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Drive Error Compensation of Continuum Manipulator Based on
Force Transfer Model
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Abstract; Due to the nonlinear friction in wire/cable transmission system, the elongation of the drive
cable and the coupling between adjacent joints, the motion control accuracy of the continuum robot is
low. So an error compensation method of the continuum robot with considering of the nonlinear friction
was presented. Firstly, the kinematics model of the robot was established by the Euler transformation
principle under the constant curvature arc assumption, and then the statics model of the continuum
manipulator, including the coupling between adjacent joints was derived based on the principle of virtual
work. Moreover, the influences of the pre-tightening force of the cable and different wrap angle on the
force transfer efficiency of the cable transmission system were analyzed by the experiments. By using the
improved Capstan equation, a force transferring model considering the bending stiffness of the cable and
the nonlinear friction was established, and the model-based error compensation method was presented.
Finally, the effectiveness and correctness of the established model and control method were verified by the
motion compensation experiments of the continuum manipulator. The results indicated that the motion
control accuracy of the robot after compensation was significantly improved compared with that before
compensation, the average position error was reduced from 5.94 mm before compensation to 3. 15 mm
after compensation, and the compensation rate was up to 46. 97% , which verified the correctness of the
compensation method and the proposed model.
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Fig.3 Schematic of driving cables
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Fig.4 Schematic of coupling effects in adjacent segments

HF5 + 1A B 0S5 A il B C A Y
IR B 248 3 AR XA U A AR SR BB A D
BEOM AT IR O TR EL B i A T R I IS
B2 B — AW - 1A T R PR

jjiﬁi,i—lMi(l//i>O *ETEJ—L'fﬂ‘éég Pi1 0., :ZL_H’)[%Z
HAR A (11) 4k 7 T £
) ) i+1 Mla
VM = q (12)
0
oo *‘M9=‘€~¢H
0i+]

R SCHE S O AL A A 7 22 B (SX(9) ) IR e %
JEIRAT A G 1A A2, UL X (12) FRASR(9) T

AL AT Z /94 I W) =0, 0] 3% S2 AL 2 A/
i A R B IE

T A+ M A, - M A, = VU AY,
(13)
X — B AR BN
U'—— 5 1F 5 33

1T 58 @ 3075 il BT O S R SR R LS Ay,
0, MR T FE BT SR Dk O [R] I 220 A 5 R
X 5P A B PR 7 B T A TR U g S R ] A
il h

;;FJiqulpi = ('TiTJiqw - H]YY.VMI)A‘pi

o= d,r =M, (14)
WIS i 25 R TR B A
r=1-,) "M, (15)

2.2 EEZ5RIEENEBRFEST

FIEF RS A E L R AL R G )R IR
F I 3% A T ) AL e 4 1 B AEALER AN R o o 5K
PRAL# AR B 2, 7 B0 UK B 48 5 % SR
T2 33 5 PR BEAT IR T, SR P 420 L 2 4 B A 0 20 =21
HOHAT BB, i S R o

i

Pl 5 UK 348 5 5% 1 Bk ) 09 A0 52 3l m 3

Fig.5 Motion relationship schematic of cable-disk system

SIS ds=p,m,;
[Ni,joi‘jni,j (16)
fiy=dTy;
A ds——HuMESI T K
p,— WU IME B HoT il A4
WM ) BT 4 fih £ £

T, ,—5 i A MR ITE j AR UK S48 5K )

S IR Bl 4 5 3% 4 A ) 1) JEE 45 )

N, — 9K 3h 4 55 3% 2 & 8] 1) 1E )

W 5K 3 48 5 3% 22 45 18] 1 EE 45 0
fii=dT =pT, m; sen(q) (17)

X p—— B

q— 3K Sl 2 FR GF % Bz 5 1) Y B
UK 2l 40 AH K T B AR 0 W Bl
J5 In]
W 2 (17) FRf , X 5 140 ] Bk AR mT 45

sgn



Moo= 20234

406 £l AL
ln}%]j"?sgn(iz)un,;,- (18)
ftqj THl,,‘v%ﬁngij
D), B R 2R M R 4 ) 1 A s AR Ny
T;,,-CXP(Sgn((.])M”I;ﬂ (g#0)
r{ , )
T.,(t7) (¢=0)

Arh T (07 ) ——BR B 4 AR 5% 12 4% 018 Bh i
B — i 220 9 5K T

FT T 3 3 ) 1) 9K S 2 ROl LR, HL 5 R

i 5 7 A O e LAY O B O, U T A 1 A%
S ALAE A B AR A LB

"::41':"( -1)

[sin(%+7w<j_l>) cos(%+7w(j_l)) 0]T

3 3
(j=1,2,3) (20)
WSS @ s il BT A AR sh g i AL E Dy
bw‘:hi,j/ Il Al (21)
Hr . ‘P +Rr. -r, (i=1)
e {?R"‘}P +'RF — RF, (i>1)

R X 2l 28 1) 007 Ok i, BIVRT 75 2 0K Bl 4 5 %
TR A% foh v 0 A O

m,, =arccos(b, b, ;) (22)
W (22) LA (19) f AT 15
T... (i=1)
r =7 , (23)
N {Ti_lngi.j (L >1)

2.5x1072

2.0x107*

-5.0x10~
5.0x10 0

Hr g, =exp(sgn(q)uarccos(b, b, .))
R e, —— BT R
T, ,— N m, 5 1m FL P s AL g
T... it B AL A N R Ge b i 2k )
B (23) 8 A (14) L (15) , BT 2 A 7 5K
S48 5 i HE A 18] R A5 T AR i ) A AL BRI i S AL
e NGB RGN G AL

;(n) = diag(e(n) )T(n) - (JI114/> +HM4: (24)
Horh T =lH T 7]
e, =le - &, 0]
nM — [Z,IMT 3,2M'l' rm:—lMT 0'1‘ ] T
Arh 7, — ABIHLEE A 8 TT 4 1R 3k

£, —ERUEE R
"M ——FAR AT MR A
O—EJH %

3 EZEENFANEBEFESHT

J o BT iE SR ML AR N di— 40 1% sh R G lal i )y 4%
ARV $5 AN A 6a TR 1 S 56 7 & X 4 e 1% B
RGBT T . %P 645 1 & maxon
AR HL L, 2 A7 7 A% i A (JLBS #Y,10 kg) , 1 R EH
#090. 4 mm FRPERLR K 4. 96 x 10° Pa fY K ) D £F
YLk 1 AR 2 A TR A k-
388 22 G0 Ak T 0 A5 OF- A R 2 BTG AR X S, R ) 22

0.7

F1%E/(N - m)

L]

2.5x1073
2.0x10°3

E 1.5x102

H 1.0x107
1=

L 5.0x107
0

5 () '
-5.0x10 0

K6 f—feflsh R o ik
Fig. 6 Motion characteristics of cable — pulley system

L6, Py 2. ke 3. 4. it 5. IKshs 7. AR AL



%13

FF % A BT ) A A B A i S R LA N IR B iR 2 MR S 407

W 2R 495 T e ) 5 L B gl ) g R 4R WU AR D R TAR
A5 2 i s 1) B 28 5 B R AT s SR L 4 I AE
RIS (3.5.7.9.11 N) Fifa £ (30° .60°,90°
120° 150°) N & T 5K ) f2 Jf 45 I 4t 3R 0 09 g Aok )
Fid 5k oy, B 25 R E 6b ~ 6d TR

H &6 AT, 48— 40 1% 3 R G AR A IR 5 ) O
[F) 2 AR T o A5t T ) ) O 22 /0, BRAIL 2%
N T3 A% 3% 22 Ge A6 3 3 3 0] 48 A% B B H ) 0 R i 3
/N I 6¢ BT, 4 1 R T 5 0 H ARE BOE LG,
TR TR, AR R HAETE it 7N
J& , 3 B 4 K T B o T 0 B HG OR RCTTT i /N , FT R
TEWE S0 9 N o 11 N A, 3K s 48 5 5 ) 58 0] 17 7
AR Bh A 38 s T R 6d S AN a3 il A AR AR
4R AL A RGN AL R, ARG OE LT
fil AR, B AR R, TR R R . [R5 Bl 6¢ X
L AT, B2 fl A Ay X A% S 30RE 19 52 ) LR 4R R TR )
PIAEH K.

MR SCR [20,22 ], 58 T 3 ) 48 ) A% i o 72 rh
4 114 A8 T AR s AR T, D) 3K B 4 R T 1) B TRD 1) R
8 7 55 H T K 32 19 1F TR 2 BE A D

f=aN" (n<l) (25)

K f—EE#ET N——ik 1] 7]
K(25) o Al n 2R o, 320 5 Al RE Y A AR
Fo A a=p,n =10, 05 EBTZ0ER S 78
TS Gsd B (K 7), M4 55 m
F2fb B A S O (B ) ) RS il AR AE OXY ST N
T J& 77 F ) A, B

zF—Tcos(dz) (T+dT)coq(dz—¢)—

(Q+dQ)sm( ) Qsm(dz—go) +df =0

?) - oo () -

ZF—(Q+dQ)cos( >

(T+dT)sin((12—¢) - Tsin(dz—go) +dN =0

Y M=M+dM - M-(Q+dQ)Rd“’

Rde
0 2

+rdf =0
(26)

\ o op e _do  do _
¥ de =0, sin 2 = , COS > =1

HF de HE /N
AR (26) A1 7] 44
dT + Qde -df =0
dQ - Tde +dN =0 (27)
dM - QRdep +rdf =0

HT T T SR P A4 B B0 4 6 R Dy g 56 S 5R 2 M 2T 4

TY

7 SRS S 2 R B
Fig.7 Force diagram of cable — pulley system

2%, % F Bk Y Capstan J7 B2 oE 47 HEA5 20 87, DF 9% 2K
B2 25 R AR 2 Mk R 4 X I Bl A% 3 R 1 Y
M 17 25 g 8 X ) A% 3k 280 1 B i S ok 43 A
UR—HE 1 AR LU A X A 3 AR I R e AT R R . &
p=R/r R =R, +r R34 54 il 5 ok 42,
ro IR TS M I EMR S TS e,
WIAEXS T o BYFECH

dM _d’M

@:dgoz )

W (28) A (27) , WL R ER PL de, IF I

R Q 14

(28)

jgp%%(%)"ﬁ"j—g-pho (29)

3 (29) ekt Capstan J5 2, 1% 75 AL 25 ih
W B2 B AR 2 JEE 48 0 W A% B 803 10 B2 i, BE A% LA U
Ty 1 8 AR 9K 20 4 76 32 2 o B2 v ORGSR ) AR . I
37 RE T 3d 5 PU B Runge — Kutta J5 32 fff 1 0B %
WA Hh ik T 28 — 50 % 338 &% 42 vh S A R sk ) e
B B 7E H S5k I MAET 5 S m4e 54

Tk, Gl 8 P D208 55 42 ol e ) 3 R R
T(0) =T, cosb,
{ (30)
T(@) =T,cos8,

A T(0) ——ad i T 2 50 9 i 208 i A\ 5K )

T,cos0,

T cost), 0, T,

B8 485 A 4 fih T R 2

Fig. 8 Schematic of cable — pulley contact surface



408 /4

1R S ¢

2023 4

T( ) —— i ek -2 46 15 5 0t 3
LA 4l 4% 0 0 53 7 R AL 5
T'(¢) =Z(¢)
21(9) = 2 (TIP) T () 200) 4pT(e)
T(0) =T, cosb,
7(0) =pT,sind
(31)
T 7B K 06 e S0 B 0, =0, %
S O I 2 5 S 85 28 1 30
RGIF AT IS < H
Tmiﬁﬁ%w+rww:

K=

T, pz T 0)
1 22 12
27(0) p T (o) +T" (@) (32)
K T, T, ——8 515 30 & 50 B S AR i
ik 1

115 4% 1% Bl 22 G0 12 Ml v 1) A A 7R Ak R A
O<O<m B p BUH 1 3 10, B EL o h
0.15 3% 0.6, 5% n §L0.67 o 1, H &ML sh 25
Je 4R Ak T R 1 D 22 4R 4 AR B R GRS A
sk 3 R4 R 5K L B A A R AR AR R a1 9 BT
M1 9 al g, 52 LY Capstan J7 R2AH 1L, %5 B AR L
JEE $82 7255 il ) 35 A B 7R HE 28 ML) Capstan 7 R ) B 488
AN, FLCHE I 9K sl 48 5K o He AR Rl il R 1 AR 1k
ARG HG AT, BIVAE A A [ 5K g 1sF Jir 375 1) 288 4 A 9
F1/N o TRV A3 AT AN ) 2 8000k 48— 4 1% B0 A5 R (1 52 )
XTECIE] 9a FIE 9b WA, s J5 1% S 7Y v 4 5K T 4
RBE/N, HLAR LM B 48 i 7 H0URE 1) 5% i b2 iy 1) 2
(Ao BRI o 7 0.6 B, 5 AR H (48 3k
PO LU A R DR o« Sy 0. 15 B AR kb, 32 B 5 482 IR
SR AL ORI I S

4 MFANEHEBER KRN

7 %3 IR By 2 A By (1 B4 R PR 4 5k ) AR
FH AN RT3 £ b 15 B2 10 A sk, DT 52 i BIL 2 48 Al
W, A4 ds AR g &, T Haisk S, E A
A3 500 A IR Bl 2 fY gt P AR e R R AR T AL, DU AR 40 5 T
SEARTT R K R
_Tdl
EA
4.1 B REDRGEDEHHEBER
T A5G s R ARG BRI R 2, OK 5y 4
ZBUS AR YRR NG I AT QIR o SO 17 &
R (32) ((33) , s REF 4K
i Ry

ds (33)

K9 Za—5e1L 3 R GCHTE f A R 1K ) L

Fig.9 Tension ratio between incoming force and

outgoing force after cable — pulley system

1 ¢ T,Re
5. =ﬂf0 T,Rdp -~ (34)
Xp T, ——IRSh 48 ) Ih T )
R Fm g iE
do——2 %5 22 fih 1] £, £
28 (34) B4y J5 Ak fiaf vl 45
1 i out 22 2 ToRﬁp_
0 =uip |, oy VPT () +T7 (oo = =
1 ¢ o) ) T\Re
T ), T @ T (o) - (35)
2k & gl % il R 4%

4.2 HEABENEIHHEHEE

529 T LA A B S i AR T A S
TR AR B RS R A A Y T A i 4
T, % i IROKShEE 5K T, E, A, 53530 D R 3l 4 1) i
BRI R K d, =p.dy, [RASK(33) BUMIFS
R Bl 2 5 1 K ) A JEE AR (5 (24) ) I fE a2 Bl it
g F b T PR D B R T T R R A sy

T, . L
= b () PO (@m) 1) =S
1 T, T, |
ﬂ( —m+mexp(ﬂ«ni) —Toli) (4=0)
| T |
ﬁ(m—mexp( - ;) —Tnli) (§<0)

(36)



%13

FFK A R T AL 1 R I 3 SR AR AL d8 N BK SR 22 AMEE BT 409

b B BIL A N RS B, X BILAE NI 3R Bl 4 il
RGHATAME B T — Bl 5L T ) A% 0 55 7Y 1) 3% 2
PRBILAE N BK Sh 0 D 32, 1% 05 95 3 3k — > 15tk
Ja ) A R S AR T o AR IR S i R e RS
g H R T A B 9K s B e b, DL AL A B s o
KB ML AR W& 10 FTR o
IKshaE K ik %k

e [ g
| ° v
ol iz e | sz |of maan [

10 3R gl b 2 i A2 7 25 ]

Fig. 10 Compensation control of drive system

T A5 B T SR HIL AR N B9 5K Bl 1% 22 AR

qi:qi+6i (37)

p g i AR U 3
g4 i THLES A BLIE IR S it

5 X

T AL 1 S AL RS N R KM S0 X 4 R R AT
BUE B 11 FR HLE AR 6. ZR %
FEEA 3 4 maxon fi [RELAHL (A — max22 #) [ X
(9K B 5 i 2% (GP22C 1Y) 5 MR A & 4 g
FERFE P OTLEY NITL & 4004 & 3 R4 5 4 e
MR JE E AR 0.8 mm (1)K ) T 0K B 48 41
BLER B 90 mm , A2 Ky 10 mm 38 5 i 5 4 1 A8
LTI A 2 A MBS s, BRIKSILEY
A — AR 5K ) £ AR (JLBS — MD — 10kg #1) ,
FH LI LA A2 iz sl ad B e e PRk . SR
e A B B H 3 BR B A ( CTrac — 380 #Y) & 28 X 1L
N R s 7 R AT SR R R, LR RS R
0. 022 mm , 38 12 XF b 3K 2l 4 2 A F5 HL A A2 A B2
S B0 BT 42 9K Bl #MEE T vk I TE B P A AR

BT S50 3 A

Experimental platform of compensation

Fig. 11
control of robot

LoOXSCH BOBIREAL 2. S pLas A 3. 0K3h48 4. fa] fIk s bl

5.8 6.4 PC

T e X AL A TR 25 AR TR R S B AT
PRE , B AL A R G ) 1 3 A5 8L HP B 40 U PR 5 2

KR, P 5 g A% S DN A5 2 A S B A ik 0 S
A 3B A5 R v g B K AT O A B o R
T v i) BE 45 1 2 B0 e fe oy e e/ AR I A
)R BEA T SR A, S M S R Oy

. ~ ~

€, = min [ Ty ~T(n) I

Fo=lA Ao

. 5 (38)
T AT ~NTAT

Ty = [71 T, Tu]

7, =diag(e)7, - (J),) "M,
Ao, — il K A R R A ) A 52 UK
3 )
T AT A 0 7 2 8 A B B, RS
MR 2 (38) i 5t g £ 18 A 0 v (R R 48 ) B8R
AR B = 00 Hr [8 1 AR A8, i 45 il # 25 fk
T Bl 40° ~90°, B HE £ K 5, WIBL 28 A H 75 9K 5
2 1 BT R 2EAT 25 2 Bl 7 45 AR R
S48 1 XTI B EE 45 PR AT O S £ A TR B 4 5
X T HERE i B = 120°,240° K B4k 2 1 3 X 1 i1 JiE
{2 BT DL R A A A L SRR 1 TR
*1 EEFAHGEE

Tab.1 Estimated parameters of friction coefficient

2 B=0° B=120° B =240°
“ 0.26 0. 31 0.28
A/mm 0.54 0.23 0.72
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Fig. 13 Spatial rotation motion of robot before
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Fig. 12 Planar bending motion of robot before
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