EBARFEZMERE VYRS b

HOSEI UNIVERSITY REPOSITORY

PDF issue: 2025-07-14

ABEOEEERE LMY =1L — & O
B

FEHE, %15 / NISHIDA, Tomofumi

(F1T5E / Year)
2005-03-24

(A5 B8H / Date of Granted)
2005-03-24

(%1% / Degree Name)
BX(I%)

(A5 MRS / Degree Grantor)
SEFRE (Hosei University)



EBRFRF B TR R TR
TR 16 R BT

NTR]DEEZ AL L 72
B~ =t = L —H OEFHE

Human-like Motions by Dual Arm Robots

INAREBRAFZEE 03R3231
FEHE s =% FET73

FREHIE IR



Abstract

Human friendly robots should behave as human beings
as well as their appearances. This paper proposes a
motion planning method that let robots’ motions look
like humans’. This paper deals with a very typical
case that dual-arm robots execute partially restricted
coordinated tasks The proposed method derives the
desired trajectories by using a cost function consists of
"minimum torque change” and ”degree of visibility,”
the concept, "degree of visibility” is first introduced
in this paper. Several simulations and human sub-
jects’ experiences have shown that this method can de-
rive more human like behaviors than the conventional
methods. Especially, it could be recognized that the
"degree of visibility” may play some important roles
for human perceptions.
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Table 3.1 Link parameters of manipulator

Link ‘ Length [m ‘ Mass [kg]

0 0.20 0.0
1 0.30 2.5
2 0.25 1.5
3 0.10 0.5
T, iHMEBEMEORE DT DK A 2L, ma— by A A T—

EOWEAERBRZRH LS AT v 7B ORA LRV R UEH LT,
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Fig 3.1 Link structure of right side manipulator
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Pipe shaped target
grasped with left-hamd

Pen shaped tool had
with riglﬁt hand

TaskA : draw three lines to a pipe

Plate grasped
with left hand

Pen shaped tool had
with right hand

TaskB : draw a square to a plate

Plate grasped
with left hand

Pen shaped tool had
with right hand

TaskC : draw a triangle to a plate

Fig 3.2 Outline of tasks
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3.3

Fig 3.3 Trajectries of the effectors derived by the proposed cost function

(TaskA)
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Fig 3.4 Trajectries of the effectors derived by the proposed cost function

(TaskB)

Fig 3.5 Trajectries of the effectors derived by the proposed cost function

(TaskC)
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Fig 4.1 Motion Caputure

Fig 4.2 Camera Image
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Fig 4.6 Wrist trajectries during weight parameters tuning
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Table 4.1 Wrists trajectry differencies between subjects’ and ones with
simulations (TaskA)

(a) BAREDF 2 —=7 (1:1) I L D808 & S548RE OBuE & D%

24

1EH [ 2[EH | 3BIH | 4F1H | 5[EH 1)
WeBRE 1| 12.79 | 12.69 | 10.13 | 11.40 | 10.66 11.53
WeBR#E 2 | 14.85 | 13.48 | 12.78 | 14.22 | 14.99 14.06
WeBRE 3 | 12.40 | 11.90 | 13.36 | 11.12 | 14.43 12.64
WeBRE 4 | 17.93 | 15.33 | 14.64 | 15.98 | 15.23 15.82
(b) BAMEEDOTF 2—=>7" (1:30) IZ X DHE & SYBRE OHLE & D7
1EHE | 2EH | 3EH | 4FBH | 5EH A
WeBR#E 1| 924 | 637 | 791 | 6.22 | 6.38 7.22
WeERE 2| 893 | 835 | 9.71 | 894 | 9.59 9.10
WERE3 | 7.30 | 6.98 | 9.71 | 831 | 9.27 8.31
WRBRE 4| 1211 | 835 | 7.37 | 9.35 | 8.60 9.16
(c) BAREDTF a—=27 (1:52) 12 L D #E & SHBRE OfuE & D2
1EHE | 2EH | 3EH | 4FBH | 5EH A
WeBRE 1| 9.33 | 6.65 | 7.84 | 6.21 | 6.47 7.30
WeERE 2| 853 | 845 | 9.72 | 9.09 | 9.48 9.05
WERE 3| 8.04 | 7.34 | 1037 | 875 | 9.25 8.75
WeBRE 4| 1256 | 8.82 | 7.72 | 991 | 9.03 9.61
(d) BAREOTF =—=27" (1:100) IZ L H#liE & FHE5RHE OBLE & D%
1EH | 2EH | 3BIH | 4FH | 5FEH NI
WeBRE 1| 9.17 | 6.80 | 7.70 | 6.07 | 6.42 7.23
WeBRE 2 | 827 | 811 | 947 | 877 | 9.09 8.74
WeBR#E 3| 8.10 | 7.38 | 1045 | 8.69 | 9.11 8.75
WeBRE 4| 1233 | 873 | 7.72 | 9.93 | 8.94 9.53
(e) BAMEEDF 2 —=27" (50:1)1C &k B & K WBRE OBLE & D2
1EH | 2EH | 3BIH | 4FH | 5FEH NI
WeBRE 1| 19.72 | 19.52 | 16.85 | 18.47 | 17.95 18.50
WeBRE 2 | 19.34 | 18.27 | 17.65 | 20.37 | 20.01 19.13
WeBRE 3 | 19.37 | 19.90 | 20.50 | 17.00 | 19.53 19.26
bR 4 | 24.26 | 22.78 | 22.11 | 23.74 | 22.62 23.10
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Table 4.2 Wrists trajectry differencies between subjects’ and ones with

simulations (TaskB)

(a) BAREDF 2 —=7 (1:1) I L D808 & S548RE OBuE & D%

25

1EH [ 2[EH | 3BIH | 4F1H | 5[EH 1)
WeBRE 1 | 14.58 | 12.79 | 13.72 | 12.88 | 12.10 13.21
WeBRE 2 | 17.17 | 17.58 | 16.95 | 15.86 | 15.89 16.69
WBRE 3 | 13.31 | 14.45 | 15.22 | 14.10 | 14.18 14.25
WeBRE 4 | 15.10 | 16.08 | 16.05 | 15.95 | 17.41 16.12
(b) BAMEEDOTF 2—=>7" (1:30) IZ X DHE & SYBRE OHLE & D7
1EHE | 2EH | 3EH | 4FBH | 5EH A
WeBRE 1| 1548 | 12.28 | 12.98 | 12.37 | 11.93 13.01
WERE 2 | 19.36 | 18.80 | 17.58 | 16.52 | 15.28 17.51
WeBR#E 3 | 14.34 | 15.54 | 14.63 | 15.12 | 15.04 14.93
WeBR#E 4 | 1594 | 16.40 | 16.22 | 16.95 | 18.37 16.78
(c) BAREDTF a—=27 (1:52) 12 L D #E & SHBRE OfuE & D2
1EHE | 2EH | 3EH | 4FBH | 5EH A
WRBRE 1| 13.92 | 10.79 | 11.54 | 10.85 | 10.32 11.48
WeBRE 2 | 18.53 | 17.56 | 17.73 | 14.94 | 14.37 16.63
WebR# 3 | 14.46 | 14.86 | 14.17 | 14.37 | 15.19 14.61
WeBrE 4 | 15.05 | 14.79 | 14.86 | 15.44 | 18.22 15.67
(d) BAREOTF =—=27" (1:100) IZ L H#liE & FHE5RHE OBLE & D%
1EH | 2EH | 3BIH | 4FH | 5FEH NI
WeBRE 1| 14.35 | 10.76 | 11.86 | 10.94 | 10.35 11.65
WeBRE 2 | 18.49 | 17.53 | 17.76 | 15.15 | 14.91 16.77
WeBRE 3 | 1445 | 14.84 | 14.24 | 14.49 | 15.24 14.65
WeBrE 4 | 1512 | 15.11 | 14.94 | 15.46 | 18.35 15.80
(e) BAMEEDF 2 —=27" (50:1)1C &k B & K WBRE OBLE & D2
1EH | 2EH | 3BIH | 4FH | 5FEH NI
WeBRE 1 | 18.68 | 15.65 | 15.79 | 15.40 | 14.51 16.01
MR 2 | 23.11 | 21.47 | 20.12 | 19.55 | 18.43 20.54
WeBRE 3 | 17.32 | 18.75 | 17.09 | 18.05 | 17.75 17.80
WRBRE 4 | 18.23 | 19.47 | 18.97 | 19.48 | 19.82 19.19
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Table 4.3 Wrists trajectry differencies between subjects’ and ones with

simulations (TaskC)

(a) BAREDF 2 —=7 (1:1) I L D808 & S548RE OBuE & D%

26

1EH [ 2[EH | 3BIH | 4F1H | 5[EH 1)
WeBR#E 1| 13.96 | 13.85 | 14.45 | 12.86 | 14.32 13.89
WeBR#E 2 | 16.46 | 17.54 | 14.85 | 16.13 | 14.51 15.90
WeBRE 3 | 13.13 | 16.43 | 13.65 | 16.23 | 14.28 14.75
WBRE 4 | 20.61 | 15.45 | 19.69 | 19.17 | 19.33 18.85
(b) BAMEEDOTF 2—=>7" (1:30) IZ X DHE & SYBRE OHLE & D7
1EHE | 2EH | 3EH | 4FBH | 5EH A
WRBRE 1| 11.77 | 10.57 | 10.68 | 9.42 | 10.81 10.65
Wb 2 | 18.74 | 15.81 | 13.10 | 14.65 | 12.98 15.06
PR 3 | 13.15 | 15.47 | 13.36 | 14.80 | 14.20 14.20
WBRE 4 | 18.18 | 13.15 | 17.06 | 16.55 | 16.68 16.32
(c) BAREDTF a—=27 (1:52) 12 L D #E & SHBRE OfuE & D2
1EHE | 2EH | 3EH | 4FBH | 5EH A
WeBR#E 1| 12.06 | 10.73 | 11.14 | 9.51 | 11.07 10.90
WeBRE 2 | 18.99 | 16.20 | 13.83 | 14.80 | 13.40 15.44
WeBRE 3 | 13.36 | 15.67 | 13.62 | 15.55 | 14.43 14.53
WeBRE 4 | 18.87 | 13.83 | 17.71 | 17.36 | 17.45 17.04
(d) EAMEE DT 2 —=27" (1:100) 12 X DHIE & K HBRE OfuE & D7
1EH | 2EH | 3BIH | 4FH | 5FEH NI
WRBRE 1| 11.37 | 9.92 | 10.44 | 8.88 | 10.14 10.15
WeBRE 2 | 18.82 | 15.59 | 13.10 | 14.37 | 12.76 14.93
WeBR#E 3 | 13.06 | 15.23 | 13.24 | 14.89 | 14.23 14.13
WRBRE 4 | 18.27 | 13.40 | 16.97 | 16.71 | 16.79 16.43
(e) BAMEEDF 2 —=27" (50:1)1C &k B & K WBRE OBLE & D2
1EH | 2EH | 3BIH | 4FH | 5FEH NI
MR 1 | 13.22 | 12.96 | 13.55 | 12.13 | 13.29 13.03
WeBRE 2 | 17.20 | 16.70 | 14.51 | 15.63 | 14.01 15.61
WeBRE 3 | 12.35 | 15.58 | 12.94 | 15.56 | 13.87 14.06
PRBRE 4 | 19.48 | 14.91 | 18.89 | 18.49 | 18.60 18.01
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4.3 RELLFHEEKICESITIREZPORZ 0T
SITIKGFTHOEREZEATHHEMME

ANH ORI A D HFH TITON TV DD, WIZZDOMENR AL
FC LIRS 20, Lo L AR OBIEIIES OB ERICL > T, &
IHEED LT WG~ A BB S EEEZ{To T D, 2Dl L
B NEOEMEZ T 2 72 DITITEEAE N ZL L TH BARREEE
IO ENTEDLIRERDD LB HND. OF VMBI S D
RART SIHEAFT 2 ERELBAT D Z LT RV kA 2RALE TOMEEN
WEEIC 72 D b D.

ARFMGBIEL THRE L 72RO A2 0T SITRIF T 2 ER 2 EAT D
L OBEIEERGET ST, R HMGMOPHNIEEZHREL VI 2
L—va U EITY, BRZREMENATREDMRGTT 5.

N OEME L Y B LIZ R ONGLE (2, y, 2) = (38.0,—2.0,—25.0) [cm]
ZEEOHIMNE L L, Atk B NI 5[em] 553 6 Lo M
TRIZBWT, ¥ 227 AB,CIZOWTIRE L7z i i B4k (2.15) KOV %
R SNRAFT 2 EHE A B L TRV EHIBI%L (4.3) % F VW iE 2 F H
L7z, 22T, MMl & & EARE 1, go, 31820 TIE, qrigoiqs =
(1:52:2000) & L7z.

4.3.1 BLEREICZK HELHME

TR & [k 515 CHEBRE OfuE & WM BT K 2 HuE & DfRE%
BHL, ZTOfER%E Table4.4lRT. MRYO R 2T SITEFT D E
FABM UG LB L7 0o o6 OWNETRZ O s R b, 3
DE AT G221 HTOEEIZB N TGO R 2 0T SITKFT 2 EHFE%
BT 5Z &K, 21 8 148 TE Y AR OEBEISEWEIEZ 8L
LDIEMTE. ZOZENLRRBELIEHGHORARLT SO X 5 I3
REBEANTLZEDNAEDTHLEEZLND.
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4.4 MOFFMEIRKIC K DENE & DR

PBRE OFIE ERE L FEC IV REH S EuE DAL 572
0, F72 % BOE ORI Z VW EnE DR H 2R A D,

V=2 L=FOBIEEATRIIEE S LT, TREERZ VLR
5. £IT, Ak, EROWVEREEZ wpB L Tw & L, kXD L HIZ,
B Ra oD PR DTN TR S NN B, 2R ET D.

Eem = e1wr + equy, (4.3)

wprB L Rw Ik LIz vae T roffditEkansd.

w = \/det (J() JT(O)) (4.4)

I T, EMEEe, eld, Y2 b —Ta L TTHWE (1, ¢2) = (1,52)
LRIFEOEEZRE L.

O — OO Bl BV 7 ZACDIR/N MO I THERR SN D b
DL LTz, DFD, RO KD ITHALRISE (2.15) DHF 1HEF 2HD A THR
INHRERD.

Eix=q&+q¢& (4.5)

T T, EAREE, SLITOWTE, YR alb—ia I THWE (q1,42) =
(1,52) & (q1,¢2) = (1,1) D — DO EZE H =,

I ZOoOFHMEREL (4.3), 45 EHVEBEOY I 2L —varE
ITWEUEDHHZ4T 572, Figd. 75, 4.1513FOfEREZRL TV 5.

INHORRIY, AEEEOTTHE LA (Case 1) BEIUH
NI AT O I THREE 1 LISERE L7256 OFER (Case 3) L12E
LU 7= HmBE 2RI X DR (Fig.3.3~3.5) Z L d 2 &, JEEOHEB I KX
REWRDDLZ ENDND. —F, R AE 1 B2ITHRE L MLV E
LD HCTFMBEE 23 & L7 fE R (Case 2) & ORIV TIE, BHFE
RAFRITHERTE RV, TOEZEBICHRT 5 72O RET THLERR
FEEFE LR AT .
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4.4.1 HEREIC K S

2 TIEASBRE ORLE L IRE L TIEIC L 2ELER XY, kg
DT OITFRE SN FHIBAEIC L 2B DR EZ R L, #ELI-FiE
DOFEF MO FIEIC L DR 2 i+ 5.

Table.4.52°5 4.812, # A7 FATRFICIBWT, KR &AM S A
AWy Iarb—va ryr CEHISNEHUERORAZZ ~T. 2O
REY, RBE LR Z W56 0#uE & S EERE OfuE & D7
(e (a) 1%, AIEMEEIC X D3RS E Wi s GRF (b)) v
7B 6Fn (1)1 X 2 3HmBIEE V=354 (FF (d) Ich, Kl
ERHOTEY, ZN5OHLEIZHESAMOBLEIZITW ER3bs.

—77, RE LM E W56 OBlE & S HBRE OfuE & o=
(£ (a)) & M7 ZEFn (1:52) 12 X 2 5HIBEEE 2356 oduE &
BB OWIE & D7 (FF () 2T D &, RAEICKERENR LN
RN FEZT, FAT AITBONTINDDRERIZOWT tEZ I L7
LA, FENMEBERAICBWTL, BEMET =5.515 L7 0.05%K
ETHEERY, ENDDHTEPMERTE . £, MZERZEICK
TIE, REMHET =9.892 720, 0.05%KETHE LT,

INOORERLIY, ANHOEERMIIE, EfFEZ2Ed 25 HbBE%IC
MV o BAEFE M AA R, X512, SRR LEIRYO R 20T IO
KOBRBEREBAT LI ENANTHD Z ERRBE ST,
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Table 4.4 B72 2 WJHINLEIZB T A5 O B 207 S R BIKE & JEB
TINEE D HLIERR 72 O L

(a) # 227 AZI1T 285 4 NOBIE & FaHE BRI K 2 BB OSFER-GEO TN & 5 i

BES I IR 2 x-bem | x+bem | y-bem | y+Hem | z-bem | z+5em | +-Ocm

AT S BB 44.70 | 57.93 | 50.28 | 57.77 | 47.38 | 57.37 33.54

xR0 SEFEIEBIEE || 58.10 | 58.01 | 49.24 | 54.59 | 50.43 | 57.92 34.71

(b) # 27 BIZ31) B 4 A0 & TR EEIC & 5 8080 FRRGEORIC K 5 ik

K E AR x-bem | x+5cm | y-bem | y+bem | z-5em | z+5em | +-Ocm

AT S EFRB N 65.82 | 82.21 72.58 | 80.33 | 83.63 | 69.52 58.10

RAR09 SEFRIFBENEE || 69.66 | 82.18 | 76.22 | 78.73 | 83.24 | 70.07 58.39

(c) % 22 CITHU BRI A AOBE & FEHTMEIC & % 8058 O FHRGEO R & 5 Hol

BESZRIEIAE e x-5cm | x+5em | y-5em | y+5cm | z-5cm | z+5cm | +-Ocm

S 2R S SRR N 64.85 79.09 71.08 76.80 | 84.03 | 61.42 56.62

RART SERIFBEMEE || 65.73 | 79.19 | 71.70 | 73.70 | 82.81 | 62.00 57.91

Fig 4.7 Casel : Wrist and Elbow trajectries derived with comparative
cost function with manipulability (TaskA)
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parative cost function with torque change when parameters set as
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Fig 4.10 Casel : Wrist trajectries derived with comparative cost function

with manipulability (TaskB)
Fig 4.11 Case2 : Wrist trajectries derived with comparative cost function

1:52)(TaskB)

with torque change when parameters set as (q1:¢o
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Fig 4.14 Case2 : Wrist trajectries derived with comparative cost function

1:52)(TaskC)

with torque change when parameters set as (q1:¢o

Fig 4.15 Case3 : Wrist trajectries derived with comparative cost function

1:1)(TaskC)

with torque change when parameters set as (q1:¢o
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Table 4.5 Wrists trajectry differencies between subjects’ and ones with
simulations (TaskA)

(a) The proposed cost function

LA [ 2RI | 3[a1H [ 4[\H | 5EIF | SaliL
subject 1 | 9.26 6.03 .07 5.99 6.09 | 7.03 1.70
subject 2 | 8.91 9.08 9.53 8.64 9.26 | 9.08 0.09
subject 3 | 7.24 6.45 8.90 8.09 8.75 | 7.88 0.86
subject 4 | 11.26 | 7.75 6.97 9.00 8.17 | 8.63 2.15

(b) Cost function with manipulability

LA [ 2R | 3[a1H [ 4[\H | 5EIF | ST K
subject 1 | 17.50 | 11.58 | 17.58 | 14.49 | 15.25 | 15.28 491
subject 2 | 14.33 | 16.01 | 18.35 | 15.60 | 15.32 | 15.92 1.78
subject 3 | 12.93 | 13.00 | 13.47 | 16.53 | 14.04 | 13.99 1.77
subject 4 | 14.90 | 11.42 | 11.51 | 11.27 | 12.25 | 12.27 1.84

(c) Cost function with torque change when parameters set as (q1:go=1:52)

LEIA [ 2B | 3[EIH [ 4[EH | 5EIF | IT K

subject 1 | 10.15 | 6.01 8.66 6.78 6.88 | 7.70 2.26
subject 2 | 9.07 9.33 | 10.29 | 9.52 9.99 | 9.64 0.20
subject 3 | 7.80 6.91 8.73 8.73 9.12 | 8.26 0.64
subject 4 | 11.62 | 7.82 7.09 9.01 8.29 | 8.76 2.43

(d) Cost function with torque change when parameters set as (q;:ga=1:1)

LEIA [ 2B | 3[EIH [ 4EH | 5EIF | ¥ I K

subject 1 | 18.30 | 12.96 | 16.05 | 15.52 | 14.65 | 15.49 3.07
subject 2 | 16.24 | 12.15 | 16.02 | 17.76 | 17.98 | 16.03 4.37
subject 3 | 13.74 | 14.15 | 12.17 | 13.46 | 15.78 | 13.86 1.36

subject 4 | 18.41 | 16.29 | 15.67 | 16.62 | 16.09 | 16.62 0.90
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Table 4.6 Elbows trajectry differencies between subjects’ and ones with
simulations (TaskA)

(a) The proposed cost function

LA [ 2RI | 3[a1H [ 4[\H | 5EIF | PaN:ie
subject 1 | 35.20 | 22.86 | 22.12 | 16.98 | 15.07 | 22.45 49.44
subject 2 | 28.17 | 14.49 | 21.24 | 23.30 | 26.40 | 22.72 22.70
subject 3 | 34.41 | 39.02 | 31.55 | 38.48 | 37.01 | 36.10 7.72
subject 4 | 21.77 | 15.44 | 29.94 | 25.72 | 14.75 | 21.52 34.27

(b) Cost function with manipulability

LA [ 2R | 3[a1H [ 4[\H | 5EIF | PaN:ie
subject 1 | 31.93 | 24.48 | 24.69 | 15.57 | 21.76 | 23.68 27.85
subject 2 | 38.35 | 18.40 | 24.15 | 27.72 | 35.61 | 28.85 23.70
subject 3 | 38.34 | 41.61 | 36.26 | 40.19 | 41.54 | 39.59 4.17
subject 4 | 32.33 | 24.39 | 32.53 | 30.36 | 23.92 | 28.70 14.42

(c) Cost function with torque change when

parameters set as (q1:¢g2=1:52)

LEIA [ 2B | 3[EIH [ 4[EH | 5EIF | IT K
subject 1 | 35.19 | 23.55 | 22.57 | 17.35 | 16.05 | 22.94 45.86
subject 2 | 28.96 | 15.42 | 21.89 | 23.86 | 27.24 | 23.47 22.34
subject 3 | 34.96 | 39.24 | 31.91 | 38.80 | 37.63 | 36.51 7.49
subject 4 | 22.56 | 16.28 | 30.21 | 26.38 | 15.49 | 22.18 32.37

(d) Cost function with torque change when parameters set as (q;:ga=1:1)

LEIA [ 2B | 3[EIH [ 4EH | 5EIF | ¥ I K
subject 1 | 39.56 | 28.25 | 23.77 | 24.52 | 16.21 | 26.46 58.18
subject 2 | 23.71 | 19.43 | 25.06 | 23.94 | 21.79 | 22.79 3.93
subject 3 | 32.03 | 37.14 | 29.84 | 38.00 | 34.07 | 34.22 9.37
subject 4 | 14.07 | 14.17 | 28.24 | 22.81 | 11.58 | 18.17 39.85
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Table 4.7 Wrists trajectry differencies between subjects’ and ones with
simulations (TaskB)

(a) The proposed cost function

LA [ 2RI | 3[a1H [ 4[\H | 5EIF | PaN:ie
subject 1 | 13.95 | 11.00 | 11.74 | 11.07 | 10.42 | 11.64 1.51
subject 2 | 18.27 | 17.19 | 17.42 | 14.73 | 14.51 | 16.42 2.31
subject 3 | 13.95 | 14.63 | 14.02 | 14.32 | 14.86 | 14.36 0.12
subject 4 | 14.95 | 14.88 | 14.90 | 15.39 | 18.30 | 15.68 1.75

(b) Cost function with manipulability

LA [ 2R | 3[a1H [ 4[\H | 5EIF | PaN:ie
subject 1 | 18.99 | 17.81 | 17.09 | 17.31 | 17.29 | 17.70 0.47
subject 2 | 24.72 | 24.10 | 21.19 | 21.92 | 18.35 | 22.06 5.14
subject 3 | 18.24 | 19.94 | 19.85 | 20.49 | 19.41 | 19.58 0.57
subject 4 | 20.87 | 20.82 | 20.74 | 23.13 | 22.19 | 21.55 0.91

(c) Cost function with torque change when

parameters set

as (q1:q2=1:52)

LEIA [ 2B | 3[EIH [ 4[EH | 5EIF | IT K
subject 1 | 13.92 | 10.79 | 11.54 | 10.85 | 10.32 | 11.48 1.64
subject 2 | 18.53 | 17.56 | 17.73 | 14.94 | 14.37 | 16.63 2.73
subject 3 | 14.46 | 14.86 | 14.17 | 14.37 | 15.19 | 14.61 0.13
subject 4 | 15.05 | 14.79 | 14.86 | 15.44 | 18.22 | 15.67 1.67

(d) Cost function with torque change when parameters set as (q;:ga=1:1)

LEIA [ 2B | 3[EIH [ 4EH | 5EIF | ¥ I K
subject 1 | 14.58 | 12.79 | 13.72 | 12.88 | 12.10 | 13.21 0.73
subject 2 | 17.17 | 17.58 | 16.95 | 15.86 | 15.89 | 16.69 0.48
subject 3 | 13.31 | 14.45 | 15.22 | 14.10 | 14.18 | 14.25 0.38
subject 4 | 15.10 | 16.08 | 16.05 | 15.95 | 17.41 | 16.12 0.55
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Table 4.8 Wrists trajectry differencies between subjects’ and ones with
simulations (TaskC)

(a) The proposed cost function

LA [ 2RI | 3[a1H [ 4[\H | 5EIF | SaliL
subject 1 | 11.68 | 10.44 | 10.93 | 9.26 | 10.86 | 10.63 0.63
subject 2 | 18.37 | 15.91 | 13.43 | 14.58 | 13.19 | 15.10 3.61
subject 3 | 12.91 | 15.31 | 13.08 | 14.90 | 14.00 | 14.04 0.91
subject 4 | 18.77 | 13.57 | 17.54 | 17.12 | 17.25 | 16.85 3.03

(b) Cost function with manipulability

LA [ 2R | 3[a1H [ 4[\H | 5EIF | ST K
subject 1 | 21.37 | 19.49 | 19.76 | 18.31 | 19.40 | 19.66 0.97
subject 2 | 27.67 | 25.42 | 23.21 | 23.85 | 22.16 | 24.46 3.70
subject 3 | 22.12 | 24.22 | 22.93 | 24.53 | 21.85 | 23.15 1.23
subject 4 | 27.00 | 22.64 | 26.20 | 26.27 | 25.18 | 25.46 2.32

(c) Cost function with torque change when parameters set as (q1:go=1:52)

LEIA [ 2B | 3[EIH [ 4[EH | 5EIF | IT K

subjest 1 | 12.06 | 10.73 | 11.14 | 9.51 | 11.07 | 10.90 0.68
subjest 2 | 18.99 | 16.20 | 13.83 | 14.80 | 13.40 | 15.44 4.07
subjest 3 | 13.36 | 15.67 | 13.62 | 15.55 | 14.43 | 14.53 0.91
subjest 4 | 18.87 | 13.83 | 17.71 | 17.36 | 17.45 | 17.04 2.87

(d) Cost function with torque change when parameters set as (q;:ga=1:1)

LEIA [ 2B | 3[EIH [ 4EH | 5EIF | ¥ I K

subjest 1 | 13.96 | 13.85 | 14.45 | 12.86 | 14.32 | 13.89 0.31
subjest 2 | 16.46 | 17.54 | 14.85 | 16.13 | 14.51 | 15.90 1.22
subjest 3 | 13.13 | 16.43 | 13.65 | 16.23 | 14.28 | 14.75 1.81

subjest 4 | 20.61 | 15.45 | 19.69 | 19.17 | 19.33 | 18.85 3.14
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Fig 4.16 Robots simulation
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