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[0093]

[0095]

[0097]

[0099]

[0101]

[0103]

[0105]

[0107]

[0109]

[0111]

[0113]

[0115]

[0117]
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A%, £0g gxajel, & el g Zoeng o4 T ATH 2E A2 | AR
2 o] FAHQ ol thale] A e}

o
_YE
=
ko]
E
‘<
2
=

T ]
Zo| T AR HE gk 4o PAN AT 1E1(actuator)(13)9} Zrzkol Ft AT+
7] Qs Wl zad (1) Ao A AAF = o o] 2x=A(loadeell)(14) 3},
Zgot dAH HAZHAUY (1) 9 E Sl AAF =

T BE12)Y %X—]%]% Alolatr] A8l AFZEE F3

Ao} 2~€ (control stick)(15)¥}, Aoj2=g(15)9] A US FA3I7] 93] Ao]2E(15)9] WET AFZE Alo]d
AR H = OJHE—’]‘FJE E‘:"“(mteractlve loadcel1)(16)3}, AlJ2~H(15)9] ®2AS F43t7] $d AFZES
Elghe] Ax 5= F3 2E|lg] d3d (optical rotary encoder)(17)9}, Aol ~El(15)9] Ao n& ¢tels o

FollolEH (13) 5 &l d&<F EE(12)0] ALstr] e & 4] njd hgx4 WM (proportional pressure
regulator valve)(18)5 Xgtsle] A= th. A AAGZA, A7) AFEERE(12)2, 3 Hog FAF
of FF/B7 o] AR R EA o] Fo]d At =, T AY JAFEFEE2)0] FFHU UE JTIHEE
(12)2 34 5 At

B3, = 1 yERd vRel 3ol *% AFEE o] E}Zo|= Ao} 2Bl (15)¢] xS =Xy 93] B3 =H 7
A= (17) 7} "4Z] =i, ZF PAM dFollo]Ef(13)9] dEWME &k vkel o] stof A= (10)9] 7]shst
cal elatlonshlp)oﬂ o&) Ak},

ob&e], A7IE AAFA(10)=, dFE7IE 44 2709 PAMel FHFdh= 2709 Ble bz e (18)0] s
A =g (15)& Salf Alojwl shelo] A s 4=y, ojuf, nld ¢hezd WB(18) i FHld el

Aol S ZAR 2rlstel A Yoz A ES FAY 3

] A (100, & 1o e uhe} o], A8 AZES Ao 28 (15)9] AE Afold] <E Y
n 2EA(16)0] FHHo) Qzky) 2o HEAES 24T S AES THY & Ak

F3l Af=g(15)l 7}3112]3 ?‘ﬂﬁr &gl g ()t 01*4‘#—‘?—%(12)4 +AAS At FAlN,
JAFTHEE(2)Y FAY dig(md)ste & A= (15 HEste= Ao s QAx-ZR Fozt§
(human-robot interaction)S TFdsl= AT 7t FHHEE o)|FAR = AAJRE ¢ 238t F4E &

Fxstel, 1@ vhsl ol st} s B owwel WA e 3aess
%99 AR (1009 FAHA B2 @ AE AL st AR,

i

fo i
r«O

T

fu

b

WA, % 28 gEehE, 2k £ 1o e B oage] Aade e gaesd ol8e 3¢ A3DE nE
o Q-2 P AFA(10)T JINew § ¥ PE Az LA
=

- T =
5 4% 28 (human-robot interaction)®] <13+ <= =@ (human hand model)S 7NeF4 2

olgel, & 3& W, = 32 = 29 e QAZ-ER *oi;‘—}% Zdlof 7]ukste] A-ZHE FAS 23
o] FFZ (double-loop)E 714+ AoJA A (control scheme)?] AAZ Q] G225 7fEFx oz Yehfs= ZHolt}

A, & 2+ 7Pe3E 1-A5-=(degree of freedom ; DOF) w2 232 w3 (mass-spring-damper)
71dko 2 3l 7F-2 3 ¥ (human-robot collaboration)e] 71ZZ% <l /Id AAES Yelhl+= 7id =0t

A7IA, & 20 QAAM, my, ky, cpe 2AZF £-F(human hand-arm)®] ZHF(mass), 74 (damping) © 724

(stiffness)e 2tz YEFHAL, my, ¢, R ki 22 Alo1AA(10)9] 9 Ao 2%, 744 R A4S vehls

_12_



[0119]

[0121]

[0123]

[0124]

[0126]

[0128]

[0130]

[0132]

[0134]

[0136]

[0138]

[0140]

[0142]

[0144]

[0146]

SSS0l 10-2408011

o AsAE, A7kl £ 7 FE el (grab condition) 9 Ze] <Al (posture)ell ubel AT 747t Wt
22 a3 s A 3

3o el Aoz oA, el 1 7kA Q] <1ZF A g4 (human transfer function) G(s)& ©]

A7NA, 718 [784 1dd DA, k,, ke B ke 272 AR @2 o] 5 (unknown gain)S u|stH, o]
213 stebvE (parameter)= ZiQlvith th2an 574 ZQlol kel DepA A Hrt.

o E
o

= | T2 U7-2717] 94 (active push-pull consciousness)S 712 of o]o] J3Fs wkoe =
Qe A =2 (povement ability)S 7FAA v, ZEI}F A7F A}ole] AR &S 22 ¢) (uncoordinated
<] =

movements)<  HZ%(contact force)E FAFEE, A (environment)S AW~ EA(impedance
characteristics)S 7Fxlt},

s

olse], R AEZYY AAE HEHS Folal HEHS Yo7 dto] RHAFA (motion adjustment)OF
JoF slm 2, wets F &% A~ (physical system) Abo]e] A& #& R dll(interactive model) (S &
, kel 28)2 & 390 YERH vkel o] s X (prescribed) Y¥ W= EA4S TR Al k.

ol&#, = 3o YE Az 2o oA, 2d™E Ao (task-specific control)ols Al H 5 (force
closed loop)7} §lom, A& ‘%54 AZgolAdx(compliance) = I X9 FZ#A (dynamic
relationship), =, dyux wdo EMyow FIHT),

=

o
ol

(
|

(g o

o

wak, Q-2 E ¥y o sfue FH-91-t]-F 3 (human-in-the-loop) ¢A7-(investigation)olA =<t o,
o AAsHAE, AAZ, <t QA 3 (requirement ) A At (obviate) ZEAEF R = (robot-

3
oriented model)S 538l7] Yall Arte (computed) EI AEZ2|(torque controller)7} AF&H T},

5
T

EA2, BHZFYJH(assistive input)  AZFe]  HAFO] =FH(minimum effort)3 FHire] Al (best
performance) 2 3% 2 (prescribed task) S FFZL § AEF A3t =S U317 (magnify) &l A
!
o L .

&

olo , B ulwo] Ao, A7 vlel Fe ERE DAY Y8, = 39| YERW niel e o|FREEE
T E A} TFZRE Ak

39 94ojA, W=(inner one)S F3% 2o thsle] ojwslk x4 (knowledge) = & TH A &= ZEX T U
F-23 (robot oriented inner loop)ol™, £FS Azt Zxo| hd JSH(dynamics)¥ A A K (task
information)E X &3t ZPA|eF F-FZ (task oriented outer loop)©|t}.

H

W= A= gl E (unknown) 23to] A7kl el Al dsh= fvds REAY PEHeF s Ao
b2 Qujds mdlih Goatg shal, WRFEZOA A E(trajectory)E FA4E a7t glene

o, whebA IZES

QR FTIoNM FPARE A 2T = Q).

BEAF WHFE AAE s, AQAE FFIRYE S5 duds RUS dS g, o&,
FA 2 (tracking error)E HAspstar Abgho]l HAFe] wdom AYS FPY F Y[ E5E = F
ATt

ol-&2], W &lH (unknown) €17+ 8 (human dynamics)o] eEojof dhar, AZ-ZR HH A|A®l] 74T
(expected performance)> 2ol wel @elxAl Aok, Aai (prescribed) 2% dudds wHle o]3o] [4=

814 219} ol vehd & gk,

_13_



[0148]

[0149]
[0151]

[0153]

[0155]

[0157]

[0159]

[0161]

[0162]
[0164]

[0166]

[0167]
[0169]

[0171]

[0173]

[0174]

S==5| 10-2408011

0 K,7,
m ‘2 "o
M5+ 84K,

A7IA, 7% [584] 2]0 JojA, 0,2 d3tE d9dx~ Bdo] &7 91X (output position)E LERI I
Mg, Co & Kov= 247 93k= #4d(inertia), 744 9 44 dgvg Pd& vepdy, s= 4yt v]d3 w3
(general nonlinear disturbance)& WeMI, K= A7 9= 3 o5 (human input force gain)& YERH,

T, A7 4Ed o= KB 7MAE A7 Aloj =™ (human control effort)S ZHzF vepdt).

ogoz, A7)E uie} Fo] st FAEE B dwel A wE FEgs ol &3 ¥ AFES BEY
A-2 5 e A= (10)9] Ao} A (control design)oll tiste] Mg sk},

2R 1g& FAHS B2ASy] 9, SAHE AJ2E(15)9 BAA S (motion signal)E A E (prescribed)
Ao~ md FHoRRY Yk AL vuss, I F, olste XA 3] R tig Az A

(signal control)7} A€},

olgldt AEA= HE gExd WBE 1Y 5}"’(guarantee) & PAM(12)°] F=(compress)/Z 4 (extend)
stoll whe} FEE F3l 9ololE 4 Z717](pull) /= 7] (push) 0}04 AEZ ~E(15) % &Ho|A #Hr},
YRR Aojol oA, AlxHe] ZHIX o9 Yt dFdx mdlol FEHAX 6, Alole] ¥ FHA

(force tracking error) ey= ©]3t9] [4=82] 313} #o] A= 4= git}.

43t

b

3]

=6,-0
714, 4718 [F28H4] 3]0l glolA, o] #AEFF LA (trajectory-following error)7} obyw, whepa oji
Bo 23 EgA0] 7“%‘&} 2], o= #AAHFE A (trajectory-following design)”} ofyz} RdlFE A7
(model-following design)dl al@3lth, 7|4 E ZAGARIE @ FH A o BHE ¢y Aﬂ‘ﬂﬁi‘:‘ e o
A =i, 98 AoJE T (input control torque) T+ ©]3te] [F82] 4]} o] Yepd

[

1ok

F 4]

&= u(? - Khrh

A7IA, d71gk [ 419 QoA u= ZEo] ArIgk [48H2] 2] vEbd dIdx mdy Fo] F2ske
= &l7] 93 AoJEA(control torque)E ojm]3hc},

ggowm, zio] [F84 2]d Ueh dulds wdv) 2ol BaeES 5] 9% AlolE 2 (control torque)
uE A7 ahm, AojEat olate] [4:5H4 5lsh o] Held & k.

[k 5]

= ’;&(Q) +Ksah —U, (1)
v (q)=WpW, q)

Oy, =€, + phe, + I, .'.o e,(r)dr

_14_



[0176]

[0178]

[0180]

[0181]
[0183]

[0185]

[0186]
[0188]

[0190]

[0192]

[0194]

[0195]

[0197]

[0199]

[0201]

[0202]

SS90l 10-2408011

oA71A, 4718k [428H] 5]oll QoA u(t)+ Bld# F%(Taylor series)® 1x}8(high-order term)ol| tohdh
)

]
s)S ATeEE EAE 7713 A& (robustifying signal)o]al, Ka= Alojo]S(control gai

l/;(q)‘; g = [9‘99 Qm,ek,ek,é:]r

nold, 0,5 SHolYdRE 9 x}F(sliding mode error)o]i

= 714 = Al (Neural Network ; NN)oJt}.

olgel, A78 [4£82] 5lo olA, NN LHE (element) = T el ZEIL y(q) AAE o]t [F8H2)
617 7ol B AF(compensate)dtE ©] AR&E T

[k 6]

!//(Q) M( m + Auléh + luleh ) + C(Hm + /uleh + :u2§) & Kgm + Td

o AASAE, HAIAE  H(compact set)ell st A%k (cont inuous function) w(q)e A}
(approximation)§l 2741%(two-layer) NN& o]&}9] [4=82] 7138 & FeE 71z},

[s=et4) 7]
i i Vg
w(q)=W oW, q)+S(q)
A7IA, d71ek [F8H4] 719 QoA , Wi AWHA AS 7t FE(first-layer weight matrix)o]iL, W= 7
HA  AZF 71Ex FH(second-layer weight matrix)ol®, T NN 3 ZAFS AN functional

approximation error)E Z}Z} LERHTE

oluf, o]AZ el ZFEA WY W, © W= & 4 ov (unknown), &}dle® A E 2, wEkA w(gQ)E W3t W,

o] FA A (estimations)Ql 1

Voo o 2apag,

Ao, 22 ol (a4 sl derd e 2ol gean, £ v ows v, gaa e Mg sze
AECES

—

314 8]

o AAZY ki 7pgstd, [E4] 5] 93 T 1 .E A=
[58F2] 4]0 Aetd AP E e 2d 3£ 2 2 (model following error) e, @ NN 7}F5X9] AAE ®BA3IT),

ob&el, W 7k Aol that JulolE t2S olste] [42844] 9] B [4844 101 Webdl miep o] A A7,

W, = Fgo, —F¢'W,'qo;, —kF || o, || W,

_15_



[0204]

[0205]

[0207]

[0209]

[0210]

[0212]

[0214]

[0216]

[0218]

[0220]

[0222]

[0224]

[0226]

[0228]

SSS0l 10-2408011

[53t4) 10]

W, = Gq(pW,o,)" kG | o, | W,

p=0(W, q).0'=dd(y)/dy| . .F=F >0,G=G" >0
4714, Fe oli, ki
2}l (small positive design parameter)®]™, Z3713}8(robustifying term) ©|ste] [48F2] 111 e}
upe} 2,

[55H4 11]

u,ﬂ(r)=—1<f,(HZ‘H+Z>

2718k blel o], WHEFEZo 9% AEEZZ(position controller)E Wl Amd 2SS FZ (track)staL,
7<S%*E—ﬂ.(contact force)% zol7] 93ll, 45¥€E& d¥o= 33 Y (motion adjustment) o2 WH-g3pH , A
52h-89] FHETolAd = (compliance) = 3 X9 SHAARE FHEL(embodied), &, AL R 54
o] 2gle= d ]_. Hrt.

gk, F-FE Aol oA, AT deds R HAo dat= detuEE AAs ] A& 223 v
v E9 7lste dgol Astes daglS(reiforcement learning algorithm)o] &Rt stg duz]FY
E22 Alge] £ E A4S AE volHE ol &dte] ME thE Abgel A3e detuE 2AS 93 HA As
7] 913k Aoltt.

AENA, = 458 Fx3H, £ 45 £ O] Ao mE FseES o] &gt T IdFEF EE Q-2
2 49 Aol sEFdHA (active training phase)olr AFHA~ FdEnEHE A= A2 HA o A
ARl 55 MFHoE YEllE ZEAE|T,

A7IA, ZFEetEolet, 71AIE 4 (nachine learning) W 5 stUEA AFA|5o] Fol7 el (state)ol] 3l
HAA ] P (action)S AYFEF ote o= sty 7ATgFoHIE B, ALY /MAEY 7]A 850l
o] &5 = Fddoly il Fozxl AEjel wtE fFe] Aol gk B (reward) s FE Aol o3 A3A T
Aes FEAIIE e, FE Aoy 2XAY Foll A&Ew, ol¢f Po] dHE 93 FHdolHE 9y
(Fox Aol gk 90O A4 d5)S ATes tald @5 £ U ALE 35 daeFoi

= 73 (reinforcement )2} 3T},

ob&e], AatehEel ol s HFEH TRIFPS ooldE(agent) THallke shH, clo]HdEE Foixl AFH
A

f
%“(pollcy) Tk, co]dEZF Huo] BAAS W

(state)oll A #AFale] #H& & (action) s FAsh= A
2 9= AMS LY EE A 7)= Ao 7Etekge] Ego|t).

S Aol Z5#-8 deolH (interactive
= (optimal strategy)s 2b= AolH,

n) AL = o] vEpd sl 2L 7t 9

5, w 2o Al QoA , sk daeie] HAH2, —’Fé‘%
3] 3|
Ao

O

= KR
—_ =
olE 3, X FTHE A% H(definition)2t W& (iterati
A<
-

g AAEAE, &= 4ol UEd Agsgel AoAA, AAE, Fef-FTI(state-space) H  o]its}
(discretization) WHAlOlA, #AHZE 22 (joint angle error) e,(333 ZEH e AFEZHE) L Az-28 HE

2 o, (EYE R 227 SAE I, A|2" A (system state)EA] AElEo] AE]F-7H(state space) X =

{6, 18 A3 fAste] A8,

wal, APA E3H(empirical segmentation method)S o]®3dle Zhw
|

(continuous value)= M % N 7+4 (interval) &2 Z+z} Ui, o)==
A (array)< 181 =(grid)®] ¥H ¥ (numbering) ol AR L, 73

olm, Ztzte] TYE= {s), st2 AoHM, 7|4 s [0, Ml W AEox(angle error) FAME



[0230]

[0232]

[0234]

[0236]

[0237]
[0239]

[0241]

[0243]

[0244]
[0246]

[0248]

[0249]

[0251]

[0253]

[0255]

[0257]

(interval number)& WEMNIAL, s, [0, N] W9l Q728 &5 AU E YERIT.

EAE, AE F= @%(State action set) ©AOA, FFHT(actin set) Ax WSse FH, - 3-A
(movement)oll e} [1, 0], [0, 112 XdHFIE F 2759 dFoz Aoxy, PFo A8 Z

2} 533/ (target state)ﬂ FolxSs v Ale) A3 (state transition)IF A FH Aol A& (optimal route)ol
gk go] Hr},

AR R, 8hg dag]F(lerning algorithm) TANA, ne P 242t A& (policy) P el d &E(state
transition probability)< ZHZ} YebdY, ZAslsts& JaAbAAg AlSH e 598 A8 H7F £
2} 3= A wE Ao]H (on—policy control method) ©]th.

A7IA, olyd HA WHog p-Tt(greedy) BHo] 82 & oW, F, ol 1-p 9 FEE HY F74
& F4k(maximal estimated actin value)S 7FA& &S AEsht, olste] [48H2] 12]o vebd upel o],
p9 &2 T2 =E(random) P Agsic},

[=3h4] 12]

argmax_ (J(6,a) with probability 1 - p
i A |

— with probabilit
A4(0) p ¥ 2

o714 Q(Oe, a)x AEl PE-3k T (state action-value function) ©]aL, A(O)E o]il FE A& (discrete
action set)ell X3 F P& Foln=2, A 1/A(0)E HAEE0] Hr).

YAz, A 3% AduolE E WA (reward) ©HAlONA, Abe] 81%-3k S Q(6, a) B EA(reward) RE, ©]
k9] [k 13]el YEeRd ule} o], AH -7k dE QHolE 7] 9% FEF A (incremental
formular)& §o]8kAl Lt(devise)d = AUt}.

Qr+l(9ﬂar) :Qr( > )+a(Rr+1 +7/Q( r+1? r+1)_Qf(6r9ar))

o7t o]AMAIZF WA (discrete-time step), a+v YWAA7](step size) THEHHE, y& &AL (discount-
rate) TEFEE, R+12 o|ste] [F82] 14]0] YERd viel o] RdEE dF a s FH & A 094 AdE
Om® Ho)(transition)E 7HA = AIZF t+19 BARS Z+7F eI

[=5k4 14]
R 1 = ¥y ‘amgr _>9r+1

o714, 7k [284 1419 oA, rim= AH-8 5% (state-action pair) (6, a,)9 *7F(evaluation)el

et FA (imediate revard) o], olel @ Aol g AWe] ol HHA JFS v,

9 AL, FARA ra 35 -1z A, o, 4718 uhsh gol &) Tel=(initial grid) 2R
R 2SS arget grid bS] AUIRE A9 FAOR Gedn S el w9 o) AR
S (exploration)el 7] W#eleh, wah, ZANA ke 452 A4FozM AAH dudZe] Aetge @

F3e 5 ek,
AR, ez debie QejelE v, AFHoR 418 dvEs wal dehviee] 24e P,

A71%F mpel o] E ool AAlde] wEwW, Q-2 & A|AEle] AS A8 Alo] A ZF(interactive control
S|
H

2 (active cooperation)? F 714 SHER=Z

S

strategy)< 454 @™ (passive cooperation)¥} 5534
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s==4

d37F(joint space)?] Ao

4

ZF(interactive space)¥}

Ho

12 2] 8% (action)S AHE=
s} (personal ized

=

1ol
Ak shebolg

(independent joint decentralized control
(s}

2 (human-robot contact force)

ki3

=

i=]

}

o]
7
%

Ak o
o] Folx e (state)ol o

learning)®ll

_
Als

< (reinforcement

13
S}

st

parameter learning method)o] Al|<F¥ T},
, el (state variable)o] HA(mesh) & A-25

algorithm)o] %83
TSt

[0259]
[0261]

3

—

= o|4k3}(discretizing) 3Fo] FAE L, A o8&, A (patient) 7HQ

}(joint angle error)

Z

admittance

s}2}u) E (individualized
-2 3% &2 (human-robot cooperation)2]

s

L& 9]

MEste oJEwEA
=&
Zglo]dd A (active

et

oA AAE 7]

]
a
[}

=]
=

Foll A

1t

1
ofell,

o
adaption)

oA AeslEth(quantified).

parameters)”’} 4ojxH,

[0263]

ol
S

el

7o

compliance)el

%8 (personal

o] &
RS |

dl

upg} gro] o], 2

i

k)
o

e 4]

[0265]

o
S

Ar
el

tol A3 =aL, vl

°

3 )
=4

s

=

=

25 <y

3}
of

&

=i}
=

pal

3 2eA

at7] 4l

S

(e} =
< =4

A o]
=

o &

2~ E]
==

23}, Ao

1

o
o

7] 9l
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