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Abstract In this paper, a method for volume error calibration of a coordinate measuring machine (CMM) is
proposed, which is based on the inverse-distance weighting (IDW) algorithm. The volume errors of the CMM
spatial measurement points are firstly obtained using the laser tracing multi-station measurement technique
combined with the Levenberg-Marquardt (I.-M) algorithm. Subsequently the IDW algorithm is used to spatially
interpolate the volume errors of the measurement points and thus the volume error of any point in the whole
measurement space of CMM 1is obtained. The experimental results show that the IDW algorithm has low
requirements for measurement paths, high interpolation accuracy, and an error coincidence degree of higher than
96 % for volume error in each direction. The research results provide a reference for the selection of the optimal
measurement position for workpieces in the measurement space.
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Fig. 1 Schematic of laser tracing multi-station measurement

system
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Table 1 Theoretical station coordinates of laser tracer

Station No. X /mm Y /mm Z /mm
1 —50 —70 —620
2 520 —50 —470
3 520 1300 —620
4 —40 1250 —470
5 70 —170 —620
6 —60 40 —620
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Table 2 Position coordinates of laser tracer

when CMM has errors

Station No. X /mm Y /mm Z /mm
1 —50. 0000 —69.9999 —620. 0000
2 520. 0001 —50. 0003 —470.0001
3 520. 0002 1300. 0004 —620. 0002
4 —39.9998 1249. 9997 —470. 0000
5 70.0002 —69.9996 —619. 9999
6 —60. 0001 40. 0000 —620. 0000

K3 NI A AR BRI TR 22

Table 3 Calibration errors of station coordinates

Station No. AX /mm AY /mm AZ /mm
1 —0.06Xx10"* 0.0001 0.20X10"*
2 1.00X10 " —0.0003 —0.80x10"*
3 2.00x10 " 0. 0004 —2.00X10"*
4 2.00X10 " —0.0003 0.30x10"*
5 2.00X10 " 0. 0004 1.00X 10"
6 —0.90X10"* —0.0900xX10 " 0.09X10*
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Fig. 5 IDW interpolation results. (a) Volume error in x direction; (b) volume error in y direction; (c¢) volume error in z

direction

BOH B2, B0 BRE S MR R R . AR SCIE R 350
I 5 AR B 22 R 56 E IDW Bk g nl 470, Al
AADAME 35 W& Sk RE KLY
BT IDW 554 (8 15 2 19 A0 [R] 2 1) 40 0 R B 22
HEAT X LG, G5 R WA 6 ik . MIE 6 Rl DLFE
T IDW Bk AR E S B R BIR 22 5H0ka £
Sl AR G A B AR BR 2ZE W EEH L o
il b —0.6~0.5 pm,fE y A E&E—0.3~
0.5 pm,fF 2 7 FJ&E—0.7~1.0 pum, Z5HEF
W], 2T IDW S5 3 475 1 15 A9 740 BRI 25 804 J2 I
Wi .
3.2 XttbE

TE R B A28 ™ A% 5 434 (E 25 18] A9 2% T, R
SRR (A AR R CMM I £ 25 (8] AT B8 1 A
iR 22 . IDW B AR 3 FR I By 4 (A AU 1Y 8
AN A5, X N B A R AIK, EHA R G
F

N~ =
[=TN RSO R~ L}

Volume error difference /um

[
SO
® > e b

0 15 2

Number of points

Bl 6 BT IDW Bk 45 3] 19 (R FRLR 22 S OB iR £
Sl 457 00 5t 2R 0 0 Sk 5 0 09 PR RH R 25 1 25 1H

Fig. 6 Difference between volume error obtained by IDW

algorithm and volume error measured by laser

tracing multi-station measurement system

1204001-7



T |

# ot

SERPEAR R L N T AL O A 2 Tl

L.; ¥ ABFE 5T CMM 8 y #li, S 5 3 i

25 7 VUSRS 3T 58 25 ) oA B AR R R 22 ﬂu ABFE WEE R L, ; V1 ABCD i H T CMM 1)
7 iR, S s i R4, F 1 ADHE 1 = B, S 581 ABCD RIBER A L., HiGH{HIT
HT CMM K = 4. S ,ﬁﬁuﬂ%EADHE WEEE Sy AAXN

As=0—k) [A—k) A—k) Ay +hi A —k) Ay +hikyAc + A —k ) kAL + (20)

ko) A +hik,Ag + A —k)kAy]

L. L L.
—t':P ki =——,k; — ky =—=—; A,
AB|" T |AD |AE |

Ap,Ac ’AD Ap A Ag Ay sAs R ALBLC,
D.E.F.,G,H.S BEBHIRE,

FI ] = 2 M % 400 mm X 300 mm X 250 mm
N5 225 (] P9 R R 1 65 90 1 00 ek A R R 5% 2
?ﬂaﬁﬁﬁﬂWgeﬂ¢E%5mw m%@\
vz 7 AT R S PR R R 22 0 A (A 45 SR W iR 8 it
INe WE 8 Ca) T 7R & J7 Ia] B AR B 25 e KAE M
0. 0040 mm, F/MEH —0. 0025 mm, UWHE 8(b) fr
TNy 7 T R B IR 22 B KAE R 0. 0032 mm, f/ME

o Volume error /(10-* mm)

°§i2

A B
K7 = (A RN B R

Fig. 7 Schematic of trilinear interpolation model

J—0.0033 mm. W& 8Cc)fFm,z J7 I B4k FHL iR
Zi KAE N 0. 0094 mm, F/ME -~ —0. 0039 mm,

Volume error /(10 mm)

3
-200
2
~250
1
=300
E 0
®_350
-1
~400
2
~450 & o—O ——o—
O -
00 60y 5 o 400 500 -3

0 4opyo0 200 X

Volume error /(10-* mm)

-200 8
-250 6
£ -300 4
&
¥ _350 2
400 0
_4570 o — -2
00\69\3\06/@/@/‘9/;00
00 50 0 400
0 o 30
Y gy, 400100 20 e
B 8 =LMMEREFENETRELS L., (O« FHERREZE: (b y FREBERZE; (O 2 T ERRZE
Fig. 8 Volume error results obtained by trilinear interpolation algorithm. (a) Volume error in x direction; (b) volume

error in y direction; (c¢) volume error in 2 direction

1204001-8



h [ e oG
=R MRS E A R CMM 25 [a4T 2 A AR TR [4] Erkan T, Mayer ] R R. A cluster analysis applied to
LA ERE S IDW B 3488 89 CMM 25 [A] 4T & 05 volumetric errors of five-axis machine tools obtained
iy LI 2 43 A A 1 AR B I/D\y plrobizngloan 9uTcalib;;ltsz artefact [J]. CIRP
nnals, 2010, 59(1): 539-542.

FIH 3500 KT kit BEAORBIES IR BRI . Off IDW [5] Wan A, Song L B, Xu J, et al. Calibration and
PRERAR A 2 A R R 22 5 AR (SR 15 2 Y compensation of machine tool volumetric error using
M:% IR 2 ﬁ}%l”t/\(lli) ~(1HR .15 F Eﬁﬁﬁ%/ﬁ a laser tracker[]J]. International Journal of Machine
MRS EENEE 5 s Hodh R® iR ZEwW A B, @ o Xt Tools and Manufacture, 2018, 124: 126-133.

F S B AT, A = 2 MR (5, IDW 4400 4 (. [6] Mutilba U, Yagiie-Fabra ] A, GomezAcedo E, et
W T ot K A B AT L P R R al. Inlégralej' n”.mhi[lzji;lerag;);P f;)\r TaCh;ZTS 106071
%5 BRI automatic veritication . nnals, s
Table 5 Algorithm accuracy (1) 5557538
[7] Zhang ZJ, Hu H. Measurement and compensation of
IDW algorithm Trilinear in.terpolation geometric errors of three-axis machine tool by using
Direction algorithm laser tracker based on a sequential multilateration
RMSE R* RMSE R* scheme [J]. Journal of Engineering Manufacture,
x  0.000255 0.962629  0.000307 0. 943569 2014, 228(8): 819-831.
[8] Wang J D, Guo]J, Zhang G X, et al. The technical
y 0.000225 0.973257 0. 000290 0.961579 ) .
method of geometric error measurement for multi-
2 0.000345 0.984713 0.000360 0.984293 axis NC machine tool by laser tracker [J].
Measurement Science and Technology, 2012, 23(4):
4 é:g': 'f,b 045003.
[9] Wang ] D, Sun R K, Zeng X T, et al. Research on

T OGBS LSRR G4 IDW Bk, St) T base station layout of multi-station and time-sharing
CMM 25 $8 fF 25 B0 /R R0 22 0 . S22 B 2 01, 76 A1 R measurement by laser tracker[]]. Chinese Journal of
AT *Hiﬁ??%éﬁ%:?ﬁ'iﬁ{ﬁﬁ& IDW 537 19 4 (AR Lasers, 2018, 45(1): 0404005
S S TDW 505 6 2 10 8K S 3 9 1 ot M R, % BOEHER % 55 0
PG 0 LA RS0 T . PR Iy v S — 8 6 BEUARHRL]. THEK, 2018, 45 (4):
L7 LT 40 1034 50 595 EL B 604 0648 1 paooee-

B B 5 T AE F B B TDW 5 3 16 b i 22 T [10] Muralllfrlshnan.B, Lee V D, Blackvburn C J', et a?.
Assessing ranging errors as a function of azimuth in
AL N LA RO G B AR BGRE T 5% . BT 580 laser trackers and tracers[]]. Measurement Science
CMM LA 222 9 5 RS B2 b 2 O 7 i 2l and Technology, 2013, 24(6): 065201.
5 2 X W [11] Chen H F, Sun Y Q, Wang Y W, et al. High-
precision laser tracking measurement method and
[1] Zhang G X. Coordinate measuring machines [M]. experimental study [J]. Chinese Journal of Lasers,
Tianjin: Tianjin University Press, 1999: 507-523. 2018, 45(1): 0104003.
SREHE. A AR L M. R KRR R WRUEDS, PMITER, EXET5, F. SRR EOGIE BRI & T
1, 1999: 507-523. RS s g (0] P EEOG, 2018, 45(1): 0104003.
[2] Gao W G, Weng L T, Zhang J Y, et al. An [12] Song H X, ShiZY, Chen H F, et al. Error analysis
improved machine tool volumetric error compensation and accuracy assurance of two-dimensional rotatory
method based on linear and squareness error axes for laser tracing measurement system [J].
correction method [J]. The International Journal of Chinese Journal of Lasers, 2018, 45(5): 0504001.
Advanced Manufacturing Technology, 2020, 106 RHEN, A PR, MRutDy, 45 e oG iE B R
(11): 4731-4744. G 2 IR R Tl AR AR 22 0 T BORS BE ORIE (T b [
[3] Li Q Z, Wang W, Zhang J, et al. Measurement Y, 2018, 45(5): 0504001.
method for volumetric error of five-axis machine tool [13] Gaska A, Krawczyk M, Kupiec R, et al. Modeling
considering measurement point distribution and of the residual kinematic errors of coordinate

process [ J]. International

and Manufacture, 2019,

adaptive identification
Journal of Machine Tools
147: 103465.

1204001-9

measuring machines using LaserTracer system [J].
The International Journal of Advanced Manufacturing

Technology, 2014, 73(1/2/3/4): 497-507.



T |

[14]

[15]

[16]

[17]

[18]

[19]

Gaska A, Gruza M, Gaska P, et al. Identification

and correction of coordinate measuring machine
geometrical errors using laser tracer systems [J].
Science and Technology Research
Journal, 2013, 7(20): 17-22.

Chen H F, Jiang B, Shi Z Y, et al. Uncertainty

modeling of the spatial coordinate error correction

Advances in

system of the CMM based on laser tracer multi-
station measurement [ J ]. Measurement Science and
Technology, 2019, 30(2): 025007.

Chen H F, Zheng BW, ShiZ Y, et al. CMM spatial
coordinate correction method based on laser tracer
multistation measurement [ J|. Chinese Journal of
Lasers, 2017, 44(3): 0304003.

PRIULDS , AOMESC, 7 B, A% JE T 0GE B ol
AL &) CMM 28 30 A bR 8 1 5 vk [T o B O,
2017, 44(3): 0304003.

Chen H F, Tan Z, Shi Z Y, et al. Optimization
method for solution model of laser tracker
multilateration measurement [ J ]. Measurement

Science Review, 2016, 16(4): 205-210.

Chen H F, Yan H, Shi Z Y. Laser tracking multi-
station positioning method for Mega-gear[]]. Optics
and Precision Engineering, 2014, 22(9): 2375-2380.
PREEDT, E15E, A0 MO . i) A DR 2 46 50 1 TG R B
L fiE M ], 6% K9 TR, 2014, 22(9): 2375-
2380.

Zhang Z B, Li G Q, Wei G D, et al. Survey on shape
interpolation[J]. Journal of Computer-Aided Design &-
Computer Graphics, 2015, 27(8): 1376-1387.
SRR, R, BEA, ORI E S kSR

[20]

[21]

[22]

(23]

[24]

1204001-10

UJ. i pLE B it 5 BB 2% %3], 2015, 27(8):
1376-1387.

Liu X L, Zhao W F. Automated contour system for
meteorological observation data [J]. Meteorological
Monthly, 2009, 35(4): 102-107, 136.

XAk, B C0F . KRMIMEHE S EL A LT RE
JJ. K%, 2009, 35(4): 102-107, 136.

Yang Q L, Wei ] X, Zheng ] H, et al. Comparison
of interpolation methods of digital elevation model
using discrete point cloud data [J]. Science of
Surveying and Mapping, 2019, 44(7): 16-23.
BRkTn , B AR ORI, A5 B HUN B T R
Y (46 (1 7 R BF SR (D] I Rb 2, 2019, 44(7):
16-23.

Zha J, Wang T, Li L H, et al. Volumetric error
compensation of machine tool using laser tracer and
machining verification[[J]. The International Journal
of Advanced Manufacturing Technology, 2020, 108
(7/8): 2467-2481.

Chen H F, Jiang B, Lin H, et al. Calibration method
for angular positioning deviation of a high-precision
rotary table based on the laser tracer multi-station
measurement system[J]. Applied Sciences, 2019, 9
(16): 3417.

Duan P, Sheng Y H, Li J, et al. Adaptive IDW
interpolation method and its application in the
temperature field[J]. Geographical Research, 2014,
33(8): 1417-1426.

BV, Bolkfe, BE, % HIEN M IDW (77 %k
HAERWR e R [J]. s BE5E, 2014, 33(8):
1417-1426.



