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Research on Collaborative Robot Force Compensation
Based on Kane’ s Dynamics

Wang Zhijun'?  Wang Yunyi'? Feng Yongli'? Sun Jing'?
(1. College of Mechanical Engineering, North China University of Science and Technology, Tangshan 063210, China
g g 8 y 8 &
2. Hebei Industrial Robot Research Institute, Tangshan 063210, China)

Abstract; A force compensation algorithm based on Kane dynamics was proposed to address the problem
of insufficient use of six-dimensional force sensors for robot force compensation algorithms. This method
converted dynamic forces into generalized resultant forces that required compensation, and derived force
compensation in a unified manner to compensate for the zero position value of the robot sensor in real-time
without external forces. Firstly, the Kane’ s dynamic equation of the articulated collaborative robot was
established and the velocity recursive algorithm between each joint was derived. Then, a joint type
collaborative robot force compensation model was established, the force compensation algorithm was
derived, and the expression for force compensation was obtained. Finally, the AUBO — IS articulated
collaborative robot was used for simulation and experimental verification, and the simulation,
experimental, and theoretical results were compared, verified, and error were analyzed to obtain the force
compensation comparison curve and error analysis results of the base six-dimensional force sensor during
the robot’s motion process. The results showed that the comparison curves of the three directions of force/
torque were consistent, and the relative error was below 5. 6% , which verified the correctness of the
theoretical analysis of the force compensation algorithm. The results can provide a solid theoretical basis
and valuable reference for future research in the fields of human-machine collaboration and collision
detection.

Key words: collaborative robot; force compensation; six-dimensional force sensor; Kane’s equation

R H 4B . 2025 -04 —01 & H . 2025 —04 —24

ESWMB: MEAAPREEET A (51505124) A4t 45 & 45 22 BB 2= 5 R UF 28 00 H (ZD2020151) (7 b 45 61 8 e g 42 I 3 & 5t B
(225676144H) JE IR F I H (25130211B) ML B T K 2& & S BHUFIH (ZD - YG - JBGS202501 - 25)

EERE N FEREE1983—) 5, 8002 18+, FENFHLIE LA AR AR LREE LR A AR, E-mail; zjwang@ nest. edu. cn



420 P A1 M S 4

2026 4

0 3]

75 T [ SIS AL B R R b 7 B TR A L
Fe B B AR T k40 2 T B A Sy T ME LA
T A g 0 24 B 7l 1 £ 3, 45 b S B
() % B B A bR B A 06 . (2024 4E 2 ERPMEL
PN S R 1 B A5 Pl & R SR T — S R T
PMERL RS TR A e 1 K ) & SR A L IME
LR A AE 42 BRI R P9 52 3 T i i £23A ] RIS, 6
R TR Tl R T R ol sl s s

PMERLES A BB 2 0 T 5 A AE T AR
AT E 2 A UM, DU TR AR e e
TE—ATAEG ST IMENLIS A S AR HEA1E, %
SPREE T PR SN BT — P8 U
s P 2B 1) T 7 A2 R B R R D G R %%
3 3 W WL S JAE B S 7, of 0 AL B R 7
KA . R S O 1 TR A S
WAL B R B PR B, A Sn N SUA M
Movelt g ib F I 35 SR 48 1) 14 145 K080 A % 42
HUBRE 14932 3l , DT 24 BR855 v 30 30 25 B iy i, i
G0 £y I S R 5 7 R R G AR . HL b R i
TEFS LA I &5 I, AR 35 5 2 AR B 5t FLiH o8
B, EFEAT R I SR 22 B b HLR R R IE
L A JEE i 3 B ) SR

PNYE TR RS TT LUK 22 48 1/ 1A A S i o e
S5 AT T W ZS 18] 3 AN J5 1) J1/ 3 /NS T £
AR SR A — AN 32T N ) AR
PN AR b S0 ABLAE B %2 4, AL BE
AR AR , B REAT ROl /D 2R S5 i, 42 v R GE 1
REVRRE . YNy 1B Ias S 1/ TS B LA
Pt RGEFEAE LML 52 U I, T A B T 7
55— I 150 2 I 58 R — A 45, ZEHL A AR
RIS B3 i o T i SR 7

TEFI FIN 4 1 15 I HEAT WL g NI 22 2 VBT 5T
Fh ARG AR A A e 4 Y R T B, R TE AL
BN KRS , B K X Pl g A A iR R AT 2 42 18
O H R A B VR N BT AR Al AR LA s
AR, ST HL S A R A A O B DAL e A K
BEgE T (AR TARIND, LA A E B
R L= LR B 25 07, 2 S B ANTE R 241 71
B, 7S 4 7 % SRS A I 225 SR R R, 34 R e
A A 0 g 4 22 2 PR, 7 R A I =2 T, R
XML EE N HEAT J7 R 45 ), 6 HL 2% A 76 R 3 50 1 1
VEFIR /S 4k 7 45 BB B G 45 SR Al 28, o S 2 11
T 938 0 AL S

TEF TS 4t 91 15 o 5 L% N B R M5 4 07

il

T, O Y AR LA AT T MR R AT
T BB AR 5T, (AL AR N BE 8 AR I ) AL IR A
S A5t A A S5 P b o A S o7 48 R AT 9 B, S BT
AN TT I TRE , H AR XS L &8 N B 30 25 T b £2 2R 17
5% Duan 5506 Jy MG LT T 0 A AN Y A
M PTRr HEAT B 5T, e S A T AR T B
1 B A= - B 7 vk, A RO BB, BB O AR
I3 P TR oy 22 5 BUR LR B PERE A

Bt Xt BEA M 7S 4 7 A ks e 3 001 B AL
i N7 ML AN LA DT, A SCHR Y — Bl 2 T 3L
Rl Iy 1 T AR %05 05 8 3 35 01 e A R B
T M) G T G — BEAT T AMEE S SEI A AR
PLAF NAEA 3250 T3 19 1 D0 T A% 2 A B9 60 {8, 9% 4
Ty w2 B BEBIURURS BE AN A ), O I 25 58 3 AL
i N AL BT $2 116 S Al

1 HBANMEREZES

L1 HBEAFNFEFEEE

BLas N8 J1 2 2 Wh s Bl as Nz s 5 1/ J1 5k
RO, S LA AN BT DA B2 A
BERUFNY B A5 3 ) oA i 1 2 B AR -
RRLIE RS B H vk AL B A o AR - B i fdf ]
BB U TG, 20 DAy T 1o 3 A A 1 28 4FE , TR A BT H
i B RS S RE AR B R s R, UL
EMESTEZBRAS, WES THEEERS. M T
PLas APLA X R 2 Al B 0 &2 2% AR 4, I T LR i
RIS B B R R R R L AT
LUBRE T AR R RIS

®1 NBABNZEEFTENEZTHE
Tab.1 Computational scale of robot dynamics

modeling method

. 8 B
e ek ik
FA% B A 2 2195 1719
LRI ETAPS 1541 1196
LA 646 394

1.2 HBHAhZHFENES
FIFH D — H S8k ok e r WL S A A5 5710 B4 3 FF
MR Z ] R E A% T T A 2 5008 i, T A3 L
P NAS HEFF AR B A X T LA b 2 B O T
T =\T,T,T-'"|T (1)
KATHLEE AT LA R n AR IR R 5, 15
AR TT AT B — A B m, 95, B0 R €,
Hii=1,2,,n0 WIZRIRRGERELB SN 120

n

z (f,-m,a,)dr,=0 (2)

=1



45 13 1)

TR % BT YRS E W IMERLE A AT S 421

Krp f—1EHFE ST R E
m,——JR i R
S0 0 R R A
SN O——FHRE
E%ﬂ%ﬁﬁﬁ%ﬁqﬂ,%%}ﬁlb iR v, A
i fHEE wc, , 7

v,
v(}[,,}.:i. (]21,2,"',71) (3)
J apj
w, .
wCi";vzi. (]:1’2"”7"’) (4)
J apj
Horbv, Mo, 5350 R EFT @ 19 RGBT ,p,
IR L BT SO
J s i B BLAS TRk
M=ﬁ——w Zvﬁp (5)

j=1

EVE I Jo1 i lﬁ’é%LTTgtF’E’Juﬁ%%
Mt (2) ~(5), A BLIR s 12 T B US
F, + Fj* =0
Fj= ;fivci,p, (6)
- Z myeVe s

Rt P fF i 19 L3 )

F —— %4 0 ) SCBE )

5T J R
M, ST SRR

/‘KI_ES( M1 7M27”.

n
M, =2 mvegve ; +
iz

[Ii(bi +wi(1iwi) ]wcl,iyj

(7)
Hr L. -L, -1
I = _]x,w ]_w _I)z (8)
-I. -1, L
P o & i B
I —3EFT i BYBE gk i
g I I
IR AR N
I, :ﬂ V(y2 + 2 )pdo
I, =ﬂ V(x2 +2°) pdv
I, = V(xz + 5y ) pdo
ﬂ[’ (9)

I, = mvxypdv
I, = vaxzpdv
I.= ﬂf‘;yzpdv

S, WA H 0 TE IR do LR p Sk 5
R

T B R 1 5V B0 M A 4R 3 A J7 1
Gy TR M, M, MK H R B

M, =[M, M,;, Ml.z]T (10)

1.3 EFYE SN AR %

AL AAT 0 AHEEE T B Ly
S BB B L i B RE B R D C, BT
J BB d,, LR 6, R T AR b L LU B
FIE 0, 7 Sk R I G G
R Ny

i i pi-l i
w=_R w_ +0Z

i-1 n iz / i.'
R w,_ x0,Z,+6,Z,
i-1

)

Q- i i1 i
w=_ R w_ +
i i i-1 i-1
vi= (R("T e, x" 1,
v, =y, +'w, x'd,

. i-1 i-1 -
w, X'l +" w,_ %

i")i =i7i1R|:i7 ‘.)L-71 +i—l

x) ]

Ve =Vt x'd +'w x (‘o x'd,)

i-1
(' W;_,

i i i-1
wi@)]_i—lR @1,

i i i-1 i
v”J:i-lR( Wy, X i

i i i i
vct,;‘;/- = vi@;j + @i, X di

(11)
G

AT i 0

SERT 1 061 i

FF i =1 BEFT @ 00 5E 55 40 B

o,y ——TEFT i 1955 G o

Ul AT O - 1O i

SR § = 1 1 15 M A 3 i

Z——5 i 3 FFE R A R i 203 ) i B
NERRZ i} Z J7 1) B Q3L [ B BUZ, =
(O,O,I)T

U 5 - VA AT AT 4R

AT T, B L, AT i - 1

531 3@
%

io1
@i_1p,;

f K
d—5 i N LR COMIX T,
i o 2

1.4 ETHRHAZNNB[ANMEEEES
L7 AT LA A 22 WA 2R 48 B AILAG BB
U R S N U VA Y AN | B R DA s P S
Fo RIARE S (1) #f 5 4% 38 AT 69 oo i 3 132 01 fig
F IR AE G LR B 1A T R S A S0 AT AR
YR8 7y K UK Bl 0 R B A o 5, e U 94 L 22 WA



422 & AL

A S

2026 4

B NibEr DA it

BB B Bk o )T B )T SO
PRy, Herp ™ SCIBPE g 2 48 AL A A AR IR 15 2 e
2SR O TR A B 1 aE SR A T
PRI ST o BLAR N IRAB I g 7 A ) 51 e T AR Bl
X (7) ~ (10) HEFHFEH]

AR B Bl 2 05 B AT Sr T LA N T A
BRI, I 1R

B 1 Sy B PMENL A N 7 R A
Fig. 1

Force compensation model of joint type

collaborative robot

H g 4D 2 R R AT A5 AL & A AE AN 32 50 1 B 1 B
T, 75 2R H A — BB AT P 2 B ) SCRMES T R
IR TR R AL AR A AR AR S AT R R . H
o SCRMEE R T R ) SO T 3 AN T R 1A
Tz BER A B H ) Z MG T,

F,=F i+F j+F 'k (12)
G =) mg (13)

1=1
F/=F, +G, (14)

b B F F—— " SURE ) 3 A7 R4 )
Fj— S 3 AT A i
G—¥EHF i YT
Fl— )" S

HRAE TG C, BB 8 it S 1 SO 4

{97 1 it e, B

c.=[C, Cc, C." (15)
u = (cosa,cosB, cosy) (16)
Hrp C.
cosa =
c+C
C,
cosf3 = e — (17)
Ciz
cosy =
C;, +C;

A a——Jrm i u 5 xRy 1 A
B—J5 Il [l & w5 y il iE Jy [ e £y
y—J5 ) [ i w 5 2 Rl R T 1A e A

M AR AME S T1 3 AN TT a1 F

Fl FL ST SRS ST F, 5i— 205 B

F! =Flcosa
[F;/} =F/cosf (18)
F =F|cosy

F =[F, F, F.]' (19)

i (12) ~ (19) Al LAA 20, 7256 @ BoZfr 1,
T B AMEI T X/ SRR

iL:[M,.]

FUHIH A IR A b A8 4, B FE 7 fE A AR 2R 4 S
L Hp

(20)

L= T,/'L (21)
Hop AR IR T, K

; °R o
;Tf": i s s
- LSCPy)/R R

Hoh SR HMARARZ [ BIARARZ IS R P,
SCP)NAKFR i B ST AFE R [ S] RS
{37 8 4 B AR PRS-, 1D

(22)

0o -P. P
S('Py) =| P. 0 -P, (23)
-P, P, 0

L AR N Y o i Y T
IS 1 B AL R B

T AT A5 20 % B FE AT 1 7 T3/ 00 9% A A
FRAEASET BB B

°L = 2 Sip
o 2] 15 31 5 JE Ab 7K 4t 0 A% RS D1 AME I 2R A
L HF F° M,
ML AR N A T — (7 ZE B, JE i oS 4t ) AR SRR
F1/ IR 25 54 5 S F R M BT L ) 22 5
JIAMEIR B 1/ 1B L

Ktp PP P,

(24)

"F-°F
L=[D S =0 (25)
MM
Zoad A EEHE S ] LI HLE8 A FE 1B sh i B
ANZ AN TGO 75 4 745 s 1 K I 245 SR E o
DA SE B 3 4 il 48 1% Az )
2 {fFEMEE

2.1 HiMRIFE
N T AR SO A T LS B S E AL AN



%134

TR % BT YRS E W IMERLE A AT S 423

KM BRI ) TE A 1R AT AT P 5 AUBO — 1S 5 Y
PMENLES A BB S A ADAMS #E 77 {5 B, Xt
A RTINS R Z& A, BE AL A AT 5
BV K R SR A5 M 2 8, IR AE N AR S 3 S IR
AL & AR 3z 17 « Bl J5 6] 200 mm, y Bl J7 i)
300 mm 947 AL BUIE , % Bl 2 AL &7 i T i a2
Pl , BAT B v, 0y BRI AN P 2 s

[
12 AUBO —I5 S35 BUHMENL 8% A1 LA A
Fig.2 Simulation model of AUBO — IS5 articulated
collaborative robot
LG 2.3 7 13 Jigfhm 4. 3471 5. %M 2 6. %3 8. %
4 9. FEMS 1036 11 fFHEHGE 12 K03
17 Hz sh s & 2 R [E] o 8. 0 s, 2L %y 400, 15
Hiz 2 ERAR A 3 i s, JHE o 2R i 1) 6 3K 3 R
Bk 2 R

4/&0
K3 i His kg

Fig.3 Simulated motion residual image

F2 FRmAEIHERE
Tab.2 End point driving function
e PR
x [T step(time,0,0,1, —200) + step(time,3,0,7,200)
y 1] step(time,1,0,3,300) + step(time,7,0,8, —300)
z [0 0 * time
25 x e 0 * time
B¢ y e 5% 0 * time
2% 2 Hhesk 0 * time

B R A %N 1000 Hz, 76 354705 B35 2h i,
SEETGE T ML A A FE A Ak 7 B 3 AN Ty ) By 1 A A,

25 Hiz shah R,
2.2 HiMEXR

R T R 7 AL Y IR B R O S SRR 4
FRAEXT LG, FIH AUBO — 15 &5 B P VE AL 28 A 4T
FIAMESLES . ML AR H BN 6, K T 1EF
ek 886.5 mm, it &t Ok 24 kg, HE E LK E R
+0. 02 mm ¥ KWR200X 5175 4 77 14 8% 2% 22 25 1 #L
NG 9 L IR R & S UE A | R NS L
BT ZE . o AN TGRS M TR & 2, B
47 200 mm, 5 25.5 mm, 48 PR K 0.03% F. S. |
KERER 0.5%F. S. , R ARES K 1 000 Hz,

T AT A 3 e R R g R AL AR A
BT 57 B SL g O ] A 48 T B0, O o N 4E
A B SR W AL 38 A AR 328 17 3 i oy 56 A Ak 2 31 1)
3T I RSIHE . JIAMEIL R WE 4 FTR

g IZ

4 AUBO - I5 L9 RUPMEDLAS A 1 25048
Fig.4 Experimental diagram of AUBO —I5 articulated

collaborative robot force compensation
LYt I&4s 2. AUBO HL#8 AN 3. JRE LK T A 4. K
FRPE 5. fERIE 6 BERE 7. RS

BLAF AN AR5 © B0 R0 ) A2 328 A7 B, 38 2o A% R s
B SR B B S e 0 e Ak A7 B 1 Sy RN L AR
F LU0 B2 R,
2.3 MUERSRESH

MHE(7) ~ (10) K (12) ~ (25) AT LA AL
i N T RME B B 25 S B | 25 B[R] P Y SR R
Jon s AT DAy B R gl 4R R AR B AR (7)) ~
(10), AT A vy 19 7 B2 A0 o o B 3k AR 21 4% B i AT
e, DNTTTRE B B KT 32 21 14 1 A0 R s e AL 1A
bR b RN EUE F L, F, F M, M M, R
JIAMEAT AR BN 3 A J7 1 9 I R B F
F o F, M, M M_ ;R J7#ME SR A 2 3 4 J7 0]
WM s N F,, F, F, M, M, M,

e A B IS 85 R 7 g RS g R
HEATXF L, 56 TE 38 43 B 19 DE #0403 O R gy
J1 o ST e R AN 5.6 iR,



424

2026 4

z <
R R
R &
= =
R -2 R
s =
0 1 2 3 4 5 6 7 8
SRARETA]/s
(a) )7 15377

<
Q
&
=
MWy—"2 3 4 5 6 7 8
AR A RARAT /s
(b) y I 5373 (©) 1571

K5 Jixf gk

Fig.5 Force comparison curves
= = 2
L : c
iR R R
= ] =
= = =
£ - —i,_ 5

1 1 1 1 1 1 1 J
o2 3 4 s 6 7
RAEHTA/s AR/ RAEHSF]/s
(a) 77 [0 43 356 (b) yIr 1053 156 () 7153 F1%E

K6 JisExy s

Fig.6  Torque comparison curves

T — 2P B UE % ) A R BORTEE  HE
S5 5 ARSI A R AT IR ZE 0T

3 ANT7 18] ) B AR R 22 1 AR
_AF,, +AF,,

SF x100% (r=1,2,---,17)
JF +F
(26)
/H\EFI AFSIM = |F.§l” - thl
(m=x,y,z) (27)
AF, =IF, -F, |
A F,—— 5 B R A B

F,, ——S2 55 45 v iy o Bl
F,,——3B 25 5 b i ) B
AF,, — 1 B-BHiE )y e xR 22
AF,, —SC5— B Ty 4 X iR 22
OF,,,—3 AJ7 ] J7 AR 158 2%

[ BRI A5 3 A7 ) J1 S0 (A X% 2% M, Al H—
P ST A X AR 2 AM, S B~ T ) 4 R AR 2%
AM,,, T 3 AT 1] (9 3 0 64T 1R 22 50 F e T
2T I M SR /N, B B EOh R 2K
K, S M AE AL, UK 2 2%, W ALEE A 7E B2
W E SER Y S/ R AR X R 22 AR T
ARG 15 22 1 B fH AN 28 3 TR o

6 —3F,
—oh

W

§
1 4
oK
o o
=
Z2

1

0 1 2 3 4 5 6 7 8
SRR/

7 1/ 3R R X R 2

Fig.7 Relative error of force/torque

£33 HEMREMNRE

Tab.3 Maximum value of relative error %
ZH 3F,, 3F, 3k, M., M,
ICoNI:] 5.482 4 5.4602 5.5359 5.1854 5.0423

HITEL S ~7 FI5E 3 "] LA 3 07 [0 1/ FIE iR
FE 2k — 2, HER 22 1 e R (E H BRTE 2 Jr 1 e ) ke
M FI%TT 7R T HLgs A A BRI ) Az st (1
A7, DR PR L 8 IE P A B R TR 22 O g , (ELAH
XHRZEAHIT 5. 6% Bl 1% 1 AR BE 20 B 69
k. EHLERANZITE 4 ~6 s 1,3 ANy m J1/ 1%
RS TR 22 /), FE I 1E) BE P, ML e AR S iy & 1IE D7
)iz 3l , IS LA A AT 12 3l 0 g e/t n]
ML N T AR R e — Bem fa] 9, 45 5615 1 4 3
W RE /N B AT PR, T/ 0 A B AR A AR R L 15 3
71/ TR OB B . 2% T AME T L R B
FRRG 2 R o (1 52 PR, n] RLAEALAS AR 3251 T 191
DUT , SEI ML AR B A

HEWIE

TR RE RS BHENL AR N B B (932 T1 IO R 5
ML AR A o 52 B F Fy B T A9 e DA T v Al
RSN RGN F B R, W] O e 2 AT B4R A
AL BIRAE A f G 00 B2 (B R Al o AR SCHR M — B B T
BB B o 1 AN B O O e R e Ak N A g A
SRS HIHLAS N A SER T T o B S, AR A S Y
LI Bh 77 A 7 R A 5 5 L AR BILAR N A% O TR Y
RGBS s AR e S T AR AR Y R BL AR A
F B (9 5 77 A1 IRz gl A i A8 i o ) 9 2 e
S T AN )T SO T, SRR B ) A A R

3



5 13 4y TR % BT YRS E W IMERLE A AT S 425

KGR SE, M AUBO — 15 Ay BUPMENL R A 2300 IR R X bE il 2 — B, HLAR X R 28 3 il 7E 5. 6% LU
BEAT D5 BV SE R I R H LI MBI AR AT R IR TR AMERE B M B IE A R . AL
LERXLE AR 220 M, A B LA G2 S i T ab bt SR ISR IS VS R R BE B, T o AL
Xt MR ZZ BT 45 . SRR 3 A T7 1M 1/ BB E BE LA

[1]
(2]

[3]

[4]

(6]

[7]

(8]

[10]

[11]

[12]

[13]

[15]

& % x

B Rp. T2 B b S 5RO S 90 FORE A VI [ N]. 25— W0 28 H 42,2024 — 09 — 26 (A06) .
g U, kB FL L Bk RO, AL T Tk 5.0 i AR [T ] MUBE T R % 41k ,2022,58 (18) 188 - 102.
Ma Nanfeng, Yao Xifan, Chen Feixiang, et al. Human-centrie smart manufacturing for Industry 5.0[ J]. Journal of Mechanical
Engineering,2022,58(18) :88 —102. (in Chinese)
fife S0 W, 22 VEF . PMEAL &8 AN B HE SR Jr ik s 2i R [T ] i RHL TR 5 A ,2021,57(13) 118 - 33.
Xie Yinggang, Lan Jiangyu. Review of collaborative robot and its motion planning methods[ J]. Computer Engineering and
Applications,2021,57(13) :18 =33. (in Chinese)
W NG AR R DMENLES N AR 5 AN B4R [T]. TR R4k ,2022 ,44(4) ;780 - 791.
Huang Haifeng, Liu Peisen, Li Qing, et al. Review: intelligent control and human-robot interaction for collaborative robots[ J].
Chinese Journal of Engineering,2022,44(4) :780 —791. (in Chinese)
Keshvarparast A, Berti N, Chand S, et al. Ergonomic design of human-robot collaborative workstation in the Era of Industry 5. 0
[J]. Computers & Industrial Engineering,2024,198.110729 - 110736.
Schraick M L, Sommer E F, Stampfer K, et al. Usability in human-robot collaborative workspaces[ J]. Universal Access in the
Information Society,2025,24:1609 —1622.
W, MG PMENLE AERAem & h R A [T]. PR 5 W% ,2021,49(9) :62 - 66.
Huo Shuzhen, He Zhichao. Application of cobot in intelligent manufacturing[ J]. Machine Tool & Hydraulics,2021,49(9) .
62 — 66. (in Chinese)
AR, HF4E, R0 FiedEs = T AVIMEL 2GR ] R RFAM A RR M) ,2023,53(6)
53 - 64.
Xiahou Xiaer, Tian Fenghua, Li Qiming. Review of research on human-robot collaboration safety in the context of intelligent
construction[ J]. Journal of Southeast University ( Natural Science Edition) ,2023,53(6): 53 —64. (in Chinese)
MR B BRI TG, A R DR AL NSRS R IOR KR R T ] ML TR 24 4R ,2023,59(15) 1 - 16.
Wu Qilin, Zhao Han, Chen Xiaofei, et al. Review of technology, application status and development trend in multi-arm
cooperative robots[ J]. Journal of Mechanical Engineering,2023,59(15) :1 —16. (in Chinese)
SRR G X AT S B ) A% SR AR AL I T D VS AR AE AL 2% A R ARSI g 8 L] sk B B4k, 2024 ,46 (7)
51 -57,81.
Liang Chengbo, Xie Feng, Liu Jianjun, et al. Application of force measuring base composed of unidirectional force sensors in
robot collision detection[ J]. Manufacturing Automation,2024 ,46(7) :51 —=57,81. (in Chinese)
T A R AR, BRAETD , 2. S5 T 9008 i MU 3 A5 R B RGP [ T]. Tolk & il 341 ,2022,35(3) :27 - 29.
Yue Lipin, Zhai Weifeng, Qiu Jiahui, et al. Research on dynamic obstacle avoidance system of manipulator based on vision
[J]. Industrial Control Computer,2022,35(3) :27 —=29. (in Chinese)
Wit 5Kk IDe , 52 A% , 55 . A FR B 3 0 7S 4 ) A% AR S5 A A AL S R R 5 [ T RO MUBE % 41,2024 ,55(2) 128 - 35,89.
Chen Wei, Zhang Xiao, Yuan Dong, et al. Structural optimization and decoupling of six dimensional force sensor for farmland
tillage load[ J]. Transactions of the Chinese Society for Agricultural Machinery,2024,55(2) :28 —35,89. (in Chinese)
X, %8, AR, A AR f S 4 0/ ) SEAR IR AR AR IR [T D625 K5 95 182 ,2011,19(7) : 1569 - 1579.
Liu Jun, Qin Lan, Li Min, et al. Development of parallel piezoelectric six-axis force/torque sensor[ J]. Optics and Precision
Engineering, 2011,19(7) :1569 —1579. (in Chinese)
Wt ¥, 22N # VA0S S R E 7S A ) A% R A W ) AR R A s VA LT ] AN AR AL R A4, 2013,34(9) 11927 -
1933.
Yao Jiantao, Li Lijian, Xu Yundou, et al. Statically determinate measurement model and calibration method of statically
indeterminate six-axis force sensor[ J]. Chinese Journal of Scientific Instrument,2013,34(9) :1927 —1933. (in Chinese)
FIKAL, BEEE . 43I 2 S M BN 2 AL AR W B Ay BT S AR AR AR [T ] Al MLB 2= 4 ,2019,50(6) 1419 - 426.
Wang Yongli, Lu Yi. Stiffness analysis and structure optimization of shunted sensor with flexure hinge[ J]. Transactions of the
Chinese Society for Agricultural Machinery,2019,50(6) :419 —426. (in Chinese)
S8, RN, IE R, 55— M 2BE 3 B  IBOH I 35 O R I A% ik g B SR g [T ] RO LA AR 4, 2023, 54 (7)
175 - 183.

Jin Xin, Suo Hongbin, Zhang Hengyi, et al. Development and experiment of integrated vegetable pot seedling picking jaw



426

P A1 M S 4 2026 4

[23]

[24]

[25]

[26]

clamping force detection sensor[ J]. Transactions of the Chinese Society for Agricultural Machinery,2023,54(7) :175 - 183.
(in Chinese)

TR, G ik Bkt i, 55 B RIS 4R AL IR 3 oE [T 6 f S % 1R ,2009,17(7) 1594 — 1601.

Hou Yulei, Zeng Daxing, Yao Jiantao, et al. Dynamics of hyperstatic parallel six-component force sensor[ J]. Optics and
Precision Engineering,2009,17(7) :1594 —1601. (in Chinese)

KR, E . DAL AN R IRASTE L Ar o D E i e [T ] BI04 5 006 2% 412 ,2021,35(6) : 161 - 168.

Zhang Chuntao, Wang Yong. Research on online calibration method of six-axis force sensor for industrial robot[ J]. Journal of
Electronic Measurement and Instrumentation,2021,35(6) :161 —168. (in Chinese)

FHRTERNVERR, BB, T RESCE N =i = B bR BRI A D [ 1], Sk % T8, 2020,28 (7) : 1600 -
1608.

Wang Zhangfei, Liu Chunyang, Sui Xin, et al. Three-dimensional point cloud object segmentation and collision detection
based on depth projection[ J]. Optics and Precision Engineering, 2020,28(7) :1600 — 1608. (in Chinese)

ARPR TR 2 Wt ARG D A LA LA N S B R IR ST 2R AR [ ] HLR 5K ,2023,51(16) 2201 -210.

Zhu Bocheng, Wang Zhijun, Li Zhanxian. A review of collision detection and its application in robotics[ J]. Machine Tool &
Hydraulics,2023,51(16) ;201 =210. (in Chinese)

B AR K JE . R T FE AP K RRT B BUHLAE 08 ) B AR MR [T ] R ALA 2 41 ,2019,50(3) :358 - 367.

Li Yang, Xu Da, Zhou Cheng. Cooperation path planning of dual-robot based on self-adaptive stepsize RRT[J]. Transactions
of the Chinese Society for Agricultural Machinery,2019,50(3) :358 —367. (in Chinese)

B W e R T RRT B 2 5 5 BLBRVE B L0 7 BF 52 [ Al BB J 12025 ,56.(10) 5792
801.

Liang Xifeng, Chen Kun, Yao Baoguo. Path planning method of multi-joint manipulator based on improved RRT algorithm[ J].
Transactions of the Chinese Society for Agricultural Machinery,2025,56(10) ;792 -801. (in Chinese)

SO E T4 BB R 45 A S HLAR A SR o 0 (5 A8 5 5 BRI ). BLER A ,2022,44(3) 1281 - 2900,

Huang Yanjiang, Wang Ziqin, Zhang Xianmin, et al. Pose estimation and collision detection in human-robot coexistence[ J].
Robot,2022,44(3) :281 —290. (in Chinese)

FOREE , 207K, B9 9. T 0 3845 B 0 Tl ML Ay BRBERF SR [T ] MLBEiRE 31,2021 ,38(8) ;97 - 103.

Shen Yaowu, Tang Xiyong, Zeng Xiang. Force follow-up of industrial robots based on force sensing[ J]. Journal of Machine
Design,2021,38(8) :97 —103. (in Chinese)

Duan Jinjun, Liu Zhouchi, Bin Yiming, et al. Payload identification and gravity/inertial compensation for six-dimensional
force/torque sensor with a fast and robust trajectory design approach[J]. Sensors,2022,22.439.

A AR, KRS ETELRI RIS S A S5 E T ] MO ALE B ,2008(29) 1222 -223,196.

Shi Wei, Xi Anmin, Zhang Yubao. Robot dynamics modeling and simulation based on Kane[J]. Microcomputer Information,
2008(29) ;222 —223,196. (in Chinese)



