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Abstract: A high-performance, minimally invasive surgical robot is advantageous for complex and critical surgeries
and promotes high-quality development in minimally invasive surgery. Based on an in-depth analysis of the character-
istics of existing surgical robots and clinical needs, a variable-configuration minimally invasive surgical robot system
was proposed. A manipulator with a variable configuration was designed based on a rigid-flexible hybrid structure. The
flexibility of the manipulator was improved by transforming the workspace using configuration transformation. The
surgical manipulator adopted a wire-driven structure. The tension and elastic elongation of the cable-driven structure
were analyzed under variable-curvature cable-sheath transmission, and transmission characteristics of opening and
closing joints were determined. On the basis of rigid and flexible joint kinematics, the workspace of the surgical ma-
nipulator was analyzed under different configurations. The variable function of the manipulator workspace was
achieved by adjusting the movement of the telescopic joint. In addition, a master manipulator compatible with the
manipulator was designed. The master manipulator was equipped with two master-slave adjustment joints to ensure
consistency of the master and slave wrist postures. Subsequently, a master-slave motion mapping algorithm based on
pose separation was established to determine the relationship between the master and slave joint angles, thus ensuring

the comfort and accuracy of the operation. Finally, a physical prototype was developed, and comprehensive experi-
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ments, including rigidity testing in a large workspace, motion performance testing, master-slave motion perform-

ance testing, and suturing operation performance evaluation, were conducted to fully verify the feasibility of the

proposed surgical robot system.

Keywords: minimally invasive surgical robot; manipulator; master-slave control; experimental study
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Fig.1 Variable-configuration surgical robot system
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Fig.4 Variable-configuration surgical manipulator
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Fig.6 Drive system of the manipulator
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Fig.11 Layout and coordinates of the variable-configuration surgical manipulator
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Fig.15 Mapping between the master and slave manipulators

BT BIRIMTASRL, IFEE S L B A
S AR RS F AL N R GEM T s s 5
LEZV)|

ap; = Kys((RE) " RY - Ap) )
0,5 = O, ™

6, =0,

O =0,

e Apy T NT-sim oL &34 e T b AR bR & S-
xyz NHHEIR; R RN N T ot bR R S-xyz BN B
BABPR AR O-xyz HUREHRFERE; R, KR T om B AR AR
M-xyz BIEREABAR R D-xyz WIERHERE; Apy R
F P A T AR R Moxyz T RHA
Kms N EMBLE B A5 s« Oove F1Gor 7390137
MFBEFR 3 AR HIIAE LTG5 Ons e TGy 73
MR ETWE 3 DR ARG E. FNES
22 (B8] ) B W R ST 28 ) b e Ji, T 3 DAL ]
5 SNTEH R R &S (8] N 52 B B e vk | e g
S, FFEEI A A AR KN 3 GE 3l R
e, LUl R R FPSE TR BT K , 3Nz 3 L]
FB Kvs ATBRCGEAN 11,3 : 1S : 1.

WA E T F T gt gy, REETHK
TS B, I8 T RIS g R o s
B, AR R T 1Y = BT 2RA =X (7) (0] A4S 3
MFBPARAZE T) . T E T EEER AT EES



- 1038 -

REF AR (A SRR A5 TR RR)

578 10

AL, i T BV R S A 2R B I s AR AR 2R
WA T, BRI RO R S E— R E. T ATk
INA

4n 4n 4n 4n
x x Ox dx
4n 4n 4n d4n
4y y y y
T" - 4n 4n 4n d4n (8)
z z Oz z
0o 0 O 1

Hrp
n!" =sin, ((cosd,, —1)cos” g +1)—
cos@ cosd,, sing, (cosO —1)
n," =cos @, singsing, (cosf, —1)—
cos 6, (cos 0, —cos’ ¢ (cos @, — 1))
n!" =sin(@, -6, )sin b,

si" =cosB, ((cos B, —1)cos’ g, +1)+

Sjn = _COS(¢35 -6, )Sin O,

4n __ .

0" =cos@sinb,
4n __ :

0," =sing,sinf,
4n __

0" =cosb,

d!" =1, cos ¢ sin6, —(1, cosg (cosb —1))/ 6,

d¥" =1;singsin6; —(I, sing;(cosb —1))/ 6,

d!" =1l,cos@,+1,sin6, /6,

T A AR ] PR 222 R 4 TR

=TT )

r0=1(T*) (10)
3 T4 B 0 i AR 28 B HR A R AR R AR 7R
. HETATLSRAS TS N

SINPCRPCI

X X X 2
04 04 04 04
n d p

cos@ sing, sin @, (cosG —1) T, = nﬁ4 o 034 4 (11)
5," = Ccos @ sing@, cos @, (cosb, —1)+ 6 (z) 6 ;

sinf); (cos 6, ~cos’ g (cosf, 1) S50, AL RIS Yt T

—cos@,cos6, sin@, —cosf,sinf, [ cosb,(cosb,—1)/6,—cosb,sinb, (I, +Al)
= -sin@,cosf, —cos@, —sinf,sinf, [ sinb,(cosf,—1)/8,—sin,sindg, (I, +Al) (12)
—sin 6, 0 cos 6, L—Al+d, +cos,(l,+Al)+1sin6,/6,
0 0 0 1
HE (D) 53002 M RTTRMSE, fubasksg B adiEl

YRR 3 AT o, B
d,=d" -1 +Al—cos@,(l,+Al)-1,sinb, /6,
0, = atan[2(s34,—s°4ﬂ

y
0, = atan[2(—nf4,of4 )J

(13)
A= (13) AT A5 B 7E NTF R B LT,
YRR 3 AN 1T T .
SRPRIE 3 IS SE T —BL, BRI AE T 2S [l Y
SCEHIE ST, T B PR T SRR T a5 A S R
VERE i s R3S — 3, HEEASXI N R R AT FRoR

] o ha hs
Mpo _(pD\~ E Spo0 _
R4 _(RM) 'Rs ’ R4 Sih o Iy (14)
L I TR £

A MRY S R IS AR AR RTEH LA R T Y
IR 5 SRY R NERAE RS Wi AL bR R AE FL I bR R T 1Y
k. T BoRasS EF NSRS AT XA
B, KL, Ry RS R e i AR . Al X
(D HBNBH da 0o 5 Og, H dy JitE, vl AT
MIEIZ SRS SRY , dEmRA 20 (14) B4 M. 385 =K
(14) BT R TR AR , WSRAT FHAERE WA 5l

6., =arccos(r;/cosf, ;)

m

r,cos@ .sin@ , +r,sinf (15)
— 31 m3 m4l 32 m3
6., =arctan 2{ 2 smp 9
r,co86, .sin6 , —r, sinb,,

BT B3R, fE GBS RS2 AR AL, i
YR, Bl SR SRR s s AR IR 2
SRR Sz s, A LIRS Tz 8l , 5L
BT RSN ]2 —E, ITRIIE T 32 SRS
SR 2 [ N S R TR

JIrdfe th AR 00 2 03 B Y s shs s Uy i, i
X BRI 8 519 1 ) ) b B RGBT B R
T BRI, SCBL T B s s i B
OB, SRR SN A5 () N S B —— W, [
R T izsh 2t A, e T LR I , i
AT S DU 5 a8 gl SR Y R IR s T A
B PN 4 1 T AL B, SEB 3 AL
B ORTHERE ], B DR AE B A0 BT 3 PE A .

4 SCIGFHR

BT A SCHR Y A0 A8 K B T AR AR R 50 B
D7, WHE TS BT RHLE N RGP BEAESL.



2024 4£ 10 H

1L BESE: RMTIREIFARYLEE A RGBT 55

+ 1039 -

BAEEEAN 9.5mm, BKH 560 mm, Hrpfhzhde
B RSH 125mm x 60 mm x 40 mm, % FH E AN
WA E IR AEE SR, BB 230 g; #844F
FEUX A AL Maxon DC-16, #2484 Delta Tau
Data System 2\ #| ) Turbo PMAC, >k H % H Y5 {3t
M. JE T PRI 2 st ge | =N E sh PR RE |
YEVEREHEA T T, DABSIE R 48 14z 8l R | B 4E
FEHEYE | S0t 5 A2 FARIRAE B M ERA R
41 NIEMERESEH

A SRR R AR R TR v, RS OCTY
B 2 ST SR RS, Tk A ST X T AL
PRI WIEE A B A, B, AT B EXHX IR
T BRI EE PR R T A A

MBS RE M ke B AN 16 Fron, 28 45 dE
B IKBhEEE AL iR W S R
VR 2R g 3 20 8 AT B 22 A% | kiR 2o i e
H 2N FERTA VAR RS LT, M OE Ty
() f KRB RE T, IF 0 sk B AR R o 4 07 - % it
4. WO EA 2 ANEBE, 208 s 0. BEHGR
3 B B EAA I TR, A SR R 17
Jrs. DIRZS R n] DI Y, 2R OCT 4b T 7K
I, Bl s = 0°, G = 0° B, 5C 795 W B e I, Oy
0.71 N/mm, M KA1 R SN; Mds =0°, b=
60°I}, ST WIBE fes , 24 2.73 N/mm.

E 16 #ERIEENENK
Fig.16 Manipulator stiffness test

F3 PEXTREMNLES

Tab.3 Postures of the wrist stiffness test
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Fig.17 Stiffness of the wrist joint
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Fig.18 Stiffness of the arm deflection joint
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Fig.19 Ranges of joint motion
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Verification of the manipulator configuration

Fig.20
transformation
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Fig.21 Master-slave trajectory tracking experiment
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Fig.22 Result of master-slave trajectory tracking
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Tab.4 Trajectory tracking accuracy of the robot

SRS K3 /mm
51 LA 2.62 £0.87
52 WL 2.84+0.84
553 ELRAL 2.42+0.61
54 WA 2.72+0.72
55 Sl 2.59 £ 0.65
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Fig.23 Scene of suturing test
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Fig.25 Hand-held surgical robot and conventional
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Tab.5 Comparison of hexagonal suture performance
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p=0.655 p=0.157 p=0.034
. 7.60 +1.67, 2.20 +0.45, 17.20 +7.43,
A3 AR
p=0.046 p=0.025 p=0.041
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