i t h - s p i n a l  o r i g i n .  

They a l s o  acknowledged t h e  s i m i l a r i t y  between t h e  FSR and t h e  

q long- loop t  r e f l e x e s  found by Ecc le s  i n  1966 (mentioned i n  

M e l v i l l  Jones  and W a t t  1971a 

' t r a n s c o r t i c a l  r e f l e x t  ( c i t e d  

p .  49Z), and l a t e r  s t u d i e d  a t  

) ,  env i saged  by P h i l l i p s  a s  a  

i n  Kandel and Schwartz, 1985, 

l e n g t h  by F e t z  e t  a l .  (1980) ,  



E v a r t s  (1985) ,  and  o t h e r s .  These f i n d i n g s  d u r i n g  f r e e - f a l l  

d rops ,  s t e p p i n g  and hopping ( M e l v i l l  Jones  and W a t t ,  1971a, 

b ) ,  l ed  t o  t h e  c o n c l u s i o n  t h a t  a pre-programmed n e u r a l  

message w a s  a c t i v a t e d  and completed p r i o r  t o  c o n t a c t  wi th  t h e  

ground, i . e . ,  b e f o r e  t h e  v o l u n t a r y  muscular  response  cou ld  

become e f f e c t i v e  i n  t h e  d e c e l e r a t i o n  o f  t h e  body mass. 

Therefore ,  t h e  a c t i v a t i o n  of t h e  a n t i g r a v i t y  muscles i n  t h e  

lower limbs appeared t o  be independent of h e i g h t  of t h e  f a l l ,  

a l though,  as no ted  by M e l v i l l  Jones  and W a t t  " f a l l s  r e q u i r i n g '  

less t h a n  102 m s e c  ( 5 . 1  cm) do no t  a l l ow s u f f i c i e n t  t ime f o r  

t h e  b u i l d - u p  o f  any  t e n s i o n . .  . " (1971b,  p .  735) . I n  a 

p r e l i m i n a r y  r e p o r t ,  Greenwood and Hopkins (1974) sugges t ed  

t h a t  t h i s  i n i t i a l  b u r s t ,  s t a r t i n g  i n  t h e  gast rocnemius  muscle 

a f t e r  a p p r o x i m a t e l y  75 msec, i s  p r i m a r i l y  a r e sponse  t o  

release r a t h e r  t h a n  t o  l a n d i n g .  I n  subsequent  exper iments ,  

Greenwood and Hopkins (1976a) conf i rmed t h a t  t h e  i n i t i a l  

b u r s t  may be  t h e  consequence of a s t a r t l e  r e f l e x  t o  sudden 

r e l e a s e  w i th  c o i n c i d e n t a l  c o n t r i b u t i o n  t o  d e c e l e r a t i o n  of t h e  

body mass i n  unexpected land ings  from f a l l s  t h a t  l as t  longer  

t han  200 m s e c .  



2 .2 .  The e f f e c t s  of chanaes i n  a c c e l e r a t i o n  on t h e  

i n i t i a l  ~ e a k  of EMG a c t i v i t v .  

Greenwood and Hopkins (197 6a) designed an experiment i n  

which t h e  f a l l i n g  a c c e l e r a t i o n  was c o n t r o l l e d  by 

counterbalancing weights while t h e  s u b j e c t s  were suspended i n  

a parachute harness .  Their f indings  showed t h a t  a c c e l e r a t i o n s  

lower than  1 g enhanced a c t i v i t y  i n  t h e  so leus  muscle a t  a 

l a t e n c y  of 80 msec a f t e r  r e l e a s e .  The ampl i tude  and t h e  

l a t e n c y  of t h e  i n i t i a l  response  remained unchanged f o r  

unexpected f a l l s  l a s t i n g  up t o  520 msec a t  g r a v i t a t i o n a l  

a c c e l e r a t i o n ,  whether s u b j e c t s  were i n  b l i n d f o l d  o r  v i s u a l  

c o n d i t i o n s .  With r e g a r d  t o  t h e  e f f e c t s  of  r educed  

a c c e l e r a t i o n s  on t h e  peaks of a c t i v i t y ,  Greenwood and Hopkins 

(1976a) found t h a t  t h e  t iming of onse t  of t h e  initial peak 

was unchanged u n t i l  a c e r t a i n  p o i n t .  A t  reduced a c c e l e r a t i o n  

(< 2.0 m.s-21, t h i s  s t a r t l e  response was never  apparen t .  

N e v e r t h e l e s s ,  a t  a c c e l e r a t i o n  magn i tudes  lower  t h a n  

g r a v i t a t i o n a l ,  but  h igher  than 2 . 0  m -  s-2, t h e  t iming of t h e  

peak was unchanged but  t h e  amplitude was p ropor t iona l  t o  t h e  

a c c e l e r a t i o n  d u r i n g  t h e  f a l l .  S i g n i f i c a n t l y ,  i f  s u b j e c t s  

v o l u n t a r i l y  r e l e a s e d  themselves,  t h e  e a r l y  b u r s t  of EMG 

a c t i v i t y  was i n h i b i t e d  i n  a l l  recorded f l e x o r  and extensor  

muscles of  t h e  upper and lower body, a s  we l l  a s  i n  t h e  

pe r iocu la r  ones, r ega rd less  of t h e  a c c e l e r a t i o n  o r  t h e  height  



of  t h e  f a l l ,  i . e . ,  h ighe r  c e n t e r s  w e r e  hypothes ized  t o  t a k e  

over  t h e  r e f l e x i v e  response (Greenwood and Hopkins, 1976a) .  

2 . 3 .  Evidence f o r  d e ~ ~ w c e  on t h e  o t o l i t h  o raans .  

The dependence on t h e  o t o l i t h  s t r u c t u r e s  w a s  confirmed 

by r eco rd ings  i n  l abyr in thec tomized  cats (Watt, 197 6; l 9 8 l a ;  

1981b) which d i d  no t  show t h i s  i n i t i a l  long- la tency  r e f l e x i v e  

a c t i v i t y .  The f a c t  t h a t  n e i t h e r  s u b j e c t s  w i t h  , a b s e n t  

l a b y r i n t h i n e  f u n c t i o n  showed any s t a r t l e  r e f l e x i v e  responses  

du r ing  sudden drops  (Greenwood and Hopkins, 1976a) ,  supported 

M e l v i l l  Jones  and Watt's sugges t ion  (1971b) on i t s  dependence 

p r i m a r i l y  on t h e  v e s t i b u l a r  system. 

2 . 4 .  9 s t  . . I I ,  i n  

J-andina r e l a t e d  exK=J-iments. - 

The f i r s t  b u r s t  was a l s o  e l i c i t e d  i n  monkeys d u r i n g  

unexpected drops  of  90 cm h e i g h t  (Lacour e t  a l . ,  1978; Vidal  

e t  a l . ,  1 9 7 9 ) '  w h i l e  i n  humans t h i s  v e s t i b u l o  ( o t o l i t h ) -  

s p i n a l  r e f l e x  w a s  a l s o  observed  d u r i n g  normal locomotion 

( M e l v i l l  Jones  e t  a l . ,  lm), running ( M e l v i l l  Jones ,  1973) ,  

hopping ( M e l v i l l  Jones  and Watt, 1971a) ,  and du r ing  downward 

s t e p s  ( M e l v i l l  Jones  and W a t t ,  1971a; Greenwood and Hopkins, 

1976b) ,  o r  d u r i n g  f a l l s  a f t e r  p r o l o n g e d  w e i g h t l e s s n e s s  

c o n d i t i o n s  (Watt e t  a l . ,  1 9 8 6 ) .  T h i s  r e sponse  t o  r e l e a s e ,  

n e v e r t h e l e s s ,  w a s  g e n e r a l l y  p r e s e n t  w i t h i n  a c o n s i s t e n t  t ime 



p e r i o d .  Greenwood and  Hopkins (1976b)  found  t h a t  f o r  

unexpected f a l l s  l a s t i n g  long  enough, t h e  i n i t i a l  peak w a s  

over  by about 220 msec a f t e r  r e l e a s e ,  fo l lowed by a p e r i o d  of 

r e l a t i v e  s i l e n c e  t h a t  concluded w i t h  t h e  i n i t i a t i o n  o f  a 

second b u r s t  of  EMG a c t i v i t y  p r i o r  t o  l and ing .  F igure  1 shows 

a t y p i c a l  EMG p a t t e r n  (adapted  from Greenwood and Hopkins, 

1976a) . 

Fjaure  1 The f irst  and second b u r s t s  of EMG a c t i v i t y  i n  

a l and ing  r e l a t e d  muscle dur ing  t h e  f l i g h t  pa th .  

2.5.  me v o l w t a r y  resDonse d w ~  m a  re1 a t e d  

LaSks. 

Greenwood and Hopkins (1976a) n o t i c e d  t h a t  t h e  second 

peak was c o n s i s t e n t l y  observed if t h e  unexpected f a l l s  were 



longer than  300 msec. They i n t e r p r e t e d  t h i s  p a t t e r n  a s  being 

concerned with t h e  voluntary muscle c o n t r o l  related t o  the 

moment of landing (Greenwood and Hopkins, 1980, p.299) . It 

seems, however, t h a t  t h i s  p a t t e r n  could be r a t h e r  a t t r i b u t e d  

t o  t h e  moment of r e l e a s e  a s  i n  t h e  case of t h e  first b u r s t ,  

s i n c e  b l indfolded  sub jec t s  could not  see  t h e  landing sur face ,  

and thus  could no t  determine t h e  moment of touchdown. 

Melvi l l  Jones and Watt (1971b) mentioned a s  wel l  t h a t  

f a l l s  l a s t i n g  longer  than  102 msec (5.1 cm) allow a build-up 

of muscle tens ion ,  and a f t e r  195 msec t h e  voluntary muscle 

response i s  seen a s  a second burs t  of EMG a c t i v i t y .  In  t h e i r  

inves t iga t ion ,  Greenwood and Hopkins (1976a) experimentally 

con t ro l l ed  t h e  dura t ion  of t h e  f a l l  by varying t h e  height  or  

t h e  acce le ra t ion .  Di f fe ren t  he ights  ~f f a l l  a t  constant  

acce le ra t ion  delayed t h e  onset of t h e  second EMG peak, but  

d i d  not seem t o  cause any change i n  t h e  amplitude ( t h e  higher  

t h e  f a l l  t h e  longer  t h e  s i l e n t  pe r iod  a f t e r  t h e  end of t h e  

first b u r s t  of EMG a c t i v i t y ) .  On t h e  o t h e r  hand, d i f f e r e n t  

a c c e l e r a t i o n s  a t  constant  height  inf luenced both t h e  

amplitude and t h e  onset la tency of t h e  second peak. 

S ign i f i can t ly ,  i t s  maximum always appeared 40-140 msec p r i o r  

t o  landing, i n  a l l  sub jec t s  (normal o r  with absent  

l abyr in th ine  funct ion)  i n  t h e  re levant  d e c e l e r a t i v e  muscles 

( f l e x o r s  and extensors  of t h e  knee and ankle  j o i n t s ) ,  even a t  

low a c c e l e r a t i o n s  (Greenwood and Hopkins, 197 6a) . Watt (1 97 6) 



not iced  t h e  same response i n  c a t s ,  while Melvi l l  Jones and 

Watt (1971a) repor ted  t h i s  cons i s t en t  t iming i n  a hopping 

performance, and during a downward s tepping  motion. The 

l a t t e r  w a s  confirmed by Freedman et  a l .  (1976) and Craik e t  

a l .  (1982).  In  t h e  same vein,  Dietz and Noth (1978) observed 

an i n v a r i a n t  t iming i n  t h e  la tency of onset  of t h e  t r i c e p s  

b r a c h i i  a t  130-200 msec p r i o r  t h e  c o l l i s i o n  with a landing 

board i n  a forward f a l l i n g  t a s k .  But a s  Craik e t  a l .  s t a t e d  

" the p r e c i s e  mechanism(s) responsible  f o r  i t s  o r i g i n  remain 

unresolvedw (1982, p .400) .  With respect  t o  t h i s  inva r i an t  

'time-window1, Greenwood and Hopkins repor ted  t h a t  it i s  

"dependent on t h e  acce le ra t ion  o r  t h e  height"  (1976b, p .384) ,  

and a l s o  observed t h a t  t h e  changes i n  t iming and amplitude of 

t h e  v i s u a l  and b l indfo ld  conditi'ons were "not very d i f f e r e n t "  

(1976b, p ,381) . In  a somewhat analogous approach t o  t h a t  of 

Greenwood and Hopkins ( l976b) ,  Dietz and Noth (1978) reported 

t h a t  t h e  t iming of t h e  t r i c e p s  b r a c h i i  pre-innervation i n  

both v i s u a l  condi t ions  was a l s o  s i m i l a r  i n  forward f a l l i n g  

motions i n i t i a t e d  by t h e  s u b j e c t s .  It i s  t h i s  observat ion 

t h a t  i s  f u r t h e r  examined i n  t h e  present  i n v e s t i g a t i o n .  



The common f a c t o r  t o  a l l  t h e  condi t ions  i n  t h e s e  

experimental  s i t u a t i o n s  i s  t h e  time per iod  allowed t o  t h e  

sub jec t s  f o r  a d j u s t i n g  t h e i r  response a s  soon a s  they 

perceived and evaluated t h e  urgency of t h e  s i t u a t i o n .  

However, no reference  was ever made t o  t h e  t ime-to-col l is ion 

with t h e  ground, nor was an attempt made t o  i n t e r p r e t  t h e  

cons i s t en t  t iming i n  t h e  landing response i n  l i g h t  of t h i s  

temporal v a r i a b l e .  It  i s  worth not ing  t h a t  Greenwood and 

Hopkins provided s u b s t a n t i a l  information, and p a r t i a l l y  

confirmed and/or r e i n t e r p r e t e d  e a r l i e r  f ind ings .  In  con t ras t ,  

l a t e r  s t u d i e s  d i d  not  follow t h e i r  i n i t i a t i v e  and devoted 

a t t e n t i o n  mainly t o  t h e  i n i t i a l  long-latency re f l exes ,  thus  

neglec t ing  t h e  voluntary phase represented by t h e  l a t e  burs t  

of EMG a c t i v i t y .  In  most of t h e s e  i n v e s t i g a t i o n s  the 

conclusion was t h a t  t h e  v e s t i b u l a r  o t o l i t h  s t r u c t u r e s  a r e  

predominant i n  arousing t h e  observed EMG p a t t e r n  during 

f a l l s .  Considering, however, t h a t  t h e  o t o l i t h  organs alone 

a r e  l i m i t e d  i n  t h e i r  capaci ty  t o  account f o r  informative 

events i n  t h e  space-time environmental coordinates ,  it seems 

very un l ike ly  t o  f i n d  an explanat ion of t h e  voluntary p a t t e r n  

i n  l i g h t  of s t u d i e s  t h a t  focused merely on t h e  v e s t i b u l a r  

c o r r e l a t e s  of t h e  observed landing responses.  Some s t u d i e s  

reported f ind ings  t h a t  support t h e  almost obvious involvement 

of t h e  v i s u a l  system i n  o r i e n t a t i o n  of ind iv idua l s  with 

respect  t o  t h e  v e r t i c a l  plane of movement. Malcolm and 



1973 ,  p.128) a l s o  r epo r t ed  t h a t  b l i n d f o l d e d  s u b j e c t s  s i t t i n g  

i n  an e r e c t  p o s i t i o n  were unable t o  make r e l i a b l e  movement 

e s t i m a t e s  du r ing  v e r t i c a l  s i n u s o i d a l  o s c i l l a t i o n s .  



3 .  T h e  'ecoloaical ~ e r s ~ e c t i v e '  w i t h  r e f e r e n c e  t~ 

v i s u a l  ~ e r c e ~ t i o q  

3.1. The r o l e  o f  t h e  v i s u a l  svstem i n  t h e  t iminu  of  t h e  

vo lun ta rv  resnonse.  

A t  first g lance ,  it may appear t h a t  v i s i o n  i s  a more 

a p p r o p r i a t e  sou rce  t o  detect in format ion  about movement and 

d i r e c t i o n  o f  t h e  body s i n c e  it is  ' e x t e r o c e p t i v e ' .  
i 

Recognizing t h i s  f a c t ,  V i d a l  e t  a l .  (1979) experimented on 

monkeys, and provided evidence on t h e  r o l e  of  v i s i o n  du r ing  

free-falls. I n  cond i t i ons  i n  which t h e  an ima l ' s  v i s u a l  f i e ld  

was s t a b i l i z e d  (wi th  r e s p e c t  t o  t h e  head) o r  i n  complete 

darkness ,  a s i g n i f i c a n t  decrease  i n  muscular response was 

observed i n  bo th  e a r l y  and l a t e  EMG components o f  a l l  

ex t enso r  muscles compared t o  normal v i s i o n  cond i t i ons .  These 

and l a t e r  f i n d i n g s  i n  humans (Wicke and Oman, 1982) ,  

suggested t h a t  the v i s u a l  system a s  w e l l  a s  t h e  o t o l i t h  

organs may p l a y  a s i g n i f i c a n t  r o l e  i n  t h e  observed a c t i o n s  

du r ing  unexpected f a l l s .  This ques t ioned  t h e  'predominant '  

involvement o f  t h e  v e s t i b u l a r  system i n  t h e  s tudy  of t h e  

land ing  r e f l e x i v e  responses .  With r e s p e c t  t o  t h e  vo lun ta ry  

phase ( i .e,  t h e  second b u r s t  of  EMG a c t i v i t y ) ,  it w a s  u s u a l l y  

regarded a s  "complex i n  na ture"  (Watt et a l . ,  1986, p. 308) . 
The vo lun ta ry  l and ing  response seems t o  have been neg lec t ed  



a s  an t o p i c  of inves t iga t ion  within t h e  cu r ren t  

neurophysiological approaches, whether t h e  v i s u a l  o r  t h e  

v e s t i b u l a r  systems were involved i n  t h e s e  s t u d i e s .  The lack 

of t h e o r e t i c a l  context  f o r  t h e  observed neurophysiological 

c o r r e l a t e s  of movement put these  f indings  a t  a f a c t u a l  l eve l ,  

i . e . ,  no f u r t h e r  i n t e r p r e t a t i o n s  were poss ib le  with regard t o  

movement organiza t ion  and con t ro l .  A s  expressed by Grani t  

(1973, p.14) " i f  one merely p e r s i s t s  i n  demonstrating ' that  

s i t e  a i n h i b i t s  o r  e x c i t e s  s i t e  h, G, o r  d, neglec t ing  

t e l e o l o g i c a l  ques t ions  of what purpose a l l  of it serves  and 

how it responds t o  v a r i a t i o n s  of 'demandt, then, i n  t h e  end 

one w i l l  be i n  possession of a body of knowledge, t o  be sure,  

but knowledge l i k e l y  t o  become merely an amorphous 

congl~rnerate of well-documented f a c t s w .  

3 . 2 .  The Direc t  Percention framework. 

The d i f f i c u l t y  i n  explaining t h e  voluntary a c t i o n s  

during sudden f a l l s  may be a consequence of t h e  approach 

taken.  One of t h e  main assumptions made by suppor ters  of t h e  

r ep resen ta t iona l  view i s  t h a t  t h e  con t ro l  of movement i s  an 

achievement of t h e  nervous system, through processes 

undergoing i n s i d e  t h e  indiv idual ,  i r r e s p e c t i v e  of t h e  

environment i n  which t h e  motor behavior i s  observed. A s  a 

r e s u l t  of t h i s  dichotomy, t h e  landing response should be 

regarded a s  t h e  r e s u l t  of t h e  changes i n  magnitude of t h e  



vertical acceleration beyond a certain triggering threshold. 

In this internal process the mechanical input is transduced 

into electrical activity. Highly sensitive receptors deliver 

neural messages of different frequencies and amplitudes to 

hierarchically organized functional-anatomical structures. 

These are assumed to be responsible for the processing of 

relevant variables within the nervous system. As such, the 

brain (i.e., the highest element of the hierarchy) acquires 

knowledge, it memorizes and learns in order to give an 

appropriate response in similar future events. From this 

perspective the 'computing organism1 is dissociated from the 

changing surroundings, and the command for a pre-programmed 

action occurs as a consequence of the integration of 

triggering stimuli provided by a Inon-informative' 

environment. Subsequently, mental representations of 

environmental constraints and movement patterns are achieved 

by the brain computational abilities (see Ullman, 1980, for 

an extensive discussion on the computational-representational 

view in contrast to the direct perception approach). However, 

this line of thought did not seem to satisfactorily reach an 

answer to some main questions of movement research; e.g., how 

does coordinated action occur in response to unlimited 

varieties of unique environmental events and in the presence 

of the large numbers of internal degrees of freedom existing 



i n  a mu l t i - l i nk  body system; o r  what i s  t h e  r o l e  of 

pe rcep t ion  / a c t i o n ,  and what i s  t h e  l i n k  between them. 

I n  an ecosystem, i n  which an animal-environment synergy 

is  assumed, t h e  b r a i n  'does1 t h i n g s  r a t h e r  t han  ' h a s 1  them 

i n s i d e ,  i .e . ,  knows, it perce ives ,  and exper iences  (Michaels 

and Care l lo ,  1981) .  With regard  t o  event-percept ion,  t h i s  

approach known as 'dynamic' o r  ' d i r e c t ' ,  p o s t u l a t e s  t h a t  

pe rcep tua l  systems d e t e c t  without mediators ,  in format idn  

which i s  a l r e a d y  i n  t h e  environment as s t r u c t u r e d  energy.  

This  e c o l o g i c a l  approach regards  t h e  environment, t h e  

perceptuo-motor system, and t h e  b r a i n  as a c o a l i t i o n .  Gibson 

expressed t h i s  r e l a t i o n s h i p  wi th in  h i s  ' e c o l o g i c a l  o p t i c s '  

views s t a t i n g  t h a t  ". . .  n a t u r a l  v i s i o n  depends on t h e  eyes  i n  

the head on a body supported by t h e  ground, t h e  b r a i n  being 

on ly  t h e  c e n t r a l  organ of a complete v i s u a l  system." (Gibson, 

1979, p .  1) . Thus, w i th in  t h i s  theory ,  t h e  b r a i n  need no t  be 

f u l l y  concerned wi th  computation o r  i n t e g r a t i o n  of  sensory 

inpu t ,  s i n c e  t h e  environment i s  r i c h  i n  d i r e c t l y  pe rce ivab le  

informat ion which a f f o r d s  app rop r i a t e  a d a p t i v e  a c t i o n s  

(changes i n  t h e  r e l a t i o n s h i p  between energy d i s t r i b u t i o n s ) .  

Turvey and Kugler, i n  accordance wi th  t h e  d i r e c t  percep t ion  

approach, mentioned t h a t  "an a c t i o n  i s  what it i s  by v i r t u e  

of i t s  i n t e n t i o n s ,  t h a t  is ,  t h e  motor problem (a needed 

change i n  t h e  r e l a t i o n  of t h e  animal and i t s  environment) 

toward which a c t i o n  i s  d i r e c t e d  a s  a s o l u t i o n "  (1984, p . 3 7 3 ) .  



Subsequently, it is of critical relevance to devote attention 

to the study of those features of the environmental stimuli 

that originate immediate perception without going into 

'cognitive computations' for each single occurring event. 

These features seem to be some properties of the tri- 

dimensional environment which remain unaltered in a bi- 

dimensional projection along transformations at the optic 

array due to relative motion with respect to the observer's 

eyes (Reed and Jones, 1982) . As manifested by supporters of 
the ecological approach, this is a process in which 'knowing' 

becomes relevant rather than 'having knowledge', i.e., 

perception is the act of knowing the environment, while 

action is the act of changing the relationship between 

organism.and environment in time and space when the 

information obtained through exploring it (i . e . , perceiving) 
affords such a change. Animal and environment interact by 

means of energy flows tending to an equilibrium point (i.e., 

they are in a non-equilibrium state), whereas "intentional 

objects are lawfully specified by structured energy 

distributions" (Turvey et al., 1981; as cited by Turvey and 

Kugler, 1984, p.398). Ever-changing environmental conditions 

lead to adaptive actions in search for a dvnamic eauilibrjum. 

Thus, action as one element of the continuum may & be the 

result of a set of stimulating agents which enhance 'a 

priori' movement representations and trigger motor programs 



a s  a  response.  Action could be r a t h e r  regarded as t h e  r e s u l t  

of t h e  c o n s t r a i n t s  and t h e  dynamical l a w s  r u l i n g  t h e  system, 

t h a t  g i v e  r i s e  a s  ' a  p o s t e r i o r i 1  facts, t o  s e l f - r e g u l a t o r y  

p r o p e r t i e s  of p rocesses  ( l i n e a r  and non- l inear )  involved i n  

coo rd ina t ive  a c t i o n s  of open b i o l o g i c a l  systems ( i . e . ,  

systems t h a t  exchange ma t t e r  and energy wi th  t h e  

sur roundings) ,  as supported by Kelso e t  a l .  (1980, 1981) ,  

Kugler, e t  a l .  (1980) ,  and o t h e r s .  This  view i s  complementary 

wi th  B e r n s t e i n ' s  (1984d) i n s i g h t s  on t h e  c o n t r o l  of l a r g e  

number of  degrees  of  freedom, t h e  r e l a t i o n  between pe rce iv ing  

a c c u r a t e l y  o b j e c t i v e  environmental  facts and goa l -d i r ec t ed  

movements, and t h e  p rospec t ive  r e g u l a t i o n  of  a c t i o n .  From 

t h i s  pe r spec t ive ,  t h e  r o l e  of t h e  b r a i n ,  as much a s  t h a t  of  

t h e  v i s u a l  o r  o t h e r  systems dur ing  f r e e - f a l l s ,  i s  t o  d e t e c t  

b e t t e r  t h e  high-order p r o p e r t i e s  of  t h e  environment s p e c i f i e d  

i n  t h e  form of in format iona l  ' i n v a r i a n t s ' ,  i n  accordance wi th  

Gibson (1950, 1966, 1979) . For example, a  change i n  t h e  

r e l a t i v e  p o s i t i o n  of  o b j e c t s  dur ing  a f r e e - f a l l  ( a  f low of 

t h e  o p t i c a l  s t i m u l a t i o n ) ,  a f f o r d s  in format ion  about t h e  

environmental  s u r f a c e s  and informat ion about t h e  movement of 

t h e  observer  r e l a t i v e  t o  t h a t  environment, g i v i n g  r i s e  t o  a 

p reven t ive  muscular a c t i o n  with  t h e  necessary  power ou tpu t  a t  

t h e  r i g h t  t i m e  before  con tac t ing  t h e  ground ( f o r  a b r i e f  

review of t h e  D i r e c t  Percep t ion  approach, s e e  Michaels and 

Care l lo ,  1981) . 



3 .3 .  The t i m e  - t o  - con tac t  v a r i a b l e .  

Gibson 's  ' e c o l o g i c a l  approachi provided an a l t e r n a t i v e  

t o  t h e  t r a d i t i o n a l  views. Based on t h e s e  p r i n c i p l e s ,  Lee 

(1974, 1976, 1980a, b )  and Lee e t  a l .  (1983) p re sen ted  a 

s u b s t a n t i a l  basis of support  f o r  t h e  i d e a  t h a t  t h e  o p t i c a l l y  

s p e c i f i e d  t ime-to-contact  wi th  t h e  ground may p l a y  an 

important  in format ive  r o l e  i n  t h e  vo lun ta ry  c o n t r o l  o f '  

l and ing .  These s t u d i e s  included t h e  e s s e n t i a l  informat ion t o  

i n t e r p r e t  t h e  vo lun ta ry  response dur ing  f r e e - f a l l s  a s  a 

func t ion  of  t h e  a v a i l a b l e  informat ion a t  t h e  o p t i c  a r r a y .  Lee 

(1976) even c i t e d  jumping down from a he igh t  a s  an  example i n  

which t h e  i n d i v i d u a l  can v i s u a l l y  p i ck  up t h e  t ime-to-contact  

with t h e  ground i n  order t o  i n i t i a t e  a p r e p a r a t o r y  muscle 

a c t i o n  f o r  absorb ing  t h e  impact wi th  t h e  l and ing  s u r f a c e .  

This t ime- re l a t ed  v a r i a b l e  i s  perce ived  by t h e  f a l l i n g  

s u b j e c t  as he moves through t h e  environment, i . e . ,  " t he  o p t i c  

a r r a y  a t  h i s  eyes  changes cont inuously ,  g i v i n g  rise t o  an 

o p t i c a l  f low p a t t e r n w  ( L e e ,  1974, p.250), which s p e c i f i e s  t h e  

necessary  k i n e s t h e t i c  informat ion about t h e  temporal  and 

s p a t i a l  r e l a t i o n s  between o b j e c t s  and t h e  o b s e r v e r ' s  

movement. Movement i s  perce ived  ' e x t e r o s p e c i f i c a l l y l  through 

v i s i o n  (Gibson, 1979) ,  and k i n e s t h e t i c a l l y  a c t i v a t e d  mainly 

t h r o u g h , t h e  o t o l i t h  organs a t  t h e  i n i t i a t i o n  of t h e  f a l l  by 

t h e  change i n  a c c e l e r a t i o n  from 1 g t o  0 g (Greenwood and 



Hopkins, 1976a, b; Me lv i l l  Jones and W a t t ,  1971b; W a t t ,  1976, 

1981a, b ) .  The v e l o c i t y  and t h e  p o s i t i o n  v e c t o r s  a t  t h e  o p t i c  

a r r a y  d e f i n e  t h e  i d e n t i t y  of t h e  o p t i c  e lements  i n  t h e  o p t i c  

v e l o c i t y  f i e l d  (Lee, 1974) .  Acce le ra t ion  r e l a t e s  t o  t h e  

change i n  v e l o c i t y  of  t h e  o p t i c  element.  The o p t i c a l l y  

s p e c i f i e d  v e l o c i t y  v a r i a b l e  a t  a  s p e c i f i c  p o i n t  i n  t h e  time- 

space coo rd ina t e s  depends on t h e  i n i t i a l  he igh t  o f  f a l l .  Lee 

de f ined  t h e  o p t i c  v e l o c i t y  f i e l d  a s :  " t h e  set of ve locL t i e s  

of o p t i c  e lements  p a s t  p o s i t i o n s  on t h e  c y l i n d r i c a l  o p t i c  

p r o j e c t i o n  su r f ace"  (1974, p .253) .  During t h e  performance of 

a f r e e - f a l l  t a s k ,  t h e  i nve r se  of t h e  r a t e  of  d i l a t i o n  of  t h e  

land ing  s u r f a c e  a t  t h e  o p t i c  a r r a y  s p e c i f i e s  an o p t i c  time- 

dependent v a r i a b l e  " t auw (7) .  L e e  e t  a l .  (1983) mentioned 

t h a t  T ( t )  i s  equa l  t o  t h e  t ime-to-contact  when t h e  

approaching v e l o c i t y  i s  c o n s t a n t .  

3 .4 .  The T  h e u r i s t i c  and t h e  t i m i n a  o f  t h e  l and inq  

resl30nse. 

Lee ( i n  von Hofsten and Lee, 1985) suggested t h e  i dea  

t h a t  t h e  T ( t )  i n v a r i a n t  may inc lude  t h e  in format ion  needed t o  

adopt a l and ing  s t r a t e g y  based on t h e  t ime-to-contact ,  

without going through mental computations over  o t h e r  d e t e c t e d  

v a r i a b l e s  (e .  g . ,  he igh t ,  v e l o c i t y ,  and a c c e l e r a t i o n )  . Todd 

(1981) p re sen ted  an a n a l y s i s  t h a t  a l lows  one t o  fo l low t h e  

r a t i o n a l e  behind t h e  concept t h a t  in format ion  i s  d i r e c t l y  



available at the optic array. Visual information about 

velocity and acceleration does not seem to be useful, as 

suggested by Todd. These variables are available and 

essential for performing the task, but subjects are unable to 

take advantage of them. Rather the time-to-contact may seem 

to be a more efficient alternative. Todd (1981) in his 

experiments showed that individuals are sensitive to this 

type of information at the optic array. Using computer'ized 

simulations about moving objects, he concluded that "the 

observers made accurate judgments about relative time to 

collision based on a ratio between an object's projected size 

and its rate of expansionw. He then went on to mention that 

". . .  some potentially informative relationships among optic 
variables, ( . . . I ,  cannot be exploited by human cbservers." 

(1981, p.807,). It does not seem to be necessary either to 

obtain a three-dimensional visual image of the environment in 

order to perceive time-to-contact. Schiff and Detwiler (1979) 

investigated whether three-dimensional and two-dimensional 

forms of optic information are used by subjects to anticipate 

impending collisions. Their findings supported the view that 

"two-dimensional rate of angular-size-change invariants 

mediate judgments of collision time" (1979, p.656). 

In the free-fall task used in this experiment, the optic 

elements are assumed, for convinience, to be in parallel with 



t h e  d i r e c t i o n  of  t h e  f a l l  and pe rpend icu la r  t o  t h e  ground as 

shown i n  t h e  nex t  f i g u r e s ,  based on L e e  and Reddish ( 1 9 8 1 ) .  

< 
(rn1 

ti, 
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ELE ASE 

I .  t d  

F j a u r e  7a The p o i n t  o f  o b s e r v a t i o n  o f  an i n d i v i d u a l  

suspended from an overhead b a r  w i th  r e s p e c t  t o  a  f l a t  l and ing  

su r f ace .  

F i a u r e  7b The o p t i c a l l y  s p e c i f i e d  v a r i a b l e s  a l o n g  t h e  

f l i g h t  p a t h  of  a  f a l l i n g  observer .  



Where f o r  Figure 2a: 

V ( t )  = v e l o c i t y  of 0 i n  t h e  d i r e c t i o n  Z a t  time t . 

OXYZ = moving re fe rence  p lane  d e f i n e  by t h e  Car tes i an  

coordinates  with r e spec t  t o  t h e  ground o r  f i x e d  environmental 

frames of r e f e r e n c e  on t h e  r e t i n a ,  where Y d e f i n e s  t h e  

s a g g i t t a l  p lane .  

0  = def ines  t h e  cen te r  of t h e  hemispheric r e t i n a  of t h e  

eye a t  p o s i t i o n  Z and time t .  

E = i s  t h e  r e l a t i v e  p o s i t i o n  a t  t ime t of an a r b i t r a r y  

environmental t e x t u r e  element ( o r  an o p t i c a l l y  d i f f e r e n t i a b l e  

u n i t )  . 
R = t h e  d i s t a n c e  from a random environmental po in t  I3 t o  

t h e  poin t  P of t h e  sur face  on t h e  Z v e r t i c a l  a x i s .  

Z = t h e  d i s t a n c e  of t h e  ~ b s e r v e r ' s  @yes from t h e  cen te r  . 
of t h e  o p t i c  f i e l d  on t h e  moving d i r e c t i o n  a t  t ime t .  

E l =  t h e  o p t i c  image of E a t  t ime t along t h e  longi tude  

and l a t i t u d e  coordina tes  r e l a t i v e  t o  t h e  landing  pole  P I  ( a s  

def ined  by 0 and P, which may be t r e a t e d  a s  d i s t ances  on t h e  

o p t i c  p r o j e c t i o n  sur face)  . 
0 = is t h e  angle  def ined by p o i n t s  E 0  P .  

0' = i s  t h e  angle  def ined by p o i n t s  E ' O  P I  a t  t h e  o p t i c  

a r r a y .  

P I  = t h e  l and ing  po le ,  i . e . ,  t h e  o p t i c  image of t h e  

s u r f a c e  element t o  which t h e  eye i s  heading (towards t h e  

landing su r face )  . 
1 = i s  t h e  d i s t a n c e  from 0 t o  P I ,  from t h e  c e n t e r  of 



t h e  l e n s  t o  t h e  r e t i n a  i n  t h e  eye of t h e  observer ,  considered 

a s  a cons t an t  u n i t .  

For F igu re  2b: 

t d  = t h e  t o t a l  f l i g h t  t i m e .  

t =  i s  t h e  p e r i o d  of  t i m e  which e l a p s e s  from t h e  

i n i t i a t i o n  of  t h e  f a l l  u n t i l  t h e  i n d i v i d u a l  p e r c e i v e s  t h a t  

7 ( t )  has  reached i t s  c r i t i c a l  va lue .  

ta = t i m e  d e l a y  between p e r c e p t i o n  o f  t au (m)  and t h e  

i n i t i a t i o n  o f  t h e  a c t i v i t y  i n  t h e  p r e p a r a t o r y  l a n d i n g  

muscles. 

t i  = t h e  moment of i n i t i a t i o n  of  t h e  muscular a c t i v i t y .  

tc = t h e  t ime-to-contact  as pe rce ived  by t h e  i n d i v i d u a l  

when t a u  reached a c r i t i ca l  va lue .  

T( , )=  t h e  c r i t i c a l  v a l u e  of  7 ( t )  r e s u l t i n g  from an 

ongoing s e r i e s  of  r a t i o s  between t h e  d i s t a n c e  from t h e  

l and ing  s u r f a c e  , and t h e  v e l o c i t y  V ( f )  a t  d i f f e r e n t  p o i n t s  

of t h e  f l i g h t  p a t h  (assumed by t h e  f a l l i n g  o b s e r v e r  t o  be  

cons t an t )  . 

The i n f o r m a t i o n  about  t ime- to -con tac t  w i t h  t h e  ground 

may e x p l a i n  t h e  p a t t e r n  of EMG a c t i v i t y  obse rved  i n  t h e  

l and ing  r e l a t e d  muscles before  l and ing .  L e e  and Thomson, i n  a  

s tudy  mentioned t h a t  i n  an approach t o  a  s u r f a c e  t h e  o p t i c  

v a r i a b l e  7 " s p e c i f i e s  t h e  t ime-to-contact ,  which i s  t h e  t ype  



of information t h a t  a  b i r d  needs i n  prepar ing  t o  land" (1982, 

p.420) . The equa t ions  shown i n  t h e  next  s e c t i o n  al low t h e  

computation of t h e  7 var iab le ,  i n  accordance with Lee (1976, 

1980a, b ) ,  Lee and Reddish (1981), and Lee e t  aP. (1983).  

3 .5 .  c o m ~ u t  a t  ion.  

The d i s t a n c e  coordina tes  Z ( t )  and R, t o g e t h e r  with t h e  

angle  between t h e  planes E 0 P and E ' O  PI def ine  t h e  p o s i t i o n  

of any o p t i c  element E r e l a t i v e  t o  t h e  eye of t h e  observer .  

This ang le  i s  s p e c i f i e d  a t  t h e  o p t i c  a r r a y  by t h e  angular  

c o o r d i n a t e  0'  of  t h e  o p t i c  element E l .  Z ( t )  and R a r e  

s p e c i f i e d  by s i m i l a r  t r i a n g l e s ,  a s  expressed i n  t h e  following 

equation : 

Assuming t h a t  t h e  eyes of t h e  f a l l i n g  s u b j e c t  a r e  a t  

time t a t  he ight  Z ( t ) ,  while he i s  moving v e r t i c a l l y  towards 

t h e  landing  s u r f a c e  with a  v e l o c i t y  V ( t ) ,  then  t h e  time-to- 

c o n t a c t  i s  s p e c i f i e d  i n  t h e  o p t i c  f l o w  f i e l d  by 

d i f f e r e n t i a t i n g  equa t ion  (1) with r e s p e c t  t o  t ime,  which 

r e s u l t s  i n :  

The 7 v a l u e  e q u a l s  t h e  t ime- to-contac t  a t  c o n s t a n t  



c l o s i n g  v e l o c i t y  s p e c i f i e d  by 7 ( t )  ( f o r  d i f f e r e n t i a t i o n  

procedures s e e  appendix A ) .  Nevertheless,  t h e  f a l l i n g  sub jec t  

approaches t h e  landing sur face  with acce le ra t ion ,  r a t h e r  than 

a t  cons tan t  v e l o c i t y .  Assuming t h a t  t h e  i n i t i a l  v e l o c i t y  i s  

V(0) = 0, t h e  i n i t i a l  he ight  of t h e  f a l l  i s  Z ( O ) ,  and having 

a cons tan t  g r a v i t a t i o n a l  a c c e l e r a t i o n  A = 9.81 m/sec2, then  

we may determine t h e  height  Z ( t)  and t h e  v e l o c i t y  V ( t )  a t  any 

poin t  t of t h e  t i m e  coordinate where: 

Z ( t )  = [ Z ( O )  - ( ~ - t ~  / 2 )  ; and V ( t )  = Act. 

Then t h e  o p t i c a l  parameter T ( t )  = Z ( t )  / V ( t )  ( t h e  time 

d e r i v a t i v e  which s p e c i f i e s  t h e  t imeLto-contact)  w i l l  be : 

whereas t h e  t o t a l  f l i g h t  dura t ion  i s  

t d  = (2 .2 (0 )  / A) 1/2 

Then t h e  time-to-contact tc = t d  - t, o r :  

When t h e  movement i s  acce lera ted ,  a s  i n  t h e  case of t h e  

d iv ing  gannets ,  t h e  7 o p t i c a l  v a r i a b l e  does not  s p e c i f y  t h e  

t ime-to-contact (Lee and Reddish, 1981) .  In  such condi t ions  



T ( t )  may c o n s t i t u t e  t h e  b a s i s  f o r  t h e  s t r a t e g y  used t o  t i m e  

t h e  s t r e a m l i n i n g  performance of t h e i r  wings (Lee and Reddish, 

1981) .  Thus, i n  l i g h t  of  t h e  urgency o f  t h e  s i t u a t i o n  i n  t h e  

l and ing  t a s k ,  it seems p l a u s i b l e  t h a t  i n d i v i d u a l s  s t a r t  t h e  

v o l u n t a r y  a c t i o n  d u r i n g  t h e  f l i g h t  p a t h  when t h e  o p t i c  

v a r i a b l e  7 r e a c h e s  a margin  v a l u e  T ( , )  a t  which t h e  

p r e p a r a t o r y  a c t i o n  must t a k e  p l a c e .  The time-margin v a l u e  

(i  e .  , tm) i s  s p e c i f i e d  by t h e  d i f f e r e n c e  between t h e  t o t a l  

t i m e  o f  f l i g h t  t d  ( c a l c u l a t e d  from t h e  Newtonian fo rmulae ) ,  

and t h e  t ime- to-contac t .  The h e u r i s t i c  may be concep tua l i zed  

a s  fo l lows:  

Assuming t h a t  t h e  f a l l i n g  s u b j e c t  s tar ts  h i s  a c t i o n  

a f t e r  he d e t e c t e d  t h a t  7 ( t)  has  reached a margin va lue  7 (,I, 

and c o n s i d e r i n g  t h a t  t h e r e  .is a d e l a y  t, between p e r c e p t i o n  

and a c t i o n ,  t h e n  t + ta = tm, and t h e  t ime-to-contact  tc is:  

3 . 6 .  Evidence f o r  t h e  use  o f  t h e  7 s t r a t e u v  i n  animal 

and human s u b i e c t s .  

L e e  ( i n  von Hofsten and L e e ,  1985, p.237) mentioned t h a t  

t h e  g a n n e t s  i n  L e e  and Reddish ' s  s t u d y  (1981) "might have 

found  a d e q u a t e  t o  e s s e n t i a l l y  i g n o r e  a c c e l e r a t i o n  and  

v i s u a l l y  t i m e  t h e i r  a c t i o n s  a s  i f  t h e y  w e r e  t r a v e l i n g  a t  

c o n s t a n t  speed ,  ( .  . . )  t h e y  might  be  u s i n g  a s i m p l e  '7 



s t r a t e g y ' ,  s t a r t i n g  t o  s t reaml ine  t h e i r  bodies  f o r  e n t r y  when 

T reached a c r i t i c a l  v a l u e t f .  S i m i l a r l y ,  Wehrhahn e t  a l .  

(1981)  p r e s e n t e d  e v i d e n c e  showing t h a t  s t i m u l a t i o n  

o r i g i n a t i n g  i n  t h e  o p t i c  f l o w  f i e l d  by d i f f e r e n t  

exper imenta l ly  induced motions on two p lanes ,  e l i c i t e d  t h e  

landing  response i n  h o u s e f l i e s  when a  c r i t i c a l  va lue  was 

reached. Wagner (1982 ) showed t h a t  informat ion  contained i n  

t h e  o p t i c a l  flow f i e l d  t r i g g e r s  t h e  pre-landing dece le ra t ion  

and l e g  extens ion  of house f l i e s .  Wagner suggested t h a t  t ime, 

not d i s t ance ,  i s  t h e  important cue.  Lee (1976) a l s o  showed 

t h a t  d r i v e r s  seem t o  use t h e  T h e u r i s t i c  i n  a d j u s t i n g  

t h e i r  braking response when confronted with s t a t i c  o r  moving 

o b j e c t s  on t h e  c o l l i s i o n  c o u r s e .  S i m i l a r l y ,  p r a c t i c a l  

impl ica t ions  of t h i s  concepts' have been repor ted  i n  t r a i n i n g  

c h i l d r e n  i n  r o a d  c r o s s i n g  when approach ing  c a r s  were 

es t imated  t o  be wi th in  t h e  time range of c o l l i s i o n  with t h e  

ind iv idua l s  (Lee e t  a l . ,  1984) . In a t h l e t i c  performances, Lee 

e t  a l .  (1982) mentioned t h a t  i n  t h e  adjustment of t h e  run-up 

t o  t h e  take-off  board i n  long jumping, s u b j e c t s  d i r e c t l y  

perceived t h e  t ime-to-contact through t h e  o p t i c  v a r i a b l e  7. 

Hay (1988) confirmed some of  t h e s e  f i n d i n g s  i n  a  l a r g e r  

sample of  e l i t e  a t h l e t e s  of bo th  s e x e s .  In  running over  

i r r e g u l a r  t e r r a i n s ,  it has  been shown t h a t  i n d i v i d u a l s  

v i s u a l l y  c o n t r o l  t h e i r  s t e p  length  fol lowing t h i s  time-based 

model. The v e r t i c a l  component of t h e  running s t e p s  seems t o  



be r e g u l a t e d  by t h e  o p t i c  v a r i a b l e  7 (Warren e t  a l . ,  1986) . 
A d u l t s  seem t o  t i m e  t h e  t a k e - o f f  moment i n  ski- jumping 

performances  gu ided  by t h e  same p r i n c i p l e s  ( L e e  and Young, 

1985; 1 9 8 6 ) .  L e e  e t  a l .  (1984)  c i t e d  a c a s e  i n  which 

in format ion  of v i s u a l  o r i g i n  i s  used  by hemipleg ic  p a t i e n t s  

a f t e r  a  c e r e b r o - v a s c u l a r  s t r o k e ,  g u i d e d  by t h e  same 

p r i n c i p l e s .  I n  o t h e r  experiment,  Lee e t  a l .  (1983) i n t ended  

t o  determine t h e  e x t e n t  t o  which h e a l t h y  s u b j e c t s  adopted t h e  

7 s t r a t e g y  i n  t iming  t h e  response i n  h i t t i n g  an a c c e l e r a t i n g  ' 

b a l l .  The a n g u l a r  changes  of  t h e  knee and  elbow j o i n t s  

i n d i c a t e  t h a t  s u b j e c t s  respond when T ( t )  reaches  t h e  c r i t i c a l  

va lue  T(,) . L e e  mentions ( i n  von Hofsten and L e e ,  1985, p .  

238) t h a t  t h e  des ign  used i n  t h e  l a t t e r  c a s e  s u b s t i t u t e d  t h e  

l and ing  t a s k  because it made p o s s i b l e  t o  o b t a i n  l o n g e r  t imes  

t o  c o n t a c t  which are no t  l i k e l y  t o  be  o b t a i n e d  i n  f r e e - f a l l s  

f o r  s a f e t y  r ea sons .  It i s  worth n o t i n g  t h a t  Lee e t  a l .  (1983.) 

r e p o r t e d  t h a t  f o r  T < 250 msec t h e  t ime- to-contac t  tc 

equa l s  T ( t ) ,  i n  s p i t e  o f  t h e  a c c e l e r a t i o n  and i r r e s p e c t i v e  of  

t h e  h e i g h t  of  t h e  f a l l .  That is ,  a  l i n e a r  t r e n d  w a s  e v i d e n t .  

3 . 7 .  The t j m e  - t o  - c o n t a c t  i n f o r  on  r e l a t ed  t o  

I n  t h e  c o n t e x t  of  a dynamic view o f  p e r c e p t i o n ,  t h e  

i n fo rma t ion  about  e v e n t s  i s  determined by t h e  i n t e n t i o n  o f  

t h e  ac t .  The mot ives  o r  g o a l s  of an an imal  i n  i t s  s p e c i f i c  



environment will enhance perception of information which 

affords the fulfillment of the motives. In the landing task, 

the goal is primarily the dissipation of vertical ground 

reaction forces to avoid injuries at contact with a surface 

which affords 'collision' by its specific characteristics. 

The intention will thus have an influence in the dynamics of 

the action as well. Herein lies the relevance of the 

perceptual information in relation to action. Secondly, the 

individual must adjust the action through optimal timing and 

appropriate muscular power in order to dissipate the forces 

acting upon the body after touchdown the best the individual 

can. The information necessary is both extrinsically and 

intrinsically defined to the individual. The former refers to 

height of fall, and its first and second order  time 

derivatives. They are specified at the optic flow field by 

the scale-independent variable 7. The intrinsic source of 

information, however, is assumed to be system-scaled in 

meaningful body units. For example, limb proportion with 

respect to the height of fall (Turvey and Carello, 1986), or 

to the height of climbing step (Warren, 1984; Mark and 

Vogele, 1987), the height of a sitting chair (Mark and 

Vogele, l987), the height of the observer's eyes from the 

walking surface (Lee, 1974), and body mass - power ratio to 
dissipate the momentum gained at contact with the ground 

(Warren and Kelso, 1985) . Extrinsic information, therefore, 



i s  meaningless i n  abso lu te  u n i t s  of d i s t a n c e ,  v e l o c i t y ,  and 

a c c e l e r a t i o n ,  and wi thou t  t h e  i n t r i n s i c  s o u r c e s ,  t h e  

i n d i v i d u a l  w i l l  n o t  be a b l e  t o  o r g a n i z e  t h e  i n t e n t i o n a l  

a c t i o n .  Lee and Thomson mentioned t h a t  expropr iocep t ive ,  

'body-scaled' ,  information about t h e  environment i s  re l evan t  

i n  c o n t r o l l i n g  a c t i v i t y .  They considered t h e  expropriocept ive 

information as " e s s e n t i a l  f o r  t iming a c t i o n s  r e l a t i v e  t o  t h e  

environment'"1982, p .  420) . E x p r o p r i o c e p t i v e  c u e s  a r e  

regarded a s  a  "union of e x t e r o c e p t i v e  and p r o p r i o c e p t i v e  

i n f o r m a t i o n ,  namely i n f o r m a t i o n  a b o u t  t h e  p o s i t i o n ,  

o r i e n t a t i o n ,  and movement of t h e  body o r  p a r t  of t h e  body 

r e l a t i v e  t o  t h e  environment" (Lee, 1980a, p.282) . The landing 

reac t ion  should be a  funct ion  of t h e  he ight  of t h e  f a l l ,  and 

t h e  body.'s r e l a t i o n  to t h a t  s p e c i f i c  he igh t .  

How can an i n d i v i d u a l  determine i t s  body mass t o  power 

r a t i o ,  and how can t h i s  be appl ied  t o  a d j u s t  t h e  d i s s i p a t i v e  

power r e l a t i v e  t o  t h e  height  of f a l l ?  This i s  done, according 

t.0 some, by ' explora tory  processes  ( a s  expressed by ~ i c h a e l s  

and Care l lo ,  1981) i n  which t h e  p e r c e p t u a l  systems become 

' tuned1 o r  ' r e sona te '  b e t t e r  (Gibson, 1979) t o  t h e  e x t r i n s i c  

and i n t r i n s i c  information.  The a c t o r  may become pe rcep tua l ly  

b e t t e r  i n  t h e  immediate p ickup of  t h e  t ime- to -con tac t  

in fo rmat ion ,  and i n  t h e  ad jus tmen t s  of muscular o u t p u t  

r e l a t i v e  t o  h i s  body weight necessary t o  avoid i n j u r i e s .  



The q u e s t i o n  of  "how p e r c e p t i o n  gu ides  a c t i o n ,  and how 

a c t i o n  c o n s t r a i n s  p e r c e p t i o n  r e s t s  on t h e  unde r s t and ing  o f  

how power and in fo rma t ion  a r e  mutua l ly  l i n k e d "  (Warren and 

Kelso, 1985, p . 2 7 4 ) .  I t  i s  worth remarking t h a t  in format ion  

w i t h i n  Gibson ' s  e c o l o g i c a l  framework, i s  ' d e t e r m i n a t e ' ,  and 

it r e f e r s  " t o  macroscopic p a t t e r n i n g  o f  lower-energy f i e l d s  

( e . g . ,  o p t i c a l ,  a c o u s t i c a l ,  c h e m i c a l ,  e t c . )  t h a t  a r e  

gene ra t ed  l a w f u l l y  by higher-energy f i e l d s  (e . g . , the '  l ayou t  

o f  p o t e n t i a l s  a n d  r e f l e c t i v e  s u r f a c e s )  a n d  by t h e  

d i sp l acemen t s  o f  l i v i n g  systems r e l a t i v e  t o  t h e s e  f i e l d s "  

(Kugler and Turvey, 1987,  p .  9) . 



4 .  The DurPose of the   resent studv 

I n  t h e  p r e s e n t  experiment t h e  t i m e - o f - i n i t i a t i o n  of t h e  

a c t i v i t y  ( i n  muscles r e l evan t  t o  t h e  p repara t ion  f o r  landing)  

and t h e  f l i g h t  t i m e  (dependent on t h e  h e i g h t  of f a l l )  were 

hypothesized t o  be r e l a t e d  i n  a c o n s i s t e n t  manner. The use of 

t h e  T(,) s t r a t e g y  was assessed within t h e  "Direct Perception" 

conceptual  framework. Accordingly, t h e  performer i s  thought 

t o  d i r e c t l y  pick up t h e  information about t h e  time-to-contact 

by means of t h e  7 h e u r i s t i c  based on o p t i c a l l y  s p e c i f i e d  " 

v a r i a b l e s  a v a i l a b l e  t o  t h e  ind iv idua l  when moving through t h e  

environment. A t ime delay ta between t h e  T(,) value and time 

of i n i t i a t i o n  of t h e  a c t i o n  t i  ( t h e  l a t ency  of t h e  EMG peak) 

was e x p e c t e d .  T h i s  t i m e  gap may be a t t r i b u t e d  t o  a 

. c h a r a c t e r i s t i c  visuo-motor delay requ i red  by t h e  information 

on t h e  r e t i n a  t o  g i v e  r i s e  t o  t h e  n e u r a l  message and t o  

e l i c i t  t h e  a c t i o n  of t h e  motor system, i . e . ,  t h e  percept ion-  

to -ac t ion  t ime.  Lee and Reddish (1981) i n  t h e i r  s tudy found 

t h a t  on plummeting gannets (using cinematographic techniques)  

t h e  pe r iod  from t h e  hypothet ica l  o p t i c a l  v a r i a b l e  spec i fy ing  

time of i n i t i a t i o n  u n t i l  t h e  b i r d s  s t a r t e d  s t reaml in ing  t h e i r  

wings was approximately 60 msec. In  humans, Lee e t  a l .  (1983) 

found a de lay  wi th in  t h e  range of 50-135 msec while sub jec t s  

performed a h i t t ing-a-dropping  b a l l  t a s k ,  measured a t  t h e  

i n i t i a t i o n  of changes i n  t h e  knee and elbow j o i n t  angles .  



Performers f a l l i n g  from d i f f e r e n t  h e i g h t s  w i l l  achieve 

d i f f e r e n t  f i n a l  v e l o c i t i e s  V ( f )  : t h e  h i g h e r  t h e  i n i t i a l  

he ight  ( Z  (0) ) t h e  g r e a t e r  t h e  f i n a l  v e l o c i t y  V ( f )  a t  constant  

g r a v i t a t i o n a l  a c c e l e r a t i o n .  Hence, t h e  h igher  t h e  f a l l ,  t h e  

e a r l i e r  i n  space during t h e  f l i g h t  pa th  t h e  performer should 

s t a r t  t o  r e a c t ,  and hence diminish t h e  r i s k s  of i n j u r y  by t h e  

t iming t h e  response before  t h e  landing.  With inc reases  i n  t h e  

h e i g h t  of  f a l l  t h e  t ime- to-contac t  e . ,  t h e  t ime  f o r  

e f f e c t i v e  p r e p a r a t o r y  a c t i o n  dur ing  t h e  f l i g h t  p a t h )  was ' 

expected  t o  i n c r e a s e  fo l lowing  a  n e g a t i v e l y  a c c e l e r a t e d  

r e l a t i o n s h i p  e . ,  a n  e x p o n e n t i a l  s a t u r a t e d  c u r v e  

approaching an asymptote with i n c r e a s e s  i n  t h e  h e i g h t  of 

f a l l )  . 

The major hypotheses i n  t h i s  s tudy were: 

a )  The t ime-to-contact w i l l  be ' d i r e c t l y '  perceived i n  

v i s i o n  c o n d i t i o n s .  The r e l a t i o n s h i p  between v i s u a l  

s t imula t ion  and t h e  obse rve r s '  movement with r e spec t  t o  t h e  

environment i s  expected t o  follow t h e  o p t i c a l  T h e u r i s t i c .  



b)  I n c r e a s i n g  t h e  h e i g h t  of t h e  f a l l  i n  bo th  v i s i o n  and 

no-vision c o n d i t i o n s  w i l l  d i f f e r e n t i a l l y  a f f e c t  t h e  o n s e t  of 

t h e  p r e p a r a t o r y  EMG a c t i v i t y  i n  t h e  r e l e v a n t  l and ing  muscles. 

c) I n  no-vis ion cond i t i ons  s u b j e c t s  w i l l  no t  r e l y  on t h e  

same p r o t e c t i v e  s t r a t e g i e s  as when v i s u a l  cues  a r e  a l lowed.  

I t  i s  hypo thes i zed  t h a t  t h e  s t r a t e g y  used  when v i s i o n  i s  

occluded w i l l  be r ep re sen ted  by a l i n e a r  r e l a t i o n s h i p  between 

t h e  t i m e  l e f t  u n t i l  touchdown ( p e r c e i v e d  t ime- to -con tac t  

measured from t h e  moment of i n i t i a t i o n  of  t h e  EMG a c t i v i t y ) ,  

and t h e  t o t a l  f l i g h t  t i m e ,  which d e l i m i t s  t h e  t i m e  f o r  

e f f e c t i v e  a c t i o n .  

; d )  The s t r a t e g y  adopted  by t h e  f a l l i n g  pe r fo rmers  i n  

v i s i o n ,  compared t o  no-vis ion c o n d i t i o n s ,  w i l l  enhance t h e  

a b i l i t y  t o  d i s s i p a t e  t h e  v e r t i c a l  ground r e a c t i o n  f o r c e s  

du r ing  t h e  l and ing  (as measured by Peak Forces ,  and T i m e  t o  

Peak Forces )  . 

4 . 2 .  F s s u m ~ t i o n s .  

Two assumptions wi th  r e s p e c t  t o  t h i s  s tudy  w e r e  made: 

a )  ~ a c i l i t a t i o n  of an e f f e c t i v e  a c t i o n  i s  expected t o  be 

enhanced by t h e  p i c k  up of  i n fo rma t ion  a f f o r d i n g  ' l a n d i n g '  

v i a  t h e  l p e r c e p t u a l  sys t ems ' .  I n  t h i s  ca se ,  t h e  l a t t e r  were 

assumed t o  be  a  combinat ion of  s t i m u l a t i o n  o f  t h e  v i s u a l  



system (p rov id ing  informat ion  about changes a t  t h e  o p t i c  

a r r a y ) ,  t o g e t h e r  wi th  i n f o r m a t i o n  from t h e  v e s t i b u l a r  

s t r u c t u r e s  ( k i n e s t h e t i c  i n f o r m a t i o n  a b o u t  changes i n  

a c c e l e r a t i o n  and  head p o s i t i o n ) ,  and  p r o p r i o c e p t i v e  

informat ion  about changes i n  p r e s s u r e  e x e r t e d  on t h e  s o f t  

s t r u c t u r e s  of t h e  f a l l i n g  body, a l l  of which a r e  assumed t o  

co-act (Johansson, 1973) . 

b )  It  was assumed a s  wel l  t h a t  angular  changes a t  t h e  ' 

r e t i n a  of t h e  eye occur by both, a  flow of information a t  t h e  

o p t i c  a r r a y ,  and by changes of t h e  e y e b a l l  i n  i t s  o r b i t  

( a f t e r  Johansson, 1973) .  Both a r e  used by t h e  observer  t o  

g a t h e r  in fo rmat ion .  However, t h e  o b j e c t  of s tudy i n  t h i s  

paper r e l a t e s  t o  t h e  former, s i n c e  it i s  assumed t o  be 

re levant  f o r  t h e  pickup of information about time-to-contact. 



Six male subjects (mean age = 26. 16 years; range = 22-32 

years) completed the tests in two different sessions. All 

were randomly selected from an injury-free student population 

from Simon Fraser University. Their mean height was 177.83 cm 

(range = 173-184 cm), and their mean body mass was 76.66 kg 

(range = 67-88 kg). After signing the required consent forms 

they were randomly assigned to one of the two starting 

conditions (blindfold or vision). A time schedule was pre- 

arranged for each participant with a rest period between the 

two sessions (2-4 days). Subjects were paid for their partial 

'or complete participation. 

5.2. A~~aratus. 

A free-fall device was designed for the experiment. The 

apparatus comprised a steel overhead bar which was oriented 

horizontally and could be set at a variety of heights from 

the floor. An electromagnetic-sensitive switch interfaced to 

the computer via an A / D converter was attached to the steel 

bar. Six pairs of Beckman surface electrodes were applied on 

the subjects' left leg and forehead to measure muscle 

electrical activity. The signals were amplified by a custom 

made EMG amplifier (gain 10-1000) which allowed simultaneous 



r eco rd ing  from 8 channe ls .  S i g n a l s  cou ld  a l s o  be i n t e g r a t e d ,  

enveloped,  o r  band-pass f i l t e r e d .  A ground l e a d ,  1 cm wide 

and 5 m long  was used t o  diminish n o i s e  whi le  a t t a c h e d  t o  t h e  

s u b j e c t s  w a i s t .  An o s c i l l o s c o p e  a l lowed c a l i b r a t i o n  of  t h e  

dev ices ,  and a l s o  se rved  as a  cont inuous feedback source  from 

s e l e c t e d  EMG channe ls  du r ing  t h e  r eco rd ing  p r o c e s s .  F a i l u r e s  

i n  EMG s i g n a l  g a t h e r i n g  cou ld  be  a n t i c i p a t e d  . b y  i t s  u s e  

d u r i n g  t h e  p r a c t i c e  t r i a l s .  P r i o r  t o  t h e  s t a r t  ,of t h e  

exper iment  a  Hewlett-Packard 3310A f u n c t i o n  g e n e r a t o r  was 

i n s t a l l e d  a t  a f requency of 11000 Hz (11 channe ls  going i n t o  

t h e  A / D c o n v e r t e r ) ,  c a l i b r a t e d  by a  Sys t ron  Donner 7034 

f r equency  c o u n t e r  u n i t  w i t h i n  a p r e c i s i o n  of  *l Hz. The 

f r e q u e n c y  g e n e r a t o r  s e r v e d  a s  a n  e x t e r n a l  c l o c k  t h a t  

determined t h e  sampling r a t e  from the  a n a l ~ g u e  sou rces .  

S u b j e c t s  l anded  upon a K i s t l e r  f o r c e  p l a t f o r m  (model 

9261A) connec ted  t o  s u i t a b l e  charge  a m p l i f i e r s  (Kaig 5001) 

which a l lowed measurement of v e r t i c a l  ground r e a c t i o n  f o r c e s .  

The f o r c e  p l a t e  w a s  covered wi th  a  1 / 4  i nch  dense rubber  foam 

t o  minimize pa in  caused by landing  ba re foo ted  on t h e  m e t a l l i c  

s u r f a c e .  A l l  d e v i c e s  were a p p r o p r i a t e l y  grounded. I n  t h e  no- 

v i s i o n  c o n d i t i o n s  s u b j e c t s  u s e d  a p a i r  o f  a d j u s t a b l e  

(swimming t y p e )  da rk  goggles .  The per formers  were suspended 

from t h e  s t e e l  b a r  by g r i p p i n g  it w i t h  t h e i r  hands .  The 

t r i a l s  s t a r t e d  upon r e l e a s e  o f  a mechanica l  l e v e r  which 

supported a magnet. 



The s i g n a l  g a t h e r i n g  p r o c e s s  compr ised  ana logue  and 

d i g i t a l  s i g n a l s  s i m u l t a n e o u s l y  o b t a i n e d .  The a n a l o g u e  

r e c o r d i n g s  w e r e  done on- l ine  i n  a Hioki  8801 c h a r t - r e c o r d e r  

( 4  c h a n n e l s )  l ,  and  s a v e d  on t a p e  u s i n g  a  P r e c i s i o n  

Ins t ruments  FM r e c o r d e r  PI-6200 ( 5  channe ls ,  a t  speed =3.75 

i n / s e c ) .  EMG and f o r c e  p l a t e  o u t p u t s  were condi t ioned  by pre-  

a m p l i f i e r s ,  and sampled v i a  an A / D c o n v e r t e r  (Labpack).  An 

IBM-PC microcomputer  c o n t r o l l e d  t h e  d a t a  g a t h e r i n g  and 

s t o r a g e  p roces ses  a custom sof tware  program (developed i n  "Cw 

programming l a n g u a g e )  2 .  Raw s i g n a l s  ( b i n a r y  f i l e s )  were 

p l o t t e d  d u r i n g  t h e  e x p e r i m e n t a l  t r i a l s  on a n  IBM-XT 

microcomputer by u s i n g  a  modified " P l o t t e r w  program ( w r i t t e n  

i n  wTurbo-Pasca lw  l anguage )  . T h i s  a l l o w e d  a c o n t i n u o u s  

i n s p e c t i o n  o f  t h e  d a t a  c o l l e c t e d  d u r i n g  t h e  ongo ing  

exper iment .  The o f f - l i n e  d a t a  a n a l y s i s  w a s  done on an IBM-AT 

microcomputer by u s i n g  t h e  o r i g i n a l  v e r s i o n  of  t h e  " P l o t t e r "  

program w r i t t e n  i n  "Turbo-Pascalw f o r  f i l e s  conver ted t o  

' A s c i i  format  ' 3 .  The r e q u i r e d  dependent v a r i a b l e s  were t h e n  

o b t a i n e d  ( o n s e t  o f  EMG a c t i v i t y  i n  6  musc les ,  t i m e  o f  

r e l e a s e ,  t i m e  of touchdown, peak f o r c e s ,  and t i m e s  t o  peak) . 
The a n a l y s i s  of  t h e  d a t a  was done on a Macin tosh  SE 

Appoximately 10% of the trials were recorded on the chart-recorder due to malfunctioning 
of the FM device. 
2~ listing of the program is available by contacting R. Taylor, School of Kinesiology, Simon 
Fraser University, Burnaby, B.C., V5A 1S6, Canada. - 
3~ listing of the program is available by contacting P. Nagelkerke, School of Kinesiology, 
Simon Fraser University, Burnaby, B.C., V5A 1S6, Canada. 



m i c r o c o m p u t e r  f o r  which  s t a t i s t i c a l ,  g r a p h i c s ,  a n d  

s p r e a d s h e e t  a p p l i c a t i o n  programs were a v a i l a b l e  (MacSS and 

S ta tv iew,  CricketGraph,  and Microsof t  Excel ,  r e s p e c t i v e l y )  . 
B e s t - f i t t i n g  c u r v e s  were c a l c u l a t e d  by u s i n g  a  computer 

program on an  Apple I1 computer ("Microcomputer Based Models 

i n  B i o l ~ g y ' ~ ,  by Spa in ,  1 9 8 2 ) .  T h i s  p a r t i c u l a r  s o f t w a r e  

i nco rpo ra t ed  t h e  exponen t i a l  s a t u r a t i o n  model and provided a  

comple te  s t a t i s t i c a l  o u t p u t  o f  t h e  r e g r e s s i o n  p r o c e s s ,  

i n c l u d i n g  t h e  r e s i d u a l s 1  v a l u e s  and t h e  b e s t - f i t t i n g  curve  

v a l u e s  t h a t  w e r e  l a t e r  p l o t t e d  i n  a  g r a p h i c  a p p l i c a t i o n  i n  

o r d e r  t o  be c a r e f u l l y  inspec ted .  

5 .3.  Procedures .  

S u b j e c t s  w e r e  provided with  initia 1 instructions on the 

t a s k  and t h e  p rocedures  o f  t h e  exper iment .  An e x p l a n a t i o n  

s h e e t ,  a consen t  form, and a  h e a l t h  r e l a t e d  q u e s t i o n n a i r e  

were g iven  t o  t h o s e  p a r t i c i p a n t s  t h a t  f u l f i l l e d  t h e  i n i t i a l  

r e q u i r e m e n t s  e . ,  n e u r o l o g i c a l  a n d  back  symptom-free 

i n d i v i d u a l s ) .  Appendix B a n d  C p r e s e n t  t h e  w r i t t e n  

i n s t r u c t i o n s  and t h e  q u e s t i o n n a i r e  p rov ided  t o  t h e  s u b j e c t s  

b e f o r e  i n i t i a t i o n  of t h e  s e s s i o n s .  Warm-up and p r a c t i c e  

t r i a l s  t h e n  fo l lowed.  The t echn ique  of l a n d i n g  w a s  improved 

d u r i n g  t h i s  p r a c t i c e  p e r i o d  by p r o v i d i n g  v e r b a l  feedback .  

I n d i v i d u a l s  were i n s t r u c t e d  t o  u se  t h e  j o i n t s ,  bu t  t o  p revent  

sudden deep f l e x i o n s  of t h e  knees.  They were t o l d  t o  perform 



almost " n o i s e l e s s "  landings,  bear ing  i n  mind t h a t  t h e  t a s k  

involved a c e r t a i n  degree of i n j u r y  r i s k s .  EMG e l e c t r o d e s  

were a p p l i e d  over  s i x  muscle groups f o l l o w i n g  s t a n d a r d  

prepara t ion  procedures.  Muscles were loca ted  according t o  t h e  

i n s t r u c t i o n s  provided  i n  t h e  electromyography l i t e r a t u r e  

(Delagi  e t  a l . ,  1975) .  The muscle groups of i n t e r e s t  were: 

gas t rocnemius  (media l  head)  , t i b i a l i s  a n t e r i o r ,  v a s t u s  

l a t e r a l i s ,  b iceps  femoris ( l a t e r a l  head) ,  r e c t u s  femoris, and 

t h e  f r o n t a l i s  muscle ( 2  cm l a t e r a l l y  from t h e  midl ine of t h e  

forehead, 1 cm above t h e  eyebrow), a l l  on t h e  l e f t  h a l f  of 

t h e  body. The ground l e a d  c o n s i s t e d  of a 5 m long wire,  

surrounded with gauze s t r a p s  moistened with a s a l t y  so lu t ion .  

It was a t t ached  t o  t h e  sub jec t s  waist  i n  a b e l t - l i k e  manner. 

This proved t o  be t h e  most e f f i c i e n t  way t o  reduce a r t i f a c t  

and i n t e r f e r e n c e  n o i s e  i n  t h e  recorded EMG s i g n a l s .  A l l  

s u b j e c t s  performed 10 t r i a l s  ( t h e  f i r s t  four  were considered 

a s  a p a r t  of t h e  p r a c t i c e  t r i a l s )  a t  each of four  he ights  of 

f a l l  i n  a semi-counterbalanced o r d e r  ( 4  h e i g h t s  over  6 

s u b j e c t s  d i d  not  a l low f o r  f u l l  counterbalanced o r d e r ) .  The 

landings took p lace  onto t h e  fo rce  p la t form within a l i m i t e d  

rec tangu la r  s u r f a c e  of 40. cm x 60 cm, covered with a dense 

red  rubber foam ( 1 / 4  inch t h i c k )  t h a t  made t h e  landing  a r e a  

d i s t i n g u i s h a b l e  from t h e  f l o o r .  A l l  s u b j e c t s  were barefooted 

throughout  t h e  l a n d i n g  t r i a l s .  I n  ' n o - v i s i o n '  c o n d i t i o n s  

s u b j e c t s  were allowed t o  know t h e  f a l l i n g  he igh t ,  and they  



could see  t h e  landing sur face  u n t i l  t h e  goggles were appl ied,  

jus t  be fo re  t h e  i n i t i a t i o n  of t h e  r e s p e c t i v e  landing t r i a l .  

An o v e r a l l  equipment t e s t  followed. The overhead ba r  was pre- 

a d j u s t e d  a t  t h e  a p p r o p r i a t e  h e i g h t  of f a l l  wh i l e  t h e  

ind iv idua l  performed t h e  p r a c t i c e  t r i a l s  ( o f t e n  not more than 

3  consecut ive  landings  without t h e  r ecord ing  devices  and 4 

wi th  t h e  complete  s e t - u p )  . The pe r fo rmers  s t a r t e d  t h e  

experiment when t h e y  i n d i c a t e d  t h a t  t h e y  were ready.  By 

cl imbing a  l a d d e r  l o c a t e d  bes ide  t h e  l and ing  device ,  t h e  

s u b j e c t s  approached t h e  overhead b a r  and t h e n  p ressed  t h e  

m e c h a n i c a l  l e v e r  t h a t  b r o u g h t  t h e  magnet t o  an  

e l ec t romagne t i c  s e n s i t i v e  c e l l  i n a c t i v a t i n g  t h e  r ecord ing  

system. Upon r e l e a s e ,  t h e  switch opened an i n v e r t e d  c i r c u i t  

t h a t  caused a  drop i n  vo l t age  read  by t h e  computes as t he  

i n i t i a t i o n  of t h e  f a l l .  Subjects  were i n s t r u c t e d  t o  r e l a x  and 

t o  r e l e a s e  themselves by suddenly opening t h e i r  hands i n  

o r d e r  t o  perform a  v e r t i c a l  l and ing .  L a t e r a l  and an te ro -  

p o s t e r i o r  swings were el iminated by s teadying  t h e  performer 's  

l e g s  and wais t  p r i o r  r e l e a s e .  During v i s i o n  cond i t ions  t h e  

s u b j e c t s  were i n s t r u c t e d  t o  f i x a t e  t h e i r  g l a n c e  on a  

r e fe rence  band-width de l imi ted  by two l i n e s  30-50 cm a p a r t  

from t h e  landing  p la t fo rm.  The t a s k  and t h e  appara tus  a r e  

i l l u s t r a t e d  i n  Figures  3a , b, and c .  





F i a u r e  3b The l a n d i n g  task ( f r o n t  view) and  the free- 

f a l l  device. 



Fiaure EMG and Goniometer applications on the left 

leg of the performer. 



A l l  analogue s i g n a l s  (from EMG and f o r c e  p l a t fo rm)  were 

sampled a t  a f requency of 1000 H z .  D a t a  r e co rd ing  took  p l a c e  

t h r o u g h o u t  a p e r i o d  o f  2 . 5  s e c  d i s t r i b u t e d  o v e r  t h r e e  

d i f f e r e n t  phases  o f  t h e  t a s k :  1 . 5  s e c  p r i o r  t o  r e l e a s e ,  1 s e c  

a f t e r  r e l e a s e  of  t h e  swi tch  which a l lowed r eco rd ings  du r ing  

t h e  f l i g h t  (approx.  5 430 msec), and a f te r  touchdown (approx.  

2 570 msec) .  The d a t a  g a t h e r i n g  program w a s  set a t  a g a i n  

which would r e a d  s i g n a l s  w i th in  f 1 .25  v o l t s  range .  The EMG 

r e c o r d i n g s  w e r e  a m p l i f i e d  1000 t i m e s .  The f o r c e  p l a t e  g a i n  

was s e t  a t  5000 mechanical  u n i t s  / v o l t  , which was assumed 

t o  be s a t i s f a c t o r y  f o r  c o l l e c t i n g  f o r c e  magnitudes e l i c i t e d  

by an 85 kg f a l l i n g  body from 1 m h e i g h t  a t  g r a v i t a t i o n a l  

a c c e l e r a t i o n ,  and w i t h i n  t h e  computer p r e - s e t  g a i n .  Analogue 

record ings  f rom.5  channels  were a l s o  ob ta ined  on- l ine  from an 

FM-recorder throughout  most of t h e  s e s s i o n s ,  whereas i n  a few 

c a s e s  t h e y  w e r e  o b t a i n e d  from an  H I B K I  c h a r t - r e c o r d e r .  

Analogue and d i g i t a l  s i g n a l s  were t h e n  compared i n  o r d e r  t o  

v e r i f y  i f  any  t i m e  d e l a y s  o c c u r r e d  d u r i n g  t h e  s i g n a l  

convers ion p roces s  done by t h e  computer. 

Sub jec t s  r ece ived  l i m i t e d  knowledge o f  performance ( ' n o t  

s o  good',  ' good' ,  and ' e x c e l l e n t  ' l and ing)  . This  was based on 

a r a t h e r  s u b j e c t i v e  e v a l u a t i o n  done by t h e  exper imenter  which 

took  i n t o  account  c h a r a c t e r i s t i c s  such a s  smoothness of  t h e  

land ing ,  symmetry d u r i n g  t h e  f l i g h t  and a f t e r  landing ,  non- 

r i g i d  j o i n t s ,  s t a b i l i t y  a f t e r  touchdown. However, s u b j e c t s  



were a l s o  l e f t  t o  t h e i r  own p e r c e p t i o n  of  t h e  l a n d i n g  

performance and w e r e  o f t e n  asked about how t h e  land ing  f e l t .  

5 .4 .  Desian.  

The s i x  s u b j e c t s  performed 6 b locked l and ings  from each 

of  t h e  5-10, 20-25, 60-65, and  90-95 c m  h e i g h t s  ( i n  

counterbalanced o r d e r ) ,  r e s u l t i n g  i n  2 4  t r i a l s  f o r  v i s i o n  and 

24 t r i a l s  f o r  no-v is ion  c o n d i t i o n s  i n  two d i f f e r e n t  days  

( e  , t o t a l  t r i a l s  = 48) . The a n a l y s i s  w a s  ba sed  on s i x  ' 

' completed t r i a l s '  ( t r i a l s  i n  which no r e c o r d i n g  f a i l u r e s  

were d e t e c t e d ) .  Four  p r a c t i c e  t r i a l s  w i t h  a  comple t e  

exper imenta l  s e t u p  were p rev ious ly  performed i n  each  l and ing  

ca tegory .  

5 .5 .  j lna lvs i s .  

The onse t  of  EMG a c t i v i t y  i n  t h e  d i f f e r e n t  muscles was 

ob ta ined  from p l o t t i n g s  of t h e  r a w  d a t a  on an  IBM AT 

microcomputer u s ing  a p l o t t e r  a p p l i c a t i o n  e s p e c i a l l y  w r i t t e n  

f o r  t h i s  purpose.  The p l o t t e r  program v i s u a l i z e d  on t h e  

sc reen  s i g n a l s  of  3 d i f f e r e n t  muscles s imul taneously ,  wi th  a  

r e s o l u t i o n  of  80 l i n e s  p e r  muscle p l o t t e d  (40 l i n e s  i n  each 

d i r e c t i o n  of t h e  b a s e l i n e ) .  The d i f f e r e n c e  between each l i n e  

r ep re sen ted  a range o f  15.625 mv i n  e i t h e r  d i r e c t i o n .  The 

d i g i t i z e d  va lues  f o r  each d a t a  p o i n t  w e r e  s imul taneous ly  seen 

on t h e  sc reen ,  and t h e  onse t  of muscular a c t i v i t y  could be 



determined by h igh l igh t ing  t h e  p l o t  with a cursor  key t h a t  

con t ro l l ed  a dot  of d i f f e r e n t  co lo r .  In  appendix D a t y p i c a l  

t r i a l  i s  shown from which t h e  dependent v a r i a b l e s  could be 

obtained. The method used took i n  t o  account a base l ine  

within a per iod  of r e l a t i v e  r e l axa t ion  ( i . e . ,  t h e  EMG s i g n a l s  

1 . 5  sec  before  r e l e a s e  while t h e  sub jec t  remain suspended 

from t h e  overhead b a r ) .  The EMG b u r s t s  surpassing t h i s  values 

over per iods  of time of a t  l e a s t  10  msec were considered t o  

represent  s i g n i f i c a n t  a c t i v i t y .  To determine a t y p i c a l  EMG , 

b u r s t  f o r  t h e  s p e c i f i c  muscle and sub jec t ,  samples of 

ind iv idua l  s i g n a l s  were examined p r i o r  t o  obta in ing  t h e  

dependent v a r i a b l e s .  This r a t h e r  sub jec t ive  method i s  

recommended i n  t h e  l i t e r a t u r e  (Walter, 1 9 8 4 )  . The dependent 

va r i ab les  obtained f o r  ana lys i s  purposes were: 

-Perceived t ime-of-contact  wi th  t h e  l and ing  s u r f a c e ,  

def ined  by t h e  d i f f e r e n c e  between t ime of i n i t i a t i o n  of t h e  

EMG a c t i v i t y  i n  t h e  landing r e l a t e d  muscles, and t h e  t ime of 

touchdown. It i s  t h e  pe r iod  l e f t  t o  t h e  f a l l i n g  observer  t o  

a c t ,  from t h e  moment he p e r c e i v e s  t h a t  a c t i o n  must be 

i n i t i a t e d  before  c o l l i s i o n .  

-Total  f l i g h t  t ime, def ined  a s  t h e  d i f f e r e n c e  between 

t h e  t ime of r e l e a s e  i n d i c a t e d  by a sudden drop i n  vo l t age  

(from 1 . 2 5  v o l t s  t o  0 . 1  v o l t s  wi th in  1 msec) , and t ime of 

touchdown. 



- F i r s t  peak of  v e r t i c a l  ground r e a c t i o n  f o r c e s  (PFP), 

de f ined  a s  t h e  f irst  sudden i n c r e a s e  i n  p r e s s u r e  e x e r t e d  over 

t h e  f o r c e  p l a t e  upon touchdown. 

- T i m e  t o  f i rst  peak (TFP), de f ined  as t h e  l a p s e  of t i m e  

from t h e  moment of  touchdown u n t i l  t h e  p o i n t  i n  t i m e  i n  which 

t h e  f i r s t  highest-magnitude peak i s  observed.  

-Peak o f  t h e  second peak (PSP) , d e f i n e d  a s  t h e  h ighes t -  

magnitude peak o f  t h e  second i n c r e a s e  i n  v e r t i c a l  f o r c e s  

e x e r t e d  over  t h e  f o r c e  p l a t e ,  which w a s  u s u a l l y  t h e  l a r g e s t  

i n  a r e a .  

- T i m e  t o  t h e  second peak (TSP), d e f i n e d  as t h e  t i n e  

l a p s e  from t h e  moment of touchdown u n t i l  t h e  moment of  second 

i n c r e a s e  i n  v e r t i c a l  ground r e a c t i o n  f o r c e s .  

-For t h e  f r o n t a l i s  muscle, a c t i v i t y  was d e f i n e d  as a 

b u r s t  of  EMG, i n i t i a t e d  d u r i n g  t h e  f l i g h t  o r  immediately 

a f t e r  r e l e a s e .  The b u r s t  was cons ide red  s i g n i f i c a n t  when it 

was m a i n t a i n e d  d u r i n g  p e r i o d s  l o n g e r  t h a n  3 0  msec a t  an 

ampli tude c l e a r l y  su rpas ing  t h e  r e s t i n g  l e v e l s .  Based on t h i s  

methodology, t h e  pe rcen tages  of  t r i a l s  i n  which EMG a c t i v i t y  

occur red  were ob ta ined .  

-For t h e  f i v e  lower  l imb musc le s ,  a c t i v i t y  b e f o r e  
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r e l e a s e  w a s  d e f i n e d  a s  EMG b u r s t s  t a k i n g  p l a c e  w i th in  a  range 

of 250 msec b e f o r e  t h e  s u b j e c t  opened t h e  s w i t c h .  The same 

c r i t e r i a  were used i n  t h i s  ca se  t o  de te rmine  t h e  percen tages  

of  t r i a l s  t h a t  p r e s e n t e d  a c t i v i t y  b e f o r e  t h e  i n i t i a t i o n  of  

t h e  f a l l .  

I n  o r d e r  t o  e x p l o r e  i f  any r e l a t i o n s h i p  c o n s t r a i n e d  t h e  

d i f f e r e n t  muscle g roups  t o  act  i n  a  co -o rd ina t ed  manner, 

c o r r e l a t i o n  coef  E i c i e n t s  between t h e  i n i t i a t i o n  t i m e s  of 4 

muscles were c a l c u l a t e d .  S i m i l a r l y ,  c o r r e l a t i o n  c o e f f i c i e n t s  

f o r  t h e  peak f o r c e s  and t i m e  t o  peak f o r c e s  were determined 

a s  we l l .  

The main h y p o t h e s i s  under  i n v e s t i g a t i o n  r e q u i r e d  a  

Goodness-of-Fit method t o  examine t h e  .type of  r e l a t i o n s h i p  

e x i s t i n g  between tc (de f ined  as t h e  p e r i o d  between t h e  t i m e  

o f  i n i t i a t i o n  o f  EMG a c t i v i t y  ti, u n t i l  t h e  moment o f  

touchdown) and t o t a l  f l i g h t  t ime  ( t d )  . T h i s  a n a l y s i s  was 

performed f o r  b o t h  v i s u a l l y  gu ided  and b l i n d f o l d e d  t r i a l s  

( t h e  l a t t e r  d i d  n o t  a l low s u b j e c t s  t o  p e r c e i v e  t h e  t ime-to- 

c o n t a c t  v a r i a b l e  based  on o p t i c  i n f o r m a t i o n ) .  A 3-way ANOVA 

wi th  RM on a l l  f a c t o r s  (2 v i s u a l  ' c o n d i t i o n s '  x  2 b e s t -  

f i t t i n g  'models '  x  2 ' m u s c l e s ' )  w i t h  s c o r e s  b e i n g  t h e  

dependent v a r i a b l e  was c a r r i e d  ou t  t o  de te rmine  any e f f e c t  

due t o  t h e  f a c t o r s ,  i n  p a r t i c u l a r  t h e  l i n e a r  v e r s u s  t h e  

e x p o n e n t i a l  s a t u r a t i o n  ' m o d e l ' .  I n  t h e  same v e i n ,  a 
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r e g r e s s i o n  a n a l y s i s  w a s  done f o r  t h e  f i r s t  and second o rde r  

polynomials f o r  b o t h  i n d i v i d u a l  c a s e s  and pooled d a t a .  This 

p rocedure  w a s  c a r r i e d  o u t  t o  t e s t  t h e  s i g n i f i c a n c e  of  t h e  

d i f f e r e n c e s  i n  t h e  r e s i d u a l s  accounted  by t h e  l i n e a r  and 

q u a d r a t i c  models. 

T i m e s  o f  o n s e t  o f  EMG a c t i v i t y  were o b t a i n e d  from two 

muscle groups i d e n t i f i e d  as r e l e v a n t  i n  t h e  p r e p a r a t i o n  f o r  

landing,  i . e . , gastrocnemius and r e c t u s  femor i s .  EMG a c t i v i t y  

was e v a l u a t e d  f o l l o w i n g  Wal t e r s '  c r i t e r i o n  ( 1 9 8 4 )  based on 

ampl i tude  and d u r a t i o n  of  t h e  b u r s t s .  The a c t i v i t y  of t h e  

f r o n t a l i s  w a s  r ecorded  i n  o r d e r  t o  p rov ide  an i n d i c a t i o n  of 

any s t a r t l e  a c t i v i t y  t a k i n g  p l a c e  d u r i n g  t h e  performance.  

Frequency h i s tograms  f o r  t h e  a c t i v a t i o n  o f  t h i s  muscle a s  a 

f u n c t i o n  o f  t h e  c o n d i t i o n  and t h e  h e i g h t  o f  f a l l  were 

p l o t t e d .  T h e r e a f t e r ,  t h e  d i f f e r e n c e s  w e r e  s t a t i s t i c a l l y  

a s se s sed  by performing a 2-way ANOVA wi th  RM on bo th  f a c t o r s ,  

' c o n d i t i o n 1  and ' h e i g h t s 1  (percen tage  o f  a c t i v e  t r i a l s  a s  t h e  

dependent v a r i a b l e ) .  Post-hoc comparisons f o r  t h e  s i g n i f i c a n t  

i n t e r a c t i o n  showed t h e  s i g n i f i c a n c e  l e v e l  reached by s p e c i f i c  

pai r -wise  d i f f e r e n c e s .  

S i m i l a r l y ,  p e r c e n t a g e s  o f  a c t i v e  t r i a l s  i n  which 

a c t i v i t y  of  t h e  r e c t u s  femoris  and gast rocnemius  muscles were 

observed wi th in  250 msec be fo re  r e l e a s e .  An h is togram f o r  t h e  

r e c t u s  femor i s  pe rcen tages  of  p r e - r e l e a s e  a c t i v e  t r i a l s  was 

p l o t t e d ,  s i n c e  t h i s  w a s  t h e  on ly  muscle t h a t  had a l a r g e  



a c t i v i t y  250 msec b e f o r e  r e l e a s e .  A 2-way RM ANOVA was 

c a r r i e d  o u t  t o  examine t h e  e f f e c t s  o f  ' c o n d i t i o n s '  and 

' h e i g h t s '  i n  t h e  a c t i v a t i o n  before  r e l e a s e .  

With r e g a r d  t o  t h e  a n a l y s i s  of  t h e  v e r t i c a l  components 

e x e r t e d  on t h e  f o r c e  p l a t f o r m  a f t e r  touchdown, 6 t imes  two- 

way RM ANOVA (2  ' c o n d i t i o n s '  x  4 ' h e i g h t s ' )  were done (one 

p e r  s u b j e c t ,  e a c h  s u b j e c t  6 r e p e a t e d  t r i a l s  p e r  h e i g h t  of  

f a l l ) ,  wi th  peak of t h e  second peak (PSP)  be ing  t h e  dependent 

v a r i a b l e .   his procedure  was in t ended  t o  de te rmine  whether ' 

averag ing  a c r o s s  s u b j e c t s  was a r ea sonab le  s t e p  i n  fo l lowing  

ana lyses  based on v e r t i c a l  ground r e a c t i o n  f o r c e  v a r i a b l e s .  

For t h e  f i r s t  peak o f  f o r c e  (PFP) a  f requency h i s togram 

was o b t a i n e d  i n  o r d e r  t o  v i s u a l i z e  t h e  pe rcen tage  of  t r i a l s ,  

w i t h i n  d i f f e r e n t  h e i g h t s  of  f a l l ,  t h a t  d i d  indeed have t h i s  

f i rs t  peak.  S ince  it was found t h a t  on ly  i n  t h e  two h i g h e s t  

c a t e g o r i e s  t h i s  peak  was p r e s e n t ,  a  2-way ANOVA ( 2  

' c o n d i t i o n s '  x  2  ' h e i g h t  ' )  w i t h  r e p e a t e d  measures on bo th  

f a c t o r s  was performed, wi th  peak- f i r s t -peak  (PFP) be ing  t h e  

dependent v a r i a b l e .  This  a n a l y s i s  w a s  expec ted  t o  r e v e a l  any 

e f f e c t s  of  v c o n d i t i o n s '  o r  ' h e i g h t s 1  on t h e  magnitudes of  t h e  

peak.  I n  t h e  same v e i n  a 2-way ANOVA (2  ' c o n d i t i o n s '  x  2  

' he igh t  ' ) w i t h  r e p e a t e d  measures on t h e  two f a c t o r s  was done 

wi th  t i m e  t o  f i r s t - p e a k  (TFP) a s  t h e  dependent v a r i a b l e .  

F o r  t h e  second  f o r c e - r e l a t e d  measures  t h e  a n a l y s e s  

fol lowed t h e  same r a t i o n a l e .  A 2-way ANOVA (2  ' c o n d i t i o n s '  x 



4 'he ight  ' )  with repeated measures on both f a c t o r s  was done, 

with peak-second-peak (PSP)  a s  t h e  depend'ent v a r i a b l e .  I n  

l i g h t  of t h e  observed main e f f e c t  f o r  ' h e i g h t s 1 ,  post-hoc 

(Tukey HSD) comparisons followed t o  ob ta in  information about 

s p e c i f i c  d i f f e r e n c e s .  For t h e  t ime t o  second-peak of f o r c e  

(TSP) a 2-way ANOVA ( 2  ' c o n d i t i o n s 1  x 4 ' h e i g h t ' )  with 

r epea ted  measures on both  f a c t o r s  was c a r r i e d  o u t .  Tukey 

(HSD) post-hoc comparisons were done f o r  t h e  same reason a s  

i n  t h e  case of t h e  PSP. 

The mul t ip le  analyses  of var iance  were performed r a t h e r  

than  a 2-way RM MANOVA due t o  t h e  f a c t  t h a t  t h e  dependent 

v a r i a b l e s '  c e l l s  l a r g e l y  outnumbered t h e  number of cases .  

A l l  o f f - l i n e  s t a t i s t i c a l  ana lyses  were performed using 

compatible s ta t is t ical  programs (MacSS and Statview) ran on a 

Macintosh SE microcomputer. Alpha (& was s e t  a t  1 . 0 5 .  



6. Pesults and Discussioq 

6-1 .  p i l o t  s tudy .  

A p i l o t  s t u d y  was carr ied o u t  t o  p r o v i d e  i n i t i a l  

i n f o r m a t i o n  a b o u t  t h e  t a s k  a t  hand,  a n d  t o  make f i n a l  

adjustments  i f  necessary*  

6.1.1. J , e f t  v e r s u s  r i a h t  l imb homoloaous muscles  . ,  
The p r e p a r a t i o n  f o r  l a n d i n g  i n v o l v e s  f u n c t i o n a l l y  

s p e c i f i c  musc l e  g r o u p s .  One o f  t h e  c o n c e r n s  raised w a s  

r e l a t e d  t o  t h e  c r i t e r i o n  used t o  d i f f e r e n t i a t e  between t h o s e  

muscles  r e l e v a n t  f o r  t h e  l a n d i n g  p r e p a r a t i o n  (Greenwood and 

Hopkins, 1976a, b)  and t h o s e  which w e r e  n o t .  

I n  t h i s  case, o n l y  one s u b j e c t  w a s  tes ted i n  o r d e r  t o  

de t e rmine  whether  l e f t  v s .  r i g h t  limbs w e r e  synchronized  i n  

t h e  p r e p a r a t i o n  f o r  l a n d i n g  d u r i n g  t h e  f l i g h t  p a t h .  The 

s u b j e c t  performed t r i a l s  d i s t r i b u t e d  over  two s e s s i o n s  du r ing  

which a  l a r g e  amount o f  f r e e - f a l l s  (60 p e r  s e s s i o n )  t ook  

p l a c e  from h e i g h t s  r a n g i n g  5-130 c m  (10 t r i a l s ,  6  h e i g h t  

c a t e g o r i e s )  . The o b s e r v a t i o n s  made on r e c o r d i n g s  o f  f o u r  

muscle  g roups  ( s o l e u s  and t i b i a l i s  a n t e r i o r  of  b o t h  l e g s )  

conf i rmed t h a t  b o t h  limbs work t o g e t h e r .  The c o n t r a l a t e r a l  

p a t t e r n s  w e r e  s imi la r  wh i l e  t h e i r  o n s e t  o f  a c t i v i t y  occu r red  

a t  n e a r l y  t h e  same t i m e .  F u r t h e r  ev idence  o f  t h i s  symmetry 

on b o t h  sides o f  t h e  s a g g i t t a l  p l a n e  i s  p r o v i d e d  by Smith 



(1975) i n  an i n v e s t i g a t i o n  on t h e  f o r c e s  a c t i n g  upon l imb 

s t r u c t u r e s  whi le  performing an i d e n t i c a l  l a n d i n g  t a s k  (from 

approx .  1 m h e i g h t ) .  Hence, it w a s  d e c i d e d  t h a t  f o r  t h e  

m a t t e r  under i n v e s t i g a t i o n  it w a s  no t  neces sa ry  t o  r eco rd  EMG 

a c t i v i t y  from homologous muscles.  

6 . 1 . 2 .  M x 

32- a 

With r e g a r d  t o  which muscle groups shou ld  be  s e l e c t e d  

f o r  r eco rd ing ,  it w a s  i n i t i a l l y  t hough t  t h a t  muscles which 

a c t  upon a s i n g l e  j o i n t  s h o u l d  be  chosen ,  s i n c e  t h e i r  

a c t i v i t y  was expec ted  t o  c o r r e l a t e  w i t h  t h e  changes i n  t h e  

r e s p e c t i v e  j o i n t  a n g l e ,  e . g . ,  t h e  s o l e u s ,  t h e  v a s t u s  

l a t e ra l i s ,  and t h e  t i b i a l i s  a n t e r i o r  muscle .  Neve r the l e s s ,  

t h e  s o l e u s  muscle i s  on ly  w e l l  d e f ined  i n  a t h l e t i c  s u b j e c t s ,  

and it i s  d i f f i c u l t  t o  l o c a l i z e  i n  o t h e r  i n d i v i d u a l s .  I t s  

a c t i v i t y  may be  o f t e n  mixed wi th  t h a t  o f  t h e  gast rocnemius .  

I n  t h i s  case, t h e  r e s u l t s  o b t a i n e d  from two s u b j e c t s  i n  a 

t o t a l  of 120 t r i a l s  (2 c o n d i t i o n s  x 6 h e i g h t s  x 10 t r i a l s ) ,  

suggested t h a t  i n  s p i t e  of  t h e  d i f f e r e n c e s  i n  l o c a t i o n ,  t h e s e  

two muscles p r e s e n t  v i r t u a l l y  i d e n t i c a l  p a t t e r n s .  Therefore ,  

d u r i n g  t h e  exper iment  it w a s  dec ided  t o  c o l l e c t  d a t a  on ly  

from t h e  medial  gastrocnemius,  s i n c e  t h e  s o l e u s  a c t i v i t y  was 

r e g a r d e d  as r edundan t  and  i n c o n v e n i e n t  f o r  r e c o r d i n g ,  

e s p e c i a l l y  wi th  s u r f a c e  e l e c t r o d e s .  



6 . 1 . 3 .  F u n c t ~  , . ' ona l  d i ~ ~ r l m l n a t i ~ n  between D r e ~ a r a t o r v  and 

P - W l a n d i n a  

From t h e  p i l o t  s tudy it was not  p o s s i b l e  t o  determine 

any c l e a r  c r i t e r i o n  t o  d i s c r i m i n a t e ,  i n  a  broad sense ,  

between r e l e v a n t  and i r r e l e v a n t  p repara to ry  muscles f o r  t h e  

landing t a s k .  This became poss ib le  only a f t e r  t h e  preliminary 

d a t a  a n a l y s i s ,  i n  which f u n c t i o n a l  d i s t i n c t i o n s  could  be 

made. Pr imar i ly ,  t h e r e  were muscle groups c o n s i s t e n t l y  a c t i v e  ' 

during t h e  f l i g h t  path,  and thus ,  assumed t o  be re levant  f o r  

t h e  p r e p a r a t i o n  t o  l and .  Thei r  onse t  of a c t i v i t y  presented  

r e l a t i v e l y  low v a r i a b i l i t y  and c o n s i s t e n t  p a t t e r n s  across  t h e  

d i f f e r e n t  h e i g h t  c a t e g o r i e s .  It  was p o s s i b l e  t o  i d e n t i f y  

muscles t h a t  were c o n s i s t e n t l y  a c t i v e  only  a f t e r  touchdown, 

while dur ing  t h e  f l i g h t  pa th  t h e i r  a c t i v i t y  presented  l a r g e  

v a r i a b i l i t y ,  and they  were a c t i v e  i n  a  smal ler  percentage of 

t h e  t r i a l s  depending on t h e  he igh t ,  t h e  condi t ion ,  and t h e  

performer.  The f r o n t a l i s  muscle was l a  p r i o r i '  cons idered  

f u n c t i o n a l l y  i r r e l e v a n t ,  and i t s  a c t i o n  was expected  t o  

i n d i c a t e  t h e  p resence  of s t a r t l e  r e f l e x e s  i n  no-vis ion  

condi t ions .  

6 . 1 . 4 .  Se lec t ion  of 'he iaht  of f a l l 1  c a t e a o r i e s .  

I n  t h i s  p a r t  of t h e  p r e l i m i n a r y  s t u d y  one s u b j e c t  

performed landings  from s i x  d i f f e r e n t  h e i g h t s  ( 5  cm, 2 0  cm, 



4 0  cm, 60 cm, 80 cm, and 100 cm) i n  bo th  c o n d i t i o n s  (60  

t r i a l s  f o r  v i s i o n ,  and 60 t r i a l s  i n  no-vis ion c o n d i t i o n ) .  

However, f a t i g u e  was observed, thus  t h e  number of he ights  was 

reduced  t o  f o u r .  I n  a d d i t i o n ,  t h e  s u b j e c t  r e p o r t e d  

d i f f i c u l t i e s  when l and ing  b l i n d f o l d e d  from t h e  h i g h e s t  

he igh t ,  hence t h e  f a l l i n g  h e i g h t s  were rear ranged i n  four  

c a t e g o r i e s  ( lowest  = 5 cm, low = 20 cm, high = 60 cm, and 

h ighes t  = 90 cm) . The t h e o r e t i c a l l y  c a l c u l a t e d  f l i g h t  t imes 

f o r  f a l l i n g  b o d i e s  from t h e s e  h e i g h t s  a t  c o n s t a n t  

g r a v i t a t i o n a l  acce le ra t ion  a r e :  101 msec, 202 msec, 350 msec, 

and 429 msec, r e s p e c t i v e l y .  Never the less ,  t h e  e m p i r i c a l  

f l i g h t  dura t ions  were o f t en  somewhat reduced when t h e  subjec t  

performed t h e  landings,  i n  s p i t e  of t h e  f a c t  t h a t  t h e  he ights  

were s t r i c t l y  measured several times' dur ing  t h e  s e s s i o n .  ' A 

delay i n  t h e  da ta  c o l l e c t i o n  process o r  a  delay caused by t h e  

switch mechanism, were hypothesized. A t e s t  was designed t o  

examine t h e  d i f f e r e n c e s .  A heavy o b j e c t  was dropped from 3 

d i f f e r e n t  h e i g h t s  (low = 20 cm, medium = 50 cm, and high = 

100 m ) .  These r e s u l t s  were then  compared t o  t h e  t h e o r e t i c a l  

values.  It w a s  found t h a t  t h e r e  was no de lay  e x i s t i n g  i n  t h i s  

case .  I n  f a c t ,  t h e  empir ica l ly  measured f l i g h t  t imes obtained 

from dropping t h e  o b j e c t  were wi th in  a  range of k2 msec of 

t h e  t h e o r e t i c a l  f l i g h t  dura t ion  f o r  t h e  r e s p e c t i v e  h e i g h t s .  

Thus, it was concluded t h a t  t h e s e  d i f f e r e n c e s  (between human 

s u b j e c t s  and inanimate  o b j e c t s )  should  be exper imen ta l ly  



c o n t r o l l e d  by p r e - s e t t i n g  a p p r o p r i a t e  h e i g h t  of f a l l  ranges  

t h a t  p e r m i t t e d  t o  o b t a i n  t h e  f l i g h t  t i m e s  d u r a t i o n s  needed 

du r ing  t h e  t e s t i n g  s e s s i o n .  The reason  f o r  t h e s e  d i f f e r e n c e s  

seems t o  b e  unconscious,  caused by a  r e a c t i o n  of  t h e  s u b j e c t s  

upon r e l e a s e .  There  appeared t o  be  a tendency  t o  keep t h e  

c o n t a c t  w i th  t h e  overhead b a r  as long as p o s s i b l e  by s l i d i n g  

down u n t i l  t h e  e f f o r t  o f  t h e  hand t o  remain suspended w a s  

overcome by t h e  weight of  t h e  body. I n  a d d i t i o n ,  it 'seemed 

t h a t  s u b j e c t s  r e l a x e d  t h e i r  muscles v o l u n t a r i l y  j u s t  b e f o r e  

r e l e a s e ,  b u t  no t  whi le  measurement of  t h e  h e i g h t  o f  f a l l  took 

p l a c e  ( e s p e c i a l l y  t h e  shoulder  g i r d l e  d e p r e s s o r s ) .  These two 

f a c t o r s  reduced t h e  f l i g h t  t i m e s  i n  most of  t r i a l s  du r ing  t h e  

a c t u a l  t es ts  l a t e r  i n  t h e  exper iment .  Th i s  phenomenon may 

o n l y  be  unders tood  i n  l i g h t  of t h e  p s y c h o l o g i c a l  b e n e f i t s  

t h a t  ' s h o r t e n i n g  ' t h e  f l i g h t  d u r a t i o n  cou ld  b r i n g  ( i n  t e r m s  

of impacts on body s t r u c t u r e s ,  probably t h e r e  would no t  be a  

g r e a t  r e d u c t i o n  of  i n j u r y  r i s k s ) .  Based on t h i s  f i nd ing ,  f o u r  

he igh t  of f a l l  ranges  (5-10 cm, 20-25 cm, 60-65 cm,  and 90-95 

c m )  were s t i p u l a t e d  du r ing  t h e  a c t u a l  tests t o  compensate f o r  

t h e  t endency  t o  d e c r e a s e  f l i g h t  d u r a t i o n s .  Moreover, t h e  

h e i g h t s  were measured from t h e  b i g  t o e s  a t  a p l a n t a r  f l e x i o n  

p o s i t i o n ,  a f t e r  t h e  s u b j e c t  r e l a x e d  t h e  feet whi le  suspended 

from t h e  overhead b a r  and a f t e r  b e i n g  i n s t r u c t e d  t o  ex tend  

t h e  upper body. 



6.2 .  R e s u l t s  from t h e  EMG d a t a  a n a l v s i g .  

I I 6.2 .1 .  Muscular a c t  J v l t v  r e l e v a n t  i n  t h e  ~ r e ~ a r a t i o n  t~ 

laJld. 

The main hypo thes i s  of t h i s  work r e l a t e s  t o  t h e  t iming  

s t r a t e g i e s  adopted by s u b j e c t s  du r ing  l and ing  performances i n  

o r d e r  t o  p reven t  i n j u r i e s  a t  c o l l i s i o n  wi th  t h e  s u b s t r a t e .  Of 

p a r t i c u l a r  i n t e r e s t  w a s  t h e  r o l e  of t h e  v i s u a l  system. ' 

According t o  t h e  Direct P e r c e p t i o n  approach  (Gibson, 

1979)  t h e  i n f o r m a t i o n  a v a i l a b l e  i n  t h e  envi ronment  i s  

immediate ly  p e r c e i v e d  as t h e  i n d i v i d u a l  moves t h rough  it. 

T h i s  c a u s e s  a  c o n s t a n t  f low o f  i n f o r m a t i o n  a t  t h e  o p t i c  

a r r a y ,  an  # o p t i c  f low f i e l d ' .  The '7 s t r a t e g y '  proposed by 

Lee (1974, 1976, 1980a, la) has  been forwarded as a p l a u s i b l e  

h e u r i s t i c .  T h i s  i n v e s t i g a t i o n  w a s  aimed a t  a s s e s s i n g  tM 

e x t e n t  t o  which t h i s  s t r a t e g y  may be used by human s u b j e c t s  

i n  t iming  t h e i r  response i n  p r e p a r a t i o n  f o r  l and ing .  The t i m e  

of  i n i t i a t i o n  of  muscular  a c t i v i t y  w a s  expec ted  t o  i n d i c a t e  

when, du r ing  t h e  f l i g h t  pa th ,  i n d i v i d u a l s  pe rce ived  t h a t  t h e  

o p t i c  v a r i a b l e  T ( t )  has  reached a  c r i t i c a l  va lue  T(,) . 
The i n i t i a l  f i n d i n g s  i n d i c a t e d  t h a t  n o t  a l l  muscle  

groups seem t o  be c o n s i s t e n t l y  a c t i v e  d u r i n g  t h e  f l i g h t .  The 

t i b i a l i s  a n t e r i o r  muscle w a s  g e n e r a l l y  i n h i b i t e d ,  whi le  i t s  

a g o n i s t  d u r i n g  p l a n t a r  f l e x i o n  ( t h e  g a s t r o c n e m i u s )  was 

undoubtedly a c t i v e  i n  most of  t h e  c a s e s .  Fukuda e t  a l .  (1987) 



r e p o r t e d  a s  we l l  t h a t  t h e  t i b i a l i s  a n t e r i o r  muscle i s  not  

a c t i v e  before  touchdown i n  2 out  of 5 of t h e  performers,  i n  

l and ings  on a s t i f f  p l a t fo rm.  This  muscle, however, was 

l a r g e l y  a c t i v e  during t h e  post-landing pe r iod  (Fukuda e t  a l . ,  

1 9 8 7 ) .  Hence, t h e  t i b i a l i s  a n t e r i o r  was e l i m i n a t e d  f o r  

a n a l y s i s  purposes.  With regard  t o  t h e  b iceps  femoris ,  i t s  

a c t i v i t y  was not e a s i l y  recorded, and it was l a r g e l y  v a r i a b l e  

depending on t h e  s u b j e c t  and t h e  l and ing  c o n d i t i o n .  The 

a c t i v i t y  of t h e  vas tus  l a t e r a l i s  was not  always present  a s  i n  

t h e  c a s e s  of  t h e  gas t rocnemius  and t h e  r e c t u s  femor is  

muscles .  When t h i s  muscle d i d  show a c t i v i t y  d u r i n g  t h e  

f l i g h t ,  i t s  i n i t i a t i o n  w a s  a l s o  l a r g e l y  v a r i a b l e .  Non-defined 

p a t t e r n s  were observed i n  t h e  c u r v e - f i t t i n g  process  due t o  

t h e  s c a t t e r  of t h e s e  da ta  p o i n t s .  
/ 

I n  l i g h t  of t h e  a c t i v i t y  seen i n  p a r t i c u l a r  muscles 

dur ing  t h e  pre- landing per iod ,  a s  opposed t o  o t h e r s  mainly 

a c t i v e  d u r i n g  t h e  pos t - landing  one, t h e  i d e a  of e x i s t i n g  

f u n c t i o n a l  s y n e r g i e s  (Lee, W . ,  1984) was rega rded  a s  

f e a s i b l e .  C o r r e l a t i o n  c o e f f i c i e n t s  were c a l c u l a t e d  f o r  t h e  

d i f f e r e n t  muscle groups i n  t h e  t a s k .  The r e s u l t s  a r e  shown i n  

t h e  c o r r e l a t i o n  matr ices  below (Tables l a  and l b ) .  



Table  l a  C o r r e l a t i o n  m a t r i x  muscular  a c t i v i t v  i n i t i a t i o n  

. . r e c o r d e d  from 4 musc les  Groups In vision c o n d i t i o n  I n  s i x  

s u b i e c t s .  

SUBJECTS 

Pairs  1 2 3 4 5 6 

GA-RF .60** .81** .84** .81** .50* .82* 

GA-BF .38 .77** .73** .69** .64** .75** 

GA-VL .25 .58* .88** .78** .48* .56* 

BF-RF .44 .74** .69* .68** .46 .92** 

BF-VL -.20 .68** .60* .64** .20 .72** 

RF-VL .21  ' ,72** .83** ,82** .75** .64* 



Table l b  C o r r e l a t i o n  mat r ix  muscular a c t i v i t v  i n i t i a t i o n  

' n  - . . n a ,  r * 
~ u b i e c t z . 4  

SUBJECTS 

Pairs 1 2 3 4 5 6 

GA-RJ? .74** .52* .82** .60** .76** .64** 

GA-BF .86** .42 .57* .57** .62* .54* 

GA-VL ,64* .51 .92* .59** .49* .66** 

BF-RJ? .63** .98** .46 .71** .46 - 5  6* 

BF-VL .49 .81* .go* .58** - 2 3  .30 

RF-VL .59 ,85** -84* .49* .el** .69** 

A t  s i g n i f i c a n c e  l e v e l s  of  g 1.05 and  g 1.01, t h e  

c o e f f i c i e n t s  i n d i c a t e  t h a t  t h e  d i f f e r e n t  muscles  seem t o  be 

affected by common u n d e r l y i n g  c o n s t r a i n t s  g i v i n g  p l a c e  t o  a 

c o o r d i n a t i v e  s t r u c t u r e  (Easton,  1 9 7 8 ) .  T h i s  i s  t h e  c a s e  i n  

81% o f  t h e  p a i r s  i n  t h e  v i s i o n  c o n d i t i o n ,  and i n  78% of  t h e  

4 ~ ~ :  gastrocnemius, RF: rectus femoris, BF: biceps fernoris, VL: vastus lateralis. The same 
abbreviations are valid for table 1 a. 



p a i r s  i n  no-vis ion c o n d i t i o n s .  These s c o r e s ,  however, should 

be i n t e r p r e t e d  w i t h  c a u t i o n .  For  i n s t a n c e ,  t h e  number of 

d e g r e e s  o f  f reedom o f  t h e  gas t rocnemius  and  t h e  r e c t u s  

femoris  were lowered when c o r r e l a t e d  wi th  t h e  b i ceps  femoris  

and t h e  v a s t u s  l a t e r a l i s ,  s i n c e  t h e  l a t t e r  were no t  a c t i v e  i n  

a l a r g e  p e r c e n t a g e  of  t h e  t r i a l s .  The gas t rocnemius- rec tus  

f emor i s  p a i r ,  n o n e t h e l e s s ,  showed c o e f f i c i e n t s  t h a t  may be 

r e p r e s e n t a t i v e  o f  a c o o r d i n a t e d  a c t i o n ,  s u g g e s t i n g  t h a t  

changes i n  t h e  t i m e  of  i n i t i a t i o n  of one of t h e s e  muscles i s  

accompanied  by  s u b s e q u e n t  changes  i n  t h e  o t h e r ,  and  

t h e r e f o r e ,  p r o v i d i n g  some s u p p o r t  f o r  t h e  h y p o t h e s i z e d  

f u n c t i o n a l  synergy i n  t h e  pre- landing s t a g e s .  

With r e g a r d  t o  t h e  a c t i v i t y  of  t h e  f r o n t a l i s  muscle, 

t h i s  w a s  measured t o  i n d i c a t e  t h e  p r e s e n c e  of s t a r t l e  

r e f l e x e s  o c c u r r i n g  a f t e r  r e l e a s e  as  o b s e r v e d  d u r i n g  

unexpected f a l l s  i n  o t h e r  r epo r t ed  exper iments  (Greenwood and 

Hopkins, 1976a) . Thi s  r e f l e x i v e  a c t i v i t y  o f t e n  appeared  i n  

t h e  l a n d i n g  r e l a t e d  muscles ( M e l v i l l  Jones  and W a t t ,  1971a, 

b ) ,  and i n  t h e  upper  l imb muscles  a s  w e l l  (Greenwood and 

Hopkins, b976a, b )  a t  a l a t e n c y  of o n s e t  of 75-90 msec a f t e r  

r e l e a s e ,  and it ended a f t e r  200 msec (Greenwood and Hopkins, 

1980) . However, s i n c e  s u b j e c t s  i n  t h i s  experiment performed 

l a n d i n g s  i n  s e l f - r e l e a s e  v o l u n t a r y  c o n d i t i o n s ,  it  was 

hypothes ized  t h a t  r e f l e x i v e  a c t i v i t y  w i l l  no t  be  p r e s e n t ,  a t  

l e a s t  i n  v i s i o n  c o n d i t i o n s .  Greenwood and Hopkins (1976a) 



found t h a t  t h e  i n i t i a l  b u r s t  of a c t i v i t y ,  i n t e r p r e t e d  a s  a  

' s t a r t l e  r e f l e x '  t o  sudden f a l l s ,  was i n h i b i t e d  i n  a l l  

muscles f ,  when sub jec t s  re leased  

themselves.  I n  t h i s  s tudy t h e  f r o n t a l i s  muscle was l a r g e l y  

a c t i v e  a t  t h e  t ime  t h e  v o l u n t a r y  EMG a c t i v i t y  was a l s o  

observed i n  t h e  landing  r e l a t e d  muscles e .  , t h e  second 

b u r s t ) ,  i n  s p i t e  of t h e  f a c t  t h a t  s u b j e c t s  r e l e a s e  themselves 

a t  t h e i r  own w i l l .  I t  seemed t h a t  i t s  a c t i v i t y  w a s  no t  

r e l a t e d  t o  s t a r t l e  r e f l e x e s  observed i n  t h e  l imbs ,  i n  ' 

con t rad ic t ion  with t h e  observat ions repor ted  by Greenwood and 

Hopkins (1976a) 

The fo l lowing histograms show t h e  percentage of a c t i v e  

t r i a l s  of t h e  f r o n t a l i s  muscle f o r  t h e  performance of each 

sub jec t  from 4 . ' h e i g h t s t  of f a l l  and 2 ' c o n d i t i o n s t .  



3 4 
SUBJECTS 

Ficrure Frontalis muscle activation in 4 heights of 

fall (vision conditions across 6 subjects) . 

3 4 5 6 
SUBJECTS 

Fiaure 4b Frontalis muscle activation in 4 heights of 

fall (no-vision conditions across 6 subjects) . 



The main e f f e c t s  were a s s e s s e d  by c a r r y i n g  o u t  a  2-way 

RM ANOVA ( 2  ' c o n d i t i o n s '  x 4 ' h e i g h t s ' )  on bo th  f a c t o r s .  The 

r e s u l t s  showed t h a t  t h e  main e f f e c t  f o r  ' c o n d i t i o n s ' ,  t h e  

main e f f e c t s  f o r  ' h e i g h t s ' ,  and t h e  i n t e r a c t i o n  between t h e s e  

f a c t o r s  a l l  were s i g n i f i c a n t  (a I - 0 5 ) .  Table  2 shows t h e  

r e s u l t s .  

Table  2 P e s u l t s  o f  t h e  a n a l v s i s  o f  v a r j a n c e  on t h e  

g e r c e n t a a e  o f  activation of  t h e  f r o n t a l i s  muscle a c r o s s  6 

s u b i e c t s .  - 

MAIN EFFECTS a. E value prob. F 

Heights 

Conditions 

Interaction 



HEIGHTS (CM) 

- 
- 
- 
- 
- 

Fiau re  5 Main e f f e c t s  and i n t e r a c t i o n  f o r  t h e  f r o n t a l i s  

muscle a c t i v a t i o n  i n  2 ' cond i t i ons '  and 4 ' h e i g h t s '  of f a l l .  

_e-_-e------Q 

- NO-VISION 

--am- VISION 

I I I I I I I I rb  

The r e s u l t s  shown can be i n t e r p r e t e d  a s  evidence f o r  t h e  

e x i s t e n c e  o f  s t a r t l e  a c t i v i t y  r e p r e s e n t a t i v e  of d i f f e r e n t  

0 10 2 0  30 4 0  5 0  60  70  8 0  90 

a r o u s a l  s t a t e s  i n  c o n d i t i o n s  i n  which v i s u a l  c u e s  a r e  

e l i m i n a t e d .  However, t h e  p re sence  of  EMG s i g n a l s  o b t a i n e d  

from t h e  f r o n t a l i s  muscle (presumably u n r e l a t e d  t o  l a n d i n g ) ,  

was observed r e g a r d l e s s  o f  t h e  onse t  o f  t h e  f i r s t  EMG b u r s t ,  

which i s  i n c o n s i s t e n t  wi th  t h e  r e s u l t s  r e p o r t e d  by Greenwood 

and Hopkins (1976a) i n  unexpected f a l l s .  These EMG b u r s t s  i n  

t h e  f r o n t a l i s  muscle were observed i n  s p i t e  o f  t h e  ' s e l f -  

r e l e a s e  f a l l s ' .  The p e r c e n t a g e  s f  a c t i v a t i o n  was 

s i g n i f i c a n t l y  l a r g e r  i n  t h e  a b s e n c e  o f  v i s u a l  c u e s ,  

s u p p o r t i n g  t h e  h y p o t h e s i s  t h a t  s t a r t l e  r e s p o n s e s  may be 

ev idenced  i n  t h e  no -v i s ion  c o n d i t i o n s .  None the l e s s ,  when 



v i s u a l  gu idance  w a s  a v a i l a b l e  a c t i v i t y  w a s  a l s o  observed,  

a l t hough  no t  a t  such h igh  pe rcen tages  as when t h e  s u b j e c t s  

were unab le  t o  see. I n  a d d i t i o n ,  t h e  effects  o f  h e i g h t s  on 

t h e  a c t i v a t i o n  o f  t h i s  muscle r e v e a l s  t h a t  f o r  t h e  h i g h e s t  

l and ings  s u b j e c t s  showed s t a r t l e  a c t i v i t y  more c o n s i s t e n t l y .  

More i n t e r e s t i n g ,  however, i s  t h e  s i g n i f i c a n t  i n t e r a c t i o n  

found.  I t  can  be  observed  t h a t  beyond t h e  20 c m  h e i g h t  

ca t ego ry  t h e r e  i s  a s h a r p  i n c r e a s e  i n  pe rcen tage  o f -  t r i a l s  

showing t h i s  s t a r t l e  response  t o  i n i t i a t i o n  of  t h e  f a l l ,  ' 

p a r t i c u l a r l y  when s u b j e c t s  were b l i n d f o l d e d .  I n  t h e  lowest  

h e i g h t ,  however, t h e  v i s u a l  cond i t i on  d i d  n o t  seem t o  a f f e c t  

t h e  s u b j e c t s  response .  Post-hoc comparisons w e r e  done f o r  t h e  

s i g n i f i c a n t  i n t e r a c t i o n  t o  g e t  f u r t h e r  i n s i g h t s  on t h e s e  

e f f e c t s  i n  s p e c i f i c  pai r -wise  cases. The r e s u l t s  a r e  shown i n  

t h e  t a b l e  3a and 3b. 



Table 3a Di f f e r ences  between percen taae  of a c t i v a t i o n  of 

t h e  f r o n t a l i s  muscle f o r  VlslOn c o n d l t l o n  a . . I I nd 4 h e i a h t s  

o f  f a l l  ( m a r a ~ n a l  means and s i a n i f i c a n c e  of t h e  

HEIGHTS (CM) 



Table 3b Di f f e r ences  between ~ e r c e n t a a e  of a c t i v a t i o n  of 

t h e  f r o  - . . n t a l i s  muscle f o r  no vision c o n d i t i o n  and 4 

h e i a h t s  of f a l l  (marainal  means and s i a n i f i c a n c e  o f  t h e  

d i f f e r e n c e s  . 

HEIGHTS (CM) 

I n  l i g h t  o f  t h e  f i n d i n g  t h a t  a c t i v i t y  o f  musc les  

u n r e l a t e d  t o  l a n d i n g  occu r s  independent ly  o f  t h e  appearance 

o f  t h e  f i r s t  b u r s t  o f  a c t i v i t y  i n  r e s p o n s e  t o  t h e  f a l l  

( M e l v i l l  J o n e s  and  W a t t ,  1971a,  b ) ,  it a p p e a r s  t h a t  

p r e p a r a t i o n  f o r  l and ing  i s  n e i t h e r  s t r i c t l y  a vo lun ta ry  o r  a  

r e f l e x i v e  mechanism. 



6 . 2 . 2 .  A n a l v s i s  of  t h e  l a n d i n a  s t r a t e c r v  i n  v i s i o n  

cond i t i ons :  

The t i m e  p e r i o d  between t h e  moment o f  i n i t i a t i o n  of EMG 

a c t i v i t y  ( i n  t h e  g a s t r o c n e m i u s  a n d  t h e  r e c t u s  f e m o r i s  

muscles)  and t h e  moment of  touchdown d e f i n e d  t h e  l i m i t s  of  

t h e  p e r c e i v e d  t i m e - t o - c o n t a c t  w i t h  t h e  g r o u n d .  T h i s  

p r e p a r a t o r y  p e r i o d  was analyzed i n  o r d e r  t o  u n v e i l  t h e  t iming  

s t r a t e g i e s  used by t h e  per formers .  For  t h e  v i s i o n  c o n d i t i o n  

t h e  7 h e u r i s t i c  w a s  hypo thes i zed ,  i n  t h a t  it a l l o w s  an  

immediate t empora l  e s t i m a t e  of t h e  moment when a c t i o n  should 

be  i n i t i a t e d ,  i . e . ,  when t h e  o p t i c  v a r i a b l e  7 r e a c h e s  a 

c r i t i c a l  va lue  T(,) based on t h e  t ime-to-contact  ( tc) .  

2 1/2  - Accordingly, tc = t d  + Ttm) - (T(,)2 + t d  ) 

where ta i s  a t ime-delay between p e r c e p t i o n  of T(,) and t h e  

moment of  i n i t i a t i o n  of EMG a c t i v i t y .  

The hypothesized b e s t - f i t  f o r  such model would fo l low an 

e x p o n e n t i a l  s a t u r a t i o n  cu rve  f o r  which y = A -  (1 - e n a x )  

(Spain ,  1982) ,  approaching  an asymptote ' A q  as f l i g h t  t ime  

inc reased ,  whi le  ' n l  i s  always nega t ive .  An e s t i m a t i o n  of t h e  

va lue  A was r e q u i r e d  by t h e  program i n  o r d e r  t o  proceed wi th  

a p p r o p r i a t e  c a l c u l a t i o n s  o f  t h e  r e g r e s s i o n  l i n e .  T h i s  

e s t i m a t i o n  was assumed t o  be never  s h o r t e r  t h a n  a v i s u a l  pre-  

motor r e a c t i o n  t i m e  (2 120 msec) . 



F o r  t h e  n o - v i s i o n  c o n d i t i o n  a ' l i n e a r  model '  was 

hypothesized,  s i n c e  s u b j e c t s  were expected t o  s ta r t  a c t i n g  a t  

a c o n s t a n t  t i m e  a f t e r  r e l e a s e ,  i . e . ,  t h e i r  a c t i o n  w a s  no t  

expec ted  t o  be  r e l a t e d  t o  t h e  moment o f  l and ing ,  b u t  t o  t h e  

moment of  i n i t i a t i o n  of  t h e  f a l l .  Therefore ,  a s  t h e  f l i g h t  

t i m e  i n c r e a s e d ,  l i n e a r  increments  i n  t ime- to -con tac t  were 

expected.  

The Goodness-of-Fi t  t e c h n i q u e  by t h e  l i n e a x  l e a s t  

s q u a r e s  p r o c e d u r e  (Spa in ,  1 9 8 2 )  w a s  u s e d  t o  compare t h e  ' 

ob ta ined  r e s u l t s  t o  t h e  t h e o r e t i c a l  cu rves .  Extremely h igh  o r  

low s c o r e s  were e l i m i n a t e d  a f t e r  e v a l u a t i n g  t h e i r  e f f e c t s  on 

t h e  p r e d i c t e d  Y '  v a lues ,  and a f t e r  i n s p e c t i n g  c a r e f u l l y  t h e  

ob ta ined  p l o t t e d  r e s u l t s .  This  procedure  w a s  mot ivated by t h e  

c e r t a i n  c h a r a c t e r i s t i c s  of  t h e  l i n e a r  l e a s t  squa re s  p roces s  

which i n v o l v e s  a t r a n s f o r m a t i o n  of  t h e  d a t a  t o  l i n e a r  form 

( ln) .  A s  a r e s u l t ,  t h e r e  i s  a t endency  t o  c l u s t e r  extreme 

va lues ,  and nega t ive  o r  ze ro  va lues  are no t  s u i t a b l e  f o r  t h i s  

t r ans fo rma t ion .  The weight of very  h igh  o r  low s c o r e s  becomes 

i n c r e a s e d ,  and  t h e r e f o r e  it d i s t o r t s  t h e  b e s t - f i t .  I n  

a d d i t i o n ,  t h e  a l g o r i t h m  used f o r  t h e  e x p o n e n t i a l  s a t u r a t i o n  

model r e l i e s  on t h e  assumpt ion  t h a t  a z e r o  v a l u e  o f  X 

cor responds  t o  a z e r o  v a l u e  of  Y, and t h e r e f o r e  t h e  cu rve  

must s t a r t  a t  z e r o .  To overcome t h i s  assumption,  t h e  s c o r e s  

of each  s i n g l e  curve  were s h i f t e d  by s u b t r a c t i n g  a c o n s t a n t  

equa l  t o  t h e  lowest  s c o r e  of t h e  given X and Y s e t  of v a l u e s .  



The e m p i r i c a l  and t h e  t h e o r e t i c a l  r e s u l t s  w e r e  t h e n  p l o t t e d  

on a  g r a p h i c s  a p p l i c a t i o n  (Cr icke t  Graph) r a n  on a  Macintosh 

SE microcomputer. 

F o r  one o f  t h e  s u b j e c t s  ( f i g u r e  7c )  t h e  number of 

d e g r e e s  o f  f reedom w a s  n o t a b l y  r e d u c e d  i n  t h e  v i s i o n  

c o n d i t i o n ,  s i n c e  t h e  r e c t u s  femor i s  w a s  o n l y  a c t i v e  d u r i n g  

h a l f  of t h e  t o t a l  number of t r i a l s .  This  i n d i v i d u a l  adopted 

p a t t e r n s  of  l and ing  t h a t  d i d  no t  r e q u i r e d  t h e  u se  of muscular 

p r e p a r a t o r y  a c t i v i t y  d u r i n g  t h e  f a l l s  from t h e  5-25 c m  

c a t e g o r i e s .  I n  g e n e r a l ,  t h e  lowest  h e i g h t s  of  f a l l  d i d  no t  

enhanced p r e p a r a t o r y  a c t i v i t y  i n  o t h e r  cases e i t h e r ,  and 

t h e r e f o r e  t h e r e  are fewer d a t a  p o i n t s  r e p r e s e n t e d  i n  t h e  

b e s t - f i t t i n g  curves .  

When t h e  l i n e a r  model w a s  a p p l i e d  t o  t h e  i n d i v i d u a l ' s  

d a t a ,  t h e  r2 v a l u e s  were, f o r  t h e  most p a r t ,  s i g n i f i c a n t l y  

h i g h e r  t h a n  t h o s e  r e s u l t i n g  from t h e  e x p o n e n t i a l  s a t u r a t i o n  

r e g r e s s i o n .  The r e s u l t s  are shown i n  Tables  4 a  and 4b. 



Table 4a & coefficients for the best-f ittina ex~onential 
saturat ion and straiaht line models for t he glggtrocnemiug 

VISION NO-VISION 

d . f .  EXP. LIN , d . f .  EXP. LIN . 
S1 18  .2 65 .706 22 .5 63 .807 

Table 4b r2 coefflclents for 8 # - 

on and stra aht line models for the 

rectus femoris muscle in vision and no-vision conditions. 

VISION NO-VISION 

d . f .  EXP. LIN. d . f .  EXP. LIN. 



To a s s e s s  f u r t h e r  d i f f e r e n c e s  be tween  t h e  two 

hypothes ized  models, t h e  2 c o e f f i c i e n t s  w e r e  t r ans formed t o  

ZL s c o r e s ,  and t h e s e  w e r e  subsequent ly  used as t h e  dependent 

v a r i a b l e  i n  a 3-way RM ANOVA ( 2  ' c o n d i t i o n s '  x  2 'models'  x  2 

' m u s c l e s ' )  carried o u t  t o  de t e rmine  t h e  e f f e c t s  of t h e s e  

f a c t o r s  on t h e  x c o e f f i c i e n t s ,  p a r t i c u l a r l y ,  d i f f e r e n c e s  

between t h e  l i n e a r  and exponent ia l  s a t u r a t i o n  models. 

The r e s u l t s  showed t h a t  t h e  on ly  s i g n i f i c a n t  e f f e c t  w a s  

observed f o r  t h e  b e s t - f i t  'models'  f a c t o r ,  t h i s  be ing  t h e  2 

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

s i g n i f i c a n t l y  h i g h e r  t han  t h e  exponen t i a l  s a t u r a t i o n  one. The 

r e s u l t s  a r e  p re sen ted  i n  t h e  fol lowing t a b l e .  

Table  5 P e s u l t s  o f  t h e  3-wav RM ANOVA (2 ' c o n d l t l o n s  x I 

2 'models1 x 2 'musc l e s ' )  on r c o e f f l c l e n t s  con . , v e r t e d  t o  Zy 

S_COlteS. 

MAIN EFFECTS F value p r . o f  F 

Condit ions 1, 5  0.107 0.075 

Model 1, 5  8.784 0.031* 

Muscle 1, 5 5.006 0.074 

Cond. x Mod. . 1, 5 0.119 0,739 

C0nd.x Musc. 1, 5 1.472 0,279 

Musc.x Mod. 1, 5 1.465 0.280 

C0nd.x Mus.x Mod. 1, 5 0 . 4 7 1  0.527 



These r e s u l t s  gave an i n i t i a l  i n d i c a t i o n  of t h e  s t r a t e g y  

used by s u b j e c t s .  In  cont inuat ion with t h e  procedures t o  

a s sess  t h e  most r ep resen ta t ive  model, a regress ion  a n a l y s i s  

using f i r s t  and second order  polynomials ( l i n e a r  and 

quadra t ic )  w a s  c a r r i e d  out i n  order  t o  v e r i f y  t h e  

s ign i f i cance  of t h e  s t r a i g h t  l i n e  r e l a t i o n  a l ready observed. 

The t e s t  of s ign i f i cance  of d i f f e rences  between t h e  r e s i d u a l s  

(L-test)  of t h e  f i r s t  and t h e  second o rde r  polynomials,shows 

t h a t ,  i n  general ,  t h e  l i n e a r  f i t  seemed t o  be favored. That 

is ,  t h e r e  were only a few cases i n  which a d d i t i o n a l  sources 

of v a r i a b i l i t y  were accounted f o r  by t h e  add i t ion  of a 

quadra t i c  term. The p r o b a b i l i t y  f o r  t h e  d i f f e r e n c e s  between 

c o e f f i c i e n t s  ( i . e . ,  a r a t i o  between t h e  sum of squares of t h e  

regress ion  SSreg over t h e  sum of squares of t h e  r e s i d u a l s  

SSres-) i s  presented i n  t h e  Table 6a and 6b. 



Table  6a I c o e f f l c ~ e  . I n t s .  d i f f e r e n c e s  between I' l i n e a r  

8 ,  

,) . and n r o b a u l t v  a s s o c  a t e d  w i th  t h e  

d i f f e r e n c e .  f o r  t h e  aas t rocnemius  muscle f o r  each  s u b i e c t  i n  

b o t h  v i s u a l  c o n d l t l o n g .  . . 
L 

VISION NO-VISION 

LIN. QUADR. Ar LIN. QUADR. Ar , 



Table 6b I' c o e f f ~ c l e n t s .  d i f f e r e n c e s  b e t  I I ween I l i n e a r  

I I 

, and ~ r o b a b l l l t v  assoc3 ated wi th  ?.he 

d i f f e r e n c e .  f o r  t h e  r e c t u s  femoris  muscle f o r  each  s u b i e c t  i n  

bo th  v i s u a l  c o n d ~ t l q g ~ .  I I 

VISION NO-VIS ION 

- - 

LIN. QUADR. A r  LIN. QUADR. Ar 

The p o o l e d  d a t a  p o i n t s  showed a somewhat c l e a r e r  

p i c t u r e .  The f irst  o r d e r  polynomial accounted f o r  most of  t h e  

d i f f e r e n c e s  b e t w e e n  r e s i d u a l s  i n  t h e  case o f  t h e  

gast rocnemius  muscle i n  bo th  v i s u a l  c o n d i t i o n s .  I n  t h e  c a s e  

of the  the r e c t u s  femor i s  muscle i n  no-vis ion cond i t i ons ,  t h e  

r e s u l t s  showed t h a t  a d d i t i o n  o f  a q u a d r a t i c  t e r m  t o  t h e  

l i n e a r  model, accounted f o r  t h e  v a r i a b i l i t y  i n  a s i g n i f i c a n t  



manner, w h i l e  i n  t h e  v i s i o n  c o n d i t i o n s  t h e  r e s u l t s  s t i l l  

remained unconfi rmed whether t h e  l i n e a r  f i t  w a s  t h e  b e s t  

( t h i s  w a s  p robably  due t o  t h e  l a r g e  v a r i a b i l i t y  o f  t h e  d a t a  

p o i n t s ) .  However, t h e  p l o t t e d  r e s u l t s  seem t o  f o l l o w  an  

exponen t i a l  curve  p o s i t i v e l y  a c c e l e r a t e d ,  and t h e r e f o r e  t h i s  

i s  o p p o s i t e  t o  t h e  i n c r e a s e s  i n  t h e  pe rce ived  t ime-to-contact  

p r e d i c t e d  by t h e  T(,) model . The r e s u l t s  are shown i n  t h e  

nex t  t a b l e  and t h e y  are i l l u s t r a t e d  i n  t h e  fo l lowing  f i g u r e s .  

Table 7 r c o e f f l c l e n t s ,  d i f f e r e n c e s  b e t  I *  ween r l i n e a r  and 

I' a u a d r a t i c  (4 . . 
r ) . x  

d i f f e r e n c e .  f o r  ~ o o l e d  d a t a  ob ta ined  from t h e  aastrocnemius 

gnd t h e  r e c t u s  femoris  muscles i n  bo th  v i s u a l  c o n d l t l o n s .  8 .  

VISION NO-VIS ION 

Linear (x)  .797 .639 .735 .739 

Quadr. (x2) .800 .648 . 741  .768 

Diff. (Ar) .003 .008 .006 .029* 



100 200 300 400 500 
Flight Time (msec) 

Fiaure Best-fitting curve for the gastrocnemius 

muscle in vision conditions. 

100 200 300 400. 500 
Flight Time (msec) 

Fiaure 6h Best-fitting curve for the rectus femoris 

muscle in vision conditions. 



0 100 200 300 400 500 
Fllght Tlme (msec) 

Fiaure 6c Best-fitting curve for the gastrocnemius 

muscle in no-vision conditions. 

0 100 200 300 400 500 
Flight Time (msec) 

Fiaure 6d Best-fitting curve for the rectus femoris 

muscle in no-vision conditions. 



I n  l i g h t  o f  t h e  above, t h e  s t r a t e g y  used  by f a l l i n g  

s u b j e c t s  i n  t h e  p r e p a r a t i o n  f o r  l a n d i n g  seems t o  be  b e s t  

r ep re sen ted  by t h e  s t r a i g h t  l i n e  r e l a t i o n s h i p ,  i . e . ,  s u b j e c t s  

s t a r t e d  t h e i r  a c t i o n s  a t  a c o n s t a n t  t i m e  from t h e  moment of 

release, t h u s  t h e  t ime-to-contact  v a r i a b l e  i n c r e a s e d  l i n e a r l y  

wi th  i n c r e a s e s  i n  f l i g h t  t i m e .  

6 . 2 . 3 .  The s t r a t e a v  i n  no - v l s l o n  cond l t l ons .  I I 4 I 

I n  t h e  b l i n d f o l d e d  c o n d i t i o n s  t h e  same a n a l y s i s  w a s  ' 

performed. The r e s u l t s  showed t h a t  when v i s i o n  was occluded,  

s u b j e c t s  seemed t o  f o l l o w  a l i n e a r  s t r a t e g y  based  on t h e  

moment o f  release i n  o r d e r  t o  i n i t i a t e  t h e i r  a c t i o n .  Th i s  

t r e n d  w a s  observed i n  bo th  muscles recorded  when t h e  r e s u l t s  

were compared t o  t h e  exponen t i a l  s a t u r a t i o n  model. The l i n e a r  

model w a s  con f i rmed  by t h e  r e g r e s s i o n  a n a l y s i s  i n  t h e  

gastrocnemius muscle, whi le  i n  t h e  case of  t h e  r e c t u s  femoris  

t h e  s c a t t e r  o f  t h e  d a t a  p o i n t s  appeared  t o  i n f l u e n c e  t h e  

r e s u l t s ,  and  t h u s ,  i n  t h e  v i s i o n  c o n d i t i o n s  t h e  r e s u l t s  

o b t a i n e d  from t h i s  muscle (Table 7 )  showed t h a t  n e i t h e r  t h e  

f i r s t  no r  t h e  second o r d e r  polynomial  cou ld  account  f o r  t h e  

va r i ance  around t h e  r e g r e s s i o n  l i n e .  The r e s u l t s  from t h e  no- 

v i s i o n  c o n d i t i o n s  i n  t h e  r e c t u s  f e m o r i s  showed t h a t  t h e  

q u a d r a t i c  model w a s  t h e  most r e p r e s e n t a t i v e .  I t  i s  c l e a r  from 

o u r  r e s u l t s ,  a t  l e a s t  a s  an  argument by d e f a u l t ,  t h a t  t h e  

n e g a t i v e l y  a c c e l e r a t e d  r e l a t i o n s h i p  expected i f  s u b j e c t s  were 



u s i n g  t h e  7 s t r a t e g y ,  d i d  no t  f i n d  any s u p p o r t .  Therefore ,  

t h i s  o p t i c a l l y  based model d i d  no t  s e e m  t o  be  a p p l i e d  under 

t h e  p r e s e n t  exper imental  cond i t i ons  i n  t h e  l and ing  t a s k .  

I n  gene ra l ,  t h e r e  w a s  no apparen t  d i f f e r e n c e  i n  t h e  

t iming  s t r a t e g y  used f o r  t h e  p r e p a r a t o r y  l and ing  response 

whether v i s u a l  cues  were a v a i l a b l e  o r  absen t  ( s e e  r e s u l t s  of 

Table 5 ) .  The fo l lowing  graphs ( f i g u r e  7a-7f) show t h e  bes t -  

f i t t i n g  s t r a i g h t  l i n e s  f o r  v i s i o n  and no-vision cond i t i ons  

f o r  each s u b j e c t ' s  muscular a c t i v i t y  i n  t h e  gastrocnemius and 

r e c t u s  femoris  muscles.  
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6 . 2 . 4 .  Muscular a c t i v a t i o n  250 msec before r e l e a s e .  

Melv i l l  Jones and Watt (1971a, b )  repor ted  f ind ings  t h a t  

landings  from h e i g h t s  lower than  5 cm (I 101 msec) do not  

a l low t ime f o r  t h e  b u i l d  up of r e f l e x i v e  muscle a c t i v i t y ,  

thus  causing a j o l t  a t  touchdown. In  t h i s  experiment it was 

p r e d i c t e d  t h a t  s e l f - r e l e a s e d  s u b j e c t s  would p r e p a r e  f o r  

landing from very low heights  before  t h e  a c t u a l  r e l e a s e  from 

t h e  overhead b a r  i n  o r d e r  t o  compensate f o r  t h e  , e f f e c t s  

observed by Melvi l l  Jones and Watt. The percentages of a c t i v e  ' 

t r i a l s  (250 msec before  r e l e a s e )  were c a l c u l a t e d  f o r  t h e  two 

r e l e v a n t  muscles.  The r e s u l t s  a r e  shown i n  t h e  fo l lowing 

t a b l e s .  

-- - -- 

VISION NO-VIS ION 

Height (cm) Height (cm) 

SUB J . 5 2 0  6 0  90  5 2 0  6 0  9 0  

1 5 0  33 0 0 0 0 0 0 

2 0 0 0 0 0 0 0 0 

3 17 0 0 0 5 0  33 0 0 

4 33 33 0 0 33 0 0 0 

5 50 17 0 0 50  0 0 0 

6 17 0 0 17 0 67 67 17 



TABLE 8b Percentaqe of a c t i v a t i o n  of t h e  r ec tus  femoris 

muscle ( 2 5 0  msec before r e l e a s e ) .  

VISION NO-VIS ION 

Height (cm) Height (cm) 

SUB J . 5 2 0  6 0  9 0  5 2 0  6 0  9 0  

1 0 17 50 0 0 33 0 0 

2 0 50 0 0 100  100  17  0 

3 0 0 17 0 1 7  83 50 67 

4 0 0 83 33 50 17  67 33 

5 0 33 0 33 33 33 50 83 

One can observe t h a t  t h e  p r e p a r a t i o n  b e f o r e  r e l e a s e  i s  

muscle-specif ic .  Only 34% of t h e  c e l l s  show a c t i v i t y  f o r  t h e  

gastrocnemius,  while  f o r  t h e  r e c t u s  femoris  t h i s  percentage  

i s  s i g n i f i c a n t l y  h i g h e r  (62.5%) . I t  seems p l a u s i b l e  t o  

i n t e r p r e t  t h i s  phenomena i n  l i g h t  o f  t h e  t a s k  a t  hand. The 

landings w e r e  performed a f t e r  t h e  s u b j e c t s  remained suspended 

by gr ipping  t h e  overhead ba r  with t h e i r  hands. In  t h i s  r a t h e r  

. unusual type  of landing t a sk ,  t h e  c e n t e r  of mass w i l l  move up 

. a n d  backwards on t h e  s a g g i t t a l  p lane ,  beyond t h e  base of  t h e  

body c a u s i n g  a r o t a t i o n a l  moment a t  touchdown. A s  a 

consequence s u b j e c t s  would f a l l  backwards i f  t h e y  d i d  no t  



b r i n g  t h e i r  c e n t e r  of mass forward, by s l i g h t l y  f l e x i n g  t h e  

h ips  before r e l e a s e .  

With r e g a r d  t o  t h e  e f f e c t s  on t h e  a c t i v a t i o n  be fo re  

r e l e a s e ,  a  2-way ANOVA ( 2  ' cond i t ions '  x  4 ' h e i g h t s ' )  with 

r epea ted  measures on both  f a c t o r s  ( %  of a c t i v a t i o n  a s  t h e  

dependent v a r i a b l e )  showed t h a t  f o r  t h e  r e c t u s  femoris muscle 

( t h e  only one t o  be highly a c t i v e  before  r e l e a s e )  t h e r e  was a  

non s i g n i f i c a n t  main e f f e c t  f o r  ' h e i g h t s v .  I t  was 

hypothesized i n i t i a l l y  t h a t  t h e  s h o r t  f l i g h t  t imes  i n  low ' 

height  landings may not allow time f o r  t h e  b u i l d  up of muscle 

t ens ion  i n  unexpected f a l l s ,  a s  repor ted  by Melvi l l  Jones and 

Watt (1971b) ,  and t h e r e f o r e ,  s u b j e c t s  i n  s e l f - r e l e a s e  

cond i t ions  were expected t o  at tempt  t o  compensate f o r  t h i s  

t i m e  c o n s t r a i n t  by p repar ing  f o r  t h e  l and ing  even be fo re  

r e l e a s e .  Nevertheless ,  t h i s  hypothesis  d i d  not  f i n d  support  

from t h e s e  d a t a .  On t h e  o t h e r  hand, t h e  r e c t u s  femoris  

a c t i v a t i o n  b e f o r e  r e l e a s e  seems t o  be a s s o c i a t e d  with t h e  

' cond i t ion '  f a c t o r .  A s i g n i f i c a n t  main e f f e c t  was found f o r  

t h i s  f a c t o r ,  sugges t ing  t h a t  when v i s u a l  cues were occluded, 

s u b j e c t s  p r e p a r e d  f o r  t h e  l a n d i n g  b e f o r e  r e l e a s e ,  t h u s  

p r o v i d i n g  s u p p o r t i v e  ev idence  t h a t  s u b j e c t s  were over  

confident  when they  r e l i e d  on t h e i r  v i s u a l  information ( i . e . ,  

when s u b j e c t s  had v i s u a l  cues a v a i l a b l e  they  d i d  not  prepare 

f o r  t h e  landing)  . The i n t e r a c t i o n  between ' cond i t ions  ' and 



' h e i g h t s '  b g a s  n o t  s i g n i f i c a n t .  Table  9 and Fig1 

t h e s e  r e s u l t s :  

Ire 8 show 

Table 9 R e s u l t s  o f  t h e  a n a l v s i s  o f  v a r i a n c e  on t h e  

p e r c e n t a a e  o f  a c t i v a t i m  of  t h e  r e c t u s  f emor i s  muscle 250 

msec b e f o r e  r e l e a s e .  

MAIN EFFECTS d . f . F value pr.of F 

Heights 3, 15 .350 .7 92 

Conditions 1, 5 

Interaction 3, 15 
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F i l r u r e  8. Main e f f e c t s  f o r  ' c o n d i t i o n s '  i n  

80 - 

t h e  

- NO-VISION 
VISION ' 

p r e p a r a t i o n  b e f o r e  r e l e a s e  (pe rcen tages  of a c t i v e  t r i a l s  f o r  

t h e  r e c t u s  femoris  muscle) . 



The percentage of a c t i v a t i o n  i n  both condi t ions  may be, 

however, l a r g e l y  dependent upon i n d i v i d u a l  f a c t o r s .  I n  f a c t  

t h i s  appears  t o  be t h e  case i n  t h e  a c t i v a t i o n  of t h e  r e c t u s  

femor is .  The his tograms below show t h a t  f o r  example t h a t  

s u b j e c t  #6 prepared before  r e l e a s e  i n  a  l a r g e  percentage of 

t h e  no-vis ion  t r i a l s  r e g a r d l e s s  o f  t h e  l a n d i n g  h e i g h t .  

S u b j e c t  #1, i n  c o n t r a s t ,  showed a lmost  no p r e p a r a t o r y  

a c t i v i t y  before r e l e a s e  i n  e i t h e r  condi t ion .  



5 CM 20 CM 60 CM 90 CM 
HEIGHTS (CM) 

Fiuure  9a Percentage of a c t i v a t i o n  of t h e  r e c t u s  femoris  

muscle b e f o r e  release, i n  s i x  s u b j e c t s  i n  vision c o n d i t i o n .  

5 CM 20 CM 60 CM 90 CM 
HEIGHTS (CM) 

F i a u r e  9b Percentage a c t i v a t i o n  t h e  r e c t u s  

musc le  b e f o r e  r e l e a s e ,  i n  s i x  s u b j e c t s  i n  no-vision 
c o n d i t  ion.5 

5 ~ h e  legend of figure 9a is also valid for figure 9b. 

9 5 



To summarize, t h e s e  r e s u l t s  p r o v i d e d  e v i d e n c e  t h a t  

c o n d i t i o n s  i n  which t h e r e  i s  ongoing v i s u a l  i n fo rma t ion  and 

cond i t i ons  i n  which v i s u a l  cues are e l i m i n a t e d  do no t  seem t o  

a f f e c t  t h e  s t r a t e g y  u s e d  by s u b j e c t s  i n  t h e  l a n d i n g  

p r e p a r a t i o n ,  a t  least  from h e i g h t s  cover ing  a  wide range of 

t h o s e  u s u a l l y  o b s e r v e d  i n  r e a l  l i f e  . s i t u a t i o n s .  The 7 

s t r a t e g y  i s  no t  a p p l i c a b l e  i n  t h e s e  c a s e s .  However, it may 

c e r t a i n l y  be used  i n  s i t u a t i o n s  i n  which t h e  7(,) - r e a c h e s  

v a l u e s  > 250 msec a s  sugges ted  by Lee e t  a l .  (1983) ,  o r  i n  a 

unexpected s i t u a t i o n s .  I n  b o t h  v i s u a l  c o n d i t i o n s  s u b j e c t s  

seemed t o  adopt a l i n e a r  s t r a t e g y .  

An a n a l y s i s  on t h e  f o r c e  magnitudes w a s  done i n  o r d e r  t o  

t e s t  t h e  effects  o f  t h i s  s t r a t e g y  f o r  t h e  v i s i o n  and no- 

v i s i o n  c o n d i t i o n s  i n  d imin ish ing  t h e  impact a t  l and ing .  The - 
r e s u l t s  a r e  r e p o r t e d  i n  t h e  next  s e c t i o n .  

6.3.  m a l v s i s  of  v e r t i c a l  around r e a c t i o n  f o r c e s .  

6 .3 .1 .  P e l a t i o n s h i r ,  between v a r i a b l e s  o r l a m a t e d  f  8 ,  rom 

t h e  v e r t i c a l  comr,onents of t h e  f o r c e   late o u t ~ u t .  

The s i m i l a r i t i e s  between t h e  two c o n d i t i o n s  were 

a s s e s s e d  by  measu r ing  t h e  l a n d i n g  ou tcomes .  I n i t i a l l y ,  

d i f f e r e n t  s t r a t e g i e s  were hypothesized t o  produce d i f f e r e n c e s  

i n  t h e  a b i l i t y  t o  d i s s i p a t e  t h e  momentum ga ined  d u r i n g  t h e  

f a l l s .  V e r t i c a l  Ground React ion Forces  (VGRF) were ana lyzed  



by measuring two peaks (def ined  below) and t h e i r  r e spec t ive  

t imes .  V e r t i c a l  f o r c e  magnitudes were normalized t o  ' t imes 

body weight1 (TBW) : a r a t i o  between t h e  obta ined  d i g i t i z e d  

peak f o r c e  va lues  and t h e  i n d i v i d u a l  d i g i t i z e d  body weight 

v a l u e s  o b t a i n e d  from a ' c a l i b r a t i o n  t r i a l '  b e f o r e  t h e  

i n i t i a t i o n  of each landing sess ion .  The f i r s t  peak of f o r c e  

was def ined  a s  t h e  f i r s t  sudden inc rease  i n  magnitude on t h e  

v e r t i c a l  d i r e c t i o n  t r a n s d u c e d  from t h e  f o r c e  p l a t e  i n  

mechanical u n i t s  / v o l t .  The second peak was def ined  a s  t h e  ' 

l a r g e s t  peak a f t e r  touchdown. The r e s p e c t i v e  times-to-peak 

f o r c e s  were measured from t h e  moment of c o n t a c t  with t h e  

p l a t f o r m  a t  t i m e  ' z e r o 1 .  C o r r e l a t i o n  c o e f f i c i e n t s  were 

ob ta ined  between t h e s e  v a r i a b l e s  (Tables  10a and l o b )  i n  

o r d e r  t o  a s s e s s  t o  e x t e n t  t o  which t h e y  were d i f f e r e n t  

measures a r i s i n g  from t h e  same component of f o r c e .  



TABLE 10a  C o r r e l a t i o n  c o e f f l c l e n t s  o b t a i n e d  f r o  , ,  m t h e  

v e r t l c a l  cormonent  o f  a r o u n d  r e a c t l o n  f o r c e s  (Peaks  a n d  T i m e  
. . 

t o  Peak)  j n  vlslon c o n d l t ~  ens, 
. . 

SUBJECTS 

P a i r s  1 2 3 4 5 6 

PFP-PSP .83** .75** .88** .86** .88** .95** 

TFP-TSP .96** .92** .96** .93** .85** .83** 

PFP-TFP-.34 

PSP-TSP - .39 

TABLE lob C o r r e l a t i o n  c o e f f ~ c l e n t s  o b t a i n e d  from t h e  1 

-. ~ a l  comDonent o f  around r e a c t i o n m e  
t o  P e a k )  i n  no - vxs~on c o n d l t ~  o n s .  . . I ,  6 

SUBJECTS 

P a i r s ,  1 2 3 4 5 6 

PFP-PSP .88** .70* .85** .86** .94** .77** 

TFP-TSP .96** .97** .22 .96** .84** .91** 

6~FP: peak of the first increase in vertical force; TFP: time to the first peak; PSP: peak of the 
major increase in vertical force; TSP: time to the second peak. 



The c o r r e l a t i o n s  show high r2 c o e f f i c i e n t s  and 

s i g n i f i c a n t  p r o b a b i l i t y  l e v e l s  between amplitude of t h e  

f i r s t  peak (PFP) and amplitude of t h e  second peak (PSP). This 

was a l s o  observed f o r  t h e i r  respect ive  t imes t o  peak values 

(TFP and TSP). However, t h e  c o r r e l a t i o n  c o e f f i c i e n t s  f o r  t h e  

amplitude of t h e  peaks and t h e i r  r e spec t ive  t imes were 

r e l a t i v e l y  low and non-signif icant .  I t  seems t h a t  these  two 

measures of t h e  same force  outcome a r e  d i f f e r e n t ,  and , 

t h e r e f o r e  they  should be t r e a t e d  a s  r ep resen ta t ive  of 

independent processes  t ak ing  p lace  a f t e r  landing.  

In  t h e  case of t h e  PFP and TFP, they  were not  e l i c i t e d  

i n  a l l  t r i a l s ,  p a r t i c u l a r l y  i n  low height  landings .  The 

following histogram shows t h e  average 'percentage of t r i a l s  

(across  s u b j e c t s )  f o r  each f a l l i n g  he ight  i n  which t h e  f i r s t  

peak of ground reac t ion  fo rces  was p resen t .  



HEIGHT (CM) 

und Histogram for  the f i r s t  peak of ve r t i ca l  groi 

reaction forces (percentage of t r i a l s )  . 

6.3.2.. InLtlal resu l t s  of the  v e r t k d  force ua lyda .  I * 

In order to .evaluate  t o  what extent collapsing over 

subjects was a reasonable step, a 2-way repeated measures 

analysis of variance ( 2  'conditions' x 4 'heights ' , PSP as 

the dependent variable)  was separately performed for  each 

subject ( 6  repeated t r i a l s ) .  The r e su l t s  a re  shown in  

Table 11. 



Table 11 F va lues  and D l eve l  s of t h e  a n a l v s i s  of 

i ance  on PSP f o r  each s u b i e c t .  va r  

SUBJ. 'CONDITIONS ' ' HEIGHTS ' 'INTERACTION1 

The above r e s u l t s  show t h a t  t h e  e f f e c t s  of ' c o n d i t i o n s '  

does no t  d i f f e r  from s u b j e c t  t o  s u b j e c t ,  n e i t h e r  does t h e  

' h e i g h t s '  f a c t o r .  Although post-hoc comparisons w e r e  no t  

performed, it seems t h a t  t h e  d i f f e r e n c e s  i n  peak f o r c e s  from 

d i f f e r e n t  h e i g h t s  a r e  obvious a t  f irst  glance,  wi th  a  few 

except ions  i n  s u b j e c t  1 (no-vision,  5-20 c m )  , s u b j e c t  2 (no- 

. v i s i o n  60-90 c m ) ,  and s u b j e c t  6 (v i s ion ,  20-60 c m )  as 

. observed i n  t h e  t a b l e  14a of means f o r  each s u b j e c t  

p re sen ted  i n  t h e  fo l lowing  s e c t i o n .  

The i n t e r a c t i o n  between t h e  two wi th in  f a c t o r s  w a s  

s i g n i f i c a n t  on ly  i n  two s u b j e c t s .  I t  was dec ided  i n  l i g h t  of 



t h e  r e s u l t s  ob t a ined  f o r  t h e  two main e f f e c t s  t h a t  an 

a n a l y s i s  based on va lues  co l l apsed  a c r o s s  s u b j e c t s  was 

j u s t i f i e d .  

6 . 3 . 3 .  -st heeak of  t h e  v e r t i c a l  f o r c e  

comheonent - s . 
A 2-way a n a l y s i s  of va r i ance  (2  ' c o n d i t i o n s '  x  2  

' h e i g h t s ' )  wi th  r epea t ed  measures on t h e  two f a c t o r s  w a s  

c a r r i e d  o u t  f o r  each dependent v a r i a b l e  (PFP and TFP) on ly  i n  ' 

t h e  h i g h e s t  l and ing  c a t e g o r i e s .  The r e s u l t s  showed a main 

e f f e c t  f o r  ' c o n d i t i o n s '  wi th  t h e  v i s i o n  cond i t i on  p r e s e n t i n g  

s i g n i f i c a n t l y  h i g h e r  magnitudes (p 1 .05 )  when PFP w a s  t h e  

dependent v a r i a b l e .  The main e f f e c t  f o r  ' h e i g h t s '  w a s  as 

expected,  wi th  t h e  90 c m  he igh t  s i g n i f i c a n t l y  h ighe r  t han  t h e  

60 c m  one, whi le  t h e  i n t e r a c t i o n  w a s  n o t  s i g n i f i c a n t .  The 

r e s u l t s  a r e  r e p o r t e d  i n  Table 12a and Table 12b, and p l o t t e d  

i n  fo l lowing  f i g u r e .  



T a b l e  12a I n d i v i d u a l  PFP means ( i n  TBW). PFP means a n d  

S.D. D e r  h e i a h t  of f a l l  across s u b i e c t s .  

VISION NO-VIS ION 

HEIGHT 6 0  9 0  6 0  9 0  

SUB. 1 2.38 3.54 1.95 3.86 

SUB. 2 4.11 6.18 3.45 4.53 

SUB. 3 2.54 4.20 2.48 3.85 - 

SUB. 4 2.86 4.81 3.01 4.26 

SUB. 5 2.01 2.07 1.39 2.08 

SUB. 6 2.91 3.66 1.87 2.68 

MEAN 

S.D. 

MAIN EFFECTS d. f . F value prob. F 

Heights 

Conditions 

Interaction 3, 15  .09 .7 65 
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Fiaure 11 Main e f f e c t s  f o r  ' condi t ions1  and ' he igh t s '  

when t h e  amplitude of t h e  f i r s t  peak w a s  t h e  dependent 

va r i ab le .  

- no-vision 
1.I-- vision 

I I 

The f i r s t  main e f f e c t  may be explained a s  t h e  r e s u l t  of 

t h e  dependence on v i s u a l  cues i n  order  t o  t ime t h e  response 

before touchdown. Blindfolded sub jec t s  diminished t h e  r i s k  of 

i n j u r y  by being ready i n  advance, and thus  they  were a b l e  t o  

d i s s i p a t e  t h e  i n i t i a l  ground reac t ion  fo rces  occurr ing within 

I 1 6  msec a f t e r  touchdown ( i . e . ,  t h e  f i r s t  peak of f o r c e ) .  A 

s i m i l a r  suggestion has been l a t e l y  forwarded by V i i t a s a l o  and 

Aura (1987)  . The t imes t o  f i r s t  peak found by t h e  la t ter  

i n v e s t i g a t o r s  were 22 msec (+ 4 msec), t h i s  per iod  being too  

shor t  f o r  t h e  build-up of tens ion  i n  t h e  muscle. In  t h e i r  

study, t h e  time t o  f i r s t -peaks  caused a  d e t e r i o r a t i o n  i n  t h e  

use of t h e  p o t e n t i a l  energy of t h e  e l a s t i c  components. 



V i i t a s a l o  and Aura (1987) suggested t h a t  a t h l e t e s  show a pre-  

a c t i v i t y  EMG build-up of t e n s i o n  ( i n  3 knee ex t enso r s  

recorded)  i n  o r d e r  t o  compensate f o r  t h e  i n s u f f i c i e n t  t i m e  

al lowed f o r  t h e  s t r e t c h  r e f l e x  system t o  become a c t i v a t e d ,  

and t o  resist t h e  e longa t ion  immediately a f t e r  touchdown. 

I t  i s  worth n o t i n g  t h a t  magnitudes of t h e  o r d e r  of  4.08 

t i m e s  body-weight (on average)  as ob ta ined  here ,  may 

c e r t a i n l y  be  a cause  of  i n j u r i e s ,  f o r  example, i n  unexpected 

f a l l s  o r  a s  i n  ou r  c a s e  when i n d i v i d u a l s  unconsciously  

i nc reased  t h e  r i s k  involved by depending h e a v i l y  on v i s u a l  

cues .  Va l i an t  and Cavanagh, 1985, r e p o r t e d  peaks of s i m i l a r  

magnitudes as be ing  h igh  impact f o r c e s  ( e .g . ,  i n  b a s k e t b a l l  

jumping performances) .  When cons ide r ing  t h a t  muscular f o r c e s  

may no t  i n c r e a s e  enough wi th in  t h e  t i m e  p e r i o d  t h e  first  peak 

develops,  t h e n  muscular t e n s i o n  should b u i l d  up be fo re  s o  

t h a t  it "can provide  t h e  t o rques  necessary  f o r  t h e  a c t i v e  

d e c e l e r a t i o n  p roces s  of t h e  body" (Denoth e t  a l . ,  1985, p .  

668) .  This  should  s e r v e  t o  decrease  t h e  f o r c e s  e x e r t e d  a t  t h e  

knee and t h e  a n k l e  j o i n t s  (Smith, 1975) .  Ca re fu l  

cons ide ra t ion  should be given t o  unexpected s i t u a t i o n s ,  s i n c e  

t h e s e  f o r c e  peak magnitudes approximate f o r c e s  which may be 

r e s p o n s i b l e  f o r  f r a c t u r e s  of d i f f e r e n t  k inds ,  i n  d i f f e r e n t  

popula t ions  ( e . g . ,  femoral  neck stress f r a c t u r e s  i n  o l d  

people  caused bv v e r t i c a l  f o r c e s  between 5-7 TBW. as found bv 



G r i f f i t h s  e t  a l .  (1971; as cited by Greenwood and Hopkins, 

1980, p.305) . 
The r e s u l t s  f rom t h e  s e c o n d  2-way RM ANOVA ( 2  

' c o n d i t i o n s '  x 2 ' h e i g h t s ' )  wi th  t i m e s  t o  f i rst  peak (TFP) as 

t h e  d e p e n d e n t  v a r i a b l e  r e v e a l e d  no  main e f f e c t s  f o r  

c o n d i t i o n s  sugges t ing  t h a t  s u b j e c t s ,  i n  t h e  absence o f  v i s u a l  

cues ,  succeeded  i n  e l i c i t i n g  lower  magni tude f i r s t  peaks  

w i th in  similar  p e r i o d s  of  t i m e .  The main e f f e c t  f o r  'h 'eights '  

w a s  s i g n i f i c a n t .  The r e s u l t s  are shown i n  t h e  Table  13a and 

Table 13b below, and i l l u s t r a t e d  i n  F igu re  1 2 .  

VISION NO-VIS ION 

HEIGHT 6 0  9 0  6 0  9 0  

SUB. 1 15 8 12 9 

SUB. 2 12 10 13  11 

SUB. 3 18 

SUB. 4 17 

SUB. 5 18 

SUB. 6 17 

MEAN 16.17 11.67 14.50 13.17 

S.D. 2.32 2.42 2.88 4.22 



Table 13b R e s u l t s  of t h e  a n a l v s i s  of  va r i ance  on t w ~  

cond i t i ons  and two h e i a h t s  of f a l l  (TFP a s  t h e  d e ~ e n d e n t  - 

variable) . 

MAIN EFFECTS d . f . F value prob. F 

Heights 3, 15 16.66 .010 

Conditions 1, 5 .13 ,733 

Interaction 3, 15 5.13 .072 

- no-vision 
-L. vision 

0 ! I I 

60 cm 90 cm 
HEIGHTS (CM) 

e 1 7  ~ a i n  e f f e c t s  f o r  ' h e i g h t s 1  when t ime t o  f i r s t  

peak w a s  t h e  dependent v a r i a b l e .  

6.3.4. Analvsj s of t h e  second peak of v e r t k a l  f o r c e  

_comnonents. 

The second peak of f o r c e  'PSP', and the time t o  t h i s  

peak 'TSP' were observed i n  a l l  t r i a l s  i n  t h e  f o u r  l and ing  



height  c a t e g o r i e s .  Analysis of these  dependent v a r i a b l e s  may 

be more s e n s i t i v e  t o  d i f f e rences  between ' condi t ions '  and 

' h e i g h t s ' .  Accordingly, analyses of var iance were performed. 

The r e s u l t s  of t h e  f i r s t  2-way RM ANOVA ( 2  ' condi t ions '  

x  4 ' h e i g h t s v )  (PSP a s  t h e  dependent v a r i a b l e )  showed no 

s i g n i f i c a n t  main e f f e c t s  f o r  ' cond i t ions ' ,  providing 

a d d i t i o n a l  evidence i n  support of previous f ind ings .  Vision 

d i d  not appear t o  enhance a  more e f f i c i e n t  d i s s i p a t i o n  of 

v e r t i c a l  ground reac t ion  fo rces  a f t e r  landing than i n  

s i t u a t i o n s  i n  which v i s u a l  guidance was occluded. These non- 

s i g n i f i c a n t  d i f f e rences  cannot be a t t r i b u t e d  t o  increased 

v a r i a b i l i t y  terms (low power of t h e  t e s t )  s i n c e  t h e  var iance 

was small  and o t h e r  e f f e c t s  were obtained with t h e  same data ,  

f o r  example, t h e  main e f f e c t  f o r  ' he igh t s '  which was 

s i g n i f i c a n t  a s  expected. Tukey (HSD) post-hoc comparisons 

revealed t h a t  a l l  pair-wise comparisons were s i g n i f i c a n t  ( a t  

a< . 0 5 ) .  The i n t e r a c t i o n  between t h e  two f a c t o r s  was not 

s i g n i f i c a n t .  Table 14a presents  t h e  ind iv idua l  means and 

S.D., Table 14b shows t h e  r e s u l t s  of t h e  a n a l y s i s  of 

variance,  and Table 15 presents  t h e  marginal means, and t h e  

d i f fe rences  f o r  each p a i r .  



Table 14a Ind iv idua l  PSP means ( i n  TBW). ' h e i a h t '  means 

and S.D. a c r o s s  s u b i e c t s .  

VISION NO-VIS ION 

HEIGHT 5 2 0  6 0  90  5 2 0  6 0  9 0  

MEAN 2.03 2.95 4.07 5.69 1.81 2.60 4.19 5.50 

S.D. .0.33 0.58 0.84 0.91 0.26 0.40 0.75.1.39 

Table 14b R e s u l t s  of t h e  a n a l v s i s  o f  v a r i a n c e  on two 

* I cond l t l ons  and f o u r  h e i a h t s  o f  f a l l  l S P  a s  t h e  d e ~ e n d e n t  

variable) . 

MAIN EFFECTS d . f .  F value prob. F 

Heights 3, 15 65.85 .001 

Conditions 1, 5 3.68 .I12 

Interact ion  3, 15 .64 .603 



Table 15 P o s t  - Hoc comnarisons b e t  ween PSP ( i n  TBW) 

I , I  maralnal means. and s l a n l f ~  cance of t h e  d i f f e r e n c e s .  
--- 

HEIGHTS (CM) 

-- Q-- VISION 

2 0  6 0  
HEIGHTS (CM) 

F j a u r e  13 Main e f f e c t s  f o r  ' h e i g h t s '  when ampli tude of 

t h e  second peak w a s  t h e  dependent v a r i a b l e .  



The second 2-way RM ANOVA ( 2  ' condi t ions '  x 4 ' h e i g h t s ' )  

with time t o  second peak (TSP) a s  t h e  dependent v a r i a b l e  

showed s i m i l a r  r e s u l t s .  The main e f f e c t  f o r  ' condi t ions '  was 

not s i g n i f i c a n t ,  while t h e  e f f e c t s  f o r  ' he igh t s '  achieved 

s i g n i f i c a n t  l e v e l s .  Post-hoc comparisons (Tukey HSD) showed 

t h a t  t h e  t imes t o  peak-force f o r  t h e  two h ighes t  landing 

ca tegor ies  were not s i g n i f i c a n t l y  d i f f e r e n t  (pl I . 0 5 ) .  The 

i n t e r a c t i o n  was not  s i g n i f i c a n t  e i t h e r .  Table 16a includes 

t h e  ind iv idua l  means, and S.D., Table 16b p resen t s  t h e  

r e s u l t s  f o r  t h e  a n a l y s i s  of variance,  and Table 1 7  shows t h e  

post-hoc comparisons between marginal means and t h e i r  l e v e l  

of s ign i f i cance .  



Table 1 6 a  Individual TSP means (in msecl, TSP means and 

S.D. Der heiaht of fall across subiects 

VISION NO-VISION 

HEIGHT 5 20 60 90  5 2 0 6 0  9 0  

MEAN 113 90 60 49 131 86  ' 6 0  48 

S.D. 26.63 10.89 9.06 5.04 33.06 11.37 6.86 3.98 

Table 1 6 b  Results of  the analvsis of variance on two 

var~able) . 

MAIN EFFECTS d . f . F value prob. F 
- - 

Heights 3, 15 52.21  .001 

Conditions 1, 5 .82 .409 

Interaction 3, 1 5  2.28 . I 2 0  



Table 17 Post  - hoc co m ~ a r j s o n s  between TSP (msec) 

marainal  means and s l a n l f l c a n c e  of t h e  d i f f e r e  a , .  nces  . 

HEIGHTS (CM) 

Marg . Means 48.14 59.68 88.01 122.01 

The non- s ign i f i can t  d i f f e r e n c e s  observed between the  two 

h ighes t  c a t e g o r i e s  of f a l l  could be i n t e r p r e t e d  a s  a  

t h r e s h o l d  t i m e  t o  d i s s i p a t e  t h e  v e r t i c a l  t h r u s t  beyond which 

s u b j e c t s  could no longe r  use  t h e  a r t i c u l a r  cha in  t o  extend 

t h e  time-to-peak. 

The marginal  means from t h e  a n a l y s i s  of va r i ance  a r e  

p l o t t e d  i n  f i g u r e  1 4 :  
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Fiaure  14 Main e f f e c t s  f o r  ' he igh t s1  when time t o  t h e  

second peak was t h e  dependent v a r i a b l e .  

- NO-VISION 
VISION 

Surpr is ingly ,  four  of t h e  sub jec t s  repor ted  t h a t  when 

they  "got used t o  t h e  idea of landing bl indfolded" ( a f t e r  t h e  

f i r s t  2-3 t r i a l s ) ,  they  f e l t  t h a t  t h e i r  landings were s o f t e r  

than they  expected. Upon completion of t h e  t e s t i n g  sess ions ,  

they  repor ted  t h a t  t h e  no-vision t r i a l s  " f e l t  b e t t e r "  

performed than those  with v i s u a l  guidance. On t h e  o the r  hand, 

one sub jec t  repor ted  no d i f fe rence  between t h e  two 

condit ions,  and one sub jec t  reported t h a t  he was d e f i n i t i v e l y  

l e s s  anxious when v i s u a l  cues were a v a i l a b l e .  

It seems t h a t  when dependence on t h e  v i s u a l  cues were 

el iminated,  sub jec t s  were more aware of t h e  r i s k s  and 

probably prepared b e t t e r  f o r  landing.  Therefore,  it may be 



suggested t h a t  cogn i t i on  r a t h e r  t han  v i s i o n ,  may t h u s  p l a y  a 

more important  r o l e  t han  i n i t i a l l y  a s s igned  t o  i t .  



7 .  General  discuss^ 

Human p r e p a r a t o r y  responses  i n  d i f f e r e n t  a c t i v i t i e s  have 

been t h e  focus  o f  i n t e r e s t  w i th in  d i v e r s e  fields 

i n v e s t i g a t i n g  motor behavior .  Walking, f o r  i n s t ance ,  p re sen t s  

a l t e r n a t e  EMG a c t i v i t y  i n  d i f f e r e n t  muscle groups of t h e  

lower limbs, depending on t h e  phase of the movement sequence 

(Herman e t  a l . ,  1973) .  R e l a t i v e l y  synchronized EMG p a t t e r n s  

occur  b e f o r e  a c t u a l  angula r  d isplacements  a r e  observed. These 

a r e  i n t e r p r e t e d  a s  'pre-programmed' responses  of  c e n t r a l  

o r i g i n  t r i g g e r e d  by p e r i p h e r a l  s t i m u l i .  P o s t u r a l  adjustments 

du r ing  sudden arm movements have a l s o  been i n t e r p r e t e d  a s  

pre-programmed ( B e l e n ' k i i  e t  a l . ,  1967; Lee ,  W . ,  1980; L e e  e t  

a l . ,  1987; Nashner and Cordo, 1981) .  Experiments on land ing  

responses  have tended  t o  focus.on t h e  l a t e n c i e s  of  onse t  of 

lower l i m b  muscles and t h e  vo lun ta ry  phase  i n  a gene ra l  way 

(Melvill Jones  and Watt, 1971a, b; Greenwood and Hopkins, 

1976a, b ) .  During t h e  p r e s e n t  i n v e s t i g a t i o n  one of  t h e  

p o s s i b i l i t i e s  eva lua t ed  w a s  t h e  e x i s t e n c e  o f  a p a r t i c u l a r  

mode of ( t a s k - s p e c i f i c )  f u n c t i o n a l  o r g a n i z a t i o n  i n  response 

t o  free-falls. Some p re l imina ry  evidence can be e l u c i d a t e d  

from t h e  r e s u l t s .  For i n s t ance ,  p a r t i c u l a r  muscles (the 

r e c t u s  femoris  and t h e  gastrocnemius) seem t o  be c o n s i s t e n t l y  

a c t i v e  i n  t h e  p r e p a r a t i o n  f o r  landing,  whi le  o t h e r s  ( t i b i a l i s  

a n t e r i o r ,  v a s t u s  l a t e r a l i s ,  and b i ceps  femor i s )  seem t o  be 

mainly activated i n  t h e  pos t - land ing  p e r i o d .  A major 



d i f fe rence  between t h i s  study and o t h e r s  examining 

prepara tory  ( e . g . ,  Lee W, 1980, Nashner and Cordo, 1981) i s  

t h a t  it i s  impossible t o  incorpora te  a RT paradigm i n  a f ree-  

f a l l  t a sk ,  s i n c e  t h e  response i s  t r i g g e r e d  i n t e r n a l l y  during 

an ongoing event (i . e . , during t h e  f l i g h t  pa th )  . One 

hypothesized 'go1 s i g n a l  was t h e  o p t i c a l l y  determined 7 

margin value,  which allows t h e  adoption of a s t r a t e g y  based 

on t h e  d i r e c t l y  perceived time-to-contact ( o r  "time t o  t h e  

nea res t  approach" a s  expressed by Lee and Young, 1985, p .  1) . 
This h e u r i s t i c  a r i s e s  from t h e  r e l a t i o n s h i p  between t h e  

phys ica l  world i n  i n t e r a c t i o n  with t h e  l i v i n g  organism. Thus, 

it t akes  i n t o  account var ious sources of information (e .g . ,  

t h e  r e l a t i o n s h i p s  between p ro jec t ions  of environmental 

layouts  a t  t h e  op.tic a r ray ,  body p o s i t i o n  i n  space, body ' 

propor t ions)  i n  t h e  form of i n v a r i a n t s  (e .g . ,  t h e  r a t e  of 

change of t h e  angles  of occluding o b j e c t s  approaching t h e  

observers1  eyes,  a r a t i o  between l i m b  proport ions and 

perceived he ight  of s t ep ,  o r  t h e  r a t i o  between fo rce  output 

and t h e  momentum gained during t h e  f a l l ) .  I f  sub jec t s  were 

using t h i s  type of v i s u a l  s t r a t e g y  t h e i r  response would not 

necessa r i ly  be i n t e r p r e t e d  a s  pre-programmed, s i n c e  t h e  

r e l a t i o n s h i p  between t h e  o p t i c  v a r i a b l e s  i s  d i r e c t l y  

perceived and accommodates t o  each ind iv idua l  s i t u a t i o n .  

Accordingly, v i s u a l  cues seem t o  be e s s e n t i a l  t o  r egu la te  

adapt ive responses i n  t h e  f r e e - f a l l  t a s k ,  while t h e  time-to- 



c o l l i s i o n  with t h e  ground within t h i s  mode of percept ion 

seems t o  be t h e  main source of information. The importance of 

o the r  measurable va r i ab les  such a s  d is tance ,  ve loc i ty ,  o r  

acce le ra t ion  was regarded with skept icism i n  l i g h t  of 

repor ted  evidence. For example, f o r  es t imat ion  of d i s t ance  

t h e  f indings  do not  seem t o  favor  t h i s  parameter a s  a 

candidate  (Gibson and Bergman, 1954; Gibson e t  a l . ,  1955), 

and f o r  t h e  percept ion of t h e  l a t t e r  parameters of movement 

t h e  evidence i s  r a t h e r  unclear  ( e . g . ,  s ee  Rosenbaum, 1975).  

Subjects  do not seem t o  t ake  any conscious advantage of these  

va r i ab les  (Todd, l 9 8 l ) ,  e i t h e r  i n  symbolic form, o r  i n  terms 

of t h e i r  meaning through experiencing them. Lee (1976, 1980a) 

suggested t h a t  t h e  7 h e u r i s t i c  may be va luable  i n  t a s k s  such 

a s  jumping down from he igh t s .  However, t h e  7 v a r i a b l e  

spec i fy ing  time-to-contact was not  found t o  be a re levant  

source of information i n  t h e  t iming of t h e  prepara tory  

response within t h e  f l i g h t  dura t ions  used during t h i s  

experiment. Moreover, t h e  importance of t h e  v i s u a l  

information during t h e  t a sk  i t s e l f  was questioned a s  a r e s u l t  

of t h e  present  f indings ,  s ince  b l indfolded  s u b j e c t s  succeeded 

i n  reducing t h e  impact with t h e  ground a s  wel l  a s  when v i s ion  

.was a v a i l a b l e  (assessed  by t h e  v e r t i c a l  components of ground 

reac t ion  fo rces )  . 
A suggestion of l a t e  i s  t h a t  i n t e r m i t t e n t  v i s u a l  cues 

a t  s p e c i f i c  t imes during t h e  performance, f o r  example while 



walking towards t a r g e t  l i n e s  s i t u a t e d  a t  d i f f e r e n t  d is tances ,  

seem t o  be s u f f i c i e n t  i n  e l i c i t i n g  responses a s  p r e c i s e  a s  

when continuous v i s u a l  cues a r e  a v a i l a b l e  t o  t h e  performer 

(Laurent and Thomson, 1988) . Thomson (1983) provided some 

evidence which l e d  t o  t h e  conclusion t h a t  v i s u a l  guidance i s  

not necessary i n  walking towards a pre-determined goal,  s ince  

t h e  response i s  dependent on c e r t a i n  t ime c o n s t r a i n t s  r a t h e r  

than  i n  t h e  d i s t a n c e  walked (d is tances  t h a t  took l e s s , t h a n  8 

sec  t o  complete produce accura te  responses) .  This seemed t o  " 

be con t rovers i a l ,  s i n c e  t h e s e  r e s u l t s  were not  r e p l i c a t e d  i n  

a d i f f e r e n t  attempt ( E l l i o t t ,  1986).  More recen t ly ,  E l l i o t t  

(1987) f a i l e d  t o  f i n d  support f o r  Thomson's o r i g i n a l  

suggestion of an 8 s e c  range of time during which a shor t -  

term v i s u a l  r ep resen ta t ion  of t h e  environment i s  e f f e c t i v e  i n  

s u b s t i t u t i n g  f o r  t h e  occluded v i s u a l  input  i n  walking towards 

a t a r g e t .  E l l i o t t  (1986) found no d i f fe rences  i n  e r r o r  

v a r i a b i l i t y  between locomotion periods longer  o r  s h o r t e r  than 

8 seconds. Nevertheless,  i n  t a s k s  which l a s t  per iods  s h o r t e r  

than 2 s e c  (e .g . ,  manually aiming towards a t a r g e t )  E l l i o t t  

and Madalena (1987) suggested a s  p l a u s i b l e  t h a t  v i s u a l  

r ep resen ta t ions  a r e  a v a i l a b l e  and used when v i s i o n  i s  

el iminated,  thus  producing r e s u l t s  t h a t  do not  s i g n i f i c a n t l y  

d i f f e r  from those  when v i s u a l  cues a r e  con t inua l ly  a v a i l a b l e .  

Had t h e  s u b j e c t s  during t h e  f r e e - f a l l  t r i a l s  i n  t h i s  

experiment taken l e s s  than 2 sec  t o  prepare,  t o  r e l e a s e  



themselves, and t o  land, then E l l i o t t  and Madalena's f indings 

would be supported by t h e  evidence presented here,  s ince  

t h e i r  r e s u l t s  showed t h a t  only a f t e r  per iods  equal  o r  longer 

than 2 s e c .  t h e  e r r o r  g r e a t l y  increased ( E l l i o t t  and 

Madalena, 1987) .  However, t h e  l apse  of time from t h e  moment 

t h e  sub jec t s  wore t h e  goggles, u n t i l  t h e  end of t h e  landing 

was considerably longer  (5-15 s e c  approximately) than t h e  2 

sec  per iod  of e f f e c t i v e  v i s u a l  r ep resen ta t ion  repor ted  by 

E l l i o t t  and Madalena (1987), and even longer than t h e  8 sec  

time-window repor ted  by Thomson (1983).  S t i l l  t h e  absence of 

v i s u a l  guidance within t h e s e  long time l apses  d i d  not cause a  

detriment i n  t h e  performance. 

I t  may be speculated t h a t  b l indfolded  performers' 

ad jus ted  t h e  prepara tory  landing response based on a  v i s u a l  

r ep resen ta t ion  of t h e  height  of f a l l  acquired before t h e  

i n i t i a t i o n  of t h e  t r i a l  within time ranges longer  than those 

repor ted  i n  t h e  l i t e r a t u r e .  

The hypothesis  of i n t e r n a l  r ep resen ta t ions  of 

environmental cues c o n t r a d i c t s  some of t h e  b a s i c  pos tu la te s  

of t h e  d i r e c t  percept ion  approach, and thus ,  it a l s o  argues 

aga ins t  t h e  model proposed by Lee (1980a), a t  l e a s t  f o r  t h e  

landing t a s k .  The T h e u r i s t i c ,  nonetheless,  has been repor ted  

t o  be e f f e c t i v e  i n  a  wide v a r i e t y  of t a s k s ,  mainly when 7 i s  

g r e a t e r  than  c e r t a i n  va lues .  Higher landing he ights  may 

c e r t a i n l y  approach higher  Tva lues ,  but they  a r e  not only 



d i f f i c u l t  f o r  experimental purposes, but  a l s o  they a re  seldom 

observed i n  r e a l  l i f e  s i t u a t i o n s .  I f  so, what s t r a t e g y  may be 

used i n  s k i l l s  t h a t  r equ i re  p rec i se  t iming, and present  low 

time-to-contact values? (e .g . ,  i n  catching a moving objec t ,  

o r  i n  h i t t i n g  a b a l l  with a r a c k e t ) .  There i s  evidence i n  

f a c t ,  t h a t  i n  ca tching  moving ob jec t s ,  t h e  7 h e u r i s t i c  i s  not 

used by i n f a n t s  (von Hofsten, 1983) . Rather, babies  seem t o  

use a s t r a t e g y  based on synchronization of t h e  time of 

i n i t i a t i o n  of t h e  hand movement and t h e  ob jec t ,  while they 

follow i t s  d i r e c t i o n ,  i . e . ,  matching t h e  v e l o c i t y  p r o f i l e  of 

t h e  moving o b j e c t .  A s  expressed by von Hofsten (1987) v i s u a l  

human percept ion  may have developed i n  a highly spec ia l i zed  

way. Thus, t h e r e  may be d i f f e r e n t  modes of action-perception 

t o  meet t h e  t ime c o n s t r a i n t s  encountered by.human o r  animal 

sub jec t s  i n  d i f f e r e n t  dynamic contexts .  Vision appears t o  

p lay  a s i g n i f i c a n t  r o l e  i n  animal ac t ions ,  mainly during 

those a c t i o n s  which requ i re  an apprec ia t ion  of t h e  time-to- 

contact  with su r faces  (Lee and Reddish, 1981; Wagner, 1982; 

Wehrhahn e t  a l . ,  1981) .  I n  con t ras t ,  i n  t h e  present  landing 

experiment, se l f - r e l eased  performers with v i s u a l  cues 

a v a i l a b l e  d i d  not  show any advantage i n  d i s s i p a t i n g  t h e  shock 

a t  c o l l i s i o n  with t h e  ground, nor d i d  they  apparent ly  use a 

. d i f f e r e n t  prepara tory  s t r a t egy ,  than when they  were 

b l indfolded .  It  i s  worth mentioning, however, t h a t  t h e  tuning 

funct ion of v i s u a l  percept ion may be evident  i f  t h e  v i s u a l l y  
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guided and b l i n d f o l d e d  landings  took p l a c e  after  'unexpected 

r e l e a s e '  c o n d i t i o n s .  This i s  suggested a s  t h e  nex t  s t e p  i n  a 

s e r i e s  of  experiments on t h e  t o p i c .  

The o t o l i t h  organs  may have a l s o  p layed  a r o l e  a s  

d e t e c t o r s  of t h e  i n i t i a t i o n  of downward v e r t i c a l  motion of 

t h e  head.  Greenwood and Hopkins (1976b) have shown t h a t  t h e s e  

v e s t i b u l a r  s t r u c t u r e s  may be r e spons ib l e  f o r  r e f l e x i v e  EMG 

p a t t e r n s  observed du r ing  t h e  f l i g h t  p a t h .  I n  add i t i on , ,  o t h e r  

k i n e s t h e t i c  sou rces  may be involved i n  t h e  pe rcep t ion  o f  

changes i n  a c c e l e r a t i o n  from 1 g t o  0 g .  F l u c t u a t i o n s  i n  t h e  

p r e s s u r e  e x e r t e d  by i n t e r n a l  body s t r u c t u r e s  and p r e s s u r e  on 

t h e  sk in ,  may have a l s o  i n d i c a t e d  t o  t h e  s u b j e c t s  when t h e  

f a l l  w a s  a c t u a l l y  i n i t i a t e d .  I n d i v i d u a l s  s e e m  t o  be s e n s i t i v e  

t o  t h e s e  sou rces  of  informat ion,  f o r  example, i n  p a r a b o l i c  

f l i g h t  maneuvers (Lackner, 1985) .  A conglomerate of 

environmental  in format ion  reach ing  d i f f e r e n t  pe rcep tua l  

systems s imul taneous ly  s e e m  t o  be  unques t ionable  i n  t h i s  

t a s k .  When one of  t h e s e  pe rcep tua l  modes f a i l s  t o  d e t e c t  

in format ion  o r  r ega rds  it as redundant, o t h e r  means seem t o  

compensate i n  o r d e r  t o  gene ra t e  t h e  a p p r o p r i a t e l y  t imed 

a c t i o n .  I n  t h i s  s tudy ,  t h e  s t r a t e g y  which appeared t o  be  used 

by s u b j e c t s  i n  e i t h e r  v i s i o n  o r  no-vision cond i t i on ,  d i d  not  

t a k e  i n t o  account t h e  ~ p t i c a l l y  s p e c i f i e d  t i m e  t o  t h e  n e a r e s t  

approach t o  t h e  ground. Analysis  of t h e  v e r t i c a l  ground 

r e a c t i o n  f o r c e s  confirmed t h a t  v i s i o n  does no t  h e l p  i n  



d i s s i p a t i o n  of t h e  impact cause by t h e  v e r t i c a l  momentum 

gained during t h e  f a l l .  Greenwood and Hopkins (1976b) and 

Dietz and Noth (1978) e a r l y  pointed out  t h a t  d i f f e rences  i n  

t h e  prepara tory  p a t t e r n s  of both condi t ions  were not evident  

i n  t h e i r  EMG recordings.  This s i m i l a r i t y  i n  t iming l e d  t o  t h e  

i n t e r p r e t a t i o n  t h a t  preparatory response during f r e e - f a l l s  

a s r e  dependent on "knowledge of t h e  he ight ,  and not  

necessa r i ly  on continuous v i s u a l  input"  ( a s  c i t e d  by , 

Prochazka, 1980, p .  290) .  However, t h i s  i n t e r p r e t a t i o n  i s  not 

supported by o t h e r  f indings .  Dyhre-Poulsen e t  a l .  (1980) 

showed t h a t  i n  monkeys t h e  la tency of onset  of EMG a c t i v i t y  

i n  prepara t ion  t o  land seems t o  be guided by v i s i o n .  These 

authors  unexpectedly added a 'paper r i n g '  between t h e  landing 

platform and t h e  jumping device, thus  causing a change i n  t h e  

prepara tory  EMG onset  only a f t e r  t h e  animal appeared t o  be 

deceived by landing beyond what was v i s u a l l y  perceived a s  t h e  

landing su r face .  

Ear ly  i n  t h i s  paper, it was mentioned t h a t  Greenwood and 

Hopkins (1976a) i n t e r p r e t e d  t h e  t iming of t h e  second b u r s t  of 

a c t i v i t y  ( i . e . ,  t h e  voluntary response) a s  being dependent on 

t h e  height  of f a l l .  However, t h i s  i s  not  supported by t h e  

r e s u l t s  of t h i s  experiment, s ince  t h e  a c t i v i t y  was r e l a t e d  t o  

temporal f a c t o r s .  Also, knowledge of t h e  he ight  of f a l l  i n  

absolu te  terms may p lay  a l imi ted  r o l e  i n  t h e  prepara t ion  t o  

land, e s p e c i a l l y  i f  t h i s  was r e l a t e d  t o  t h e  moment of 



r e l ease ,  a s  ind ica ted  by our r e s u l t s .  Knowledge of t h e  type 

of landing p lace ,  nonetheless,  e l i c i t  d i f f e r e n t  EMG p a t t e r n s .  

Fukuda e t  a l .  (1987) f o r  example, repor ted  t h a t  s t i f f  vs .  

s o f t e r  landing su r faces  caused a  change i n  t h e  amplitude and 

t h e  onset  time of e l e c t r i c a l  a c t i v i t y  i n  t h e  gastrocnemius 

and t h e  t ib i a l i s  a n t e r i o r ,  even i n  landings from 8-18 rnm 

he ight .  Similar ,  but more s p e c i f i c  f indings  were reported by 

Gollhofer (1987).  Differences i n  landing su r faces  were 

suggested t o  be responsible  f o r  onset and s teepness  of r i s e  * 

i n  pre-ac t iva t ion  of t h e  medial gastrocnemius i n  25 cm f a l l s  

( a t  l e a s t  t h e s e  d i f fe rences  were observed when t h e  sub jec t s  

landed onto a  mini-tramp a s  opposed t o  o the r  sur faces ,  

including a  fo rce  p l a t e ) .  

In  f a c t ,  none of these  s t u d i e s  .seem t o  apprec ia te  t h a t  

humans a s  much a s  o t h e r  animals, might have an inherent  

f a c u l t y  t o  es t imate  dura t ions ,  i . e . ,  t h e  flow of time between 

events .  Subjec ts  i n  t h i s  study seem t o  have est imated an 

approximate dura t ion  of t h e  f l i g h t  f o r  each height  of f a l l  

(assumed t o  occur a f t e r  t h e  f i r s t  2-3 p r a c t i c e  t r i a l s ) .  W e  

have demonstrated elsewhere (Liebermann, Raz, and Dickinson, 

1988, i n  p ress )  t h a t  sub jec t s  a r e  capable of es t imat ing  

movement dura t ion  even without i n t e n t i o n  t o  do so  ( i . e . ,  when 

they  were i n s t r u c t e d  t o  focus t h e i r  a t t e n t i o n  on t h e  s p a t i a l  

information of t h e  movement p a t t e r n ) .  Accordingly, sub jec t s  

i n i t i a t e d  t h e i r  a c t i o n s  during t h e  f l i g h t ,  a t  a  r e l a t i v e l y  
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constant  time a f t e r  they  perceived t h e  i n i t i a t i o n  of t h e  

f a l l .  This i s  t h e  case a s  evidenced from t h e  r e s u l t s  of t h e  

b e s t - f i t t i n g  curves f o r  each subjec t  ( f i g u r e  7a-7f),  which 

y ie lded  genera l ly  higher  2 c o e f f i c i e n t s  when t h e  l i n e a r  model 

was superimposed on t h e  empir ical  r e s u l t s .  The l i n e a r  bes t -  

f i t t i n g  model was confirmed, a t  l e a s t  p a r t i a l l y ,  from t h e  

regress ion  a n a l y s i s  performed on t h e  same d a t a .  For 

ind iv idua l  cases  and pooled da ta  of t h e  gastrocnemius ,the 

l a t t e r  procedure showed t h e  predominance of t h e  l i n e a r  t rend ,  ' 

while i n  t h e  case of t h e  r e c t u s  femoris muscle t h e  r e s u l t s  

s l i g h t l y  d i f f e r e d  (never the less ,  a s  an argument 'by d e f a u l t 1  

t h e  negat ive ly  acce le ra ted  model expected from t h e  7 

h e u r i s t i c  w a s  no t  evident ;  t h e  oppos i te  t r e n d  (an exponent ial  

growth) was observed f o r  t h i s  muscle) .  The o p t i c  7 v a r i a b l e  

d id  not appear t o  be r e l evan t .  Both, b l indfolded  and v i s u a l l y  

guided landings,  d i d  not seem t o  be d i f f e r e n t  i n  terms of t h e  

s t r a t e g y  used i n  t h e  preparat ion t o  land, and thus ,  sub jec t s  

d i d  not d i f f e r  e i t h e r  i n  t h e i r  a b i l i t y  t o  cushion t h e  

landing.  



This study examined whether o r  not  t h e  preparatory 

landing response i n  v o l u n t a r i l y  s e l f - r e l e a s e  f a l l s  i s  guided 

mainly by v i s u a l  information. The r e s u l t s  of t h i s  experiment 

i n d i c a t e  t h a t  v i s i o n  i s  not e s s e n t i a l  i n  guiding t h e  ac t ion .  

Five main ques t ions  were asked based on t h e  assumption 

t h a t  t h e  i n t e r a c t i o n  between t h e  environment and t h e  

performer e l i c i t  adapt ive ac t ions  when t h e  s t i m u l i  afforded a  

change i n  t h e i r  r e l a t ionsh ip .  Visual percept ion was 

considered a s  t h e  c e n t r a l  source of information responsible  

f o r  t iming t h e  adapt ive  landing responses, assuming t h a t  t h e  

f r e e - f a l l  was ' a f fo rded8  by our sub jec t s  a s  a  t a s k  i n  which 

c o l l i s i o n  with t h e  ground requ i res  an immediate and p r e c i s e  

adapt ive response t o  avoid i n j u r i e s .  The a c t i o n  was 

hypothezised t o  be guided by t h e  o p t i c  'system-scaled' T 

var iab le ,  expected t o  produce a well  t i m e d  ac t ion ,  and t o  

evidence t h a t  t h e  human system behaves a s  an "optimizer". The 

r e s u l t s  of t h e  experiment a r e  summarized a s  follows: 

1) Is t h e  7 s t r a t e g y  (Lee, 1974,1976,1980) used i n  t iming 

t h e  prepara t ion  t o  land? 



Under t h e  present  experimental condi t ions  t h i s  s t r a t e g y  d id  

not appear t o  be used i n  v o l u n t a r i l y  s e l f - i n i t i a t e d  f r e e - f a l l s  

from heights  covering a  wide range of those  usua l ly  observed i n  

r e a l  l i f e  s i t u a t i o n s .  

2 )  Is t h e  s t r a t e g y  adopted by t h e  b l indfolded  performers 

r e l a t e d  t o  t h e  moment of i n i t i a t i o n  of t h e  f a l l  r a t h e r  than t o  

t h e  moment of landing? 

This seems t o  be t h e  case not only f o r  t h e  no-vision 

landings but  a l s o  when v i s ion  was a v a i l a b l e :  t h e  r e s u l t s  

provided evidence f o r  a  l i n e a r  increment i n  perceived time-to- 

contac t  with inc reases  i n  t h e  f l i g h t  t ime.  This s t r a t e g y  may not 

be 'opt imal ' ,  s i n c e  sub jec t s  s t a r t e d  preparing e a r l i e r  than 

needed during t h e  f l i g h t  with inc reases  i n  t h e  he ight  of f a l l .  

Nonetheless, it allowed s a f e  landings i n  e i t h e r  v i s u a l  

condi t ion .  

3 )  Does v i s i o n  compared t o  no-vision condi t ions  enhance t h e  

a b i l i t y  t o  d i s s i p a t e  t h e  v e r t i c a l  ground reac t ion  fo rces  a t  

c o l l i s i o n  with t h e  ground? 

Visual ly  guided landings e l i c i t e d  higher  magnitude f i r s t  

peaks ( i . e . ,  PFP, which i s  a  "passive phasew) within s i m i l a r  

t imes per iods  (TFP) compared t o  b l indfo ld  landings,  while no 

d i f fe rences  were found between condi t ions  i n  t h e  magnitude of 

t h e  second peak (PSP) o r  i n  i t s  respec t ive  t ime t o  peak (TSP) . 



(i. e . ,  t h e  "ac t ive  phase1') . Therefore, it i s  concluded t h a t  

v i s ion  d i d  not  enhance s o f t e r  landings.  Rather, over-reliance On 

v i s u a l  guidance appeared t o  cause a  detriment i n  t h e  a b i l i t y  t o  

d i s s i p a t e  t h e  i n i t i a l  v e r t i c a l  ground reac t ion  forces ,  s ince  

these  peaks occurred i n  such shor t  time l apses  t h a t  muscular 

tens ion  could not  poss ib ly  be developed. Blindfolded subjec ts  

prepared i n  advance, and thus  reduced t h e  magnitudes of t h e  

f i rs t  peak. 

4 )  Do d i f f e r e n t  he ights  of f a l l  o r  v i s u a l  condi t ions have 

any e f f e c t  on t h e  a c t i v i t y  before t h e  i n i t i a t i o n  of t h e  f a l l ?  

Both v i s u a l  condi t ions  showed pre- re lease  EMG a c t i v i t y  i n  

t h e  r e c t u s  femoris muscle. However, b l indfolded  performers 

exh ib i t ed  a  h igher  proport ion of a c t i v e  t r i a l s  confirming that 

they w e r e  preparing i n  advance. On t h e  o the r  hand, d i f f e r e n t  

he ights  of f a l l  did not  have any e f f e c t  on e a r l y  onset  of 

a c t i v i t y .  This f ind ing  l e d  t o  a r e j e c t i o n  of t h e  hypothesis 

s t a t i n g  t h a t  i n  very low landing he ights  sub jec t s  would 

compensate f o r  t h e  s h o r t  t i m e  a v a i l a b l e  f o r  prepara t ion ,  by 

i n i t i a t i n g  t h e  a c t i o n  before r e l ease ,  and hence avoiding a  j o l t  

a t  touchdown. 



5) Is t h e r e  any evidence t h a t  confirms t h e  involvement 

of s t a r t l e  r e f l e x i v e  a c t i v i t y  i n  no-vision t r i a l s ,  as 

r e p o r t e d  by Greenwood and Hopkins (1976b) du r ing  unexpected 

f a l l ?  If so,  what are t h e  e f f e c t s  of  d i f f e r e n t  h e i g h t s  of 

f a l l  o r  v i s u a l  cond i t i ons?  

I t  i s  no t  p o s s i b l e  t o  confirm o r  t o  d i smis s  a co- 

o p e r a t i v e  i n t e r a c t i o n  between s ta r t le  r e f l e x i v e  mechanisms 

and vo lun ta ry  a c t i v i t y .  The r e s u l t s  showed t h a t  an u n r e l a t e d  

land ing  muscle ( f r o n t a l i s )  w a s  a c t i v a t e d  i n  a  l a r g e  

p ropor t ion  of  t r i a l s  dur ing  t h e  f l i g h t ,  s i g n i f i c a n t l y ,  when 

v i s i o n  w a s  occluded.  But t h i s  a c t i v a t i o n  w a s  u n r e l a t e d  t o  t h e  

presence  of ' s t a r t l e  r e f l e x e s '  (first  b u r s t  of  EMG a c t i v i t y  

a t  a l a t e n c y  of  onse t  of 75  msec) i n  o t h e r  muscle groups.  

Therefore ,  changes i n  t h e  propor t ion  of  t r i a l s  i n  which t h e  

f r o n t a l i s  w a s  a c t i v a t e d  seems t o  be r e p r e s e n t a t i v e  of 

d i s t i n c t  l e v e l s  of  a r o u s a l  caused by d i f f e r e n t  v i s u a l  

c o n d i t i o n s .  Furthermore, very  low h e i g h t s  d i d  no t  e l i c i t  t h i s  

s t a r t l e  a c t i v i t y .  It  may be specu la t ed  t h a t  s u b j e c t s  were 

m o r e " a l e r t ' ,  p a r t i c u l a r l y ,  i n  no-vision c o n d i t i o n s  and i n  

l and ings  from h e i g h t s  of f a l l  beyond 20 cm,  and t h i s  s tate 

may be have co-operated wi th  t h e  vo lun ta ry  p r e p a r a t i o n  t o  

l and .  

Cogni t ive  f a c t o r s  appear  t o  p l ay  an important  r o l e  i n  

t h e  o r g a n i z a t i o n  of t h e  a c t i o n .  Sub jec t s  may have acqui red  a 



v i s u a l  r e p r e s e n t a t i o n  of t h e  environment p r i o r  t o  t h e  

a p p l i c a t i o n  of  t h e  b l i n d f o l d ,  and t h i s  could probably be  used 

i n  a d j u s t i n g  t h e  response.  Therefore ,  it would be  i n t e r e s t i n g  

t o  a s s e s s  t h i s  p a r t i c u l a r  hypothes i s  i n  f u t u r e  

i n v e s t i g a t i o n s ,  by an independent groups des ign  i n  which some 

s u b j e c t s  are kept  na ive  of t h e  l and ing  p l a c e  p r i o r  t h e  

i n i t i a t i o n  of  t h e  exper imental  s e s s ion ,  whi le  s u b j e c t s  i n  t h e  

second group w i l l  be  al lowed t o  v i s u a l l y  o b t a i n  environmental  

cues .  

I n  s p i t e  of  t h e  p r e s e n t  r e s u l t s ,  t h e  importance of  t h e  

v i s u a l  s t r a t e g i e s  should no t  be c a t e g o r i c a l l y  d i smissed  i n  

t h i s  t a s k .  Unexpected f r e e - f a l l s  may c e r t a i n l y  show d i f f e r e n t  

outcomes, and may be t h e  cause  o f  s i g n i f i c a n t  i n c r e a s e s  i n  

v e r t i c a l  f o r c e s .  Changes i n  t h e  p a t t e r n s  of  f o o t  p r e s s u r e  

d i s t r i b u t i o n  are a t t r i b u t e d  t o  l and ings  from unexpected f a l l s  

(Hennig and Cavanagh, 1 9 8 7 ) .  Therefore ,  it may be p r e d i c t e d  

t h a t  t h e  p r e p a r a t o r y  land ing  a c t i v i t y  may d i f f e r  between 

expected and unexpected f a l l s .  

I n  such cases  t h e  r o l e  of t h e  v i s u a l  system may be 

c a l l e d  upon, perhaps  i n  o r d e r  t o  adopt t h e  7 s t r a t e g y  debated 

throughout t h i s  pape r .  
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. , Appendix A.p j f fe ren t l a t lon  ~ r o c e d u r e s  f o r  t h e  eauat ions 

presented l n  s e c t ~ o n  3 .5 .  

Equation (2) : 

Z ( t )  / R = 1 / r ( t ) ,  Z and r a r e  time dependent, 

t h e n Z / t = V ;  a n d r / t = v  

Z / r = V / v , a n d t h u s Z / R * r / Z = l / r * v / V .  

2 
Eliminat ing R w e  obtain Z / R * R / V = 1 / r * r / v, 

constant  approaching ve loc i ty .  

Equation ( 3 )  : 

Under acce le ra t ing  condi t ions,  however, 
3 

qt) = [ Z ( O )  - (A&' / 2)1 / A * t  

2 
= (1 / 1 [ ( Z ( O )  / A) - t / 211 

2 
= (1 / 2 - t )  [ ( ~ . Z ( O )  / A) - t I 

2 then  Z ( O )  = (1 / 2) A- td  = ~ . t ~ ~  / 2. 

Replacing Z (0) r e s u l t s  i n :  



Equa t ion  ( 4 )  : 

time-to-contact t, = td - t 



Appendix B.SIMON FRASER UNIVERSITY Informat ion shee t  f o r  

s u b i e c t s  

T i t l e  of t h e  p r o j e c t :  A d i r e c t  a ~ p r o a c h  t o  l and ina  i n  

humans: i m ~ l i c a t i o n s  of t h e  t i m e  t o  c o n t a c t  - - v a r i a b l e  a s  a  

a a modul a t o r  of t h e  vol-rv t l m ~  aa r e s ~ o n s e  - dur lnq  f r e e - f a l l s .  

This  experiment i n t ends  t o  examine t h e  r o l e  of t h e  

v i s u a l  system i n  ob ta in ing  t h e  necessary  in format ion  t o  

respond t o  environmental  s t i m u l i ,  i n  t h i s  c a s e  a f a l l  from a 

h e i g h t .  The t e s t  c o n s i s t s  of a t o t a l  o f  80 f r e e - f a l l  t r i a l s  

from h e i g h t s  ranging  from 5 cm t o  95 c m .  Muscle e l e c t r i c a l  

a c t i v i t y  (EMG) w i l l  be  recorded du r ing  t h e  performance v i a  

s u r f a c e  e l e c t r o d e s  a t  s i x  d i f f e r e n t  muscle sites. T h i s  

t echnique  i s  widely used and cons idered  s a f e .  Prevent ive  

measures a r e  t aken  a s  wi th  t h e  use  of any e l e c t r i c a l  dev ice .  

You w i l l  be asked t o  complete a medical  r e l e a s e  form 

s igned  by you. Upon f u l l  agreement, you w i l l  perform l and ing  

t r i a l s  i n  two c o n d i t i o n s .  These a r e  de f ined  as e i t h e r  t h e  

' v i s i o n '  o r  t h e  'no-vis ion '  exper imental  c o n d i t i o n s  (no te  

t h a t  t h e  l a t t e r  w i l l  perform t r i a l s  wearing goggles  which 

e l i m i n a t e  v i s u a l  c u e s ) .  

During t h e  t e s t i n g  s e s s i o n s  you w i l l  suspend yourse l f  

over  t h e  l and ing  s i t e  by grasp ing  an overhead b a r .  The he igh t  

w i l l  be determined by t h e  exper imenter .  You i n i t i a t e  t h e  f a l l  



when you a r e  ready simply by l e t t i n g  go of t h e  overhead b a r .  

I n  t h e  no-vision condi t ion you may observe t h e  he ight  of t h e  

f a l l  p r i o r  t o  being bl indfolded.  The landings w i l l  be 

performed barefooted, and you w i l l  be requi red  t o  f i x a t e  your 

glance within a bandwith of 30-50 cm wide de l imi ted  by two 

landmarks. There w i l l  be a r e s t i n g  per iod  between condit ions,  

o r  between t r i a l s  i f  you consider  t h a t  a s  appropr ia te .  The 

f a l l s  may be l ikened, a t  t h e  more extreme heights ,  to- jumping 

of an e l eva ted  t a b l e .  This i s  t h e  type of a c t i v i t y  which 

chi ldren  perform f requent ly .  A s  long a s  you e x h i b i t  some ca re  

it should be e n t i r e l y  s a f e .  Please note that there is  

some r i sk  of physical damage caused by inappropriate 

landing s k i l l s .  P r a c t i c e  landings  w i l l  t a k e  p l a c e  p r i o r  t h e  

s t a r t  of t h e  t e s t i n g  sessi~n i n  order  t o  ensure you develop a 

s a f e  landing s k i l l .  The p r a c t i c e  t r i a l s  a r e  a l s o  provided t o  

s tandardize  t h e  landing technique. A landing matt designed t o  

cushion your f a l l  w i l l  be placed over t h e  landing s i t e .  The 

e n t i r e  sess ion  w i l l  t a k e  approximately 3 hours. The 

expe~ iment  may be terminated a t  any t i m e  upon your request .  

A l l  r e s u l t s  and ques t ionnai res  w i l l  remain c o n f i d e n t i a l .  A 

synopsis of t h e  study f indings  w i l l  be a v a i l a b l e  on request ,  

from myself, upon completion of t h e  inves t iga t ion .  If you 

have any ques t ions  p lease ,  do not  h e s i t a t e  t o  ask.  Thank you 

i n  advance f o r  your co-operation. 

Dario Liebermann 



INFORMED CONSENT I3-Y SUBJECTS 
. TO PARTICIPATE 112 ,L. =ESE$3CH 

r \D  =V"- d - .. --. 'C  

%&: The University and those conducting this project subszriSe to the ethical csn3x; 9f 
research and to the ?rotec!ion at all times of the interests, comfort, and sak:y 3' c22j3::S. 
This form and the information it contains ar? given to you for your own p:s;ts:is~ 2:: Lll 
unckrstanding of the ;;rx~!t,lres, ricks and t?en~fi:c i nv3k3.  Y x r  si3r;z?~-e zF t5 : :~ '2-?; 
will signify that you have received the document descriSad beiow repr5ing this ;:s:szt, 

- that you have received an aiceqmte opportunity to cmsi3er the inlorratim in :;is 
document..and that you voluntarily agree to participate in the project. 

- 
. . Kines iolow  school/^ of Simon Fraser University to 
'. participate in a research project experiment, 1 have read the procedures specified in the 

document entitled: 

A diiect approach t o  landing in humans: Impliciztions of the time-to-contact. 

I understand the procedures to be used on this experiment and the personal risks to me in taking 
part. 

I understand that I may withdraw my participation in this experiment at any time. 

1 also understand that I may register any complaint I &ght have about the experiment with the 
chief researcher named above or with 

&xWDirector/Bzakmm -- - f School of Kinesiolom Simon Fraser University. 

Copies of the results of this study, upon its completion,' may be obtained by contacting: 

D. Liebennann, School of Kinesiology, SFU 

I agree to participate by in i t ia t ing  a number of free-falls from an overhead bar 

while EMG activity is monitored. Falls w i l l  be berformed either with 

or without vision. 
-.a (state what the subject will do) 

r- as described in the document referred to above, during the period: March, 1988- 

at laboratories in  the Department of Kinesiology, SFU 
(place where procedures will be carried out) 

-NAME (Please print): 

ADDRESS: 

SIGNATURE: WITNESS:, 

DATE: 

Once signed, a copy of this consent form and a subject feedback form should be provided to you. 
149  



Appendix C . h l e a . l t b B - -  

PHYSICAL ACIYYII?' READINESS QUETIONNAIRE (PAR-Q)* 
A Self-admioistcrcd Questionnaire lor Adults 

P A W 0  is  desrpnea l o  help you help yourself. Many neallh benefrls are assoCrateC wilh 
rCpu1Pf exercise, and the completron 01 P A R S  IS a sensrble frrst slep lo  take II you are planning 
l o  increase Ihe amounl 01 physrcal aclrvily In your I ~ f e .  

FQ mosl people physrcal actlvrly SnOuld not pose any problem or ht:ard. P A K d  has Been 
desrgncd l o  identrly Ihe small number of adul:s tor whom physical ac l i v~ ly  mrgnl m rnappropflate 
or those r h o  should have med~cal i D V l C t  concernrng the ~ y p t  of actwily most surta9le tor them. 

Common sense IS your besl'guide in  answermg these few queslrms. Please read lhem care- 
ful ly a d  check the D YES or NO o ~ p o s ~ t c  tne puesrlon 11 it appl~er to you. 

YES NO 

1. Has your doclor ever sard you have heart trouble? 

n D 2. DO you frequenrry have pains In your heart and chest? 

0 a 3. DO you often feel taml or have spells 01 severe a ~ z z i n e s s ~  

0 0 4 urs a 4 ~ l o r  c w  set4 your p r e s w e  was too n t p ~  

D D 5. w s  your doctor ever tola you t m l  you have a bone or jornt ploblem such as anhr im 
!hat has been aggravalea by exercrse, or m~gnt  be made worse wrth exercrse? 

6. IS there a 9006 p h y s t a ~  reason not monlroned here why you rhou~o  not tollow an 
actrvlty program even I f  you ranlec 107 

an  7. Are you over age 65 and not a c c ~ s t o m d  to vigorous rrerclse? 

Y w  

Anrwere 

I f  you h a w  no( r e ~ t l y  done so, consul1 wrth 
y w r  p r s m a l  w s i c i a  4 t e ~ e p t ~ g n  ot i n  person 
BEFORE increasing your ohvsrcal aclrvi tv andlor 'Or. A GRADJATEO EXERCISE PROGRAM . . 
taking a fitness te-si T ~ I I  him what q h s ~ i o n r  I A gradual increase in proper exercise pe 
you anrwefsd YES on PAF-O. or show hlm your m o m  g w d  litness development while mrni- 

mi l ing or e l i m i n a t i ~  drscomfprt. 
AN EXERCISE TEST - Simple teats of f i b  

I f  you have a Iemporafy minor Illness, such as a 

&sir. Check In your community lor spscial 
programs or s m ~ c e s .  



After you have read and signed the PAR-Q form, 

please, read the following and answer either YES or NO: 

-Have you ever had back injuries ? 

-Have you ever had other bone related injuries 

(e.g. toes, heels, knees, hips, etc.) ? 

-Have you ever had joints, ligaments, tendons 

injuries or pain related to traumatic states (e.g. 

operations, irritations, etc. ) ? 

-Have you ever had any neurological symptoms (e.g. 

epilepsy, cerebrovascular deficiency, continuous and 

localized headaches) ? 

-Have you ever had spinal cord injuries 

(intervertebral disk compression, disk hernia, localized and 

sharp pain unrelated to structural problems) ? 

DATE : 

NAME : 

S IGNATURE : 



~ p p e n d i x  D ExamDle of raw d a t a  n l o t t i n u  f o r  6 muscle 

grouns-  f o r c e  O u t ~ u t .  - and r e l e a s e  t i m e  a s  measured bv a  d r o ~  - 

i n  v o l t a u e  as t h e  swi tch  o ~ e n e d .  



SWITCH 
tmV) 

G ASTROCNEM IUS 
(mV) 

I ' 
TlBl ALE ANTERIOR I 

(mu) 1- 1 
I I 

BICEPS FEMOR IS 
CmV) 

RECTUS FEMOR IS 
h V >  

FRONTAL IS 
(mV? 

VERTICAL FORCE 
(arbitrary units) 

0 I- 
0 900 1- 19W m = 

TlME (msec) 




