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Abstract: To achieve high-precision measurements of these components, micro/nano contact probes and
white light interferometric probes must be combined for composite measurement. This paper presents a
method to unify the spatial coordinate systems of the two probes using calibration points from a custom cali-
brator and the unit quaternion method to derive the spatial transformation matrix, evaluated by root mean
square error (RMSE). A novel calibrator was designed to offer stable reference points, with a model link-
ing their accuracy to coordinate unification precision. Additionally, a data fusion method blending spatial er-
ror ellipsoid search with weighted least squares was proposed, demonstrating a registration accuracy of

1.889 pm. This method decreased the relative error by 16% and improved repeatability precision by 38%
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compared to traditional least squares. The research enhanced the measurement precision and data fusion

stability of composite measurement systems.

Key words: contact probe; white-light interference probe; composite measurement; coordinate unifica-

tion; data fusion
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Fig.4 Scheme of coordinate system transformation

e a , MR 4 I 0 42 finh =G0 Sk om0 5 o
B AL AR AE L 5 G 85I Sk B 35 o A5 A A AR
8, F RMSE 2R 3EHr A b3 5t — b Bc TR B2, BI

8
D rk+ri+ry)
RMSE = | , (7)
3n

o ry g B r, 20 RN R i (1= 1~8) > L 5
FEX,Y FI1ZJ7 0 iR 2% o 7E Ak bR i 4 i B /b
e ZLAS (] v 3ANAS L 2 1) 6 o o5 A T LA 5 1 A b
Gt — AR SCBETT AR a4 I 8 A BE o 1 LUK 5
RE AT, $E s AR G — RS B . RMISE ik
N R e A 5 Y AR B S S AR R Y 25 5 R

A BRGE— NG B A R, B 2 AR
2.2 MHMMRE/NZFEHEME

Boas A B R0 BAR S (U G0 — T 4L B
4 A i, T L B OR FRF 4500  1  JL AT R AL o
K A [ SR R 22 21 80908 45 A A O T R AT Y
JUART BERY 5 4 B — 2L A Oy e 26 00 B i 1Y £ K
oo Tl IR S R ORI A O R W E A
RO TR D, o 2 AR AR G — K S I Sk Y
0 A X 5, B 4 ik I Sk i A U
PR B AT AR 5 B FOE T O R B QR
86T I A, Qo AFLFR T A B e i 1) 18 22 , 1 I K K
TIPS NI R | SRS N DO AN A S
B 3 F) Al AR St — 1% 25 RMSE i [l B i — A4~ %
] 1% 22 M BR , WAL 5 7

0..

K5 2 [l 22 M ERoR B IR

Fig. 5 Schematic diagram of spatial error ellipsoid
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Tab.1 Simulation results for coordinate unification error

(pm)
Reference RMSE
point error Mean value Standard deviation
0.87 0.30 0.03
1.73 0.62 0.04
2.60 0.94 0.07
3.46 1.19 0.09
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Tab.2 Parameter indicators of measuring instrument

Measuring equipment Measuring range Lateral resolution  Axial resolution Repetition
Micro-nanometric CMM 20 mm X 20 mm X 10 mm 1 nm 1 nm 20 nm
White-light interferometer 0.83 mmX0.83 mm X100 pm 0. 35 pm 0.01 nm 0.03 nm

P 7 Sy 2 a0 el i e sk 43 )
W AR we B L v (I VS B Y 8 mm X 8

mm) 5 T A RAE AL, % A £L L 100 pm /9 5 JEE
250 B 4 B, B3 8 A A, 7 B 5 A5TIR A A1 .
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Tab.3 Reference point coordinate values and their standard deviations for contact probe (pm)
Serial Reference point coordinates Coordinate fit standard deviation
number X Y A ox oy oz
1 —12.496 0.674 —304.783 0.036 0.045 0. 081
2 —2516.442 —15.390 —304.232 0.029 0.031 0. 086
3 —5019. 180 —25.701 —303. 896 0.046 0. 058 0.096
4 —5037.824 2483.494 —301.455 0.078 0.069 0.116
5 —40. 856 2 515.145 —302. 141 0.054 0. 044 0.101
6 —60. 129 5007.533 —299.679 0.047 0.032 0.097
7 —2563.800 4 990. 515 —298.652 0.053 0.051 0.088
8 —5063.001 4.979.432 —297.724 0.064 0. 057 0.093
Mean of standard deviation 0.051 0.048 0.095
x4 BRATHUNLEESHLERIFEES
Tab.4 Reference point coordinate values and their standard deviations for white light interferometric probe ~ (um)
Serial Reference point coordinates Coordinate fit standard deviation
number X Y Z ox oy o,
1 56 887.944 22 364.079 4 630. 804 0.516 0.617 0.070
2 54 385.116 22 389. 236 4 631. 281 0.515 0. 550 0.076
3 51 883.093 22 413.602 4 631. 839 0. 308 0.616 0. 105
4 51 901. 004 24 923. 604 4 634.023 0.586 0.455 0.104
5 56 902.172 24 877.844 4 633.327 0.335 0.471 0.095
6 56 919. 842 27 369. 445 4635.912 0.291 0.487 0.062
7 54 416. 628 27 394. 744 4 636.862 0.202 0. 360 0.065
8 51917.543 27 420. 477 4637.753 0.317 0.296 0.031
Mean of standard deviation 0. 384 0.482 0.076
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Tab.5 Accuracy of system scale calibration (pm)

s &, B T R 90X 9 1 A A oo SLaE AT
64 EEME,ME 56845 E GB/T
11337-2004 B o % A4~ 42 ol =2 0 B8040 o5
DL AR bR 48— RMSE {8 R 2 42 R 51 65 157 1
HRR T A I SR iR 2 5 TR P T A A R RO A
R IOE A5 o X A 4 B A, 43 S A% G A
/N 3 1 B0 HE A 5 A SCAR R in A /s
TR G A TR AT AR B L dR e X R
ST B N T e € B Wl G TS A 17/ i g = R | <6
T BE R 22 IR 6 BT o SEER A5 R AR WL, Mok Y
B Rl B VR A L T AR G 07 VR B BN A X R 2
WNT 169, A MRS B T 38% .

x6 ERESFMBENMNRN_FEFIHFEEE

Tab.6 Flatness obtained using traditional and improved

. X-compo- Y-compo- Z-compo-
Precision RMSE
nent nent nent

Value 1. 889 1.199 1.457 0.076

weighted least squares methods (nm)

Ei| [EEWIRS [ SiiIRrS
1 246 188
2 171 151
3 317 263
4 295 249
5 156 212
6 335 271

Relative error 27% 11%

Standard deviation 69 43
5 & %

7 ST X T A K 2 fd 3 Sk 5 DG T R
Sk 52 6 A i A v A bR G — 5 RO il 5 A TR R
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32 %

P&t Tk TR E e 4R A ofE 2SR A5 S AL U o
BOE W A bR — T vk o B IR HIE T AT TR
o DB AR AR GE — B FLARAR SE 2% , 20 BT 1 k4 A5ORS
JEE XS A bR 8 — K BE RS2 o B Hh T S I R 2 A
R 2R A5 A B R A R /s AR A R S
T o R K = A b il &AL S H O T X
HEAT T Sk A b B 58— A0 5 o Rl A S, Al A
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