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A C K N O W L E D G E M E N T

Fir st of all
,
I w o uld lik e t o e x t e n d m y h e a rtf elt g r at e fu l n e s s t o all th o s e w h o g a v e m e

th e p o s sib ility t o fi nish this dis s e rt ati o n .

E sp e ci ally l a m o blig ed t o P r o £ K a z u ki M i z u t a ni w h o p r o vid ed m e w it h th e ch a n c e

t o m ak e st u di e s an d c a r ry o u t r e s e ar ch w o rk i n S y st e m D e sig n l ab o r at o ry of M i e

U ni v e r sity .

I a m d e eply i n d ebt ed t o m y s u p e Ⅳis o r P r o £ R y qj u n lk e u r a w h o s e p atie nt g uid a n c e ,

v al u a bl e hi n ts , an d sti m ul atin g e n c o u r a g e m e n t h elp ed m e i n all th e ti m e o f st u d yin g

an d r e s e a r c hi n g . J u st b e c a u s e o f hi m
,
I m ad e p r o g r e s s i n di ff e r e n t st ag e s of this

r e s e a r c h w o rk
,
w hi ch 丘n ally e n able d m e t o c o m plet e m y P h . D . c o u r s e s . I w o uld lik e

t o g l V e m y S l n C e r e S t g r atit u d e a n d h o n o r t o hi m .

I am m o s t g r at e fu l t o th e c o m m itt e e o f p r o f e s s o r s w h o r e vi e w ed this dis s e rt a ti o n

th o r o u g hl y o v e r th e l a st p h a s e of m y P h . D . p r o g r am . T o f oll o w th eir c o m m e n ts
,
I

m a d e th e p e rf e c ti o n o f this di s s e rt ati o n p o s sible , w hi ch e v e n t u ally b rin g s atisf a ct o ry

c o m pl eti o n o f m y P h . D . c o u r s e s . M y t ru e t h an k fu l n e s s i s d u e t o th e m .

I am b o u n d t o s a y th at w ith o ut th e h elp fr o m L ab . A s si st an t H id e ki S a w ai
,
I m ig ht
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sp e n d m u c h ti m e o n s etti n g u p th e e x p e ri m e n t al s y st e m ･ H i s e n th u si a sti c t e a c hi n g

an d c o n s t ru cti v e ad vi c e e n ri c h ed m y kn o w l ed g e ab o ut h o w t o u s e th e e xp e ri m e n t al

e q u lp m e n t , W hich m a d e it e a s y fわr m e t o g et ah e ad w ith m y e x p e ri m e n t s . I w o uld

lik e t o sh o w m y d e e p e st 叩 p re Ci ati o n t o hi m .

I w an t t o th a nk D r . K at o an d m y l ab m at e s f o r th eir kin d h elp s an d h e a rty fd e n dli n e s s .

M y l ab m at e P h . D . s t u d e nt M r . Y u a n xi n W an g w a s of g r e at h elp i n m y difrl C ult ti m e s ,

I h a v e fu rt h e rm o r e t o th an k hi m fo r all his h elp an d in t e r e s t i n this r e s e ar ch w o rk . I

al s o w an t t o th a n k g r ad u at e st u d e nt M r . K a z u n o ri N is hi o f o r all hi s a s si st an c e o n this

r e s e a r c h w o rk . B e sid e s , I w an t t o th a n k m y l ab m at e P h . D . st ud e nt M r . M i z a n o o r

R a lm an f o r his l o o ki n g cl o s ely at m y s e v e r al p ap e r s i n E n glish , c o r r e cti n g m i st a k e s

an d o ff e ri n g s u g g e sti o n s f o r i m p r o v e m e n t .

L a st of all , I w o uld lik e t o e x p r e s s m y sp e ci al t h a n k s t o m y f am ily m e m b e r s an d

fri e n d s w h o s e e n dle s s l o v e an d s u p p o rt e n abl ed m e t o a c c o m plish t his r e s e ar c h w o rk .
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C H A P T E R 1

I N T R O D U C T I O N

1 .1 R o b o t H ist o r y

T b e w o rd r ob ot d e ri v ed 丘o m t h e C z e c h n o u n r o b ot a m e a n l n g l ab o r w a s a n

a c c o m pli sh m e n t of th e C z e ch c u bist p aint e r a n d w rit e r J o s ef C ap e k .
T his 丘e q u e n tly

u s ed w o rd fir st ap p e a r e d i n t h e pl ay
"

R
. U . R ( R o s s u m

'

s U ni v e r s al R o b ot s)
"

( 1 9 2 1)

b y th e C z e c h w rit e r K a r el C ap ek . R o b ot e n t e r ed th e E n glis h la n g u ag e i n 1 9 23 . T h e

w o rd r ob oti c s fi r st ap p e a r ed i n th e s h o rt s ci e n c e fl C ti o n s t o ry
"

R u n a r o un d
"

( 1 9 4 2) b y

th e R u s si a n _b o m A m e ri c a n w rit e r I s a a c A si m o v (
I)

.

A c c o rdin g t o th e R o b ot I n stit ut e of A m e ri c a (1 9 7 9) , th e d efl niti o n of a r o b ot is
(2)
:

a r ep r o g r a mm able , m ulti fu n cti o n al m an lP ul at o r d e sig n e d t o m o v e m at e ri als , p a rt s ,

t o ol s
,
o r sp e ci ali z e d d e v i c e s th r o u gh v a ri o u s p r o g r a mm ed m oti o n s f o r t h e

p e rfb m a n c e o f a v a ri ety o f t a sk s .

A c c o rdi n g t o th e W eb st e r di cti o n a ry (1 99 3) , t h e d e 丘niti o n o f a r ob ot is
(2)
:

An a ut o m ati c d e vi c e t h at p e rf o r m s fu n cti o n s n o rm ally a s c rib e d t o h u m a n s o r a

m a c hi n e i n th e fb m o r a h u m a n .

O n e or th e 丘r st r o b ot s w a s t h e cl e p sy d r a o r w at e r cl o c k , w hi c h w a s m ad e i n 2 5 0

B . C . E v e r si n c e r o b ot s h a v e b e e n i n v e n t ed , h u m a n s h a v e b e e n v e ry i nt e r e s t e d in
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th e m . W it h t h e c o n ti n u o u s p r o g r e s s a nd i n c r e a s l n g d e m a nd o f th e s o ci et y , r o b ot

s ci e n c e h a s b e e n d e v el op l n g r 叩idly . Till n o w , r o b oti c t e ch n ol o g y h a s m ad e m a n y

t hi n g s p o s sible , s u c h a s (1) th e p r od u cti vit y i m p r o v e m e n t i n i n d u s try , ( 2) th e

e x pl o r ati o n i n t h e o u t e r s p a c e o r t h e d e ep s e a ,( 3) th e d eli c at e m edi c al o p e r ati o n , ( 4)

t h e d a n g e r o u s m i s si o n s fわr t h e m ilit a ry a nd p oli c e , (5) th e n e w t yp e s

of e n t e rt ai n m e n t
,
an d ( 6) th e life -lik e n e w t o y s able t o t alk an d r e sp o n d lik e r e al

c r e at u r e s .

1 .2 B a c k g r o u n d

A s sh o wn i n Fig . 1 . 1
,
m o st o f t h e c o n t e m p o r a ry r ob ot s th at c o m bi n e high sp e ed

a n d hig h a c c u r a c y pl ay a vit al r ol e i n p e rf o rm l n g r el ati v ely si m ple a n d r e p etiti v e

t a s k s i n i nd u stry . T h e y a r e th e w a y s a n d m e an s f o r fu rth e r p r o d u cti v it y

i m p r o v e m e n t s . H o w e v e r , th e r ob ots f♭r i m p r o v l n g p r O d u ctl V lty l n i n d u stry h a v e

g ott e n di s s ati s 丘ed w ith th e n e e d s o f th e ag l n g s o ci et y of tb e 2 1 st C e 山u ry .
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Fig ･ I ll A r o b ot f o r p r o d u cti vi ty i m p r o v e m e n t i n i n d us t r y ･



T od ay J a p an is a c o u n t ry w ith th e w o rld l o n g e st life e x p e c t an c y of 8 0 y e a r s , an d

it i s e x p e c t ed t o b e c o m e an e x t r e m ely
''

a g e d s o ci e ty
'l

,
i n w hic h ab o u t a q u a rt e r o f th e

p e o ple a r e ag ed . T his ag l n g s o ci et y m ay b e c h a r a ct e ri z e d b y a sh o ぬ g e or th e

p r o d u c ti v e p o p ul ati o n fir st o f all ･ I n th e f a c e o f th e a g e d s o ci et y o f th e 2 1 st c e n t u ry ,

th e d e v el op m e n t o f h u m an m a c hi n e i n t e rf a c e t e c lm ol o g y t h at r e s p o nd s t o s u ch a l a ck

of lab o r fわr c e w ill b e i n disp e n s abl e . T h e s o ci et y is c alli n g u p o n th e w o rld t o p r o p o s e

i n n o v ati v e d e sig n id e a s th at w ill h elp r e ali z e n e w i nt e rf a c e s f o r h u m an fu n cti o n s .
I n

o rd e r t o c o p e w ith th e s e p r e s e n t
-d ay s o ci al ch alle n g e s , r ob ot t e ch n ol o g l e S , W hi c h a r e

t aki n g o n th e r ol e o f e nh a n c l n g an d p e rf o rm l n g th e fu n ctio n s o f life fo rm s
-

p a rti c ul a rly h u m a n s
-

a r e vi e w e d a s a p ot e n ti al c o m p o sit e t e c lm ol o g y l e adi n g t o

e ff e cti v e s ol uti o n s t o t h e a g l n g s o ci ety . A s a m att e r of fa ct
,
i n th e 1 9 9 0 s , s o m e

m an u f a c t u r e r s h a v e alr e ad y t u rn e d t h eir att e n ti o n t o d e v el o p l n g m e di c al an d h e alth

c a r e d e vi c e s
,
t a rg eti n g th e r apidly a g l n g s o ci ety , o r p r o d u c ed e nt e rt ai n m e n t r ob ots , t o

a c c o m m o d at e c h a n g e s i n s o ci ety
'

s v al u e s ab o u t w o rk a n d li vin g . T h e s e r o b ot s

r ep r e s e n t a n e w p a r ad ig m of h u m a n
-

r ob ot s y m b io si s .

1 .2 .1 H u m a n - R o b o t C o o p e r a ti o n

H ist o ri c ally , 1 n O rd e r t o a v oid i n d u s tri al a c cid e nts , th e r e h a s b e e n a s e p a r a ti o n

b et w e e n w o rk e r s a n d r o b ots i n i n d u s tri al s e tti n g s . H o w e v e r
,
w ith th e c o n ti n u o u sly

in c r e a s l n g l ab o r
- s h o rt ed p r o ble m s i n t h e ag l n g s o ci et y , w e h a v e b e e n e x p e c ti n g an

i m p r o v e m e n t i n c o n tr ol t e ch n ol o g y
- th e i m p r o v e m e n t t o m ak e a p ot e n ti al f♭r h u m a n

t o w o rk w ith r ob ots s af ely . I n s u ch a h um an - r o b o t i n t e rf a c e
,
a s sh o wn i n F ig . 1 .2 (

9) -( 1 4)
,
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r o b ot s a r e s up p o s ed t o w o rk in c oll ab o r a ti o n w ith h u m a n b y p e rfb m l n g S m o o t h

m o v e m e n ts . T h e c o o p e r ati v e r o b ots c a n p e rfb m v a ri o u s c o o p e r ati v e t a sk s w ith

h u m an s
,
f o r e x am ple , i n h o spit al s t h ey c an h elp n u r s e s t o c a r ry p ati e nts , an d s o o n .

A s w e kn o w
,
t o a c e rt ai n e x t e n t

,
i n o rd e r t o a c c o m plis h c o o p e r ati v e t a sk s w ith h u m an ,

r o b ot s h a v e t o p o s s e s s h u m a n ch a r a c t e ri sti c s i n e vit ably .

5



Fi g . 1 . 2 A h u m a n -

r o b ot c o o p e r ati v e t a s k .
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Till n o w m a n y r e s e a r c h e r s h a v e t ri ed t o p r o p o s e c o n t r ol m eth od s fわr m ultipl e

c o o p e r a ti v e r ob ots t o w o rk i n h um an
-

r o b ot c o o p e r ati o n
( 3) -(6)

･ s o m e o th e r c o n tr ol

m e th o d s fo r r o b ot s c o o p e r ati n g w ith h u m an s h a v e b e e n d e v el o p ed
( 7) ,(8)

,
h o w e v e r th e

t r uth is
,
w e fわu nd th at th e y w e r e p r o p o s e d w it h o ut c o n sid e ri n g h u m a n

ch a r a c t e ri stic s .

W e e x p e ct a h u m a n l O b ot sy m bi o si s , i n w hi ch it w ill b e n at u r al t o s e e

c o o p e r a ti o n b et w e e n h u m a n s a n d r ob ot s i n b ot h si m pl e a nd c o m pl e x t a sk s . Tb r e ali z e

th e c o o p e r ati o n w it h h u m a n s , r o b ots a r e s u p p o s ed t o b e h u m an
- fri e n dly a n d t o b e

d e sig n ed w ith h u m a n ch a r a c t e ri stic s .

Ik e u r a e t al ･ m ad e s o m e s t u di e s o n c o op e r ati v e c o n tr ol fo r a r o b ot
( 13) -( 17)

. I n th e s e

st ud ie s b y e x am l n l n g th e h u m an c h a r a ct e ri stic s i n a c o o p e r a ti v e t a s k b et w e e n t w o

h u m a n s , b e fわu nd th at th e h u m a n p e rfb - a n c e c o uld b e e x p r e s s ed b y i m p ed a n c e

c o n tr ol . T h e n b e 叩plie d th e i m p e d a n c e p a r a m e t e r s fわu n d i n th e e x p e ri m e n t t o a

r o b ot p e rf o rm l n g c o o p e r ati v e t a sk w ith a h u m an , a n d h e f o un d b e st p e rf o rm a n c e

b et w e e n t h e h um an an d t h e r o b ot . F u rt h e rm o r e
,
h e p r o p o s ed a v a ri ab le i m p ed an c e

m o d el a氏e r i n v e stig atin g h u m a n c h a r a ct e ri stic s i n a h u m a n
- h u m a n c o op e r ati v e

t a sk(
9)

-

(1 2)
･ A n aly z l n g this m od el p r o v id ed th e i m p ed a n c e ch a r a ct e ri sti c s , b a s ed o n

w hi ch a v a ri ab le i m p ed a n c e c o n tr ol m e th od w a s d e v el o p e d f♭r h u m a n
-

r o b ot

c o o p e r ati o n .

B e sid e s
,
R a lm an et a l . i n v e stlg at ed a o n e d e g r e e

- o f - f r e ed o m h um a n - h u m an

c o op e r ati v e t a sk b y e x am l n l n g th e h o ri z o n t al m o v e m e n t o f an o bj e ct , a s s h o wn i n

7



Fig ･
1

･3
( 18)

-

( 20)
･
I n this e x p e ri m e n t , a lin e ar m o t o r s e rv ed a s an a c t u a t o r t o d ri v e th e

slid e r; th e t w o h u m an s u bj e ct s k e pt t h eir fo r e a rm s h o ri z o n t ally w hil e m o v l n g th e

h an dle s o n t h e slid e r c o op e r ati v ely , an d th e c o r r el atio n b et w e e n a c c el e r ati o n an d

fo r c e w a s an aly z e d . T w o m aj o r t y p e s O f c o o p e r a ti o n w e r e d et e c t ed : m a st e r
-

sl a v e an d

m a st e ト m a St e r . T h e y ob s e Ⅳ e d t h at i n m a st e トSl a v e c o o p e r ati o n th e m a s t e r m o v ed

th e obj e ct , w hil e th e sl a v e o nly h eld th e obj e ct an d p e rf o rm ed p a s si v e m o v e m e n t s .

F r o m this
,
th e y p r o p o s e d th at m a s t e ト Sl a v e c o o p e r ati o n w a s m o r e 叩p r Op ri a土e f♭r

h u m an -

r o b ot c o o p e r ati o n , w it h th e h um a n a c ti n g a s t h e m a st e r a n d th e r o b ot a s t h e

sl a v e . T h e sl a v e
'

s c h a r a c t e ri stic s c o uld th e n b e 叩plie d t o th e d e si g n or th e r o b ot
'

s

c o n tr ol s y st e m . r u 血 er
,
th e y d et e m i n e d t h e i m p ed a n c e c h a r a c t e ri stic s o f t h e sl a v e

'

s

a rm
,
an d i m pl e m e n t ed th e e sti m at ed p ar am e t e r s t o c o n t r ol r ob ots p e rf o rm l n g t a s k s i n

c o o p e r ati o n w ith a h u m a n
( 21)

･ T h e y ob s e rv ed t h at , i n e x e c u ti n g h u m an
-

r ob ot

c o o p e r ati v e t a sk s , th e p r o p o s e d c o n t r ol m e th o d r e s ult e d i n g o o d i nt e r a cti o n b et w e e n

th e r ob ot a n d it s h u m an p a rt n e r . T his st u d y c o n vi n c e d u s th at th e h u m an a rm

ch a r a c t e risti c s th at R a lm a n e t al . id e n tifie d c a n b e ap pli ed t o t h e c o n t r ol s y st e m s

i n v ol vi n g r ob ot s w o rkin g c o o p e r a ti v ely w it h h u m a n s .

8



Fig . 1 .3 H u m an - h u m an c o o p e r ati v e t a sk th at r e q u lr e S m O V l n g an O bj e ct h o ri z o n t ally .
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1 .3 R e s e ar c h O bj e ctiv e

A s m e n ti o n ed ab o v e , R a lm an e t al . an aly z ed th e i m p ed an c e c h a r a c t e ri sti c s of th e

h u m an f o r e a rm
(2 2) ,( 23)

･ T h e a u th o r
'

s p u rp o s e w a s t o fu rth e r th eir w o rk b y b uildi n g an d

an aly z l n g a bi o m e c h an i c al m o d el o f th e h u m an a rm b a s ed o n th e m u s c ul o sk el et al

s y st e m a r o u n d th e elb o w . T h e a u t h o r u s ed t his m o d el t o d et e m i n e th e c h a r a c t e ri stic s

o f th e h u m an a rm t h at w a s r e p o rt ed t o b e o n e o f th e m o st c o m ple x a rti c ul ati o n s i n

th e h u m an b o d y
( 24) d u ri n g e x e c u ti o n o f h u m an

- h u m a n c o op e r ati v e t a s k s ･

S o m e th e o rie s of th e ch a r a c t e risti c s o f th e h u m a n a m b a s e d o n th e

m u s c ul o sk el et al st ru c t u r e h a v e b e e n p r o p o s ed .
F o r e x am pl e , G o m i et al . h a s fo u n d

th at a h u m a n n o t o nly a c c el e r at e s th e a m b ut al s o ch a n g e s it s i m p ed a n c e

ch a r a c t e risti c s b y a cti v ati n g sp e cifi c m u s cle s
(2 5)

･ M o r e o v e r
,
h e h a s sh o wn t h at th e

sti ff n e s s an d v i s c o el a sti city o f th e h u m a n m ulti
-j oi nt a rm c h an g e u n d e r di ff e r e n t

c o n t r a c ti o n c o n ditio n s d u ri n g p o st u r e m ai nt e n an c e an d th e t a sk o f r e g ul ati n g fo r c e
(2 6)

･

T h e s e t h e o ri e s h elp th e a u th o r u n d e r st an d th e sp ati al c h a r a c t e ri sti c s o f th e h u m an

a rm . It h a s b e e n p oi nt e d o ut th at a m o t o r c o m m an d fr o m th e c e n tr al n e rv o u s s y st e m

r e g ul at e s a v ar i abl e st ru ct u r e o f th e i m p ed an c e ch a r a c t e risti c s . B u t at t h e s am e ti m e
,

th e a u th o r u n d e r st a nd s t h at t h e s e c o m m a nd s a r e n o t c o n c e rn ed w ith h u m an -

r ob ot

c o op e r ati v e c h a r a c t e ri stic s a n d a r e i n a p plic ab le t o r ob otic c o n tr ol . T his st u d y is

ai m e d at u n d e r st a n di n g t h e ch a r a ct e ri sti c s o f th e h u m a n a m th at 叩ply t o r ob oti c

c o n tr ol in h u m an -

r o b o t c o o p e r a ti v e t a sk s .

T y pi c ally , a s s h o wn i n Fig . 1 .4 , t h e h u m an a rm p e rf o rm s m o ti o n s i n t a sk s w ith
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m ultiple d e g r e e s
- of -fr e e d o m . M an y r e s e ar ch e r s h a v e att e m pt ed st u di e s b a s e d o n a

m ultiple d eg r e e
1

0 f - fr e ed o m m od el o f th e h u m an a rm . U n f o rt u n at ely , lt P r o v ed v e ry

di氏 c ult t o o bt ai n q u an tit ati v e e sti m ati o n s b e c a u s e th ey c o uld n ot e x t r a ct t h e c o r r e c t

p a r am e t e r s . T o si m pli fy th e p r obl e m , th e a u t h o r c o n sid e r ed a m od el o f c o op e r ati v e

m o ti o n b et w e e n t w o h u m an s i n a d y n am i c s y st e m w ith a s l n gl e
-

r o t ati o n al d e gr e e
-

o f 一

丘e ed o m ( 1 - D O F) . T his all o w s a m u c h si m ple r d y n a m i c a n aly sis o f th e h u m a n a Ⅱn

c h a r a c t e ri stic s . I n v e stig ati o n s b a s e d o n a b io m e cb a ni c al m o d el o f th e h u m a n a r m i n

s u c h a d y n a m i c s y st e m h a v e b e e n p e rf♭ m e d (th e in v e s tig ati o n s h a v e m o stly b e e n

b a s e d o n id e ali z ed p h y sic al r ep r e s e n t ati o n s of t h e m u s c ul o s k el et al sy st e m
(2 7)
) . T h e

a u th o r g ets t o kn o w th at in t e rm s o f m o d eli n g m u s cl e a c ti o n , s o m e m u s cl e s h a v e

v e ry b r o ad att a c lm e nts , w hil e oth e r s a r e di vid e d i nt o s e v e r al b u n dle s att a ch ed t o

diff e r e n t b o n e s . T h e s e c an b e m o d el ed b y di vidin g th e m u s cl e s i nt o s e v e r al lin e s o f

a cti o n . T h e ch oi c e o f li n e s m u st b e m ad e b a s ed o n b oth a n at o m i c al a n d m e ch a ni c al

c o n sid e r ati o n s . T o this e n d
,
f o r d y n am i c si m ul ati o n o f th e c o m pl e x m u s c ul o sk el et al

s y st e m , th e a u th o r d e v el o p ed a m a s s
- s p r l n g

-d a m p e r
一丘i ctio n bi o m e c h a ni c al m od el

b a s ed o n th e m u s c ul o sk el et al sy st e m a r o u n d t h e elb o w
(27)

-

( 29)

iF]



Fig . 1 .4 A h u m a n - h u m a n c a r ry t a sk .
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R a lm an e t al . d efi n ed m a s t e r -

sl a v e a n d m a st e r -

m a st e r c o o p e r a ti o n s i n th eir

st u d y w ith o ut an y r e fe r e n c e t o th e m u s c ul o sk el et al s y st e m a r o u nd t h e elb o w . I n this

st u d y , th e a u th o r i n v e stig at e s th e h u m a n a m ch a r a ct e ri stic s b a s ed o n th e

m u s c ul o sk el et al s y st e m a r o u n d th e elb o w i n b ot h t h e m a st e トSl a v e c o o p e r ati v e

m o ti o n a nd th e m a st e r r m a st e r c o o p e r ati v e m o ti o n . A lt h o u g h th e p a r a m et e r s o r

ch a r a c t e ri sti c s e sti m at ed i n th e e x p e ri m e n t s c a m o t b e dir e c tly l m ple m e n t ed i n

r ob oti c c o n t r ol , th e a u th o r a s s u m ed th at b ett e r c o o p e r ati v e ch a r a c t e ri sti c s m ay b e

a chi e v ed if th e h u m a n a m c h a r a c t e ri stic s fわu nd i n this st u d y a r e i m ple m e n t e d in

h u m an -

r ob ot c o op e r a ti v e t a sk s b y t aki n g ad v an t a g e o f th e e x p e ri m e n t al m et h o d t h at

R a lm an e t al . p r o p o s ed .
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C H A P T E R 2

H U M A N A R M M O D E L I N G

I n t h e ag l n g s o ci ety , c o o p e r ati v e r o b ot s a r e e x p e c t ed t o b e d e si g n e d h u m a n -

fri e n dly w it h s a fe an d r eli abl e s e rv i c e c ap a city fo r h u m an . I n o th e r w o r d s
,
b a s ed o n

di ff e r e n t fin al s e rv i c e o bj e ct , it i s e s s e n ti al fo r s u ch i n t ellig e nt r ob ots t o p o s s e s s

h u m an ch a r a c t e ri sti c s o f di ff er e n t p a rts . T his m e an s th at b ef o r e d e sig n l n g , W e h a v e t o

k n o w w ell ab o ut th e h u m a n ch a r a ct e ri sti c s . I n this st ud y , 血st of all , t h e a u th o r

n e ed ed t o att ai n a b ett e r u n d e r st an din g ab o ut t h e h u m an a rm .

2 .1 H二u m a n A r m

T h e h u m a n b od y is i n c r edibly v e r s atil e , it s st m c t u r e i s lig ht a nd th e h u m a n

o r g an i s m o p e r a t e s w ith an i n c r ed ible effi cie n cy . Am o n g t h e m o v able p a rt s o f t h e

h um an b o d y , th e u p p e r li m b s ar e u s e d m o st fr e q u e n tly . T h e m ai n fu n cti o n of t h e

up p e r li m b i s g r a sp a n d m a n lp ul ati o n . T hi s i s al s o u s ed a s a w alki n g aid t o s up p o rt

th e b o d y d u ri n g g ait .

2 .1 .1 H u m a n A r m M u s c u l o s k el e t a l S y st e m

I n h u m an an at o m y , t h e u p p e r li m b ( als o u p p e r e x t r e m it y) is th e r e gio n o f th e

sh o uld e r t o th e fi n g e rtip s . T h e u p p e r li m b i n cl u d e s t h e s h o uld e r , a rm ( u p p e r a rm ,
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elb o w a n d fb r e a m ) , w ri st a n d h a n d .
A m o n g th e ab o v e s t m c t u r e s o f th e u p p e r li m b ,

i n this s e c ti o n
,
t h e a u th o r o nly i n t r o d u c e s th e a m sh o w n i n Fig . 2 .1 . A n d Fig . 2 . 2 i s

th e si m pli丘ed i m a g e or th e a m .
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Fig . 2 . I H um an a rm m u s c ul o sk el et al s y st e m .
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T ri c e p s m u s cl e s

Fig . 2 . 2 Si m plifi ed i m a g e o f th e h u m a n a r m m u s c ul o sk el et al
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T h e a rm i s m ad e u p o f th r e e l o n g b o n e s
(30)
: th e h u m e ru s i n th e u p p e r a rm an d th e

ul n a a n d r adi u s i n th e f b r e a m a m . T h e p r o m i n e n t l o n g a r m b o n e r ep r e s e n ti n g th e

u p p e r a rm i s th e h um e ru s . It i s att a ch ed t o t h e s c ap ul a , o r s h o uld e r bl ad e , at its b all
-

s h 叩 ed e n d , w hic h r e s t s i n th e s h all o w c u p c alle d th e gle n oid fb s s a l o c at e d i n th e

s c ap ul a . It s o th e r e n d m e e ts th e r adi u s , a s w ell a s th e ul n a at th e elb o w , w it h w hi ch it

f o rm s a hi n g e t h at all o w s t h e a rm t o st r aig ht e n an d b e n d . T h e u p p e r a rm a n d fo r e a rm

a r e c o r m e c t ed at t h e elb o w b y th e hi n g e j oi nt b et w e e n th e h u m e ru s an d ul n a . T h e

r adi u s a n d ul n a a r e lin k ed at th e elb o w i n a w ay t h at all o w s h u m a n t o r o t at e th e h a n d

an d fo r e a rm b y m o r e th an 1 8 0 d e g r e e s .
T h e ul n a b o n e f o rm s th e p oi nt o f th e el b o w .

T h e sh o uld e r an d a rm b o n e s h a v e r o u gh e n ed p at c h e s o n th ei r s u rf a c e s w h e r e

m u s cl e s ar e att a ch e d(
31) ,(3 2)

･ T h e m ai n fu n cti o n o f th e u p p e r a rm m u s cl e s i s fl e xi o n

an d e x t e n si o n o f th e elb o w j oint . A s e c o n d a ry fu n cti o n o f t his m u s cl e gr o u p I S

p r o n ati o n a n d s upi n atio n of th e a m .
T h e u p p e r a m i s s e p a r a t ed i nt o t h e m u s cl e

g r o up l n g S Of t h e bic ep s a n d t ri c e p s .

T h e bic ep s g r o up c o m p rl S e S f o u r m u s cl e s th at fl e x th e a rm at t h e elb o w j oi nt
( 33)
:

th e bic ep s b r a cbii , b r a cbi alis , b r a chi o r adi alis a n d p r o n a t o r t e r e s .
T h e bi c ep s m u s cl e

( Bi c ep s B r a c hii) i s a t w o - h e a d e d m u s cl e w it h p oi 山 o f o rigin u nd e r th e d elt oid a n d

p oint o f i n s e rti o n j u st b elo w th e elb o w , it i s l o c at ed o n th e fr o n t o f th e h u m e ru s an d

p e rm its li fti n g th e a rm an d b e n di n g th e elb o w w h e n it c o n t r a c ts , a s w ell a s r o t ati o n o f

th e fo r e a rm an d p r o n ati o n (d o wn w a rd t w i st) o f th e w ri st . T h e t ap e r ed e n d s o f t h e

bic e p s m u s cl e ar e fi rm ly att a c h ed b y str o n g t e n d o n s t o th e p e ri o s t e um o f th e sk el et o n .
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T h e u p p e r e n d o f th e m u s cl e i s att a c h ed t o th e s c ap ul a b y t w o t e n d o n s an d t h e l o w e r

e nd is att a c h e d t o th e r a di u s of t h e fo r e a rm .
T h e r adi u s i s m o v ed up w ar d s a s th e

bic ep s m u s cl e c o n tr a c t s . T h e bic ep s m u s cl e i s c o n n e ct e d t o th e b o n e b y th e bic e p s

t e nd o n - th e p r o xi m al bic ep s t e nd o n a t th e s h o uld e r j oi nt ( s c 叩 ul a) a nd th e dist al

bic e p s t e n d o n at th e elb o w (r a di u s) .

T h e t ri c ep s g r o u p c o n si st s of t w o m u s cl e s
(3 3)
: t h e tri c ep s b r a cbii a n d a n c o n e u s ･

T h e tri c ep s m u s cl e ( T ric ep s B r a c hii) is a l a rg e t h r e e -h e ad ed m u s cl e th at is l o c at ed at

th e b a ck o f t h e u p p e r a rm an d att a c h e s t o th e p o rtio n o f t h e ul n a c alle d th e ol e c r an o n .

T h e th r e e h e ad s o f th e tri c ep s m u s cl e i n cl u d e : th e l o n g h e ad , l at e r al h e a d a n d m edi al

h e ad . T h e l o n g h e ad th at o ri gi n at e s o n t h e b o rd e r of th e s h o uld e r bl ad e is att a c h ed t o

th e in n e r p a rt o f th e s c ap ul a . T h e l at e r al h e ad th at o r lg l n a t e S O n th e o u t sid e o f th e

h u m e ru s an d t h e m e di al h e ad th at o rigi n at e s o n th e b a ck o f th e h u m e ru s a r e att a ch ed

t o th e h u m e ru s
,
o r th e m ai n u p p e r a rm b o n e . T h e p r l m a ry fu n cti o n o f e a c h is t o

e x t e n d th e fo r e a rm an d st r aight e n t h e elb o w . E a c h h e ad o r lg l n at e S i n a di ff e r e n t pl a c e

b ut c o m e s t o g eth e r at a s l n gle t e n d o n t h at att a ch e s t o th e b a c k o f th e ul n a at th e

ol e c r an o n p r o c e s s . T h e tri c e p s m u s cl e i s att a ch ed t o th e b o n e b y th e tri c e p s t e n d o n ,

w hi ch i n s e rt s i nt o th e b a c k o f t h e elb o w . It w o rk s o p p o siti o n t o th e bic ep s m u s cl e

w it h p e m i仕i n g str aig ht e ni n g th e a m a n d elb o w w h e n it c o n tr a ct s , a s w ell a s

s u pi n ati o n ( up w ar d t w i st) of th e wi st . T h e r adi al n e rv e tr a v el s d o wn th e a m an d

s u p plie s m o v e m e n t t o th e t ri c ep s m u s cl e .

T h e elb o w j oint is a g l n gly m u s -

a n e x am pl e o f a hi n g e j oint , o r a j oi nt th at
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m o v e s i n o nly o n e dir e c ti o n
( 34)

･ It i s fb - e d b y 血 e e b o n e s : t h e h u m e m s o f th e u p p e r

a rm an d th e p air ed r adiu s an d uln a o f t h e fo r e a rm . A rti c ul atio n s b et w e e n th e t r o chl e a

or th e h u m e r u s w ith th e ul n a a n d th e c 叩it ulu m of t h e h u m e r u s w ith th e h e ad o f th e

r adi u s c o m p r l S e th e j oi nt . T h e b o n y p r o m i n e n c e at th e v e ry tip o f t h e elb o w i s th e

ol e c r an o n p r o c e s s o f th e ul n a ･ Li g am e n t s a r e p r e s e n t i n th e elb o w j oi nt . T h e m aj o r

lig a m e n t s a r e th e ul n a c oll at e r al lig a m e n t , r adi al c oll at e r al lig a m e n t a n d a m ul a r

lig am e n t . T h e s e lig am e n t s p r o vid e str e n gth an d s u p p o rt t o th e j oi nt , a s d o th e

s u r r o u n di n g m u s cl e s ･ T h e ul n a c oll at e r al li g am e n t i s a str o n g f an
- sh ap ed

c o n d e n s ati o n o f t h e fib r o u sj oi nt c ap s ul e . It i s l o c at ed o n th e m edi al sid e of th ej oi nt ,

e x t e n di n g fr o m th e m edi al e pI C O n d yl e of th e h u m e ru s t o t h e p r o xi m al p o rti o n of th e

ul n a ･ T his lig a m e n t p r e v e n t s e x c e s si v e ab d u ctio n of th e elb o w j oi nt . T w o m ai n

m o v e m e n ts a r e p o s sibl e with t h e elb o w J O l n t , th e hi n g e
-lik e b e n di n g a n d

st r aig ht e ni n g o f th e elb o w ( fl e xi o n an d e xt e n si o n) h ap p e n s a t th e a rti c ul ati o n O oi nt)

b et w e e n th e h u m e m s a nd ul n a , a s w ell a s th e c o m ple x a c ti o n of t u m l n g t h e fb r e a m

o v e r ( p r o n ati o n o r s u pi n ati o n) h ap p e n s at th e a rti c ul atio n b et w e e n th e r adi u s an d

ul n a .

2 .2 H u m a n A r m B i o m e c h a nic al M o d el

W e kn o w th at , a s th e m u s cl e s n e v e r w o r k in i s ol ati o n , n at u r al m o v e m e n t s al w ay s

i n v ol v e th e m o ti o n s o f all t h e b o n e s . T h u s , f o r a c o m pl et e a n aly sis , it is i m p o rt an t t o

c o n sid e r th e m oti o n o r th e m e ch a ni s m a s a w h ol e
(2 7)

･ o n c e th e a n a t o m y a n d

bio m e c h a ni c s o f t h e m u s c ul o sk el et al sy st e m h a v e b e e n o b s e Ⅳ ed , q u alit ati v e
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d e s c ripti o n s a n d cla s si丘c ati o n s c a n s e Ⅳ e a s a b a sis fわr p ar a m e t e r d e 丘niti o n s . T h e s e

∬ e n e c e s s a ry fわr a th e o r e ti c al m e ch a ni c al a n aly si s o f t h e s y st e m , w hi ch g e n e r ally

l e a d s t o its q u a n tit ativ e d e s c ripti o n .

A 氏e r e x a m l n l n g t h e m u s c ul o sk el et al sy st e m a r o u n d th e elb o w sh o w n i n Fig . 2 .2
,

th e a u th o r d e v el o p ed a h um an a rm bi o m e c h an i c al m o d el th at i n cl u d e s t h e

bi o m e c h an i c al p r o p e rti e s r eq ui r e d f o r p r op e r d y n am i c a n aly si s . T h e m o d el is sh o wn

b y Fig .
2

.3 .
T h e w h ol e b o d y r e m ai n s 丘Ⅹe d , e x c ept fわr th e a m . T h e s t m ct u r e

c o n si sti n g o f th e b ic e p s a n d th e tri c ep s m u s cl e s i s c o n sid e r ed m e c h a ni c ally

an al o g o u s t o a m a s s
I S P rl n g

- d am p e r
- fri ctio n m o d el

,
th e f o r e a rm i s c o n sid e r ed a rigid

b od y , a n d th e elb o w a j oi nt ･ I n this m od el , Ih , C , k , ff , u B , an d u T a r e th e

p a r am et e r s o f th e h um an a rm bi o m e c h an i c al m od el
- i n e rti a

,
d am p l n g fa ct o r ,

sti ff n e s s
,
fi cti o n

,
s tr e n gt h o f t h e bi c e p s m u s cl e s , an d str e n gt h o f th e tri c ep s m u s cl e s ,

r e sp e c ti v ely ･ N o t e th at c
,
k
,
an d ff

V a ry W ith th e str e n gth e x e rt ed b y th e a rm ,
0

is th e an g ul a r displ a c e m e n t of th e f o r e a rm , f B i s th e fo r c e g e n e r at ed b y th e bi c ep s

m u s cl e s
, f T i s th e f o r c e g e n e r at ed b y th e t ri c e p s m u s cl e s , a nd T E is th e e x t e rn al

t o rq u e e x e rt ed o n t h e a m .
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r
E

Fig . 2 .3 H u m a n a m bi o m e c h an i c al m o d el .
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G i v e n t his bi o m e ch a ni c al m od el
,
th e e q u ati o n o f m o ti o n f♭r th e a r m (th e

r el ati o n ship am o n g th e i n e rti a t o rq u e o f th e f o r e a rm ,
th e t o rq u e s g e n e r at ed b y th e

bic e p s an d t ri c ep s m u s cl e s , an d th e e x t e m al t o rq u e) c a n b e e x p r e s s ed a s :

I
h O

= T B
-

T T
+ T E (1)

T h e p ar am et e r s f o r th e bi c e p s an d tri c ep s m u s cl e s h a v e th e f ollo w l n g r el ati o n ship :

f B - - ff
･

S g n(i B)
- k r
B

-

C *
B
+ u
B

fT = -

ff
･

S g n( i T)
- k r T

-

C A
T
+ u
T

(2)

(3)

an d th e an g ul a r di spl a c e m e n t t h at t h e fo r e a rm m o v e s a n d t h e di spl a c e m e n t s

h ap p e n ed b e c a u s e of t h e m o v e m e n t of th e bi c e p s a n d t ri c ep s m u s cl e s h a v e t h e

f ollo w l n g r el ati o n s hip :

sg n( i) =(
_

l

l

x
B
- r O

(i > 0)

(i < 0)

x T
- - r O

T h e n E q s .( 2) a n d (3) c a n b e e x p r e s s e d a s :

･
B
- -

T
f

･ S g n(0) - k r
2
o -

c r
2
∂. u

B
r

･
T
- T
f

･ S g n( 0) . k r
2
o . c r

2∂. u
,
r

(4)

(5)

S u b stit uti n g E q s . ( 4) an d (5) i nt o E q .( 1) , th e a u t h o r ob t ai n s th e foll o w i n g e q u ati o n :

I
h O . 2 c r

2
∂. 2 k r

2
o . 2 T

f
･

S g n(0) - ( u B -

u , ) r . T E (6)

F r o m E q . (6) , th e a u th o r o bt ai n s th e s e c o n d - o rd e r diff e r e n ti al e q u ati o n o f m o ti o n :

2 3



I
h
O + C∂+ K O + T

F
= ( u B

-

u
T) r + T E

w h e r e C - 2 c r
2

,
K - 2 k r

2
, an d T F = 2 T f

･

S g n(0) ･

2 .3 R ot a ti o n a1 1 - D O F E x p e ri m e n t al S y s t e m

( 7)

R ah m an e t a l ･ d e t e rm i n ed m a st e r -

m a st e r a nd m a st e r - sl a v e c o o p e r a ti o n s i n

tr a n sl ati o n al 1 - D O F m oti o n (
1 8)

･ I n t his st u d y , o n t h e b a si s o f t h e ab o v e
-

m e n ti o n ed

h u m an a rm bi o m e c h an i c al m o d el , th e a u th o r f o c u s e s o n th e c h a r a ct e ri stic s o f th e

h u m a n a m i n r o t a ti o n al トD O F m a s t e r -

m a st e r a n d m a s t e ト Sl a v e c o o p e r ati v e

m oti o n s . T his s l n gle r o t ati o n al d e g r e e
- o f - fr e ed o m e x p e ri m e n t al s y st e m is pi ct u r ed b y

Fig .
2

.
4

.
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Fig ･ 2 14 I m a g e o f r o t a ti o n al 1
1 D O F e x p e ri m e n t al s y st e m .
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D e pi ct ed b y Fig ･ 2 ･ 5
,
thi s r ot ati o n al 1 - D O F e x p e ri m e n t al sy st e m p r o vid e s b oth

m a st e ト Sl a v e a n d m a s t e r r m a s t e r c o o p e r a ti v e m o ti o n . I n t his m o d el
,
th e m a s t e r

(i n v ol v ed i n m a s t e ト Sla v e a n d m a st e ト m a St e r c o o p e r ati o n) is t h e o n e w h o p e rfb Ⅲn s

a cti v e a m m o v e m e n ts tb ∫o u g h o ut th e m o ti o n , th e sl a v e (i n v ol v ed i n m a s t e ト Sl a v e

c o o p e r ati o n) p e rfb m s p a s si v e a 皿 m O V e m e n t S b y k e e pin g th e a m m u s cl e s

c o m plet ely r el a x e d d u ri n g t h e m o ti o n , an d t h e s e m i
- m a s t e r (in v ol v ed i n m a st e r

-

m a s t e r c o o p e r ati o n) s w it ch e s r ol e s fr o m sl a v e t o m a st e r o n t h e h alfh r ay p oint of t h e

m o ti o n ･ T h e m a st e r a nd sl a v e/ s e m i - m a st e r b u m a n s l ay th eir rig ht f b r e a m s o n t h e

r e sp e c ti v e a m l o ad s a nd p e rfb Ⅲn r ot ati o n w ith t h eir elb o w j oi nt s a s th e r o t ati o n

c e n t e r s ･ T h ei r fb r e a - s m o v e sy n c h 工O n O u Sly a s a r e s ult o f th e ti m l n g b elt . A s sh o w n

i n Fig . 2 .5
,
I i s th e m o m e n t o f i n e rti a o f t h e l o ad

,
0 i s t h e a n g ul a r displa c e m e n t of

t h e fo r e a rm
,
an d T

l
an d T

2
a r e th e t o rq u e s e x e rt e d b y t h e a r m s o n th e a rm l o ad s . I n

t h e fig u r e , t h e plu s s lg n th at ap p e a r s o n th e dis pl ay r ep r e s e n t s t h e an g ul a r

displ a c e m e n t sig n al of th e f o r e a rm ,
an d t h e s q u a r e i s th e si m ul at ed si n e w a v e s lg n al

s e rv l n g a S a t a rg et p o siti o n . B o th sig n al s a r e s e n t t o th e dis pl ay m o nit o r s fr o m th e

c o n t r olle r c o m p ut e r . W h e n p e rfb m l n g m a S t e ト Sl a v e c o o p e r ati v e m o ti o n , th r o u gh o ut

t h e m o ti o n , t h e m a s t e r h u m a n w at c h e s th e displ ay m o nit o r t o tr a c k t h e t a rg et

p o siti o n
- th e c o r r e c t tr a c k is d et e rm i n ed b y fitti n g th e plu s s l g n i nt o t h e s q u a r e s lg n ,

a nd th e sl a v e h um an p e rf o rm s p a s si v e a rm m o v e m e n t w ith o ut lo oki n g at th e displa y

m o nit o r . W h e n p e rf o rm l n g m a s t e r
-

m a st e r c o o p e r ati v e m o ti o n , th e m a s t e r h u m a n

t r a ck s t h e m o ti o n o n t h e displ ay m o nit o r d u ri n g th e m o ti o n . M e a n w hil e
,
th e s e m i -
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m a st e r h u m an d o e s n o t l o o k at th e dis pl a y m o nit o r w h e n pl ayin g th e r ol e of sl a v e

fr o m t h e b e gi n n l n g t O th e h alftv ay o f th e m oti o n , b u t w h e n s w it c hi n g t o pl ay th e r ol e

of m a st e r fr o m th e h alf b ay p oi nt o f th e m oti o n , this h u m an st a rts t o w at c h th e

di spl ay m o nit o r t o tr a c k th e m oti o n lik e m a st e r . T h at i s w h y thi s h u m a n i s c all ed

s e m i - m a s t e r i n this st u d y .
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D i s pl ay

Fig ･ 2 ･5 M o d el o f r o t ati o n al 1 - D O F c o o p e r ati v e m o ti o n ･
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F o r thi s r o t ati o n a1 1 - D O F d y n am i c s y st e m , th e e q u ati o n o f m o ti o n c an b e

e x p r e s s ed a s :

I O - T
l
+ T
2 (8)

B y i ntr o d u ci n g α ( 0 ≦ α ≦1) a s th e distrib uti o n r ati o of t h e i n e rti a t o rq u e , Ib
'

, Tl ,

an d T
2
C an b e e x p r e s s ed a s :

T l
= a le + T i n t

T
2
- (1

-

a ) IO -

T
i n t

w h e r e T i n t i s th e i nt e rn al t o rq u e g e n e r at ed b et w e e n th e t w o h u m an s d u ri n g th e

m o ti o n .

I n t h e p r e vi o u s p a r ag r a p h s , th e a u th o r h a s g l V e n a lit e r al e x pla n ati o n fわr th e

m a st e ト m a St e r a nd m a s t e ト Sl a v e c o op e r ati o n . H e r e
,
th e a u th o r w a n t s t o g l V e a

q u a n tit ati v e e x pl a n ati o n fわr th e m b y u s l n g th e eq u a ti o n s .

R a lm an e t al . e x p e ri m e n t ally d efi n ed t w o ty p e s of c o o p e r ati o n d e p e n di n g o n th e

v al u e of α (
18)

･ o n e i s m a st e r - m a st e r c o o p e r ati o n w h e r e α ≠ 1 , i n w hic h th e t o rq u e s

f o r th e m a st e r s c an b e e x p r e s s ed b y E q s . ( 9) an d ( 1 0) . T h e s e c o nd is m a st e r -

sl a v e

c o o p e r ati o n w h e r e a = 1
,
i n w hi ch th e t o rq u e s , d e n ot ed a s T M f o r th e m a st e r an d

a s T
s
f o r th e sl a v e

,
c an b e e x p r e s s e d a s f oll o w s :

r
M

- I O + T
i n t

T
s
= -

T
i n t

E q s . (9) a n d (1 0) sh o w t h at in m a st e ト m a St e r c o o p e r ati o n , b ot h m a st e r h u m a n s m u st

c o n t r ol b oth t h e in e rti a an d i nt e m al t o rq u e . E q s . (1 1) a n d (1 2) , h o w e v e r , s h o w th at , i n
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m a st e r -

sl a v e c o o p e r a ti o n , th e m a st e r h u m an c o n t r ol s b oth th e i n e rti a an d i nt e m al

t o rq u e , w hil e t h e sl a v e h u m a n c o n t r ol s o nly th e i nt e m al t o rq u e . T h e r efわr e
,
R ah m a n

e t al . p r o p o s ed th at th e sl a v e ch a r a c t e ri sti c s sh o uld b e ap plie d t o r o b oti c c o n tr oll e r

d e sig n; 1 n t his c a s e , th e c o n t r oll e r i s o n ly n e e d ed t o c o n tr ol t h e i nt e m al t o rq u e , th u s

si m plify i n g th e c o n tr olle r d e sig n . T h u s
,
th e a u th o r c o n sid e r ed it n e c e s s a ry t o

i n v e stig at e th e c h a r a c t e ri sti c s o f t h e h u m a n a Ⅲn i n m a st e トSl a v e c o o p e r ati v e m oti o n .

W ith r e g ar d t o e v al u ati o n o f s e n s ati o n , th e ab o v e e q u ati o n s sh o w t h at i n m a st e r
-

m a s t e r c o o p e r a ti o n , t h e m a st e r h u m an s sh a r e t h e l o ad t o m a k e th e t a sk e a si e r f o r b ot h .

I n m a st e r -

sl a v e c o o p e r ati o n , h o w e v e r , t h e m a st e r h u m a n h a s t o c a r ry th e e n ti r e l o ad .

T h u s
,
th e a u th o r c o n sid e r ed th at it m ak e s s e n s e t o i n v e sti g at e th e ch a r a ct e ri stic s o f

th e h u m a n a m i n m a st e ト m a St e r C O O p e r ati v e m o ti o n .
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C H A P T E R 3

E X P E R I M E N T A L S Y S T E M A N D P R E L I M I N A R Y

E X P E R I M E N T S

3 .1 E x p e ri m e n t a l S y st e m

A s s h o w n i n Fig . 3 .1
,
th e e x p e ri m e n t al sy st e m c o n si st s p r l m a rily o f th e

sy n c h r o n o u s t o rq u e sy st e m , t h e a rm l o ad s , an d th e m e a s u r e m e n t sy st e m . T h e

sy n c h r o n o u s t o rq u e sy st e m t r a n s m its t h e t o rq u e b et w e e n t h e t w o a Ⅱnl o ad s vi a a

ti m l n g b elt fl X ed o nt o t h e t w o a rm l o ad s h aft s . A p r eli m l n a ry t e n si o n t e st p r o v e s th at

d u ri n g r o t ati o n , th e r e i s h ar dly an y tr an s m i s si o n d el ay b et w e e n th e t w o a rm l o ad s ,

an d th at th e fricti o n c a u s ed is m i ni m al . T h e a m l o ad s u p p o rts t h e s u bj e ct
'

s a rm

(f o r e a m ) . E a ch a rm l o ad is fltt e d w ith ru b b e r f o r i s ol ati o n an d c o m f o rt . B ot h th e

sy n c b r o n o u s t o r q u e s y st e m a n d th e a m l o ad s h a v e hig h ri gidity b ut g e n e r a t e l o w

i n e rti a t o rq u e .
T h e l o ad c a n b e att a c h ed t o o r d et a ch e d fr o m th e sy n ch r o n o u s t o rq u e

sy st e m . T h e m e a s u r e m e n t s y st e m c o n si st s o f th e c a m p o siti o n s e n s o r , w ith th e c a m

fi x e d t o th e sh a 氏 of th e a m l o ad
,
an d t w o f o r c e s e n s o r s fi x ed b et w e e n th e a rm l o ad s

an d th e a m s c o n n e c t e d t o th e sh a 氏s o f t h e a rm l o a d s . T o m e a s u r e th e an g ul ar

displ a c e m e n t o r th e fb r e a m , th e c a m a nd e d d y c u Ⅲ
･

e n t s e n s o r a r e u s e d t o o bt ai n a

s lg n al p r op o rti o n al t o th e a n g ul a r dis pla c e m e n t . Tb m e a s u r e t h e t o r q u e a c ti n g o n th e
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a rm l o ad fr o m t h e f o r e a rm
,
t h e f o r c e s e n s o r an d d y n am i c str ai n am plifie r a r e u s ed t o

ob t ai n a s lg n al p r o p o rti o n al t o t h e t o rq u e . B o th t h e a n g ul a r displ a c e m e n t si g n al 丘o m

th e ed d y c u r r e n t s e n s o r an d th e t o rq u e s l g n al fr o m th e dy n am i c s tr ai n am plifl e r a r e

c o n v e rt e d fr o m an al o g t o digit al b y an A/ D b o ar d i nt e rf a c e d t o th e c o n t r olle r

c o m p ut e r , w h e r e t h e s lg n al s a r e u s e d f♭r d at a p r o c e s s l n g . T h e a n g ul a r displ a c e m e n t

is sh o w n a s a pl u s o n th e displ ay m o nit o r; th e si m ul at ed si n e w a v e s lg n al i s sh o w n a s

a sq u a r e , w hi ch p r o vid e s th e t a rg et p o siti o n fわr th e m a st e〟s e m i - m a s t e r h u m a n t o

t r a ck t o p e rfわr m a cti v e a r m m o v e m e n t .
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Fig . 3 . I E x p e ri m e n t al s y st e m .
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Fig u r e 3 .
2 sh o w s a b rief ill u str ati o n o f th e e x p e ri m e n t al m e a s u r e m e n t m e th o d .

T h e t o rq u e s m e a s u r e d b y fわr c e s e n s o r s 1 a nd 2 , al o n g w it h t h e a n g ul a r displa c e m e n t

m e a s u r ed b y th e e d d y c u r r e n t s e n s o r , a r e I n p utt ed t o th e c o n tr oll e r c o m p ut e r th r o u gh

th e 〟 D b o a rd . T h e s a m plin g ti m e i s 0 . 0 0 4 s . T h e a n g ul a r displ a c e m e n t a n d

si m ul at e d si n e w a v e a r e o u tp utt ed t o t h e displ ay m o nit o r s . T o a v oid t h e e x p e ri m e n t al

d at a b ein g a ff e ct ed b y n oi s e , a filt e r w ith a c u t
1

0 ff fr eq u e n c y o f 6 .9 5 H z i s u s ed .
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＼

Fig . 3 .2 S ch e m ati c di ag r a m o f th e m e a s u r e m e n t m e th o d .
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3 .2 P r eli m i n ar y E x p e ri m e n t s wi t h a Sl a v e

Ei ght ri g ht
-h an d ed

,
h e alt h y s u bj e cts c o n si sti n g o f si x m e n , a g e d 2 2 , 23 , 3 6 , an d

5 2 y e ar s , an d t w o w o m e n , a g ed 25 an d 3 5 y e a r s , p a rticip at e d i n th e e x p e ri m e n ts .

P ri o r t o th e e x p e ri m e n ts o n c o o p e r ati v e m o ti o n , th e a u th o r p e rf o rm ed th r e e

p r eli m l n a ry e x p e ri m e n t s t o g et an id e a o f th e c h ar a c t e ri stic s of th e sl a v e
'

s a rm . T h e

eight s u bj e ct s w e r e i n st ru c t ed t o pl a y th e r ol e of th e sl a v e .
A s sh o wn i n Fig .

2
.5 , e a c h

of th e s e s ubj e ct s p ut t h e ri ght f o r e a rm o n th e a r m l o ad , k e epi n g th e elb o w j oi nt (i . e .

th e r o t a ti o n c e n t e r of t h e f o r e a rm ) c o a xi al w ith t h e a xi s o f th e a rm l o ad . T h e s ubj e ct

w a s s e a t ed i n an a rm c h air
,
m o ti o nl e s s an d c o m f o rt able . T h e h eigh t o f t h e a rm ch ai r

w a s adj u st ed t o k e e p t h e a rm l o ad at th e s ubj e ct
'

s c h e st l e v el . D u ri n g t h e m o ti o n , t h e

s u bj e ct p e rf o rm ed p a s si v e a rm m o v e m e n t - k e ep l n g t h e a rm m u s cl e s c o m pl et ely

r el a x ed a n d n ot l o o kin g at th e dis pla y m o nit o r .

B efb r e th e 丘r st p r eli m i n a ry e x p e ri m e n t , a h e a v y l o ad (∫
- 0 .5 2 7 k g

･

m
2

) w a s

att a c h e d t o t h e e x p e ri m e n t al s y st e m . T h e n
,
th e a u th o r o b s e rv ed t h e st ep r e sp o n s e o f

th e s ubj e ct
'

s r el a x e d a rm ; its i n p ut w a s th e e x t e rn al t o r q u e f o r str e t c hi n g o r

c o n tr a c ti n g th e a rm , an d th e ti m e b e h a vi o r o f it s o u tp ut w a s t h e a n g ul a r dis pla c e m e n t

sh o w n i n Fig . 3 .3 . T h e a 皿 (S ettled o n t h e a Ⅲn lo a d) w a s s tr e t ch e d b y a n e x t e m al

t o rq u e (0 .
4 N

･

m) e x e rt ed i n a cl o c k w i s e ( C W ) dir e c ti o n . O n c e th e t o rq u e b e c a m e

s t abl e
,
th e a rm w a s r el e a s ed . T h e a rm sh o o k an d fi n ally r e a ch ed a st ati o n a ry st at e at a

m a x i m u m C W e q uilib ri u m p o siti o n , w h e r e th e a n g ul a r dis pla c e m e n t w a s z e r o .

Si m il a rly , th e a m w a s c o n t r a ct e d u s l n g th e s a m e m ag nit u d e o f e x t e m al t o rq u e b u t
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e x e rte d i n th e c o u n t e r cl o c k w is e ( C C W ) dir e cti o n . A g ai n , th e a Ⅱn w a s r el e a s ed a洗e r

th e t o rq u e b e c am e st abl e ･ T h e a rm s h o o k an d fi n ally r e a ch e d a st ati o n a ry st at e at a

m a xi m u m C C W e q uilib ri u m p o siti o n , w h e r e th e a n g ul a r displ a c e m e n t m e a s u r ed w a s

O ･3 3 r ad ･ A s sh o w n i n Fig ･ 3 ･3
,
th e r e a r e m a xi m u m e q uilib ri u m p o sitio n s

(3 5) -(3 7)
i n th e

C W an d C C W dir e c ti o n s ･ It w a s o b s e rv ed th at
,
if a di ff e r e n t i niti al st at e w a s g l V e n ,

th e a r m c o uld st o p a n y w h e r e b et w e e n t h e t w o m a x i m u m e q uilib riu m p o siti o n s ･
B y

th e w a y , t h e e q uilib riu m p o sitio n d efi n e d i n t his st ud y i s w h e r e th e r el a x ed a rm i s i n

a st ati o n a ry st at e s o th at th e e x t e rn al t o rq u e ( a s T E S h o wn i n E q . ( 7)) is z e r o .

T h r o u g h s u c h st e p r e sp o n s e s , th e a u th o r r e ali z e s t h at t h e sl a v e
'

s a m e x p e ri e n c ed

b ot h a r e st o ri n g e ff e ct an d st ati c fri ctio n , an d d y n am i c fri cti o n m ig ht als o e x i st . T his

ill u str at e s t h at i n d e v el o p l n g a b i o m e ch a ni c al m o d el o f t h e h u m a n a Ⅱn fわr h u m a n
-

r ob ot c o o p e r ati o n , a m a s s
-

s p r l n g
-d am p e r

-fricti o n m od el w o uld b e m o r e ap p r o p ri at e

th a n th e m a s s -

s p r l n g
- d a m p e r m o d el tr aditi o n ally s u g g e st ed .
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In t h e s e c o nd p r eli m l n a ry e x p e ri m e n t , th e a u th o r ob s e rv ed th e sti ff n e s s an d

fi cti o n ch a r a ct e ri sti c s o f th e s ubj e ct
'

s r el a x ed a rm
, a s sh o wn i n F ig . 3 .4 . T h e a rm

w a s m o v ed t o a p o siti o n w h e r e th e u p p e r a rm an d th e fo r e a rm w e r e n e a rly st r aight;

this p o siti o n w a s n a m ed A c w l . T h e m e a s u r e m e n t b e g a n h e r e . A t a v e ry l o w s p e ed , t h e

a rm w a s m o v e d C C W t o w ar d t h e b o d y t o a p o siti o n a s cl o s e a s p o s sible t o th e ch e st;

this p o siti o n w a s n a m ed A c c w l . W it h o ut a b r e ak , th e a m w a s th e n m o v e d C W t o

p o siti o n A c w l , C O m pl eti n g a r o u n d
-trip m oti o n . Si m ila rly , th e a Ⅱn w a s c o n ti n u o u sly

m o v ed C C W t o p o sitio n A c c w 2 ( A c c w 2 < A c c w l) , an d th e n m o v ed C W t o p o siti o n

A c w 2 ( A c w 2 < A c w l) . T h e s e r o u n d -trip m otio n s w e r e p e rf♭ m e d n o n st o p fわu r ti m e s . I n

Fig . 3 . 4
,
th e h o ri z o n t al an d v e rti c al a x e s r e p r e s e n t a n g ul a r displ a c e m e n t an d t o r q u e ,

r e sp e c ti v ely . I n th e C W dir e c ti o n
,
t h e sl o p e o f th e c u Ⅳ e d e c r e a s e s g r ad u ally 丘o m

p o siti o n A c c w l , an d is th e n c o n s t an t a s t h e a rm n e ar s p o siti o n A c w l . A s s o o n a s t h e

dir e c ti o n c h a n g e s t o C C W at p o siti o n A c w l , t h e sl o p e of th e c u Ⅳ e b e c o m e s v e ry

st e e p ( 9 0 d e g r e e s) m o m e n t a rily , th e n d e c r e a s e s f♭r a w hil e , a n d th e n b e c o m e s

c o n st a n t a g ai n ( s a m e a s th e c o n st a n t sl o p e i n t h e C W dir e c ti o n) w ithi n th e r a n g e o f

R s sh o w n i n Fig . 3 .4 . N o t e t h at th e g ap b et w e e n t h e c u Ⅳ e s f♭r th e C W a n d C C W

dir e cti o n s r e m ai n s al m o s t i n v ar i abl e o nly w it hi n th e r a n g e of R s . B e c a u s e th e sp e ed

of th e a rm m o v e m e n t i s s o l o w
,
th e an g ul a r a c c el e r a ti o n O an d an g ul a r v el o cit y 0

c an b e d e e m e d t o b e z e r o . M o r e o v e r
,
c o n sid e ri n g t h e sl a v e r ol e th at th e s u bj e ct

pl ay e d , 〟β a n d 〟r in E q . (7) a r e b oth z e r o , d u e t o th e r el a x ati o n o f tb e bic e p s a n d

t h e t ri c ep s m u s cl e s . T h e r efわr e
,
t h e m e a s u r e d t o r q u e ( a cti n g o n th e a m l o ad) i n E q .

3 9



(7) c o n si st s of th e r e s t o ri n g a nd fri cti o n t o rq u e s .
T h u s , t h e a u th o r t hi n k s t h at t h e

sl o p e o f th e c u rv e i n dic at e s th e s tiff n e s s , K , an d t h e g ap b et w e e n th e c u rv e s i ndi c at e s

th e d y n a m i c 丘icti o n of th e sl a v e
'

s a m . It w a s ob s e Ⅳ ed t h at
,
th e t o rq u e i n c r e a s ed

m o m e n t arily ri gh t aft e r th e dir e cti o n c h an g ed , alth o u g h th e a r m r e m ai n e d still . T his

s e e m e d t o b e r e sp o n sible fo r t h e st atic fricti o n t o rq u e . Wh e n t h e a m st a rt e d t o m o v e ,

s t ati c fricti o n w a s r e pl a c e d b y d y n am i c fri ctio n , w hi c h in c r e a s ed gr ad u ally a n d w a s

th e n c o n s t a n t w ithin th e r a n g e of R s .

4 0
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In o rd e r t o v e rify a g ai n th e r e s ult fr o m th e s e c o n d p r el
i m l n a ry e x p e ri m e n t ,

th e

a u th o r c a r ri ed o ut an o th e r p r eli m i n ar y e x p e ri m e n t ･ T h e a - w a s m o
v ed v e ry sl o w ly

t o c o m plet e f o u r
-ti m e r o un d -trip m oti o n s a s sh o

wn i n Fig ･ 3 ･ 5 ･ T h e m o v e m e n ts w e r e

lik e t h o s e i n t h e s e c o n d p r eli m l n a ry e x p e ri m e n t , b u t
w e r e o nly w ithi n th e r an g e of R s

sh o w n i n Fi g ･ 3 ･
4

･
It i s sh o w n i n Fig ･ 3 ･5 th at th e sl o p e o f th e c u Ⅳ es f♭r b oth th e C W

an d C C W is ab o u t c o n st an t , an d t h e g ap b et w e e n th e c u rv e s i s al m o st i n v ar i abl e ･

T h u s
,
t h e s e c o n vi n c e th e a u t h o r a g ai n th at w it hi n th e r a n g e of R s , th e sl o p e of th e

c u rv e i n dic at e s th e stiff n e s s K , an d th e g ap b et w e e n t h e c u rv e s i ndi c at e s t h e d y n am ic

fricti . n o f th e sl a v e
'

s a rm . It w a s al s o ob s e rv ed th at , am o n g t h e eig ht s u bj e ct s , t h e

thic k e r th e s u bj e ct
'

s a rm w a s , th e g r e at e r th e sti ff n e s s an d d y n am i c fricti o n w e r e ･

T a bl e 3 . 1 sh o w s th e a v e r a g e p ar am et e r s f o r th e sl o p e an d th e g ap ( d e n o t ed b y H)

w ithi n t h e r an g e of R s f o r t h e eigh t s u bj e cts ･ F o r s u bj e ct A , it w a s f o u nd t h at t h e

an gl e b et w e e n th e m a xi m u m C W an d m a xi m u m C C
W e q uilib ri u m p o siti o n s i n F ig s ･

3 .3 an d 3 .4 w a s 0 .3 3 r ad . F o r all t h e eig ht s u bj e ct s , it w a s ob s e rv e d th at , th e a n gl e

b et w e e n th e m a xi m u m C W e q uilib ri u m p o siti o n a n d th e sh o uld e r w a s n e a rly 1 ･ 4 土

0 .0 8 r ad .
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0 0 .0 5 0 .1 0 .1 5 0 ,2

山 1g 血 d B P h c e 血 e n t ( r d )

0 . 2 5 0 3 0 .3 5

Fig ･ 3 1 5 Sti 血 e ss an d fri cti o n c h a r a ct eri sti c s o f s u bj e ct ら

wi th i n r a n g e of R s .

T abl e 3 ･ 1 A v e r ag e p ar a m e t e r o f sl a v e
'

s aLr m W ithi n r an g e of R s

F e m al e/ M al e A ( M) B ( ど) C ( F) D ( M ) E ( M ) F ( M ) G ( M ) H ( M )

A g e 2 2 3 5 2 5 2 3 2 2 3 6 2 3 5 2

Sl o p e ( N . m /r ad) 0 .3 5 0 .4 5 0 .5 5 0 .5 7 0 .6 S 0 .9二) I 1 .3

G a p H ( N
.

m ) 0 .l 2 0 . 1 3 0 . 1 9 0 .2 0 0 .2 1 0 .2 4 0 . 2 6 0 .5 6
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O n th e b a sis o f t h e s e c h a r a c t e ri stic s
,
t h e a u t h o r b eg a n th e i n v e s ti g ati o n of th e

h u m a n a m ch a r a ct e ri sti c s w ithi n t h e r a n g e o f R s ･ It i s al s o t h o u g ht t h at b u m a n s

t ypi c ally p e rfb m a Ⅲl m o v e m e n t s W ithin t his r a n g e ･ I n this st u dy , th e c o o p e r ati v e

m o ti o n s w e r e all p e rfb - ed w it hi n th e r a n g e of R s ･
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C H A P T E R 4

M A S T E R -S L A V E C O O P E R A T I V E E X P E R I M E N T S

4 ･1 M a st e トSl a v e C o o p e r a ti v e M o ti o n

I n th e f oll o w l n g e x p e ri m e n ts , e v e ry p o s sib le p a lr c o m b in ati o n of t h e eig ht

s ubj e cts w a s c o n si d e r ed ( 1 6 p air c o m bi n ati o n s alt o g eth e r) . E a c h p air o f s u bj e ct s w a s

i n st m c t ed t o p e 血 Ⅲl th e m a s t e ト Sla v e c o o p e r ati v e m o ti o n b y pl ayl n g th e r ol e s o f

b oth th e m a s t e r an d th e sl a v e ･ T h r o u gh o u t th e m o ti o n , th e m a st e r s u bj e ct p e rf o rm ed

a cti v e a rm m o v e m e n t s w hile w at chi n g th e di spl ay m o nit o r t o k e ep o n t r a ck , w hile

th e sl a v e s u bj e ct p e rf o rm ed p a s si v e a rm m o v e m e n t , b y k e ep l n g th e a rm m u s cl e s

c o m pl et ely r el a x ed an d n ot l o oki n g at th e displ a y m o nit o r .

4 .1 .1 Sl o w C o o p e r ativ e M oti o n

I n t his e x p e ri m e n t , e a c h p a l r O f s u bj e cts w a s i n s t ru ct e d t o p e rf o rm m a st e r -

sl a v e

c o o p e r ati v e m o ti o n at a l o w sp e ed ･ T h e a v e r a g e a n g ul a r v el o city w a s 叩p r O Xi m at ely

O ･ 0 7 r ad/s ･ T h e m o ti o n w a s n o t i n o n e dir e c ti o n , b ut w a s a r o u n d trip , w ith th e g o

p ath i n th e C W dir e cti o n op p o sit e th e b o d y , an d th e r et u m p ath i n th e C C W

dir e cti o n .

T b e ch a r a ct e ri stic s o f th e sl o w c o op e r ati v e m o ti o n a r e s h o w n i n Fig ･ 4 ･1 b y t h r e e
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s e p a r at e g r ap h s ･
I n th e u p p e r g r ap h , th e h o ri z o n t al an d v e rti c al a x e s r ep r e s e n t ti m e

an d an g ul a r v el o cit y , r e sp e c ti v ely ･ I n t h e m id dl e g r ap h , th e h o ri z o n t al a xi s r ep r e s e n t s

ti m e an d th e v e rti c al a xis r ep r e s e n ts th e an g ul a r dis pl a c e m e n t an d t o rq u e f o r th e

sl a v e ･ I n t h e l o w e r g r ap h , t h e h o ri z o n t al an d v e rti c al a x e s r ep r e s e n t th e an g ul a r

displ a c e m e n t a n d t o rq u e f♭r t h e sl a v e ･ I n th e u p p e r g r 叩h , th e a n g ul a r v el o citi e s at

p oi nts A , B , C , an d D , a s w ell a s at p oi nts P , Q , R , an d S a r e al m o st s am e . T his

m e an s t h at w ithi n this ti m e
,
th e in e rti a t o rq u e IO c a n b e d e e m ed t o b e z e r o , an d th e

d a m p l n g t o rq u e C β t o b e c o n s t a n t ･ M o r e o v e r
,
i n th e l o w e r g r 印b it is p o s sibl e t o

c o n n e c t p oi nt s A , B , C , an d D a s w ell a s p oi nt s P , Q , R , an d S t o fo rm t w o s tr aigh t ,

p ar all el li n e s ･ T h e g ap b et w e e n t h e t w o lin e s i s al m o st i n v ar i able ･
A c c o rdin g t o E q ･

( 7) , f o r th e sl a v e
'

s a rm
,
t h e s ti ff n e s s K

,
i nd ic at ed b y th e sl o p e , is al m o st c o n s t a n t ,

an d th e t o rq u e , i n dic at ed b y H , w hic h m ay I n cl u d e th e d y n am i c fri cti o n t o rq u e T F

an d th e d am p i n g t o rq u e C O , i s al m o st c o n s t an t t o o .
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I n ad diti o n t o Fig . 4
.
1
,
Fi g s . 4 . 2 t o 4 . 14 s h o w th e c h a r a ct e ristic s o f t h e sl o w

c o o p e r ati v e m o ti o n p e rf o rm ed b y ot h e r p a l r c o m bin ati o n s .
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4 ･ l . 2 Q uic k C o op e r ativ e M otio n

I n this e x p e ri m e n t , e a ch p al r O f s ubj e ct s w a s i n st ru c t e d t o p e rf o r m m a s t e r -

sl a v e

c o o p e r a ti v e m o ti o n i n o n e r o un d t ri p at a hig h sp e ed ･ T h e a v e r ag e an g ul a r v el o cit y

w a s ap p r o xi m a t ely 0 . 6 一ad/s .

T h e ch a r a ct e ri sti c s o f th e q uic k c o o p e r ati v e m o ti o n a r e sh o w n i n Fig ･ 4 ･ 1 5 ･ T h e

t o rq u e sh o wn i n th e g r a ph s is ob t ai n e d b y s ub tr a c ti n g th e a r m
'

s i n e rti a t o r q u e fr o m

th e t o rq u e e x e rt e d b y th e a rm o n th e a rm l o ad . A c c o rdin g t o E q . ( 7) , f o r th e m a st e r ,

this t o r q u e c an b e e x p r e s s ed a s T E
I I h O

= C∂+ K O + r
,
+ ( u ,

-

u
B) r , an d f o r t h e

sl a v e a s T
E

- I
h
O - C O + K O + T F ･ I n t h e u p p e r g r ap h , t h e an g ul a r v el o citi e s a t p oi nt s

A
,
B
, C , an d D , a s w ell a s at p oi nt s P , Q , R , an d S a r e al m o st th e s am e , i n dic ati n g

th at w ithi n this ti m e
,
th e i n e rti a t o rq u e IO c an b e d e e m e d t o b e z e r o a n d th e

d a m p l n g t o rq u e C β t o b e c o n st a n t ･ I n th e l o w e r g r 叩 h , th e c u Ⅳ es h a v e al m o st th e

s am e sh ap e i n eith e r t h e sl op e o r th e v al u e of H a s t h o s e i n Fig ･ 4 ･ 1
･
I n f a ct , t h e sp e ed

o f m oti o n i n Fig ･ 4 ･1 5 is m u ch hig h e r th a n t h at in F ig ･ 4 ･ 1 ･ T h u s , th e a u th o r thi 止 s

th at if th e a n g ul a r v el o cit y
- d e p e n d e nt d a m pi n g t o rq u e C ∂ e x ist s , th e t w o lin e s i n

b ot h C W an d C C W dir e c ti o n sh o wn i n Fig ･ 4 ･1 5 w o uld n ot b e str aig ht , an d th e v al u e

o f H sh o uld als o b e di ff e r e n t . T his t ells t h e a u th o r th at f o r t h e sl a v e
'

s a rm
,
it s

p a r am et e r i s u n r el at ed t o t h e sp e ed o f th e m o ti o n
- th e d am p l n g fa ct o r c is z e r o

-

an d t h e sti ff n e s s K a s w ell a s th e d y n am i c fri cti o n t o r q u e r F a r e al m o st c o n st an t .
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In ad diti o n t o Fig ･ 4 ･ 1 5
,
Fig s ･ 4 ･1 6 t o 4 ･ 2 1 sh o w th e c h a r a c t e ristic s of tb e q ui ck

c o op e r ati v e m o ti o n p e rf o rm e d b y oth e r p a lr c o m bi n ati o n s .
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I n o rd e r t o v e rify ag ai n th e ch a r a c t e ri sti c s o f t h e q ui ck c o o p e r ati v e m o ti o n ,

an o th e r un ifo rm m o ti o n w a s p e rf o rm ed ･ It w a s i n C W dir e cti o n o nly , an d its v el o cit y

w a s ab o ut 0 . 7 一ad/s .

T h e ch a r a ct e ri stic s o r th e u nifb - c o o p e r ati v e m o ti o n a r e s h o w n i n Fig ･ 4 ･ 2 2 b y

t h r e e s e p a r a t e g r ap h s ･ I n th e u pp e r g r ap h , th e h o ri z o n t al an d v e rti c al a x e s r ep r e s e n t

ti m e 弧 d a n g ul a r di spl a c e m e n t , r e sp e c ti v ely ･ I n th e m id dle gr 印b , th e h o ri z o n t al 弧 d

v e rti c al a x e s r e p r e s e n t ti m e a n d t h e t o rq u e fわr th e sl a v e ･ I n th e l o w e r g r ap h , t h e

h o ri z o n t al a nd v e rti c al a x e s r ep r e s e n t th e a n g ul a r dis pla c e m e n t a n d t o rq u e fわr t h e

sl a v e ･ I n th e l o w e r g r ap h , th e t r aj e ct o ry o f th e m o v e m e n t i s a n e a rly st r aight lin e

p a s si n g t hr o u g h th e C W e q uilib ri u m p o siti o n ( a c o o rd in at e w h e r e th e v e rti c al

c o o rdi n at e v al u e , e x t e rn al t o r q u e T E i s z e r o) .
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G i v e n th e sl a v e
'

s a - w a s m o v e d t o th e e q uilib riu m p o siti o n i n th e sl o w

c o o p e r a ti v e m o ti o n , E q ･ (7) c o uld b e e x p r e s s ed a s :

K O + T
F
= 0 (1 3)

w h e r e th e e x t e m al t o rq u e T E W a s Z e r o d u e t o t h e e q uilib ri um p o sitio n , th e i n e rti a

t o rq u e I O an d th e d am p l n g t o rq u e C O w e r e b ot h z e r o d u e t o th e sl o w m oti o n , an d

u
B
an d u

T
W e r e b oth z e r o d u e t o t h e r el a x e d a m

.

A t th e C W eq uilib ri um p o siti o n i n th e l o w e r g r ap h of Fig ･ 4 ･ 2 2 , th e i n e rti a t o rq u e

Ib
.

i s z e r o b e c a u s e of th e u nif o rm m o ti o n an d K O + T
F
is z e r o fr o m E q . (1 3) , an d

th e n a c c o rdi n g t o E q ･ ( 7) , th e d a m pi n g t o rq u e C∂ is z e r o . I n s u c h a u nifb 皿 m Otio n ,

e v e n at th e eq uilib ri u m p o siti o n th e v el o city is still a r o u nd O ･ 7 r ad/ s
, a s a r e s ult , t h e

d am p l n g f a ct o r C m u s t b e z e r o . B a s e d o n this fa ct
,
t h e a u t h o r thi nk s th at si n c e t h e

d am p l n g f a ct o r C is z e r o a t th e eq uilib ri um p o sitio n o f s u ch a un ifo rm m oti o n , it is

n o w o n d e r th at at oth e r p o siti o n s w h e r e th e sl a v e
'

s a m i s m o v ed t o
,
th e d a m p l n g

f a ct o r C is still z e r o .

4 . 1 . 3 T o rq u e C h ar a ct e ristic s

I n th e u p p e r g r a p h o f Fig ･ 4 ･ 2 3
,
th e h o ri z o n t al a xi s r ep r e s e n ts ti m e a n d th e

v e rti c al a xi s r e p r e s e n ts an g ul ar v el o city an d an g ul a r displ a c e m e n t . I n t h e m id dle

gr ap h , th e h o ri z o n t al a xi s r e p r e s e n t s ti m e an d th e v e r ti c al a xi s r ep r e s e n t s th e t o rq u e s

f o r b oth t h e sl a v e an d th e m a st e r ･ I n t h e l o w e r g r ap h , th e h o ri z o n t al an d v e rti c al a x e s

r ep r e s e n t th e an g ul a r dis pl a c e m e n t an d t o rq u e f o r th e sl a v e ･ T h e m id dle g r ap h sh o w s

t h at th e t o rq u e f o r t h e m a st e r i n c r e a s e s c o n s t an tly w ith ti m e ･ A lth o u gh th e m a st e r

7 3



s u bj e ct h ad t o o v e r c o m e th e e n tir e i m p ed an c e r e sist an c e fr o m th e sl a v e s u bj e ct
'

s a m

t o m ai nt ai n m o ti o n
,
th e m a st e r s u bj e ct w a s m o r e i n c o n tr ol o f t h e m o ti o n , e sp e ci ally

d u ri n g d e c el e r ati o n ･ D u ri n g d e c el e r ati o n ( aft e r t h e e q uilib ri u m p o siti o n) , t h e

dir e c ti o n of th e i m p e d an c e r e si st an c e w a s t h e s am e a s th e m a st e r s ubj e ct
'

s b r aki n g

dir e c ti o n
,
w hi c h m ad e it e a si e r f o r th e m a st e r s ubj e ct t o c o n tr ol th e m oti o n , e v e n

th o u g h h e/s h e did n ot e x e rt a b r a kin g fo r c e . I n a d diti o n
,
t h e sl a v e s u bj e ct

'

s a r m

p r o vid ed a st abl e l o ad m a kin g it e a si e r f o r th e m a s t e r s u bj e ct t o sl o w an d b r ak e th e

m o ti o n ･ A s a r e s ult , th e a u th o r a s s um e s th at , i n h um an -

r ob ot c o o p e r ati v e t a sk s ,

d u ri n g d e c el e r at ed (b r aki n g) m oti o n , sl a v e c h a r a c t e ri sti c s c an b e ap pli ed t o a r ob ot

b y m e an s of i m p ed an c e c o n tr ol , t o m a k e th e h u m an p a rt n e r f e el i n b ett e r c o n t r ol of

th e m o ti o n .
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I n ad diti o n t o Fig ･ 4 ･ 23 , Fi g s ･ 4 ･ 2 4 t o 4 ･ 2 9 s h o w th e t o rq u e ch a r a ct e ri stic s

p e rf♭ m ed b y oth e r p a l一 C O m bi n ati o n s .
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4 ･ 1
･
4 St atis ti c al A n aly sis

I n this st u d y , th e a u t h o r c olle ct e d l a rg e am o u n t s of e x p e ri m e n t al d at a fr o m th e

eight s u bj e cts an d f o un d t h at th e y h ad c o m m o n c h ar a ct e ri sti c s w it h r e s p e c t t o th eir

i n divid u al p a r am e t e r s ･ T h e r ef o r e , i n s t e ad of sh o w l n g th e d at a f o r all s ubj e cts , th e

a u th o r sh o w s t ypi c al s am ple d at a r ep r e s e n t a ti v e o f th e g r o u p ･

T b e a u t h o r u s ed st atisti c al a n aly sis t o d e m o n s tr a t e c o m m o n sl a v e

ch a r a c t eri sti c s -

a d am p l n g f a ct o r of z e r o , a nd c o n st an t s ti ff n e s s an d d y n am i c fricti o n .

th e a u th o r c h o s e 2 0 s ets o f s am ple d at a fr o m e a ch p a l r Of s u bj e cts , an d o bt ai n e d 3 2 0

s et s o f s a m ple d at a 丘o m all th e 1 6 p a l r S .

Fir st
,
f o r e a ch o f th e 2 0 s am ple d at a s e ts fr o m o n e p a lr , t h e a u t h o r u s ed t h e l e a st

sq u ar e s m et h od t o ap p r o xi m at e th e t w o c u rv e s , b et w e e n
1

0 .l an d + 0 .3 r a d
,
i n b oth

C W an d C C W dir e cti o n s
,
a s sh o wn i n th e l o w e r g r ap h s i n Fig s ･ 4 ･1 an d 4 . 1 5

,
w ith

t w o str aig ht lin e s ･ It w a s th o u g ht th at th e t w o c u rv e s c o uld b e c o n sid e r e d a s str aig ht

li n e s if t h e di ff e r e n c e s b et w e e n t h e c u rv e an d th e str aig ht li n e w e r e p r o v e d t o b e z e r o .

T h e r ef o r e , th e a u th o r p e rf o rm ed a t w o - sid ed t t e st a t th e 0 .0 1 sig nifl C an C e l e v el fo r

th e n ull h yp ot h e sis th at th e di ff er e n c e s w e r e z e r o . C o n s e q u e n tly , th e t t e st r e s ult ( h
-

0) s h o w ed th at this n ull h yp oth e si s c o uld n ot b e r ej e ct e d . T hi s v e rifl ed th at b et w e e n

- 0 ･ 1 a n d + 0 ･3 一ad , th e c u r v e s c o uld b e ap p r o x i m at ed b y t w o str aig ht li n e s . T his

m e an t th at th e d am p l n g f a ct o r w a s z e r o an d t h at th e sti ff n e s s w a s c o n s t an t . T abl e 4 . 1

ill u str at e s th e a v e r a g e o f tb e 叩p r O X i m a ti o n e r r o r s f♭r th e m e a n a n d st a n d a rd

d e v i ati o n ( S D) fo r all th e 3 2 0 s et s o f s am pl e d at a .
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T able 4 .1 St atistic al an aly sis of sti ff n e s s c h a r a c t e ri stic s i n

m a st e r - sl a v e c o o p e r ati v e m oti o n .

Di r e cti o n
M e a n o f a p p r o xi m ati o n S D o f a p p r o Xi m ati o n

e rr o r s e r r o r s

C W 0 .0 05 6 0 .0 07 7

C C W 0 .00 6 4 0 .00 9 1
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N e xt , f o r e a c h of th e 2 0 s et s of s am pl e d at a fr o m o n e p air , th e a u th o r c al c ul at ed

th e m e an H v al u e s b et w e e n
-

0 ･ 1 an d + 0 ･ 3 r ad
,
a s sh o wn i n t h e l o w e r g r ap h s of Fig s ･

4 ･ 1 an d 4 .1 5 . It w a s th o u g ht th at th e v al u e o f H w o uld b e c o n st an t if th e di ff e r e n c e s

b et w e e n t h e 〟 v al u e s a nd th e m e a n of 〟 v al u e s w e r e p r o v e d t o b e z e r o . T h e r efわr e ,

th e a u th o r p e rf o rm ed a t w o - sid ed t t e s t a t th e O ･ 0 1 sig nific an c e l e v el f o r th e n ull

h y p ot h e si s th at th e di ff er e n c e s w e r e z e r o ･ C o n s e q u e n tly , th e t t e st r e s ult ( h - 0)

sh o w e d th at this n ull h y p oth e si s c o uld n ot b e r ej e ct ed . T his v e rifi ed th at th e v al u e o f

〟 b et w e e n
-

0 ･ 1 a n d + 0 ･ 3 一ad w a s c o n st a n t; th u s i m plyi n g t h at th e d y n a m i c 丘i cti o n

w a s c o n st an t ･ T ab le 4 ･ 2 illu str a t e s t h e a v e r a g e o f t h e di ff e r e n c e s f o r th e m e an an d th e

S D f♭r all t h e 3 2 0 s et s o f s a m pl e d at a .
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T able 4 ･2 S t atistic al an aly sis o f d y n am i c fri cti o n c h a r a c t e ri stic s i n

m a st e r - sl a v e c o o p e r a ti v e m o ti o n .

M e a n s o f diff e r e n c e s S D o f diff e r e n c e s

0 .0 10 9 0 .0 1 65
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C H A P T E R 5

M A S T E R - M A S T E R C O O P E R A T I V E E X P E R I M E N T S

5 ･1 M a st e 卜 M a st e r C o o p e r a tiv e M o tio n

5 . I . 1 M eth od

T h e foll o w l n g e x p e ri m e n t w a s d e si g n ed t o fl nd t h e c o o p e r ati v e c h a r a ct e ri stic s i n

m a st e r -

m a st e r c o o p e r a ti v e m o ti o n ･ T o p e rfo rm m a st e r
-

m a st e r c o o p e r ati v e m o ti o n ,

b oth s u bj e ct s i n e a c h p air pl ay e d a m a st e r , si m ult an e o u sly (i . e .

, p e rf o rm i n g a cti v e

a rm m o v e m e n t s) ･ T h e a u th o r dis c o v e r ed th at a s l o n g a s o n e s u bj e ct st a rt ed th e

m o ti o n a littl e bit l at e r t h a n th e o th e r
,
th e y e x hib it ed m a s t e ト Sl a v e c o o p e r ati o n

i n st e ad or m a st e ト m a St e r C O O p e r ati o n ･ Si n c e th e ti m e of th e c o o p e r a ti v e m o ti o n w a s

sh o rt ( o nl y 8 s e e) , o n c e th e s u bj e cts s t a rt ed m a st e r -

sl a v e c o o p e r ati o n , th e r e w a s n o

ti m e f o r th e m t o s w it ch t o m a st e r -

m a st e r c o o p e r ati o n ･ A s a r e s ult , r at h e r th an

i n st ru c ti n g o n e s u bj e ct t o a ct a s t h e m a st e r at th e b e gi r m l n g O f t h e m o ti o n , th e a ut h o r

i n st ru c t ed this s u bj e ct t o a c t a s a sl a v e fr o m t h e s t a rt t o th e e nd of t h e a c c el e r at ed

m oti o n
,
an d th e n r ot at e th e l o ad c o o p e r ati v ely with t h e ot h e r s u bj e ct t o th e e n d of th e

m o ti o n ･ I n ot h e r w o rd s
,
i n th e i niti al p a rt o f th e m o ti o n , th e s u bj e ct p e rf o rm e d

p a s si v e ( sl a v e) m o v e m e n ts , t h e n s w it ch ed t o a c ti v e a m m o v e m e n t a s a m a s t e r 丘o m
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th e h alfh ,a y o f th e m o ti o n .

B e c a u s e this s ubj e ct pl ay ed th e r ol e of th e m a st e rj u st fo r a p o rti o n o f th e m o ti o n ,

th e a u th o r c all e d this r ol e a s e m i - m a st e r ･ I n m a s t e ト m a St e r c o op e r ati v e m o ti o n , th e

s ubj e ct w h o i s th e m a st e r fr o m th e b e gir m l n g tr a c k e d th e p o siti o n b y w at chin g th e

dis pl ay m o nit o r th r o u g h o ut t h e m o ti o n , an d th e s e m i - m a st e r w a t ch ed it fr o m th e

h alf h Tay p oin t o f th e m o ti o n .

5 .1 .2 E x p e ri m e nt al R e s 山t

T h e t o rq u e s f o r b oth th e s e m i
-

m a st e r an d th e m a s t e r
,
s h o wn i n Fig ･ 5 ･ 1

,
w e r e

m e a s u r e d fo r c o m p a ri s o n with t h o s e f o r m a st e r
-

sl a v e c o o p e r ati v e m o ti o n (Fig . 4 .2 3) .

T h e t o rq u e s i n t h e m id dle g r ap h o f Fig ･ 5 ･ 1 s h o w t h at d u ri n g th e m a st e r
-

m a st e r

c o o p e r ati o n , th e t w o s ubj e ct s
'

t o rq u e s d e c r e a s ed t o a c e rt ai n l e v el a n d th e n r e m ai n ed

al m o s t c o n st a n t ･ T h e l o w e r g r 印b s h o w s th e r el ati o n b et w e e n th e t o r q u e a n d th e

an g ul ar dis pl a c e m e n t f o r th e s e m i
-

m a st e r ･ W h e n m a st e r - sl a v e c o o p e r ati o n s w it ch ed

t o m a st e r -

m a st e r c o o p e r ati o n , f o r t h e s e m i
- m a st e r

, th e s ti ff n e s s ch a r a ct e ri sti c s s h o wn

i n th e p a s si v e a rm m o v e m e n t dis ap p e a r ed , an d th e t o rq u e sh o wn i n t h e a cti v e a rm

m o v e m e 山 m ai nt ai n ed th e s a m e v al u e a s it h ad in t h e l a st m o m e n t of p a s si v e a m

m o v e m e n t ･ T h at w a s b e c a u s e th e s e m i - m a st e r s ubj e ct h ad t o e x e rt a c ti v e str e n gth t o

p e rf o rm c o op e r ati v e m o ti o n w ith t h e m a s t e r s u bj e ct , a n d t h e a rm s o f b oth s u bj e ct s

c o uld b e c o n sid e r e d a s a ct u at o r s - it w a s u n n e c e s s a ry fわr th e m t o m o v e e a c h otb e r
'

s

a rm s b y e x e rti n g e x t r a str e n gth ･ T h e r e f o r e
,
i n m a s t e r -

m a st e r c o op e r ati v e m o ti o n , t h e

m a s t e r s u bj e ct felt it e a si e r t o p e rf o r m a c ti v e a rm m o v e m e n t th an d u ri n g th e m a st e r -
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sl a v e c o o p e r a ti v e m o ti o n ･ W h e n th e a u t h o r ch a n g ed t h e w eig ht o f tb e l o ad d u ri n g th e

e x p e ri m e n t i n m a s t e r
-

m a s t e r c o op e r ati v e m o ti o n , th e t o rq u e s f o r th e t w o s ubj e cts

st ay ed c o n st an t at di ff e r e n t l e v el s; h o w e v e r , t h e c o op e r ati v e c h ar a c t e ri stic s w e r e

u n c h a n g ed .
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I n ad ditio n t o Fig ･ 5 ･1 , Fig s ･ 5 ･ 2 t o 5 ･7 sh o w th e t o rq u e c h a r a ct e ri stic s p e rfb Ⅲn ed

b y oth e r p a lr C O m bi n ati o n s .
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5 ･ 1 ･ 3 St atistic al A n aly sis a n d D is c u s si o n

T h e a u th o r p e rfb - ed a st ati sti c al a n aly si s t o d e m o n st r at e th e c o m m o n

c h a r a c t e risti c s of th e s e m i - m a s t e r - t h e c o n st an t t o rq u e ･ F o r e a ch o f th e 2 0 s am pl e

d at a s et s fr o m o n e p al r , t h e a u t h o r u s ed l e a st sq u a r e s t o ap p r o xi m at e t h e c u rv e

b et w e e n O ･3 5 a n d O ･ 6 一ad
, a s sh o w n i n th e l o w e r g r ap h o f Fig ･ 5 ･ 1 , w it h a h o ri z o n t al

str aig ht li n e ･ T h e c u Ⅳ e c o uld b e c o n sid e r ed a s a h o ri z o n t al str aig ht lin e if t h e

di ff e r e n c e s b et w e e n th e c u rv e an d th e h o ri z o n t al str aig ht lin e w e r e p r o v ed t o b e z e r o .

T h e r efわre , th e a u th o r p e rfb - e d a t w o
-

sid ed t t e st at th e O ･ 0 1 sig ni丘c a n c e l e v el f♭r

th e n ull h y p oth e si s t h at th e di ff e r e n c e s w e r e z e r o . C o n s eq u e n tly , t h e t t e st r e s ult (h -

0) s h o w e d th at t his n ull h y p ot h e si s c o uld n ot b e r ej e ct ed . T his v e rified th at th e c u rv e

b et w e e n O ･ 3 5 an d O ･ 6 r ad c o uld b e ap p r o xi m at ed b y a h o ri z o n t al st r aight li n e , w hi ch

m e an t t h at th e t o rq u e w a s c o n st an t ･ T ab le 5 ･ 1 ill u str at e s t h e a v e r ag e o f th e

a pp r o xi m a ti o n e r r o r s fわr t h e m e a n , a n d th e S D fわr all t h e 3 2 0 s et s of s a m ple d at a ･
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T abl e 5 ･ 1 St atisti c al a n aly sis o f t o rq u e c h ar a ct e ri sti c s i n m a s t e r
-

m a st e r c o o p e r ati v e m o ti o n .

M e a n o f a pp r o Xi m ati o n e 汀 O r S S D o r a pp r o Xi m a ti o n e 汀 O r S

0 .0 12 6 0 .01 83
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T h u s
,
th e a u th o r a s s u m e s th at i n h u m an -

r o b ot c o op e r ati v e t a sk s , t o rq u e c o n tr ol

c a n b e u s e d d u ri n g a c c el e r at e d m oti o n , w ith c o m p e n s ati o n f o r th e w eight o f th e l o ad

b et w e e n t h e h u m an an d t h e r o b ot
,
a s w ell a s f o r th e f o r c e e x e rt ed b y th e h u m an i n

叩plyi n g th e c h a r a c t e ri sti c s o f th e s e m i
- m a s t e r t o a r o b ot ･ I n this c a s e

,
s o m e ty p e o f

p o w e r a s si st r o b ot c a n lig ht e n t h e b u rd e n o n it s h u m a n p a rt n e r i n p e rfb Ⅲn l n g

c o o p e r ati v e t a sk s .

l o o



C H A P T E R 6

C O N C L U S I O N S

I n this st ud y , th e a u th o r an aly z ed th e c h ar a c t e risti c s of th e h u m an a rm i n m a st e r -

sl a v e an d m a st e r -

m a st e r c o o p e r ati v e m o ti o n s , u s l n g a S l n gle r o t ati o n al d e g r e e
- o f -

丘e ed o m e x p e ri m e n t al sy st e m .

T h e a u th o r fわu n d th at t h e sl a v e
'

s a - c o uld b e r ep r e s e n t e d w ith a m a s s - s p rl n g
-

fi cti o n bi o m e c h an i c al m o d el
,
i n w hi ch th e d am p l n g fa ct o r w a s z e r o , an d t h e

sti ff n e s s an d d y n am i c f H cti o n w e r e b ot h in di vid u ally c o n st an t w ithi n th e in v e stig at e d

r an g e ･ T o e n s u r e th e u s e fu ln e s s o f th e p ar am et e rs o r e sti m at e d ch a r a ct e ri sti c s f o r r e al

ap pli c ati o n s , th e a u th o r e x am i n ed th e st u d y b y R a lm an e t al . w h o d et e rm i n ed th e

i m p ed a n c e c h a r a c t e ri stic s o f t h e h u m a n a - a n d i m ple m e n t ed e sti m at e d p a r a m e t e r s

f o r r o b ot c o n t r ol i n a c o o p e r ati v e t a sk w ith a h u m an
(2 1)

･ T h e i m ple m e n t ati o n r e s ult

c o n v i n c e d th e a u t h o r t h at t h e h u m an a rm c h a r a ct e ri sti c s th at R a lm an e t al . f o u n d

c o uld b e ap pli ed t o th e c o n t r ol o f a c o o p e r ati v e r ob ot w o rki n g w ith a h u m a n .

T b e r efb r e
, th e a u th o r a s s u m e s t h at i m ple m e n ti n g th e h u m a n a r m ch a r a ct e ri sti c s

f o u n d in this st ud y int o h u m an - r o b o t c o o p e r ati v e t a sk s (t aki n g a d v an t a g e o f th e

e x p e ri m e n t al m e th o d th at R a lm an e t al ･ p r op o s e d) s h o uld a c hi e v e b ett e r c o o p e r a ti v e

c h a r a ct e ri sti c s .
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T h e a n aly si s o f t o rq u e ch a r a ct e ri stic s i n m a s e ト Sla v e a n d m a s t e ト m a St e r

c o o p e r a ti v e m o ti o n s r e v e al ed t h at in m a st e ト Sl a v e c o o p e r ati v e m o ti o n , th e m a s t e r

s u bj e ct felt it e a si e r t o c o n tr ol th e m o ti o n , e sp e ci ally d u ri n g d e c el e r ati o n , an d i n

m a s t e r - m a s t e r c o o p e r a ti v e m o ti o n , th e m a s t e r s u bj e ct felt it e a si e r t o p e rf o rm t h e

a c ti v e a rm m o v e m e n t t h an i n m a st e r - sl a v e c o o p e r ati v e m o ti o n . A s a r e s ult
,
i n

h u m a n -

r o b ot c o o p e r ati v e t a sk s , d u ri n g a c c el e r at e d m o ti o n t h e ch a r a c t e ri sti c s o f t h e

s e m i - m a st e r c an b e ap plie d t o a r ob ot b y u s l n g t o rq u e C O n t r Ol ･ T h e r o b ot c an p r o vid e

p o w e r a s si st an c e i n c o m p e n s ati n g f o r t h e w eig ht of t h e l o ad th at th e h u m an an d th e

r ob ot b oth b e a r; th e h u m an t h e n n e ed s t o e x e rt l e s s f o r c e t o a c c el e r at e t h e m o ti o n .

D u ri n g d e c el e r at ed (b r aki n g) m oti o n , th e c h ar a ct e ri stic s o f th e sl a v e c an b e ap plie d

t o a r ob ot b y i m p ed an c e c o n tr ol , an d th e r ob ot c an m ak e it e a si e r f o r t h e h u m an t o

c o n tr ol th e m o ti o n .
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