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A joint calibration method of mobile manipulator based on product of
exponential
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Abstract: This paper proposes a joint calibration method for a mobile manipulator based on product of exponential, to
realize the unification of the pose calibration and the kinematic parameter calibration model of the manipulator between
the mobile platform and the manipulator. The most used kinematic parameter calibration of robotic arms is based on
the D-H parameter method, but the D-H parameter method cannot overcome the singularity problem when the adjacent
joints are parallel or nearly parallel, and the modeling process is complicated and the model after modeling is poorly
generalized. Therefore, this paper proposes a product of exponential based joint calibration method for the mobile
manipulator, which does not cause singularity problems due to the parallelism of joint axes and has a simple modeling
process. The method obtains the linearized models of the end position error, the zero position state rotational error and
joint rotational error of the mobile arm by differentiating the kinematic equations of the whole system. The method
establishes the relationship between the theoretical and actual values of joint spins by means of the concomitant matrix,
and realizes the parameter update during the calculation of parameter identification based on the least squares method by
changing the concomitant matrix. Using a high-precision laser tracker as the measurement tool, the effectiveness of the
proposed method is demonstrated through experiments.

Keywords: product of exponential (POE); mobile manipulator; D-H parameters; joint calibration

Yris BHA: 2021-10-27; A BHA: 2022-03-04.

EEWMHE: EFRESHEITRIIE (2018YFB1307601); [EZK HARIM#IELTH (61973173,91848203); KiETTH —
RN ERERHY B K LTI H (18ZXZNGX00340); T MVAL 3% AN A48 A =R TR 7 A O (B2
[58) FFTEGR BIH H (MTUKE-IRA1904).

BERE: BEE.

T IFA/EH . E-mail: hpwang @nankai.edu.cn.



F6H A 5. —AF R T IR RARG B D VM AR T ik 1587
0 83 = 5 B RS B R RCR L SN R R B 0 H 1, R T

B E 3 F 6 M a6 L
MU 20 i, FLAT 76 TEBR 2 18] 7 138 3 6 1 RH LA
— RIS B E R AU TEARRRR B B R T B 3hF
G AU 1) PR e, A SCAE T I A2 S LA R H %6 =X
ZEHIBERE TG 6 H B B 4 Rk

TEAE B SIS RS0 2 i, 5t R G017 b
& AN AL B R AT F R L E 2 B 2 S b e
FIRIF 7 4 Kk 2 B JE T D-H AR AL DA K 54 T D-H
R4 A SR B 2R 7 V2. D-H B 7 5% 5L 1 Denavit Al
Hartenberg!!! F- 1955 4 4 th, % B AL 2 B H i |32
H—HIFHE45 ME BHWE 12 3) 5 2 50hr e 15
A, e S 2 B D-HB R T R AF 5, 8 0z SO [2]
P& — P LT HRR 7V DS TE LS D-H Y 24
SCHR [31 R D-H A58 2 57 N A i 350 11432 3 27 B 2
SCHR[4142 H T — P HAL L2 A 1) D-H 2 504 7
155 SCHR [5-6] 15 F D-H 85 1 2 30HE R J7 V55 2 ML
T SCHR (7118 FH D-H ALY 33047 1 E B AL 0 is
BT, IO — e 23 ] D-H B R AT AR A
BT VETT Rt 9t 4 dn: Sk [8] 1 FH o3k 1) D-H AR 2
Ay AR X W 3a ML 28 N 12 3l 2 347 8 75 SCHR [9]
PEHH —Fh G (0 D-HAE R H ML 12 3 A A

5T D-H S HUE B R0 2SR S 8080, =
D-H A5 A0 17 E JLAN i) i 1) D-H AR BN B 58 %
PENOL BT A S 38 F F R IR B 85 X 3l Z
HH AR OE R, 20 T Y AR 6, 2) 7 S o ) Y,
RIVATLANG 5 AR AT 1 AN 5 35 AT I, 2375 SR S 2 il A
3) SHH AT, B D-H AR b S50 B A # 6 1, e
SRR AR T 2 5 BURE B AR L, — S22 3500
o 38 0 2 B e A S e ), (L SO R
LML 22 25 i) RO 130 S D-H OB R (1 i A SOk
[14] 7F 1996 4E 42 7 J& T Jie & AR £ 3 18 7 48 44
#8303 (product-of-exponential, POE) LA f# 1 D-H 5
BB 7 S L T A SR, — 2 115181 £
POE /AN WU b 5 2E470F 78 STk (1911 F POE 2
Xt 7 B e XU HL A AL TT 2 332 3 R g F 9
SCHR [20]0E B T POE AR L Fr s 5 R 36 P 2k ) 850 Sk
[21]1F 5T 7 POE #5 8 21 D-H %5 8 [y 2 48t i 8.

BT FR B A 7 VR DA A, AR SCAE A3 B2 82
BERL LAl b 42 A 37 & RO 17 b 2 5
MUBRE 12 8)) 2 5 b 8 R B G — 7325, SRS Bl AL
R BB G b o8 . AN SCAE FH Leica AT960-MR 0 FR
ERACPE A & T BT R S Be. WO R ER AU A 0L
THEMEE . LS BUREUE T e i R R,

3 M R T2, 1 A O L Mk
1%,
1 BERIEST

o s i BN b e T I B ST R G A A
B 2 R L ARKR R DL b ) REAT Y e & R, &
XA SRS SN R G, P 2 SL R A AR Ry R
ARFR AR A EEAT e R R B 1 . 2 R
FIHLIE {Oo-zoyozo} ZEALHR Ry {O6-26Y626 } A Ui
THAKR &R, DU SE eSS, (i = 0,1,...,6). Hr:
W, = 112mm, Wy = 104dmm, L; = 360mm, Ly =
303.5mm, H; = 687mm,H,; = 118.7mm, H; =
110.5 mm.

C: WOLERERX

—> S, Jigk, i=0,1,...,6
w10 ZYERER R
A: B EIHUE
B: T-Mac il 3«
C: AT-960MR 5O FR AL

A: BEIHLE

B 1 Byl EREEs

1.1 6 BHENMEEhFEHIER
6 151 FH EEHLBIRE 32 20 4 BB A A 200k
T(6) = elS1)0
He:0 =10, 0, ... 0g)T ZKRTTAR B RS
8 S = [wy,v]" € RO R j 535 965 fie

lS51050[S6106 p 1 (1)

elwilts € Rixd 4 — (16, + (1
0 1

cos 0)w;] + (0; — sin6;)[w;]" )y, el = T +
sinf;]w;] + (1 — cosb;)[w;]”, w; € R3*1 R
R R, [w;] TR w; B SO FRHAERE v; R AT R
BGRA L AR, = 1,...,6; MoEHL
AR 2R A I A i 2 FE AL AR R T IR, 52— [
SE T4 > AFERE. FERE M AT HIZEASH e i S, 16 2R
ek, #him k(1) 805

T(0) = elS1100

=

H; e[sj]GJ' =

6[55}056[86]966[55‘] ) (2)



1588 # % 5

1.2 BhFa FHLmE B R E L E R R B

B HLME R 5, B8 & ML 2 NI
B, BT LA R )1 & B AR AR B AL BE AL AR RN
B HAEE RN E KR AT #2625k
2, AN 25 18 2 5 AU i 30 7 fe BB ) 45—,
ARACF B~ G N KT il 0 #EAT @A €. B
B Z ARSI ST R S 38 B ¢ e =
Si = [wi, il T I L FR. Hor w; % TR
B, e R B E M B R R, = 0,1, ...,
6;Hiy2 = Hy + Ho,Liyo = Ly + Lo, W10 = W1 +
Wa, Hiyo43 = Hy + Hy + Hs.

R 1 BIHWE S MEEHMLIRRR
7 w; q; Vv; = —w; X g5
0 (0,0,1) (0,0,0) (0,0,0)
1 (0,0,1) (0,0, Hy) (0,0,0)
2 (0,-1,0) (0,0, Hi42) (0.8057,0,0)
3 (0,-1,0) (L1,0, Hi42) (0.8057,0,—0.36)
4 (0,-1,0) (L142,0, Hi42) (0.8057,0,—0.6635)
5 (0,0,—1) (Li42, W1, Hyy2) (0.112, —0.663 5, 0)
6 (0,—1,0) (Li42,Wits, Hi4243) (—0.9162,0,0.6635)

NSEDR BTG« WU P 18] i 25 Fi b A Y
SHURE 1230 S B G —, A SCIE R 0 %
& BNV 12 3h 22 48 BB R oh, BIEE 30 (2) 12
iaCid4

T(6) = elS0l0oo[S11601 e[Ses](’Ge[Ssc]7 3)

H16 =00 0, 0] JE BAETY R T BIAE %
N AL B kAT
1.3 BB SIREEE

Jie ) R ZE A R W] DL e B ol o EAT R, e
BB AN Wi 3 SR 22, A (SO, U T R
SHORZE. SN 12 3h 2 S H0R ZE R AT i
3 (3) WAL [R] Hfed r 45- 21, BY

oT oT oT

e S ot ol -1
0T -T " = ( S(SS + 5. 08 + 60>T .
“)

S5 L IR AR B AR 22N AR AT 8% S Bz 24 2]
# LR ZE. Hrh: S =[Sy 81 ... Sg) € ROXT
RS AL R IEEREFE, 0 = [0 61 ... 66"
€ R7 B AT AR B AL R B K T A &.

2 (4) VLIRS SIS 2 50 2 iR 22 ! 51 e
BiRZE6S KT EALIRE 00 LL K RTTA T AR
I 1) 06 o7 28 A i Jife B R 72 0 S ZH K. SCHIR [24] 45 1,
RPEARE TGN ER R, I BT A
TR A (4) RIS RIRE R AT S

xR %38 %
(9T or 1
5T -T-' = (as5s+ aSstzssst):r B
IRERE (5) LT 6T - T B2t ik AL 4
T
(6T - T = [I — Ad(el™lel56100l=m0])] Ky 5mo+

Ad(e[no]e[sé‘]aoe[—no])[I_
Ad(elmle[St10el=mI K 6y + ..+

Ad( ﬁ e[m]e[smeie[fm]) -
=0
Ad(elmslelSe18s o[ =ms])] Ko 5me+
Ad(ﬁe[m]e[s?]@ie[—"ﬂ)Kst(ssst.
1=0
(0)
Forr: 1 FoR B B K e B R {E, 5 Bl ke
5592 AL S 0196 2% T D 425 90 1: ’1’] -

el [ LB AE FE KRR, B S¢ = Ad(e)SM K, =
[(em)el=m1v (3n,) ", [6(elm)el=m]V ) & 7R ik R
Al 2 WSCHR [25] TiR; T - T = g%(g™)~! — I, g°
TR R by S B 67 28, g™ 7 LB A o 22 14
hr s,

k2, 2 (6) wI IR B T 45 U bR R Y

y=Jx. 7
Horp
y=[6T T € R,
J=1[Jo,Ji,...,Js, Js] € RO,

x = [087,08T,...,08F, 68 ¢ R*®*1.
y RN AR R AR AT d8 AR 2% F) B, T 2 AT
LA R, @ 2 S HUR 2 W . J HUE N
Jo = [I — Ad(elmlelSslbogl=moly] k).
m—1
J, = Ad( I1 e[nq]e[SZ’]qu[*nq])[ I

q=0
Ad(elmmlelSmlbmel=mly K m =1,...,6;

6
Jo = Ad( H e[”‘I]e[SZ]eqe[_"q}) K.

q=0
FEbRE SEE R, RAR kAU, v DAAS 21 k 407 142
y' =Ja,
y* = Jz,
3)
yk = Jkx.




A 5. —AF R T IR RARG B D VM AR T ik 1589

%6

LY = [yl y2 ) yk]T,J _ [,]1 J? ] Jk]T,

ST K 2 7R, R B — ek
x=(JTN) L ITY. )

2 BIHE RGBRE IR ERE

WAL RGOS 3N ¥ SH0hr & SRR P
2FR. B AU bR AR5 1 2 T B L R4
HA R 5 ¥ T-Mac %R AE WU A0 22 B, # B5

27 5 I —90° IR i 4 21| +90° A7 B, #5201 18] 53R
10° 23— K T-Mac i %48, HYIX 28 r 0L 159 A 1
[0 HL 3 B B B2, Zo 512 E & E A B
J7 T T L RV ER, B2 Zh LR 2 b, BERUL 5 5 — A
AN [0 H 3 EAZ R P 1 ) B2, Z, Bl S 1% H A
B, I Zo BN Zo B~ TR LR, AL Z, S
LN EE AR R R B SR L Xo Bl R 2 27 A HLAE 7]
Zo b, FE AT T M AL Y, Bl E AT

2745 T-Mac

L 4
EAETTR TN
A6041, B:404l

— ) I D ettt Znliniiniiniininelbel K *
B A Vo [asomsgmgr ] 1 [ Baomsieyas |
1 1] |
Mg | , 1
T | sz s, | G
ti [} l }
— ' Hins . 3
22 ! - (W)LY | | wiemese |
1 |
| [ wwzas, s | !
' |
: N |
' :
[}
! AR Sk ' 23

B2 BEmERSIRESLIRE

TE b — R G HL AR R @ ST e U 2Rl B, #25)
BURE b s i B2 N — 20 08 SR A A T 20 e i A 5
5553 M E 8 : B T-Mac 2 28 AENURE R o =2 b, 4%
HIR S E 12 3, {f T-Mac 7 &35 51 43 A AE R shHL
PR A ZS 8] op, 05 100 2H 2048, 5 F 30 BR R AX
13K T-Mac 7 %5, R34 304 45 T-Mac 74 DL K # 5))
BUMRE AN 2% 45 3l 1) # FE.

TEIR I B A5 8 B0 s 2Rk b, T — P RS
e D) A b2 SR A b s Hoa, g oG ER R
SRAFHUE R i SEBR 7 2 g AL % I RS S U &
ANl AR R 2) A8 FH AU 2 300 B Q 1F 55 & Al 3
WHEEAE S ST AR K i #8248 g™ 3) AL
W AR A B g g" IF Y, H & fl e & PR E
JRYME; H RO THHE S k1,085 x-155) [ H
ARXS; = Ad(e25i+-1)8; 1 M Sg . = Sspn—1 +
6Sst k-1 BT S, v Ssep MH; 6) TS, v Sse e NI W
E;DEEH~6) TR BHE ||z — 21 || < &, 55,
REFRES RSy, S1, ..., Se, Se. FIEHIHALHS tn

T RN,
Hikl BAbreHE.
BN g, 0o, 01, ..., 06, Q, &
it Sy, Sy, ..., Ss, St

1) function main()
2) (S, Sk g") +—Q,i=0,1,...,6
DY « (99"

4) J + (S, S%)

5) while ||z|| > € do

6) x,_ = (JTI)LJTY

7) 085 k-1 Ti—1

8) 08st k-1 — Ti—1

9) Si = Ad(e®5ik-1)S; 4

10) Set. 1 = Sst -1 + 0Sst,6—1

1) J « (Sik, Sst.r)
12) end while

13) return Sy, Sy, ..

14) end function

3 £ B

SRS B UMY HE 1757 1 9206 R 06 E AR
Ji R . SEB T 6 5 R RS 22 UE B B B T
£ A1 6 5L ES 2L RS SOH LIRS 2R 5. B WL
(b 5 S 43 9 177 0 S AN B S S, 17 2S5
FH T3 00F b 58 S0 076 280, BLSbR 5 S ) T-30IF
SR SR I P o (T AT S R, IR 5 RS B
BURE RS br e,

i SG; Sst



1

1590 % #

5

xR %38 %

BEME EEF S YR ERENRESIR
i3S RS S AU 12 31 22 2 AT b e 4 Sk
6, T SGUEAS ST H A2 TR B 2 s RE Bl
S 38 30 2 2 OB B b TR A Rk R S
B e 2 B B E AR E (B AR 2 . B2 S LI

31

B8 M fE, B 48 NS HH Ehn e, it L AT
R Sy 8 ST RS 2 BV AT 58 OR . O 1 PRAIESE.
IERIHETR T, 07 FCSR S AL A R S R SRS %
Sl e A3 XS IS AL TS A i 57 8 1) 100 ZH A0 8. 3 60
HAHE T s = 2 B br e, R T 40 H 80
LAl

*2 BHMERREHNFLHHAREER
e LR [E] s H
Se [0 0 1 0 0 01T [0.002 1 0.0003 1.0000  —00050 —0.0052  0.0000]T
Sy [0 0 1 0 0 0" [0.003 1 0.0005 1.000 1 00018  —0.0006 —0.0000]T
S, [0 —1 0 08057 0 0" [—0.0101 —0.9999 —0.0047 08074  —0.0082  0.0039]"
Ss [0 —1 0 08057 0 —03600]T  [0.0242  —0.9998  —0.0020  0.8083 00203  —03622]T
S, [0 -1 0 08057 0 —06635]T  [0.0156  —09998  0.0086 0.8077 00069  —0.6654]T
Ss [0 0 —1 —01120 06635 01" [-0.0024 00024  —1.0000 0.1136 06706 1.0019]T
S¢ [0 —1 0 06952 0 —0.6635]T  [0.0067  —1.0001  0.0038 06966 00036  —0.6621]T
S [1 0 0 06635 05523  05397]7 [1.0000  —0.0006 —0.0018  0.6653 0.5556 0.5378]"

N T IIERR € J7VE B RR S M, ST AT T 6 4LXT
RS R AE TR IR Y B N T ATAY N DA RALEAS
AP AS 7 TRt 0 AN [5) 355 53 43 A7 i 75 L 6 2H SR8 4y
Bl A (a) B A M S (b) O AR il N [—1, 1] mm
R WS (0) LA S, i i [—5, 5] mm £ B e 75
(d) Jiti in [—0.01,0.01] rad £ JE " 75 [—1, 11 mm {i7 &
I 75 (e) Jifi N [—0.001,0.001] rad £ Ji W 75, J5 A7 B

N 75 (F) it N [—0.01,0.01] rad F Mg 75| G £ B g
LB 6 4H SEG R W, AR SChR E AR IE R 4 UG bR
JE G RIS E T A2 I (b)) (0)~ (d)- (e)~ (F) T
FH, AT bR 8 EIETERE TR 5L T 9 R s
WSk IR e (8 18I (@) ()~ (c) F (a)+ (o) () X ELSE
6 WA, b 2 K P 2 B A o7 5 g s R G s T AR K
AR, S256 45 SR 3 Fiow.

40 — 0.020 40 40
32 0.016 32 32
& 24 0012 - F 24 S Eoxu
# x x K
= 16 0.008 \J = 16 0.008 \J = 16
8 0.004 8 0.004 8
0 0 0 0 0
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
IRARIREL IR EL IRARIREL
(a) JGMES (b) TERAMFE, £ 1 mm {7 &M (c) TCHEASMER, + 5 mm Ay B B
40 40 0.020 40
32 32 0.016 32
E 24 S Eoxu 0.012 g 24
i x W i
w16 \j = 16 0.008 = 16
8 8 0.004 8
0 0 0 0
0 1 2 3 4 5 6 7 8 o 1 2 3 2 5 6 7 8 0 1 2 3 4 5 6 7 8
IRARIREL IR EL IR EL

(d) +0.01rad ffFEME, +1 mm {7 & 5

& 3

32 XtHEsEIe

AT 2 4 D-H Z 0@ B 7 153 AT b5 08 S5
5 B B 7 R AT X L X RS B R G
N2 D-HAE R 4058 3 Frk.

(e) +0.001 rad ffj B, T B g

(f) £0.01rad fFEME S, JCAT E g

TREIRAE TETERRERNRELWIRE

FEAS ] D-H 2 0858 8 3347 b g o 72 o, TR R SR
£E 100 ZH 2504 60 4H 2504 H1 T D-H B 8 2 3094 K, 40
H AR P T 56 0E A 5 SR AR 2 . B 42 {8
D-H #5784 F1 60 2H 1% A e 75 (1) 40 3R 45 1 b 2 2 5

RN

rad

R

rad

SR ZE

ZRAN



A 5. —AF R T IR RARG B D VM AR T ik 1591

F6H
R3 BINHWBRZD-HESHR
i ai—1/(°) a;—1/mm d;/mm 0:/(°)
0 0 0 0 0
1 90 0 Hy{ + H> 0
2 Ly 0 0
3 Lo 0 0
4 90 0 W 0
5 —90 0 H 0
6 0 0 Ws 0
320 8.0
—— A E R
256 6.4
g E
£ 192 48 =
Pl Ay
) oK
;ﬁ 128 32 U
s B
64 1.6
ol : 0
0 1 2 3 4 5 6 7 8

IEAIREL
El4 D-HEHEFEXWIRE

R, mE AT, YK A B RS R EE T RE
i, R i e KA B AR 25N 5.544 mm, I AL B IR ZE N
5.445 mm, A Ui e KIS R ZE S 0.482 4 rad, P35 IL3
R 22 42 0.347 6 rad. {8 FH F5 BB Y (5 0E J7 V8, (E
A WS I L AR A R T AR I A B R
Ze/NF 5 mm, BA R ZE /N T 0.4rad. IF H, B 7E
A +0.01rad £ 5875 f £ 1 mm £ B K, LT
T BT [ b 7 ¥t R A B R AT B 1R 22 ARAIEAE
4mm bR, 0 KR AR Z ARUEAE 0.008 rad | T,
E13(d) Aros.

28 1o 0 3 T FR BORUBA (1A i S IR I D-H 244
FRAR TSV B SRR ZE [ 3 BT, 2R T AR TR L
FR AL BN U BEA b 1 J7 32 IR HEBfl 1
33 BB EHESHIKEIRELW

P S0 25 R B T B T He SR B0 L
PR BB A 8 7 1 A . AR S — P AE RS B AL
PR S & B AT B S, B S SIS b R 48 5 A
B IR Leica AT960-MR 1 il & T B, kB4 5)
MU A i A7 25, Leica AT960-MR 2 78 il 2% 20 m,
236 I BEORS P A 10 pem. SEBG D RN R 1) B R G
B AARR 5 2) $5 HR S NI 18 3 Il 5 & Sl i A
A, A0 R S U K o 7 48 3) AR AP IR 2),
FLi 3% 100 20 Hidis, HoAr 60 41 T b 5 45 3, 40 41 H
T 45 LG AUE AR 22 4 M7 4) R 5 B8 3) SR B 60 41
HE AT S H0hR T 5) I P BR 4) (b5 € 45 R A5
B 3) 11 40 2H H s 30E 47 45 SR B0 E A 22 0 A, SR 7

TP BRI R R R sh L 72 2
V-6 S B, 10 ORI HUBRCE 7 248, 1) FH X e H 4t
P H 7 20 [0 R Bl 2, 4250 S LR PO LA
2 Bl ), AE S AR i AU 7 128, 1) Ik e g UL H
%iﬂ ‘U*H%EEE 22, ?E%iﬁﬂ Z9 EF*Z@J%&EH 20 ﬂ\ﬂpﬂ
RAF o B, TR A T 08 W 22 yo Pl ED 58 B R G2 2%
ALK FR BT

KA ERSEE T R NN 128 SIS
P SR B 45 RN R 2 F .

AT 37 e W B A B S s, B A A RS B
HUME 2 88 % A b T-Mac, 1 8] 2 F T 5 R 1
i, 45 2 Leica AT960-MR 30 ER A

E5 SEHsRE

4 &

ASCHR TR T IR BRI S L BE A A e
T3 1) 7 B R ] L, A BN G AP AT
T HH 3 e M 1) R 2) 12 07 2 A P A B R R O =X
S R e B E ST e B SE B E I OC A&R, I tR
T ZHEHREE R 3) A H 06 BRERACR 4R 24,
PRAE T S50 54 1 = kG 2. i Jm il o S 36 e 1 1%
T3 B HERF It A RS E 1
2 Hk (References)

[1] Denavit J, Hartenberg R S. A kinematic notation for
lower-pair mechanisms based on matrices[J]. Journal of
Applied Mechanics, 1955, 22(2): 215-221.

[2] Zhang T, Song Y T, Wu H P, et al. A novel method
to identify DH parameters of the rigid serial-link
robot based on a geometry model[J]. Industrial Robot:
The International Journal of Robotics Research and
Application, 2021, 48(1): 157-167.

[3] Strydom M L, Banach A, Roberts J, et al. Kinematic
model of the human leg using DH parameters[J]. IEEE
Access, 2020, 8: 191737-191750.

[4] Choil, Park DI, Shin H, et al. A new approach to generate
the DH parameters of modular robots[C]. The 2nd
International Conference on Robotics and Automation



1592 #w o 5 Bk R #38%
Engineering (ICRAE). Shanghai, 2017: 37-41. [17] Wang R C, Yang G L, Zhao H Z, et al. Robot

(5]

(6]

(71

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Lee J W, Park G T, Shin J S, et al. Industrial
robot calibration method using denavit—Hatenberg
parameters[C]. The 17th International Conference on
Control, Automation and Systems (ICCAS). Jeju, 2017:
1834-1837.

KA, FRPESE, FFH. 6 H HE R IHLE A D-HAE R 2
PR Jbr € (7. HL3s N, 2016, 38(3): 360-370.
(Zhang X, Zheng Z L, Qi Y. Parameter identification
and calibration of D-H model for 6-DOF serial robots[J].
Robot, 2016, 38(3): 360-370.)

Patil A, Kulkarni M, Aswale A. Analysis of the
inverse kinematics for 5 DOF robot arm using D-H
parameters[C]. The IEEE International Conference on
Real-time Computing and Robotics. Okinawa, 2017:
688-693.

Shi Y, Fang J, Weng Z Y. Research on kinematic
robot[C]. The
13th IEEE International Conference on Electronic
Measurement & Instruments. Yangzhou, 2017: 224-228.
Guo F Y, Cai H, Gong Y, et al. An improved D-H
convention for establishing a link coordinate system[C].

parameter calibration of handling

The IEEE International Conference on Robotics and
Biomimetics. Dali, 2019: 1465-1470.

W PRI, 45 Jie B BE 0 ¥ 5 BRATL 2 N8 BRI 23t K
B FEHIFEFE D] UM : WK, 2015.

(Chen Q C. Research on analyses of motion characteristics
and motion control of serial robot combining screw
theory[D]. Hangzhou: Zhejiang University, 2015.)
Hayati S A. Robot arm geometric link parameter
estimation[C]. The 22nd IEEE Conference on Decision
and Control. San Antonio, 1983: 1477-1483.

MR R SR AEN I R 53R AL S I 4R — BTy
FEHETE D] b FASE K, 2014,

(Chen G L. A unified error transmission model of
robot manipulators considering both kinematic and
deformation errors[D]. Shanghai: Shanghai Jiao Tong
University, 2014.)

Wang Z H, Xu H, Chen G D, et al. A distance error
based industrial robot kinematic calibration method[J].
Industrial Robot: An International Journal, 2014, 41(5):
439-446.

Okamura K, Park F C. Kinematic calibration using
the product of exponentials formula[J]. Robotica, 1996,
14(4): 415-421.

Mao C T, Chen Z W, Zu H F, et al. An enhanced
POE-based method with identified transmission errors
for serial robotic kinematic calibration[C]. IEEE 15th
International Conference on Automation Science and
Engineering. Vancouver, 2019: 1568-1573.

Luo R Q, Gao W B, Huang Q. POE-based parameter
calibration for industrial robots considering joint
compliance[C]. The 5th International Conference on
Robotics and Automation Sciences ICRAS). Wuhan,
2021: 15-22.

(18]

(19]

(20]

(21]

(22]

(23]

[24]

[25]

kinematic calibration with plane constraints based on
POE formula[C]. 2016 IEEE International Conference on
Information and Automation. Ningbo, 2016: 1887-1892.
VA2, 2w, v, S5 2k T oK (B & 12 3 (1w AR
TR Jie 5 2 B b 2 BV (D). HLAS A, 2018, 40(5):
607-618.

(XuS,LiGF, SunL, etal. A fast calibration algorithm for
screw parameters of a deformable manipulator by using
the circular motion of end-effector[J]. Robot, 2018, 40(5):
607-618.)

Gao X Y, Liu G L, Liao B. Inverse kinematics about a
seven-DOF dual-arm robot based on POE formula[C].
2019 WRC Symposium on Advanced Robotics and
Automation (WRC SARA). Beijing, 2019: 373-379.
Shen J J, Zhou Y J. Kinematic accuracy analysis of serial
manipulator based on POE formula[C]. The 35th Chinese
Control Conference (CCC). Chengdu, 2016: 9547-9550.
Wu L, Crawford R, Roberts J. An analytic approach
to converting POE parameters into D-H parameters for
serial-link robots[J]. IEEE Robotics and Automation
Letters, 2017, 2(4): 2174-2179.

ZhouF,LiuY S, Shen Y D, et al. Study on station planning
of dual lugs hole measurement by laser tracker[C].
2021 International Conference of Optical Imaging and
Measurement (ICOIM). Xi’an, 2021: 290-294.

Conte J, Majarena A C, Acero R, et al. Performance
evaluation of laser tracker kinematic models and
parameter identification[J]. The International Journal of
Advanced Manufacturing Technology, 2015, 77(5/6/7/8):
1353-1364.

SO, FRe, ZH. —PEETRERA R BB A
PrsE 77 00, HLER N, 2013, 35(2): 156-161.

(Gao W B, Wang H G, Jiang Y. A calibration method
for serial robots based on POE formula[J]. Robot, 2013,
35(2): 156-161.)

LiC, Wu Y Q, Lowe H, et al. POE-based robot kinematic
calibration using axis configuration space and the adjoint
error model[J]. IEEE Transactions on Robotics, 2016,
32(5): 1264-1279.

1EEE T

Moprth (1984—), 53, ml#H%, 4, MFHLES AT Hl$

AR DAL R 58 B aifLas N RGEERT I, E-mail: chen_

xinwei @ 126.com;

WE (1995—), 53, it R RENLS N RS HL

28 NAZEHI 8T 58, E-mail: csfan@mail.nankai.edu.cn;

VA (1973 ), 55, BIEER, 4, NFHLE ST B 6

L N RG 4L, E-mail: fengchisun@nankai.edu.cn;

ZAT(1983-), B, BIHER, LA, NFETS

HBIHLAS N R AENLES A D7 ZENL S8 AZE 0T ST, E-mail:

qinyd @nankai.edu.cn;

FIMG (1979-), 5, BIHEE, LS, NFANTHE

e SRRl AN BRI 5 B B ReEIT 5B
FARFARZE 5T, E-mail: hpwang @nankai.edu.cn.



