-goggo -

oottt botgtdbood
Jobooodoootdd

00170 20 90

Jotdb: 0 oo od

guoboodootdbootd

30350 U O OO



010 oddg
I I I I P
1.2 DO0O00000000000 .00

020 yuoodobbDbOhodogooboboo2g0obbooodgboo
21 0000000 .00 e
22 00000000D0DODOOO0O .00 oo e
23 O0O0OD0O0 ..

g3b tugooboo
3.1 000000000 o0
3.2 0000000000 ..o
33 00000000 DO00OO000O0D .o o000,
3.4 2000000000 .. .00 e
3.5 UO0O0OD0O0O0O0 oo e

040 xUOO0OO0OO0OO0OOOODO
O I 1 O
42 PIODOODOODOOODODOOOD ..o oo,
43 200000000000PIODOODOOO0O ..o 00000,

sl yuduoooboooooooo
700 I I I
52 PIODDOODOOODOOODOODOODOODOO ..o
0.3 yuouboobooboyobdoobooboobobooobog oo

gell OUoOoOobObOOO20000000000O00000000

70 0Od
71 0000000 o
72 OOODOO e e
goggao
gooo
g g

—_ =

0~ O Ol xR W N NN

©

16
16
18
18

21

26
26
26

27

29

30



10 Ui

1.1 O000bo0ooogoooooooood

gobobobboooooooboobbouoooobobobbboooooobbobbob
gboboggboobbooobooobbuooobuooobboobbobboogn
gbooboooobboooooboooooobbbuooobbbod

Dbhobooooboboboobobooboboobooboboboboboboo
O00000000000000000O0 120000000000 ooooooooo
0000 B40000000000000000000000O0O0O0ODO0OO0O0OO0OO
gbbdbbogobbuodgbbuooobuooobbobbuooobbuoobboobb
OooobobobooGsboobooon

goboooboboooobbooobboogbooobbbuooobboobboo
gbogdbogobbuoobbuoogobuooobbuoobbobbuooobooobon
gbobogguogobbobbooobbooobboobuoobobbooobbooon
0000000000000 000000000o0Oi[s)

1.2 OD0O0OO0OO0O0OO0OO0OO0O0O0O0

gbobodgbbooobboobbuoooboobbooboooboobboogn
gboobobogbooobobooobbooobboobbuoooboobboodon
gbobogdbogobooobboobboobboobbuooobooobooobo
0000000000000 000000000000g [e7rjooooo00ooon
gbobobobooobbobooboboboobobooboboobbobon
gbbuoggbbugobuooobbuoouobbbodobboobbbooobbooob
gbogdgbogobbuoobbuooobuooobboobbuoobuooobooobon
gbbogbooggbooobbooobboobbuooobbbobbooobbooob
0000000000000000000000000000000000 [B|e|uood
gboboggbbuogbbuoooboobobbboobbooobbooobbooon
gbobgboboggbbooobogobbuobbooboobooobbooobboogn
gbboggbogobbuogbbbobboobbooobuooobboobbooon
gobogobbuoobbuooobbooooobbuooobboobboobooon
gbbbooobobbboooobbbooooobbbuooobb

gbogobbugobbuooobuooobbuoobbuooobooobobbooon
gbbuoggbuoogbbuoobbuoobboobbuoouooobboobbooon
gbbbuouogobbouoogoboo



20 ydddboddubobotdootd 2
Juooogdoood

21 0OO00OOooOg0gno

gobobooogbbbuoooobbbooob2bo00bbboooooboobooan
gbobobogobbboooo20d0obobooodbbboooboboooogoon
gbobobooobobbooooobbuooooobo21bbbugobooooogoon
gbobogobbuooobobobobboobobooobboobbooobbbuooon

O00ooo0ooooooon
manipulator1 (master)
y
::-IIIIII joint

X X
z

Y

manipulator2 (slave)

=z = S

Fig21l.: J0oDooooOOooOoOOoboooboon

gobobdgboboogbboodgbboobboobbooobbooobboon
gbbuodbogobboogboogbbuoogbuoobooobbooobbooob
gbbbuooobbe00oobbbdyoobbuoobbbbougyooobbon
gbbbobbooogobbboooooobbobouoooobobobobbuooooobn
gbogdbogoboogbbogbboobboobbuooobuoooboooobon
OO000000000O0bO0DbO0bO0DO0bO0o0OobObUobOobOoDog Salisbury 00O
0000000000 90 WhitneyDODODOOODOOOODOD 1000000000
gbogboooboobooboobooboobonooo

22 JO0O0Oooooogboboogo

1g0boboogogbbobbooodgb 20bb0oooobbbooobbboooon
gbboggboggbbuogbbugobboobbuooooobboobbooon
gbobobh20000000b0b0b000000bbobbooobuooodnbol z,ygn 2
gobobooobobbbooooobobbdd.bbboooboby0bbboooobbn
gboboobobgoobob 20b00bobooboboosgooboooboobon
gbbobooabobboogogoo



gobogg20000b0bbogobooobbbogboooooooonooodan
OO0D00Db000O0bOo020000ABOODOODOO22000000000000
gooooooooooboobooob Bobobobooooooobouooooooooooon

human A

object ®—>

z X
Fig22: 000D0O0DOODO

OO0 ADDODO0O0ODOOO0OO002000000000D00000DODOOODOOOOBO
gbobbgbuodbooboboobuoouoboboboboobuooboboobad
gbbboogoobobooooobon
xr00o0ggoooboobbouogoobbbbbbooooooboboobodyd
gboogdbogoboogbbogbboobbuoobbuooobuoooboooobon
gbobogobboobbuoooodb «.00bboobbbooobboobbbooon
0000000000000 00000000000O0000O0O00ooOOoooooO (2]
gboboobobooboboobbuoobobyoboobobooboboboo
gbbbOybooobbuuobobobtbybbooobbbouoobboooobbn
gbboggbuoogbbuoobbuoobboobobbooobboobboodb
gbbbuooobuoobobobooggbbbuooobboooodgoybboooobbo
gbbuogoobboobbooobbouoobboob sudyuobbooobn
gbbbooobobbouoooboboooooobbbuooobn

23 UOOOO

gbobobooodbbbudgbbbuoobbboodbbyboooobboogn
gbodgbogbda2zbodbogbuoobuogboouobboobog20bboo0on
gbbobobbooooooobbbbboooooobboobobouooooobbobbon
gbogdbogobbuoobbuogobuooobogbbuoobbuooobooobon
goobob20000b0b0obogobogbobboobuooboobogboobbon
gboboboooobboooboboboooon
x000000D00y0O0000O0ODOO0O0OOODOO0Od0
gbgooobooboboobobobbobooboobod
gboboobogz2000b000b000b0bbobbobbobboboobod

DoOOob0400:00000000000000K00b0y0O0DOOO0DOODLDDOODO
gboboboboebb20000000b00000000DLDDODOODODOOOOOOOODD
gbobog3bbd00y00bboooobboobbogobbuooobbuogaon
gobobooooobooooooboo



30 Uobotdbood

gbobuoggbbooboobbooobboobbobbooobboobbooon
gbobooguobboggbb2ugobooogbbooooobooobbooobon
gbogdbogobbooobooobbuooobuooobboobuoobbooon
gbbbuoooobobbooooobbbooobobboooobbboooobbboao
gbbogobbuoobbbobbbooboobbboobbooobobboobn
gbbuoggbbuogobuooobbuoooboobbuooboboobuooboooob
gbobobbooooobbobooooobmobooooobobbbuoooobbon
gbbobuoooobobouoooobboooobbbuooobobboogo

3.1 UO0oooooon

0000000 (0000) 0000000000000 0000000DO000oO0on
gbbuogdgbbuodgbbuooobboobbuogououogboooobbooobboodb
goddoooouooouooboobbbbbbbiobodoooooooooaoon
000000000000000000000 44000000000000000O0O0
6000 PUMAOOO 400 6000000000000020000000000
(SICE-DD)00 400 20000000000000000000O0O0OO0OO0OOO0O
sobgggobbobotbetugobbbbuoooobobbo2000ggbbobog
gbo3dbugbboobooboobboobuooobobosbbobbooboonon
gbgooobbob s3ibbobs3stooboobuoobuooboobooboobon
00000020000000000000 00000000000000 33000
gbbbooobobbouoooobboooobbbuooobbbooogn

Ay = Rot(z,0,)Trans(Ly,0,0)
cos; —siny  Ljcos;

= | sinyg 0081 Ly Sln1 )

)

0

Ay = Rot(z,05)Trans(Ls,0,0
coSy —sing Lo coss
= | siny COSQ L, Sln2 (3.2)

0

Az = Rot(z,05)Trans(Ls,0,0)

coss —sing L3 coss
= | sing cos; Lsgsing (3.3)
0 0 1



r2

L1

-

a

Fig3.1: 30000000nooooonon

O000A, 00000Ret(2,6,)0z0000¢, 0000000000000 0ODODODOO
O000O0Trans(Ly,0,0)0 xOOO L, 000000000000000000000
O000AA;00000D000D000A;0 A0 A;000000000Q000D00ODOO
0000000000000 0000000 3000000000

Ty = A, - Ay - Ag
cos(by + 0y +05) —sin(6y + 0+ 65) Lzcos(6y + 0o + 63) + Lo cos(0y + 02) + Ly cos b,
= Sin(91 + 60y + 93) COS(91 + 0y + 93) Ls sin(91 + 6y + (93) + Lo SiIl(@l + 92) + Lysin6; | O
0 0 1
(3.4)

000000 3300000000000000000000000000O0OODOOOO
goooooooooooobbbiol zey, U000 O0ODDODOO0O0O0O0 @,y 0O
gobobooggoboood

T Te
Ys = 0T3 Ye (35)
1 1

gboboboooobbs3sbuglggboobbboooboboboooobbbooon

3.2 UUUuotuboogood

gobodbugbobboobboobuooboboboobooobboobboodon
0000000000000 0000O0D0D0O0O0OD0ODO0ODO000O00OOOOooOO (3.5)



000000000000 00000O000O00DO0O0O00O000O00O0O00oO0OOO0OO
0000000000000 000000000000000000000000000
0000000000 (2,y) 00000000000 Ly, Ly, Ls000000 6y,6-,6;00
00000310000000300000000000000000000000

0, +60+0;5=m (3'6)

0000D00000000000(zsys) = (2,9), (ze, %) = (0,0),(3.4) 0 ,(3.6)0 0 (3.5)
gooooono
(v + Lg)* +y* — LT — L
2011,
(x + L3)(L1 + LacosBy) + y Ly sin Oy
(L1 + Ly cos62)? 4 (L sin 65)?

gbbogbbogbbuog3sgbboobooobbbuooobbuoooboooon
gbobodgobbooobboodgbb2000gbbogo3sobooounbooobon
gbeb0o0obOoOobObOOo0obOoooboboobbOooboboosboooboobbOoOe
goboogboobboobboobboooboboobobooobboobbooon
gbbogobbuoobboobbuoobboboobbooobboobboboobn
goooo

(3.7)

6, = arccos

6, = arccos

(3.8)

3.3 Uoouobouobubobobobond

goboobobboobobooobbooobboobboobobbooobbon
Dooboodobobdgoboodgbodooooodooooodobnooddioodn reey
gbbbbbooogobbbooooooobboboouooobobbbuooooobn
gbobboooboobooobboooob-roob0bboodb goobboooobon
OobobobobobooooooboboboooonDg foO

r= f(q) (3.9)
goouoouoooooooad
o Ofh of
O Og2 T Ogn
of
J=_L = 3.10
Ofm Ofm
T
OdoddoooooooooooOokooon
ri = f(q) (3.11)
Giv1 = G+ kJ (rrep —15) (3.12)

gbogbbodgboobbbbeg,bbdbboobuobbqbbhbbuoobbuabn
b0 guuobbbooogbbbuoobbboooogb g boooon
gbodboboobbobuobbd bbb bobbuobuoonobuogabn
gbboboogobboouooogbbbooob1bbboooobooboo



34 2000000000

Dbhobbooobobboboobbo2000bo0obooboo20000000
gbogdbogobbuoobbuooobuooobbuoobbuoobbuooboboboon
gbobuobboobooobboobbooobboobbooobbooobboogn
gbobboog20bbbuoooobboooooobb 320000000

i
y
P(s) (70— 717

Q—1 Ca(s)

Fig3.2: 200000000

0000000000000000000000000000
P(s): 0000000 (QOO0O0O000)

P.(s): 000000000000 (0O0000)

G.,(s): 00000000000000000000

Gg(s): 0000000000000000000
000000 Cu(s),Cp(s) 00000000000

_ @
B Gry(s) 1 1
) G, O R 1-0 (31
UOO0oooobooooboG, 00000000000 oOoO00000000b0n
B 1+ 371ys
Q) = 1+ 3745 + 3(7as)? + (145)? (3.15)
Gy (s) ! (3.16)

T 1+2ns+ 725>

gbbbuouodbr,uooobbbouodb b, 0bbooooobbboooon
0000200000000000000G,,(s)0000000000000000O20
goboboooooboooood

T D S e (3.17)

gbobooboobooboobooboobooboi1bboboobooboobon



3.5 UO0oooogog

0000000000000 00000000000000000000000000
000000000000 000000000000000¢000000000000
000¢000317)00000020000000000000000 000000
0000002000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000 000000000000 (317)000000000000
0000000000000000000000000000000200000000
0000000000000000000000000000000000000000
000000000 PID0O0OO000OOO00O0OOO0OOOOOOOO0OOOONOOONO
0000000000000 000000000000000000000000000
000000000000000000¢< ¢e/000 ¢/0000000000000
000000000000000000000000
00000000000000000»000000000000000000000
0000000000000 000000000000020000000000000
0000000000000000000000000000



40 xUOUddootduh

4.1 0O0OO0O0O0O0O0OO0O0O0OO0OO0O0OO0O0

Dooobboobo4i1b0boobooboobuo4i1bboobooboooobooDo
gboobooooboobboobooobuoobboobokK,pOb0bO0ObDOOO
gubogbodooogbodboiodidm,ze 00000000000 000002,,z, 00

object

slave master

X axis

X1 Xobj X2
Fig4.1: xO00O0O0OO0OO0O0OOOOO

00000000000000000000000000a;,2,00 F,Fy,z04 0000
0000o00o0oo

K+Ds 1+ L2s4mg? 1+ Ls
Fl(s) = 5 1+ [[){ rIr(L 21’1 — 1 1) K poos 2$2 (41)
ES + ﬁs + KS + ﬁs
K+Ds 1+2Z5 14 L5+ ms?
Fy(s) = 51D K7 2717 7 A K 5 T2 (4.2)
+ ?S + 2_K8 + ?S + 2_1(8
1 1+ %S
Tovj(8) = 5—p 5 (T1 + T2) (4.3)
21+ xS + ﬁ82
00000000000%2,,/2<<10000
K + Ds
Fl(S) = FQ(S) = T(Jll — LCQ) (44)
1
Tovj(s) = 5(9«“1 + 3) (4.5)

gbogoodboobooboobobuooboo420bgoboobooboobDoon
gboobooboobuooboobg K>10000, 00000000000 0ODDOO
gboobood



force X1 ref

osition
Fref control ler P
_ree

control ler

K+Ds

X ref X2 ref position

control ler

O— 1/2

Fig42: xO0O0OOOOOOOOOOOO

4.2 PlOUOOO0OO0OOOOOOOOOOO

000000000 PIOD0O0O0O0OO0200000000000000000000
000 PIDO0O0O0O0000000000000000000C
PIDO00DO C(s)000000000 G(s)0

14+ 7s

TS
1

(1+7.5)

C(s)=A (4.6)

G(s) = (4.7)
ggodoooobbbbbbtbooboooooooobobob

A=5.0%10"%7 = 0.25, K = 15000[N/m], D = 300[Ns/m], 7, = 0.01[s], Fre; = 50[N],w =
0.15[m]
dbtbdr.0odbbobbbdbwbobboobbooPIDODO0ObDOODDODD
oo 430000000

0000000000000 4400000000000 2[s/,00 5lem/sjOO00O0O0O

object

; _
AAJfLAA+C}444» A1+TS Kiref position K+Ds

+ TS control ler

ref X2 ref position
control ler

O— 1/2

Fig43: PIODDOODOOODOOOOO

O00000000000000 2,=015m,00000000 »y=0m|0000000
0000020000000 0000000000000D0D0DooooooooDoooOOn
gbobobd4s5 00000 4600000000000000ODOOO0O0OOOOO0OO0O0ODO

- 10 -



30

25

20

force output[N]

position in x[cm]
position in x[cm]

0 1 2 3 4 5 0 1 2 3 4 5 0 4

time[sec] time [sec] time[sec]

Fig44: 00000000 Figds 00000000 Fig 4.6: 00O

gboboooboobooboobuooboobooboobuoo pPIOoobonDO

" =1xy —w =x9—0.15 4
L _m (K Dot L (4.9)
2% To* 1+ (K + DS)(AI—:—;—S)(1+71-T5)2% |
G (A (110)
Freyay Fref 1+ (K + DS) ("4147:;5)(1-1-71'7«9)2é |
I+7s, 1 1
G (K s Do) A i 4.11
oooooo
a G
B . F. 4.12
T 1+G$2 +(K+Ds)(1+G) d e
Ooooooooooooo
y ) = I L G 50
im z =lms—-—=x s
=N T S0T1 4 G T (K + Ds) 1+ G) s
50
L . 50 4.1
i+ 0 (4.13)

00000¢>20000 a(t) = 0.05%(t—2)+0.150 0 0 Oap* () = 0.05(t—2) = 0.05¢—0.1
00000 (4.11),(4.13) 000

T 50
li = (1 — —=)0.05t — 0.1 + — 4.14
tggoxl(t) ( AK)O 05t — 0.1+ I (4.14)
0000000000000000 %00
T 0.25
= ~ 0. 4.1
AK ~ 5.0%10 4+ 15000 ~ V33 (4.15)
00000000 200
50 50
= ~33x%107° 4.16
K~ 15000 i (4.16)

000004505 0000000000000000000O0O0O00OO0OOOOO0OO0
000000000000 460000000000PIDO0OOODODOOOOOO (DO

- 11 -



O0000)000000000000o0oo0oooooooooooo42000000
godboboooobdobobobobbobuobobboboboooobobooon
gogooobobboboobooboboubboobuoobobobboboobon
000000000000000 FOOOOO F.,0000000000 Hys(s),Hys(s)
O0000000000000000 FOOOOO F.,00000AF=F—-F,..00
gooo

1+7s AF + Flof
“A——— AF -y = —— 4.17
7s(1+ 7-5)2 ref K + Ds (417)
Oooooooooobooooono
AF:HffFref—f-HmfImf (418)
oooooo
AF —=s(1+78)
Hff(S) - F - 1 AKD 27, D\2 T2 .3 (419)
ref 1+ (1+ g2)7+ s+ (T + )+ 555
I @%_AF__ —Zs(1+ 78)% (1 + £5) (4.20)
! Trep 1+ (1+ )7+ Bs+ (2 + 2)2 4 72s3 '
Oo0oboooobooooooobooooboboOooon
F—Wd:AF:MPﬂﬂgﬂﬂQ
, v T
= llLI(l] Sfo(S>S—2 =Y (4.21)

00000000000000000 —%v=:% = 25NJ000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000

000200000000000000000000000000000C0PIOOOO

C(s)0000

+B= (4.22)

O000B=50x103000000000000000000000000000O0O0
gbobbboooogobboobobooooobbobbboooooobnb 4,048,049
gbgbog490000b00000b000b000bO0o0bobooboobo0bo0oDon
gbboggbbuogobogbobbooobbooobbuoobbobobbooob
gbbbuoogbobbbouoogobbbooobbbooaon

OO0 prPIODOO0ODOOODOOO0OOOODOOO0 AQDOODDOOODOUOODOOODOCOO

-12 -



(=<3
o

30

=23
o

25

20

position in x[cm]
=y

force output[N]
S
o

3]
N
o

position in x[cm]

0 1 2 3 4 5 0 0 1 2 3 4
time[sec] 0 1 2 3 4 5 time[sec]
time[sec]

Fig47: 0000O000O0O i 4.0
& Fig4.8: 00000000 Fig 4.9: 000

gbboggbuoogbbuooboobboobbooobooobboobbooon
gbobbogobobbooggbbbuooooboooobboooobboog2b0o0D
oobooobboobboooooboboobooboooboobooooprPIDOObD 20000
googobogobooobboobboobboobbuooobooobooobon
gbogodgbbuooobbdoo1l1bobooobbooobbuooobbuoobooobn
OO0 PIODOODO200000000000000000000D0O0DOODODODO
gbbuogobbuogbxbbuoodgbbuooobbuooobboobbooboodan
gbobbuoogooboooogbbboooobbooooobbbuooooboboog
gbobodgbbuooobuooobbuooboboboobbooobbooobboao 200
gboooobooobooboo pPlOObbOO0ObOO0ObOO0ObOoO0bOoOobDOooDDO

4.3 20000000000 OPIOOOOOOO

2000gbbbooobbooodobbbooobobboooobbboooobn
OooooopIOO0O0O0O0O00O0O0O0Q,00000O0D0O00COC0O000000O0O0O0O0A0
DDDDDDDDDDDDDDDTC{DDDDDDDDDDDDDDDDDDDDDDDD
gbobogobbuoobobbooob 2000bbooobobuooobooobooann
googbobodbboobbooogoboo QfDDTC{DDDDDDDDDDDDDD
gbobbuoooobobobooogg20bboboooooboon

2705+ 1
Q) = i (4.23)
1
P.(s) = K + Ds (4.25)
_ L 4Q
 Gryls) 1 1
O = T G, O P9 1= Q (4.27)
D000000000O00O0000
7l >> 7,0 (4.28)

-13 -



gbooobgbooobooboobuoobooboob 4100boobOon

Fref g B Xiref L
4>O_> CB ’O position

+ + control ler

K+Ds

K ref X2 ref position

control ler

O—f 1/2

Fig4.10: 20 0000000000000

0020000000 QuUib0O0O0OOO0OO0O0O0O0OOOOOOOO0OOOOODOO
OprPlOO0COD0O0OO0OODOO0OODOOODOO0ODOObDOODODODDbDOODbDOODDbDOO
O000000000000000000 4.1100000000000 2[s},00 2[cm/s]O
gbbbooodgdn

50

position in x[cm]

10

0 5 10 15
time[sec]

Fig4.11: DO0O0OO0DOO

00000000000000

A=5.0%10"%7 =025, = 0.01[s], 7/ = 0.4[s], 7] = 0.1[s], Frey = 50[N],w = 0.15[m]
000000000000 K, = 15000[Nm], D,, = 300[Ns/m] 00000000000
00000000 PIOOOOOO2000000000000000000000 D=
300[Ns/m]0 00000 K = 15000,22000,24000[N/m]0 300000000000 PIO
00000 20000000000000000000000000000000000
041200 4230000000000 KOOOOOOOOOOOOOOOOOO0OO0OOMO
00 PID00O0OOOOOOOOOOOOOONOOOOOONONOOOOO0OOD 2000
0000000000000

-14 -



[0 K=15000

30

20

position in x[cm]

0 5 10

time[sec]

Fig4.12: 0O0ODO

U K=22000

w
(=

15

N
(=]

—_
o

position in x[cm]

o

o

5 10
time[sec]

Fig 4.16: 1000

0 K=24000

30

15

20

position in x[cm]

5 1
time[sec]

Fig4.20: DO OO

15

force output[N]

force output[N]

force output[N]

80

o

40

20

30

20

position in x[cm]

force output[N]

60

40

20

5 10 15 0 5 10 15 10 15
time[sec] time[sec] time[sec]

Fig4.13: OO0 Fig4.14: OO OO Fig 4.15: O OO

100 30 60

80 é = »—

60 - 20 é 40

40 ;§ 10 g 20

20 'é S

0 0 5 10 15 O0 5 10 15 0 0 5 10 15
time[sec] time[sec] time[sec]

Fig 4.17: 00O Fig 4.18: 000 O Fig 4.19: 000

120

30

60

100
80
60
40
20

—200

20

position in x[cm]

force output[N]

P__

40

20

time[sec]

Fig4.21: OO 0O

0 5 10
time[sec]

Fig4.22: 0O0OO

15

5 10
time[sec]

15

Fig4.23: OO0

0413417421 00000000000 PIOODOD KOOODOOOO K, =150000
googooogbobobobobobobobooboooboboboobo421000
oboooooPIDO0ODO K=24a0000OOOOOooOOoOoooboOoobOooooooboo
gbobog2000bbuoogbbugoboboo42300bobuogoboogoooanbon
g20000bbuogoboboodgbobooobbooobbooobbuooobbooon
ooooobooooboobD K,poooooooooboboobobooooooooo 2
gboboobobuobooboboobobobooboboooooboobobo
gbooboobooobooboobgo pPiIDOO0ObDOO0ODOO0ODOO0DOODOD

Dob4000y000000OOO0ODOODODOODOODDOODODOOODDO
gbboggbbuoobbboobboobbooobbooobb200b0b000on
gbobobooogooboood

-15 -



s yuthdbotdtdooodd

5.1 UUO0OO0OOOOOOOOOOOOOOO0OOUn
000000 y00000000000000051000000000000000

axis
Ay

Yil

A
>

X1 X X2 X axis

Figb.l: yOODOODOOODOOODOOODOO

000000000Ay=y-y 0000000000000000000000O0OO
0000000 000000000000000000000000000000000
000000000000000000 Ay00000000000000000000
0000000000000 7,=000000000000000000000000
0000000000000007TO000000000000000000000000
000000000000000ATO000000000000000000 7,00
00000000000000006000000000000000000000 AT
00000000000000000000T="Ty+T,=T,(T;,=0)00000000
0000000000000 7T0000000000007,. 0000000000000
0D0000000000000000AyO7,0000000000005100000
00000000000000000000000000000007, 000000

0000000000 dm], 000 Am],00wml0000000000000000
00000000000000000000005.2000000000000005.20
»000000000000000000000000510000 K+DsOOOO0O
0000000000 Ay,A200000000000000

AT.(t) = P,y - AyAz (5.1)

gbgbooobooboobooboobobooboobooboob

h
2

hood
T.(t) :/_h /_z Py - dzdy
2

2

- 16 -



P(y,z):Fx+(K+Dé%)ytan9
h/2
N=
Tz
~ d/2} )
[ -d/2
-h/2

Fig 5.2: 0000

d
= Fx+(K+D—t)ytan0-y~dzdy
2 2 d
=d[[ ydyl(K+D—)tan6
d
= —(K+ D—t)tan9 (5.2)

DDDDDDDDDDDDDDtanH:sinG:%DDDDDDD(5.2)DDDDDDD

L _d- W (K + Ds) (5.3)

Gayr(s) = Ay 12w

OO0b00o000o0O0boobO0ooO0b0o00 Ayobooooooooooooboobooboo
000000 7,0000000000000000000000 P(s)D00OO0OOOO
gbobobbbotboddyooooobbobbuooooobbbbs3uguoonobon

Tz

moment Yiref

osition
ref control ler n
- control ler

dhk/12w
+

- | (D/12w) *s

ref Y2 ref position
control ler

O— 1/2

Figs3: yUDODODOOODDOODOODOO

gbobooboobgo pPlo0boboboobooooboobobuoboobbobbobon
gbooooobooobogb pPlObbObOObOODOODOODOn

- 17 -



5.2 PlUUUOUOUOOUOOOUObLuoooooog

00000000000000PIO000000000000000002z00000
0000000000000000002000000000000000000000
00000 70000 25 000000000000y000000000000
0000200000000000000000000000000000x00000
0000000000000000000000000000000000000000
000000000000000000000 2,00 5[em/s)00000000000
000540000000000000000000000000000 55560000
0000
00000000000000000000000000

A = 20,7 = 025K = 15000N/m],D = 300[Ns/m],7, = 0.01[s|T}e; = O[Nm],w =
0.15[m], h = 0.15[m],d = 0.15[m]

position in y[cm]
position in y[cm]
moment output [Nm]

time[sec] time[sec] 0 time[sec] 10

Figh4: OOODODOOOO Fighs: DO OOOO Figh5.6: OO0DOOODOO

O5455000000000000000000000O00O00O0DOODOOODODDOO
DDDDDDD(4.22)DDDDDDDDDDDDDDD%U:%:6.25*10_3[1\1111]
gbbboogosebooubbbuoagn

U0 yddobooododobbbuoooobbboooobbbooobbboood

53 yutboooobdbybooogoooboouoon
HEN

yubobbuogoobobooooobbboooobbbooobbboooobbyd
gbbuogobbuoobbbooobboobbobbybooobbuooobbuoaon
gbobobooooboboboooobbboooobobooooobbbooooobood

yuoobobobtbybbooooogbbbbbbogooooooobbooooooon
gboboggbbuogobboboogooobbooobbuoobuooobbooon
gbobogobooobboobbuooobboobbooobooobbobooon
gbobogobobogoboobbbuoobbuoooboobbuoobooobbuoooon
gbodgbbodobboobbooobboobbooobooobboobbooab
gbboggbuooggbbuoobbuoobboobbuoooboobouoobbooon
gbbuoggbuoogbbuoobbuoobbooooobooobboobbooon
gboboboogobbouoooobobbooobbbodao

- 18 -



yobooooooooogsryrbogobooobuoboobboybooboooboo

AV axis A

object ,Fy2

slave Fys Fyl

master

Fig 5.7: yOODOOODODOOO

gboobooog

mi = (Fyn + Fy2) cos —mg (5.4)
[9 - %(Fyg - Fy1> + Tl —|—T2 (55)
goooooz200
dh? dh?
w
y=y2— 50 (5.7)
000 cosf~100000
. w .
m(ya — 59 +9) = Fpu + Fyp (5.8)
. dh3 .
16 = %(Fy2 ~ Fy) = =~ (K6 + Df) (5.9)

00000000000 /=220000y53000000 (58),5.9)000 F,0000
D@DFy1DDDDDDDDDD
m mh mw._ . dh*D . dhPK

Fylzg(yz—l—g)—(?—l— 4 )0 6w o 6w

0 (5.10)

Oob00oooooooooooOobOOObOOybDOOOOODD FsO00F,,=—F,cost ~
-F,00000000 GE%D (5.10) 000000 AyO0O F,000000 Gayr(s)
0

F,, mh m _, dh¥D  dh*K
_ By m 11
Gayr(s) Ay (60 T 1% " G2 ° w2 (5.11)
dogdooooogno
m 2
Fys(s) = GayrAy — 5(.@25 +9) (5.12)

-19 -



0000 (.12)00000200000000000000000000(.12)0000
gogoobobbbobobbbodoodooooooobbobobb oo
gbobogobogobbuooboobboobbooobooobboobbooon
gbobobooboobooobooooboboboobobobobobobobbobon
bbz00000y00000O0OOO0OO0DOOO0OOOO0OODOOO0OODOOnOD
O000000000000000000000000000O0O000 (b.11)0o00000
gbbuogobbuoobbboobboobbooobbooobbobboodybb
gbbogobbugibybboogbbooobbdyodobbooobbooooboon
gbobobouogooooo

- 20 -



el UOLOOLOUOUOUOOO200000MO
Juoooudooodd

gogoboboooobbuooooobboooobboooo200gooboobooon
gbogdgboogoboogbboobboobboobbuooobuooobooobo
gbbbuoogoobboooogbbbuoooobboooogbn

yO0O0O0O0O0O000o0 (3)0000000000000000000O0O0O00000
gbb0000000000000000DO0DO0O0O0O0O:O0D0000000000DO
goe6l100000D000yOOOO0O0O0OO0O0O00O0 Fyu0z0000000000000
gbooboobod00b00o0boobuon ;00000

axis
Ay

object »Fy2

i

Fig6.1: xOUODOODOOODOOO

F;m' = Fm — Fyl sin @ ~ F:v — Fy10 (61)

0000000000000 (5.100000

Finb = "G+ )0 — (50 ™00
o000t 00000y00000ooooogo 200000000000 ano
dodoobooooodoooooooooooooooobooooooo
dooooooooooooboooooooboooonoa
K = 15000[N/m], D = 300[Ns/m], 7, = 0.01[s], Fye; = 50[N],w = 0.15[m],d = 0.15[m], h =
0.15[m], m = 3.0[kg]

00000000 y0000000O00O00O (46)000000PIDOOO0OODOOZ
0000000 A, =50x10"%7,=025y00000000000 A, =20,7, =025
0ofdoooodooooonood 000000 62y000000 63000000

dh3D dh3 K
00 —

2
" 6w 0 (6.2)

-21 -



0000000000 o02s|000000o0o0oooooooooonon203fs]
0002000000 5fem/s]0000304[s|0000000005015(s]0 zy0000
00 5/em),004[s|00000000000000000 200000000000 64
000000000000000000000000000000000000 PIOO
00000000000
0000000000000000000 00000000 65y00000000
670000000000000000660000000006800000000
0000000000 .00000000000000000000000000000
+000000006.9,000006100000000000000000000000
061100000000
0000000000000000000000000000000000 2y0000
00000000 6.12,0 6130000
000000000

20
E11&wwwww5wwwwﬁwwwww~ﬁ
= 5
>< —_
s 15 -
S 5
S 12,5 e 2
2 8
0 5 10 15 0 5 10 15
time[sec] time[sec]
Fig6.2. 00000000 (xO0O) Fig6.3: 00000000 (yOO)
5
T 25
-
<
=
S -2.5
-5

9 1 13 15 17 19 21
position in x[cm]

Fig6.4: 00000000 (xyDO)

-22 -



gobooboooon

position in x[cm]

position in y[cm]

=
=
s
3
3
S
0 5 time[sec] 10 15
Fig6.5: 00000000 (xO0)
£
=
2
3
t
2
2
2y 5 10 15

time[sec]

Fig6.7: 00000000 (yOOo)

- 23 -

5 time[sec] 10 15

Fig 6.6: 00O

x 10

0 5 10 15
time[sec]

Fig6.8: 00O O0O0OO



gobooooggooo

force output[N]

position in x[cm]

0 5 10 15
time[sec]

Fig6.9: 00000000 (xO0)

time[sec]

Fig 6.10: 0D OO

force output[N]

time[sec] 10

Fig6.11: DOOOO

06110000000050N]0000-02002N)J000000000000000
0000000000000 2000000000000006.5006.9,06.600 6.10
000000000000000000000000000000000000000
0000000000000 (Gs)00000003N000000000000000
0y0000000000000000050000000000000000000
00000000000006600610000000000000000000000
0000000000000000000000000000000000000000
0000200000000000x0000000

-24 -



Uobooodxydgooooo

5 5

'g 2.5 '%‘ 2.5

= B

=0 £ 0

S §

E—Z.5 -E_z 5|

g g
= : : : : : -5 : : — : :

-5 -2.5 0 2.5 5 -5 -2.5 0 2.5 5
position in x[cm] position in x[cm]

Fig6.12. 00000000 (DDOO) Fig6.13: 00000000 (0DODO)

061200 6.130000000000000000000200000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000
000y0000005/em0000000000000000000 2000 0.3[cm| 0
00000000000000(416)00000000000000000 50NJ000
00000000000 2= 2 =50 —3334107%m] = 0.33/em] 00000000
0000000000000000020000000000000y00000000
000000000000000000000
0000000000000000000200000000000000000000

gbbbooobob2b0buooobbboooobbooogoobobo

- 25 -



U7t O

7.1 OO0O0oood

1gbbooboogobobboogboobobooogbbboobobboooobbooan
gbbogobbuooboooobogbboobbuooobbuoobobobbbooon
g200000b0bood0bobboobooobboodbogd 0o booobn
gboboobobgoobobooboobobobobouoybobooboboboo
goobobobooooboboboobobobobooboboboobobobon
gbbuogdbbuogbbboobboobudydbbooobbuooobboaon
gbbbooobbbtbodybbboobbbtuoooobbooobbboooobn
obobogboobooboob40b0b00b0O0o0on
UyObOoOoooobbbouoooobooooogbbboogoboood
UyOoboDoooobbbougoobb0dbbbooogobboooaobbn
UyUbooooobbbbougooooooogbobboogooboooda
UyOobooooobbbougobbooogobbboooobbbuoooonon

gobboboogooobooboooooobobboooobobbooooobbtbe
OooooooooPID0O0ODODOOODODOOODOODOOOOOOODOODO
OobooooboprPIDOD0DOO0ODOODOOOOODOODOOOOODOOOOOODODOO
gbbuoggbuoogdgbbuoobbbbboobbooobooobbuoobboogon
gooboboboboooprPiI0O00bOobOobOobDOo0ooobobobouooobOoDbo
gbboggbbuogbbuooobbuooobuoooboobbbobbooobboogb
gbogbooboboobooboooboooboobbooboboobboPIODOOO
gbbogoboogobbuoobbuooobooboboboobboobboobboan
gobobobogobooobbooobboobbooobboobbooobobbn
g200000000000000DO00DO0O0O0O02000000000000D0OO0
OooobOoboooooooobobobooboobob PIDObDODOOOOODOODODO
gbobobydbOoooobg PlOO0OODOO0DODODOOODODOODLODOO0
Ubb00000000y0O00000DOOO0OOOO0O0ODOO0O0O020000000
000000000000 4[s),005[em|000000200000000000000
gbbobouoooobobooooboboooggoon

7.2 QJUoon

e HOUOOULDLDOUOOODLODOLOUOOOUODLDLDbDOUOODLDDLDDOOOO

e 00O OOUOO0OO0OO0ODLDLDOOOOLOOLODLOLDOLDOUOLOOOOODDLDDLDOLDOOUOODnOO
gobooog

- 26 -



[]

1]

[14]

[15]

U o O

00 00,00 000,00 00,00 00* 2000000000000000
0007, 000000000 Vol.14, No.8, pp.12370 1242, 1996.

ob ooY obobbooboobooboobobouooboooo»,bobob,0noo
gboooobgno, 1996.

00 0f 000007, 000000000 Vol.16, No.7, pp.8890 892, 1998.

00 0 0000000000000000000000”, 000000000
Vol.18, No.6, pp.7760 781, 2000.

M.Mozasser Rahman, Ryojin Ikekura, Kazuaki Mizutani* Investigation of the
Impedance Characteristic of Human Arm for Development of Robots to Cooper-
ate with Humans”, JMSE International Journal SeriesC, Vol.45, No.2, pp.5100 518,
2002.

oo oo oobooooboobooboooooooooobooooooobogr,
gboog,goooboobod, 1992.

00 00,000 00,00 00,0000¢ 00000000000000000
0000000000000000000000?, 000000000 Vol.14, No.6,
pp.8360 845, 1996.

gb oo Doobooobooor,0ooboooog, 1997.

J.K.Salisbury! Active Stiffness Control of a Manipulator in Cartesian Coordinatees”,
Proceedings of the 19th IEEE Conference on Decision and Control, pp.950 100, 1980.

D.E.Whitney* Force Feed Back Control of Manipulator Fine Motions”, Transaction
of ASME, Journal of Dynamic Systems,Measurement and Control, Vol.107, pp.10
24, 1985.

000,00 00f 00000007, 00, 1997.
000,00 00¢f 0000007, 00, 1998.

00 00:00,00 00,00 00:00¢% MATLABOOOOOOOO”, 0000
00000, 1998.

Ooog* obobobooooooor, booog, 1992.

o0 oo*oobobooosooguoor,boboboog, 1991.

- 27 -



[16) 00O 00O* D000OO0O0O0OO0O0O00O0O0OOOOO00O0oooooooooor, oo
go,bogoooboboodod, 1991.

- 28 -



oy

100 00,0 00 DOo0OO0oO0oOO0OO0o0o0oOoOoooooooooooooooo?,
0000000000000, 11C-05-63, 2005.(0 00 0)

- 29 -



gbbbooobobbouooooboboooobbbuooooon
gboboggbbuodgbooobogobbuooooooobooobbooobbooon
gboboggbbbbooobboobbooobbuoobbuogbbooobbooon
gobogobobobbooobboobbooobboobboobboobbooon
gbboggbbuoobbbobboboobbooobbbuooobbuoobooobn
gbboggbbuodgbbuooobboobboobuooobboobboooboob
gbbuoggbuoogbbuoobbuoobboobbuoouooobboobbooob
gbbobobboooggobbobobooooooboboooouooobooobbuooooobn
gbboggbbuogbbuobbuooobboobbuoobobbobobooobbogn
gboboggbbuobooobboobbooobbuodgbooobbooobboodon
god

-30 -



