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Design of Guidance Force Field Considering
Approachability for Power Assist System and Validation of

Improvement Maneuverability'

Junki Matsuda

Abstract

Power Assisted Systems (PASs) are utilized in industrial, medical, and other fields to
reduce physical fatigue of operators and to transport heavy objects. The features of the
PASs for work use are that it is equipped with an interface to operate the PASs, and
that the manipulator follows the operator. The PASs is a human-machine cooperative
system in which the manipulator follows the operator. The PASs has the advantage that
it does not require teaching work, which is necessary for general industrial robots, and
can be operated without losing the skill and flexibility of humans. On the other hand,
if the work is repetitive, physical and mental strain on the operator may accumulate,
and there are concerns about loss of concentration and productivity. To suppress these
problems, efforts have been made to improve the tracking performance of PASs using
impedance control and to improve maneuverability. In conventional PASs, even a small
force unintended by the operator is output as a large force in order to reduce the oper-
ating force. This may cause danger to the operator. It is sometimes difficult to control
these problems because the force input to the system by the operator expands according
to the control law.

In this study, we propose a method that utilizes the autonomy of PASs to address
the problems of conventional PASs. We propose a method that improves operability as
in the case of conventional PASs, while maintaining productivity and avoiding accidents
due to a loss of operator concentration. The design is to optimize the ”autonomy” of
thes PAS while taking advantage of the ”voluntariness” of the operator. The proposed
method uses a virtual guiding force to guide the PASs paw and While utilizing the

i

”voluntariness” of the operator, the ”autonomy” of the PASs is optimized, aiming to
reduce the operating force exerted by the operator in the same manner as a conventional
PASs. For end-effector guidance, a manipulation model was constructed to generate
a trajectory considering the manipulation direction of the manipulated object and to
predict the end-effector velocity on the trajectory, so that the operator can approach
the object along an appropriate path. To achieve the predicted end-effector velocity,
the operator’s end-effector is guided by virtual guidance force. In order to minimize the

tDoctoral Thesis, Division of Systems Science and Informatics, Graduate School of Informa-
tion Science and Technology, Hokkaido University, SSI-DT79145205, December 31, 2023.
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influence on the operator’s skill and action strategy, the range of the virtual guidance
force is defined. The design was such that the operator is released from the guidance
force when the operator intention does not match the predicted motion or force of the
PAS.

In this paper, Chapter 1 describes the background of the research, previous studies,
the purpose of this paper, and the system configuration of the PASs that implements the
proposed method. In Chapter 2, we define the operation direction of the manipulated
object, describe the trajectory generation method to the target object, and describe
the design of the end-effector guidance. The range of guiding forces is also taken into
account in order not to impair the operator’s skills and not to interfere with his action
strategy. In Chapter 3, maneuverability evaluation experiments are conducted to evalu-
ate the designed guidance force, and it is shown that the proposed method contributes
to improving maneuverability. In Chapter 4, we further improve the maneuverability by
appropriately setting the range of the guidance force to optimize the operator’s ”volun-
tariness” and the ”autonomy” of the PASs.

The above proposed method not only reduces the operation force, which has been
studied in conventional PASs for work, but also provides an assist method that does not
interfere with the operator’s action strategy. We believe that the results of this paper
will contribute greatly to improving the autonomy and safety of PASs.

Keywords: Power Assist System, Skill Assist
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Guidance
Force Field

Target
Object

Robot  Force Sensor  workpath

1.1: Overview of PAS with visual sensors

1.3 PAS DI

AW THRET 2 PAS OMIEIC O W T 1.1 ISR,

BEEI~= 2L — 2RI T oz ik v Hic X ) PAS OBMEERITRS.
PASICIRAHE v IR %A 22 ik, NRYOLLELHARICIE U 7o EHm % 17
V, RPN L CTF R BE T3 -0ICMLERT VAN TR DTH B,

AR T 1.2 IR TR AREEA~=— 2L —2icxf LA v e—& v 2l %
FEEFT20ICMz, FENGICXD2FEFELTo7. AT LIl — X CTIIMLE
flfllo AR RER~ = 2L —XZ A5, FhiCETIARERIT 12kg TH 0, #AE
FhAR~v=—vaL—2%H0rBoniiERD ChIcHEL 3,

— MR ESEA n R v b M ERESAREL R0 TE Y, MR PAS THWOHRL 2
TG %2 TR B EEEASE . 2 20, —RIVARAIEIC X 2 HIHA A e = v o
L—2icxf LT, PAS & LCOMRERMIINT 2 2 L 2B L -&iHe T3 2T, — &MY
uaRy b RAT LT RPLHEOR EEK 5 7.

M12icRl7ev=a b —2EEHomaPiclt, K13 IRT67+—A - b2
VP (BT A= b Ty 7E) BFREINTWE, R11C6E7+— X - P72
VY DFEILE NS,

Th—A - b7 VyHER14ICRT LI Y FAZRED 1T 72IREET, PAS el
CHY T %21TS. BREBER DY FL%iE > T PAS OfEEZRTTS.

HWEZMIML 72 PAS IZBWTIE, v I Z2HAVENRYOMETHE, &2 0IERRY)
DR ERET 2 2 & TREY DB LR EIEGT 2. b % PAS OBuEAKICHE
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Force Torque Sensor

1.2: Experimental PAS feature

1.3: 6-axis force torque sensor
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DEXET & FIFHERN R O MiEE NEE e}

1.4: End effector of PAS

7% 1.1: Specification of force sensor

Model BL 0353 10/100
Load rating 100 N
Permission electrical overload 500% of a rated value
Accuracy +1%
Response Time Max 0.5 mSec
Output signal Analog £5V Digital 12bit TTL




1.4. PAS ® ¥ AT Lkt

b
Ll
3
=

PC
TCP/IP
Robot —1 Robot controller Application

Digital I/O Digital I/O

L Driver
Force sensor controller Board

1.5: System Configuration

42T, NRYDLLECTEIRICIE U 72 FHIPLE IC X - CTEEH BAEAIE ICHE L,
BEEOBR VB LAMFEAHZRBEXZ DD TH 5.

B, SREBRTHWI = a L — 2 3FEEHO~= 2L —XTH L7720, afRy
N RENES & (EEE MEE T 2 EA L Z L S, XY KRR FoA%E{ X
I TRONKZIT> T3,

o V7 U xTHICK 1.2 1Y J, BB AEZ O & L7z

o N—F V= THNCIK 1.21CR T Jy BET AL ZHIRL 72 (HuE kiR 247> <)
BREAICHIR L 72)

AT LHERICOWTR 1.5 ITRT. Yy HHEHICOWTIE, —i%i7% PC EoB#+ 3
T7Vr—2av Ty v 7RI, PASE L ThO~w=v 2L —XilfHlico
WCHT FYr—3 3y FCoEET S,

1.4 PASDIRF/A%ET

AWFFE TR CE S A EREHS T Ch 2 ~v=t' 2L — 4 % PAS & L CHIT 3.
AT Cib 7z 27 LK 0@ Y, BIEE I e Ry b oFRICEH I Nz v I 2iE-
TRy FOFLEEFET L. LTIz ofllfiiRicon T3,

AWFE TS PAS KBV Tlde Y F IS 2 & NI 481E 1 By = (Fhy, Foys Frz)” &
Ny = (Fy,, Fy )t RATIE LT, FIICHAM R, Kt MItk%30ET 2
TA ve—X v Az ER L, L (11) iEh 2R,

G}
ek

Mi + Di + Kr = o (Fj, + F,) (1.1)

X (L) BT, ald T AMETHY, M, D, K ZX 1.2 1< TFRIThb 5 RAER 7
B, K, WiETH 2. 2 ZcikZnZnM = diag (mg, my, m;), D = diag (dy, dy, d,),
K = diag (kg, ky, k.) LEET . IO DRBEHCTA v —x v il 2 REH T 5
7zoic, K (1.1) &R (1.2) 22 HEERIVIC (my, my, m;) = (1,1,1), w, =025, (=05¢&
LCHEANT A= REED T [41].
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D% n+ s Eﬁﬁrﬁ‘b%@@nﬁ */AEH (F%—J

. . 1
r, + 2Cwnrw + wn2rm = m_ (th + Fga:)

x

.. . 1
¥, + 20wnty + wy’ry, = p (Fry +Fyy) (1.2)
y

. . 1
r,+ 2<Wnrz + WnQrz = — (th + ng)

z

7L, B OEE S RBER w, 3L OEELCRR(1.3) RTes) Th 3.

ke |k [Es
My My m,

T _ dy _ 4
2Wkama  2\/kymy  2vkzm.

K (1.1) cBF 3 Fy | iKﬁ%Tmé’%LTT%T%F#D%%ok-%ﬁ%T%%
%ﬂbtﬁ%%ﬁk%@@@%%Luﬁ%ﬁibt SN OEIRICET ST 2 X9
AX n+[/7t_¥)@‘(, ’)/ZEL/(BIFVC%@ n+ LE?JLVCT’\ZD

(1.3)

(=

1.5 FmXOERK
AGH L ORI T oY) TH 5.

o FHI1IFETIX, OB RA2IERZ & &HIHERIFEDMEN & RmXDOHY, oW
12 PAS © 3 27 LRSI DO W TR R 7=,

o H2ETIE, MEERIK L CTEFEZTR ) 20 OFEENLORFICOVTENS.

o HIETIL, KL FENGOEZT I ICHoT, ZDEMMEZFMS 5 72
O DEEIERHEE D E L 21TV, BREIERHERR 2177 5.

o FHATTIX, FENGZEKTE2-DICHRDLILEDOHLXTA—-X2THD, 11
DIEBYVICEHT B 57 X=X IZOWTZ DEE{L 21T 5 HEICODWTIRER S,

o 5 FTIE, AWFFOMGME SROBEICOWTIE~S.,
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£28 FERE L CTFEIEZITIHENS

2.1 FBENHBZERHWCFLEFE

AWFFETIE, FHENE 2O ORRYNE IS L CTeFE%1T 9 PAS 22K 5%, %
BAGOERICH T2 > T, T > CTFHEEZRET 2. FHIBLEL, PAS 2%
LN RYN B ICEZFENETH L. vy F RO THRYONE & k% 2 L 72
o, NEUBICELPEEZ 3RO I — FHIFRICX VIRET S, OIS, WRY
PIEIC BT 2R~ 27 b v iigET MY (Approachability) IC—33 2 b0 &35, 18E
B, ZoTFHEGE ECEEERTT I HA, ROBENPD RS X5 ICHENG % EK
L, BEFHOFLEDFELELTTS.

KWFZECIRET 25581513, UTOFIEIC X ) BRI E(L+ 2 5158 L TERS
na,

o HENMIMERKICE T 2R & 3 2 FHIBLE DORTE
o TEZEBHIA D> &3 T FFR D P iE
o THIEE F~DFES DIEFR

THL, BIEAAEEZRSICE T RS T2 THTLEOREZ T 5. BIEH IR
Tl N2 RYNCELE T REFMEERLEZRZ AT, BEick T 23 FRlEEDE
BN PAE LTCERT S, FEBBSTHIAME, V—27ETH IR EEERTL
I— M ihfR%E PAS o Pl T 2 E¥EIE E L CIRET .

KT, PHHE ECFET 2 18H 75T, Hir oK EICES T CoFERREZERT
2. EEHLE & R E CORERM Z R0 2 2 LItk - T, FiEEH O RRN LTS
NEREZB RS 2L T, Ml EOEEOME, &b CIEEDORNIC I T 5 TIHE
RE2., CoF¥ENEECIREOTREELZFEIT 2720, RIKRLE L 72 275587 % E
KTl T, FEOFRFERITOFENGOEREITS.

2.2 #BELEE

BIE M (Approachability) XX RPNCEHLE T REAMEER L7227 L TH 5.
BAEZIT V2 0NRY) (7—2) it l, LT WEOMBP T TR % E#R
T 2720 HAT L, AERMIC IV ERNCERT 2 2 & 2FE L, ERMICIEINRY O
PECTIR ZEHIAEETH 5, PASICHBIT 2 HRICHY T 2 v 32 FHL THYGT 5 C
EEEELZDDOTH L. BIENEYITHE T — 21T 5, v = a2l —XDLKHLA
v FOHME %% L 72 Approachabity DERFTIEICOWT, ZOo—fl%2X 2.1 1TRT.

11



NY =T ALY AT LICE T B RIENRY OEIET 12 E 8 L 729l L~ FHE 1
D% & FICFHENIR DIRGL /NEERR L)

Approachability

Approachability f
—
% .

2.1: Concept of Approachability

AMZEIC B TIE, FHENEE PAS 5T 2 PRIBLEICH - TEKT 3. < DI,
T HE Lo Th 2 HINLE (7 — 27 {LiE) 1B 2 H#~_ 27 b 2% Approachability
%% LI EEEITD.

X bz, A3 PAS O THIER T, 2 DIFEHAIE L 2 BIFE 2 805 T 3 B
b PTE L 7ot EIC 5 CAHOBIFIc & o B FE T A 2P 5. I L COfF
EFAEKL, RYAF LCHERINLFIA v =Ly AT T2 DIHEN T T L%
5. CHICK D IRMERE L IME R PSETE 5 L b, fRIE LT OBRMEN 2 EILT
22 HENY B LI Eom E2 X 5.

AWFI2 1 31> C i Approachability (3 PAS 103635 X U= MHELIC X - T b NG D
ARIC X o Tk y b AEEHETH S, 550 IHEEL STV A O HIICATT 5 b
DEAERT L EZEEL TS, 7272 L, AHUTI VT Approachability (IfH -+ v 4
AoELNEDDE LT, MEMICH L CTHEEDOS2 b A& G272 ECRIEA(TRS DO
Y5,
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2 B (SRR L O E 21T S SAE N 2.3 BIFTAMER BRE L 2 TEBUER

2.3 BFEAmtzEERUIEFEHuEstE
KECIETHBOE r(u(t)) ICOWTHR S, FHICE T 2 FHIBLE r(u(t)) Z 3 XDk
ELTERTS. O0<u(t)<1e33&, MmP, =r(u0)), #HPr=rul) TH23
728
r(u(t)) = au® + bu® + cu +d
r(u(0)) =Ps=a 2.1)
r(u(l)) =Pr=a+b+c+d
72, BEANZ PV Ir(u(0), #BIESTE~Z P AlZr(u(0) &5 T r(u(l)) 12
B D r(u(t)) OEMRTH L2720

r'(u(t)) = 3au® 4 2bu + ¢
r(u(0)=V=c

(2.2)
r'(u(l)) = A =3a+2b+c
R (2.1) BLUK (2.2) 225 a,b,e,d ZIHEL Tr(u(t)) KD 5.
ro(u) = (2u® — 3u? + )Py + (u® — 2u® +u)V (2.3)

+(=2u® + 3u® )Py + (v® — u?)A

LEick b, EEDIEM, HHTH2 P, P cE W%, (TEOBERZ ALV L
BAETHR 27 PV A ZRRD 22 LI XY r,(u) 2MF 5N 5. KETLAKE T~ 2 #(F
ETNATIE, rp(u) DEE RICIEET A2 Y TEBD L 2 LIk - T, BIFEOThuE
BVRDE IV ET 5 THIHEZ E&KT 5.

2.4 FELEEBEERIEETIL
2.4.1 FLEE

FRE X, FEEAIRD IR ENRYINLECTH 2 oA /7T T 5 L5, BIFHRA
R PVEIRERZ PAZHWT3IROT AL I — MRS LC&E L7z, F5eEe LT
EFTE3RDOIAI— MHHRICBWT, 0220 1 DR & 257 A — & u B WTIEE
W2 EHKT 2 LU TOR (24) £7%m3. 2720, K (24) K0T, Py (390 E B,
Py 3 RAIEHBEE, VIXER~X7 by, A SRR 2 FrikiRL, K (2.5) ol
KBV TRELZDDTH L. BAEHRT P L A I EILEREE Py 10351 2 i~ 7
FLTH B,

ro(u) = (2u® — 3u? + )Py + (u® — 2u® +u)V

2.4
+(=2u® + 3u® )Py + (u® — u?)A (24)

13
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an+ i %%Eﬁﬁrﬁ‘b%@@nﬁ */AEH (FE%?':‘T
r,(0) = Py
r,(1) =Py
d (2.5)
durw(O) =V
d
%rw(l) =A

2.4.2 BFEFIL

REICIE, BIEOR (2.4) IR LABUE LIcB T 2 EEFARERT 5. BIEETL
W FEHE EOEEORRICEH T 2 FlRoBRE L RS 2 B’%*ﬁzf«z@ %.

RIFFEIC BV THRET 3 PAS T, #HFHEIX PASliiclY I o= ) v 7% H
WT PAS 218E5 2. 2070 FREEZE D 720 DIET T VIO W T A%
D% EE L T, ANHEAFLEEZ HFEOMEICDH > T BRoEEES # E8 T 2. FiE
HEENC B VCE, b b BRI O W T A o RIRTENIC B 28 & o —BEED) % €
Tl LCRRA BB e S 7z, EENZ BT 2 000 ORISR 2 B A SIS EAR O

AT, FREEIEAoMIC R 2 GEBIFARICHE b2 L, (R0
SEETRNEEZ LY, ZOBRBEOPICHRT B LT Z) 2T [43).
COFEEH ORI A FIT 51 H 2 0, FHEBAKE T L L LCRER/N, PAsENE
T2b0, HRNERN R EHKEL D OPBFET 528, RiffFEics Tz ohchiE
BOWE s 0 X B ER L 2GR CH 5, HER/NET IV ([44, 45, 46| RHAT L L
L7z.

%32 PAS CHIT 2 #{EEFriconTlE, THld 2808 Fic BT o AR
ROGREEORRIC LIELIFEAINIBER/NET AV ERMMT 2 2 LTz, »¥7 A —
Zou R OBEE L TRAT 2R CERT 2. (FEMBRAt = 0 3 X CIEER TR
t=1tp ICBTBTROBELNEE, BXOBENZ0THE L E2EIET DL r(u(t))
1135t (2.6) D X 5 MK ES 5.

r(u(0)) = r(u(ty)) = ¥(u(0)) = E(u(ty)) =0 (2.6)
ZZTu(0)=0ulty) =1%,2b0& LT, Lo r(u(t)) OMEERT7-0I1T]
R (2.7) OEMF AT BTN D B

u(0) = u(ty) = i(0) = i(ty) =0 (2.7)

IR T u(t) 12025 t; ORICHIAMMOBIKE &Y, u(t) 2R (2.8) IRT 5K
B D X 5 ICED CTHIEET V& L 7z,

u(t) = 6t° — 15t 4 10¢° (2.8)

LRLDEEE T VT FREESESL I ER L, RKEEZ & oD bR 2
SNVMDEEZ D OET NV EBEM L T 5., NEBEIMEEAFET 5 X5 % Hﬂﬂ%‘?%ﬁ?‘%ﬁﬂ
BB T 2MEEDLE R Y, EEE T AMREE OB & GEL 72 WA ITRIEK D <
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5 2 B (R B C TR E 21T 5 SAE N 52,5, FlluE ki TR

ﬁ

B2AT ) HENY

%

5T b TPRING. Ribd 2 BIEWUFHESERIC B W CIXEM 2R B0EZ v, #BIEe
TADPHENEERT 2RA T ICEWTERZITH.

2.5 FRIEUE L(CFRFBEZITOHENS

FENOKE XL, ~=v 2L — 22 PHPLEICH > T, FIEDIEERRN ©HEME
TH) D L 2RISR ARIRL B & 72 5 ) 2 3% E?éak% , BEEOBR AL 23T
6ﬁ£#6 W%ﬁﬁ#%ﬂ%ﬁ#a%né;kﬁ%ﬁ%mé<ﬁéaﬁttﬁ

At IC B TEEE T VR 3B & IR 2 KB 2 X 5 akiE ) F,(t) 23 (2.9)
@l?unﬁbt

o (2.9)

ru(t+ A — r(t)\g) q

X (2.9) LB T, &gﬁ%@ﬁﬁF()i X (2.10) IR & 5 iIC TG F & EE
Wil e, & 722 X 5 BB L 2B B L 25 W EBREL7Z. X (2.9) BT 5 o(> 0)
EFENGOILNY, OiD%%ﬁ#%ﬁ?%@l@ﬁ?é%ﬁﬁ?%ﬂif—ﬁf%b
TS D R ICIREE O FRICHERA T 258 DL ) E KEXIZZDANT A=
XVEERT LI LN TEZXGIE Lz, FHENETHIELE L2 o TRIELZIADY
%%ofiﬁén% o R EWEGE, BIEE L PAS © FHl#LE A o B 72 Bic %L
Fmic %?5ﬁ%i0&< H%ﬂéﬁb FEFOBIENEZ X VNS T B &#
X5, —HTodNI WA, FHEGE L2 SEEN2BICEEE S50 5520 % J113/0
Iy, BFEOE I%i@ﬁ%bﬁﬁi%ﬁvu&#fgé

FHESG IR OB TH B 7o, NGO FLS FRELEICH - Tl 2 & & 525,
BAEEPFEN AL T2 X9 RGEICTETT 282203, H 25 WIdHiR
Do TCERINEILEDY 2L ONE» LT 2 2T, BIFEOEEZKT 2 2 L 237%
$, ROFE~DEB BB T2 5 X5 aixat e Uiz, $%ikd 2 358 )85 o 5 F AT 52
Bicl, o DEZBEYIICTHTET 2 & & THED o OfE % A L TERIEMEIC 2 W TRl EER
2TV, 0 DRESTEICONWT S EEEITH.

Fon(t) =Mi,, (t + At) 4+ Dty (t + At) + Kry, (t + At) (2.10)

7272 L, BXZ PVIEK22 TRLZ XD RBfRE LY, FyomE didX (2.11) o &
) ‘—DX/:E.é*Lé

ry(t+ At) —r(1)

ry(t+ AL —r(t)]

X (2.10) R LZiFE 0 ERTIE, BIFNF, =005 & W Th, FHlBLEICKE

dwf%%ﬁﬁ%i?% BENDENICH D ST PASBENET 2 2 e Ak 5,

ENFy, > 0 0856 @&Hﬁ&bf%@?%i?’% EITH e BRETH B, ERE

DERETIE, BIENDO /7 VAPENUTOEAICIIPAS #BIfEE WX IREEIT-
T3,

(2.11)
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\‘ru(t)

2.2: Direction of Guidance Force d

THIETH 2 1, (t) & FEEEDOTRAE r(t) ORBESKE A2 2 EATERINS RN
WDOWTLANICHIZES 5.

o HLE HICIEEMNRIFAET 2720, BIEEEEA TS 2854 (PAS O T #lll#iE A3k
EY) R AT AEE & 7o TWind o 25E)

e PAS O FHliuE & EE OREA K E (L 255
o BAEF M o DFIGCIIERITD R o 7256

K (2.10) 1ICR LB oikEHc s Tit, o X5 ARl »CGFE /M & <
72b X ) makat Liz72%, PASICH L CEEFEOERZ ML 5 Wikit e L7z, Zhic
X oT, FHIBLE L BEEOMIKICERLD 5, 25 0ITELR - 2RI E W TH EBEN:
RS PR E AL 2RI o T B,

K (2.10) 1TR LGB ES5 IO T, 1EERR ¢ = 1.4[s] EXE L 25 AOFEEH DT
FICDWTIN 2.3 1ICRT.
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5 2 B (R B C TR E 21T 5 SAE 52,5, FHlPGE BICFREFE 2T 5 HEIE

— Predicted workpath
® Practical workpath
-+— Guidance force field

(1) t=200[ms] (2) t=800[ms]

(8) t=1200[ms] (4) t=1400[ms]

2.3: Guidance force field Fy
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B38 FENBICKDIFIAFENRDIEL

3.1 EAFIEFHmE

KT, T L TN LR TITERR 2 T 5. R b 50
T 2 17 5 SR 0 3 &, BolAFENBOER D R HEET 2 ko n Tt
~35.

RHICIE, 2 (2.9) TEIEL LN F, (1) %EM LB BIE 2 7 5 729 0
A% E 3T 5. HED PAS & LRI L 7285 A01c o< C 27 55 00 2 HERE 2 1 2
% PAS #FIF L 725 A RN 23 E 72 A L7 o % BHIT S 2 7290, ROR (3.1) 1075
¥ J % BREMEEAAE & LTl 7.

1 1
= - - 1
J 2Jf+2Jg (3.1)

X (3.1) IC BT 2 FHME J 13 % DEAKE VIZ EBREESE VD D L ERT S, FHEh
B oFHIICBR L <, Gl JIXFFE I X o TN 25EA U 72 5B 2 3l ic iz, 3%
EHEEEN DT EICOWTHFHliZT S 729, 200 EEOME LTERT L L
7z. A (3.1)ICBT 2 Jp (ZERMETT BT 2 FHME, J, ($EFES 0 B3 5 S fE &
LTCENENRAD L HICED 7=,

1
LI
Jf =1- 1 (3.2)

o >0 1 F ol
72720, Fp, B8N0 S 256080y v 7Y v 71, Fro; RS0 R0
B OBENY v 7Y v Il n ZFENGEIFEET IHEAICETRENOF Y T) v
8L m ZFENGER W EDBRIEN DY v T v IR TH B.

1 n
Ty =~ > a; (3.3)
=0

zzT, XEBI) LB D a; 13K (34) ICRTHEEIMS DD LT 3,

(3.4)

0 (otherwise)

a; = {1 ((Fh'FQ)z‘ > 0)

Jp ZFFE S5 X 2 T ol 2 Bl 5 15 KR, J, 13FFE I X 5 PlluE E~o
FHENRICOWCTEHili S 2458 L LCERL 2. J; 3FFEN 03 w56 O BE)) % 5L
LT, FENICKYEBENMERML ZFRIci3mAEZ 1 & LTl RES Y, BEL

19



NY =T ALY AT LICE T B RIENRY OEIET 12 E 8 L 729l L~ FHE 1
D% & FICFHENIR DIRGL /NEERR L)

0O (0.00, 0.00) [m]

3.1: Trajectory Planning

AR IUTH 2 VIADHEEZINS. FHEifE J, icowTid, BIENCFSET 25550
DRGIDAFIE L = DR L L CREZRHIi S 5. BEZ 23 THIPUE & Re 2 8uE % & 5
By, M23DF IR 7Y, FFEINIEREZERNO VTR ONEIC I\ T Fll#uE
ry(t+At) Bicin 5 Xy BRI n s, BIEESFENZMRICTER L2256, #BE)
LHENOTMEHEICERT 570, FERHO S b, BEEPRIEL ZE8ENF), & F,
DN 0 A LTH 2 EIGZFHIET 5. FEERORITICHE VT, FMEERRIT ¢ I
—HEd, BAEONGE D PAS OFFET MIC—EL RV, 20720, J, TIREREL &
FHENORKEZICL VAT 5 7 v Lo TRFHEE 3, ZDHMOHRDVFEEZ S,
A G J, 1, FES LN O MATERICH L TORITRAMES 1 28y, #1Eh
LFE DA TR Z AT LRSI TR 1L 0 Z N2 HEEE L L TER L. ),
Jg WIND ZDMHEAKE I EFFENIC L D FRFEOMENIRKE DD LERL 7.

3.2 FEFHENRITMEER
3.2.1 EER%MA

AEficld, FENGERER OB L BEEom LIcE 53 5 2 L 2R T 2 5k
2179, BRICBOTREFRKI3LICRT L IIC, v=val —Z2oFRICEME L
T v ¥ 2o THRYNNE~OFEEH 2/ VIEL 21T\, FENGOIRSY ZRET
BT RA—R g BEBOMEICERET S LT, BIEECRITTHEN 2K 2 7505 b IRIEN:
DOFHli % 1T 5. AT ICEBREt%RT.

QO BEZIEZFORRAZ~= 2L — 2D XY Pl & FTIcA2 L 51Cirib, v=ta
L—4& % XY ¥ ECEIET 5.

@ BEZERE LTHEL o a Ll — 2 FhoPHBEAIELCEY, o
BB IS > TR VR LIEET 2.
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93 EE %I X 2 FAEFEMR OMGE 3.2. FICAHE IR SR

@ TE¥#E Lic B CREY IES T, BEREEIEZR S Tb k.

@ FENBDOIEY 13 o = (0.001,0.01,0.02,0.05,0.1,0.2) D 6 KHEZTE T 2. KitEx
EHTHBICRIEECZDOBE A2 A TICHEBREIT - 7=,

® 1fr i (3.1), K (3.2), K (3.3) IR L IRIEHHEE T, J, ZFHL, %
g_i))g J%ﬁll:lj[/ff:

© BHIANIE XK 3.1 1B % Py = (0.82,1.01)[m], HENIEX P, = (1.20,0.70)[m]
9%, £ V=A=P; P, 73,

O BAEHERHIEE J; D2 EHE 0 = 0.001 DRFOEAES O FHfEZFIFT 2.

FIeAiE 2 HAEAE 2 5 0.02m (ICFE L 2 F S cHEM B ICHEL b D & LTE
Bk T L5,

@ 30/mEE2 A X220 mMRBH 1 N L, 2hFhoKEDRITE 5 DO FE
L 7=,

O g amREEs7201c, R KBTFETvRAMla=12&L7.
@ FHHEEZ EFRTDICHY, FERMIL L, =1.0[s] & L TREL 7.

KGR L 228 NG DIED Y o DIKHEICDWTIE, 3 (2.9) IT/R L7z Fy(t) DERE
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3.2: Result of experiment (Subjectl)
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3.3: Result of experiment (Subject2)
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3.4: Result of experiment (Subject3)
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3.5: Result of experiment (Subject4)
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3.6: Sample of the practical workpath
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3.7: Sample of the practical workpath
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3.8: Sample of the practical workpath



NY =T ALY RAT LT B RENRYDERIETT M 2 ERE L 7= HulE L~ FHE S8

Dixalr & FIEFHEMNR OBGE

SR

1.1

Subject 4

1.0

0.9

z [m]

0.81

0.7 1

0.6

0.8 1.0 1.2
x [ml]
(a) 5 =0.001
1.1

Subject 4

1.01

0.91

z [m]

0.81

0.7

0.6

0.8 1.0 1.2
x [m]

() 0 =0.1
1.1

Subject 4

1.0

0.9 D

z [m]

0.81

0.7 1

0.6

----- desired workpath | o . on)
practical workpath acce eratl.on
| J (deceleration)

== average workpath .17 1.0

3.9: Sample of the practical workpath

30



S

93 EE %I X 2 FAEFEMR OMGE 3.3. HEH

BICEHT 2 L, BEAER CFBE D FRlEhE 2 & fE CIRBIYIC 72 - 7235050 03 %
T3, ZOHRICOWTIFREE ICEBWT, (ERDIEEICABBICHER RS XY
PrERDICFRNS &, fERE L TR BN EBRIEFEDSRIEST 2 2 & &7 ) 5HlifE2 (L
THILEIMEINELIATH .

Z & CEERBEAIR AT OOLE P D BAE 1< 351 2 BRI RGO B 2 MEET 2 12 b 72
D, WHEEITRIZAIVIICERATSCLE LA K310FB X311 ICENEFNRD
BB (oW TNE, ko o B 1< 4 E] U CRAmE 2 S L 22 A R A R T

B3.10 5 L UM 3.11 BT, BAFEGHE J IcEH T % &, NE-FLoBAIC
DWTD, FENYERD 256 OBRMEICEL CIHEEIEE 723 0 BFEEL 2. —TiTH
R BASTAEL, ZOBAIEFENSIC X VIEBEEREL L2 2R LT3,
HMEFIC O WTHBRE L TN T hofHifE2 & H T 2 &, #EE 1LV Tido =021
BT 2 NERFOFHIE2E L AKX T3 245 R %152 & & g, #4100 W CIXFTHfifH
J DD 0 > 0.001 DKHEICEWTTNTH L 4 Y IREELAELL7Z. &5 Icyilig 3.4
TIXFHEE J; OfEA o > 0.001 DKHETHE o7 2 &H b, MEEHKFICE W TIEFEN
KXo CTARERBENERIBE L2 LD 5.

TOERFICE H S 2 LHERE 2 12 o BREL o BB ICOWTH J, DEPMEOWERE
ICHARTRERELZE - CTEY, FENGLBENOHAR L T b Z e Bbh o,
WBRE 4120 W CIEEHEIE T, D2t o 1B D b FIRITRIETH Y, BEFICX 5T
FHENEANTERTE 203 E8E L B8R L o7z, MEOBRICEEELE T 2R
e LT, o BPKEL XY KREAFEYEN 22T 2856, BIEEOTEEKICAEDRVEK
ERFENERT L Lo THIBI 2T 2 A[REME A E 2 b N 5.

WEHELVICEHT 2L, o =01 0EAONERIC, BIEICET 2R J, 28 EDOfME
o T SE LT3 —7 T, HEFICOWTIE Jp AL 72 0 F L R
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3.10: Evaluation value of Spreading Guidance force field o(acceleration)
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3.11: Evaluation value of Spreading Guidance force field o(deceleration)
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HITE CIEEIREOE 2 L CEERICER OFIT 2TV, FENYSOIENY o lcht3 2
BRI 2 B U 72, BRSO, BEREHEE J T oiEE iconTd o
DRELBRBICONKELRY, ¥—2% L o TRYT MBS EZE-. $7-, BEETHE
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D, ¥—2kLoTRYTIHEEZE-C L0, TED o TRAMBEINZ OIS b
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EEBEF I LICLY, TEDO o TRAEE & 2BKERL ZLDTE S,

T, A (4.2) oFHliBE % &/ T 5 X 5 ICIERIER/N " 3ETH % Levenberg-
Marquardt iIEZ VTN T A —=Z abe ZRET S5 Z ik Y, K (4.2) ITRL 7 J* (o) 28
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Oopt = argmax ||.J*(o)| (4.2)
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KOWTHITART LD L it 7 4 v T4 v 7% T2l TH 2. EHFEORITICHVLTIZ
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FHSBDEDD 0o &R 72 OBEIE, T L73RIT TR b NS &R OFTT
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4.1: Evaluation value and the spread of guidance force field o
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# 4.1: Parameters of J*(o)

parameter a b c
Subjectl || 1.65 | 0.0653 | 0.0246
Subject2 || 1.55 | 0.111 | 0.0195
Subject3 || 1.54 | 0.159 | 0.0525
Subject4 || 1.77 | 0.138 | 0.0546

% 4.2: Coefficients of determination R?

R2

Subjectl || 0.981
Subject2 || 0.618
Subject3 || 0.895
Subject4 || 0.994

4.1.2 EREREFEENIZOILNDDZEIHETE

KA1 ICRLIEETADT A =2 %G TS L ICERTHEE 2T, ROBTICE T
B RER T 2 L BDN S FENBOIEDY oo 2K® B T & & Lie. BIFIEFFD
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D7 AEREZ M 4.2 55 4.5 TR

4.2 20545 ICRT XIS, o FfTEERS Z & IC—E DEICUUR T 5 {HI7 %
132 2 BN TE ., WHH 2120 TIMOWERHE 1< LIk L CRHlifED K & iz o
Gopt DEIHEERERDS, FEIHICK X A fHIC B L, IUR b OBERE X 0 b IB VAR %5
oo Fhz, FVELY YT VLK BEXRMECE TR TSICERITEAEAERS L
TWZRWIREET 0 R E REICREIT 2560 R o022 00, SBOFEL Lz,
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