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Analysis and study on the positioning accuracy reliability of calibrated robots
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Abstract: Geometric parameter calibration is an effective method to improve the end-effector positioning accuracy of industrial robots,
which directly affects operational precision, product quality, and production safety. It is significant to analysis and study on the
positioning accuracy reliability of calibrated robots. Firstly, an MDH model is established and the axis measurement method is developed
to calibrate the robot geometric parameters in this paper. Secondly, the positioning accuracy reliability is analyzed and formulated, and
robot positioning accuracy reliability analysis method based on AMCS is proposed. Finally, calibration experiments are conducted on
Staubli TX60 robot using Leica AT960 laser tracker under uncertain factors affected by measurement repeatability, joint motion ranges,
joint motion step sizes, joint motion velocities, etc. Experimental results demonstrate that the proposed AMM improves the robot’s
positioning accuracy by approximately 22. 9% , verifying its effectiveness for geometric parameter calibration. In the meantime, AMCS
and MCS are used to calculate the positioning accuracy reliability of calibrated robot under the influence of different measurement factors.
The results show that joint motion range, joint motion speed, and measurement repeatability significantly impact the reliability of robot

positioning accuracy. When the numerical tolerance values are set to 0.01 and 0.02, he probability distribution function ( PDF)
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characteristics of positioning accuracy reliability obtained by AMCS exhibit maximum relative errors of only 1.1% and 1.9%,

respectively, compared with MCS, while computation times are reduced to about 1/4 and 1/9 of MCS. It has been confirmed that the

proposed AMCS can control the convergence speed and accuracy of the algorithm by setting different numerical tolerances, providing an

efficient and reliable tool for analyzing the positioning accuracy reliability of calibrated robots. It is suitable for practical engineering

applications in robot calibration and reliability evaluation.

Keywords : robot calibration; positioning accuracy; reliability analysis; adaptive Monte Carlo; axis measurement method

0 3l

i3

T AL g AT A ] 5 v i i s M B AR BB K P 1Y
BEEARE , EWE R SR BRSSO A E] T R
N FTSZHLAs AN T2 REPe Rl B i 22 2 )
i 46 DR 225 ), LR S P T 8 14 S B 7 3 5 3L 7
B2, B A OORS BT R, it Tk Hlds
NGERIPERE By 6 A A H5 52 08 50K B2 28 X6 2 o R
&, BT, Tk HLEF A0 2 2 AR B T ik 2 0.01 ~
0. 1 mm , {FICAERF 22 7 48 BE ATl 2K Y F 9 5 %
UEBT AT DS i B RO ik i LR AR E RO — 2
FEOLER NS T s 22 B TR AR 5 A% | 38 o 45 = A
BT R B R WO B2l SEBR AL N 5 3R L
FIRE—F0, XA v A &) 5t S BR b LUHE T 1 .
TR E SR X LR N T AR, BUEE S ML A&
T R BRI X AL S BT HR R A 5 S PRAL
A AAHVCEL . BF5R R T, HLAS A LA S50 25 02 % AL
i NVEMORS B 2R 22 T8, 24 R 2219 80% ~90%
TEARHUE S5 A8 F T4 T, 3l X AL A LA 2 805
B IS AT AR 5 S PRALAS A VC D, 248 S L As A E ARG
JEWARO T, I, 28k # 01— 801 THLGEA
JIREIE ¢ vacdi N1 D

Wit AL e ATE o i i 3 0 25 000 S A6 40Ul 4 T
I OEIE SN e A E TR N o 3 o = P A i
SOAEAG S A N8 A BE AT REE S A i 2 3 1 24
B, Kim 250 FE % BT JLAT S50 M IE 2550 4 1
RIHET SR FH— B B vk WA RN 25 o MR AT 40
Mrit B, ISR RIS AU T 15 0 B 1 B s A B T
FEbE ., AR SR A DUB HAGTE T T HLER A GERTR
A 22 1 E T B BRI B T SRR I, W AT 5 R
TR BERNOCTT i i £ BE AN E R ), R Al T
AR T HLAR A E AL R T Y B R S ME 9% B R R
Zhao 25 I T IR IE MBRIE A 2 W LR HLES A RS
AT SEVESHT % . Huang LD HL T T B R
B ORI T T ALER A E AR BE T SE 1k . 25K
0OV B LT 45 B LA A h ] SRS M O i
RFEISUE T AR R, B &8 T REAAAE
BITEREIR L, FREDER S B SE T 3 T4 gt REAYHLAS A

AREVEAL 51

SEEIATTE R OLAS N TSR 2 02 £ 5 &
Tl TR2E AT A R IR | 5 1] B 45 23 (] LA
ZROFIB ARG BE RS, SR, FE LGS A LT S8 0hr
FE R AATENL G A G I SRS Bl O is bk o6
Wiz dH B R EEEEE S AE N R XL R
NS A TNREE /e 3 EAE NG A i AL E X G S
PR, FEAIL s AR I, 75 253 B AN [l I 2 PR 3R R AL A
BRAE B RGBT SEME RS IR, NG PR AR B TR T
TAES XA HLAS N AR A m] SE PR AR E J7 v, 48 T T L
NI 28 %58 S VRS E Kb 2 114 2 (8] 3 I P R 2% i 2
PR R AN 28 PR XS B s G 2R AT SEME RS2, 7 2 THLAS A
P Ao e 0 PR 20 AL 2 N o 495 B PTG
[l A, EE 57 T Hlas A LT 2 502k i3t DH 85 A ((modified
Denavit-Hartenberg, MDH ) , 350 5 32 X L 28 A JLAA]
SHATHEN, R Leica AT960 ' BR R (UAE 18 5 A
() Pk AT R XS MILAS AN EAT A5 S0, $2 00 T A 52
¢ % 1 (adaptive Monte Carlo simulation, AMCS) BJHL#%
NE DR BE T EEVE 73477 5 i, AL & A8 RS B 32 5t 1
CIER s g sy

1 ETHZENEEN[ANILASH PR

1.1 #B/AILASHEE

HLAS N H FAR TR DH ( Denavit-Hartenberg ) R 1z
BT B AAH LR 9 5047 B AT N TR 5T S 1
R Uiz [n) B ST T B R AL ER N MDH AL, KR
MDH 7RI T] LS S ML A AH LB FT 4 b5 2R 2 1] ) 28 4
;é%é[u] ,EI]:

T. = Rot(z,6,) * Trans(z,d;) * Trans(x,a;) -
Rot(x,a;) - Rot(y,B;) =

cos @,cos B, — sinfsina;sinfB; — sinb,cosa;
sinf,cosB; + cosf;sina;sinf;, cosb,cosq,
— cos o;sin B, sin q
0 0
cos@;sinfB; + sinf;sina,cosB;, a,cosb,
sin@;sinfB; — cos@;sina,cosB;, a;sinb, ()
1
cos a;cos f3; d,
0 1



8 1

75 22 A5 G SRR Ik T T L AR 52 0K B ] SEAE A e 343

K 0, 0, 0, .d, B P NFR LR NEE @ DAY
i ERTHLAR AT BE AT B ST LA B4 4% SUAH,
=12, ,n, n ARAECH . AT TAT ST T
1t d, =0, B0 B, =0,

AZN H Hi B2 A JBRAIL 2 A A ), JHE R v LR 07 225l
VT, ki,

r,=1r71.17TTT,, =

nx OX ax P"t

n, o a, P, R, P,

SR (2)
n, o, a, P, 0 1
0 0 0 1

R, € R*° FIP, e R 535 0y B S 50 M K B
fL g i, T, o HLds AR 36 5 TR AR bR R 22 [ 78 6
iR

B AARE 5 B STEBR LT SR o d: o B .6,
DAL AR S S PR (S 2SR T,y

1
MRYEHLER NGl 12 sl B LA AR S 19 07 2848
AR dT 7T LRI T S A AR R 09 B A A B ae A
BB A T, 2R .
dT =T, -T,=«x-T, =« T, (4)
/ﬁ;tf:l , K 2 ﬂ‘]:

,,,,,, R, P,
I =TT.T.T.TIT,, = 0 (3)

0 -0z &y dx
6. d 8z 0 -éx dy
RS
0 1 oy Ox 0 dz
0o o0 0 1
K d=(dv,dy,dz) " I— B TR I 8, —Brig
IIWEREIERE ;A8 = (8x,8y,82) " A B ARAE HLAE A 3t 512
PRESSHEEAZE,
HIE(2) ((4) FI(S) TR ML as AR i LR 250 -
Ap=P,-P =6 -P +d (6)
A Ap = (8p, ,0p, ,BpZ)T Bk B bR 52 HLAS A R i 32 PR
(DA RSB NN A=
L2 IREXWAGER

& # GB/T 12642—2013""*" | ISO/TR 20218-1—
2018 P ARMERLE, #E A THLE AR E LR AL WA 1
FR
ZFR G Staubli TX60 HL#F A | Leica AT960 #4: iR
EEASC HUAR R 4 4 U % TMAC | Spatial Analyzer (SA)
W AT A0 R S AL B, PO R B A4S A ML AT
753 m AEANLE, TMAC 235 2 HLge A AR ik 22 Bk
WO ER B AR HE . Leica AT960 7E 60 m (1430 555 FEl Py
HAHEEAS B AT IA£(15 pm+6 pm/m) |, il 2 HLES AL 2
Bk € RS BE BEoR . 7E SA U B, BRI Leica

| E—
TX60 EMACTTSA KA

Leica AIQ" (

4

K1 Hlas A i R 5

Fig. 1 Robot calibration experimental system
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Fig.2 Reliability criteria of multipoint positioning accuracy
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