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SUMMARY 

The p u r p o s e o f t h i s s t u d y was t o d e v e l o p a m a t h e m a t i c a l 

model o f human arm s t r e n g t h . The s p e c i f i c t y p e o f s t r e n g t h 

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

l o c a t e d 20 i n c h e s a b o v e t h e s e a t r e f e r e n c e p o i n t . 

Data was c o l l e c t e d on one m a l e s u b j e c t i n 22 r a d i a l 

d i r e c t i o n s a r o u n d t h e b o d y , a t 10 hand l o c a t i o n s i n e a c h 

r a d i a l d i r e c t i o n . The s u b j e c t was s e a t e d . His hand was i n 

t h e s e m i - p r o n a t e d p o s i t i o n d u r i n g e x e r t i o n . 

The a p p a r a t u s u s e d f o r d a t a c o l l e c t i o n was a f r a m e w o r k 

h o u s i n g a p i e z o - e l e c t r i c f o r c e t r a n s d u c e r . 

The s u b j e c t e m p l o y e d a f r e e - p u s h e x e r t i o n t e c h n i q u e 

w h i c h p r o v i d e d m i n i m a l body s u p p o r t o r r e s t r i c t i o n . G e n e r a l 

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

f rom t h e d a t a . 

The f o l l o w i n g c r i t e r i a w e r e c o n s i d e r e d i n d e v e l o p i n g 

t h e m a t h e m a t i c a l p r e d i c t i o n m o d e l . 

1 . C o n s i d e r a t i o n f o r t h e u l t i m a t e u s e r o f t h e model 

2 . R e a l i s t i c d a t a c o l l e c t i o n t e c h n i q u e s 

3 . I n t u i t i v e p a r a m e t e r s i n t h e model 

4 . C o m p u t a t i o n a l s i m p l i c i t y 

5. P r e d i c t i v e f l e x i b i l i t y 

6 . A c c e p t a b l e p r e d i c t i v e a c c u r a c y 

The l a b o r a t o r y p r o c e d u r e s w e r e e v a l u a t e d t o d e t e r m i n e t h e 



x i 

e f f e c t o f s e c o n d a r y f a c t o r s such a s f a t i g u e and l e a r n i n g . 

A s e q u e n t i a l model b u i l d i n g p r o c e s s was u s e d , w h e r e i n 

c u r v e s w e r e f i t t e d t o d a t a i n i n d i v i d u a l d i r e c t i o n s . The 

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

m o d e l . The g e n e r a l model u t i l i z e s f o u r p a r a m e t e r s . 
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CHAPTER I 

INTRODUCTION 

The p u r p o s e o f t h i s t h e s i s i s t o d e v e l o p a m a t h e m a t i c a l 

model o f human s t a t i c p u s h s t r e n g t h f o r a s e a t e d p e r s o n . The 

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

i s t h e t r a n s v e r s e p l a n e l o c a t e d 20 i n c h e s a b o v e t h e s e a t 

r e f e r e n c e p o i n t . T h i s s t u d y i s a p a r t o f an o n g o i n g r e s e a r c h 

e f f o r t a t t h e G e o r g i a I n s t i t u t e o f T e c h n o l o g y . Lower ( 1 9 7 6 ) 

i n i t i a t e d t h i s r e s e a r c h w i t h t h e d e s i g n and c o n s t r u c t i o n o f 

t h e s t r e n g t h t e s t i n g a p p a r a t u s , w h i c h was u s e d i n t h i s s t u d y 

i n m o d i f i e d f o r m . 

O b j e c t i v e s 

The o b j e c t i v e s o f t h i s t h e s i s w e r e t o s a t i s f y t h e 

f o l l o w i n g c r i t e r i a : 

1 . C o n s i d e r t h e u l t i m a t e u s e r o f t h e model and 

d e v e l o p t h e model i n such a way t h a t i t can b e 

e a s i l y a p p l i e d by t h e s e u s e r s . In t h i s c a s e , 

t h e u s e r can be assumed t o be t h e w o r k p l a c e 

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

w i t h o r w i t h o u t a c c e s s t o a d i g i t a l c o m p u t e r . 

2 . Use d a t a w h i c h a r e c o l l e c t e d w i t h r e a l i s t i c 

t e c h n i q u e s - - t h a t i s , w i t h o u t c o n s t r a i n t s on body 

p o s i t i o n . 
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3 . D e v e l o p a model w h i c h e m p l o y s p a r a m e t e r s w h i c h 

h a v e c l e a r , i n t u i t i v e m e a n i n g s . 

4 . E n s u r e t h a t t h e model i s c o m p u t a t i o n a l l y s i m p l e . 

T h i s means t h a t t h e p r e d i c t i o n s can be o b t a i n e d 

q u i c k l y and e a s i l y w i t h o u t t h e need f o r a d v a n c e d 

t e c h n i c a l e x p e r i e n c e o r a c c e s s t o a d i g i t a l 

c o m p u t e r . 

5 . D e v e l o p a model w h i c h i s r o b u s t enough t o p r e d i c t 

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

b o d y . 

6 . E n s u r e t h a t t h e model h a s good p r e d i c t i v e 

a c c u r a c y . 

P r o c e d u r e s 

Maximum s t r e n g t h v a l u e s w e r e c o l l e c t e d on a s e a t e d 

m a l e s u b j e c t u s i n g h i s r i g h t ( p r e f e r r e d ) h a n d . His hand was 

o r i e n t e d i n t h e s e m i - p r o n a t e d p o s i t i o n . The a p p a r a t u s 

c o n s i s t e d o f a s t e e l f r a m e w o r k h o u s i n g a p i e z o - e l e c t r i c 

f o r c e t r a n s d u c e r ( l o a d c e l l ) w h i c h m e a s u r e d i s o m e t r i c 

p u s h i n g f o r c e . V a l u e s o f s t r e n g t h w e r e c o l l e c t e d i n 22 

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

m a t e l y 10 d a t a p o i n t s i n e a c h d i r e c t i o n . A l l o f t h e d a t a 

p o i n t s w e r e l o c a t e d i n a t r a n s v e r s e p l a n e 20 i n c h e s a b o v e 

t h e s e a t r e f e r e n c e p o i n t . 

The s u b j e c t was I n s t r u c t e d t o u s e a f r e e p u s h p o s i t i o n , 

t h e r e s t r i c t i o n s o f w h i c h a r e : 
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1. Keep b o t h f e e t on t h e f l o o r 

2 . Keep b o t h b u t t o c k s on t h e s e a t 

3 . Keep a t l e a s t one p o i n t o f t h e b a c k on 

t h e c h a i r b a c k a t a l l t i m e s . 

A f o u r p a r a m e t e r model was i n i t i a l l y f i t t o t h e d a t a 

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

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

a n g l e . F i n a l l y , t h e s e e x p r e s s i o n s w e r e i n t e g r a t e d i n t o t h e 

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

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

r i g h t s h o u l d e r . 

F a c t o r s a f f e c t i n g t h e s u b j e c t ' s p e r f o r m a n c e w e r e 

a n a l y z e d by p e r f o r m i n g an a n a l y s i s o f v a r i a n c e on d a t a 

c o l l e c t e d a t two t e s t p o i n t s . The e f f e c t s s t u d i e d w e r e 

hand l o c a t i o n , f a t i g u e , t i m e o f d a y , and l e a r n i n g . 

C o n e1u s i o n s 

From e x a m i n a t i o n o f t h e d a t a , s e v e r a l c h a r a c t e r i s t i c s 

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

f o r c e s was i n t h e r i g h t f r o n t q u a d r a n t o f t h e t r a n s v e r s e 

p l a n e . S t r e n g t h p r o f i l e s on i n d i v i d u a l r a d i a l d i r e c t i o n s 

t o o k one o f two g e n e r a l s h a p e s : A c e n t r a l l y humped form 

w h i c h v a r i e d i n h e i g h t and s k e w n e s s f r o m one r a d i a l d i r e c t i o n 

t o t h e n e x t , o r a h i g h l y skewed form w h i c h was h i g h e s t 

c l o s e t o t h e body and s l o p e d downward a t more d i s t a n t 

l o c a t i o n s . 
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The d i s t a n c e f rom t h e body t o t h e l o c a t i o n o f maximum 

s t r e n g t h i n e a c h d i r e c t i o n was s m a l l e s t b e h i n d t h e s u b j e c t ' s 

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

moved f o r w a r d and a r o u n d t h e body t o t h e r i g h t . 

T h e r e was a s m a l l s t a t i s t i c a l l y s i g n i f i c a n t e f f e c t 

i n t h e d a t a due t o f a t i g u e . T h e r e was a s i g n i f i c a n t n e g a t i v e 

" l e a r n i n g " e f f e c t . T h i s e f f e c t was p r o b a b l y due t o s o r e n e s s 

and d e c l i n i n g m o t i v a t i o n a l l e v e l s o f t h e s u b j e c t . The f r e e 

push c r i t e r i a w e r e p r o b a b l y r e s p o n s i b l e f o r some o f t h e 

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

enough t o a f f e c t t h e g e n e r a l u t i l i t y o f t h e m o d e l . 

The f i n a l model was a s f o l l o w s : 

w h e r e 

S s t r e n g t h 

S. 
m 

maximum s t r e n g t h i n one d i r e c t i o n 

R d i s t a n c e t o hand i n one d i r e c t i o n 

R d i s t a n c e t o maximum s t r e n g t h i n one d i r e c t i o n 

B s h a p e p a r a m e t e r o f s t r e n g t h p r o f i l e 

m d i s t a n c e t o maximum r e a c h i n one d i r e c t i o n 



5 

CHAPTER I I 

LITERATURE REVIEW 

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

e m p h a s i s on t h e f o l l o w i n g a r e a s : 

1 . P a t t e r n s o b s e r v e d i n p u s h i n g s t r e n g t h 

2 . P u s h i n g t e c h n i q u e s u s e d by e x p e r i m e n t a l s u b j e c t s 

3 . Q u a n t i t a t i v e m o d e l s o f arm s t r e n g t h . 

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

o t h e r d i r e c t i o n s o f e x e r t i o n , d e f i n i t i o n s o f t e r m s , and h i s t o r i 

c a l p e r s p e c t i v e s , t h e r e a d e r i s r e f e r r e d t o Lower ( 1 9 7 6 ) and 

H u n s i c k e r ( 1 9 5 5 ) . 

G e n e r a l Push S t r e n g t h P a t t e r n s 

The p u r p o s e o f t h i s t h e s i s i s t o d e s c r i b e p u s h i n g 

s t r e n g t h w i t h a m a t h e m a t i c a l m o d e l . T h e r e h a v e b e e n many 

s t u d i e s on human s t r e n g t h , b u t a l i m i t e d number h a v e s t u d i e d 

p u s h i n g s t r e n g t h as a c o m b i n a t i o n o f t h e i n d i v i d u a l e f f o r t s 

o f s e v e r a l m u s c l e g r o u p s . The m a j o r i t y o f t h e s t u d i e s w h i c h 

h a v e t h o u g h t o f p u s h i n g s t r e n g t h i n t h i s way d i d n o t d e v e l o p 

m a t h e m a t i c a l m o d e l s . V a r i o u s p a t t e r n s o f s t r e n g t h w e r e 

o b s e r v e d i n t h e s e s t u d i e s , h o w e v e r , and a s u c c e s s f u l m a t h e 

m a t i c a l model s h o u l d p r e d i c t t h e s e p a t t e r n s . F o r t h i s r e a s o n 

a b r i e f r e v i e w o f t h e p a t t e r n s o f s t r e n g t h f o u n d by o t h e r 

r e s e a r c h e r s h a s been made. 



6 

Push S t r e n g t h P a t t e r n s o f S t a n d i n g S u b j e c t s 

S t a n d i n g p u s h s t r e n g t h h a s been most c o m p l e t e l y 

i n v e s t i g a t e d by Kroemer ( 1 9 6 9 ) . In one e x p e r i m e n t , t h e 

s u b j e c t b r a c e d b o t h s h o u l d e r s a g a i n s t a b a c k w a l l and p u s h e d 

f o r w a r d w i t h one h a n d . I t was n o t e d t h a t h i s arm was 

s t r a i g h t a t 8 0 - 9 0 p e r c e n t o f h i s maximum r e a c h . The s t r e n g t h 

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

t h e n t a p e r e d o f f ( F i g u r e 2 - 1 ) . 

In a n o t h e r e x p e r i m e n t , t h e s u b j e c t b r a c e d one 

s h o u l d e r a g a i n s t t h e back w a l l and p u s h e d f o r w a r d w i t h h i s 

o p p o s i t e h a n d . Even t h o u g h t h e same humped f o r m r e s u l t e d 

( F i g u r e 2 - 1 ) , t h i s p o s i t i o n was c o n s i d e r e d t o be i n e f f i c i e n t 

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

f rom 70 t o 90 p e r c e n t o f r e a c h , when t h e arm was s t r a i g h t 

and p u s h i n g was done w i t h t h e s h o u l d e r s . . 

When t h e s u b j e c t p l a c e d one p o i n t o f h i s b a c k a g a i n s t 

t h e b a c k w a l l and p u s h e d f o r w a r d w i t h b o t h h a n d s , t h e hump o f 

t h e c u r v e moved c l o s e r t o t h e b o d y . A t f a r t h e r d i s t a n c e s 

a s l i g h t upward t r e n d was n o t e d ( F i g u r e 2 - 1 ) . 

I f t h e s u b j e c t p u s h e d w i t h b o t h s h o u l d e r s c o n t a c t i n g 

t h e b a c k w a l l w i t h two h a n d s , t h e hump moved f u r t h e r away 

( F i g u r e 2 - 1 ) . In t h i s c o n d i t i o n t h e s u b j e c t c o u l d l o c k h i s 

a r m s , r e s u l t i n g i n t h e h i g h maximum f o r c e . In Kroemer ( 1 9 7 4 ) 

s e v e r a l g e n e r a l c o n c l u s i o n s w e r e made. F i r s t , i t was n o t e d 

t h a t p o s t u r e , s u p p o r t , and t h e f o r c e p a t h t h r o u g h t h e body a l l 

h a v e g r o s s e f f e c t s on push f o r c e . I f t h e s u b j e c t can wedge 
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140 - i 

120 H 

IOO H 

t SO H W O 
OS 

o 
60 H 

40 H 

20 H 

- 1 1 1 1 I I I R-—R* 
40 50 60 70 80 90 100 110 120 

REACH DISTANCE (%) 
2 HAND; BOTH SHOULDERS BACK WALL 

10 
1 
20 30 

— 2 HAND; ONE POINT ON BACK ON WALL 
1 HAND; SHOULDER ON BACK WALL 

•••• 1 HAND; BOTH SHOULDERS BACK WALL 

F i g u r e 2 - 1 . Push S t r e n g t h w i t h V a r y i n g B r a c i n g 
C o n d i t i o n s ( a f t e r K r o e m e r , 1 9 6 9 ) 
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h i m s e l f b e t w e e n t h e p o i n t o f a p p l i c a t i o n and a w a l l o r f o o t -

r e s t , he can e x e r t h i g h e r f o r c e . T h i s i s e s p e c i a l l y t r u e i f 

t h e f o r c e p a t h t h r o u g h h i s body a p p r o a c h e s h o r i z o n t a l . 

I t was n o t e d t h a t b r a c i n g a g a i n s t a r e a r w a l l and 

p u s h i n g f o r w a r d w i t h two arms i s e f f i c i e n t , b u t b e n d i n g o f t h e 

arms t e n d s t o d e c r e m e n t f o r c e . O b l i q u e f o r c e p a t h s and o n e -

handed p u s h e s ( e v e n i f b r a c e d ) a l s o d e c r e m e n t f o r c e . The 

h i g h e s t o b s e r v e d f o r c e s w e r e o b s e r v e d when t h e o p e r a t o r 

p u s h e d w i t h h i s b a c k , w i t h h i s l e g s p u s h i n g r e a r w a r d a g a i n s t 

t h e r e a r w a l l . In g e n e r a l , maximum push s t r e n g t h was o b s e r v e d 

a t 80 p e r c e n t o f t h e maximum r e a c h . Laubach ( 1 9 7 6 ) s t u d i e d 

p u s h s t r e n g t h d i f f e r e n c e s b e t w e e n m a l e s a n d . f e m a l e s . The 

r e s u l t s i n p u s h s t r e n g t h f rom t h a t s t u d y a r e g i v e n i n T a b l e 

2 - 1 . 

Push S t r e n g t h P a t t e r n s o f S e a t e d S u b j e c t s 

Hugh J o n e s ( 1 9 4 7 ) s t u d i e d push s t r e n g t h i n t h e mid-

s a g i t t a l , l e f t - , and r i g h t - s h o u l d e r s a g i t t a l p l a n e , and a 

s a g i t t a l p l a n e o u t s i d e t h e r i g h t shouldeT. The hand was 

l o c a t e d 1 5 i n c h e s a b o v e t h e s e a t p l a n e . S t r e n g t h was o b s e r v e d 

t o i n c r e a s e t o hand l o c a t i o n s 29 i n c h e s f r o m t h e body and 

d e c r e a s e from 29 t o 33 i n c h e s , w h e r e t h e arm was s t r a i g h t . 

T h i s p a t t e r n was a t t r i b u t e d t o t h e m e c h a n i c a l a d v a n t a g e a t 

t h e i n t e r m e d i a t e p o s i t i o n s o u t w e i g h i n g t h e m u s c l e ' s l o s s o f 

power due t o s h o r t e n i n g . S t r e n g t h i n t h e m i d - t o r i g h t -

s h o u l d e r - s a g i t t a l and o u t s i d e - r i g h t - s h o u l d e r s a g i t t a l p l a n e s 

had l e s s s t r e n g t h . 



T a b l e 2 - 1 . Push S t r e n g t h C o m p a r i s o n Be tween M a l e s 
and F e m a l e s ( a f t e r L a u b a c h , 1 9 7 6 ) 

Number 
D i r e c t i o n o f Hands B r a c e 5% 

F o r w a r d 2 F o o t R e s t 3 T 

F o r w a r d 2 V e r t i c a l W a l l 39 

R e a r w a r d 1 V e r t i c a l W a l l 39 

L a t e r a l 1 V e r t i c a l W a l l 2 5 

F o r w a r d 1 V e r t i c a l W a l l 43 

Mean 

38 

43 

35 

43 

47 

95% 

40 

44 

35 

50 

49 

P e r c e n t i l e o f ma le s t r e n g t h e x e r t e d by f e m a l e s 

Female p e r c e n t i l e r a n k 
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Hugh J o n e s d e t e c t e d a " t o g g l e " e f f e c t i n p u s h i n g 

w h e r e i n t h e s t r e i g h t e n i n g o f t h e arm t o a p e a k o r " l i m i t i n g " 

a n g l e o f 1 3 5 ° g r e a t l y i n c r e a s e d p u s h f o r c e . He n o t e d t h a t , 

b e c a u s e o f t h i s e f f e c t , push f o r c e s can be s t r o n g e r t h a n p u l l 

f o r c e s . S u b j e c t i v e l y , h o w e v e r , p u s h i n g f o r c e was l e s s 

c o m f o r t a b l e f o r t h e s u b j e c t s b e c a u s e o f i n c r e a s e d i n t r a 

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

H u n s i c k e r ( 1 9 5 5 ) e s t a b l i s h e d a n o m e n c l a t u r e s y s t e m 

f o r p u s h i n g i n t h e r i g h t s h o u l d e r s a g i t t a l p l a n e . By t h i s 

s y s t e m , 1 8 0 ° c o r r e s p o n d e d t o p u s h i n g h o r i z o n t a l l y d i r e c t l y 

a h e a d , 9 0 ° c o r r e s p o n d e d t o p u s h i n g downward , and 0° c o r r e 

sponded t o a h o r i z o n t a l r e a r w a r d p u s h . In t h e s h o u l d e r 

s a g i t t a l p l a n e , maximum s t r e n g t h s w e r e r e c o r d e d a t 1 8 0 ° . 

These v a l u e s d e c r e a s e d t o 9 0 ° and s l i g h t l y i n c r e a s e d t o 6 0 ° 

( s e e F i g u r e 2 - 2 ) . P e r c e n t i l e t a b l e s f o r s i t t i n g p o s i t i o n 

push w e r e d e v e l o p e d on a s a m p l e s i z e o f 5 5 . T h i s i n f o r m a t i o n 

i s g i v e n i n T a b l e 2 - 2 . 

T h o r d s e n , e t a l . ( 1 9 7 2 ) s t u d i e d s e a t e d push s t r e n g t h 

i n t h e f o l l o w i n g a i r c r a f t o r i e n t e d l o c a t i o n s : 

S t i c k : i n c e n t e r ! i n e o f s e a t , 1 3 i n c h e s 

i n f r o n t o f SRP, 1 2 i n c h e s a b o v e SRP 

T h r o t t l e : 1 0 i n c h e s l e f t o f s e a t c e n t e r l i n e 

20 i n c h e s f o r w a r d o f SRP 

1 2 . 4 i n c h e s a b o v e SRP 

C o l l e c t i v e : 1 4 i n c h e s l e f t o f s e a t c e n t e r l i n e 

1 0 . 3 i n c h e s f o r w a r d o f SRP 

4 . 7 5 i n c h e s a b o v e SRP 
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DEGREES ELBOW FLEXION 

F i g u r e 2 - 2 . S i t t i n g P o s i t i o n Push ( a f t e r 
Huns i c k e r , 1 9 5 5 ) 



T a b l e 2 - 2 . S i t t i n g P o s i t i o n P u s h P e r c e n t i l e D a t a 
( a f t e r H u n s i c k e r , 1 9 5 5 ) 

P e r c e n t i l e E l b o w F l e x i o n 

1 8 0 ° 1 5 0 ° 1 2 0 ° 9 0 ° 6 0 ° 

5 5 0 4 2 3 6 3 6 3 4 
1 0 7 6 6 2 4 4 4 7 . 5 4 7 
2 0 8 2 1 1 8 6 5 5 4 5 4 
3 0 1 0 1 9 0 7 8 . 5 6 6 6 2 . 5 
4 0 1 3 2 1 1 6 8 7 7 7 7 6 
5 0 1 3 9 . 5 1 2 8 . 5 9 5 . 5 8 4 9 3 
6 0 1 5 6 1 3 6 1 1 2 8 9 9 7 
7 0 1 6 4 . 5 1 4 9 1 2 1 . 5 1 0 1 . 5 1 1 3 
8 0 1 7 7 1 6 4 1 3 1 1 1 2 1 2 3 

9 0 2 0 6 1 8 1 1 5 0 1 2 5 1 4 3 . 5 
9 5 2 1 0 1 9 4 1 7 2 1 5 4 1 5 0 

M i n 3 3 3 4 3 0 2 5 2 4 
M a x 2 1 5 2 1 0 2 2 0 1 7 8 1 7 4 
u 1 3 8 . 0 1 2 3 1 0 3 . 5 8 6 . 5 9 2 . 3 
a 4 8 . 9 4 5 . 1 4 3 . 3 3 2 . 8 3 7 . 7 

I n p o u n d s , N = 5 5 , r i g h t a r m . 
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O v e r h e a d c o n t r o l : 1 0 i n c h e s l e f t o f s e a t c e n t e r l i n e 

0 . 0 i n c h e s f o r w a r d o f SRP 

4 7 . 3 i n c h e s a b o v e SRP 

P a n e l C o n t r o l : 1 0 i n c h e s l e f t o f s e a t c e n t e r l i n e 

2 4 . 7 i n c h e s f o r w a r d o f SRP 

2 3 . 0 i n c h e s a b o v e SRP 

Hatch C o n t r o l : 1 3 i n c h e s r i g h t o f s e a t c e n t e r l i n e 

1 3 i n c h e s f o r w a r d o f SRP 

23 i n c h e s a b o v e SRP 

These d a t a w e r e c o l l e c t e d on a s a m p l e s i z e o f 5 1 , u s i n g t h e 

l e f t hand i n t h e m i d - p o s i t i o n , e x c e p t f o r c o l l e c t i v e and 

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

P e r c e n t i l e d a t a f rom t h i s s t u d y a r e g i v e n i n T a b l e 2 - 3 . 

Laubach and Kroemer ( 1 9 7 4 ) c o m p l e t e d a s t u d y u s i n g 

s i m i l a r c o n t r o l l o c a t i o n s . They c o n c l u d e d t h a t t h e s t r o n g e s t 

p u s h f o r c e s o c c u r r e d on t h e l i n e b e t w e e n t h e s h o u l d e r and t h e 

h a n d l e . Weaker f o r c e s o c c u r r e d i n d i r e c t i o n s p e r p e n d i c u l a r 

t o t h a t l i n e . They a l s o n o t i c e d h i g h v a r i a n c e b e t w e e n f o r c e 

d i r e c t i o n s a t t h e same hand l o c a t i o n s . 

P u s h i n g T e c h n i q u e s Used by E x p e r i m e n t a l S u b j e c t s 

The i m p o r t a n c e o f t h e p u s h i n g c r i t e r i a u s e d by s u b j e c t s 

i n s t r e n g t h s t u d i e s i s a p o i n t w h i c h h a s b e e n m e n t i o n e d i n 

t h e l i t e r a t u r e ( K r o e m e r , 1 9 6 9 ) . The q u e s t i o n o f t h e r e s t r i c t e d 

v e r s u s n o n - r e s t r i c t e d p u s h i n g c r i t e r i a i s a m a j o r a r e a o f 

c o n c e r n , b e c a u s e o f i t s i m p l i c a t i o n s on t h e a p p l i c a b i l i t y o f 
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T a b l e 2 - 3 . P e r c e n t i l e Data f o r S e l e c t e d S e a t e d Push F o r c e s 

( a f t e r T h o r d s e n , e t a l . , 1 9 7 2 ) 

P e r c e n t i l e S t i c k T h r o t t l e C o l l e c t i v e O v e r h e a d P a n e l Hatch 

99 1 2 4 . 8 2 3 8 . 2 9 8 . 5 6 5 . 9 2 4 5 . 1 6 0 . 4 

95 1 0 0 . 3 20 8 . 6 9 4 . 2 5 1 . 8 2 1 9 . 6 5 6 . 8 

75 7 9 . 9 1 8 0 . 2 7 9 . 2 3 8 . 2 1 9 4 . 8 4 4 . 0 

50 67 . 9 1 6 2 . 5 6 6 . 5 3 1 . 3 1 7 4 . 8 3 4 . 0 

25 5 4 . 9 1 4 0 . 7 5 4 . 6 2 5 . 4 1 4 8 . 6 2 5 . 3 

5 3 6 . 3 9 3 . 8 4 1 . 4 1 7 . 7 1 0 3 . 2 1 6 . 2 

1 2 9 . 2 4 4 . 9 3 6 . 2 1 2 . 9 7 4 . 5 1 1 . 8 

y 6 8 . 8 1 5 7 . 7 6 7 . 1 3 2 . 5 1 6 9 . 8 3 5 . 0 

0 2 0 . 4 3 4 . 8 1 6 . 0 1 0 . 5 3 6 . 3 1 2 . 5 

In p o u n d s , N = 5 1 , l e f t arm. 
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t h e d a t a g e n e r a t e d . The f o l l o w i n g p a r a g r a p h s b r i e f l y r e v i e w 

t h e p u s h i n g c r i t e r i a u s e d i n p a s t s t u d i e s . 

S t a n d i n g Push F o r c e T e c h n i q u e s 

I t seems t h a t i n s t u d i e s w h e r e s u b j e c t s w e r e s t a n d i n g 

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

t e c h n i q u e s . 

Ayoub ( 1 9 7 4 ) t e s t e d s t a n d i n g push s t r e n g t h w i t h an 

a d j u s t a b l e - h e i g h t b a r . No f o o t r e s t was p r o v i d e d f o r t h e 

s u b j e c t s - - o n l y f r i c t i o n b e t w e e n t h e s h o e s and t h e f l o o r was 

r e l i e d on t o t r a n s m i t r e a c t i o n f o r c e s . T h i s i s an e x t r e m e 

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

t i o n s . Body w e i g h t was f o u n d t o h a v e a p o s i t i v e e f f e c t on 

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

b a r and t h e b a r was a t a h i g h p o s i t i o n . The h i g h e s t push 

f o r c e s w e r e found t o be e x e r t e d when t h e f o o t d i s t a n c e from 

t h e b a r was 9 0 - 1 0 0 p e r c e n t o f t h e s h o u l d e r h e i g h t , and t h e 

b a r h e i g h t was 7 0 - 8 0 p e r c e n t o f t h e s h o u l d e r h e i g h t . 

Kroemer ( 1 9 6 9 ) u t i l i z e d v a r i o u s r e a l i s t i c , n o n -

r e s t r i c t e d p u s h i n g s i t u a t i o n s . These c o n d i t i o n s w e r e t e s t e d 

w i t h and w i t h o u t f o o t r e s t s . B e c a u s e t h e s u b j e c t s assumed a 

v a r i e t y o f b r a c i n g p o s i t i o n s b e t w e e n t h e l o a d and a r e a r w a l l , 

no m u s c l e g r o u p i s o l a t i o n s w e r e a t t e m p t e d . These p o s i t i o n s 

r e s u l t e d i n more r e a l i s t i c f o r c e s t h a n s t u d i e s w h i c h r e s t r i c t e d 

t h e s u b j e c t t o s t a n d e r e c t . T h i s c o n d i t i o n l i m i t s t h e f o r c e 

e x e r t e d b e c a u s e o f t h e t e n d e n c y t o f a l l o v e r . 

S t r e i m e r and S p r i n g e r ( 1 9 6 3 , i n K r o e m e r , 1 9 6 9 ) a l s o 
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a l l o w e d s u b j e c t s t o assume n a t u r a l p o s i t i o n s i n p u s h i n g . 

P u s h i n g s t r e n g t h s w e r e r e c o r d e d a t t h e k n e e , w a i s t , c h e s t , and 

o v e r h e a d p o s i t i o n s . 

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

a t t h e two i n c h , 24 i n c h , and o v e r h e a d l e v e l by Fox ( 1 9 6 7 , 

i n K r o e m e r , 1 9 6 9 ) . The s u b j e c t was a l l o w e d t o p u s h w i t h h i s 

s h o u l d e r s o r h a n d s . The S c h a n n e model ( 1 9 7 2 ) c a l c u l a t e d t h e 

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

p r o g r a m . His a p p r o a c h was somewhat r e s t r i c t e d , h o w e v e r , 

b e c a u s e h i s human v o l u n t a r y f o r c e s w e r e c a l c u l a t e d on t h e 

b a s i s o f i s o l a t e d m u s c l e g r o u p s . B e c a u s e o f t h i s a p p r o a c h , 

complex a r e a s , such a s r e g i o n s b e h i n d t h e m i d - f r o n t a l p l a n e , 

w e r e n o t i n v e s t i g a t e d . In complex a r e a s such a s t h o s e b e h i n d 

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

and t h e i s o l a t i o n o f m u s c l e g r o u p s i s i m p o s s i b l e . A 

c o r r e c t i o n f a c t o r was i n c l u d e d i n t h e model t o c o r r e c t f o r 

i n t e r - g r o u p i n t e r a c t i o n i n a r e a s i n f r o n t o f t h e s u b j e c t . 

S i t t i n g Push F o r c e T e c h n i q u e s 

B e c a u s e s e a t e d p u s h i n g i s more d e p e n d e n t on t h e s e a t 

s t r u c t u r e , more r e s t r i c t e d p u s h i n g s t u d i e s h a v e o c c u r r e d on 

s e a t e d s u b j e c t s t h a n when s u b j e c t s a r e s t a n d i n g . P u s h i n g 

s t r e n g t h w i t h an a d j u s t a b l e b a c k - r e s t was s t u d i e d by C a l d w e l l 

( 1 9 6 2 ) . The f o r c e e x e r t e d was v e r y a p p a r a t u s - d e p e n d e n t . I t 

was found t h a t h i g h e r b a c k r e s t p o s i t i o n s r e s u l t e d i n h i g h e r 

f o r c e s e x e r t e d . He n o t e d t h a t f o r c e e x e r t e d was d e p e n d e n t 

on t h e r e s i s t a n c e f o r c e a t t h e s h o u l d e r . The t o g g l e e f f e c t 
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m e n t i o n e d by Hugh J o n e s ( 1 9 4 7 ) was a l s o o b s e r v e d . These 

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

s i m p l y on t h e b a s i s o f t h e e x p e r i m e n t a l a p p a r a t u s . T h e r e f o r e , 

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

seem t o be as v a l i d an a p p r o a c h a s t h e r e s t r i c t e d a p p r o a c h . 

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

by T h o r d s e n , e t a l . ( 1 9 7 2 ) . In t h i s s t u d y , a l i m i t e d number 

o f a i r c r a f t c o n t r o l l o c a t i o n s w e r e s t u d i e d . A r i g i d s e a t 

s t r u c t u r e was u s e d , w i t h a h i g h , h a r d b a c k r e s t and f o o t r e s t . 

The p u s h i n g c o n v e n t i o n u s e d was a s f o l l o w s : Both f e e t w e r e 

t o r e m a i n on t h e f o o t r e s t , and a t l e a s t one p o i n t on t h e 

u p p e r back must a l w a y s be i n c o n t a c t w i t h t h e s e a t b a c k . 

T h i s c o n v e n t i o n r e s t r i c t e d t h e s u b j e c t c o n s i d e r a b l y . T h e r e 

w o u l d be a n e e d t o m o d i f y t h e push c o n v e n t i o n i f more r e m o t e 

t e s t l o c a t i o n s w e r e t o be c o n s i d e r e d . 

A r i g i d s e a t and f o o t r e s t was u s e d i n t h e H u n s i c k e r 

( 1 9 5 5 ) s t u d y a l s o . B e c a u s e a l l o f t h e push f o r c e s w e r e 

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

s u b j e c t ' s b a c k a l w a y s c o n t a c t e d t h e s e a t - b a c k . No l o n g 

r e a c h e s o c c u r r e d , b e c a u s e t h e l o c a t i n g i n d e x was arm a n g l e 

r a t h e r t h a n hand l o c a t i o n . Hence , t h e s e a t back had a 

d e f i n i t e e f f e c t on t h e f o r c e s m e a s u r e d . 

An e x a m p l e o f a v e r y f r e e p u s h i n g c r i t e r i a was t h a t 

u s e d by Gaughran and Dempster ( 1 9 5 6 ) . The s u b j e c t s a t 

f r e e l y on a b e n c h w i t h no b a c k o r f o o t c o n t a c t w i t h any 

s u r f a c e . I t was f o u n d t h a t maximal push f o r c e c o u l d be 
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e x e r t e d when t h e moment arm o f t h e c o u p l e f o r m e d by ( 1 ) t h e 

upward r e s i s t a n c e f o r c e o f t h e bench and ( 2 ) t h e downward 

f o r c e t h r o u g h t h e c e n t e r o f g r a v i t y o f t h e body was m a x i m i z e d 

( s e e F i g u r e 2 - 3 ) . T h i s moment arm c o u l d be l e n g t h e n e d by 

m u s c l e t e n s i o n w h i c h w o u l d move t h e c o n t a c t a r e a on t h e b u t t o c k s 

and t h i g h s f o r w a r d w h i l e k e e p i n g t h e l o c a t i o n o f t h e c e n t e r o f 

g r a v i t y t h e same . The a d d i t i o n o f a b a c k r e s t i n c r e a s e d t h e 

amount o f f o r c e e x e r t e d by p r o v i d i n g r e s i s t a n c e . Th i s i n c r e a s e 

i n f o r c e was h i g h e s t when t h e b a c k r e s t was a t t h e s h o u l d e r 

pos i t i o n . 

O t h e r s t u d i e s w h i c h u s e d the' f r e e , p u s h c r i t e r i a w e r e 

Lower ( 1 9 7 6 ) and Lower e t a l . ( 1 9 7 7 ) . These s t u d i e s u s e d 

t h e f o l l o w i n g c r i t e r i a : B o t h f e e t w e r e on t h e f l o o r a t a l l 

t i m e s , b o t h b u t t o c k s on t h e s e a t a t a l l t i m e s , and a t l e a s t 

one p o i n t on t h e e n t i r e back was t o c o n t a c t t h e b a c k r e s t 

a t a l l t i m e s . T h i s c r i t e r i a a l l o w e d t h e s u b j e c t t o r o t a t e 

h i s body f o r p u s h i n g a t p o s i t i o n s b e h i n d h i s b a c k , and t o 

r e a c h t o l o n g e r d i s t a n c e s i n f r o n t o f h im. These l o o s e 

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

i n c r e a s e d r e a l i s m was c o n s i d e r e d t o h a v e o f f s e t t h e v a r i a n c e 

i n c r e a s e . 

C o n c l u s i o n s on P u s h i n g T e c h n i q u e s 

From e x a m i n i n g t h e d a t a i t seems t h a t n o n - r e s t r i c t i v e 

push c r i t e r i a a r e s e e n more f r e q u e n t l y i n t h e s t u d i e s f o r 

s t a n d i n g s u b j e c t s t h a n s e a t e d s u b j e c t s . S t r e n g t h d a t a on 

s e a t e d s u b j e c t s i n s p e c i a l i z e d s e t t i n g s , i . e . , a i r c r a f t , 
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MAXIMUM PUSH POSITION 

MINIMUM PUSH POSITION 

F i g u r e 2 - 3 . Push P o s i t i o n s f o r Maximum and Minimum 
F o r c e ( f r o m G a u g h r a n , D e m p s t e r , 1 9 5 6 ) 
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t e n d t o u s e r e s t r i c t i v e c r i t e r i a . In t h e s t u d i e s w h i c h a r e 

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

t o w a r d t h e u s e o f g e n e r a l , n o n - r e s t r i c t i v e push c r i t e r i a . 

A p r o b l e m e x i s t s now b e c a u s e t h e m a j o r i t y o f t h e s e a t 

push d a t a h a s b e e n c o l l e c t e d i n r e s t r i c t e d c o n d i t i o n s . I t 

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

f o r c e s found i n i n d u s t r y . U n t i l more d a t a i s c o l l e c t e d 

u s i n g f r e e push c r i t e r i a on s e a t e d s u b j e c t s , t h i s p r o b l e m 

w i l l r e m a i n . 

Mode l s o f S t r e n g t h 

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

d e v e l o p e d t o p r e d i c t s t r e n g t h . The t y p e s w h i c h can be u s e d 

t o p r e d i c t ar™ p u s h i n g s t r e n g t h i n c l u d e c o m p u t e r i z e d m o d e l s , 

m o d e l s i n e q u a t i o n f o r m , and r i g o r o u s k i n e m a t i c m o d e l s . 

C o m p u t e r i z e d Mode l s 

The model d e v e l o p e d by C h a f f i n and B a k e r ( 1 9 7 0 ) 

p r e d i c t e d s t a t i c arm f o r c e s i n t h e s a g g i t a l p l a n e . I t 

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

i n p u t s ( s e e F i g u r e 2 - 4 ) : 

1 . S u b j e c t body d i m e n s i o n s : body h e i g h t , w e i g h t , 

c e n t e r o f g r a v i t y o f t h e h a n d - w r i s t c o m b i n a t i o n , 

l o w e r arm l e n g t h , l o w e r l e g l e n g t h , f o o t l e n g t h , 

and e l b o w h e i g h t when s t a n d i n g . These d a t a w e r e 

u s e d i n D e m p s t e r ' s ( 1 ? 6 4 ) e q u a t i o n s t o d e r i v e 

e i g h t body l i n k l e n g t h s and m a s s e s . T h e s e l i n k s 



F i g u r e 2 - 4 . Flow C h a r t o f S t r e n g t h 
Model ( f r o m C h a f f i n , 
B a k e r , 1 9 7 0 ) 
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composed a s i m p l i f i e d " s t i c k - m a n " r e p r e s e n t a t i o n 

o f t h e b o d y . • . . 

2 . Body p o s i t i o n o f t h e s p e c i f i c t a s k t o be s t u d i e d : 

t h i s was composed o f v a r i o u s a n g l e s b e t w e e n l i n k s . 

These a n g l e s w e r e d e t e r m i n e d from p h o t o g r a p h s o f 

t h e s u b j e c t o r d r a w i n g t a b l e t e m p l a t e s . 

3 . F o r c e d i r e c t i o n o f t a s k t o be s t u d i e d : f o r a 

l i f t i n g t a s k , t h i s d i r e c t i o n w o u l d be a downward 

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

4 . Maximum v o l u n t a r y t o r q u e s : t h e s e t o r q u e s w e r e 

computed from f o r c e d a t a c o l l e c t e d d i r e c t l y f rom 

t h e s u b j e c t . The f o l l o w i n g f o r c e s w e r e m e a s u r e d : 

a . a n k l e p l a n t a r f l e x i o n 

b . knee e x t e n s i o n 

c . h i p e x t e n s i o n 

d. s h o u l d e r e x t e n s i o n 

e . s h o u l d e r f l e x i o n 

f . e l b o w e x t e n s i o n 

A c a b l e , p u l l e y and l o a d c e l l f o r c e m e a s u r i n g d e v i c e was 

u s e d t o c o l l e c t t h e s e v a l u e s . 

F o l l o w i n g t h e i n p u t o f t h e a b o v e d a t a , t h e p r o g r a m 

computed t a s k t o r q u e s f o r e a c h j o i n t b a s e d on t h e a n t h r o 

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

t o be a c t i n g , s a y , downward a t t h e h a n d s . 

The p r o g r a m t h e n compared e a c h computed t a s k t o r q u e 

w i t h e a c h i n p u t t e d v o l u n t a r y t o r q u e . The s t o p p i n g c r i t e r i a 
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w e r e a s f o l l o w s : ( 1 ) i f any t a s k t o r q u e e x c e e d e d i t s 

c o r r e s p o n d i n g v o l u n t a r y t o r q u e , (2 ) i f t h e computed t o r q u e 

a t t h e L 5 - S 1 v e r t e b r a l l e v e l e x c e e d e d g i v e n f r a c t u r e l i m i t s 

( 1 2 8 4 l b s f o r m a l e s , 784 l b s f o r f e m a l e s ) . The c u r r e n t 

e x t e r n a l f o r c e a t t h e hands was c o n s i d e r e d t o be t h e p r e d i c t e d 

maximum s t r e n g t h i f e i t h e r s t o p p i n g c r i t e r i a was s a t i s f i e d . 

I f n e i t h e r o f t h e s e c o n d i t i o n s e x i s t e d , t h e p r o g r a m i n c r e 

mented t h e e x t e r n a l f o r c e by one p o u n d , and t h e p r o c e s s 

i t e r a t e d u n t i l one o f t h e s t o p p i n g c o n d i t i o n s was s a t i s f i e d . 

T h i s model p r e d i c t e d t h e d a t a w i t h a l e a s t s q u a r e s s t a n d a r d 

d e v i a t i o n e s t i m a t e o f 3 2 . 4 p o u n d s . 

M a r t i n and C h a f f i n ( 1 9 7 2) e x p a n d e d t h i s model t o 

i n c l u d e two i m p o r t a n t f e a t u r e s . The f i r s t f e a t u r e was t h a t 

t h e i r model i t e r a t e d o v e r many body p o s i t i o n s f o r e a c h hand 

l o c a t i o n t o f i n d t h e o p t i m a l p o s i t i o n . The t a s k t o r q u e s a t 

t h i s p o s i t i o n w e r e t h e n compared t o t h e v o l u n t a r y t o r q u e s . 

A l s o c h e c k e d a t e a c h p o s i t i o n w e r e s p i n e f r a c t u r e c o n d i t i o n s 

and body b a l a n c e . Body b a l a n c e was e v a l u a t e d by e x a m i n i n g 

t o r q u e s a t t h e a n k l e j o i n t , so t h a t no hand f o r c e and body 

p o s i t i o n w o u l d r e s u l t i n t h e body becoming u n b a l a n c e d . 

The s e c o n d new f e a t u r e o f t h e M a r t i n and C h a f f i n 

( 1 9 7 2 ) model was t h e b i n a r y s e a r c h p r o c e d u r e u s e d i n c h o o s i n g 

s u c c e s s i v e e x t e r n a l hand f o r c e v a l u e s . I n s t e a d o f s i m p l y 

i n c r e m e n t i n g t h e f o r c e by one pound a f t e r e v e r y i t e r a t i o n , 

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

v a l u e . T h i s i s a more e f f i c i e n t t e c h n i q u e f o r c o n v e r g i n g 
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on t h e o p t i m a l f o r c e v a l u e . 

Us ing i n p u t d a t a f rom o t h e r s o u r c e s , r a t h e r t h a n 

d i r e c t l y m e a s u r i n g a s u b j e c t , push p r e d i c t i o n c o n t o u r s w e r e 

d e v e l o p e d ( s e e F i g u r e 2 - 5 ) . T h i s f i g u r e i l l u s t r a t e s one o f 

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

s t r e n g t h i n c r e a s e s w i t h h o r i z o n t a l d i s p l a c e m e n t o f t h e h a n d s 

f rom t h e b o d y . 

T h r e e d i m e n s i o n a l p r e d i c t i o n c a p a b i l i t y was t h e r e s u l t 

o f t h e G a r g , C h a f f i n ( 1 9 7 5 ) m o d e l . T h i s model was s i m i l a r i n 

c o n c e p t t o t h e two p r e v i o u s m o d e l s , b u t p e r f o r m e d i n modes 

u s i n g one o r two h a n d s . 

V a l i d a t i o n f o r t h i s model was p e r f o r m e d on s u b j e c t s a t 

W r i g h t P a t t e r s o n A i r F o r c e Base i n t h e same hand l o c a t i o n s 

t h a t w e r e e x a m i n e d i n T h o r d s e n , e t a l . ( 1 9 7 2 ) . These s t u d i e s 

i n d i c a t e d t h a t t h e model was good a s a f i r s t a p p r o x i m a t i o n 

m o d e l , b u t a c o r r e c t i o n f a c t o r , w h i c h was a f u n c t i o n o f 

h a n d l e l o c a t i o n and f o r c e d i r e c t i o n , was n e e d e d . 

Schanne ( 1 9 7 2 ) u t i l i z e d t h e same t a s k t o r q u e a p p r o a c h 

a s t h e a b o v e m o d e l s . He a l s o d e v e l o p e d r e g r e s s i o n e q u a t i o n s 

f o r t o r q u e a t e a c h j o i n t . These e q u a t i o n s p r e d i c t e d t o r q u e 

a s a f u n c t i o n o f v a r i o u s j o i n t a n g l e s . The v o l u n t a r y t o r q u e s 

u s e d by C h a f f i n , B a k e r ( 1 9 7 0 ) w e r e r e p l a c e d by t h e s e p r e d i c 

t i o n e q u a t i o n s . 

Dynamic S t r e n g t h M o d e l i n g 

The a b o v e m o d e l s d e a l t w i t h s t a t i c f o r c e s , o r f o r c e s 

i n w h i c h t h e m u s c l e s i n v o l v e d do n o t a p p r e c i a b l y change i n 

l e n g t h . An example o f a dynamic f o r c e model i s t h e P e a r s o n , 
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B u t z e l ( 1 9 6 3 ) m o d e l . T h i s model i s a r i g o r o u s k i n e m a t i c 

s t u d y o f arm s t r e n g t h . F o r g e n e r a l a p p l i c a t i o n s among 

m a c h i n e , i n d u s t r i a l , and w o r k p l a c e d e s i g n e r s , i t s u s e w o u l d 

be somewhat l i m i t e d , due t o i t s c o m p u t a t i o n a l and t h e o r e t i c a l 

c o m p l e x i t y . 

Models i n t h e Form o f P r e d i c t i v e E q u a t i o n s 

Lower ( 1 9 7 6 ) d e v e l o p e d a model f o r p r e d i c t i n g s t a t i c 

push f o r c e s i n t h e t r a n s v e r s e p l a n e l o c a t e d 20 i n c h e s a b o v e 

t h e s e a t r e f e r e n c e p o i n t . T h i s model e x p r e s s e d s t r e n g t h a s 

a f u n c t i o n o f hand l o c a t i o n i n t h e p l a n e . The l o w e r m o d e l , 

w h i c h i s p a r a b o l i c i n f o r m , i s a s f o l l o w s : 

w h e r e X and Y a r e c o o r d i n a t e s o f t h e hand i n t h e t r a n s v e r s e 

p l a n e . 

T h i s model o v e r - p r e d i c t s i n a r e a s i n f r o n t o f t h e body 

and u n d e r - p r e d i c t s maximum s t r e n g t h s i n a r e a s t o t h e r i g h t o f 

t h e m i d - s a g i t t a l p l a n e . 

F i g u r e 2 - 6 shows c o n t o u r s d r a w n from t h e d a t a 

c o l l e c t e d by Lower and e q u a l s t r e n g t h c o n t o u r s g e n e r a t e d 

from t h e p a r a b o l i c m o d e l . The model p r e d i c t e d t h e d a t a 

w i t h an R 2 = . 9 0 4 0 . 

L o w e r , e t a l . ( 1 9 7 7 ) d e v e l o p e d a push s t r e n g t h model 

L o g e ( S ) = 2 . 8 3 7 - . 0 0 3 4 3 8 ( X - 1 0 . 5 ) 2 - . 0 0 2 6 4 9 ( Y - . 5 ) 2 

+ 



DATA CONTOURS CONTOURS PREDICTED 
BY MODEL 

F i g u r e 2 - 6 . D a t a and P r e d i c t e d S t r e n g t h C o n t o u r s 
( f r o m L o w e r , 1 9 7 6 ) 

ON 



27 

f o r t h e 20 i n c h t r a n s v e r s e p l a n e w h i c h u s e d p a r a m e t e r s w i t h 

c l e a r p h y s i c a l i n t e r p r e t a t i o n s , . T h i s model i s a s f o l l o w s : 

b RCCR/R ) - l ) 2 

S = S e ° m 

m 

w h e r e : 

R = CCX-X o) 2 + ( Y - Y o ) 2 ) 

R m = b l + b 2 ^ 2 - V 2 

b . e 

m 4 

= 9 0 ° - a r c t a n (Y/X) 

a n d : 

(X,Y) = c o o r d i n a t e s o f t h e hand ( f rom SRP a s o r i g i n ) 

(X ,Y ) = c o o r d i n a t e s o f t h e s h o u l d e r o ' o 
8 = a n g l e o f hand a b o u t s h o u l d e r ( t o r i g h t ) 

R = r a d i a l d i s t a n c e f r o m s h o u l d e r t o hand 

R = r a d i a l d i s t a n c e f r o m s h o u l d e r t o maximum m 

s t r e n g t h i n one d i r e c t i o n 

S m - m a x i m u m s t r e n g t h i n one d i r e c t i o n 
m • 

T h i s model g a v e t h e p o o r e s t f i t o f t h e m o d e l s i n v e s t i g a t e d 

i n t h e s t u d y (R = . 8 0 ) . B e c a u s e o f t h e c l e a r , i n t u i t i v e 

i n t e r p r e t a t i o n s o f p a r a m e t e r s R m and S ^ , h o w e v e r , t h i s model 
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was c o n s i d e r e d t o be t h e most p r o m i s i n g o f s e v e r a l mode l s 

p r e s e n t e d . 

F i g u r e 2 - 7 i n c l u d e s p l o t s o f p r e d i c t e d s t r e n g t h v e r s u s 

hand d i s t a n c e f rom t h e s h o u l d e r , S ' v e r s u s 0 , and R v e r s u s 
m m 

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

2 - 7 s u g g e s t s a t e n d e n c y f o r s t r e n g t h t o r e m a i n a t h i g h 

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

s h o u l d e r . T h i s i s a r e s u l t w h i c h d e t r a c t s f rom t h e i n t u i t i v e 

a p p e a l o f t h e m o d e l . The S m v e r s u s r a d i a l a n g l e p l o t o f 

F i g u r e 2 - 7 d e m o n s t r a t e s t h a t maximum s t r e n g t h i s h i g h e s t 

a l m o s t d i r e c t l y i n f r o n t o f t h e s h o u l d e r . Equa l s t r e n g t h 

c o n t o u r s p l o t t e d i n F i g u r e 2 - 8 f u r t h e r i l l u s t r a t e t h e S m and 

R c u r v e s i n F i g u r e 2 - 7 . 



(INCHES) 

STRENGTH PROFILE MAXIMUM STRENGTH CONTOUR RADIAL DISTANCE TO 
(ARBITRARY RADIAL DIRECTION FROM SHOULDER) MAXIMUM STRENGTH POSITION 

F i g u r e 2 - 7 . S t r e n g t h V e r s u s D i s t a n c e and P a r a m e t e r V e r s u s A n g l e P l o t s 
( f r o m L o w e r , e t a l . , 1 9 7 7 ) 
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RS REACH SPHERE 
USE KAXIHUH STRENGTH ELLIPSE 
SRP SEAT REFERENCE POINT 
X0YD COORDINATES Of RIGHT SMOULOER 

EQUAL STRENGTH CONTOURS <LBS) 

F i g u r e 2 - 8 . P r e d i c t e d S t r e n g t h C o n t o u r s 
( f r o m L o w e r , e t a l . , 1 9 7 7 ) 
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C H A P T E R I I I 

A P P A R A T U S A N D P R O C E D U R E S 

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

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

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

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

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

l o c a t e d 2 0 i n c h e s a b o v e t h e s e a t p l a n e . A s s u g g e s t e d b y 

C a l d w e l l e t a l . ( 1 9 7 4 ) , t h e e x e r t i o n s w e r e s c h e d u l e d o v e r f o u r 

m i n u t e i n t e r v a l s . T h e m e a s u r e m e n t s w e r e a n a l y z e d f o r l e a r n i n g , 

f a t i g u e , a n d s e s s i o n e f f e c t s . 

A p p a r a t u s 

P h y s i c a l D e s c r i p t i o n o f A p p a r a t u s 

T h e p o s i t i o n i n g a p p a r a t u s c o n s i s t s o f a r e c t a n g u l a r 

f r a m e w o r k f a b r i c a t e d f r o m 1 - 5 / 8 i n c h " U n i s t r u t " s t e e l c h a n n e l 

( F i g u r e 3 - 1 ) . t h i s i s a m o d i f i e d v e r s i o n o f t h e a p p a r a t u s 

u s e d b y L o w e r ( 1 9 7 6 ) . T w o c h a n n e l s w e r e b o l t e d t o t h e f l o o r 

p a r a l l e l t o e a c h o t h e r e x t e n d i n g b e t w e e n t w o w a l l s o f t h e 

l a b o r a t o r y . A t t h e e n d o f e a c h f l o o r c h a n n e l , v e r t i c a l 

c h a n n e l s w e r e b o l t e d t o t h e w a l l s . T h e d i s t a n c e b e t w e e n t h e 

w a l l s i s f i v e f e e t f o u r i n c h e s . T h e d i s t a n c e b e t w e e n t h e 

f l o o r a n d w a l l c h a n n e l s w a s 2 3 a n d 1 1 i n c h e s , r e s p e c t i v e l y . 

M o u n t e d o n t h e f l o o r c h a n n e l s i s a r o l l i n g t r o l l e y , 



F i g u r e 3 - 2 . S u b f r a m e C o n t a i n i n g L o a d C e l l 



F i g u r e 3 - 3 . E x p e r i m e n t a l A p p a r a t u s : 
S h o r t Reach C o n f i g u r a t i o n 
(Rad ian 9) 

F i g u r e 3 - 4 . E x p e r i m e n t a l A p p a r a t u s ; 
S h o r t Reach C o n f i g u r a t i o n 
( R a d i a n 20) 
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on w h i c h i s mounted t h e s u b j e c t ' s c h a i r . The t r o l l e y can be 

moved a l o n g t h e f l o o r c h a n n e l s t o any p o i n t b e t w e e n t h e w a l l s 

and l o c k e d i n t o p o s i t i o n . 

The c h a i r d i m e n s i o n s a r e as f o l l o w s : 

s e a t w i d t h : 1 7 i n c h e s 

s e a t l e n g t h : 1 4 . 5 i n c h e s 

b a c k r e s t h e i g h t : 1 4 . 0 i n c h e s 

SRP h e i g h t : 1 5 . 7 5 i n c h e s 

b a s e w i d t h : t h r e e f e e t 

b a s e h e i g h t : t h r e e f e e t 

The c h a i r can be r o t a t e d and l o c k e d i n any a n g l e . The back 

o f t h e c h a i r i s made o f 1 8 i n c h p l a s t i c and f l e x e s two t o 

t h r e e i n c h e s u n d e r maximum s t r e s s . A f o o t r e s t i s mounted on 

t h e t r o l l e y . I t i s i n c l i n e d a p p r o x i m a t e l y 26 d e g r e e s . 

S u s p e n d e d b e t w e e n t h e two w a l l s a t a h e i g h t o f 5 6 . 7 5 i n c h e s 

a b o v e t h e f l o o r a r e two more c h a n n e l s , w h i c h a r e b o l t e d t o 

t h e v e r t i c a l w a l l c h a n n e l s . 

The f o r c e m e a s u r i n g i n s t r u m e n t i s a P i e z o t r o n i c s 

2 0 8 A 0 3 P i e z o e l e c t r i c l o a d c e l l f o r c e t r a n s d u c e r . C o n s t r u c t e d 

by Lower ( 1 9 7 6 ) t h e f r a m e a l s o c o n t a i n s a h a n d l e l o c a t e d such 

t h a t f o r c e e x e r t e d on t h e s t i r r u p - s h a p e d g r i p o f t h e h a n d l e 

by t h e s u b j e c t i s t r a n s f e r r e d by t h e h a n d l e t o t h e l o a d c e l l . 

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

mounted f u l c r u m p i n . The l o a d c e l l i s a t t a c h e d t o t h e h a n d l e 

w i t h e l a s t i c b e r r y l i u m c o p p e r s t u d s . I t e m i t s a v o l t a g e o f 

1 0 mv p e r pound f o r c e . The l o a d c e l l i s a r i g i d s t r u c t u r a l 
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u n i t and can a c c e p t l o a d i n g s t o 5 0 0 l b ( l i n e a r ) . 

O p e r a t i o n a l Modes 

The f r a m e c o n t a i n i n g t h e h a n d l e and l o a d c e l l can be 

mounted t o t h e w a l l 'of o v e r h e a d c h a n n e l s f o r t e s t i n g . By 

( 1 ) moving t h e t r o l l e y , (2 ) t h e h a n d l e , and (3 ) r o t a t i n g t h e 

c h a i r on t h e t r o l l e y , d a t a p o i n t s a t v a r y i n g a n g l e s and d i s 

t a n c e s f r o m t h e s h o u l d e r can be c o l l e c t e d ( F i g u r e s 3 - 1 , 3 , 4 ) . 

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

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

a t a p o i n t n e a r t h e c e n t e r o f t h e i r span ( F i g u r e s 3 - 3 , 4 ) . 

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

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

a t a p o i n t f l u s h w i t h t h e w a l l ( F i g u r e 3 - 1 ) . 

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

t h e h a n d l e i s mounted d i r e c t l y t o t h e w a l l c h a n n e l s so t h a t 

t h e h a n d l e p o i n t s p e r p e n d i c u l a r l y away from t h e w a l l ( F i g u r e 

3 - 5 ) . In t h i s p o s i t i o n , w e i g h t s a r e hung f rom t h e h a n d l e f o r 

c a l i b r a t i o n . T w e n t y - f i v e , f i f t y and s e v e n t y - f i v e pounds w e r e 

hung f rom t h e h a n d l e b e f o r e e a c h t e s t s e s s i o n t o c h e c k t h e 

a c c u r a c y o f t h e s t r i p c h a r t r e c o r d e r . 

O t h e r A p p a r a t u s 

The s i g n a l s f rom t h e l o a d c e l l a r e s e n t v i a c o a x i a l 

c a b l e t o a PCB P i e z o t r o n i c s 484B p o w e r s u p p l y w h i c h i s 

c o n n e c t e d t o a H e w l e t t - P a c k a r d 5 3 0 6 A m u l t i m e t e r . The v o l t a g e s 

a r e r e a d d i r e c t l y f r o m t h e m u l t i m e t e r o r s e n t t o a H e w l e t t -

P a c k a r d 7 4 0 2 A s t r i p c h a r t r e c o r d e r f o r p e r m a n e n t r e c o r d i n g . 
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A t a p e r e c o r d e r was u s e d t o t i m e t h e e x e r t i o n s . T h i s 

t a p e i s r e f e r r e d t o a s t h e " e x e r t i o n s e q u e n c e t a p e . " E v e r y 

30 s e c o n d i n t e r v a l o f t h e f o u r m i n u t e r e s t p e r i o d was announced 

b y t h e t a p e . For t h e l a s t 1 0 s e c o n d s t o t h e r e s t , e v e r y s e c o n d 

was a n n o u n c e d . At t h a t t i m e t h e t a p e g a v e t h e command " t o u c h , " 

w h i c h i n s t r u c t e d t h e s u b j e c t t o t o u c h , b u t n o t p u s h , t h e 

g r i p o f t h e - h a n d l e . F i v e more s e c o n d s w e r e c o u n t e d , and t h e 

command "push" was g i v e n by t h e t a p e . F i v e more s e c o n d s 

w e r e c o u n t e d , and t h e t a p e g a v e t h e command " r e l e a s e . " Then 

t h e f o u r m i n u t e r e s t b e g a n . (The s u b j e c t had been i n i t i a l l y 

i n s t r u c t e d t o b u i l d t o h i s maximum e f f o r t i n one o r two s e c o n d s 

a f t e r t h e "push" command, and t o s u s t a i n t h e e f f o r t u n t i l t h e 

" r e l e a s e " command was g i v e n . ) 

P r o c e d u r e s 

N o m e n c l a t u r e 

The s t u d y ' c o n s i s t e d o f m e a s u r i n g t h e maximum push 

s t r e n g t h o f t h e s u b j e c t a t e a c h o f 2 1 5 l o c a t i o n s i n a t r a n s 

v e r s e p l a n e 20 i n c h e s a b o v e t h e s e a t r e f e r e n c e p o i n t ( S R P ) . 

The d a t a p o i n t s can be s e e n i n F i g u r e 3 - 6 and T a b l e s 4 - 1 and 

3 - 1 . T a b l e 4 - 1 l i s t s t h e d a t a by r a d i a n and T a b l e 3 - 1 l i s t s 

t h e d a t a p o i n t s i n t h e o r d e r t e s t e d , by t e s t s e s s i o n . 

The d a t a p o i n t s w e r e l o c a t e d a p p r o x i m a t e l y e v e r y t h r e e 

i n c h e s a l o n g 22 r a d i a l d i r e c t i o n s . On e a c h r a d i a l d i r e c t i o n , 

o r " r a d i a n , " 1 0 d a t a p o i n t s w e r e l o c a t e d , w i t h t h e e x c e p t i o n 

o f r a d i a n 1 3 ( b e h i n d t h e l e f t s h o u l d e r ) w h i c h c o n t a i n e d o n l y 



T a b l e 3 - 1 . Data P o i n t s i n O r d e r o f T e s t i n g 

TEST 
SESSION i 

9,0 29.0 
16.0 6.5 
18.5 -12.0 
- 9 . 0 0 . 0 
-2.0 24.0 
22.0 18.0 
31.0 -8.0 
-8,0 -12.0 

-22.5 23.0 
11.0 12.0 
30.0 5.0 
9.0 -22.0 

-9.0 5.0 
4.8 21.0 

28.0 16.0 
16.0 -2.0 

-22.0 -13.0 
-4.0 -18.0 
20.0 24.0 
30.0 -1.0 
2.0 -7.0 

-18.0 12.0 

2 
26.0 15.0 
23.0 -9.0 

-15.0 -9.0 
-10.0 24,0 
18.0 21.0 
23.0 0.8 
-3.0 - 16.0 
-4.0 8.0 
9.0 26.0 

18.0 7.0 
21.0 -16.0 

-20.0 -3.0 
1.5 18.0 

16.0 12.0 
22.0 - 3 , 0 
-9,0 -13.0 

-18.0 2 0.0 
13.5 22.0 
16.0 5.0 
9,0 -18.0 

-26.0 5.0 
5.5 18.0 

3 
18.0 14.0 
25.0 -4.5 
-2.0 -6.0 

-20.0 21.5 
12.0 16.0 
32.0 5.0 
9.0 -4.0 

-21.0 5.0 
4.0 2 4 . 0 

23.0 13.0 
22.0 - 8 . 0 
-6.0 - 4 . 0 
-6.0 2 0 . 0 
12.0 10.0 
-23; 0 0.5 
-4.0 18.0 

-20.0 12.5 
9.0 22.0 

30.0 10.5 
20.0 - 1 4 . 0 

-18.0 -2.5 
-3.0 26.0 

4 
16.5 18.0 
22.0 1.0 

-28.5 15.0 
9.0 14.0 

28.0 10.0 
17.5 -10.0 

-14.0 -1.5 
4.0 14.0 

30.0 26.0 
28.0 -6.0 

-11.0 -15.0 
-14.0 18.0 
16.0 31.0 
38.5 5.0 
9.0 -16.0 

-31.0 5.0 
3.0 26.0 

16.0 9.0 
14.0 0.0 

- 1 8 . 0 - 1 0 . 5 
-14.0 28.0 

5 

TEST 
SESSION 6 

9.0 18.0 
26.0 9.5 
16.5 -8.0 

-22.0 -3.5 
-5.0 29.0 
26.0 22.0 
19.0 -1.0 
-4.0 -8.0 
-6.0 13.5 
13.0 20.0 
26.0 5.0 
9.0 -8.0 

-14.0 5.0 
7.0 12.0 

21.0 12.0 
18-. 0 - 4.0 

-13.5 - 8.0 
0.0 14.0 

23.0 29.5 
36.5 -2.5 

-22.0 13.0 

7 
14.0 8.0 
24.0 - 10.0 

-12.0 -7,0 
-5,0 19.0 
17.0 19.0 
16.0 3.0 

-10.0 10.0 
9.0 16.0 

38.0 12.5 
13.0 -2.0 

-16.0 -2.0 
-1.0 22.0 
20.0 16.0 
24.0 -4.0 

-12.0 - 16.0 
-8.0 14.5 
14.0 23.5 
14.0 5.0 
9.0 - 2 0 . 0 

-1 8 . 0 5.0 
6.5 14.0 

8 
24.0 2 0 . 0 
33.0 -9.0 
-6.0 - 10.0 
-4.0 12.0 
11.5 14.0 
34.0 5.0 
9.0 -14.0 

-22.0 5.0 
2.5 28.5 

18.0 10.0 
29.5 - 1 5 . 5 

-17.0 - 10.0 
-8.0 22.0 
21.0 26.0 
18.0 2.5 
-2.0 - 14.0 

-25.0 14.0 
9.0 20.0 

32.0 11.0 
15.0 -6.0 

-12.0 -1.0 
-4,0 27.5 

9 
19.0 22.0 
.19.0 2.0 

-16.0 11.5 
9.0 12.0 

36.0 12.0 
22.0 -18.0 

-29.5 -5.5 
5.0 12.0 

14.0 10.0 
27.0 -5.5 

-15.5 -20.0 
0.0 10.0 

12.5 18.0 
24.0 5.0 
9.0 -24.0 

-24.0 5.0 
6.0 16.0 

-24-v5 14.0 
20.0 -6.0 

-20.0 -12.0 
-2.0 16.0 

10 
15.0 28.0 
28.0 5.0 
9.0 -29.0 

-20.0 5.0 
4.5 22.0 

35.0 20.0 
25.0 -11.0 

-24.5 -14.5 
2.0 12.0 

16.0 17.0 
34.0 -2.0 
0.5 -10.0 

-12.0 10.5 
9.0 24.0 

24.0 9.0 
24.5 -22.5 

-26.0 -5.0 
0.0 20.0 

21.0 17.0 
26.0 -5,0 

-14.0 -18.0 
-12.0 17.0 

1.4.5 26,0 
22.0 5.0 
9.0 -12.0 

-16.0 5.0 
5.0 20.0 

32.0 18.0 
26.0 -1.2.0 

-10.0 -6.0 
3.0 11.0 

14.0 14.0 
27.0 0.0 
-1.0 -12.0 

-14.0 11.0 
9.0 21.0 

21.0 8.0 
18.0 -11.0 

-24.0 -4.0 
2.0 17.0 

28.0 24.0 
16.0 1 . 0 

-10.0 - 14.0 
-2.0 11.0 



T a b l e 3 - 1 ( c o n t i n u e d ) 

TEST 
SESSION 11 12 13 14 15 

9.0 29.0 26.0 15.0 18.0 14.0 16.5 18.0 14,5 2 6 . 0 
16.0 6.5 23.0 -9.0 25.0 -4.5 22.0 1.0 22.0 5.0 
18.5 -12.0 -15.0 -9.0 -2.0 -6.0 -28,5 15.0 9.0 -12.0 
-9.0 0.0 -10.0 24.0 -20.0 21.5 9,0 14.0 -16.0 5.0 
-2.0 24.0 18.0 21.0 12.0 16.0 28.0 10.0 5.0 20.0 
22.0 18.0 23.0 0.8 32.0 5.0 17.5 -10.0 32.0 18.0 
31.0 -8.0 -3.0 -16.0 9.0 -4.0 -14.0 -1.5 26.0 -12.0 
-8.0 -12.0 -4.0 8.0 -21.0 5.0 4.0 14.0 -10.0 -6.0 

-22.5 23.0 9.0 26.0 4.0 24.0 30.0 26.0 3.0 11.0 
11.0 12.0 18.0 7.0 23.0 13.0 28.0 -6.0 14.0 14.0 
30.0 5.0 21.0 -16.0 22.0 -8.0 -11.0 -15.0 27.0 0.0 
9.0 -22.0 -20.0 -3.0 -6.0 -4.0 -14.0 18.0 -1.0 -12.0 

-9.0 5.0 1.5 18.0 -6.0 20,0 16.0 31.0 -14.0 11.0 
4.8 21.0 16.0 12.0 12.0 10.0 38.5 5.0 9.0 21.0 

28.0 16.0 22.0 -3.0 25.0 0.5 9.0 -16.0 21.0 8.0 
16.0 -2.0 -9.0 -13.0 -4.0 18.0 -31.0 5.0 18.0 -11.0 

-22.0 -13.0 -18,0 20.0 -20.0 12.5 3.0 26.0 -24.0 -4.0 
-4.0 -18.0 13.5 22.0 9.0 22.0 16.0 9.0 2.0 17.0 
20.0 24.0 16.0 5.0 30.0 10.5 14.0 0.0 28.0 24.0 
30.0 -1.0 9.0 -18.0 20.0 -14.0 -18.0 -10.5 16.0 1.0 
2.0 -7.0 -26.0 5.0 -18,0 -2.5 -14.0 28.0 -10.0 -14.0 

-18.0 12.0 5.5 18.0 -3.0 26.0 -2.0 11.0 

TEST 
SESSION 16 17 

9.0 18.0 14.0 8.0 
26.0 9.5 24.0 -10.0 
1A.5 -8.0 -12.0 -7.0 

-22.0 -3.5 - 5 . 0 19.0 
-5.0 29.0 17.0 19.0 
26.0 22.0 16.0 3.0 
19.0 -1.0 -10.0 10.0 
-4.0 -8,0 9.0 16.0 
-6.0 13.5 38.0 12.5 
13.0 20.0 13.0 -2.0 
26.0 5.0 -16.0 -2.0 
9.0 -8.0 -1.0 22.0 

-14.0 5.0 20.0 16.0 
7.0 12.0 24.0 -4.0 

21.0 12.0 -12.0 -16.0 
18-. 0 - 4 . 0 - 8 . 0 14.5 

T 1 3 . 5 - 8 .0 14.0 23.5 
0.0 14.0 14.0 5.0 

23.0 29.5 9.0 -20.0 
36.5 -2.5 - 1 8 . 0 5.0 

-22.0 13.0 6.5 14.0 

18 
24.0 20.0 
33.0 -9,0 
-6.0 -10.0 
-4.0 
11.5 
34.0 

-8.0 
21.0 
18.0 
-2.0 
-25.0 

9.0 
32.0 
15.0 

-12.0 
-4.0 

12.0 
14.0 
5.0 

9.0 -14.0 
-22.0 5.0 

2.5 28.5 
18.0 10.0 
29.5 -15.5 
-17,0 - 10.0 

22.0 
26.0 
2.5 

-14.0 
14.0 
20.0 
11.0 
-6.0 
-1.0 
27.5 

19 
19.0 22.0 
19.0 2.0 

-16.0 11.5 
9.0 12.0 

36.0 12.0 
22 .0 -18.0 

-29.5 -5.5 
5.0 12.0 

14.0 10.0 
27.0 -5.5 

— 15.5 -20.0 
0.0 10.0 

12.5 18.0 
24.0 5.0 
9.0 -24.0 

-24.0 5.0 
6.0 16.0 

-24-,5 14.0 
20.0 -6.0 

-20.0 -12.0 
-2.0 16.0 

20 
15.0 
28.0 
9.0 

-20.0 
4.5 

35.0 
25.0 
-24.5 

2.0 
16.0 
34.0 
0.5 

-12.0 
9.0 

24.0 
24.5 
-26.0 
0.0 

21.0 
26.0 
-14,0 
-12.0 

28.0 
5.0 

-29,0 
5.0 

22.0 
20.0 
-11,0 
-14.5 
12.0 
17.0 
-2.0 
-10.0 
10.5 
24.0 
9.0 

-22.5 
-5.0 
20.0 
17.0 
-5.0 
-18.0 
17.0 CO 



F i g u r e 3-6. L o c a t i o n s o f Data P o i n t s 
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f i v e d a t a p o i n t s . The o u t e r m o s t d a t a p o i n t on each r a d i a n 

was l o c a t e d n e a r t h e maximum r e a c h d i s t a n c e o f an ( a p p r o x i m a t e ) 

f i f t h p e r c e n t i l e m a l e ( K e n n e d y , 1 9 6 4 , i n V a n c o t t , K i n c a d e , 

1 9 7 2 ) . The r a d i a n s w e r e c e n t e r e d a t a s h o u l d e r l o c a t i o n n i n e 

i n c h e s t o t h e r i g h t and f i v e i n c h e s i n f r o n t o f t h e s e a t 

r e f e r e n c e p o i n t . Each d a t a p o i n t was l o c a t e d by means o f an 

X,Y d e s i g n a t i o n , w i t h t h e o r i g i n b e i n g t h e s e a t r e f e r e n c e 

p o i n t , p o s i t i v e X t o t h e s u b j e c t ' s r i g h t , and p o s i t i v e Y t o 

t h e s u b j e c t ' s f r o n t . O t h e r n o m e n c l a t u r e c o n v e n t i o n s a r e a s 

f o l l o w s ( F i g u r e 3 - 7 ) : 

1 . The d i s t a n c e a l o n g e a c h r a d i a n f r o m s h o u l d e r p o i n t 

t o hand l o c a t i o n was d e s i g n a t e d "R". 

2 . The v a l u e o f t h e s t r e n g t h r e c o r d e d a t e a c h hand 

l o c a t i o n was d e s i g n a t e d " S " . 

3 . The d i s t a n c e f r o m t h e s h o u l d e r t o maximum r e a c h 

was d e s i g n a t e d "M". 

4 . The a n g l e b e t w e e n e a c h r a d i a n and a p o i n t d i r e c t l y 

i n f r o n t o f t h e s u b j e c t ' s r i g h t s h o u l d e r was 

d e s i g n a t e d " 9 " . A s i m i l a r p r o c e d u r e f o r r a d i a l 

a n g l e n o t a t i o n was u s e d by Kennedy ( 1 9 6 4 , i n 

Van C o t t , K i n k a d e , 1 9 7 2 ) . 

S u b j e c t Data 

One s u b j e c t was u s e d i n t h e e x p e r i m e n t . A n t h r o p o m e t r i c 

d a t a f o r t h e s u b j e c t i s a s f o l l o w s : 
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Age 25 y e a r s 

Sex Male 

He ight 6 ' 0" 

W e i g h t 1 5 0 l b . 

Neck 1 5 . 2 5 i n . 

C h e s t 2 7 i n . 

F o r e a r m 1 0 . 5 i n . 

W r i s t 6 . 5 i n . 

W a i s t 32 i n . 

B i c e p ( r e l a x e d ) 1 0 . 5 i n . 

B i c e p ( f l e x e d ) 1 2 . 0 i n . 

Hips 36 i n . 

Thigh 20 i n . 

S h o u l d e r t o e l b o w 1 4 i n . 

S h o u l d e r w i d t h 1 8 . 3 8 i n . 

S o m a t o t y p e E c t o m o r p h i c 

P r e f e r r e d hand R i g h t 

T e s t S e s s i o n s 

Each t e s t s e s s i o n m e a s u r e d maximum s t a t i c push s t r e n g t h 

a t 22 d a t a p o i n t s i n a p s e u d o - r a n d o m o r d e r . There w e r e 20 

t e s t s e s s i o n s , w h i c h r e s u l t e d i n one r e p l i c a t i o n a t e a c h o f 

t h e 2 1 5 d a t a p o i n t s . The e x p e r i m e n t p r o c e e d e d a t t h e r a t e 

o f two s e s s i o n s p e r d a y : one i n t h e m o r n i n g , and one i n t h e 

a f t e r n o o n . 

Each s e s s i o n p r o c e e d e d i n t h e f o l l o w i n g o r d e r : 
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1 . C a l i b r a t i o n o f l o a d c e l l a t 2 5 , 50 and 75 pound 

l e v e l s 

2 . C o l l e c t i n g s t r e n g t h d a t a a t two t e s t p o s i t i o n s 

f o r s e c o n d a r y e f f e c t s s u b - s t u d y 

3 . C o l l e c t i n g s t r e n g t h d a t a a t 22 d a t a p o i n t s f o r 

main s t r e n g t h s t u d y 

4 . C o l l e c t i n g s t r e n g t h d a t a a g a i n a t two t e s t 

p o i n t s f o r s e c o n d a r y e f f e c t s s u b - s t u d y . 

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

t e s t s e s s i o n i n d e t a i l . 

S t e p One: C a l i b r a t i o n 

Each t e s t s e s s i o n began by moving t h e f r a m e c o n t a i n i n g 

t h e h a n d l e t o t h e c a l i b r a t i o n p o s i t i o n ( F i g u r e 3 - 5 ) . W e i g h t s 

o f 2 5 , 5 0 , and 75 pounds w e r e hung f r o m t h e h a n d l e i n random 

o r d e r . The s t r i p c h a r t r e c o r d e r was z e r o e d and c a l i b r a t e d 

f o r e a c h w e i g h t . 

S t e p Two: T e s t p o i n t s f o r s e c o n d a r y - e f f e c t s s u b - s t u d y 

A f t e r t h e c a l i b r a t i o n , s t r e n g t h a t t h e f o l l o w i n g two 

t e s t p o s i t i o n s was r e c o r d e d f o r u s e i n t h e s e c o n d a r y s u b -

s t u d y ( s e e F i g u r e 3 - 6 ) : 

T e s t P o i n t A: X = - 1 1 , Y = 1 0 

T e s t P o i n t B: X = 2 0 , Y = 22 

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

body i n t h e t r a n s v e r s e p l a n e w h i c h w e r e e x p e c t e d t o h a v e 

s u b s t a n t i a l l y d i f f e r e n t s t r e n g t h p a t t e r n s . 
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S t e p T h r e e : Data P o i n t s f o r Main S t r e n g t h S t u d y 

A f t e r t h e f i r s t two s e c o n d a r y e f f e c t s s u b - s t u d y t e s t 

p o i n t s w e r e c o l l e c t e d , t h e 22 main d a t a p o i n t s w e r e c o l l e c t e d . 

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

e x e r t i o n s e q u e n c e t a p e . The t a p e was a v o i c e r e c o r d i n g w h i c h 

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

i n t e r v a l s , and f i v e s e c o n d e x e r t i o n i n t e r v a l s . Dur ing t h e 

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

t h e t r o l l e y f o r t h e n e x t e x e r t i o n . He a l s o r e c o r d e d t h e v a l u e 

o f t h e p r e v i o u s e x e r t i o n . C h a i r a n g l e s and t r o l l e y l o c a t i o n s 

c o u l d be r e a d d i r e c t l y f rom s c a l e s mounted on t h e c h a i r and 

f l o o r . 

The d a t a f o r m s and t h e c o m p u t e r p r o g r a m w h i c h c o n v e r t e d 

t h e X,Y l o c a t i o n s o f t h e d a t a p o i n t s t o a c t u a l t r o l l e y l o c a t i o n s 

and c h a i r a n g l e s a r e g i v e n i n A p p e n d i c e s D and E. 

A f r e e f o r m p u s h i n g c o n v e n t i o n was u s e d i n t h e d a t a 

c o l l e c t i o n . The s u b j e c t was a l l o w e d t o push f r e e l y so l o n g 

a s b o t h f e e t t o u c h e d t h e t r o l l e y , b o t h b u t t o c k s t o u c h e d t h e 

s e a t o f t h e c h a i r , and a t l e a s t one p o i n t on h i s back 

t o u c h e d t h e b a c k o f t h e c h a i r . Only t h e r i g h t arm was 

t e s t e d ( t h e s u b j e c t was r i g h t - h a n d e d ) , and t h e hand was h e l d 

i n t h e s e m i p r o n a t e d p o s i t i o n . 

No o t h e r a t t e m p t was made t o l o c a t e o r s t a b i l i z e t h e 

s u b j e c t . He w a s , h o w e v e r , i n s t r u c t e d t o a v o i d a c t i v e l y 

p u s h i n g w i t h h i s f e e t . The s t r e n g t h v a l u e a t e a c h hand 

l o c a t i o n was t a k e n a s t h e a v e r a g e o f t h e m i d d l e t h r e e s e c o n d s 

o f t h e f i v e s e c o n d e x e r t i o n i n t e r v a l ( s e e A p p e n d i x D) . 
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S t e p F o u r : T e s t P o i n t s f o r S e c o n d a r y - E f f e c t s S u b s t u d y 

The t e s t s e s s i o n was c o n c l u d e d w i t h e x e r t i o n s a t e a c h 

o f t h e two t e s t p o i n t s u s e d i n t h e s e c o n d a r y e f f e c t s s u b -

s t u d y . The r e s u l t s o f t h e two t e s t p o i n t s b e f o r e and a f t e r 

e a c h s e s s i o n w e r e a n a l y z e d l a t e r w i t h an a n a l y s i s o f v a r i a n c e 

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

1. Morning o r a f t e r n o o n t e s t s e s s i o n t i m e 

2 . F a t i g u e , o r v a r i a t i o n f rom b e g i n n i n g t o end o f 

e a c h s e s s i o n 

3 . L e a r n i n g , o r v a r i a t i o n from day t o day o v e r t h e 

c o u r s e o f t h e e x p e r i m e n t . 
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CHAPTER IV 

RESULTS 

T h i s c h a p t e r p r e s e n t s t h e r e s u l t s o b t a i n e d f rom t h e 

e x p e r i m e n t u s i n g t h e a p p a r a t u s and p r o c e d u r e s d e s c r i b e d i n 

t h e p r e v i o u s c h a p t e r . The m a t h e m a t i c a l model w h i c h was 

d e r i v e d from t h e d a t a i s g i v e n . A l s o , t h i s c h a p t e r p r e s e n t s 

t h e r e s u l t s o f t h e s e c o n d a r y e f f e c t s s u b - s t u d y . 

S t r e n g t h D a t a 

The s t r e n g t h d a t a c o l l e c t e d d u r i n g t h e 20 t e s t 

s e s s i o n s a p p e a r s i n T a b l e 4 - 1 . T h i s d a t a i s p r e s e n t e d i n 

t h e form o f e q u a l s t r e n g t h c o n t o u r s i n F i g u r e 4 - 1 . These 

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

e a c h hand l o c a t i o n . Some s u b j e c t i v e e s t i m a t i o n was u s e d i n 

c o m p l e t i n g t h e s e c o n t o u r s . The maximum s t r e n g t h e l i p s e (MSE) 

i n d i c a t e d i n F i g u r e 4 - 1 r e p r e s e n t s t h e l o c a t i o n o f t h e h i g h e s t 

s t r e n g t h r e a d i n g s on e a c h r a d i a n . The p e r i m e t e r o f t h e c o n t o u r 

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

( K e n n e d y , 1 9 6 4 , i n Van C o t t , K i n k a d e , 1 9 7 2 ) . 

D a t a o b t a i n e d a l o n g i n d i v i d u a l r a d i a n s a r e p r e s e n t e d 

i n F i g u r e s 4 - 3 t h r o u g h 4 - 2 4 . Each o f t h e s e s t r e n g t h 

" p r o f i l e s " shows two raw d a t a p o i n t s c o l l e c t e d a t e a c h hand 

l o c a t i o n , t h e p r e d i c t e d c u r v e g e n e r a t e d by t h e f i n a l model 

( d i s c u s s e d b e l o w ) and a p l o t o f o*D. a p i s t h e r u n n i n g 



^ - £ . T a b l e 4 - 1 . D a t a P o i n t s a n d S t r e n g t h V a l u e s by R a d i a n 
•iH X) GO V) 
X) nl C O ) 

C O 1 £h I-h 
cd O 1 +-> nl 

X U CO > 

9 , 1 2 6 8 , 4 7 1 1 , 1 2 4 8 , 7 0 1 2 , 1 0 4 3 , 4 7 1 4 , 1 0 5 7 , 4 6 
9 , 1 4 5 3 , 5 0 1 1 . 5 , 1 4 5 3 , 5 7 1 4 , 1 4 6 0 , 5 6 1 6 , 1 2 4 7 , 7 0 
9 , 1 6 7 3 , 6 7 1 2 , 1 6 6 4 , 6 6 1 6 , 1 7 8 5 , 6 3 1 8 , 1 4 6 6 , 7 1 
9 , 1 8 8 5 , 7 2 1 2 . 5 , 1 8 9 2 , 7 4 1 6 . 5 , 1 8 7 0 , 7 2 2 0 , 1 6 8 2 , 8 7 
9 . 2 0 9 0 , 7 6 1 3 , 2 0 8 7 , 8 3 1 7 , 1 9 8 5 , 8 0 2 1 , 1 7 8 4 , 7 2 
9 . 2 1 8 4 , 7 8 1 3 . 5 , 2 2 7 2 , 8 0 1 8 , 2 1 6 8 , 8 5 2 2 , 1 8 7 0 , 8 5 
9 . 2 2 6 9 , 8 4 ' 1 4 , 2 3 . 5 8 3 , 7 0 1 9 , 2 2 8 7 , 6 1 2 4 , 2 0 8 1 , 7 2 
9 , 2 4 7 8 , 7 7 1 4 . 5 , 2 6 7 6 , 6 5 2 0 , 2 4 6 2 , 7 5 2 6 , 2 2 8 2 , 7 5 
9 , 2 6 6 8 , 7 3 1 5 , 2 8 6 0 , 6 2 2 1 , 2 6 7 0 , 6 5 2 8 , 2 4 6 3 , 7 7 
9 , 2 9 6 0 , 6 5 1 6 , 3 1 5 2 , 5 1 2 3 , 2 9 . 5 4 5 , 5 5 3 0 , 2 6 3 8 , 6 1 

5 6 7 8 

1 4 . 8 5 1 , 4 0 1 6 , 6 . 5 4 2 , 5 2 1 4 , 5 4 0 , 4 0 1 6 , 3 4 7 , 3 7 
1 6 . 9 5 1 , 4 2 1 8 , 7 4 4 , 7 8 1 6 , 5 4 2 , 5 0 1 8 , 2 . 5 4 7 , 4 0 
1 8 . 1 0 6 2 , 5 2 2 1 , 8 6 4 , 5 7 2 2 , 5 7 1 , 6 3 1 9 , 2 5 1 , 4 3 
2 1 . 1 2 8 3 , 9 2 2 4 , 9 8 3 , 7 4 2 4 , 5 7 7 , 7 0 2 2 , 1 5 1 , 5 8 
2 3 . 1 3 7 2 , 8 0 2 6 , 9 . 5 9 0 , 8 8 2 6 , 5 7 7 , 8 5 2 3 , . 7 5 5 6 , 7 0 
2 4 . 5 , 1 4 9 3 , 8 2 2 8 , 1 0 7 6 , 8 0 2 8 , 5 8 0 , 8 2 2 5 , . 5 6 0 , 6 9 
2 6 . 1 5 7 6 , 8 9 3 0 , 1 0 . 5 7 8 , 8 3 3 0 , 5 8 2 , 9 5 2 7 , 0 5 5 , 7 4 
2 8 . 1 6 6 7 , 8 3 3 2 , 1 1 8 0 , 8 0 3 2 , 5 8 3 , 8 5 3 0 , - 1 8 3 , 8 5 
3 2 , 1 8 7 5 , 6 1 3 6 , 1 2 8 3 , 5 2 3 4 , 5 8 5 , 7 6 3 4 , - 2 6 7 , 7 1 
3 5 , 2 0 6 8 , 3 5 3 8 , 1 2 . 5 4 6 , 3 6 3 8 . 5 , 5 7 4 , 5 5 3 6 . 5 , 2 . 5 6 0 , 5 2 



T a b l e 4 - 1 ( c o n t i n u e d ) 

9 10 11 12 

1 6 , 1 8 1 , 3 7 1 4 , 0 3 5 , 4 0 1 3 , - 2 4 2 , 3 1 9 , - 4 4 6 , 4 5 
1 9 , - 1 5 2 , 4 5 1 6 , - 2 4 4 , 4 6 1 5 , - 6 4 4 , 3 6 9 , - 8 4 3 , 3 2 
2 2 , - 3 5 2 , 7 0 1 8 , - 4 4 7 , 4 2 1 6 . 5 , - 8 5 7 , 4 2 9 , - 1 2 5 0 , 4 0 
2 4 , - 4 6 8 , 6 3 2 0 , - 6 5 9 , 5 3 1 7 . 5 , - 1 0 4 6 , 5 0 9 , - 1 4 5 1 , 4 1 
2 5 , - 4 . 5 7 6 , 7 2 2 2 , - 8 5 6 , 6 5 1 8 , - 1 1 5 6 , 4 8 9 , - 1 6 5 3 , 4 0 
2 6 , - 5 7 3 , 6 7 2 3 , - 9 6 2 , 7 9 1 8 . 5 , - 1 2 5 5 , 6 5 9 , - 1 8 5 1 , 4 7 
2 7 , - 5 . 5 8 6 , 8 0 2 4 , - 1 0 7 2 , 7 3 2 0 , - 1 4 5 9 , 6 2 9 , - 2 0 5 6 , 5 3 
2 8 , - 6 7 4 , 5 9 2 5 , - 1 1 7 1 , 6 5 2 1 , - 1 6 5 7 , 7 7 9 , - 2 2 6 5 , 6 3 
3 1 , - 8 8 5 , 9 0 2 6 , - 1 2 6 2 , 7 0 2 2 , - 1 8 7 6 , 7 0 9 , - 2 4 5 7 , 5 2 
3 3 , - 9 5 6 , 5 5 2 9 . 5 , - 1 5 . 5 6 2 , 4 6 2 4 . 5 , - 2 2 . 5 4 2 , 4 5 9 , - 2 9 5 1 , 5 2 

13 14 15 16 

2 , - 7 3 8 , 3 5 - 2 , - 6 3 5 , 5 3 - 6 , - 4 5 3 , 6 2 - 9 , 0 6 1 , 6 6 
. 5 , - 1 0 3 0 , 3 9 - 4 , - 8 5 5 , 4 5 - 1 0 , - 6 5 9 , 4 6 - 1 2 , - 1 52 , 52. 
- 1 , - 1 2 4 0 , 2 7 - 6 , - 1 0 5 2 , 4 3 - 1 2 , - 7 5 7 , 5 0 - 1 4 , - 1 . 5 4 3 , 5 7 
- 2 , - 1 4 4 0 , 3 1 - 8 , - 1 2 3 8 , 5 1 - 1 3 . 5 , - 8 5 5 , 4 2 - 1 6 , - 2 5 5 , 4 3 
- 3 , - 1 6 3 2 , 3 0 - 9 , - 1 3 3 5 , 3 5 - 1 5 , - 9 4 0 , 4 3 - 1 8 , - 2 . 5 4 7 , 5 7 

- 1 0 , - 1 4 4 5 , 3 5 - 1 7 , - 1 0 6 7 , 4 5 - 2 0 , - 3 4 4 , 4 6 
- 1 1 , - 1 5 3 7 , 3 6 - 1 8 , - 1 0 . 5 4 3 , 5 0 - 2 2 , - 3 . 5 5 7 , 4 7 
- 1 2 , - 1 6 4 6 , 4 6 - 2 0 * - 1 2 3 5 , 4 2 - 2 4 , - 4 5 5 , 5 1 
- 1 4 , - 1 8 2 7 , 4 2 - 2 2 , - 1 3 4 0 , 3 6 - 2 6 , - 5 5 4 , 4 7 
- 1 5 . 5 , - 2 0 3 2 , 3 2 - 2 4 . 5 , - 1 4 . 5 2 6 , 3 3 - 2 9 . 5 , 5 6 2 , 4 7 



T a b l e 4 - 1 ( c o n c l u d e d ) 

17 18 19 20 

- 9 , 5 6 7 , 7 7 - 4 , 8 8 0 , 7 6 0 , 1 0 7 2 , 6 7 3 , 1 1 5 3 , 5 4 
- 1 4 , 5 6 3 , 6 0 - 1 0 , 1 0 6 4 , 6 3 - 2 , 1 1 7 1 , 6 0 2 , 1 2 6 1 , 6 0 
- 1 6 , 5 7 1 , 5 7 - 1 2 , 1 0 . 5 6 2 , 6 1 - 4 , 1 2 7 0 , 6 7 0 , 1 4 6 7 , 6 1 
- 1 8 , 5 5 6 , 5 2 - 1 4 , 1 1 6 1 , 6 1 - 6 , 1 3 . 5 7 4 , 6 2 - 2 , 1 6 8 2 , 6 8 
- 2 0 , 5 6 0 , 5 6 - 1 6 , 1 1 . 5 7 0 , 6 0 - 8 , 1 4 . 5 7 3 , 6 7 - 4 , 1 8 5 6 , 6 0 
- 2 1 , 5 4 9 , 5 4 - 1 8 , 1 2 5 5 , 6 3 - 1 2 , 1 7 6 7 , 6 3 - 5 , 1 9 7 5 , 6 1 
- 2 2 , 5 6 2 , 5 5 - 2 0 , 1 2 . 5 5 2 , 5 8 

5 2 , 5 5 
- 1 4 , 1 8 6 6 , 6 2 - 6 , 2 0 6 4 , 7 0 

- 2 4 , 5 5 4 , 5 2 -2 2 , 1 3 
5 2 , 5 8 
5 2 , 5 5 - 1 8 , 2 0 5 1 , 6 2 - 8 , 2 2 7 2 , 6 6 

- 2 6 , 5 4 8 , 4 9 -2 5 , 1 4 5 7 , 5 1 - 2 0 , 2 1 . 5 5 1 , 6 0 - 1 0 , 2 4 5 3 , 7 1 
- 3 1 , 5 4 7 , 5 1 - 2 8 . 5 , 1 5 5 2 , 5 2 - 2 2 . 5 , 2 3 4 8 , 5 9 - 1 4 , 2 8 6 2 , 6 7 

21 22 

5 , 1 2 6 5 , 5 3 7 , 1 2 5 3 , 5 2 
4 , 1 4 5 6 , 5 7 6 . 5 , 1 4 5 7 , 5 4 
2 , 1 7 8 0 , 6 7 6 , 1 6 8 2 , 6 9 
1 . 5 , 1 8 5 6 , 9 2 5 . 5 , 1 8 6 0 , 9 0 
0 , 2 0 9 5 , 7 2 5 , 2 0 7 7 , 9 4 

- 1 , 2 2 8 7 , 8 7 4 . 7 5 , 2 1 6 4 , 9 2 
- 2 , 2 4 4 6 , 8 3 4 . 5 , 2 2 8 8 , 9 7 
- 3 , 2 6 6 3 , 7 0 4 , 2 4 8 6 , 7 0 
- 4 , 2 7 . 5 7 5 , 8 5 3 , 2 6 7 2 , 8 3 
- 5 , 2 9 7 0 , 6 0 2 . 5 , 2 8 . 5 7 6 , 6 5 





C o n t o u r s o f R u n n i n g A v e r a g e C o e f f i c i e n t s 
o f V a r i a t i o n ( C V R ) o f S t r e n g t h D a t a 



Figure 4 - 3 . Strength P r o f i l e on 
Radian One 
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Figure 4 - 4 . Strength P r o f i l e on 
Radian Two 



Figure 4 - 5 . Strength Profile on 
Radian T h r e e 

Figure 4 - 6 . Strength Profile on 
Radian F o u r 
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Figure 4 - 1 5 . Strength Profi le on 
Radian T h i r t e e n 
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Figure 4 - 1 6 . Strength Prof i le on 
Radian F o u r t e e n 



F i g u r e 4 - 1 7 . S t r e n g t h P r o f i l e o n 
R a d i a n F i f t e e n 

F i g u r e 4 - 1 8 . S t r e n g t h P r o f i l e o n 
R a d i a n S i x t e e n 



Figure 4 - 1 9 . Strength Profile on 
Radian S e v e n t e e n 

Figure 4-20.Strength Profile on 
Radian E i g h t e e n 



Figure 4 - 2 1 , Strength Profile on 
Radian N i n e t e e n 

Figure 4 - 2 2 . Strength Profile on 
Radian T w e n t y 
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a v e r a g e s t a n d a r d d e v i a t i o n o f t h e s i x d a t a p o i n t s a t any 

t h r e e a d j a c e n t l o c a t i o n s a l o n g t h e r a d i a n . I t i s computed 

as f o l l o w s : 

3 2 ? 

I I [ S . . - S . ) z 

i = l j = l 3 
Q R 

w h e r e 

t h t h 
^ i j = ^ d a t a p o i n t i n i a d j a c e n t hand l o c a t i o n 

S j = a v e r a g e o f two d a t a p o i n t s a t i a d j a c e n t 

hand l o c a t i o n 

The p l o t o f i s l o c a t e d a t t h e b o t t o m o f e a c h s t r e n g t h 

p r o f i l e . The s i l h o u e t t e b e l o w e a c h s t r e n g t h p r o f i l e i n d i 

c a t e s t h e a p p r o x i m a t e d i r e c t i o n o f push i n w h i c h t h e d a t a 

was c o l l e c t e d . Note t h a t t h e o r i g i n o f t h e s e s t r e n g t h 

p r o f i l e s r e p r e s e n t s t h e s h o u l d e r p o i n t . 

V a r i a t i o n o f t h e raw d a t a i s shown, i n c o n t o u r f o r m i n 

F i g u r e 4 - 2 . These c o n t o u r s a r e p l o t s o f a p p r o x i m a t i o n s o f 

r u n n i n g a v e r a g e c o e f f i c i e n t s o f v a r i a t i o n ( C V ^ ) . The r e s u l t 

o f u s i n g t h e r u n n i n g a v e r a g e c o e f f i c i e n t o f v a r i a t i o n i s a 

s l i g h t s m o o t h i n g e f f e c t a l o n g e a c h r a d i a n . The r u n n i n g 

a v e r a g e c o e f f i c i e n t o f v a r i a t i o n i s computed a s f o l l o w s : 

b R 

w h e r e : 
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= r u n n i n g a v e r a g e s t a n d a r d d e v i a t i o n ( d e f i n e d 

a b o v e ) 

= a v e r a g e o f t h e s i x d a t a p o i n t s a t any t h r e e 

a d j a c e n t hand l o c a t i o n s . 

An o v e r v i e w o f a l l o f t h e d a t a a p p e a r s i n F i g u r e 4 - 2 5 . T h i s 

i l l u s t r a t i o n i s a t h r e e - d i m e n s i o n a l r e p r e s e n t a t i o n o f a l l t h e 

s t r e n g t h p r o f i l e s v i e w e d f rom a p o i n t a b o v e t h e s u b j e c t . 

M a t h e m a t i c a l Mode l s o f t h e D a t a 

The Gamma-Based Model 

Two m a j o r m a t h e m a t i c a l m o d e l s w e r e d e r i v e d from t h e 

d a t a . The f i r s t o f t h e s e was a r e v i s e d form o f t h e gamma 

p r o b a b i l i t y d i s t r i b u t i o n . T h i s model i s summar ized i n T a b l e 

4 - 2 . B e c a u s e o f s e v e r a l f a c t o r s , t h i s model was a b a n d o n e d . 

The e x p r e s s i o n s f o r m a j o r p a r a m e t e r s such as maximum 

s t r e n g t h and t h e d i s t a n c e t o maximum s t r e n g t h w e r e a w k w a r d . 

A n o t h e r p r o b l e m was t h a t t h e p r e d i c t e d c u r v e w o u l d n o t skew 

l e f t and r i g h t i n r e s p o n s e t o m a n i p u l a t i o n s o f t h e p a r a m e t e r s 

T h i s c a p a b i l i t y i s e s s e n t i a l f o r e n s u r i n g t h a t a l l r a d i a n s 

w o u l d be a d e q u a t e l y f i t by t h e m o d e l . F i n a l l y , t h e g e n e r a l 

form o f t h e model d i d n o t h a v e t h e n e c e s s a r y i n t u i t i v e 

a p p e a l . I t a p p e a r e d t o be awkward and u n n e c e s s a r i l y c o m p l e x . 

The F i n a l Model 

The f i n a l model was b a s e d on t h e b e t a p r o b a b i l i t y 

d i s t r i b u t i o n . T a b l e 4 - 3 s u m m a r i z e s t h e c h a r a c t e r i s t i c s o f 

t h e m o d e l . F i g u r e 4 - 2 6 d e f i n e s t h e g r a p h i c a l meaning o f 





T a b l e 4 - 2 . Summary o f Gamma-Based Model 

S t r e n g t h = A ( B R ) c e 

C r i t i c a l P o i n t s : 

Max a t R = - c / D i f ( A > 0 , c>0) o r ( A < 0 , c<0> 

Min a t R = - c /D i f ( A >0 , c < 0 ) o r ( A < 0 , c > 0 ) 

D i s c o n t i n u o u s a t R = 0 

R = +00 t a n g e n t p o i n t i f D<0 

R = - « t a n g e n t p o i n t i f D>0 

S t r e n g t h a t C r i t i c a l P o i n t s : 

S - c / D 
- B e , c 

eD J 

S 
o = 0 

S 00 - 0 

s 00 = 0 

I n t e r c e p t s : R = 0 
R = +00 

R = -°° 

I n f l e c t i o n P o i n t s : R = -C/D + / c / D i f c> l 

-C/D - / c / D i f 0<c<l 
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T a b l e 4 - 3 . Summary o f F i n a l Model 

Mode l : 

S t r e n g t h 
BR m Vrn-R 

w h e r e : 

S m = max s t r e n g t h on any r a d i a n 

R m = d i s t a n c e f rom s h o u l d e r t o max s t r e n g t h on any 

r a d i a n 

m = d i s t a n c e f rom s h o u l d e r t o max r e a c h 

B = s h a p e p a r a m e t e r 

R = d i s t a n c e t o hand f r o m s h o u l d e r 

E x p r e s s i o n s f o r P a r a m e t e r s : 

w h e r e X and Y a r e c o o r d i n a t e s 
o f t h e hand l o c a t i o n , w i t h 
( 0 , 0 ) b e i n g t h e SRP, X - a x i s 
l y i n g i n t h e f r o n t a l p l a n e 
t h r o u g h t h e SRP, and Y - a x i s 
l y i n g i n t h e m i d - s a g g i t a l 
p l a n e 

S. = 3 9 . 0 + .4759(f) - .0013(J) 2 
m 

R = 1 1 . 2 5 + . 0417(f) 

B = .00019(f) 

m = 4 0 . 0 i n c h e s 

w h e r e : 
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T a b l e 4 - 3 ( c o n c l u d e d ) 

0 = d i r e c t i o n o f push i n d e g r e e s ( 0 ° = i n f r o n t o f 

r i g h t s h o u l d e r , i n c r e a s i n g t o r i g h t ) 

<J) = 0° a t 0 = 2 1 0 ° ; i n c r e a s e s c l o c k w i s e a r o u n d body 

E x t r e m a : Min a t R = 0 

Max a t R = Rm m 

Min a t R = m 

s lR=n " 0 

S l R = m - 0 

S h a p e : I n c r e a s e B i n c r e a s e p e a k e d n e s s 

S k e w n e s s : L e f t R < m/2 m 

R i g h t + R > m/2 m 

I n t e r c e p t s : R = 0 , R = m 

E r r o r Sum o f S q u a r e s ( a l l d a t a ) = 4 5 , 1 0 1 . 0 0 

S t a n d a r d D e v i a t i o n ( a l l d a t a ) a 1 3 . 9 l b 
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F i g u r e 4 - 2 6 . G r a p h i c a l Meaning o f Model P a r a m e t e r s 
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e a c h o f t h e m o d e l ' s p a r a m e t e r s . The e f f e c t o f e a c h o f t h e s e 

p a r a m e t e r s on t h e s h a p e o f a t y p i c a l s t r e n g t h p r o f i l e i s 

p r e s e n t e d i n F i g u r e 4 - 2 7 . 

The e x t r e m a a r e o b t a i n e d b y d i f f e r e n t i a t i n g t h e model 

w i t h r e s p e c t t o R and s e t t i n g t h e d e r i v a t i v e e q u a l t o z e r o : 

I f 

m VRJ h n - R ' m m 

Then 

j n BR n B(m-R ) R m-R 

HR " S m { B ( R " } Cm^R~ } 1 ^ " Cm^R~ ) ] } 

m m 

ds 

And i f ^ = 0 , t h e n R = 0 (min) 

R = m (min) 

R = R (max) 

TCI 
S u b j e c t i v e l y e s t i m a t e d e q u a l s t r e n g t h c o n t o u r s o f t h e p r e d i c t e d 

v a l u e s o f t h e model a r e shown i n F i g u r e 4 - 2 8 . A d e t a i l e d 

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

f o l l o w i n g a p p e n d i c e s : 

A p p e n d i x A: The R e p a r a m e t e r i z a t i o n o f t h e B e t a 

D i s t r i b u t i o n i n D e r i v i n g t h e S t r e n g t h 

Model 

A p p e n d i x B: The P r o c e d u r e Used i n E s t i m a t i n g t h e 

P a r a m e t e r s ' • o f t h e F i n a l Model 
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5 

1 0 0 • 

C u r v e No 1 ^ ; ^ 2r " ' " 3 , , 4 

8 0 8 0 8 0 6 0 

R m 2 0 1 0 - 1 0 • 3 0 

B . 0 2 . 0 2 . 0 8 . 0 8 

m 4 0 4 0 4 0 4 0 

S k e w N o n e i; L e f t L e f t R i g h t 

F i g u r e 4 - 2 7 . E f f e c t o f P a r a m e t e r s o n S t r e n g t h 
P r o f i l e S h a p e 



F i g u r e 4 - 2 8 . S t r e n g t h C o n t o u r s G e n e r a t e d by F i n a l Model 



73 

A p p e n d i x C: D e t e r m i n i n g t h e A d e q u a c y o f F i t o f t h e 

F i n a l Model 

S e c o n d a r y E f f e c t s S u b - S t u d y 

The s t r e n g t h v a l u e s o b t a i n e d f rom t h e t e s t p o s i t i o n s 

c o l l e c t e d a t t h e b e g i n n i n g and end o f e a c h t e s t s e s s i o n a r e 

p r e s e n t e d i n T a b l e 4 - 4 . The a n a l y s i s o f v a r i a n c e was r u n on 

t h e f o l l o w i n g m o d e l : 

S = m + P. + T. + F, + L ' + 
1 j k £ 

[ f i r s t o r d e r i n t e r a c t i o n s ] + e /••••••i>0s 

m kx,) 

w h e r e 

P^ = t e s t p e r i o d ( 1 = m o r n i n g , 2 = a f t e r n o o n ) 

T^ = t e s t p o s i t i o n ( 1 = "A", 2 = "B") 

F^ = f a t i g u e ( 1 = b e f o r e , 2 = a f t e r - d a t a c o l l e c t i o n ) 

= l e a r n i n g (day 1 - 1 0 ) 

The a n a l y s i s o f v a r i a n c e model was f i t on t h e d a t a i n T a b l e 

4 - 4 . The t a b l e f o r t h i s model i s g i v e n i n T a b l e 4 - 5 . A l l t h r e e 

o r f o u r way i n t e r a c t i o n s w e r e p o o l e d t o form t h e r e s i d u a l sum 

o f s q u a r e s . From t h e t a b l e i t can be s e e n t h a t main e f f e c t s 

due t o t e s t p o s i t i o n , f a t i g u e and l e a r n i n g w e r e s i g n i f i c a n t 

a t t h e a - . 0 1 l e v e l . P a r a m e t e r e s t i m a t e s f o r main e f f e c t s 

and t w o - w a y i n t e r a c t i o n s a p p e a r i n T a b l e 4 - 6 . 



T a b l e 4 - 4 . D a t a f o r S e c o n d a r y E f f e c t s S u b - S t u d y 

P. _ _ 
1 1 2 

• 1 2 1 2 

1 1 76 a i 67 83 

2 77 80 62 70 

2 1 65 76 63 78 
2 67 72 66 70 

3 1 70 80 66 73 
2 65 70 58 65 

4 1 64 7 7 67 76 

2 69 62 62 69 

5 1 65 71 65 77 

2 65 75 66 65 

6 1 55 72 63 80 
2 60 67 61 75 

7 1 53 68 60 66 

2 57 66 58 68 

8 1 60 67 62 55 8 
2 60 64 60 6 1 

9 1 66 66 63 67 

2 6 1 65 57 71 

10 1 64 70 56 71 10 
2 63 62 60 66 
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T a b l e 4 - 5 . A n a l y s i s o f V a r i a n c e : S e c o n d a r y 
E f f e c t s S u b - S t u d y 

S i g n i f i c a n t a t a = . 0 1 

S i g n i f i c a n t a t a = . 0 5 

S o u r c e o f V a r i a t i o n Sum o f S q u a r e s DF Mean S q u a r e F 

Main E f f e c t s 

T 1 0 7 3 . 1 1 3 1 1 0 7 3 . 1 1 3 8 4 . 1 9 9 

P 2 5 . 3 1 2 1 2 5 . 3 1 2 1 . 9 8 6 

F 1 5 4 . 0 1 2 1 1 5 4 . 0 1 2 1 2 . 0 8 4 

L 1 1 4 8 . 6 1 2 9 1 2 7 . 6 2 4 1 0 . 0 1 4 

Two-Way I n t e r a c t i o n s 

T P 1 5 . 3 1 2 1 1 5 . 3 1 2 1 . 2 0 1 

T F 7 8 . 0 1 3 1 7 8 . 0 1 3 6 . 1 2 1 

T L 1 9 1 . 0 1 2 9 2 1 . 2 2 4 1 . 6 6 5 

P F 1 3 . 6 1 3 1 1 3 , 6 1 3 1 . 0 6 8 

P L 2 8 3 . 3 1 2 9 3 1 . 4 7 9 2 . 4 7 0 

F L 1 0 6 . 6 1 2 9 1 1 . 8 4 6 . 9 2 9 

R e s i d u a l 4 7 1 . 5 6 3 37 1 2 . 7 4 5 

T o t a l 3 5 6 0 . 4 8 7 79 4 5 . 0 6 9 
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T a b l e 4 - 6 . P a r a m e t e r E s t i m a t e s f r o m S e c o n d a r y 
E f f e c t s S u b - S t u d y 

M a i n E f f e c t s ' . ( ' d e v i a t i o n s - f r o m g r a n d mean) 

p l = . 5 6 L l = 7 ' 7 4 
L 9 = = - 2 . 2 6 

P 2 = - . 5 6 L 2 = 2 . 8 6 L 1 0 = 
: - 2 . 7 6 

T l 
T 2 

= 3 . 6 6 

= - 3 . 6 6 

L 3 = 1 . 6 1 

L 4 = 1 . 4 9 

L 5 = 1 . 8 6 

L 1 0 = 

Fl 
F 2 

= 1 . 3 9 
= - 1 . 3 9 

L 6 = - - 1 4 

L y = - 4 . 7 6 

L g = - 5 . 6 4 

Two -Way I n t e r a c t i o n s 

P. 
l 

T . 
3 

F k 
1 2 1 2 1 2 

T l . 4 3 - . 4 3 

T 2 - . 4 3 . 4 3 

F l . 3 7 . 3 7 - . 94 . 94 
F 2 - . 3 7 - . 3 7 . 9 4 - . 9 4 

L l 3 . 4 3 - 3 . 4 3 . 6 6 - . 6 6 . 9 1 - . 9 1 
L 2 - . 2 0 . 2 0 . 2 8 - . 2 8 - . 4 7 . 4 7 
L 3 2 . 3 - 2 . 3 1 . 0 3 - 1 . 0 3 2 . 5 3 - 2 . 5 3 
L 4 - . 82 . 8 2 1 . 9 1 - 1 . 9 1 1 . 4 1 - 1 . 4 1 
L 5 - . 20 . 2 0 1 . 2 8 - 1 . 2 8 - . 4 7 . 47 
L6 - 3 . 7 0 3 . 7 0 -2 . 2 2 2 . 2 2 - . 4 7 . 47 
L 7 - 1 . 5 7 1 . 5 7 - . 3 4 . 3 4 - 1 . 5 9 1 . 59 
L 8 1 . 05 - 1 . 0 5 4 . 0 3 - 4 . 0 3 - 1 . 4 7 1 . 4 7 
L 9 - . 5 7 . 5 7 1 . 0 1 - 1 . 9 1 - . 3 4 . 3 4 
L 1 0 . 1 8 - . 1 8 1 . 4 1 - 1 . 4 1 - . 0 9 . 0 9 

G r a n d Mean = 6 6 . 7 6 
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CHAPTER V 

DISCUSSION 

S t r e n g t h P a t t e r n s A f f e c t i n g G e n e r a l V a r i a b i l i t y 

i n t h e Raw D a t a 

B a s i c S t r e n g t h P r o f i l e S h a p e s 

From e x a m i n i n g t h e t h r e e - d i m e n s i o n a l v i e w o f t h e raw 

d a t a ( F i g u r e 4 - 2 5 ) i t i s o b v i o u s t h a t two b a s i c s t r e n g t h 

p a t t e r n s o c c u r . From a p o i n t i n f r o n t o f him and t o h i s 

l e f t ( r a d i a n 1 9 i n F i g u r e 3 - 6 ) t o a p o i n t d i r e c t l y b e h i n d 

him ( r a d i a n 1 2 ) , t h e s t r e n g t h p r o f i l e s show a d e f i n i t e 

"humped" f o r m . O t h e r r a d i a n s - - t h o s e ' . a c r o s s h i s body t o t h e 

l e f t and b e h i n d h i s l e f t s h o u l d e r - - s h o w p r o f i l e s w h i c h 

s t a r t h i g h b u t d e c r e a s e a t i n c r e a s e d d i s t a n c e s f rom h i s r i g h t 

s h o u l d e r . The humped p r o f i l e s on h i s r i g h t s i d e a r e 

p r o b a b l y due t o b a s i c c h a r a c t e r i s t i c s o f t h e m u s c u l o 

s k e l e t a l s t r u c t u r e s b e t w e e n t h e s h o u l d e r and hand w h i c h a r e 

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

m e c h a n i c a l a d v a n t a g e g a i n e d from bone a n g l e s and m u s c l e 

a t t a c h m e n t p o i n t s , and t h e t e n d e n c y o f t h e m u s c l e s i n v o l v e d 

t o be s t r o n g e r a t p o i n t s b e t w e e n t h e i r maximum and minimum 

e l o n g a t i o n . B e c a u s e o f t h e s e b i o m e c h a n i c a l c h a r a c t e r i s t i c s , 

t h e a r m , s h o u l d e r , w r i s t , and hand d e v e l o p max imal e f f i c i e n c y 

i n p u s h i n g a t p o i n t s b e t w e e n t h e i r minimum and maximum r e a c h 
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d i s t a n c e s ( A s t r a n d , R o d a h l , 1 9 7 0 ) . 

P o s s i b l e r e a s o n s f o r t h e d e c r e a s i n g p a t t e r n o f t h e 

l e f t s i d e p r o f i l e s a r e l e s s c l e a r . A t t h e s e p o i n t s t h e 

t w i s t i n g o f t h e t r u n k i s more o f a f a c t o r i n p u s h i n g . In 

o r d e r t o r e a c h hand l o c a t i o n s on t h e l e f t s i d e , t h e more 

i d e a l s h o u l d e r and e l b o w a n g l e s u s e d on t h e r i g h t s i d e must 

be r e p l a c e d w i t h a n g l e s w h i c h a r e l e s s m e c h a n i c a l l y e f f i c i e n t . 

T h i s a w k w a r d n e s s and m e c h a n i c a l i n e f f i c i e n c y i n c r e a s e s 

on e a c h r a d i a n as t h e hand moves f a r t h e r f rom t h e b o d y . T h i s 

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

a r e a s . 

Movement o f t h e Maximum S t r e n g t h E l l i p s e 

A n o t h e r g e n e r a l s t r e n g t h p a t t e r n can be s e e n i n t h e 

maximum s t r e n g t h e l l i p s e o f F i g u r e 4 - 1 . S t a r t i n g b e h i n d t h e 

s u b j e c t ' s l e f t s h o u l d e r and p r o c e e d i n g c l o c k w i s e a r o u n d t h i s 

b o d y , t h e p o s i t i o n o f t h e maximum s t r e n g t h s l o w l y moves 

f a r t h e r f rom t h e r i g h t s h o u l d e r . T h i s e f f e c t i s . i n i t i a l l y . 

c o n s i s t e n t w i t h t h e d e c r e a s i n g c u r v e s m e n t i o n e d a b o v e and 

t h e i r g r a d u a l l y b l e n d i n g i n t o t h e "humped" c u r v e s i n t h e 

v i c i n i t y o f r a d i a n 1 9 ( s e e F i g u r e 3 - 6 ) . From t h i s p o i n t o n , 

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

"hump" s h i f t s away f r o m t h e s h o u l d e r p o i n t . H e r e , a g a i n , t h e 

r e a s o n s a r e n o t c l e a r . 

I t i s p o s s i b l e t h a t t h e s h i f t i n maximum s t r e n g t h 

o c c u r s b e c a u s e o f t h e g e n e r a l s h i f t i n maximum r e a c h i n t h i s 

a r e a . Note t h a t , f o r p o i n t s i n f r o n t o f t h e s u b j e c t ( r a d i a n s 

one t h r o u g h s e v e n ) , t h e maximum r e a c h d i s t a n c e s a r e s h o r t e n e d 
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by t h e push c r i t e r i a , w h i c h s p e c i f i e s t h a t one p o i n t on t h e 

b a c k s h o u l d t o u c h t h e c h a i r back a t a l l t i m e s . As t h e hand 

moves from r a d i a n e i g h t t o 1 2 , maximum r e a c h d i s t a n c e s 

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

w h i l e k e e p i n g one p o i n t o f t h e back on t h e c h a i r . A t t h e s e 

a n g l e s , t h e body i s t w i s t e d and t h e p o i n t o f t h e b a c k w h i c h 

t o u c h e d t h e c h a i r b a c k was a l m o s t u n d e r t h e s u b j e c t ' s arm. 

T h i s i s i l l u s t r a t e d by t h e s i l h o u e t t e on t h e s t r e n g t h p r o f i l e s 

f o r r a d i a n s e i g h t t h r o u g h 1 2 ( F i g u r e s 4 - 1 0 t h r o u g h 4 - 1 4 ) . 

A n o t h e r r e a s o n f o r t h e maximum s t r e n g t h e l l i p s e ' s 

moving away f rom t h e s h o u l d e r i n a c l o c k w i s e d i r e c t i o n 

i n v o l v e s t h e body s u p p o r t p r o v i d e d by t h e c h a i r . A t l o c a t i o n s 

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

p a r t o f t h e medium t h r o u g h w h i c h f o r c e i s t r a n s f e r r e d t o t h e 

f l o o r . B e c a u s e t h e back f l e x e s two t o t h r e e i n c h e s b e f o r e 

s t a b i l i z i n g , t h e r e s u l t i n g maximum s t r e n g t h l o c a t i o n on e a c h 

f o r w a r d r a d i a n i s b i a s e d r e a r w a r d . When p u s h i n g t o t h e 

r e a r ( o v e r t h e b a c k o f t h e c h a i r ) , h o w e v e r , f o r c e i s t r a n s 

f e r r e d more d i r e c t l y t h r o u g h t h e s u b j e c t ' s b u t t o c k s and f e e t 

t o t h e f l o o r , and t h e r e i s no r e s u l t a n t f o r w a r d b i a s o f t h e 

maximum s t r e n g t h l o c a t i o n on t h e r e a r w a r d r a d i a n s . 

L o c a t i o n o f H i g h e s t S t r e n g t h V a l u e s 

F i g u r e 4 - 1 shows a n o t h e r g e n e r a l s t r e n g t h p a t t e r n , 

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

t h a t i s , t h e 80 pound c o n t o u r , i s i n f r o n t and t o t h e r i g h t 

o f t h e s u b j e c t . T h i s e f f e c t can be a t t r i b u t e d t o t h e 
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b i o m e c h a n i c a l s t r u c t u r e s i n v o l v e d i n t h e p u s h . A t t h e s e 

l o c a t i o n s , m u s c l e - b o n e moment arms a r e n o t most e f f i c i e n t and 

bone a l i g n m e n t t h r o u g h t h e j o i n t s i s most c o n d u c i v e t o l a r g e 

e x e r t i o n s . 

The s u b j e c t ' s back i s f i r m l y p l a n t e d a g a i n s t t h e s e a t 

b a c k i n t h e f r o n t r i g h t q u a d r a n t . In o t h e r l o c a t i o n s , t h e r e 

i s a v a r y i n g d e g r e e o f t r u n k t w i s t , w h i c h t e n d s t o r e d u c e t h e 

t o g g l e e f f e c t m e n t i o n e d by H u g h - J o n e s ( 1 9 4 7 ) . W i t h t h e back 

f i r m l y p l a n t e d a g a i n s t t h e f l e x i b l e c h a i r b a c k , t h e s u b j e c t 

o c c a s i o n a l l y c o u l d " s n a p " h i s e l b o w i n t o a s l i g h t l y h y p e r -

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

i s b e c a u s e o f t h e more a d v a n t a n e o u s m e c h a n i c s a s s o c i a t e d 

w i t h t h e t o g g l e e f f e c t . T h i s e f f e c t c o u l d o n l y o c c u r i n t h e 

r i g h t f o r w a r d r a d i a n s and p a r t i a l l y c o n t r i b u t e d t o t h e h i g h e r 

s t r e n g t h v a l u e s i n t h a t a r e a . 

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

t o t h e l a r g e r v a l u e s i n t h e r i g h t f o r w a r d r a d i a n s . In o t h e r 

d i r e c t i o n s , t h e r e was e i t h e r a body t w i s t , t h e t o p o f t h e 

c h a i r back dug i n t o t h e s u b j e c t ' s b a c k , o r b o t h . These 

c o n d i t i o n s may h a v e c a u s e d d i s c o m f o r t and r e s i s t a n c e 

f o r c e r e s u l t i n g i n l o w e r r e c o r d e d f o r c e s on t h e s e r a d i a n s . 

The f e e l i n g o f s t a b i l i t y g a i n e d by h a v i n g t h e b a c k 

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

f a c t o r , w h i c h , when d e c r e a s e d , a s i n t h e more awkward 

r a d i a n s , c o u l d h a v e had a d e c r e m e n t a l e f f e c t on s t r e n g t h . 
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V a r i a b i l i t y o f Raw D a t a A l o n g Each R a d i a n 

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

shown i n two f o r m s : t h e p l o t o f t h e r u n n i n g a v e r a g e o v a l u e s 

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

s t r e n g t h p r o f i l e ( F i g u r e s 4 - 3 t h r o u g h 4 - 2 4 ) ; and t h e c o n t o u r s 

o f t h e r u n n i n g a v e r a g e c o e f f i c i e n t o f v a r i a t i o n v a l u e s (CV R ) 

found i n F i g u r e 4 - 2 . 

The F r e e Push C r i t e r i a 

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

i n t h e d a t a i s t h e f r e e p u s h c r i t e r i a u s e d . Note t h a t i n 

T a b l e C - l t h e a v e r a g e i n h e r e n t s t a n d a r d d e v i a t i o n i s 8 . 0 

p o u n d s , w h i c h , on f i r s t e x a m i n a t i o n , seems t o be r a t h e r h i g h . 

I t was t h e p h i l o s o p h y b e h i n d t h e f r e e p u s h c r i t e r i a 

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

s t a b i l i z a t i o n r e s t r i c t i o n s t h e f r e e p u s h h a s on t h e s u b j e c t 

a r e t h a t b o t h f e e t a r e on t h e f l o o r , b o t h b u t t o c k s a r e on t h e 

s e a t , and one p o i n t o f t h e b a c k i s on t h e s e a t b a c k a t a l l 

t i m e s . These c r i t e r i a a r e more r e p r e s e n t a t i v e o f a r e a l 

i n d u s t r i a l s i t u a t i o n ( w i t h o u t back o r t o r s o a s s i s t s ) t h a n 

t h o s e u s e d i n o t h e r s t u d i e s . 

The more r e s t r i c t e d o r s t a b i l i z e d p r o c e d u r e s such a s 

t h o s e u s e d i n o t h e r s t u d i e s ( S c h a n n e , 1 9 7 2 ; G a r g , C h a f f i n , 

1 9 7 5 ; T h o r d s e n , e t a l . 1 9 7 2 ) l o s e a p p e a l b e c a u s e o f t h e i r 

d e p a r t u r e f rom r e a l l i f e s i t u a t i o n s . 

A l s o d e p a r t i n g from r e a l l i f e i s t h e p r a c t i c e o f 

i s o l a t i n g m u s c l e g r o u p s i n s t u d y i n g s t r e n g t h . An e x a m p l e o f 
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t h i s p r a c t i c e w o u l d be t h e i s o l a t i o n o f t h e b i c e p s i n ?n oriu 

s t r e n g t h s t u d y . The f r e e push p h i l o s o p h y makes no a t t e m p t 

t o i s o l a t e any m u s c l e g r o u p s , b e c a u s e , on some r a d i a n s , 

t w i s t i n g o f t h e t r u n k and awkward r e a c h i n g must o c c u r i n 

o r d e r t o p u s h i n t h e d e s i r e d d i r e c t i o n s . R a d i a n 1 3 i s an 

e x t r e m e e x a m p l e o f such an awkward p o s i t i o n . B e c a u s e o f 

i n t e r a c t i o n b e t w e e n m u s c l e g r o u p s , i t w o u l d be i m p o s s i b l e 

t o i s o l a t e m u s c l e g r o u p s i n such a complex body p o s i t i o n . 

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

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

t h e t r u n k i n e x e r t i o n s . 

V a r i a t i o n P a t t e r n s on Each R a d i a n 

The r u n n i n g a v e r a g e s t a n d a r d d e v i a t i o n and c o e f f i c i e n t 

o f v a r i a t i o n p l o t s i n F i g u r e s 4 - 3 t h r o u g h .4 -24 and F i g u r e 4 - 2 

show t h e f o l l o w i n g c h a r a c t e r i s t i c s o f v a r i a t i o n . 

1 . The v a r i a t i o n on t h e s u b j e c t ' s r i g h t s i d e seems 

t o f o l l o w a r e g u l a r , p r e d i c t a b l e p a t t e r n . These r a d i a n s 

h a v e h i g h v a r i a n c e c l o s e t o and f a r away f rom t h e b o d y , and 

s m a l l e r v a r i a n c e n e a r t h e m i d d l e o f e a c h r a d i a n . T h i s i s due 

t o t h e more awkward body p o s i t i o n s r e q u i r e d f o r p u s h i n g a t 

e x t r e m e l y c l o s e and e x t r e m e l y d i s t a n t p o i n t s . A t medium 

r a n g e hand l o c a t i o n s , t h e s u b j e c t can assume a more n a t u r a l , 

c o m f o r t a b l e body p o s i t i o n , w h i c h r e s u l t s i n l o w e r v a r i a n c e . 

2 . The v a r i a t i o n on t h e s u b j e c t ' s l e f t s i d e seems t o 

h a v e l i t t l e o r no r e g u l a r p a t t e r n . T h i s i s due t o t h e f a c t 

t h a t t h e s u b j e c t r o t a t e s h i s t r u n k t o r e a c h t h e s e p o s i t i o n s , 
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and v a r i a n c e i s t h e r e b y i n t r o d u c e d . B e c a u s e o f t h e complex 

t w i s t i n g m o t i o n i n v o l v e d , no o b v i o u s p a t t e r n s i n v a r i a n c e 

a r e s e e n i n t h e s e r a d i a n s . 

S u b j e c t V a r i a b i l i t y 

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

s u b j e c t v a r i a b i l i t y s u b - s t u d y ( T a b l e 4 - 5 ) shows s i g n i f i c a n t 

main e f f e c t s due t o t e s t p o s i t i o n , f a t i g u e , and " l e a r n i n g . " 

The T e s t P o s i t i o n E f f e c t 

The two t e s t p o s i t i o n s , A = ( - 1 1 , 1 0 ) and B = ( 2 0 , 2 2 ) , 

w e r e c h o s e n i n d i f f e r e n t r e g i o n s a r o u n d t h e s u b j e c t . A t 

t h a t t i m e i t was assumed t h a t t h e r e w o u l d be s i g n i f i c a n t 

s t r e n g t h d i f f e r e n c e s due t o l o c a t i o n . T h e r e f o r e , t h e 

a = . 0 1 s i g n i f i c a n c e l e v e l f r o m t h e ANOVA t a b l e was n o t s u r 

p r i s i n g . 

The F a t i g u e E f f e c t 

The f a t i g u e p a r a m e t e r i n d i c a t e d a s t a t i s t i c a l l y 

s i g n i f i c a n t d e c r e m e n t i n s t r e n g t h o v e r t h e t i m e span o f e a c h 

t e s t s e s s i o n . The main e f f e c t f o r f a t i g u e ( i n T a b l e 4 - 6 ) o f 

1 . 3 9 i n d i c a t e s t h a t t h i s e f f e c t had l i t t l e p r a c t i c a l 

s i g n i f i c a n c e . O t h e r c o n t r i b u t i n g r e a s o n s f o r f a t i g u e a r e t h e 

t e m p e r a t u r e and h u m i d i t y i n t h e c l o s e t - l i k e t e s t room and 

t h e f a c t t h a t t h e s u b j e c t moved t h e a p p a r a t u s b e t w e e n e x e r 

t i o n s h i m s e l f . A l t h o u g h t h e s e f a c t o r s w e r e n o t e x c e s s i v e , 

t h e c o n f i n e s o f t h e s m a l l s p a c e d i d c r e a t e some d i s c o m f o r t 

f o r t h e s u b j e c t . R e s i d u a l s o r e n e s s f r o m p r e v i o u s t e s t i n g 



84 

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

d e c r e a s i n g h i s m o t i v a t i o n d u r i n g t h e t e s t s e s s i o n . . Each 

s e s s i o n , l a s t i n g a p p r o x i m a t e l y two h o u r s , was composed o f 

f o u r - m i n u t e r e s t s and f i v e - s e c o n d e x e r t i o n s . B e c a u s e o f t h e 

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

e x p e r i e n c e d some b o r e d o m , w h i c h c o u l d h a v e i n d i r e c t l y a f f e c t e d 

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

The L e a r n i n g E f f e c t 

The " l e a r n i n g " p a r a m e t e r was somewhat p a r a d o x i c a l . 

E x a m i n a t i o n o f T a b l e 4 - 6 and F i g u r e 5 - 1 shows a n e g a t i v e 

e f f e c t o v e r t h e c o u r s e o f t h e 1 0 day e x p e r i m e n t . That i s , 

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

m e n t . A p o s i t i v e e f f e c t had been e x p e c t e d . T h i s w o u l d h a v e 

been p r i m a r i l y due t o a t r a i n i n g e f f e c t c a u s e d by t h e p h y s i c a l 

c o n d i t i o n i n g o f t h e m u s c l e s i n v o l v e d . A l s o , a p o s i t i v e 

l e a r n i n g e f f e c t w o u l d h a v e been e x p e c t e d as t h e s u b j e c t 

d e v e l o p e d t e c h n i q u e s f o r u s e i n p u s h i n g on t h i s a p p a r a t u s . 

F i g u r e 5 - 1 i s a p l o t o f s t r e n g t h p r e d i c t e d by t h e 

ANOVA model v e r s u s t h e day on w h i c h t h e t e s t i n g o c c u r r e d . 

B e c a u s e p o s i t i o n e f f e c t d o e s n o t h a v e d i r e c t b e a r i n g on t h i s 

d i s c u s s i o n , t h e e f f e c t o f p o s i t i o n (T) was o m i t t e d . The 

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

s t e a d y d e c r e a s e u n t i l day s e v e n o r e i g h t . A t t h i s p o i n t 

t h e r e seems t o be a s t a b i l i z i n g t r e n d . T h i s c o u l d be due t o 

s u b j e c t m o t i v a t i o n g a i n e d by n e a r n e s s t o t h e end o f t h e 

e x p e r i m e n t . A l s o , t h e r e may be an i n f l u e n c e h e r e due t o a 
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M o r n i n g , B e f o r e S e s s i o n ( i = l , k = l ) : _ 
M o r n i n g , A f t e r S e s s i o n ( i = l , k = 2 ) : 

A f t e r n o o n , B e f o r e S e s s i o n ( i = 2 , k = l ) : 
A f t e r n o o n , A f t e r S e s s i o n ( i = 2 , k = 2 ) : 

F i g u r e 5 - 1 . N e g a t i v e " L e a r n i n g " E f f e c t o n S t r e n g t h 
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d e l a y e d a c q u i s i t i o n o f s k i l l i n t h e p u s h i n g t a s k . 

T h e r e a r e two v i a b l e r e a s o n s f o r t h e s i g n i f i c a n t 

n e g a t i v e t r e n d i n f o r c e a s t h e e x p e r i m e n t s p r o g r e s s e d : 

F i r s t , t h e s u b j e c t , who was n o t a c c u s t o m e d t o t h i s t y p e o f 

r e p e a t e d e x e r t i o n , d i d e x p e r i e n c e a s u b s t a n t i a l amount o f 

s o r e n e s s . The s o r e n e s s a p p e a r e d a f t e r t h e f i r s t few d a y s 

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

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

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

n e g a t i v e trend. When t h e experiment b e g a n , t h e s u b j e c t was 

h i g h l y m o t i v a t e d . As t h e e x p e r i m e n t p r o g r e s s e d , h o w e v e r , t h e 

monotony o f t h e e x e r t i o n c y c l e began t o a f f e c t t h e s u b j e c t ' s 

c o n c e n t r a t i o n . 

A n o t h e r l e s s o b v i o u s c o n t r i b u t o r t o t h e n e g a t i v e 

" l e a r n i n g " e f f e c t c o u l d h a v e b e e n r e s i d u a l f a t i g u e f rom t h e 

p r i o r d a y ' s t e s t i n g . 

The Use o f One S u b j e c t f o r D a t a C o l l e c t i o n 

The d a t a f rom one s u b j e c t was u s e d t o d e r i v e t h e 

m o d e l . T h e r e a r e two j u s t i f i c a t i o n s f o r t h i s d e c i s i o n : 

1 . The f i n a l model i s i n t h e form o f a g e n e r a l s t r u c 

t u r e . T h i s s t r u c t u r e can be a p p l i e d t o l a r g e r s u b j e c t 

p o p u l a t i o n s w i t h t h e same c r e s c e n t - s h a p e d - e l l i p s e p r e d i c t i o n 

c o n t o u r s r e s u l t i n g . The way t h e g e n e r a l model i s t o be 

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

p a r a m e t e r s S , R_, and B. T h i s m a n i p u l a t i o n w i l l r e q u i r e 
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t h e i n c l u s i o n o f p e r c e n t i l e f a c t o r s i i i t h e e q u a t i o n s . N o t e , 

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

o n e - s u b j e c t d a t a w i l l n o t n e e d t o be a l t e r e d . 

2 . B e c a u s e o f t h e l a r g e number o f d a t a c o l l e c t e d 

( 4 3 0 p o i n t s t o t a l ) i t was l o g i s t i c a l l y i m p o s s i b l e t o i n v o l v e 

more t h a n one s u b j e c t i n t h e e x p e r i m e n t . W i t h one s u b j e c t , 

c o m p l e t i o n o f t h e d a t a c o l l e c t i o n r e q u i r e d 1 0 f u l l d a y s . 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

C o n c l u s i o n s 

S e v e r a l c o n c l u s i o n s may be drawn from t h i s s t u d y . 

These c o n c l u s i o n s f a l l i n t o t h e f o l l o w i n g c a t e g o r i e s : 

1 . C o n c l u s i o n s r e g a r d i n g s t r e n g t h p a t t e r n s 

2 . C o n c l u s i o n s c o n c e r n i n g s o u r c e s o f v a r i a b i l i t y i n 

s t r e n g t h 

3 . C o n c l u s i o n s r e g a r d i n g t h e m e t h o d o l o g y u s e d t o 

p r e d i c t s t r e n g t h . 

S t r e n g t h P a t t e r n s 

In t h e t r a n s v e r s e p l a n e l o c a t e d 20 i n c h e s a b o v e t h e 

SRP, a r i g h t - h a n d e d s u b j e c t d e v e l o p s maximum p u s h s t r e n g t h 

i n t h e f r o n g r i g h t q u a d r a n t . The d i s t a n c e i n e a c h r a d i a l 

d i r e c t i o n t o t h e l o c a t i o n o f maximum s t r e n g t h i s m i n i m a l 

b e h i n d t h e l e f t s h o u l d e r , and i n c r e a s e s a s t h e hand moves 

c l o c k w i s e a r o u n d t h e b o d y . 

Two g e n e r a l p r o f i l e s o f s t r e n g t h o c c u r i n p u s h i n g . 

In some a n g l e s a r o u n d t h e b o d y , t h e s u b j e c t i s s t r o n g e s t 

a t hand l o c a t i o n s c l o s e s t t o h i s b o d y . A t o t h e r a n g l e s , t h e 

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

and maximum r e a c h d i s t a n c e . 

Equal s t r e n g t h c o n t o u r s drawn on an a e r i a l v i e w o f t h e 
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s u b j e c t a r e c r e s c e n t - s h a p e d e l l i p s e s w h i c h a r e b e n t a r o u n d 

t h e s h o u l d e r p o i n t . 

P r e d i c t i v e M o d e l 

S t r e n g t h c a n b e p r e d i c t e d b y t h e f o l l o w i n g m o d e l w i t h 

a c c e p t a b l e a c c u r a c y : 

R B R ™ m - R B 0 - R J 
S = S m ^ ) ^ ) » ( 6 - 1 ) 

m m 

w h e r e : 

S = s t r e n g t h 

S _ = m a x i m u m s t r e n g t h i n o n e d i r e c t i o n m 
R _ = d i s t a n c e t o m a x i m u m s t r e n g t h i n o n e d i r e c t i o n m 

B = s h a p e p a r a m e t e r o f s t r e n g t h p r o f i l e 

m = m a x i m u m r e a c h i n o n e d i r e c t i o n 

R = d i s t a n c e f r o m h a n d t o s h o u l d e r 

S e c o n d a r y E f f e c t s 

S e c o n d a r y e f f e c t s o n p u s h s t r e n g t h w e r e f o u n d t o b e 

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

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

t e n d t o a f f e c t s t r e n g t h d a t a c o l l e c t i o n . A p p a r a t u s - i n d u c e d 

v a r i a n c e p r o b a b l y c o n t r i b u t e s t o o v e r a l l v a r i a n c e . T h e f r e e 

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

T h i s m e t h o d o l o g y i s m e n t i o n e d b e l o w . 

M e t h o d o l o g y 

" F r e e p u s h " c r i t e r i a w e r e u s e d i n t h e d a t a c o l l e c t i o n . 

T h e r e s t r i c t i o n s i m p o s e d o n t h e s u b j e c t w e r e a s f o l l o w s : 
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Both f e e t on t h e f l o o r , b o t h b u t t o c k s on t h e s e a t , and one 

p o i n t o f t h e s u b j e c t ' s b a c k on t h e c h a i r back a t a l l t i m e s . 

The i n c r e a s e d v a r i a b i l i t y i n t h e model c a u s e d by 

t h e s e m i n i m a l l y c o n s t r a i n e d c r i t e r i a was n o t g r e a t enough t o 

o f f s e t t h e a d v a n t a g e s w h i c h r e s u l t e d from t h e c r i t e r i a . The 

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

t e c h n i q u e s t o r e a l - l i f e p u s h i n g s i t u a t i o n s . 

The model b u i l d i n g m e t h o d o l o g y u s e d i n t h i s s t u d y was 

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

m o d e l . The m e t h o d o l o g y c o n s i s t e d o f e x a m i n i n g t h e r a w d a t a 

and d e t e c t i n g t r e n d s , such a s t h e s k e w i n g o f s t r e n g t h p r o f i l e s 

a s t h e y r o t a t e d a r o u n d t h e b o d y . A s t r u c t u r e f o r t h e model 

was c h o s e n w h i c h w o u l d skew i n e i t h e r d i r e c t i o n a s a r e s u l t 

o f m a n i p u l a t i o n o f i t s p a r a m e t e r s . The d a t a was t h e n f i t 

on a r a d i a n - b y - r a d i a n b a s i s . F i n a l l y , t h e model was i n t e g r a t e d 

i n t o a s i n g l e e x p r e s s i o n by d e v e l o p i n g e x p r e s s i o n s f o r t h e 

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

Recommendat ions 

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

s e v e r a l a r e a s i n t o w h i c h t h e b a s i c model can be e x p a n d e d . 

I n c r e a s e d Number o f P a r a m e t e r s 

The number o f p a r a m e t e r s i n t h e g e n e r a l model wou ld 

p r o b a b l y n e e d t o be i n c r e a s e d . C u r r e n t l y , t h e model h a s 

t h r e e p a r a m e t e r s f o r c u r v e l o c a t i o n and s k e w n e s s (S . R , m) r v m m 

and one p a r a m e t e r f o r s h a p e ( B ) . The model w o u l d p r o b a b l y 
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b e n e f i t f rom a n o t h e r s h a p e p a r a m e t e r , s a y p a r a m e t e r "A". 

W i t h two s h a p e p a r a m e t e r s i t may be p o s s i b l e t o c o n t r o l e a c h 

s i d e o f t h e s t r e n g t h p r o f i l e i n d i v i d u a l l y . T h i s w o u l d y i e l d 

a f i n e r d e g r e e o f c o n t r o l f o r s k e w i n g , k u r t o s i s , and g e n e r a l 

p r o f i l e s h a p e . A good c a n d i d a t e f o r t h e new model w o u l d 

i n c l u d e t h e new p a r a m e t e r "A" i n t h e e x p o n e n t o f t h e t h i r d 

f a c t o r : 

-n BR m „ A ( m - R m ) 
s = ( ? - ) m (514-) ( F I- 2) m VR J hn-R J 

m m 

I n c l u s i o n o f P e r c e n t i l e F a c t o r 

The model a l s o n e e d s t o be g e n e r a l i z e d t o a l a r g e r 

p o p u l a t i o n . The c u r r e n t model i s a sound f r a m e w o r k f o r a more 

g e n e r a l m o d e l . The a d d i t i o n o f a p e r c e n t i l e f a c t o r w o u l d be 

n e c e s s a r y t o expand t h e m o d e l . H o p e f u l l y , t h e b a s i c s t r u c 

t u r e o f t h e m o d e l , t h a t i s : 

D BR . ~ B(m- ) 
o _ Q :•\ m /nr-R_s v m 

m VR J Wm-R m m 

w o u l d r e m a i n u n a l t e r e d , and t h e p e r c e n t i l e f a c t o r c o u l d be 

i n t e g r a t e d i n t o t h e S and R m e q u a t i o n s [ E q s . ( B - l ) and ( B - 2 ) ] . 

Expanded Range o f P r e d i c t i o n 

More o b v i o u s a r e a s f o r e x p a n s i o n a r e i n t h e r a n g e 

o v e r w h i c h t h e model p r e d i c t s . C u r r e n t l y , i t i s d e s i g n e d 

o n l y f o r p u s h i n g i n t h e 20 i n c h t r a n s v e r s e p l a n e . In t h e 

f u t u r e i t s h o u l d be r e v i s e d t o p r e d i c t v a l u e s a n y w h e r e i n t h e 
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r e a c h s p h e r e . I t s h o u l d a l s o be made f l e x i b l e enough t o make 

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

d i r e c t e d arm f o r c e s . 

F u r t h e r e x p a n s i o n s f o r t h e model c o u l d be made i n 

age and s e x d i f f e r e n c e s . T h i s t y p e o f e x p a n s i o n w o u l d r e q u i r e 

v a l i d a t i o n on much l a r g e r s u b j e c t p o p u l a t i o n s i z e s . 
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APPENDIX A 

REP ARAMETERIZATION OF THE BETA DISTRIBUTION 

IN DERIVING THE STRENGTH MODEL 

B a c k g r o u n d 

The p r e s e n t s t r e n g t h model i s a m o d i f i c a t i o n o f t h e 

b e t a d i s t r i b u t i o n w h i c h i s u s e d i n s t a t i s t i c s . The most 

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

f o r Y e ( a , b ) 

and p > 0 , q>0 

The t e r m B ( p , q ) i s t h e b e t a f u n c t i o n w h i c h can be d e f i n e d 

i n t e r m s o f gamma f u n c t i o n s o r e q u i v a l e n t l y i n t e r m s o f 

f a c t o r i a l s a s f o l l o w s : 

-EfD QV - r Cp )T(q) _ ( p - l ) ! ( q - l ) ! ( B C p > q j r ( p+q) ( p + q - 1 ) ! C A 2 ) 

The s t a n d a r d form o f t h e b e t a d i s t r i b u t i o n i s o b t a i n e d by 

u s i n g t h e s u b s t i t u t i o n x = ( Y - a ) / ( b - a ) , and t a k e s t h e form 
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f o r x e ( 0 , 1 ) 

and p > 0 , q>0 

V a r i o u s o t h e r d i s t r i b u t i o n s u s e d i n s t a t i s t i c s a r e s u b c a s e s 

o f Eq. A - 3 a s f o l l o w s : 

T r a n s f o r m a t i o n D i s t r i b u t i o n 

p = q - 1 R e c t a n g u l a r 

p = q = 1 / 2 A r c - s i n e 

q = 1 Power f u n c t i o n 

T = x / ( l - x ) P e a r s o n Type VI 

F = v 2 T / v 1 F 

w h e r e v ^ = 2 p 

v 2 = 2 c l 

D i s t r i b u t i o n Form 

F i g u r e A - l shows t h e f l e x i b i l i t y o f t h e b e t a d i s t r i -

b u t i o n and t h a t t h e s k e w n e s s o f t h e d i s t r i b u t i o n can be 

a l t e r e d by m o d i f y i n g t h e p a r a m e t e r s p and q . In i n i t i a l l y 

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

s e v e r a l m o d i f i c a t i o n s i n t h e b e t a d i s t r i b u t i o n (Eq. A - 3 ) 

seemed a p p r o p r i a t e . The r e s u l t i n g r e p a r a m e t e r i z a t i o n o f t h e 

b e t a d i s t r i b u t i o n i s r e v i e w e d i n T a b l e A - l and r e s u l t e d i n 

t h e f o l l o w i n g s t r e n g t h m o d e l : 
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T a b l e A - l . D i r e c t M o d i f i c a t i o n s i n B e t a D i s t r i b u t i o n 

M o d i f i c a t i o n R a t i o n a l e 

S = P ( x ) The d e p e n d e n t v a r i a b l e i s s t r e n g t h , 
S , r a t h e r t h a n a p r o b a b i l i t y d e n s i t y , 

R = x The i n d e p e n d e n t v a r i a b l e o f t h e 
s t r e n g t h model i s r a d i a l r e a c h 
d i s t a n c e , R 

M = 1 The i n d e p e n d e n t v a r i a b l e , R, i s n o t 
R e (0,m) c o n f i n e d t o t h e u n i t i n t e r v a l b u t can 

v a r y from 0 t o M, t h e maximum r e a c h 
d i s t a n c e 

K = 1 / B ( p , q ) The p r e s e n t model i s n o t a p r o b a b i l i t y 
d e n s i t y . The i n t e g r a l o f t h e model 
o v e r t h e r a n g e o f t h e i n d e p e n d e n t 
v a r i a b l e d o e s n o t h a v e t o e q u a l o n e . 
As a r e s u l t , a c o n s t a n t can be s u b s t i 
t u t e d f o r t h e b e t a f u n c t i o n , B ( p , q ) 

b = p-1 The c u r v e s shown i n t h e l o w e r r i g h t 
d = q-1 hand c o r n e r o f F i g u r e A - l a r e t h e mos t 
w i t h b > 1 a p p r o p r i a t e f o r m s f o r t h e s t r e n g t h 

d > 1 m o d e l . T h u s , v a l u e s o f p and q l e s s 
t h a n 1 do n o t h a v e t o be c o n s i d e r e d , 
and t h e model can be r e p a r a m e t e r i z e d 
i n t e r m s o f t h e p a r a m e t e r s b and d 
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S = K ( R ) b ( m - R ) d (A-4) 

f o r R e (0 , m ) 

b > 1 and d > 1 

F u r t h e r M o d i f i c a t i o n 

The s t r e n g t h model g i v e n i n e q u a t i o n A - 4 h a s f o u r 

p a r a m e t e r s ; h o w e v e r , o n l y t h e p a r a m e t e r m, t h e maximum 

r e a c h d i s t a n c e , ; h a s a h e u r i s t i c i n t e r p r e t a t i o n . The r e m a i n i n g 

p a r a m e t e r s , k , b , and d , a r e s i m p l y e s t i m a t i o n p a r a m e t e r s 

w h i c h h a v e no d i r e c t m e a n i n g . As a r e s u l t , t h e model was 

r e p a r a m e t e r i z e d i n t o a more i n t e r p r e t a b l e f o r m . 

S e t t i n g t h i s d i f f e r e n t i a l e q u a l t o z e r o i t i s f o u n d 

t h a t t h e d e p e n d e n t v a r i a b l e S assumes a minimum v a l u e o f z e r o 

when R = 0 o r R = m. The maximum o c c u r s when t h e c o n d i t i o n 

D i f f e r e n t i a t i n g Eq. A - 4 w i t h r e s p e c t t o R y i e l d s 

ds 
3R = k R b ( m - R ) d I-d/Cm-R) + b / R ] . ( A - 5 ) 

- b / ( m - R ) + b /R = 0 CA -6) 

i s s a t i s f i e d . S o l v i n g f o r R i n e q u a t i o n A - 6 y i e l d s 

R = R_ = bM/Cb+d) ( A - 7 ) 
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The R v a l u e when S i s maximum i s d e n o t e d R . S i m i l a r l y , t h e 
m 

maximum v a l u e o f S can be d e n o t e d as S and i s f ound by 
m 

s u b s t i t u t i n g t h e e x p r e s s i o n f o r R m i n Eq. A - 7 i n t o Eq. A - 4 . 

T h i s s u b s t i t u t i o n y i e l d s 

S m = KMb+drb/Cb+d)JbId/ Cb+d)]d CA-8) 

E q s . A - 7 and A - 8 can be i n v e r t e d t o y i e l d 

b(m-R ) 
d = p

 m CA-9) 
R m 

and 

K = S m / rmb+d (b/ C.b+d))b (d/ (b+d))d] ( A - 1 0 ) 

I f t h e s e two e q u a t i o n s a r e s u b s t i t u t e d i n t o Eq. A - 4 , t h e 

a r b i t r a r y p a r a m e t e r s d and k a r e e l i m i n a t e d , and a f t e r 

r e a r r a n g i n g t e r m s , t h e model t a k e s t h e form 

m m 

F i n a l l y , i f t h e e q u a t i o n 

b • B R r a 
(A-12) 



100 

i s s u b s t i t u t e d i n Eq. A - l l , t h e f i n a l form o f t h e model i s 

o b t a i n e d . 

T h i s l a s t s u b s t i t u t i o n i s somewhat a r b i t r a r y and i s 

o n l y done t o g i v e t h e e q u a t i o n a more s y m m e t r i c a p p e a r a n c e . 

The f i n a l form o f t h e model i s 

R B R m m-R B ( m " V 

m m 

f o r R e (0 ,m) 

B > 1/R and 1/Cm-R m) 
m . m 

w h e r e 

R = d i s t a n c e t o hand 

m - maximum r e a c h d i s t a n c e 
S_ = maximum s t r e n g t h m 

R r e a c h d i s t a n c e t o maximum s t r e n g t h m ° 

B = s h a p e p a r a m e t e r 
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APPENDIX B 

PROCEDURE FOR ESTIMATING PARAMETERS IN THE MODEL 

The f i t t i n g o f a model t o t h e d a t a was a t h r e e - s t e p 

s e q u e n t i a l p r o c e s s : 

S t e p o n e : F i r s t p r e d i c t i o n o f R , S- •, and B f o r e a c h r r m m 

r a d i a n 

S t e p t w o : D e v e l o p m e n t o f e x p r e s s i o n s f o r R m and S m 

a s f u n c t i o n s o f <j> 

S t e p t h r e e : D e v e l o p m e n t o f e x p r e s s i o n f o r B as f u n c t i o n 

: '•• 'Of (j) • 

S t e p One: The F o u r P a r a m e t e r Model 

The method u s e d t o e s t i m a t e p a r a m e t e r s was a c o m p u t e r 

r o u t i n e w h i c h w i l l be r e f e r r e d t o a s t h e " n e t s e a r c h r o u t i n e . " 

T h i s r o u t i n e was a F o r t r a n p r o g r a m w h i c h e n n u m e r a t e d l a r g e 

numbers o f c o m b i n a t i o n s o f p a r a m e t e r s , a n d , f o r e a c h combi 

n a t i o n , c a l c u l a t e d an S p r e d i c t i o n , a r e s i d u a l , and t h e sum 

o f t h e s q u a r e s o£ t h e r e s i d u a l s ( w h i c h w i l l be r e f e r r e d t o 

a s t h e "SS e r r o r " ) f o r e a c h r a d i a n . The g o o d n e s s o f f i t 

o f e a c h c o m b i n a t i o n o f p a r a m e t e r s was shown by d i r e c t l y 

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

o f p a r a m e t e r s . 

A n o n - l i n e a r r e g r e s s i o n c o m p u t e r p a c k a g e was u t i l i z e d 

p r i o r t o u s i n g t h e n e t s e a r c h r o u t i n e . T h i s p r o g r a m employed 
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t h e M a r q u a r d t o r G a u s s i a n t e c h n i q u e . I t s u s e was abandoned 

b e c a u s e i t w o u l d n o t c o n v e r g e on o p t i m a l p a r a m e t e r s . 

The n e t s e a r c h r o u t i n e was f i r s t u s e d on a r a d i a n - b y -

r a d i a n b a s i s t o f i n d t h e v a l u e s o f S . R , arid B w h i c h 
m m 7 

y i e l d e d a minimum SS e r r o r . The f o u r t h p a r a m e t e r , m, was 

s e t e q u a l t o 4 0 . 0 . T h i s number was an a p p r o x i m a t i o n o f t h e 

maximum r e a c h d i s t a n c e . The r a n g e s and i n c r e m e n t s o f t h i s 

s e a r c h a r e as f o l l o w s : 

P a r a m e t e r Range I n c r e m e n t 

B . 0 0 5 - . 8 0 . 0 0 5 

R 1 0 . 0 - 3 0 . 0 2 . 0 
m 

S 4 0 . 0 - 1 0 0 . 0 5 . 0 m 

M 4 0 . 0 ( f i x e d ) 

The p r e d i c t i o n s a r e l i s t e d i n T a b l e B - l . P l o t s w e r e made o f 

t h e s e p r e d i c t i o n s v e r s u s c j ) ( F i g u r e B - l ) . The < J > n o t a t i o n e v o l v e d 

f rom t h e s e p l o t s . By l o c a t i n g t h e o r i g i n o f t h e s e p l o t s a t 

r a d i a n B, t h e smooth f o r m s f o r t h e S ' a n d R p l o t s Were 
m m . 

e v i d e n t . The S c u r v e i s a s m o o t h , w e l l d e f i n e d s e c o n d d e g r e e 
m . • • • . 

c u r v e , and t h e R m p l o t i s c l e a r l y a l i n e w i t h a s l i g h t upward 

s l o p e ; For t h i s r e a s o n t h e a n g l e o f r a d i a n 1 3 was d e s i g n a t e d 

4 = 0 . The a n g l e o f r a d i a n 1 3 i n t h e 0 n o t a t i o n i s 2 1 0 ( s e e 

F i g u r e 3 - 6 ) . 

A t t h i s p o i n t , t h e p l o t o f B v e r s u s <J> r e m a i n e d some

w h a t d i f f i c u l t t o c h a r a c t e r i z e . The n e t s e a r c h r o u t i n e was 

u s e d l a t e r t o r e - p r e d i c t B. 



T a b l e B - l . P a r a m e t e r E s t i m a t e s from Net S e a r c h R o u t i n e 

Radian 

SM 80 80 2 u RM 16 16 
* o B . 0 8 0 .01 

s SS 969 113 

S3 -S B . 0 7 . 0 7 5 
SS 

ca to cc 
• H o 
u. s: 

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 

75 80 85 85 85 70 70 65 60 55 40 45 55 55 65 65 70 70 80 85 
18 18 18 18 22 22 22 22 24 30 10 14 14 30 10 14 1 0 22 20 18 
.055 .055 . 0 7 0 . 0 7 5 . 0 4 5 . 0 5 0 . 030 . 050 .045 . 020 . 0 2 5 . 0 1 0 . 0 1 0 . 0 0 5 .005 .005 .005 . 0 2 0 . 0 4 5 .075 
1165 1374 1878 2 1 0 0 707 1084 3 1 5 3 882 1209 843 232 827 987 1 0 7 6 691 788 484 1 1 8 1 2952 1804 

.075 . 0 6 . 055 . 0 5 5 . 0 4 . 0 6 . 0 3 . 0 5 . 0 6 .02 .01 . 0 0 5 . 0 0 5 .005 . 0 0 5 . 0 1 .02 . 0 3 .065 
1867 1329 2034 2490 866 U 8 3 3091 967 1334 1023 818 1062 1594 715 920 566 2139 3541 2027 

3185 2025 2438 2753 980 1399 3430 887 1346 2179 503 1204 1018 2680 1578 2422 1 0 1 7 2139 3610 2873 

o 
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S t e p Two: F i t t i n g F u n c t i o n s t o R m and S m 

B e c a u s e o f i t s w e l l - d e f i n e d s h a p e , t h e p l o t o f S m 

v e r s u s o> was f i t w i t h a s e c o n d d e g r e e l i n e a r r e g r e s s i o n m o d e l . 

T h i s f u n c t i o n was 

S m = 3 0 . 0 + .47594> - .0013<j> 2 ( B - l ) 

T h i s e x p r e s s i o n f i t t h e d a t a w i t h an R - s q u a r e v a l u e o f . 9 2 

( s e e F i g u r e B - l ) . T h e r e was some c o n c e r n , h o w e v e r , a b o u t t h e 

t e n d e n c y f o r t h e 'S^. d a t a t o " d i p " i n t h e a r e a f r o m r a d i a n 
m 

one t o s i x ( s e e F i g u r e B - l ) , t o e v a l u a t e t h e p o t e n t i a l e f f e c t s 

o f t h e s e l a r g e r e s i d u a l s on f u r t h e r u s e o f t h i s e x p r e s s i o n 

f o r S . e r r o r SS v a l u e s w e r e c h e c k e d a t t h e S_ v a l u e s p r e d i c t e d 
m' m ; r -

by t h e r e g r e s s i o n e q u a t i o n ( B - l ) . These sums o f s q u a r e s 

w e r e n o t s u b s t a n t i a l 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 

o r i g i n a l n e t s e a r c h p r e d i c t i o n s , so t h e " d i p " t e n d e n c y was 

c o n s i d e r e d t o be a c c e p t a b l e . 

The n e t s e a r c h p r e d i c t i o n s f o r R showed a l i n e a r 
• • . m 

t r e n d w h i c h was f i t by a s t r a i g h t l i n e . I n s t e a d o f u s i n g a 

w e i g h t e d l e a s t s q u a r e s p r o c e d u r e , a l i n e was f i t t o t h e d a t a 

"by e y e . " Then , on r a d i a n s w i t h q u e s t i o n a b l y l a r g e r e s i d u a l s , 

t h e SS e r r o r c h e c k i n g p r o c e d u r e w h i c h was u s e d i n t h e " d i p " 

p r o b l e m a b o v e was u s e d . T h i s t e c h n i q u e e l i m i n a t e d t h e n e e d 

t o w e i g h t r e s i d u a l s on a r a d i a n - t o - r a d i a n b a s i s . The 

w e i g h t i n g o f r e s i d u a l s w o u l d h a v e b e e n i n r e l a t i o n t o t h e SS 

e r r o r i n c r e a s e a s s o c i a t e d w i t h e a c h r e s i d u a l . The c h e c k i n g 
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F i g u r e B - l ( c o n t i n u e d ) 



B 

RADIAN NUMBER 

F i g u r e B - l ( c o n t i n u e d ) 
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p r o c e d u r e y i e l d e d t h e same r e s u l t a s w e i g h t i n g o f r e s i d u a l s . 

None o f t h e i n c r e a s e s i n SS e r r o r was c o n s i d e r e d t o be s e r i o u s 

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

R as a f u n c t i o n o f <j>. m 

The e q u a t i o n f o r t h e l i n e was 

R = 1 1 . 25 + .0417(f) ( B - 2 ) m T 

Graphs o f t h e s e e x p r e s s i o n s (Eqs . ( B - l ) and ( B - 2 ) ) a r e 

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

F i g u r e B - l . 

S t e p T h r e e : D e r i v i n g t h e F u n c t i o n f o r B 

The f i r s t s t e p i n d e r i v i n g t h e B v e r s u s c j > f u n c t i o n was 

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

m o d i f i e d t o i t e r a t e o n l y o v e r v a l u e s o f B, w i t h t h e S_ and 
m 

R m l o o p s b e i n g r e p l a c e d by E q s . ( B - l ) and ( B - 2 ) . S i m i l a r 

r a n g e s and i n c r e m e n t s w e r e u s e d i n t h i s n e t and i t s p r e d i c 

t i o n o f B v a l u e s a r e shown i n T a b l e B - l and F i g u r e B - 2 . 

Note t h a t v e r y l i t t l e s m o o t h i n g o f t h e B v e r s u s <}> 

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

(Compare F i g u r e B - l w i t h F i g u r e B - 2 . ) 

SS e r r o r c o n t o u r s w e r e drawn o v e r t h e B v e r s u s $ 

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

w o u l d p r e d i c t B w i t h t h e s m a l l e s t SS e r r o r on each r a d i a n 

( F i g u r e B - 3 ) . T y p i c a l p r o p o s e d c u r v e s a p p e a r as d a s h e d 
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F i g u r e B - 3 . S S E r r o r C o n t o u r s f o r E s t i m a t e s o f B 



I ' l l 

l i n e s i n F i g u r e B - 3 . 

The most p r o m i s i n g c u r v e s a p p e a r e d t o be a l i n e , a 

s e c o n d d e g r e e c u r v e , and a t h i r d d e g r e e c u r v e . The t h i r d 

d e g r e e c u r v e was abandoned b e c a u s e i t s m a r g i n a l l y b e t t e r 

f i t w o u l d be o f f s e t by i t s c o m p l e x i t y . A l s o , i t w o u l d h a v e 

been o v e r f i t t i n g f o r t h i s m o d e l , w h i c h was d e r i v e d f rom 

d a t a f rom j u s t one s u b j e c t . 

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

r e a s o n a b l e R - s q u a r e v a l u e s , b u t , i n o r d e r t o f i n d t h e c u r v e 

w i t h t h e l e a s t SS e r r o r , a n o t h e r n e t s e a r c h r o u t i n e w a s 

p e r f o r m e d . T h i s n e t i t e r a t e d o v e r t h e t h r e e p a r a m e t e r s o f a 

s e c o n d d e g r e e c u r v e t o f i n d t h e c o m b i n a t i o n s o f p a r a m e t e r s 

w h i c h w o u l d y i e l d B v a l u e s w h i c h , i n t u r n , w o u l d y i e l d minimum 

SS e r r o r . T h i s n e t s e a r c h a l s o t e s t e d v a r i o u s s t r a i g h t 

l i n e s and c o n s t a n t s . 

The r a n g e s , i n c r e m e n t s , o p t i m a l m o d e l s , and a c c o m p a n y i n g 

sums o f s q u a r e s can be s e e n i n T a b l e B - 2 . Note t h a t t h e n e t 

s e a r c h d e m o n s t r a t e d t h a t minimum SS e r r o r r e s u l t s f rom t h e 

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

d e g r e e c u r v e o r a c o n s t a n t . T h i s was b e c a u s e t h e l i n e c o u l d 

p r e d i c t t h e l e f t s i d e o f t h e B v e r s u s cf> p l o t ( F i g u r e B - 3 ) , 

w h i c h was s e n s i t i v e t o SS e r r o r , and g e t r e a s o n a b l e r e s u l t s 

on t h e r i g h t s i d e , w i t h o u t g o i n g b e l o w z e r o a t r a d i a n 1 3 . 

The e q u a t i o n f o r t h i s l i n e was 



1.12 

T a b l e B - 2 . Summary o f R e s u l t s o f t h e B F u n c t i o n 
Net S e a r c h R o u t i n e 

M o d e l : B = C + D<|> + E<|> 

P a r a m e t e r Range 

C . 0 0 0 0 1 - . 0 0 4 6 . 0 0 0 0 1 4 5 , 1 3 7 . 5 . 0 0 0 0 1 

D . 0 0 0 1 1 - . 0 0 0 8 0 . 0 0 0 0 1 . 0 0 0 1 9 

E ( - ) . O O O O O O O l - ( - ) . 0 0 0 0 0 4 1 . 0 0 0 0 0 0 0 1 . 0 0 0 0 0 0 0 1 

Min P a r a m e t e r 
I n c r e m e n t SS E r r o r E s t i m a t e 

M o d e l : B = D(J> 

P a r a m e t e r 

D 

Range 

0 0 0 1 5 - . 0 0 0 2 4 

I n c r e m e n t Min SS E r r o r 

. 0 0 0 0 1 4 5 , 1 0 1 . 0 

P a r a m e t e r 
E s t i m a t e 

. 0 0 0 1 9 

M o d e l : B = C 

P a r a m e t e r Range I n c r e m e n t Min SS E r r o r P a r a m e t e r E s t i m a t e 

C . 0 0 0 1 - . 1 . 0 0 0 1 7 1 , 3 5 9 . 6 . 0 2 
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B = .00019cj) ( B - 3 ) 

The p l o t o f Eq. ( B - 3 ) i s shown s u p e r i m p o s e d on t h e o r i g i n a l 

p r e d i c t i o n s i n F i g u r e B - l . 
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APPENDIX C 

ADEQUACY OF THE FIT OF THE MODEL 

The i n h e r e n t s t a n d a r d d e v i a t i o n s o f t h e d a t a , w h i c h 

a r e g i v e n i n T a b l e C - l , a r e computed as f o l l o w s : 

e r r o r sums o f s q u a r e s was d i v i d e d by t h e a p p r o p r i a t e d e g r e e s 

o f f r e e d o m t o g i v e an e s t i m a t e o f t h e v a r i a n c e o f t h e m o d e l . 

T h e r e was some u n c e r t a i n t y as t o w h a t number s h o u l d be u s e d 

f o r t h e d e g r e e s o f f r e e d o m . 

A c c o r d i n g t o t h e c o n v e n t i o n u s e d i n ANOVA, t h e d e g r e e s 

o f f r e e d o m f o r e a c h r a d i a n w o u l d be t h e number o f d a t a p o i n t s 

minus t h e number o f p a r a m e t e r s , o r 

w h e r e 

l o c a t i o n o f hand o r r a d i a n 

u number o f t h e d a t a p o i n t a t t h a t l o c a t i o n 

To d e t e r m i n e t h e a d e q u a n c y o f t h e f i n a l m o d e l , t h e 

2 0 - 4 = 1 6 d e g r e e s o f f r e e d o m 

The v a r i a n c e e s t i m a t e wou ld t h e n b e : 



R a d i a n 

T a b l e C - l . V a r i a b i l i t y o f M o d e l D u r i n g D e v e l o p m e n t 

1 2 3 4 5 6 7 8 9 10 11 12 

Raw D a t a o y 7 . 6 3 7 . 7 6 9 . 5 9 . 8 1 0 . 7 1 1 . 6 6 . 6 7 . 0 1 1 . 6 6 . 4 7 . 2 5 . 2 

4 P a r a m . M o d e l a 9 . 8 1 0 . 6 1 0 . 8 1 1 . 7 1 3 . 7 1 4 . 5 8 . 4 1 0 . 4 1 7 . 8 9 . 4 1 1 . 4 9 . 2 

1 P a r a m . M o d e l a 1 1 . 0 1 3 . 5 1 3 . 7 1 1 . 5 1 4 . 3 1 5 . 8 9 . 3 1 0 . 9 1 7 . 6 9 . 8 1 1 . 5 1 0 . 1 

F i n a l M o d e l a 1 4 . 9 1 8 . 0 1 7 . 8 1 4 . 2 1 5 . 6 1 6 , 6 9 . 9 1 1 . 8 1 8 . 5 9 . 4 1 1 . 6 1 4 . 8 

R a d i a n 13 14 15 16 17 18 19 20 21 22 A v e r a g e 

Raw D a t a o y 5 . 9 7 . 1 " 7 . 5 6 . 6 4 . 6 5 3 . 6 3 5 . 8 1 8 . 1 7 1 3 . 7 1 1 . 7 7 . 9 9 

4 P a r a m . M o d e l a 4 . 8 9 . 1 9 . 9 1 0 . 4 8 . 3 8 . 9 7 . 0 1 0 . 9 1 7 . 2 1 3 . 4 1 0 . 8 0 

1 P a r a m . M o d e l a - - 9 . 0 1 0 . 3 1 2 . 6 8 . 5 9 . 6 7 . 5 1 4 . 6 1 8 . 8 1 4 . 2 1 2 . 1 0 

F i n a l M o d e l a 7 . 1 1 1 . 0 1 0 . 1 1 6 . 4 1 2 . 6 1 5 . 6 1 0 . 1 1 4 . 6 1 9 . 0 1 6 . 9 1 3 . 9 3 
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t o t a l SS - model SS 
" — ' T5 — 

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

and s o m e t i m e s l e s s t h a n , t h e i n h e r e n t v a r i a b i l i t y o f t h e 

d a t a - - a r e s u l t w h i c h d i d n o t seem t o be i n t u i t i v e . 

A s e c o n d a p p r o a c h was u s e d . T h i s a p p r o a c h c o n s i d e r s 

t h e model d e g r e e s o f f r e e d o m t o be 1 0 . A t e a c h o f t h e 1 0 

l o c a t i o n s on e a c h r a d i a n t h e r e a r e two d a t a p o i n t s . T h e r e 

f o r e , t h e r e a r e 1 0 l e v e l s o f t h e i n d e p e n d e n t v a r i a b l e , 

r e s u l t i n g i n 1 0 d e g r e e s o f f r e e d o m . T h e o r e t i c a l l y , a 1 0 

p a r a m e t e r p o l y n o m i a l w o u l d g i v e a p e r f e c t f i t t o t h e d a t a . 
4 

Hence , t h e e r r o r d e g r e e s o f f r e e d o m w e r e c a l c u l a t e d a s : 

2 0 - 1 0 = 1 0 d e g r e e s o f f r e e d o m 

and t h e v a r i a n c e e s t i m a t e f o r e a c h r a d i a n w a s : 

e r r o r SS 
t o •.' 

T a b l e C - l shows t h e s t a n d a r d d e v i a t i o n s o f e a c h r a d i a n a t 

e a c h s t e p i n t h e model f i t t i n g p r o c e s s . Note t h a t t h e raw 

d a t a v a r i a n c e s a r e t h e s m a l l e s t , and t h a t , a s t h e model 

p r o g r e s s e d t o i t s f i n a l f o r m , t h e v a r i a n c e s i n c r e a s e d . T h i s 

i s due t o t h e a d d i t i o n o f more p a r a m e t e r s and t h e i n c r e a s i n g 

s a m p l e s i z e i n v o l v e d i n g o i n g f rom i n d i v i d u a l r a d i a n s t o 
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a l l r a d i a n s . The a v e r a g e s t a n d a r d d e v i a t i o n o f t h e f i n a l 

model i s a p p r o x i m a t e l y s i x pounds h i g h e r t h a n t h e a v e r a g e 

s t a n d a r d d e v i a t i o n i n h e r e n t i n t h e raw d a t a . 
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APPENDIX D 

SAMPLE STRIP CHART RECORDING AND DATA FORM 
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APPENDIX E 

HAND LOCATION COORDINATE CONVERSION COMPUTER PROGRAM 

PROGRAM S E T U P ( I N P U T , O U T P U T t T A P E 5 = I N P U T , T A P E 6 = 0 U T P U T ) 
C 
C THIS PROGRAM TAKES THE X AND Y COORDINATES OF HAND LOCATIONS 
C AS INPUT V A R I A B L E S . THESE VALUES ARE THEN CONVERTED TO 
C THE VARIABLES "CHANG" AND "RPRPRI".'CHANG" IS THE ANGLE 
C WHICH THE CHAIR MUST BE ROTATED TO FOR A GIVEN HAND LOCATION. 
C "RPRPRI" IS THE DISTANCE TO WHICH THE TROLLEY MUST BE MOVED. 
C BOTH OF THESE VARIABLES ARE READ DIRECTLY FROM SCALES MOUNTED 
C ON THE TEST E Q U I P M E N T . THE SHOULDER-HAND DISTANCE <R> IS ALSO PRINTED OUT, 
C 

DIMENSION X(216 > ,YC216),CHANG(216),RPRPRI(216),R(216) 
DO 3 1=1,216 
READ(5»1) X(I)»Y(I) 

1 F0RMAT(F6.1,F6.1) 
P=6.75 
CN57.296 
IF(X(I).GT.O.O.AND.Y(I>.GE.O.O)GO TO 9 
IF (X( I) . I.t. 0.0 .AND. Y( I > . G E . 0.0 )G0 TO 10 
IF(X(I).GT.0,0.AND.Y(I>.LT.0.0)CHANG(I)= 

* ( 3 . 1 4 1 5 9 2 7 - A T A N ( - X ( I ) / ( Y ( I ) - P ) ) ) * 0 * ( - l ) 
IF(X(I).LT.O.O.AND.Y(I).LT.0.0>CHANG(I>= 

t(3.1415927-ATAN(X(I)/(Y(I)-P)))*0 
IF(X(I).E0.0.0.AND.Y(I).E0.6.75)G0 TO 8 
GO TO 2 • 

9 IF(Y(I).LT.P)G0 TO 11 
CHANG(I)=(ATAN(X(I)/(Y(I)-P)))*Q*(-1.) 
GO TO 2 

10 IF(Y(I).LT.P)GO TO 12 
CHANG(I)=(ATAN(X(I)/(Y(I)-P)>)*Q*(-1.) 
GO TO 2 

11 CHANG(I)=(3.1415927-ATAN(X(I)/(P-Y(I))))*Q*(-1.) 
GO TO 2 

12 CHANG(I)=(3.1415927-ATAN(-X(I)/(P-Y(I))))*CI 
GO TO 2 

8 CHANG(I)=0.0 . 
2 R(I>=SQRT((X(I)-9.>**2+(Y(I)-5.>**2> 
3 R P R P R I ( I ) = S Q R T ( X ( I ) * * 2 + ( Y ( I ) - p ) * * 2 ) 

PRINT 4 
4 F O R M A T ( / / » 3 X » , X " » 7 X » * Y " f 4 X f " C H A N G " » 3 X » " R P R P R I * t5X,"R") 

P R I N T * , " " 
DO 6 1=1,216 

6 PRINT 5,X(I),Y(I),CHANG(I),RPRPRI(I),R(I) 
5 F0RMAT(F6.1,2X,F6.1,2X,F6.1,2X,F6.2,2X,F6.2) 

STOP 
END 
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