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Robot Kinematics Hand-Eye Calibration Based on Dual Quaternion”

Liu Chenglin Wang Xiao Song Hanwen'
(School of Aerospace Engineering and Applied Mechanics, Tongji University, Shanghai 200092, China)

Abstract Nowadays, industrial robots are increasingly widely used, and robots that integrate visual sys-
tems can efficiently perform a variety of tasks. The core of the hand-eye fusion system is to establish the
transformation relationship between the robot and the visual system through hand-eye calibration. Al-
though previous studies have proposed closed solutions and optimization methods for the hand-eye cali-
bration equation through a variety of mathematical tools, this study proposes a two-step solution method
based on dual quaternions to address the error transmission and singularity problems in the two-step
method. By using the properties of the dual matrix and dual quaternion, the quaternion decoupling prin-
ciple is transferred to the dual quaternion domain, and the two-step solution based on the dual quaternion
is realized. The closed solution and singularity judgment conditions are derived; the translation vector
solution equation is reconstructed, and the error transmission path is optimized. Compared with existing
methods, including the two-step method based on quaternions and the one-step method based on dual
quaternions, this method shows lower errors in both rotation and translation solutions. By designing an
Eye-in-hand experiment platform and combining it with a high-precision visual measurement system, the
feasibility and robustness of this method are verified, and it has the advantage of low error. Experiment

results show that this method can improve the hand-eye calibration accuracy to a rotation error of
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0.1994° and a translation error of 1. 1126 mm.
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Table 2 Dual quaternion operation

Operation Mathematical representation

Addition and subtraction ¢, +¢, = (g, +q,) +e(q, +q,)

Conjugation ¢ =q" +eq'”
Norm lal = Vara
Inverse 471 =q"/ I q I z

4,4, = (q, +eq) ° (g, Feqy)

=q. -q, (q. - q. o eq.)
Multiplication 0 9. Telqr g, T 5?2
or represented by the dual matrix
‘)1 ° 42 :21<‘i}>42 = QI{<qZ>ql

5 00 T B 2 3 R A TR R S AL, T L IE BH X
8 DU ST B A 22 T R A T i B Al A — BRI 58 X4
B AR BLAT 2B E B 1.

A — ST U B, 1T DS 4 BBOCH e e o B T 5
X DU TCER B 3 g » Daniilidis™ 25 1 T 355 %5 (8
A

1
q = 2<t qQ) €))

K, t=0+1¢,i+1,j 4tk JEHAFREE D
T R P 3 B D OC R, MR A L B X ¢ =
0. RARLLJER: s 4 £ q =0 Ronali-F#. Bk, —
AN XA 1Y TC RS T — A R 4 R X Y T
B A AN T 5 U B 1 e 2 L B T S-S 1)
AT LA p X D B3 o A 5 A 3.

X AH DU TCE Y R q AR " R I sSE ,
Bl g'q" =o.

2 ETFTXEBENTHNS S KEE

S5 X H AT E A 0T IR AR 2 A AT TR
45 GEE R C AT EFAR T T U T BRI £ 1
TUEL SR AR J5 125 7R SCHR Y A T 008 D ST R0k 1
oK R T 2SR R A B T B s B AT LA
KA LNE T R 4L, I %) Ay S A 2L g,

PR TT 5 X R SC R I 2 Foi.

Quaternion Dual Quaternion
Methods Method

i o N ]" e N
1 I

. . r homogeneous
P izt : Represent rotation Matrices | Rig::i:\ \(i?ll(\)g[c)lL:l’ - ,‘
HGTIRIELLAbEL with Quaternions ! a >R |
1 | Quaternions |
|
A J /)
. s Nt N
Establishing | : || Anatyze singutar vatues |

8 Analyze singular values |1 - =

Linear ! AT of the real part of mual !
1 ol'matrix 7, | il |
Equations ! ' matrix ., !
= J L\ 7 )
________________ | . A
i f | — = =N

; . . Tind the eigenvector of
Solving for : Find the cigenveetor of C, i the rc'l;l Pu\::[‘.’(fy “
5 ! Solve fi . SR i !
rotation 1 oo tor 1| Solve for the real part of |
| gy and gy A A |
vk I Gy and Gy i
\ [ o
( ' % & |
1 | Establish the lincar |
: 9 s . | 1 |equation about the dual part| !
Solving for | Solve the linear equations | of g, and ¢, ‘\

. 1 R i Eincolle
translation 1 for 1| Add additional conditions !
t,and 7 !
: = i | Solve the dual part of 1‘
| J i o
1 ' Gy and G, |
N/

Mo e s

Bl 2 WRR T i X R OG FR

Fig. 2 Comparison of the two methods

2.1 MHEEAFENITIE

Dornaika FIJ F 50 P4 70 50K T IR — th 545
i RS ) 70 T A A ofe 26 B 14 1F 52 M 45
T BT AL DY ST BOK i TR — B bR Oy AR
(9 0 4 SR L IR — b T

A, X =YB, (9
FEUCHE WA 25 T i B T [ i, 4 T8 e T
o M R 0 e O R RT- RS 5 R AR 3

R,Rx =RyRy;

Rty +it,, =Rty +ty
JHEAAT DY TC R R R e % 7 R

Q.(q4)9x =0r(qp)qy (1D)
AR Q (qp) J& BN IESCHE 4, BT L
[0x(q5)] Q1 (q4)qx =[Qr (q5)] "Qr (g5 qy

l\><1

(10

a2
A o ADOLLERE FRTT A E R B

(27105170, (qu) | ax =nqy (13)
i=1

Cu
KADATE R,

C.qx =Aqy (14)
KA =n WHENLESSHHEMN BN LEE. F
LI <Y

C.qy =2qx (15)
B QoA 5), mf 5

C.C.qx =17qx
C.C.qy =217qy

(16)



32 8 %

TR B

2025 4FE%F 23 &

Uit B € C, A — NFEAEAA R A7, X R — A
fEm i gy sHFE C,C, A —NFRAEE R A7 X R —
AEIE T & gy — LS C, B — 1 RE
FA LB C, BVE BT DR g g gy s
It — 15 B BERE HEFF Ry FIR,.

MTEEHEFE T A Ry IR,y 1, 5 (10) T Bk
R ATty Moy G RAL, 7T LU B/ —
PR M PR M e Mty .

2.2 ETXENTHNSHKREE

Dornaika $2 19 3 T P4 0 B 5t 9 4 22 1) H
TPa TP BT, BIRT DK TE B AR B S 0k, g
I JH T 28 P # ST F PATiff. AS Sk — 204 i T kA
PAT i HE R Bk DX A5 1] e 280 18 AR R B B0 £ Pl
JUECTT LUK 55 WO B S 50k, SCREA JH IE 22 MR A

AL B FF P i
X T IR IR £ R 04 TR — bR R, an iR
FEEERE IRV
A, X =YB,; 17
V5 R B 2 Ak SR X D T B R
Gai ° dx =qvi ° s (18)
0.(q.)qx =0x(qs)qy (19)

LT MRS AR AR MRy R L R
Q. (g J L IE S0l B L BT LA 2 5 50 (12) Y
AR oA DU TR e B A TR A 1Y IE Sk A F
X8 Y ST AL 15 3

[0: (g5 'Q1.(q.)qx =[Qx(gs)] "Qr(qu gy

ISXS

20
&l
[0:(45)7 Q1 (u)ax = Loy (21)
Wn A LR BEE I TIEA .

(D0 10:(qs)]7Q1.(qs) ) ax =nay (22)
i=1

C

id. C, = Z [Qx ()] "Qu(qs) - 1fi C, =C, +
eC, ,mﬂit’(;zﬂugim

C.q4x =24qy (23)
KA =n YIE SRS 510 SO E 8L K
SELME €, 19 FR A 3840 TF o, 2 (23) T LS

I A

c, 0., ax 0, qv 0.,
, , =n |, (24)
C, C, | lgx 4qx qv Qv

BT .

{C,,qx =nqy

C.qx +C.qx =nqy
A

(25)

C, =D [05(gs)0T(qs) + Qi (gs)0T (q,)]
i=1

XFa R . T R R (25 ) -
RoRRBERE Ry B A RIE R 5K (14) —
B H0nT LAE S 7 i R SE S Ry AR,y .

2.3 HRMESH

13X (O AT AR, T O 6 800 T B i [ ) RO
5 e A RS 2R C, 1, 2 B —
Fofr A AU B0 RIS S R R A 1 e B
Ti) AN — B0, 3 2% 3 B P G 2 L JC IR A5 B IE # Y
C, . M 78 B A T Ik TG sk, 5 147 40 7, LA
B o A O 1) kL

WX A5, C, FE—~TARERIA . H gy
Mqy HEMEC, WAL SMEmE; Y157 C,.,
i T XU 5 B AFAE . C,y FE SETTRE N A + 1
A — 1, LR SRR EEXE €, OB S AE AT T L
B SEIEA 109 C oy s AR B, X T X 4R
W C, oG e o8 e B BOAORd I 2 AR AT
FIWE, kS C, —E.

2.4 REIBEE

SR At~ B 1] B 52 B 5t 2 SR g R R0 4 oT
HO o s A L 3 (8) & W A0 2R 20 A RN 1 9 L ik
A LISRARP- 7 10 4

RIEFFE] Cqx =Aqy HIBEAE AT LIAG 3] 55—

C.qy =Aqyx » IR X WAL A

CHC;{QY :AZiIY
o ) (26)
(511(271‘1)( :Aqu
CE SRR R A
‘:CHCI 04><4} {qv 01x1} Az{qy 0/1x1}
cCc) ccCl lav av &
270

JETIT15



%91 X R A5+ T 8 DU ST R ML 2 32 8l 2 T IR AR E 33

C.C,qy =A"qy
o L (28)
Cnc an +C71quY :A qY
A (28) A
(CuCI 7A214X4>qy =0, 29)

BN qy ANEFLYSEALCY C,Cr — A%,
IR 29 A B a7 B sk ab €, ¢ — w1,
FE AT AR, BT AT 28) Fal, A

(C,C!H—n*1,.)qy=—C,C lqy (30)
T R ME— . B ARAT B M — L 7 A Kb
FEL TS AT o B DO 6 K = 3 R X A 8 A B OE
35, qiqy = 0. BT (30) #hFE W

cc,—n'l.]  [—CC)

e [

T
0,

qy
BT ME— qy L HETT AT LSRG FF R IE Y B9F
Bt o, SRR £ 09745 2 AL
I FE S 1 0 B SR TR SR BT 1 Y T 8
AL RRZS M T E 3, KBS A 6 A A BE,
T X 5 DU TERCA 8 AN St L TR BN FE 2 AN LT A A
A A5 30— — XoF 2437 8 {8 0 T B LA R AT
32 B0 1 B DY TR R A e I L 2
BT DU TR AR B P SR b FE 4 L BT LA I A 7
b FE T DU TR TE SE PEAE R4 2 A Rh S

3 XBWEER

3.1 SEBmAE

AR ST — T DU T B 43 4D oK il
TR — AR 7 B 07 %  OF il M 3 R A 1Y P RS
o) SR i 7 B A R A MR R R TR R AR
(5 L IR A e B H i O ik S A s Tl
A 6 3 A A 38k 5% 2 1Y) L R T X6 8 Y e Bk i () 2P
W R L. SRR AR W e <R O ik BT AR SR
B S %R 3.

x3 FEIH

Table 3 Comparison of methods

Method/Name Abbreviation
Dual quaternion
4 DQ
Two-steps method
Quaternion
Qua
Two-steps method
Dual quaternion
1 DQ_st

One-steps method
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Table 4 Robot DH parameters

Joint number a, /() a; ;/mm d;/mm
1 0 0 0
2 —90 155 0
3 0 360 0
4 —90 100 365
5 90 0 0
6 —90 0 116

RO FTHWHARESPUER HEREENRINREER
Table 5 Sampling resolution and checkerboard settings
of the experiment groups

Experiment Sampling . Reprojection
. . Check board .

group resolution/ pixel error/pixel
1 1800 X960 7X15 0.09
2 1080960 7X10 0.10

Camera and

Connectors

3 SR

Fig.3 Experiment environment
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Table 6-1 Rotation error
Experiment group DQ Qua DQ_st
1 0.1994° 0. 1994° 0.2177°
2 0.3401° 0.3401° 0.3796°
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Table 7 Translation error

Experiment group DQ Qua DQ_st
1 1.1126 mm 1.2660 mm 1.2242 mm
2 2.1301 mm 2.1077 mm 2.4067 mm
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