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RESEARCH ON INTERACTION TECHNOLOGY OF
GRINDING ROBOTS BASED ON VIRTUAL REALITY

ABSTRACT

“Made in China 2025” emphasizes the critical role of intelligent
manufacturing and digital technologies in the transformation and
upgrading of the manufacturing industry, aiming to improve production
efficiency and product quality while reducing resource consumption and
safety risks. In key manufacturing processes, as a crucial procedure for
improving product surface quality and functional performance, grinding
operations have gained increasing prominence in high-precision and
advanced sectors such as aerospace and electronic products. However,
manual grinding processes have significant uncertainties and operational
complexities. When replacing manual operations, grinding robots face
bottleneck challenges including low interaction efficiency and poor
adaptability. Consequently, the integration of virtual reality and
synchronous control technologies offers novel approaches for grinding
process learning. This study addresses key technical challenges in robotic
grinding systems, including insufficient control accuracy caused by

heterogeneous model discrepancies, uncertainties and operational
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complexities inherent in grinding processes, the lack of high-fidelity
visual-force feedback integration during grinding operations.

Firstly, to address the structural discrepancies between the operator-
side and executor-side systems, an improved D-H parameter method was
adopted to establish link coordinate systems for both the operator and
executor ends. Forward kinematic solutions for both systems were derived
based on these coordinate systems. To further achieve precise motion
control of the executor-side robot, inverse kinematic solutions were
obtained using Pieper’s method. On this basis, the Monte Carlo method
was used to solve and visualize the workspaces of both operator and
executor ends, with subsequent analysis of workspace discrepancies. A
spatial mapping algorithm between the operator and executor systems was
designed, establishing a theoretical framework for subsequent control
integration among the operator interface, virtual executor, and physical
executor. This approach lays an foundation for coordinated control across
heterogeneous systems in robotic grinding applications.

Secondly, to address the uncertainties and operational complexities
inherent in grinding environments, in this study, a virtual reality-based
interactive robotic grinding system was proposed. The system framework
was first constructed, incorporating functional design specifications,
virtual scene modeling, and Ul control interface development. Real-time

material removal rendering was achieved through the dynamic generation
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of workpiece mesh models and a spherical grinding head deformation
algorithm. Furthermore, the study collision detection, virtual reality
interaction techniques (including force feedback interaction and VR
interaction), coordinate system transformations, and virtual-physical
control mechanisms were systematically investigated. These
advancements optimize virtual-physical collaborative operation
capabilities, effectively improving the interaction efficiency and
operational accuracy of the robotic grinding system. The developed
methodology demonstrates significant potential for addressing adaptability
challenges in complex manufacturing scenarios.

Finally, through experimental testing of the virtual-reality robotic
grinding interaction system, a systematic experimental protocol was
developed to validate the system's effectiveness using multi-dimensional
evaluation methods. Experimental results show that the virtual position
mapping experiment error is maintained below #0.03%, while the physical
robot position mapping error is controlled within #1.50%, thereby
verifying the reliability of the virtual-physical position mapping. Through
haptic interaction experiments, force feedback data between virtual and
physical grinding processes was compared, revealing consistent error
ranges that fully validated the system’s capacity to meet authentic haptic
interaction requirements. These experimental outcomes-spanning

positional accuracy, mapping capability, and force interaction-collectively
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validated the system’s effectiveness and practicality. The comprehensive
testing framework provides empirical evidence for implementing virtual-

physical collaborative grinding systems in industrial applications.

KEY WORDS: Virtual reality, Grinding robot, Spatial mapping, Position

mapping, Haptic interaction
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PAT Ui 2 B /R 2 A F 7S H B R R ANLEE A RM65-B, 1K 2-2 k.
ZHLEE A B 420,05 mm WESEMERE, &R, M. BRI
BB D e o I UK PG R, HLAS A AT PR 34 4 50305 BAR T M
BIEER . BEAN, RM65-B $2At £ iH 5 SDK (C/IC++/Python) e 3 J A & 2
R, BT PR ARG R A R B I BE R RS, LA N RIE
MR T a5 . BASEHNE 2-2.

(

(
N

——
— -
K 2-2 ATImpLAEE A

* 2-2 RM65-B #7124

GiERs) RM65-B
H 6
HIUE 1% 5 kg
HEEAKEE +0.05 mm
TAEAZ 610 mm
T WIFI/ 1/ 7 1USB 5 I1/RS485
Pl 7 2 Ho R BN B3I APIIISON

KAz 576 H J1#H78< J24#30< J3#135< J4+178 = J5+128 = J6 4360 ©

FATF IR J1-J2 180 Fs. J3-J6 225 Ts
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2.2 BEIRAVIE RN FE DA

221 BEMFRRENT

B D-H ZHUE LA NIZ 37 b — il H T R B AT Z 18] LA R R
S8k 77 7ER, el A Ashs R e XIS T R, (S S8 R B
WH S T EfE. SOHM D-H ZHEE ML OSHL 7RI T ARLER 2 ]
FIEEIR R art BRI KT ABEIIKLE, RUEMKAEE, a R KR i-
LR i EBAE, 08RG A AN A, dm A2 IR . AL
KA D-H 2808, #E 1 Aok D-H 245, WK 2-3 Fik.

O

B 2-3 1A B At D-H ARbR &

RAE SO D-H 280k, #Ar#fFim i) D-H 28k 2-3 .
*® 2-3 Bbim bl a el D-H 25

AT a;; (mm) o (O d; (mm) 6; (9 KAATEE (9
1 0 0 179.12 90 (-56, 56)
2 0 -90 0 0 (-100, 0>
3 133.35 0 0 0 (-47, 69)
4 0 -90 133.35 0 (-141, 148)
5 0 90 0 90 (-87, 57)

6 0 -90 0 90 (-150, 150)
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222 EEBThFITE

FENLEE N, CAINLE NI SN AT IR i, n] DAZENL & AAH AT A
AABR R IR — MBI R, XANTTRRH 4> S5 O R AR i Y. ERL
AN, HLE AR SBARRR 2R 1-1 AT i 2 [B A7 R R IR SRR

cosé, —-sing, 0 a,,
T _ sing cose, , cos@cose;, —sSing,, —d;sing,

i : . : (2-1)
sinésing, , cosésing, , cose,, d.cose
0 0 0 1
JUPHL S AN A HH QR A 8] (14 5 AR B R -
[, -s, 00 c, -s, 0 a c, -s, 0 a,]
o7 -5, ¢ 00 i 0 0 0 1 o7 s, ¢ 0 O
0 0 0 -s, —¢c, 0 0 0O 0 1 O
| O 01 0 0 0 1] 0 0 0 1]
¢, -s, 0 a ¢, -ss 0 O] ¢, -S; 0 0]
o 0 1d 0O 0 -10 0O 0 10
T, = AT = T, =
-s, —¢, 0 O ss ¢ 0 O -s, —Cc, 0 O
10 0 0 1 0 0 1] 0 0 0 1

H, ¢ftcos 0,15, sjfEsin 6,15, ¢;;ftcos(0; + 6,)IFIE, s;H
sin(Hi + HJ)EI/‘JTE/T]EO
IR M A g A g BAA T 4% PR S B B AT R IR

I"]X OX a'X pX

:)T :S T21T32T :71T — ny oy ay py — |:I0 R3><3 i0P3><l:| (2_2)
nZ OZ aZ pZ 0 1
0 0 0 1

A, HFE R ARG THEAAR RSB R, R P R A T2
AR AR E R . AR n. oy a Jyff R Rm AR bR RAEFEALKR R T RS R
W, [ p ARuARAR RIEFALFR R PRI E R R, o

$,5,CCs + C;S,(S,C, + €385 — S38,) — C,C,(2C, + S;) + S,C,S;

N =|—CsS,CCq +S,5,(S;S, — S;C, — CsC) —S,C,(2C, +S;) — C,C,S; (2-3)
S,S,5:C; + S,C5(S,Ss — C,C5) —C,(2S; +C;)
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$1C,Ce + C;S, (33C4 =535, + C385) —GC, (203 + 53) ~515,CsSg
0 =1 C;5,CS + 5,5, (3354 —S5C, — C355) =36, (2C3 + 53) —C,C,Cs (2-4)
52535556 + 5,55 (S4C6 - C4C5) -G (253 + Cs)

55455 +C;S; (33C4 - C3C5) —CC, (Cs + 53)
a=|-53, (C365 + S3(:4) —C5,55 = S,6, (53 + Cs) (2'5)
—S,C;C,S; + S,5,C; + C,(S; +C;)

dgS;S,S: + C;S,5,C, +C,C,(C; +S;) —d,C;S,C.Cc —a,C,S, +d,C S,
p =| —a,5,S, —dsC;S,S5 — S,5,5:C, + S,C,(S; + C;) —dgS;S,C,C —d,S;S,; (2-6)
a,C, —d,S,(S,C5 +C,C,S;) — C,(S; +C;) +d,Cpp +d;

H P T R A0 25 501 A PEEARL SR AR R A o PR 32 B0 I i
223 EEHMFHE

A K MATLAB 1 Robotics Toolbox T FLA# i H AREATi2 50 245 HERAIE,
i IR AR B SR D-H S HE T HA A Link RG] 5
FF, JFRI SerialLink b0k S IEATIERE 53 2L a8 AL, )53z Teach B
Hod 7 Hlas AT B A, il 2-4 s

Teach

Xx: 133.350
y: 0.000
z 45770
R 0.0 400
P: 0.0 200
Y:  -180.0 q,..—x

N0 N
e — -200 %

! ' BRE
92| < e -400 -
K il 400 .
B ¢ '8 200 400
95 » |0 0 0 200
-200
@ o ’ -200
% 400 -400 X
X|

Kl 2-4 At 1) 1a 5l 7 A
I fkine BRECK AR Ko AT S AL LS, AFRI—2H5C75 A1 FEAE pil3.
pi/3. pil4. pil2. pil6. pild, THE AR
-0.494 -0.177 -0.8513 53.807
0 (71- T T ﬂj 0.6934 0.5104 -0.5085 -31.066

TRt Bl o R Tl 2'7
334’264 @7)

—0.5245 0.8415 -0.1294 98.149
0 0 0 1
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X 27 TR E 5K 2-5 Fai Re a8, RUPLE N LB s
HEALIER

Teach

X: 53.807
y: -31.066
i 98.149
400
R: 160.3
P: -58.4 200 |
Y 104.3 %
N0

— -200
I e Touch
N = -400
q3 45
a4 e 90 400200

! ' ; 400

a5 30 0 0 200
® . -200 200

% -400  -400 X

A 2-5 $ Ao EE 20 2
2.3 PATIREVE N ZFE DA

231 MR RENT

PAT B LS N I E5HE) B — RPEAT I8 IE 2N 56T B B i, T i — A (Rl
HRIZH ARG ZRGAZANNEHE, HAai =00 FZEA TR AR
s A B, TS =N 5019 I T T R o PR 2835 o AEMLER AR 3, @ id R A 3D
TTENRERAT, RS YE )AL B AT B L 22 e AE BT Im L s A\ b, JREEST T AH
FIEEFFARPR R o ] 2-6 2 BAT I AL ES NS0t D-H ABFR R, 3 2-4 AT I ALE
NHIEk ik D-H 23,

* 2-4 AT D-H 24

AT a;; (mm) o (O d; (mm) 6; (9 KAATEE (9
1 0 0 240. 5 0 (-178, 178)
2 0 90 0 90 (-130, 130)
3 256 0 0 90 (-135, 135)
4 0 90 210 0 (-178, 178)
5 0 -90 0 0 (-128, 128)
6 0 90 426.5 0 (-360, 360)
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Xg
Zg

X
z3< 3
-~
V3|
as
Z
r
X
x2| F .
Zy dy
Zg
Yo
/8
X0

&l 2-6 AT D-H S ¥ bR &
232 BENFIEMR
ARAE K (2-1) SRABIIAT Ui AT Z [ FF R MR B, 455050l D-H 23
R, TG B BAT AL A A AH AT 2 8] 1) A o F -

nX OX aX pX

IOT =g T21T32T ...:_1T — ny Oy ay py — |:I0 R3x3 ?P3Xl:| (2_8)
nZ OZ aZ pZ 0 1
0O 0 0 1

$,5,CCs + C;S,(S4,C, + €385 — S;8,) — C,C,(2C, + S;) + S,C,S;
n=|—CsS,CCq +S,5,(S5S, — S;C, — CsC) — S,C,(2C; +S;) — C,C,S; (2-9)
S,S,5:C; + 5,C5(S,Ss — C,C5) —C,(2S; +C;)
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$1C,Ce + C;S, (33C4 =535, + C385) —GC, (203 + 53) ~515,CsSg
0=|CS,CS¢ + 5,5, (538, — S;€, — C3S:) — S,C,(2C, + S;) — C,C,Cq (2-10)
—5,555556 15,53 (S4C6 - C4C5) -G, (253 + Cs)

18485 TGS, (33C4 - C3C5) —CC, (Cs + 53)
a=|—S,5,(C,C; +S,C,) — C;S,Ss — S,C,(S; + C;) (2-11)
—S,C;C,S; + S,5,C; + C,(S; +C;)

dgS;S,S: + C;S,5,C, +C,C,(C; +S;) —d,C;S,C.Cc —a,C,S, +d,C S,
P =| —a,5,S, — dsC;S,Ss — $,5,5:C, + S,C, (S + C;) —0S,5,C,6s — 0,55, | (2-12)
a,C, — dgS,(S4C5 +C,C,S5) —C, (S, + ;) +d,Cp +d,

gi LRTIR, @RISR HAT LA N IEIZ 3% 7 R, AT AR 5 2 5 BE s f
H, RIS % IEfE.
2.3.3 TEIF LR

WHB R AR IR N ARG PAT BAR X T 3 AR R AL, I AR LS A5
RNMAEE, HANRESES IEEE MR, RETER—NIESRIE R,
L SRAA T 15 T Ay N RNTE AN BB VE R 00, LA7S B B EENLAR A A, Hoais
BRI S BILIEPE ER, B 58 AR n PAT SRR T T 5 R 1) 47 AN
YRS PRI ARG BT B AL, BT BB SR ARG T AR & S
BAIE SR M5 I EAT B

PAT u AL N B 7S A EHE 5 1 SR BN B BERL AR N, HLS =N
SRS TR — 5, AT LASKH Pieper fRikBUSZIINL 2% N I¥iE 52 1 3K AR .

MEANKERIASICI, ASkR R {4} {SHI{6}INE ST H—frE . X
i B AESL R AL AR FR P RS

OP4ORG Zf T21T32T 3P4ORG = [X y ¢ 1]T (2'13)

WP (2-1) "T501, Hi = 45

a 1.(6) ]
“d,sa (6,
OP :0 TlT (2T 3P ) :0 TlT 2T 4573 :0 TlT 2\73 214
40RG 1 "2 3 40RG 1 2 3 d4CO{3 1 2 f3(03) ( )

Hor f; ZRIE A
f,=a,c;+d,sa,8, +a, (2-15)

18
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f, =a,ca,s, —d,sa,Ca,c, —d,sa,Ca, —d Sax, (2-16)

f, = a,5a,5, —d,sa,sa,C, + d,Cca,ca, +d,Cca, (2-17)
XESTANZT NE 55 AR B FEAS 21«

P=[cg -9, s9,+cg, g 1 (2-18)

Oi~ Q2 A1 g3 T FE U T -

9,=Cf -s,f,+a (2-19)
g, =s,c f, +c,co f, —se f, —d s (2-20)
g; =S50, f, +¢,50, f, + ca, f, +d,Cor (2-21)

Lr=x2+y*+2z2, HX (2-19) . (22200 . (2-21) WA
r=9>+9-+95=f>+f +f2+a>+d?+2d,f,+2a,(c,f,—s,f,) (2-22)
B (2-22) 5 Z 205, TR RGEKMA T
r =(kc, +k,s,)2a, +k, (2-23)
z=(ks, —k,C,)se +k, (2-24)

S5t Fhys kyos kas kg FAFEITT:

k =1, (2-25)
k,=—f, (2-26)

k,=f2+f +f2+a’+d?+2d,f, (2-27)
k, = f,ca, +d,coy (2-28)

Zﬁﬁéﬁggg ’ ﬁj\zﬂstlj‘r%%:
(1) #ay = 0, Mr = kg, B ks FATLRIET 05 B AR (2-29)
5, B Atan (21—t~ ROTRE T A6,

1-u* . 2U
1+u 1+u

u:Mng,aBH: > (2-29)

(2) Fsay; =0, Mz =k, Iz B8, AR (2-29) ERH—IC K
TIFEfRH 03
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(3) FAE LBFIRE S, MK (2-23) A1 (2-24) Wil & s2 il 2y 45
_ 2 _ 2
(k) k) ey

2 2

4a; Sy
KA (2-29) fiE0s)5, FIERR—A—JolURITHE, HIbmHio;.
TENLAR NWZ 8220 M, Pieper 5 TAFAE AT = AN &, W 25~
A 4 e 8 LR . JE = AR A B A T E AR AT S LS, Badd
— KA (P, 0, ) Kon, ZHERIr AT I Wch A 7 R AT T R RChE A AR
Euler(y, 6, @) 7 LU =A™ fie e 1 B ) AR R I -
Euler(w, 8, 9) = Rot(z,)Rot(y, #)Rot(z, p)

C,CC,—S,S, —€,C8,—S,C, C,S,

(2-30)

(2-31)
=|s,6C, +¢,8, —S,C,S,+C,C, S,S,
—S4C, S4S, C,
R LA FERE R W] SR H FO6S R R s £ -
w =atan2(a,,a,)+x (2-32)
0 =atan2(c,a, +s,a,,a,) (2-33)
¢ =atan2(-s n +c,n ,—s,0, +C,0,) (2-34)

TRV BRRE M Euler(y, 0, ) AR RA{EY, T IEALKR R {0} 5 A bx R
{EMA IR AR ANy -
OT =2 TRot(x, ;) (2-35)
KA, aFonitilh D-H SHEE AT FEF LA . B A RoR B
B ST = (2-8) Fiw:
R=2 R™.¢R (2-36)
Hort QR HRIR T AR H0HE B DT v 1 Je 2 S B PO 1 5 QRS R A B 2T
) s R
B (2-32) © (2-33) .« (2-34) RSB A, FTRAS IR
5 =T AR R RN
0,=y,0,=-0,0,=¢ (2-37)

20
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HH AL AT B ES, 38 mT LAAS 2 f5 =Rl ) o) —2H g
0,=0,+71,6,=-6,6,=0,+1 (2-38)

i3 Pieper J7iA A4 2 AU, WK ST B EE PR, AT DAHRER 7 TRk
o FERIAR A RO, B IR LSS N 2RO R BONIRIT N “ BSEATREMR” .

2.4 #B{Fim 5 AT ImEY 23 [B1BR 5T

T HR AT o v o S AT S AL N AE S M EAFAE 2 22 07, Ao 1) LAV
B/, AT SR LA N B AR A TR O . 2 LB SR A i ) 504 A P AR 40
WS BIPAT LA AN QT REAT 128, = T ELas A TRk v Bl 52 BR ELRS JE
e AHEEZ N, B R IR A R 5 20 AR S P T 45 IO A7 B 2 LA B vy G EEAT
RAENERA, Rk, AR GR AT R /R A AR 532, DASIZ I SRS ff A1 e 2
HDEES IS
2.4.1 BT HRI/RE B HYRRET

e e g S PAT I LAR SR BRI T3, Wil 2-7 fos. B, oirdE
s AT I AR SRS L0 K TR m 2 A, Wt aad i
PRACFRCE AN 28 FHR,  SEIN PREGR A i e 2 (125 00 i e, J2 HT I
IBEEARVEHEALE, AR A AE N\ E WU R Bz, S AT I ) H AR AL
Y5y Bfa, LAEARE yEERY, @il S 3 oK AT I & TR A, ORIUE
REWSIRIA TUE 1 H b

_— . i |
¥ onw. | E| L e wy L
W ‘ ESeh: % P& o firg iz ESehi
& = i 2
% " %

K 2-7 A [Aj AR 7 V5
242 TRz EZER M SR
A58 1 i AFVPAUAT B A 2 ) ) RSP ST I 438 10 i 5 R T i 2 [ B Y 9 o AR
SCRIFH MATLAB, K FH S0 R A, AR 15 1 v AP T 35t (¥ 2502E D-H S 400
FRATIBB MV, BT AR AR EL
(1) vt TAE 23 ] ) SR

21
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£ MATLAB “F &9, {48 Robotics Toolbox T B4, #idfitE D-H Z%#
A A R, W E REAVEREE N Y 100000, A= s EEHLEUEE it 555
SRR, AR A TAE SIS = 0 A, W 2-8 Fios.

g e Y T
YT AEZE ) 200 p QR RIS
500 200
400 100
£ 300 3
£ 200 E 0
N >
100 100
0
200 200
300
0 200
100 -300
200 o 50 0 50 100 150 200 250 300
Y (mm) X (mm) X (mm)
(@) =4 TAE=s (b) X-Y “FH# A
500 X-ZF i 500 Y-Z - [ 4
400 400
— 300 —~ 300
E =
E £
N 200 N 200
100 100
0 0
50 0 50 100 150 200 250 300 200 -100 0 100 200
X (mm) Y (mm)
(c) X-Z ‘Fm#iHE (d) Y-Z Pz Bl
2-8 #AEuf ) A= A
(2) AT o TAE 28] fr) 3R B
PAT Ui A2 ) SR B Rl o — A, BAS 2 B s oA &l 2-9 Firs .
PR SR R
=4 T AR H] 1000 XY-PI R
1500
500
1000
T 500 =
E E o
N >
-500
-1000 -500
1000
1000
0
° 1000 00 500 0 500 1000
Y (mm) 1000 -1000 X (mm) X (mm)
(a) =4t TAE= 1)K (b) X-Y P

22
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X-ZF it Y-ZF [ 3
1500 SiliaEss=: 1500 iR
1000 1000
£ 500 £ 500
£ E
N N 0
0
-500
-500
-1000
-1000 -500 0 500 1000 -1000 -500 0 500 1000
X (mm) Y (mm)
(c) X-Z Pz (d) Y-Z Pk

&1 2-9 AT 9 AR il
2.4.3 ZE|E)RRETHYSTEL
MG IR RAFH TAEZ A, F L TAE S YERR, %k 2-5 k.
* 2-5 Bt im 5 AT I ) A 2 1]

Ak brfh AR (1) B K B/ NE B /mm e P47 o R K /N Y il imm
X (-0.58,262.32) (-884.56,885.97)
Y (-215.25,216.01) (-883.89,887.05)
z (45.92,442.36) (-556.38,1131.52)

B Se R I I AR S A B AR, Le 9T B 1 AR S H A (7 L R B RIS i
ML E ) , 2RISR EON K, W S5 L ZBAFEM R K &R
S, =KL, +B, (2-39)
Horp B AR —AVEE, B0k 120 Ho R B 5 B o AR 2 A ) S AR
AT S A2 18] (0 i s EAHULEC . U AT 45

K = StMax — StMin (2_40)
LrMax - I‘rMin
S + StMin — K(LrMax + LrMin)

_ “tMax
B =

> (2-41)

A Stmaxs Stviin s AT Ui TAE 28] (P i K8 /IME s Lemaxs Lemtin 26 a5 A ity
TAER RPN BME. B3R 2-5 iFHE A, WH K5 K flE & BifE X, Y.
Z = BRI E s al el (2-42) A1 (2-43) FlR:

23
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K = StxMax — StxMin
erMax - erMin
S =S,
K, = H (2-42)
T yMax r yMin
K = StzMax Stsz
erMax - erMin
B- — S'foax + Stlen K (erMax erMin)
ix
2
B- — StyMax + StyMln K (LryMax I—ryMin) (2_43)
iy 2
B- — StzMax + Stsz K (erMax erMin)
iz 2

RIER 2-5 5 TE K Kys K, 2038 6.73. 4.11. 4.26, Byx. By. B, 733l
“N-883.40. 0.02. -752.47. WK 2-10 Fr~, e TAEZ A m s E 20 & E
—EILEAER, —FHJLTFES, 7808 T B E im0 HAT b RS a1 R

SHET R . i - XY AR
» HATH e e, o HfFd
DAL | o T
1500 600 ' o
1000 400
E 500 £ 200
E E o
N > =200
500
-400
1000
1000 -600
800
500 E 1000
Y (mm) 1000 1000 X (mm) 1000 800 -600 400 200 O 200 400 600 800 1000
X (mm)
(a) =4k~ (WSS 1A (b) X-Y V[ et ]
X-ZF I s Y-ZF i s
1500 RRIioERs=: _ 1500 RRIioERs: _
o BRI o HR{EN
. Huiri
1000 1000
£ 500 £ 500
= £
N 0 N
0
-500
-500
-1000
-1000 -500 0 500 1000 -1000 -500 0 500 1000
X (mm) Y (mm)
(c) X-Z ~F- [k ] (d) Y-Z “FimesE

2-10 Wi 5 TAEZS A 25 2 0 e
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2.5 RE/NGE

ARE RGN TU T A i 5 IAT B (118 Bl A A S s TR R el . 1 %G, 58
J% T AR AT S R T . BB, S0 e A s AT S AT 1B ST,
WL EA AR R BN IRIE sl R SR, BRI AT S 38 3 2 1R A I
fif o AR (RS T T, SR T2 ROR A (R S U, PRI T T R S
AT I TAR S (A 22 52 0, IRt 7 2 1a S T R, g v 55 30047 3 19
HE S BOE 1 2kAit
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238 ETERFFEOTEN S AT Rt

KNP T T BT BN AZ LR ER ST R b, X
L HARGSETT FHAT T VR, A3 RGNS AESR . DiRe it UL &
iz, IR, £E Unity3D @SB HT B 5, JEx Ul kT dot. BES,
I B A A LA PR, 5 B BRI AT B Sk AR T SRV S 1 4T B I R A ki i
I 22 BRAOR -

A RERGEEHAEERE

FEPATAT ARSI, HLas ARSI E — RABRR, &%, HTITBEALS
MEARERE R, BEETREASE @M R Re AR N K,
T 7 b R v 777 A M 2o 4 5 (A A F B, e B R DU L PR 7 47 i i s
J5 » BT AT BEAVE VT BE I B e s e % 1) P LA K A, AR AE — e I 22 AR it
BT U EEE, FEHR AT RBUAERHTEN R AL RS, ARG ST
WA LS T A EE, 4R 24, m IR &

3.1.1 XRERGBMAIES

A HRGAARER AR 3-1 FiR. ZARGFIH SolidWorks G #4T BEHLAE A
YRR, JdE I Blender VBRI 1@ FE B AT LGRS, W IRASE Y ZE R AU RS
e R R TR . SRR A BT USB 015 RG0ESE, Wi MU A
FEIAS, SERGHHT BEALAS N ARG A4l o JEt 1 B HDAPI R 80H F S 0652 B
i F P FERR AR I AR rh B RS2 B LSRN ) S st B0 T IR IR g T B AL AR
NI WG R FIRERE AR, SR )G 20 0 TR RS, 454
BRIGAT B Sk AR TR, i — BRI T BB LSk . JE T TCPIP Hh sy
Socket W £ 815 H R SRR PR HR AL 5 VR EHAE, F A8 VR Sk Al
FEADIREE P T BEALAS N, AT DA B e P42 o) S AT R AL N S 300 s ek P s
e, BE, RGERCE T BN UL AN BF 4, AT H P SRR S &
Gt 5 F

26
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SolidWorks {5 7 #4 £ ‘
|.STL
Blender % £ fiet 4 i A% Lb {51 F< /)

Geomagic Touch .

USB

FBX
| HDAPIARSB R E  [vwmznrm

M. BB

wswETire | | s wasgE | o0
| : |

ST S 477 50 CHlA |

[y ) EROROR
REGAF |

| I |
| EFTPOML - e
I [ Socketizai 5 VR VRt ||

Kl 3-1 A2 H RGP AR AESE
3.1.2 X E RGBT
BT HRGRINELR BT, AR A 9 R S mapt 5 e s, H
Rk 3-2 fiis

SR
oﬁ&' pd \:QT i

e S B —

SEARBAT IR [« R AT i

K 3-2 AL HAGIZR

(1) RESEMLThRe

RE SIS RETH 28 IEMS . It TEEZhAES VR ALSE VYRR A, S8
WAAE KB S S A Y A R ). MZGEE R =228 BE CHIRSS
a2k T Visual Studio JFA, 15T SE RAEFAim T ML, B IR sl 5Ar
BAGR, HiG MM A B AT R S 48 2, 2 Socket Hhi&Hm A=+
8] JZ 5 HH1E)JZ Unity3D %) s VO REAU AT i, AU 55 4 S X sl R UL AR A
B85, FR AR AL SN (A% R 55 4% T RN LA N2 8] de45 Uik 55 4% 18 2 SR8l 58
ALER N o 1T Dh AR SOl sh a2 A PR AT, 25 S BRIB AT B Sk A TR R
SCEMRLE BRI SRR S, IF5 B EUIEh . 71 S BB A5 B OpenHaptics
SDK, SEIf figt it ke ISR b T R-TAF S B, Il 51 3y Hrai R3S, of
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SRR ) RN I A b e [ iR 4, SRS &t R A ) i S, AR
RENIT LA P B 2 . VR R BRI I RGP &P 5 VR &
H, BeRSHINEENE WEHAT IS NS 3), iR EAR N E sk,

(2) EHRAEDRE

TE A5 A Dy e 3 2 b ) 45 S8 A5 AT AN g b 28 BRSSP IR SE I . AE Y 2345 T
M, FREURHEET Socket [ C/S Z&44: H4k, id Visual Studio #4255 4%
SR SRR b 0 T B PSS, RGO X LE R AT 118 B S A RN A R
SPALER, 19 BPAT IR IO LSS BJE, I TCP Socket BIUKEALEE 5 (7 2
Kol A 22 AR AT S ) 2% T RTINS PRAT I FRORG B2 o 05 28 AR )
T SARIAT Sty 5 A A, R AT S A S 7N 4 ) AR SRR R AR I DB, SR I
WA, SCHLERRAES AR S B, TSR RS P AT TR K
3.1.3 REFEHIEE

(1) MATLAB F&

MATLAB PLH S AUE TH 5 e L8 A T 24 (Robotics Toolbox)
FENLG NS P JEBL 1 o R ThRE, BeW B8 PR IRRID BT, BONILR
MR EE T H . S8, MATLAB 7ESZIRE QL AI5E HAR RETT IS, HELL
SCREAT BENLAR NAE B R G0 i 2R e Y R A8 L oK o g, FLOTH Bt R
JIA MR, 8 TR EAOBET NG TR =07 TH, LIS EW. EMH 5 H
R S

(2) Web Robots V&

Web Robots & —FITEIIHLE AT H-F 6, SCREZ LG AR BRI
. CRAE T4 (Windows. macOS. Linux) FZiE = mAERED (A0
Python. C++) , WEFE WIS EMEACTE, E&HE . M TN
H. #R1, Web Robots 7E EIFZIE e L RIS BT AL, R 7 HAES
AT B R RGP IR

(3) Unity3D ‘¥ &

Unity3D PAFLEE K =44k, PER 5| Mg B Thee, BONPLEE A i
H ARG HHAETT RV 6 o © SRR b SRR VS G AP, A B A U D g
AN FZ S R HE rT S50 E . [FI, Unity3D A& TG R I MFE 1)
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VIR, B RARTF R MRS, 2 N E IR A 7 B SEBR N 2 2R T R, A bLEs
ANZHRGIT KA T . & 3-3 23 7 Unity3D K R 25 45, & TR
FE SRR LR 2R TR . XL 3 TR BRI B
M. DiHREEEMEMERE, Hik5°N Scene. Game. Hierarchy. Project Fil
Inspector ﬂAIjJ e X

ks @ B » -
e — s O ‘) iy -...'.‘..Anpm - - . . el
S maa
‘T_
Hierarchy (/={K) FLIE [ Inspector Ry

Scence (375%) WA Game (Jif#k) HMAE
: i _

P 3-3 Unity3D ) 3= 41

3.2 R RERE

FERT BB RHT BN S AL B R G, B @R — M E R E TR

HAT . EAMONEAEE RO T — MERAAZ IS, 1 BT g mblas N3R1ER

AT PEAT 22 Ve R B . AR PR AR R IR, BiE R
Bt SR AR DU R R feAL . BARRIHL S N B LI 3-4.

SolidWorks Rt J gam BB &K
ERVAL BT " I;ﬁf: 7 Blender e
Y
T e sas |, FHFBX |, BREUK
Tra | Uniy3p [ ok [ N

K 3-4 Hlas N ARife
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(1) B
£ SolidWorks H*, Hlas AN & ALE AR Z MM A, BEiRESARZLER
22 Tl A BRSO iy SR S B O AL B A7 4, JF T BEAE RN 3\ 3 I A2 b S BU Az
TG BRI, Rk, 7ERREA 5 NF] Unity3D 2 /i, E7E SolidWorks i 54
BEATTRIACALEE, A ORIL ARG M AR I EI, MR ORI ARz O A
(2) HERY ) ifi
¥ SolidWorks G2 AL # AR T N\ Unity3D ), 75 E @ik Blender #4171
#, FEGERDYME RS R B0 BRI I, DAL AL 55 T T A7 AE 22 57
Blender 7] DAy Hp 8] B SR AR PLIX L8 o] @, A ORACAE Unity3D i IE B i
M REAT, Blender XA AL R #EA AL BRAR 41 & 3-5 o .

SolidWorks Blender Unity3D

[ 3-5 Blender 4b 2B R i 2 ]
FE Unity3D PREETN, PO i &4k T3 3 S ARAR e T /Y o BRI, BTXIHL
ax N, FRAE Blender Hhoxf Hoas ST AL R IEAT TR B, B OREEAN AR b A T
XF LSS B e R L B, [RIINPRE LA NS T8 AR AL b IR R A . B3 5 5
ke 3-6 fra
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+ 'm Object Mode +~ View

entation: 3, Default v Dral

ol User Perspective
i, (1) Collection | {TEHIIA - RM65-B.STE
~

Kl 3-6 57 AL R 1) i R

E SR SolidWorks 1 Blender S84 45 T~ B A ALAR 52, {H I 72 AL FR Bl Y 77 18]
AR ES . MO S ONF] Blender i, 7 EDEALKRENIEAT e B . BRI SN
WHEILK 3-7. t4h, BT SolidWorks BRIME = KIENHAL, 1M Blender A
Unity3D JU BRIAAE FKAE N BLAr, AR R LA ABERLAE Unity3D H RS 5
SolidWorks H1 BRI fRIF—5, 7 7E-F AR <4 Rl 1% B 0.001. 58
i FIRTARESS, e Unity3D Red 2 i) FBX kg, JHEAIZ S, W E
TARARIE A, LSRR B ) o

~ General

Scale 0.001

Scene Unit

Forward Axis
Up Axis

K37 AWE
(3) HARIB A ST
Unity3D H 8RR TR REN T IEFRIEHLE N ZE RS, LIRS is
Efis, MLzl At AT R R, R HBENREN H A% S 2] 751,
R S5 4 B R — Btk [RS8 T Sl i AT A A /], (AL AAE 07 H AT
NESEBYIEE R GRFF — 20, XGRS 8S ARSI A R R D 3R . 72
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Unity3D 1] Hierarchy L&, 8 Hzh ¢t B ARG, 357 & 01T Z IR A
TRR, WHE 3-8 R,

v (7 GringArm '
¥ [)Base
v 1) Joint1
{

¥ ) Joint2
1) Joint2-1
1) Joint2-2
v (P Joint3
¥ () Joint4
¥ 7] Joint5
¥ () EndEffector
¥ () Connector
¥ [{) ForceSensor
¥ ) ClampingDevice
) Sander

5] 3-8 H12% AT 25 1y
3.3 Ul 2%/ migit

Unity3D H I Fil (UD Bt 23T UGUI 41, X EdL: 73 Ny m] 4
P AN AE A AER, al AR b 414440 Text. Panel. Mask 1 Image, T &R
= H AR 54 . 22 B A5 Button. Scrollbar. Toggle. Slider. Input
Field #1 Scroll Rect, ffiJfl /' Be i sl o s A5 ST AC H . W] 3-
9 flrz, Ul St & B AT R e, seBl 1 DhRedE 5 SSMPERI T4 . THAL
SRR T A5 B 0I5 T I, A8 B A AR I i T AR ARG . X R
$TE T S B ELEA 5 A, DA TR P R E R, SRS IR S Rt
W R bR R . I R A E SAG R, S AS BAEAIE B AR AT R
i, T 1R e AR AL S AR 96 7 3K

UGUIA T

AL ZH A

[ TEXT ] [ Image ] [ Button ] [ Slider ] [InputField]
[ Mask ] [ Panel ] [Scrolbar] [ Toggle ] [Scroll Recl]

K] 3-9 UGUI & F A K oy 2%
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RRGE WL B RGHAT T AR, E USRI T B R i &5 R
B2 M SER SRR . REEEHA Button 4U4F, 4051 T & PR 3 %
576 MR S E A, AT R B A n AR e PEAN P s 1. b4t &
ZiistitT Joint A1 Position ANl [X 38k, 4353l FH - SE 3 AR FE AN 0 107 A f 4
F R S et an &l 3-10 fras

Position Joint
Px (R ) Jointl @e———

Joint2  @e———

Joint3 oee——

RXx Jointd @e—————
Ry [Eaees . i| Jointh Qm—
Rz [.‘ R —

3-10 Ul Fiifi

1E Joint f& I XI5, FRGRA Slider-Text BREhLE]: AHLER AHIAAH
M 4r BIBCE 7 Slider 5 204F A Text SondleE, b Slider 4148 F T %
RATAE, Text LA NS /R0 B A FERUE . [, REEd A Text 4
SIS AR ST 282 FR RAHXS T Unity3D tH A AR bR SR A7 248 4K, . 1%
P Bon AR Joint 45 X (¥ £ BEAR I 2L AR S 7 SR B BRI LA 2 P
i Slider ZHAFHBE T AR, RGH BT IE RS A5, W) REAIAL
WANPATHBLES), K53 B AR 3 7 28 SN SR e A 28 R A b

1E Position ¥ X4k, RAEEHE T HT Input Field 244 BR o 7 14 BLAEHIN
Thag. N AR Bn Y, REUKIEE W2 8 T H R SRR 55T A
JZ, SN NIEE), TR AE RS R 2 Joint 44 X R Text &
AR, BEAE, Joint 45X 5 Position 5 il X 382 AT T 5838 (K EE R ML
fill: 7E Joint a1l X 347 57T 1 B LIS, Position i) IX 3804 [R) 25 5 7 A i i 148
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G RZ, M4E Position i X 384 A AR S Az L0, Joint 12 1) Xtk [F] 25 BT
BRI LA XA RSB 3R T 1RGSR AR A B

3.4 BT AR RIESR

7 Unity3D 1, Mesh Filter {465 /A% (Mesh) , F TR R4 (1) J LT
R, 1M Mesh Renderer ZH 4 W0 S BRI RA 57, T 5 SCRERL SR T ) AU A2k
WA A R IR I B R &, EEH TS (Vertices) M= (Triangles)
e e o, TR B AR BR B A AN = A TR 51 HUH 2 T8 AR LR T AR B 79 A %
OAEIR T W L B AT B A TR TRAE =4S m P E) X Y. Z A5
B, T = AT R 5 AU — RO, P T 308 TO0 s G ] 2 2 AR i = f T
i o IR E TR IR 51, T LA = M I, 2T 2H G s T ) Se B R T
FE=AMMREG A, TRHA SRS (Winding Order) o Unity3D i
B HE = M E, 8 T IR R ST, 2EIM R E & 1 7 2E g
BB . BRIAEDL T, Unity3D SR AR 41587, BRIV FE 2% = ff 18 ) T 42 I
BET7 1) PO 1% = A AN IR, S WA T o 3X B AR T 48 = M i s
T35 77> U 2 48 ) B0 = A1 T FR) = A TR PR R 5 R R I
3.4.1 THMIREEAEST

TAFSERAT PUASJE M AR a (X FRPKE) 3 ¢ (Z HRK
)« m b (Y FHMAKED UM A TSEA R, B REET LR
Pl BRI I XS YL Z T RPRASE R 514093 9 N A, BESRIAAE R N+L A
TR, TR (IN+L) X (N+D) NS B LA N, SN, BT
PR B0 N, FR4 i EME TS BN/, N2, j B TS B2 [-NA2, N2l #
FI1F FERTH AT — s AE LA AR R R IR E N

y= (3-1)

Fe S i S A A DU A O A0 T L, A I T ) IO Ko N+, e AT £
TR AR B 4 (N+LD) , IR AHT a2 A R IAE R — R B Y-
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ia ia a a
X == X =— X=—= X==
N N 2 2
C C C C
[ — = — = —— = —— 3'2
y=73 y=73 y=73 y=73 (3-2)
b b ib ib
7=—— 7=— 7=— 7=—
2 2 N N

JE T B DY AN TS A B, AR AR 23 3 N (—a /2, —b /2, —c/2) (a/2,—b/2,—c/2)-
(a/2,—b/2,¢/2) (—a/2,—b/2,c/2). BT ZRGIEHFME LTSN N5, AT
PR K RTS8 S 20 1 A s U0 AN R B Y R 2 [0, N BT A R 2
=M, BERMmILA (N+D X (N+D AT, HEPERZLNTAIFEASS
MR =MA, FLhRES 5@ =AM AEENN X N HT BT AS
S 5HA =M E, BEA =M H AT, Bl FRER R 515
HICER I REON6N x No SN E BT AR B A =M cE, N REHEA=
T OB LA FIB, 23 59

{ A=[(N+D)+ j,i(N+D)+ j+L(A+1)(N+1)+ j+1]

B=[I(N+D)+ j+L(+)(N+D)+ j+L (1 +D(N+D)+ j] 3-3)

WE AT G 22 A VUM R 51204, BT 4208 N Ay, BEASR BPR
A=A, SRS 22 AR PP = AP B 5 5 NA, « Byy Asy By Ags
B4_\ AS‘ BS:

A =[(N+1),(N+1)(N+D)+i+L(N+1)(N+1)+i] (3-4)
B, =[i(N +2),(i +1)(N +1),(N +1)(N +1) +i+1]
A =[I(IN+1)+N,2(N+1)(N +1)+i,2(N +1)(N +1) +i+1] (3-5)
B,=[(N+D)+N,2(N+1)(N+D)+i+1,(i+1)(N+1)+N]
A =[1,(2N +1)(N +)(N +1) +i,(2N +1)(N +1)(N +1) +i +1] (3-6)
{ B,=[i,(2N +1)(N +1)(N +1) +i+1,i+1]
A=[I(IN+D)+N,(N+2)(N+1)+i,(N+2)(N+1)+i+1] (3-7)
{BS =[IitN+D)+N+L(N+2)(N+D)+i+1(i+1)(N+1)+N]

FH T EH DY AN TH R R, R e A P A = A T, A8 B = T AR 51 2
HAs = (0,1,3), B = (0,3,2) . fJazs LA MeshFilter 1 MeshRenderer 21},
I HA PR MRS MeshFilter 2044,  BCDIHA) 2 AT () IR AR S TRY

35



o N 2 T e A 'S

3.4.2 BKATEESL TR E X
BRIEAT BE Sk AR T S0 A O 8 Sl e AU ER T T 5L 5 T AR RS R T 22 B, )
DR TS AL, LA EROEFT B LR, AR 3-11 Fir.
Frig

| #BMeshElE [« Wiblesh || BIBWSH=RE
7 1 1

| #EveshtB# || #EMesh |« HESITSHEE |
!

o3

[ HiveshlEIEE |
i
| TR R LSRR A |
1

I ﬁﬁjﬁmﬁ I

F AT BE L
TS T 55 A4
EENTIH
Tis By

HAldr— 2|
LH=EEN
iz FHT B 2560
EEA

Fler=2Fm
A= G
TITE T
Eaa

i
%

BT PN T B Sk E TR
= FHT B Sk LB E

!

| Emmace |

| EpirEssnns |

3-11 BRIEHTBE LA vk
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(1) B, BEFEGLME (Mesh) BN, WIETH A4, =Mim
B DL K % B 20 3 S50 CInAi 3 50 o SR B8 8 R e 7 S IR 0 R R
RYE BB BN, SR HIAG TR 8, MRS ERIETER 2 — AN
U A CAnSZ 54, I 7 80K H R 53 R 2 AN/ o FRAE RS R 240 3
SR, R TS PIGIIE . XS T A B R T MRS IR AR .

(2) FERFRAZEA, FVEERFIWINR R SRR, WRFREER (W
TS MALE B R A T, WIS TEEE . BT EE R AT IR L il
Gy, SBORRIEIT BE LA BANEAR, TR IS A E

(3) AT AT, BEPRRETT B Sk ¥ T FR AL AR g X A% B AR AR AR . 3X
— I AR AR SR S I, ORI UE SRR R — AR R N AT o B T S 1
P T0 R, R BN T AR AL THT B Sk SE A o IX — P BRI AR TR A L O
PRTE T VIR T A R A T

(4) ERIEATEE K (0 2 24200 vy L LRI i R 5 R 5 S

(x—xé)+(y—y§)+(z—z§):r2 (3-8)

Hor, (%o, Vo, 2o) REERTEAT BE LB AR, (x, y, 2) /BRI BT — s
ERIEAT B Sk (A2 Y 1 S5 A% 22 BLROTE o ARAR R, 4T B Sk R0 f [X ek
J7r GRS, AT Sk X A

(5) BRIE 4BV AW TSR AL T AT B Sk Y N o a8 T TR
SATEE OB

o = (%) (2,2 @9
WS,y < o NI AE = 4B R T47 B Sk v
ST A7 2 T LT B Sk T A, BV = 4 ) o
TR T T4 T B Sk BT L Y e BT 54T B S rb o B IG5
Ay = (% = %)2 + (¥, = o) + (2~ 2,)? (3-10)
WHRdsp < v, WRZISA T EOCFT Lol N, 7FEE TR AE; 5
My, TR AR AR
(6) XL TFTBE S Ja i N T RS, SEVEAR IR FT BE Sk ) J LART e 1) 2R L Al
Bho ORI, BRI y AL RRAE BONHT B Sk T 0 LA
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=Y, - \/r (X, —%,)* = (2, - 2,)* (3-11)
XA ERLAUL 1 4T B SO0k A% R TR < TMT R RO, A Rk 3 T M 5 IR 4T B
SLETEAR o
(7D fESEN R B, BT LA B MR LA R . BT
P S B B AR AR A, SEE S FERR I O T DR BEAT AR T AR . AR TR IS ) T
AR 2 SR BRI AT SEIR MRS I BHS AR T o D T i RO BEATE B RCR I
W, A2TEJE MRS T BT RA A . I S T A%, AT CAED IS & 24T
P S0 WA 2 T AT RE L BRSO, AT SEISE I HOFT BE AR BRBOCR

3.5 RE/NGE

AREVEANER 13T LA NS H R GURLSARBETE 5 SRR « RE 7 S
MNLZE B AT BEDIRETT R A5 A4S, K H Unity3D 51 28 (38 SR R B A E JOT K
P, Mg T REMOIE T 6, SHETENES AR T, A, JHEd
i A SE IR S AT BE T Be,  [RINFBCTh 1 R Ul $2] S A 22 B3
HEAWIZ 58 Hr hae, AR EIRIEE XL N BRI ATTR K, MRS RSN
KIS N SR T At (I BORSCEE AN B AR .
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FAT XX E S5EHEARMR

2% 5 38 O JE R B R AR S KA R DL R T S A AR BEAT
T, R T VR RZE SR, WSRO B S HE HIAT HTC VIVE Pro2 £
4i5 Unity3D RS, W ST 1 2 (8] A bn i 48 fml AT B0 IE 1T HLas Nz sl 22 SR r vt
e, HAORERAEE ROSIAE NS I RES HE T AR A B AR N, RIS SR spIR
SEEARIEE, AREERMS T DR LB

4.1 RilbFE4a M

A A L AR V2 S T 2 A0, EFE B0 . HLEs Nigaiiial. dr
TRkt DA B AL B RS LB BN, 43T BENLES NAT ARSI, 4620
e o il A AP TR ] e A 1 100, AR IEALAER NSRBI R b i E I Soh i
HAb Ak, SFBORRSERRCR. R E S, Yl s besm A, 2zl
TEAETIRG, I, X S A T3 AH BAE X, i AT DU e A 2 (R R AR T %
filto SRTH, WIHCRANE KB R R Z AT R AT REE R, R
PORHBTHFETHSHLE CPU BEUR. N T X — i@, ARGCRH T EREHEE
SRR RE AR I A R . 3BEDK Unity3D ARSI 22 40 5 48 o e A &5
B RGRE NTRIEE FRALEI N ) S, AT G SRR B DR K
411 RRBEEEX

JE UL B G — P 2 (R BE 2 A, B T s i A s AT s ) i .
Jo S e A R ) B B BRI A TR B 2R T LT B, T 1= A B R T 4
Ho W, EREITA N R MR B E & T e, AR
SRJEARIETIE S 3 RIS Canrh s BB [R50 55D, 38 U R 0, 6 Kl 4
NTEEE, BRSNS NS 8 RE e fE L. B,
T3 A W A T R T 5 T L R S AR AT, AN A A Bk i T R
For 5w, T D A E T, IR AR . BB SRR LA
AR ZERPO, B N =R R EEREE, R R g B A
TG0 OGRS A E S AABB Sk, HIU R S5ARAREAT SR TTIA
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KEOEG OBB 5k, REWRIEYI T e B EE S, WK 4-1 5

No

(a) L HIER (b) AABB il (c) OBB L&
K 4-1 2 B L R
L BREL A — M TR R RNV BRI S0, L H B 4R B — A
PARB/INIER, S FTA 45 8 U TZ BRI Pl A R BT BRI
N:

Re ={(x,y,2)|(x=0,)* +(y—0,)* +(z-0,)* <1} (4-1)
Hr, (0y, 0y, 0,) RIARERO AR, 1rp RORERIFAR. %A E XL T U
(0x, 0y, 0,) NERLy, AR g KIBRAE . WER D YIA R FBIERAAEAS, R
O R Z A BB K T EARAR A, AKX AR AN B] BE A ARl , Wi ml A
POEHERR . XAOTIETHEE DR, @ SYIE ik KEYR, (HA BBRA K A
%, MTAEREE, WEBERA eSS REICHRIASR, SRR I AR
N, F S BRI
AABB U HIG SR T — Mo R &, FHAE E

R ={(x,y,2)l a,<x<b,,a,<y<b,,a,<z<b,} (4-2)

Hrb, aes ay a, N B EEAES B L BRME, by by b RN
KAE . WS HHEHDMEN AABB 52 BT EEE, W] DLPREAWEX i)
HRERER A RE . WREA AABB ANES, XM YA ehliE, M
1117 38E G 1 52 248 PR BA R A G o S g 2 PR R v R I A 2 L T e Ak
KEDER 5. AABB A G 5% B oF S S AP AT 3 PR 52 2155 Bk
& T2 A M B AN, e EESUTR R E TR, XEWER
Fl & n] BETCVR B M AR B SERR AR, Rl 2 AR AR S S BRI,
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HUHESERR T YA, 850 7 A BRI THER, B T MRS kS
A

OBB u Fil & HEPME I & X — Ml sl C =AM R 7, vKiE X
—ANE B G, A A G -

R, = {C +any, +brv, +crv,|ab,ce (—1,1)} (4-3)

Hrr o ryy re2 IR R 277 ARG R . OBB R 2 RETE SR Il &
YIRS e RER A T AR 1, (BB R TSR 22 I L AABB 5 4%,
(k3 dE A1 UR7 7 R7iel/ 8
4.1.2 FiitEASRIE

Unity3D 5|%F|H Rigidoody A1 Collider ZH1FRAI\YAA B] (Al AT
Rigidbody ZHAFIR T B0 s 1%, A5 L RE g ma LRI AT /g BOPE R, Rt e ik
RuAEFAE . Collider ZHA4 e A MREE AR, Unity3D #2147 2 Fh28ALH
44, 41 Box. Sphere. Capsule %, LL#&EMNASETEARMPIET R, WE 4-1,

% 4-1 Unity3D H (¥ fill 8 44 5 1

filf A 7 iS4 R TR B & 2 7Y

Box Collider X 0ZE N KIrik AABB
Sphere Collider BRAE A BRi% A0, B R
Capsule Collider o Rl 1 B e PRaNRE:

Mesh Collider IR il FE 0 A o 5 T AR A 5 OBB
Terrain Collider iy Rl A BEXS T S SN

SR IR O RE T A, 75 BERA DR AT — AR BAT WAL, IF Ho P
AR 7RI RGBS 1 WKL, g e 20k 1s
Kinematic J& %, LARA ORI BE LA N AL . Unity3D H BRI 73 D i Ak 43 44k
WAL 3 (A A IE Bl 2 WA R A . i 2l A T3 e . Bt <5 A sh B4
i, WG B HERE . NIVRRERE R (P BUIRZS H V) B 5| SRR S5
DXV J S T N o BB AR, AS 2R AT S SR, A2 ER
RGN, BTy FAR KA = A BRRS Y, g FAR 4 . Unity3D o (9 i
T BENLAS Nl X S ) & BEACE, AT DUSHUL RS A A ) BRI ROR o A
Fer0 o B 5920 3% 4-2 P
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K 4-2 AT 5%

TR AS I 52 BREY
filf 4 ¥ 46 OnCollisionEnter(Collision collisionInfo)
ESRo I OnCollisionStay(Collision collisionInfo)
4h Al OnCollisionExist(Collision collisionInfo)

MR SR AIAT 3 AR AR, DAL ITT AN Box Collider 414+, JAHT B Sk
7 Sphere Collider ZH14:, PASEEIT B i A2 i RO RE S AG I, 40 4-2

Pl 4-2 S4TSR (A L4 P
4.2 RIS BRI

42.1 %R E

JIHEAE FAGAR S — b T it S W5t R ALAS B 3, HAZ oL 2 i i 44
ity A 25 K R FULPR B TR 1) 58 L 7 S R R o MR E R BB & 5 R 0k
KAEFERARS, RERE R SUE S, AR ) RIS e, A
BB I R AUFA B LS AR S AT 2% 5 B AR Z [ AE H 77, AT (35 4
FHEEAE HIUTIR B LS
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£ Unity3D 518, EAULRH /74 i B3 T God-Object Sk, %52
g5y R RS T I SERTHEEL S St . God-Object S I AZ O SR FH 2 il il v
SR AU, T HL 55 R AU R 22 T P e 2 DR 2R B SR R AU BEL 7T G 4-3 s
TRIEVFORE R A TR R A Oy — MBS IS AT SRR i 2 R A R T 1) B
FEEEE, JRRAE I E T R . AR R RO

F =—kd (4-4)

HEA 1A
£\

\jm

F=-Ikd
fRam s
LR

& 4-3 God-Object &% K
Horb, k RS BRI T B A5 25, d REE 5 R E bR 2 18] ) B
1SRN I TT 1S5 AR 7 AR B, B AREE 36 h) R P A 2 1 o AR 3 2
(4-4) , AR S5 B AR [F PR 26K, R0~ 4 5 2 IE e |
71, XFRAEIERIFIR T I RGO UER AN SIS 1 o 12 B 8 RS AU
PUFREE ¥ ) 2R 1, IR AR T R A B, DS 2 BARME T AT EE AR
SCHE. 1E Unity3D HrsEElEun i /)9 sC B Re, TG0l TAb 0. ook, Eid
S\ OpenHaptics SDK {32545 % ] Unity3D T H o, 3%, @it g S BIAA]
IR, SRECBE AN, HBE RS H. TEIEATR, AR B b4
Ry 1 R P OB A, TSR TR B RS FH P K 7, SRR APL ) R

LB RIEEN A
422 VRXEH

SRR R A — I R S 5 B RAE S RS I R BOR R A, e
TR IREE 1B RE, A PR RIS R R A A 2 . %R
TG G B LR AR S, BENE SERB R P Sk IZ B, AL R R
B 5 (R A FPoIR AR B I LB (A8 ARG, 2 ROAH T B AILSE (VR o B3I
5 (AR) BURIREILSE (MR) 2 AR, H AT F3k iRk R 28 A 1R

43



o N 2 T e A 'S

ZM, AR HTC VIVE Pro2, i1l 4-4 Ji7x. HTC Vive Pro 2 /2 — i
R (VR) ki, DAHE 2 #% (IR 4896>448 153 ) + 120 Hz WlH#h
A 120 6 A N P SRR SR . B RS HER SteamVR
Tracking 2.0 JBER RS 1= im0 2 (B S AR 73 ) 32 A Wt , SCRF 2 PP N1
FMFEE M SteamVR W, JZMHT VR k. Bl T EE
AU, PSRBT TR VR A5

K 4-4 HTC VIVE Pro2 % #
HTC VIVE Pro2 (#1241 Bk &5 HAF T IATEOGE BR s 4L, 2o
R FFECE , 73 3 A 2 A R B ST AR 2k &R T IREE T S ISR
N E, HEAHEARRTHORIT IR EL, RIS AR 88 K ANk . kAR
TN BRI, BEWSIEBOGIE 5, R 7t 00 R A BERRE 1 i o B & AE
=4 AR5 L. HTC VIVE Pro2 24528 a0 4-5 Fis.

Kl 4-5 HTC VIVE Pro2 40l IH S5 #& LA J5 2
7£ Unity3D “F& FIF KT ) HTC VIVE Pro2 (R #U30 S2 5 F I, Unity3D ()
XR RGURAL T 3K SCHF. Unity XR 2 —ANFAELE, FAZFI VR %, 0
5 HTC VIVE Pro2. N 715285 HTC VIVE Pro2 HIx2 H., R #H T S Steam

44



o N 2 T e A 'S

VR Plugin, XL N HTC VIVE R5%H1 Unity3D #fif. iz R4t &8

TR AL B A E AL D RE, MO ETAL TR R IR . TR R
UMyM%uMmTﬁ%EA@ﬁ#,%EﬁﬁumﬁDMXR§%#ﬁmw%
BiE. HTC VIVE Pro2 RS EE T

(D) 3ot Mtz m . i 4-5 FioR, N7 KRy K
BUIX, B0 E AL A% 22 R b5 1B A R F AL B, A E AL AR K% A 150 <
EHEM N 1102 A ETFEZE /DK 2mX 15 m Fn7Es) 2,

(2) i &R K HTC VIVE Pro2 k75 5 B EHUAHE . #AERTTRE,
TF IR EHE AR I R, Sk BE R 5 U EN TARIRES

(3) Bz 5HLE. B, M Steam B 5 WG SREUTE 2235 % PR T,
b J5 75 Steam “F- & (1) “ P27 8 R IF 52 Bk Steam VR N %235 . #5353 ) Steam
VR, FEH kBT BEBO M A E S N, eI &I H 2ER S
RHE o

() FRXSREE. B, BFWEEREIFL IR, e iiEs
I IERT T S % 1. 84, fEFWPRUREmm L, SEldidE. sin, H
PR EAEBOGE M &RE & X BN 5, Tl Rsh ko Eaii E. £5%
G XIUG, R0k B 3 iT AR

4.3 MERZRELHR

FENLER NI B AR RE T, ARbr 2R 1 TR 4 o S B ks B s s P 1 A
fZ0IAT. Unity3D VG BRUCR 2 FA8R &, AL A N2 20 22 (1 AR H At
TATLbR R, W 4-6 fs. 7RI ZRIRAREE, 08 I At
SEHLAR bR R

¥, Zg

@, Pr

K 4-6 F2 A TFAABR RN 2R &R

45



TR R R S 2 S

£ Unity3D T br &, YIRRIALE PR REP, = (Pyy, Py, P2) &R
e N TR HEHTE TR R NHINLE Py = (Pxy, Py, Pzr), TSI E
AR Tro MRYEE] 4-6 45 TAAAR RIS NG A, A B ASHHE T LE XN

0 01
T,=|-1 0 0 (4-5)

0 10

AR, A TFAKR R T BIALE P, AT LU R A T A8 A5 22 T IO B Py :
P,=T.-P, (4-6)

Hob, PR P ¥ 55 IR FRIE X, B P, = Py Py P, DT 5 Pr =
(Pxr: Pyr, Pzr, D)o

E Unity3D 1, WUIOBERE thse Xo Y ZEHIRRR A (0, 1, ), X R E
FEHEFE RN 1R H e 8 oA T A8 b5 28 R IR FE R R, 7 B G N LA SR
Tro MRIE/EATTARIR RIS IR ZR, L AHIERE AT LLE N

0 0 -1
To=[1 0 0 4-7)
0 -1 0

AR, 7o AR RN BOTERE R R, AT LU G T A5 & R IR0
FFRR:
Ry =T,-R -T* (4-8)
o, Tl =TTy, FNTR 2SS FREEFE
N T T I R Aoy BRI 48 25 ) e e, AT A S AR 0 R R~ S R e e 1 5
giafe—k, BAur:.

L [RP 49
15 1 @)

He, RN, PREFBRE.
£ Unity3D H1, 7 FAFR R FFIRARHFEREH, 7T AR IR N

TR 4-10
=g (4-10)

46



LA TR AR 228 S

B AL B AR RET, 2RI Ty, A DL LN AT T A8 R I 57 IR
¥ Hg:
He=T, - H, Ty (4-11)

4.4 STENBZNEHFEIRWIE

BUEHL 2 N IR 10032 20 27 88 10 YR A A SIS IR SEERJURT (¥ 5B . AR SCHE Unity3D
IS UENLEE NI S e TE . W 4-7 R, “FAEAMBEE Joint 45 X 15,
FH P R E s A 0T SR AL N B O A BE A . S BN SR B
35.21 = 33.37 2 47.91 = -17.22 = 60.51 = 57.08 I, RGHEMLHS M IEiszh
S EA, SZRESRARAR AT BLE Unity3D (A ARSR R PR, FEKT54E
RN EIRTE Position X4, I 4-7 R, METCKEPATARIIAL ) (0.26,
0.17, -0.56, -0.61, 0.46, 2.71) , 5Kl 4-8 PR Runfi L —5, Wik [ Eig3)
SRR IR, )5 SRS DU I I R S B T B AL

Position Joint
Px [ 0.26 Jointl «© @ 3521°
Joint2 @ 33.37°
Joint3 ¢ @= 47.91°
Joint4 O -17.22°
Joint5 ¢ @= 60.51°
Rz_ 2571 Joint6 @ 57.08°

Kl 4-7 IEIz8) N R M AAL 2
&l 4-8 fiizs, 1E Position $%i] X b, 8 fi AN K i I H bR AL 2SR I8 IE Y
B FIRIERTE . fEP Pyv B,y Rys Ry RAGAAEF 7% 0.26. 0.17,
-0.56. -0.61. 0.46. 2.71 J5, RGMHEN IS 1)U 57 A SN T H AL 88 A%
TR R, ¥ S A R A Joint P2 DX S5 AT ATRLAL B
SEEGSE TR, AN KT A EEAE 4 B 35.212.33.37° \47.912-17.22<.60.51

47



LA TR AR 228 S

57.08< 5K 4-8 LIS AR BB KA S a8 X 4IRAMUE
1 1A Joint XISz LA NRERSHERfIZ B EhE M %t FIRRIGIE 1z
ENEEFIRIIERTE . BeAh, P AR IRIAAT 45 2108 H RO L, Joint [X IS
IR R My 5 1IEI8 3 22 AN A A BEAR e W) b — 2 DAESE T A SCh
SEHL IR 2 22 SR I T S AR 1

Position Joint
Px (028 0.26 Jointl < @ 3521°
Py 0.17 Joint2 &= 33.37°
Pz B8 -0.56 Joint3 < @= 47.91°
Rx -0.61 Jointd G -17.22°
Ry [GAENIN 0-46 Joints @= 60.51°
Rz [EE 271 Joint6 Q= 57.08°

4-8 WisBh TN AN RTT A

4.5 FESEAZHIAN S

SRR v 5 R AU P & 18] B R S AE 2 BT AL NS H RS
KRBT RARGERHMEIEIE, 02D BOEFE T EME SR TCP ML, il
id Socket HEATHEEHOEAE . MRS dvi i % o R IEHE K, SR S S A
FHIWOK .

YR AT NBEM , T2 R I « READRAT o 0 SR HRAT I = 80 4 R
L Visual Studio i 5% #% S I % A5 B W) B0 B 4l <2 B W A A . de il it
OpenHaptics SDK SEI SRAL R i 5 5% WIS 8 AR, THEHOR SR 28, JRI 2K
FVEN RGNS HUEL R ZE Visual Studio IR 5585 . IR 55 28 X Bm 2L 4T T AL 2,
BLFE A BT 22 450 723 [ RS, 458 A1 s 140 57 248 MR % 46 Dy R DL T 3 P U] PO B
ALk . FREIT Socket AR P SCHEFE 45 J it L A2 461 22 Unity3D %% /7 it o
Unity3D % P i e B 5 5, R 3008 3 28 SR AR SR T R R LA T om AL 28 A 1
KRATAE, T2 SR BB A (PR AS S BR A S Xof R DL BIAT i FRDRG ) [7) 4%

48



o N 2 T e A 'S

o i oR RGHI S EAE MRS, RS PRAT S B0 2R I 67 28 DA 2 ) Hdfa il ik
Visual Studio Ik 5% #s S it 2 1A i, SEILERAEE RO Al 0 AN [RIR, R AT i
A7 28 md Visual Studio Ik 55 a4 2 L NI &3R5 &5, SRS LR &5
NPATHH BN, B OR R SR BE 5 SEAR L a8 N DR KRR P84T .

AR i 55 SEARPAAT S 2 1) B0 58 T2 RE ER AT AT o R A S 088 SCRF T R it
F OpenHaptics 2% QuickHaptics & fiili i B FHAS 77, 38 £ Visual Studio H 61 2
Pt & B e B e Eui T AR 5%, R OpenHaptics SDK S 132 BB AF: iy 152 4%
(% R B G5 7 IR W BR025, KA i ) 7 S8 B8 e i LA NPT 1)
WL Zf5 8, JFilid Socket ME{F PhBCKE U SEN AR MM 22 P i . 25 7 S % YL 2]
Bl )a, B3 R AR e Bt B AT I AL s NS M B, IR I Le sl
et B SR NFE R %, RBIHLas NPATHRENE . RIS, SEARPAT IRl as A
I A% AR T S, PR R B IRSS A% o IRST AR X L ) 4l Sk
S A, AT SR S 0 SEAR LA N ARSI ) LK )98 28 ELDfg . 4
PEum %% I A TR A2, Wi 4-9 Fros, 1% N Rk 5 1,
FaFFH A IR SR 0, Jl I iR 2% 2 i AR 245 7% 7 s WL 2% N ERBEIZ 3l . IR %
MR T RATE 2 B G TR IRMEIZs), e TGS FiE3).

Kl 4-9 FrfFom Lt

4.6 KE I

A 5 G R AU IS P 0 58 B A8 ORI 7T, PR 1Rl A I . R AU
KA H AR R 18Bh AR SO E R R BRI S
MG HAA, 198 1 A BRI BAEAYTR K. 3£ Unity3D 15 45k
TITENE AR IR I2sh 25k, Bk TisshA A HEmtE. [FIRF, 454 VR

49



o N 2 T e A 'S

AHER, BB 1T 1 B R GRS BN P R . et 1 o A Al
FAYL KT ER . ST I S LR HLER N RO R, 9 SERIP 84T
AL T HORSCRr . B ORI B S AR A0 T 1] REA% A 1 A% i 8] KB S AT S L 2%
N> R ALES N BPIRZAE B DUSAT B R (0 77 t e SE I S i 5 F

50



TR R R S 2 S

BT EMISATEN R AR BERENIN LT

NIGUESE T REAUBLSE T LA NS EL AR GE, AN 538 1 RE4OL7 B S S 36 AT
SEAAHIL ds N AL B SRS S | )5 58 T S0 A R ST SE ISR B0 UE 28 Gt ) s B S5
FHIE, DLV RGUH ) OB PEREASEPRAT BERCR o e, XA N EHT B4,
NRGE— DAL .

5.1 KR a1EE

LI ST BE AL A8 N A2 B R Gl SE 6 & TE R 58 I R A 5 3R iR A 2%
PR IFRERY, 1EF 64 A7) Winll £4i. Unity3D 2021.3.32f1cl 4 PA % Visual
Studio 2022 WA, MM EL AN 5-1 PR, REGETF RPN E UL 5-2 Fs.

* 5-1 fffFIREE

eS| ZHINCE

CPU AMD Ryzen 7 5800H with Radeon Graphics 3.20 GHz
WHF 16G

SIS NVIDIA GeForce RTX 3070 Laptop GPU

K 5-2 KRG KA

eyl TH
BAERS Win11l
AR R AR B A SolidWorks. Blender
REFAAE BB Unity3D 2021.3.32f1cl
MFEE S C#
miEra Visual Studio2022

WP 5-1 e, HEADBLSICST L% A LRSS B IR B . HEAULAAT o 5 91k
PUTH = AHIR. RIS Geomagic Touch /1R % . KH-01 itk il
Pl 24V BLRIFSRAUE, I HLIEN % . TRERALAT BRI AL RO T
b7 6 Z 5 TAR &, B OR #is 5% 1 ot RT3 T HHLS HTC VIVE
Pro2 REABLSC Sk M R3S FLER B, AL 88 A5 L DA ST B 2507 2L

51



o N 2 T e A 'S

SEARAT s H SCARST BEALER N 3D ATENRISEE, 3T BN [ 2 AE N LA AR
i o SIS MU AT B IR AR A g, AENL RS AR S S AT BENLZ 18] 222 1 N4k Ty
IR . NFORIT B AR AR e I, RGUR A EAL A [ 0 D OKE 10 KG)
[ %€ A, 432805 Ik TAFEST B R A Ok 2B AR o SXME A G B REORIIE 1 R SE 1Y)
AR RIRE /1, SUOR 13T VR ML RS e PE AT 22 41k

RERAAE Bt

[HTCVIVEPro2 | | HEWAITHBURE |

_

l / Fd \\‘
i \y i
| -y Geomagic Touch i
i \ i
I 1
| 1
|

Eizacal

| KH-OL LIS |
\ = 24VERTTXAE | |

\ e | e

5-1 SEIG 4
5.2 3L B MRETSCIS

5.2.1 EHML ZRRETSILE

BRUIE B A ity 152 25 5 R ADLRA T sty WL 8 N 22 ) 1 2 [ Bk S A it S LR v 42
ook, AW 7 A RIEIRBESEES, Wl 5-2 P . H P TR R & AR
Unity3D 5t & i 7 B MY, @it Visual Studio AR 55 2% 52 S5 1R i %
SATHAE, T I I8 3 5 S SR AR A i B 4% R R oA 28 o B, 3l 3 =2 ) s
BRI B B IAT OB, R L S AR5 2 Unity3D R4 -1 & 1)
Socket & J ity o REAUT HLF G TR AR AL LB, A S 1IN 2 %

52



LA TR AR 228 S

TEVAS f 55t R FLPAAT S L3 AR 3 65 A 2, SRBILES AT [R5 50 . i
RGUSEIE, 4 Unity3D [mii2R 152 B 24 100 i, {845 K A Update() iR £ #R 66
ST BT HCHE AT S IR A0 AT v AL 38 A TE R ADL2S [A] b R R B s S . Jd i
Yt 5 B RAETRAS, R G0 AT [R] B 10 g 4 1 o B 4% 5 R PDLRA T 3 WL 2 A PR R o Al
WEdRE, JFORAFA TXT X 5, I MATLAB SEREHFE AT AL, 24
A i 5 RE AT I A S s A B R B R X LI, ] 5-3 s, BEMLEIR T
7 A WS R A HE R M R R G ER B M e

,,,,,

K 5-2 READUL B G S G

i —

Hirim

-200 -600
-400
-100 200
0 0

Yih (mm) X#f (mm)

B 5-3 =42 B R St b &

53



o N 2 T e A 'S

BRVEu 5 HAT R R IRE Xo Yy Z =N A B e i K AR Ak
$ANE 5-4 Frs.

XT i _F (A R AR A Y5 i E A FRAE A

200 0
0 -50 -
3 B
g’ -200 - E’ -100
& &
X >
-400 - -150
-600 ‘ ‘ : ‘ : -200 ‘ ‘ ‘ ‘ :
0 50 100 150 200 250 300 0 50 100 150 200 250 300
IR A] (ms) i H] (ms)
(a) X J5IH] (b) Y J5 1A
Z75 1) LR A bR VL I I T 1 A
200 Jr 1) LA bR 2R A 0.03 VA2 B IF) 22 40 ‘
frsk e
N a— 02f i —— Y
0 002 4 oz
-200
€
E oot
E
N
-600 -
-800
-1000 : : : ! ! -0.03 ‘ : ! :
0 50 100 150 200 250 300 0 500 1000 1500 2000 2500
WA (ms) Wl t (ms)
(c) Z 5] (D REDHT

Bl 5-4 A ALbR Xy Vs Z {EBER [ AR E

MR 1] 5-3 A& 5-4 B S0 Kl 70 B vl i, 454 S AR S o 5 READLPRAT S A S
mHE B S R I BT BT, R is TR R R 3, HER I
A7 I W 3 B 0S5 T LR U B EE B TBOR RO . #E— 2B i B 5-4(d) BTz iR 22
IIATRTAL, R B RAE X Y Z ZANJ7 ) B R ZE S5 I AE 40.03% ) Ya [ Y
BOAE T PRAT SmAL s N B2 R AT T SE 1
5.2.2 KARHLER AL E ARG LI

2 58 AR A it REFL AT S AL 2% N B H SR AIE S5 5 3F— 20 T 45k s 0k S 44
PAT I AL N BIFE R RORIAE LSS . a0l 5-5 Fios, P T4 R im0 o6 72 =4
() A 2 S SO BEUNY, - Visual Studio il 55 25 i SIS I 52 B i 428 1) 8 2% 015
AR, W) IR SEE SRR R i AR i Al . B S, RSt Socket Ik
554 LA 100 Hz FBAR AR bR EE SEI AR 4 B AT Smblas Ao PATIm L a8 A\ 4%

54



LA TR AR 228 S

e Hicdia Ja B el i 2 T MU SA TH SRR IR 1 H A BARAR, IR A iz
W SRR A RTHME R, RAS SLARPAT I L& N AL (8] b 7 £F
NI o S IR Y, AR GRS AT S AN S AR AT i ) 7 B (R D DR A7 9 TXT
A, FEAH MATLAB 2l P18 1 AR S s A7 B R 25 L I, G 5-6 Pons,
BT 1 A X SR PAT S AL a8 A AR S 7 B S L2 1

5-5 SEARBLES A AL B W S

i 5"
— B
e 147 B
200 .
0
= N
£ 200
§§-4oo
-600 |
400
200
200 200 0
-400
Yl (mm) 0 -600 XHh (mm)

P 5-6 3 A =2 2 1) R i 280 EL
EeEumn 5 B PATIARIRAE Xy Yy Z =AMl B A B RS & R A
FnE 5-7 Fios.

55



o N 2 T e A 'S

XT7 1 _F ) AL b A A Y7l _F AR B AR A

200

-200 -

X (mm)

-400

-600 ‘ : : : ‘ ‘ : : :
0 50 100 150 200 250 300 0 50 100 150 200 250 300

B[] (ms) 1) (ms)
(a) X J71A] (b) Y J7IA]
ZJ7 1) B A bR AR AL . R
100 : ‘ " 15 15 72 i B (1) Fr) A2 4k
of —
1 . - - = ZJ [
-100 | '
= 05
£ -200 S
& - w0
& -300 )
400} ] 0.5
500 __\/\__ 4
-600 ‘ : : : : 15 ‘ ‘ -~
0 50 100 150 200 250 300 0 500 1000 1500 2000 2500
A (ms) I 5] t (ms)
(¢) ZJ7lA) (d) ®ZEHT

A 5-7 JEERAE AR SR XL Y. Z BB AL
% ] 5-6 AT 5-7 (¥ SR AE 70 B T, S5 AR R S -5 SEARSAAT S A
SIS E YR DU RIF R E, WE RIS S AR — 2, B
A7 3 )38 B LI S 0 T A LEBBOR R . 3t — D i 5-7 (d) P iR %=
AR, R B RAE Xy Y Z =5 AR ZE S AR 1.5% Y Y
X ERARW], SLARSAT I BE NS PSR AT i B SRR, B0k 1 AR GUAE SE bR B
PR r R A o AT AT FEVE

53 NI E L

N BIIEST BN A8 A B RGACR, ASCRT T 1532 BAks, %
1579 1IM-F95-600-30-22141 (/N 4E St ey, X. Y. Z =5l /)& 600 N,
JIHE 30Nm, ANYEJIREE<0.5%FS, FTE MM AARIE, THMBAE.
EEXT SR BRAT BV R 5E R REAETE (MBS, 7E REAU IR 5E o oy AR I T il 1
A o I BR TR AR I TR B0 FT A BE (R, R 40 R F A0 gk v b L428

56



o N 2 T e A 'S

s B TIE s . AR OT T, 8T 3D ITENEORBIE L R E,
Kt Eum 51 GV ER . o, IRERZATHUIVE AL AL SR, 4 F AL i
Fash Ao PRI EZE s, HORT LA s s Pul i ae . KRR
Z {Ot T VARSI T &, B m s B E T3, IR LT EL
O ZET AT 61 Z BTG . W Z Hots T 6 i
B, SERURHTBE JIRRSHESS o 2 RGBT, RSk AT S HLES N JE R AR
X E 5 REIABEORRF— 2 AT Rk Z Fhot 2 5 A LA K,

PRUEST NS TR B e, B w2 B anlE 5-8 fros.
' e

P 5-8 FEAAT B I 1A

LHRAEE IR HTC VIVE Pro2 gEAT/EMLIN, it RUNLAHT Bl 1 o 1 £ 15 )
RESEPAT IR ML 88 N3 T2, RG0E I RERR I AR el A5 B . X e s Rt
Socket 38 {5 &4 A B, M SEILBE & I 0332 B Re . 7E )45, @i
W Z HGS V6 m R HAT B Sk S T AR R, MR 4T B 1K
/N o S5 HE AL ) 2% (38 4T P W5 10 mm /s, BRI B34 T K P iE B,
TR 9K 3N B SE AT I AL 28 A BAT T BB L o AR B A iy ) 8 46 52 0 oK v e 45
R, FESARNLER NSRBI B, W&l 5-9 Fram . KebLas A9T B J54% 1:30 1 ELtdl 4 /s
JEAE R BRI B . REMNPAT AL A 15 BRI Z BT 752 J1 80
(7 A 368 Jod 458 A i A i ) A% SR B R AR R AR 0B B (R o e 4% PR I3 70 R
N IR E BT R LG AT . SR AE Rl 5-10. 5-11. 5-12 R, ArilEOR
T 30N, 60 N. 90 N =Ff T3 T i sk Ayl o

57



LA TR AR 228 S

NN
whrooN®

K 5-9 SEARBLER AT BN ]

t(s)

(a) 2N Sk E

S35 I 5 & “ F1 5 [ % R
L 31
: 30
, I
M o
L | 29
28
é 1‘0 1l5 20 270 5 1|0 1I5 20
t(s) t(s)
(a) 1N A (b) 30N F7ilj3at
K 5-10 30 N & s AR &
735 A 5 6 Fy 51 6 {9 3 B
of |z
w o
58
. . | 57 . ‘ |
0 5 10 15 20 0 5 10 15 20

t(s)

(b) 60N J7i &

5-11 60 N K 5L /7

58



o N 2 T e A 'S

EIEIESS 71 51 6] 2% #
3.7 \ ‘ ‘ 93 , :

F(N)

= J
IS'O q
29+ 1

f; 1‘0 1‘5 20 0 5 1I0 1I5 20
t(s) ts)
(a) 3N JJilliIA (b) 90 N Jyilli &
5-1290 N iz sk 771

T TS0 SR A B 0 A AT DA MY S 4R e s A ) R B S AT S LA A
HOATBE AR B I RIS N R &R o BARIT S, B AT AL AN 30 N 1T
JIRF, AT TR ZETE N 0.1280, X5 1 N T B /1T (1% 2 6
0.1114 AW G LPAT LA AR 60 N FT B JIiF, #4778
FONRZEVEEDN 0.0645, 5 2 N 7B FHIARMLIEE 0.0818 AHULEAC: H 4T3
PLas NN 90 N 3T & Jyit, A dim [ 15 /) B iR Z2 V5 D9 0.0487, 5 3 NATEE )
THIARATE ] 0.0648 AR IXLEEI KA, HRAF i o5 7E REAUAT B LA
HH S U5 0 RE s HE R SR BRAT S L N BOFT B 384k, SR 1 R A SeAE 9T BB A

N AT SE AT AE R

5.4 RESE4TEESLRE

A BRI HTC VIVE Pro 2, It 5 i R AL i 28 4 2 R i 15 4% 1)
BB (10mm/s) , [EEEREH BT BEHLAE A FT B k183, £ Unity3D 4
BT A, BB Hd Y 2500 RPM, 1535 Pl i THREE & Z BT
VE G IS HIFT BE S M e fuk A, G W858 B e vh e (R KN, B8 3 1N
2N. 3N, AR5 E3hA R A AT T B I SE S, Sei R R BR AR a0
K 5-13 s, Bl @« (b (o A% 1IN 2N 3N B RFTERIR

59



LA TR AR 228 S

(a) IN4TEE (b) 2N 1B (¢) 3INFTEE
5-13 FEAUAT BERUR I
F a5 ikl LA ] s P R i W 4 OB B (10 mmifs) 5 [A1EAE
HSLARAT BEENL SR N BT BE K25, AT N, JFiEREy 2500RPM, &
WG ETHEF & Z BhICAE G EfildT B SR R T A, SN Y
SR B RN, B INE] 30N 60N. 90N, #RJ5 5 S5 3k ML ] 2845
| SEAHLEE NBEAT AL AT IS e, Seie gl sl 5-14 iR, B @« () .
() 5% 30 N. 60 N+ 90 N FrFT B 50 2R

(a) 30N FTEEK (b) 60N T &K (¢c) 90N FTEEI
Kl 5-14 SEBRITBE R A

5.5 RE /g

A TS REA L SEAT ML NS B AR GEdtAT 1 2 4R ING, haafr BT, 7
W AZ HMRE ST B S5y o o7 B WS SRAR UG IE 1 45 41 S 1A o B HE 28 ) DL Sk
WETH AT ImALA N B DR T ARG RS . 00 LS Il I RE R AR LR
AT B 73 5 SEBRT BE SISV ], B B2, BRE 1REAUET B ) B H
Sk . RESEAT B SRIG BN SE PR ERAF AR, 32— P T RS ATAT PR AR E 1
SKIGAE IR, R GRE NS B IR E WU L 5058 RN RE SEEE & BT B R A
N SRAE 7 AT SESCRY, RS U REIE R HUN H A%,y e SEOCAL AN 58 5E
NE-20iP

60



o N 2 T e A 'S

FoE REERE

6.1 B45

ASCREEMILSE (VR) TS AL H RGN BAIE A, ERHT DL
ARG AR 2 7 S BN A 2 3T B T2 R AF A A E R S
BRI e, LT BEAR VR = ey DR B AL BE- 77 0 R 5 Jse 153 55 D BB A 1) L
JFRETE, ST, ABERETIR —ERA R R AL G- 7758l & R 1 B 90
T H ARG, AR ARG SIS AL E SR AL R T %

BEXT AT I BT I 45 1 22 R S BUREHIR EEA L, RHBGER D-H 245
IR R ERT AR RS 2R, IR F i AT 1R 3l 22 SR . 38T Pieper 20T A
T U BEAT I IS B SR, I FH SRRV SR AR AN T B A s 5 AT S P LA
8], ot —FHZ I ZES I, I MU SRR, i sEIl 1R R
PAT G« SCAARIIAT i 2 8] (ARG B 1 o

BEXT AT BEAT 55 H BRSSPI R AR SR O, it 1 — B R AL ST AL
AL H ARG WIS BT TR S AL TAFMAR R DL Bk
TSI, RGeS K E R T RCR « WEIC 1 REEAS I . 775 S5t i
UILSEAZEL L AR R AL DL S B SC A LA Al L, BB BRTT T R G B EAG EE AT Bl
IR

NS UERE DI SEAT LA NS B AR GERIAT PRI SE I E , A SCH i 1 R 4tk
U7 %, MNZUEEBHATIN. B, W MR B S, SRk 1A A
BRI YE e R GUER AR RE, (L B IR ZEIE I AE£0.03%, FREHAEAS 2L .
FR, 18 SR BLAS N AL E RS SE56, B6AE T S Prblas NAL B RS IRRSS e 7T, R
ZVEEMUONH.5%, #EBRAE 7 ARG EENE. fa, RS H SR, W
RE ST I A2 T 1) 0 S it , —F R ZESEARWY) &, UEW] R SEREH A2 LTI
BRI S RMCLENGE . WL e /1A 0 58 58 HARYEFE UG T R G 2k
S

>

=)

HY

61



o N 2 T e A 'S

6.2 FREE

S A SCAE REM I SEAT BN &8 NS B R G et 5 SEIL T T EAS 1 — E /Y
R, B VR 2B B IR A AR 5 1] ARRAIBEFTRT LA JLANT
[EPESIE

(1) AT T DI SL LS NIT B A AR S B RE % SC BN Lt A2 ) 58
I ATRE 2 BRIE e, (H AR RBAPLE R P i R 7800 2% 18 AR I FEBUR AR ) S s Ak
P o i SEBIE TN % S 2 T RS 2 s A AR T 5 S B I T3 ) 22 )
HRE IR, @A RER M SRANESE, T8I L5018 GG L 5 SE bRk i ot
BB FERE YU, SEHL L2 JACR 5 B B R (1w B — 2k

(2) RRMIWE TR T RGHTE AL LSS e PR 2 et 5T . #E7%
WoHRE T T, oy =AY BUERE: E e SRR L) M R AT R, R
RITEAL 55, BRSNS L) B ARG NYID RN, Bk RGERSEE
FRURE IS P VE AR s B LN AE P 2 EHES, AR R S LA AR
GLUIRE, FALSEEMBATALEY R BRI R AGNHVEE, 51 &
LGS RGNS, KT RS I et & H.

(3) AR AT AR R 5G. Wi-Fi 6 S5 mnli LB EH AR LR R4
g1, DLBRAL SR L . M LE(E, B mik g SHITmblas A2
) RV EICHE A% s SN 0%, IR ERBERAE,  $ETH R GE R AT RS S Ik R A

62



TR R R S 2 S

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

S22 3Rk

RAA, B REMRS GG R R <+ RE[]. H EFR B R
F1J, 2020, 35(11): 1358-1365.

Zhou L, Zhang L, Konz N. Computer vision techniques in manufacturing[J].
IEEE Transactions on Systems, Man, and Cybernetics: Systems, 2022, 53(1):
105-117.

EAtom, T, MRk, S5 ORNUE 2 E ST ERAT MLy N it 5 ile
[3]. Bl it 5 7¢, 2023, 39(01): 22-25+30.

Qian N, Chen J, Khan A M, et al. Towards sustainable grinding of difficult-to-
cut alloys—a holistic review and trends[J]. Chinese Journal of Mechanical
Engineering, 2024, 37(1): 23.

W7, HIK &, & WPITEBERTESNIA R RL]. eRA 583
BHEE B TR, 2022, 42(03): 325-331.

Li J, Zou L, Luo G, et al. Enhancement and evaluation in path accuracy of
industrial robot for complex surface grinding[J]. Robotics and Computer-
Integrated Manufacturing, 2023, 81: 102521.

Fracaro S G, Glassey J, Bernaerts K, et al. Immersive technologies for th
e training of operators in the process industry: A Systematic Literature R
eview[J]. Computers & Chemical Engineering, 2022, 160: 107691.

Asad M M, Naz A, Churi P, et al. Virtual reality as pedagogical tool to
enhance experiential learning: a systematic literature review[J]. Education
Research International, 2021, 2021(1): 7061623.

Chen Z, Zhu H, Song L, et al. Wireless multiplayer interactive virtual re
ality game systems with edge computing: Modeling and optimization[J]. |
EEE transactions on wireless communications, 2022, 21(11): 9684-9699.
LR, AR, XN, & VR A E A =4 0k B R S 01 5[]
AL TR SN, 2024, 60(07): 204-211.

63



TR R R S 2 S

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

Lyu K, Brambilla A, Globa A, et al. An immersive multisensory virtual reality
approach to the study of human-built environment interactions[J]. Automation in
construction, 2023, 150: 104836.

sRATGE, Rk, Bk, T VR B TIHLEE Nisshisl Scl R4tk i),
BRETHENL SR, 2025, 15(02): 96-102.

Jiang Y, Yin S, Li K, et al. Industrial applications of digital twins[J].
Philosophical Transactions of the Royal Society A, 2021, 379(2207): 20200360.
BOGRR, KET, W, 55 TR FPERERILER TIPS NEE RS
[0]. THENISE & RS, 2024, 30(03): 811-824.

Javaid M, Haleem A, Suman R. Digital twin applications toward industry

4.0: A review[J]. Cognitive Robotics, 2023, 3: 71-92.

SERKRE. AP HLES AN R SRR S SR IwT 7T[D]. _bifEss — Tk K2z,
2020.

Xie H L, Wang Q H, Ong S K, et al. Adaptive human-robot collaboration for
robotic grinding of complex workpieces[J]. CIRP Annals, 2022, 71(1): 285-288.
Zhu D, Feng X, Xu X, et al. Robotic grinding of complex components: a step
towards efficient and intelligent machining—challenges, solutions, and
applications[J]. Robotics and Computer-Integrated Manufacturing, 2020, 65:
101908.

Song X. Virtual Reality and Metaversal Literature[J]. Theoretical Studies in
Literature and Art, 2023, 43(1): 1-11.

Zhang B, Wu S, Wang D, et al. A review of surface quality control technology
for robotic abrasive belt grinding of aero-engine blades[J]. Measurement, 2023,
220:113381.

KUKA #1285 A\ AT S230 H 30 2 B iE B [3). 48 in T.(#4n 1°),2018,(11):11.

Song H C, Song J B. Precision robotic deburring based on force control for
arbitrarily shaped workpiece using CAD model matching[J]. International
Journal of Precision Engineering and Manufacturing, 2013, 14: 85-91.

Li J, Guan Y, Chen H, et al. A high-bandwidth end-effector with active force

control for robotic polishing[J]. IEEE Access, 2020, 8: 169122-169135.
64



TR R R S 2 S

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]
[36]

[37]

Ph—22, MIEE S, T, AF. SRR P EEST BEHLAS N KB B P R )
[J]. " EHLE AL, 2009, 20(07): 838-843.

FICAR. BB TEATAT LG NP ] 5 RS0 7T [D]. ALK,
2024.

PR, GG T 5 Ak H R 2 3 BT YR KR AL A5 B R AT T K B
H[D]. HEPKK, 2023.

Liu S, Lu S, Li J, et al. Machining process-oriented monitoring method based on
digital twin via augmented reality[J]. The International Journal of Advanced
Manufacturing Technology, 2021, 113: 3491-3508.

WREE AT, Bng, sk, 55 B2 Ka i ) E B R G T K ] HENL
RS EHah e in THAR, 2023, (09): 178-181.

Tao F, Xiao B, Qi Q, et al. Digital twin modeling[J]. Journal of Manufacturing
Systems, 2022, 64: 372-389.

Boschert S, Rosen R. Digital twin—the simulation aspect[J]. Mechatronic
futures: Challenges and solutions for mechatronic systems and their designers,
2016: 59-74.

XGglg. FT Unity3D () ESLNASLIN T RGHHT 7 5T K[D]. ALK,
2020.

X 7N E R SO B A 5 BN AT FE[D]. HR R B TR,
2018.

i, BT BB fRb s il T 205 57 [D]. 4R R B T K%, 2018,
55, 2T Unity3D HISE H BN 88 NIEARL[D]. sMRHL K,
2023.

. Blas ANIT B A2 RE U0 BRI FE[D]. PR RHOR S, 2024,

Ni D, Yew AW W, Ong S K, et al. Haptic and visual augmented reality interface
for programming welding robots[J]. Advances in Manufacturing, 2017, 5: 191-
198.

Togias T, Gkournelos C, Angelakis P, et al. Virtual reality environment for

industrial robot control and path design[J]. Procedia CIRP, 2021, 100: 133-138.

65



TR R R S 2 S

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Lin M, San L, Ding Y. Construction of robotic virtual laboratory system based
on Unity3D[C]//IOP Conference Series: Materials Science and Engineering. IOP
Publishing, 2020, 768(7): 072084.

Xia P, Xu F, Song Z, et al. Sensory augmentation for subsea robot
teleoperation[J]. Computers in Industry, 2023, 145: 103836.

Fukazu Y. Hara N, Kanamiya Y, et al. Reactionless resolved acceleration control
with vibration suppression capability for JEMRMS/SFA[C]//IEEE International
Conference on Robotics and Biomimetics, IEEE, 2009: 1359-1364.

Ma B, Jiang Z, Liu Y, et al. Advances in space robots for on-orbit servicing: A
comprehensive review[J]. Advanced Intelligent Systems, 2023, 5(8): 2200397.
SuY, Lloyd L, Chen X, et al. Latency mitigation using applied HMMs for mixed
reality-enhanced intuitive teleoperation in intelligent robotic welding[J]. The
International Journal of Advanced Manufacturing Technology, 2023, 126(5):
2233-2248.

TG, SR, REEE, S JRE AR LS N RGOCEEOR K REL]. M
KNas L2, 2022, 31(06): 147-155.

RER. W7 Bl N R S L =42 HI 0 7L [D]. K3 Ry, 2022,
Singh G, Banga V K. Kinematics and trajectory planning analysis based on hybrid
optimization algorithms for an industrial robotic manipulators[J]. Soft computing,
2022, 26(21): 11339-11372.

PRAESE, SRSt XUGRIE. — sk SR AR 2 L as N1 s 3 1) 77 ).
MU TARE2A4R, 2023, 59(01): 50-58.

K. RSB S B RE BRAE LA AL RGN FT[D]. YLIRRHE K%, 2023.
Granja M, Chang N, Granja V, et al. Comparison between standard and modified
Denavit-Hartenberg methods in robotics modelling[C]//Proceedings of the World
Congress on mechanical, chemical, and material engineering. 2016, 1(1): 1-10.
SEHEIR, R, IR, A FETRUE M TALHLES NS B S HER
[J]. WOt 5 e F2#3k R, 2023, 60(14): 272-280

66



TR R R S 2 S

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]
[60]

MK, P, 5K, S T MATLAB BIXUHLEE N R G085 15 H [J].

MUK 5, 2016, 44(21): 5-10.

Zhang S, Li A, Ren J, et al. Kinematics inverse solution of assembly robot based

on improved particle swarm optimization[J]. Robotica, 2024, 42(3): 833-845.
. T RIS K T IR RE R4 07 5 R Se0t 7T [D). LI RHOR,

2022.

Wang T, Wang L, Li D, et al. Monte Carlo-based improved ant colony

optimization for path planning of welding robot[J]. Journal of King Saud

University-Computer and Information Sciences, 2023, 35(7): 101603.

Lu Y, Yihao L. Design of immersive and interactive application based on

augmented reality and machine learning[C]//2021 IEEE 4th Advanced

Information Management, Communicates, Electronic and Automation Control

Conference (IMCEC). IEEE, 2021, 4: 316-323.

HHR 7. JE T MU SE SR R Sh AL a8 ALl i 2 ) R gt s it [9]. 15

HLI& 5454, 2023, 31(09): 150-156+189.

MRAE, 483, SKEE. B TRG 2 Rt BlGH P R i A I 5A ], TN

B, 2023, 40(09): 454-457.

Dinas S, Baftn J M. A literature review of bounding volumes hierarchy focused

on collision detection[J]. Ingenier & y competitividad, 2015, 17(1): 49-62.

Freire D L, de Carvalho A C, Peterlevitz A J, et al. A Methodology for Automated

Conversion of Axis-Aligned to Polygonal and Oriented Bounding Box

Annotations in Aerial Imagery Object Detection[C]//International Conference on

Intelligent Data Engineering and Automated Learning. Cham: Springer Nature

Switzerland, 2024: 373-385.

R, T A B AR R A U BRI FE[D]. e R VR A% K %,2015.

Galvan A F, Ramirez J D, Deshpande A D, et al. An Extended Virtual Proxy

Haptic Algorithm for Dexterous Manipulation in Virtual Environments[C]//2023

IEEE World Haptics Conference (WHC). IEEE, 2023: 176-182.

67



TR R R S 2 S

Ui+ e & REYF AR AR

[1] 8—1E# FT Unity3D W4T B T 2L F[I]. 2@ TRE R 22243, 2025.
(e:HD

[2] H=AFH. IRE LM-GA FiEM -V EBLS B HIa 78 [)). 2@ LR RS
. 2025. (O 3FHD

[3] 28 —AE& T MBS B2 N B AR R[], TR
SRR 2025, (HRED)

[4] = RN, —FhET Unity3D 378 L2 I 1 R4 7Pl E
LH|: CN202411445302.X..2024-10-17. (SzE# )

[5] SEURDIA. —FHAET R4 LM-GA B A- VLB 5 55 1 77
v4:20241 1449770.4[P].2024—10—17.(%% EIZI)

68



o N 2 T e A 'S

5
R 330 =4 e 6] LA T D R 5, AR T3 T Bl 18

T2l WSO, BESEAgE, DLRER O AR . 8 513 FATIYE AT 19 B
o AE R R P RIZH R AN I E

B SER R ER R N5 T 2, SKRIRE IR T BAR K AIFE B, MR SCHIE AL
WEFETH IR E - BORBR LRI R R GERIIT AT, 254N T7 T #R AT 5K 2
PG ORI BN, REEIB P A, S5 I A B IR IR A, A
K=, FREEIMARR AR, SRR ST, PLAORAS 98 )5 19 ARt
S, HEEE T TRZIME S, OIS R I TAERAL 175 FBEHE

TR R B 2 SRR, SRBIRE. BIR. E32k . R LRI EA
TRIGEHE . EoRAE . ER. GIARIATE BRI PURAN 3] R H B

U ACEE, AT RIR A RN, WNECE FE B S S N, 48
TRER, WIkLEET), E3 T R FAERN B, BoR kLS5 7), A E MR
IR

fJa, WERBR A C. Bl E SR LR B RS Fy, R E OB
B PN e AN F RO, O B AR SR A IE R E - BB ERT . KB ik
PRk 7L, WILREINYEE 7 H SR ESIERK.

69






