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Abstract: A non-diffracting beam based probe was proposed, then the probe was integrated with a to-
tal station to form a combined measurement system for measuring space coordinates of hidden parts in
a large-scale space. The constructs and principles of the optical probe for measuring spatial attitude
and the combined measurement system were introduced, and the mapping relationships between the
centre position of non-diffracting and the incident angle of laser was established. In the combined

measurement system, the probe stylus was first set to touch the point of measurement, and the optical
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system of the probe was targeted by the total station or the laser tracker to measure the spatial coordi-
nates of the probe. The laser beam to measure the distance was transformed into a non-diffracting
beam through the axicon lens, and CCD images were produced. The center of the non-diffracting beam
was mapped one to one to the incident direction of the laser, and the horizontal angle and the pitching
angle of the probe were obtained via center fitting of the non-diffracting images. Finally, an inclinom-
eter was used to measure the rolling angle of the probe, and the spatial coordinates of the measured
point were obtained by combing all the measured attitude angles with the position coordinates and co-
ordinate transformation. Experimental results indicate that the precisions of probe’s attitude-measur-
ing system and combing measurement system are 1 mrad and £=1 mm, respectively, which demon-
strates that the combined system is more flexible and reliable and meets the measuring demands of
space coordinates of hidden parts in large-scale spaces.
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Fig. 1 Block diagram of combination measuring system

TE I B o 2 v LR A A 0 Sk 2 T A ) A
S AL A 2 BR A I R 0O R R
B 2E 2 G006 4 il AR I B O o B R . — PR
2 B8 R ], FH 0 R A SR v S0 2 Rl A
A b AR TR TR AR AL bR R FSTE 2 AR FR R T
AIZS T ARBR Cae "y s =) 5 99— SROG IR A RS
2 R G0 B I O %) 28 (B 33 7 18] #f 38
277 2 B AR AL IR B L o PR R Ak 1A 3
HELI A L v,

W) eF 4 0 AL LA sl R B A ) o R A 1Y '
FRG AR BT B Ul s 7 2l A A b R T A A
FrCas v =) AR (2) 15 AT A8 bR & AN

FEA R AL b R T Y 28 TR0 B AL AR R (= s
yo' o VEHRER IS AE IR ET SRR AL bR R T Y Ak b Ry
(Tpas Ypas Zpa) s B ABE— AW &, 7] 38 3 5256 bR E
AT AL A bR AR e i 2 0 I A 1Y A5 ] 2
SR o v AET RGN P AR E AR .
(s ¥p s ) = (s Vpa s Zpa ) X M) X M(B) X
M) XM(z sz sv.)) s (2)
Her . MR . MCp) 5 M) 5351 R BB (B @b 1)
JIT X L B4 TG R s M= s ) R A s S
PR Y 2 TB) 7 8 R . 4l AT B PR T Y
DG S A (= A R R ) S92 IR % () S
B, JLER A AR R ) £ /AL AR R oxyz WO FE 0
ER
cos f3,

Jxa/ijJrS' cos V¢
sin B . (3

y. =y, +Secos v+
[za/:zﬂrs « sin 7
SR b 2L 4 i AR A A A3 (8] A s T 4 A
O ER ER AN FE IR A 55 44 X AT ] A O — S K
I BEASCHE 2% 1) v 58 P A T A B O A T G R
JE e, AR HE DI R B S 55 Bl 0 A 7 DU S A A
F s [ B OKSF-J7 62 /0 B R £ 70 ok
JEm S AR, FEM IR A P i b, KR
Ab BB R B 5 I A i R LA e B A S5 SR
i 1 A1 22 IR AR R AR T LR A B B e s
.
2.2 REEMERTNERE
e E 2 i CCD FH ML . axicon & 5 . 5 4%
FIELAT 0. 01N ARG B 19 — 2 r 100 A A 3
W 2 s, Hr g s g s — 15
JETHF-AT 10 /N V- ThD 0 ELAA AR AR B . 2 A Ok
HETRET G R G K i W BE OGRS 8 — 3 4
bz

:/% MAER é Hfafa
. .I-!EH_V wﬁﬁi
J:

W | B
SRR t [\ H
W /i
e G Axicon

EXR CCD

ZHERF

Bl 2 BRI A
Fig. 2 Principle of attitude measurement of probe

system



366 e KE TR

5 23 &

WOC B T I BE 5 T 55 — B2 WO6 8 B o S
fiw » 22l axicon i B A2 GATHO6, # CCD AHAL
k.

TCAT S CEFR H L 7E CCD AR AL 14 A A M — Bk
SYE ASSHOCH 7 ), g 3 B . i i o AT S
O BRI A TR BE IR AR R B o A
br o 2ha CCD ARBIL A b 208 38 5 4 (5 3R 75 1
Fe gt A% RS A ERkA v.

+

‘

Enlarge

Bl 3 CCD 3kf8 1y T fin i e
Fig. 3 Non-diffracting beam captured by CCD camera

R A5 2 18] AR A B 6 5C 28wl THERAS AR BH A 2
[ 28540 By @ R v, 5300 H
@=arcsin ﬂ&
cos @
p=p D
sin fcos fi
sin Osin B +cos Ocos B

Aorfre ¢y BN 4R HL T AR A AR Y AR B AR
0.2y 2 AR R T 43 A S84 0.2y o,y BIEE FA B
ROt R G 2R AL IR R oxyz WY IR
ISR IR
2.3 FOTHTRM fEE

TeAT GRS bk P 3h 7 RN B9 — R R
A O R JC B R R 22 b e B8 ) o 55
PEUT A G 1) 50 B 0 i LA 56 RV
4 R, Hr, 0 B FATHOE S axicon lens F 4
TG IE S T 0, 2.y, = 2 HESLAE axicon i
TS AR R, H 0,2, AT T axicon lens BY6
il s o e S CCD 1 A BR R ooz ye 15 LA R
JEATSIAAE CCD P oo 2 ye b FF 2§ A0 A B s
o I JE

MR A JCAT BB il i3 axicon lens fF 4=
BERY TCAT 5 B /R 45 8009 01 4 BE i % T axicon

Y= arctan

lens A9 o, z. B, CCD tHHL AR5 R
E= éjjexp(ikxsin pexpl—ik(n—1)/ 2 + 0] X

b ik/ik/Z+ (t— 1) + (o — y)” dadys
(5

A A n A0 R O K T axicon i 5% 09 41 5
B (oo s Yoo 7 AT H G IR BAE 00w ye V10T 1Y
HEFR s 2 s CCD AL AL A5 P TH Pl oo BP0
0.3, Yoz AR H L o, WUHE B, AR IS AT SO A
SERRVE OCBE P L B BLE 5 AR OEL AT 2 s he
MASHA ORI KRN .

he=z.Xtan 0. (6)
s he = Cad 4y 12 S A7 55 36 s A AR 31 5L
AUBE RS . AR B, AGE AR 0 /YIS T2 CCD
HETE R S) A axicon & 8 5 CCD =5 [0 {7 & 1Y
2,

Axicon lens

CCD plane

B4 JoRTSOGEE L 5 A 2 ] LA G &
Fig. 4 Principle of measurement incident angle based

on non-diffracting beam

3 MEEBHL5ER

3.1 EBANEXNEXW

PREF R GE R 30 A 3 HIKG B 3k 22 I B L 1
AAN . Sy 3o IR R I P A A AR 0 R
JE 5 I ARG BE R 17 2 L R AR A R
KOV A BE D 1) L5 & L i 5 TR . SRER Y
HHRGEET o/ a3, 2 BTG L, %55
Al B SCPET B FEUE o v s o) = BB,

TE R S 56 v, B 28 25 AR S I 5 oE R AT 1Y
e R G0, I e 5 & 2R AL B 7K T F ARG £ Y ik
B WA AR 19 T AT SO R IR T A B L HE A A SR
i o A, THEAS S BREE R G800 KO f RO AT £
W ooy, R o, = T B2 RG2S Rl E
L% ooyes ooz FUNE 40 25 AN A Sk X MR BT 1D



Ly [F] 5, 45 T T AT 5 S8 A0 AR B AR A b (SO 45 DN s ) B A 367

[l 5 A AR S 0 2 2R 495 1 4 A R R
Fig. 5 Schematic diagram of attitude measuring ex-

periment system

FRGE ARG AR . B EIARD R, SR
2 LA, RO R G S &4 NG
(0 fA BE A oK 22 LR 22 i &R &l 6 TR . it sk
B 25 HOHE R T, IR B BEAS A I HER 22N T
1 mrad,

S
R 1)

Augular error/mrad

10 20 30 40 50
Times
B 6 ZA A iR 22 i 4k

Fig. 6 Error curves of attitude angle measurement

TR S a2 W 0 /N S T O R 4R A T
CCD LM B b1 0 /NS 1 B A% (B 7 Ca)) s B
K ME B HOER AR CCD E™ Y Bl £ B &
BCULE 7(b)) o 32 % G E Hh g A 3 A2

(b 18 15 i £ T

(b) Common focal spot

(&g 9] 1
(a)Conventional cut
Bl 7 g EG

Fig. 7 Common images for centering

SCA B A G EE R ). SR, T S R i
BRIk E SN RS S EOCH A CCD LYK EE
F MGG R AS X Bk G BE 2 O 8 B BB E R R
AR S YL S I W RS NS I ]
FERY 7R VU N 505 AAE 00 T #E 1T S
SR BN HZEAMNN 3R 2ZE AT 5 mrad,
ORG B R0 MR P 37 RS T AR SC i AR T o = A
K.
3.2 HENSXLEXW

g T IR AR AT 0 A3 ] AR AR R R RN E T A
T A DU Sk | R PREE I Sk A 4 e — A FHERR B 5 R
FHA bSO MEER £ 1Y 0627 R G AT I &=, 1 F 55
PRAT DN S CHIV = A A 4 B 00 T D) 78 42 i {4
B 2 0 25 1] A A 5 PR 4 il 30 22 W v R AT
Sk b 0 # B D A5 I 2 () o7 5 A b 42 3 08
WEF Ry 2 RO B A EE U EALR, 72
Y 30 5, M SE 56 an 1 8 TR s B L % L
(] 422 000 £ 55 2 0 ) Al B Ao B

P8 B4 [ 0 X L 52 46 et

Fig. 8 Working principle of combined measurement

experiment

F TR BT SRR T Sk A e e BT B A A A
12 558 1A TOU R 8 OE T 3 A 0 BROE 00 K B R
PR ik 7 0 AR e o i b X DL O £ SRR B T
BRI Sk 19 8RO T A SR BT Sk 19 A5 Kot
SIRB e B EAR E R B I Sk T A S Sk A



368 b=

T TR

5 23 &

FE9HE B2 B8 IO A 114 25 [B) 67 8 A 3 2o 4 3l A0 B e
T DRI 5 A TRT 5 ARG 2 i ST i 8 4
BEOLS BT 15 A HERE BT O 20 0l BE AT I 4 iR ATE
T 2R G AR E BB 25 F S AR 0 2 (8] A s 2 4

JECBR AR B H A AR B DO A A R SR R AL A R R Y
HAXTAEARAL B . A5 E e PR FRF 2zl (8 € AN Bl 2
UAZ PR BT (1 25 (8] 28 A5 R B, 38 2o P [ ) o
2l ASC LA I P9 8 0 S B RS AN 1 R

Tab. 1

®1 ZTBENEHEIIR

Data of experimental measurement

WAL A A D A AL AR /m

M Ao 20 A ] B2 0 1 AL A /m

TREF I 2 18] 225/ rad

(—3.454,0.2034,—0.4155)
(—3.4459,0.1939,—0.4156)
(—3.45,0.1778,—0.4251)
(—1.3109,—2.3519,—0.3372)
(—2.7426,3.048,—0.39

(—3.4534,0.2045,—0.4163)
(—3.4454,0.1936,—0.4163)
(—3.4518,0.1785,—0.4252)
(—1.3098,—2.3518,—0.3372)
(—2.744,3.0456,—0.3906)

(—0.0071,0.0093,1. 356)
(—0.0077,0.0095,1.4274)
(0.2555,0.008,1.3971)
(0.0136,—0.0058,2.5995)
(0. 0006,—0.0036,0. 7468)

(3.0049,0.6572,—0.3917)
(2.995,0. 7546, —0. 3487)
(—4.5001,—2.0084,—0.3281)

0 NN O Ul R W N

(3.0028,0.6597,—0.3923)
(2.9949,0. 7554, —0. 3492)
(—4.4991,—2.0092,—0.3293)

(0.0929,—0.0095,4. 8928)
(0.0881,—0.0051,4.8757)
(—0.0133,—0.0076,1.9574)

1 oy B = T R AL T AN TR Y A3 ] A
BRI A A AN R R f 5 A [ 6 AR £
T 3 PRI 5 A AN T Y S ) A AR
Bl . geit o A i 09 2 [A) A AR AL I 25 Al=
[ (= a)?+Cyy— v+ (g, — =) V7, 85 R R
HZFHZRMAERZEAKT 1 mm,

R T 2 IR A A A I R A () A R
I 1 o 5 B AR BROB I K T OB AL L OF
H . 208 B PR BT (9 25 ) 23, 11580 Sk
BRO By A AL E A bR, SCER R ER AN AL 9 o,

FHEREH

B9 S[R3 A T ot i o

R B 2k 2 PR, Fig. 9 Measurement of fixed points with different at-
titude angles of probe
x2 ZRVEBHEIIF
Tab. 2 Data of experimental measurement
R PREF HEAE S 25 ] AL AR /m PREH Y 25 (] 235 /rad A A ) i 2% / mm

00 NN O Ul = W DN

(—0.0173,2.027,—0.036)
(—0.0412,1.9865,—0.0364)
(—0.0868,1.9893,—0.0143)
(—0.0781,2.0107,—0.0104)
(—0.0518,1.9934,—0.0285)
(—0.0322,1. 9945, —0. 0384)
(—0.1407,1.9759,—0.0008)
(—0.0953,2.0052,—0.0056)

(0.0569,0.019,0.0013)
(—0.0977,0.0103,0.0024)
(—0.068,—0.0048,0.1188)
(—0.0817,0.0521,0.0973)
(—0.006,—0.0228,0.0626)
(—0.0102,—0.0191,0. 0158)
(—0.0567,—0.037,0.2443)
(0.1069,—0.0308,0.2021)

(0.6610,—0.0479,0.4171)
(1.1629,—0.9038,—0. 3139
(1.1701,—0. 5094, —0. 8109)

(0.2014,1. 3859,0. 7383)
(0.4560,—1.3015,—0.6737)
(0.1534,0.9162,0. 6026)
(—0.1211,1.3756,0. 8701)
(—0.1444,—0.4997,—1.3227)

2 R R 10 25 RS X AR R A7 B e 22
Az, Ay 5 Az #7530, HoF 24559 R

(0.853 5,0.891 1,0.873 8)., ¥IEFEMERE S
VAN B R G, R A2 [ 80 iR



2

Ly [F] 5, 45 T T AT 5 S8 A0 AR B AR A b (SO 45 DN s ) B A 369

22 G Y 25 (R4 B i 25 2958 1 mm, i TR 4
AT AR EE D 1 m, DR 2828 A 0 0 o 4 B2 o
1 mrad, ;58] T & ITHE .
3.3 BRI LI
TR R S 2 G R G
BATEEME B R R I E T 2T T — 4R
Sh 111, 2 mm, N R 88 mm, &~ 140 mm I HR
WE B AR A RS RE BE 38 TT8 Sk, S8 A v B 14
PRSI F 2578 TAE P& L, S J5 8 o WOt IR 25
A FRAE A 3l 4SBT A4 B A 2L 45 T ek R 8 X [ AT
PAE A 19 S 2 T A7 AR T O R0 iy ) £, O 4 )
Bt R AT B AT LA X H LA 2 AL D R R A Y
I RS RE L G b O BROER A A K N
20 pm=+5 pm/m, WHEOKEEE N 16 pm+8 pm/m,
77 B EE FARO AW, #5255 4K 10 fis .,
PLATREH A M 5 R S8 20 A b5 s, RS
B BIAEREAE S 500k - R AR 111, 887 9 mm, il
A A R 22 0. 180 9 mm, B A FE 0. 018 5
mm ; MO ER B AR I 8008 006 IS 19 13 1 2 40
g A B4R 111,906 mm , T 5 A5 4 55 K f 25 —
0.094 mm., AL 0. 019 mm, XF S FE R
R 0 o BSCHE ) 0L i 2 1 S T LU VO IR R
AR AH SR AE A7 460 18 306 5 P 2 A5 A 0 00 4K 7
SEA SRS WO IR ER AR 22 AR/ 22 7E 10 pm DA
A T R S B TR R R 55 [) v B X ] ) Ak
P 0 2 45 E

ET T

(a) REF & uf LA A

(a) Measurement combined with probe and total station

SE

[1] ZHU ] G, YE S H, YANG X Y, et al.. On-line
industrial 3D measurement techniques for large vol-

-

FARO ¥OEBE(L

R

(b FARO SO R B2 A0 &
(b)Measurement with FARO laser tracker
Bl 10 KWL OUPAE A2 i XoF L 0 e S 56

Fig. 10 Contrast experiments with different methods

AR S X0 R R 5 () v A R R BT X 1Y 25
[E1) A A 00 2 (0 SR H2 T — b R T TR A O R
FR I R S b U B A I R G, H ok
NHRTZRGEWNEEN SR, R, R H %R
SPbRE kLB T IRAT LR R G WA E .
JG B T — B WAL, 52U A IR 5
JCHREFALHEAT 7 X LG S, SRR A5 R R
PRAT 2 [A] I 09 07 B 22 09 £ 1 mm, SR EH R GE
LAWK A 1 mrad,

H TR 5 4 il A R B 25 T e R G Y
N 5005 T2 52 4 Sl AL TR 7 B 0 oG B 5 PR AT B 28
I e 2R oA BE A L W) T Rt AT e B R R T
2% () A s 000 K B ) 4l A R R A L 5
JCEREFALZH A 5 53 b 7E I S R AIE S8 1 isf 7 SR T
B2 R T8 A 1 O B b PR AR — o AR B 5
235 B AR AR DU B 0 e 22 o AR AT A AL AT DL 5 A it Y
5 i T 5 OGRS T BAT 417
WO B B A 1 U A T i R G 2 A AL
WO FEAL S 33— 2% 6] 222500 # FooAR b 1 ] T
RRUBE 1 i P A 28 2

ume objects [ J]. Key Engineering Materials,
2005, 295(4) :423-430.

(2] A%E.TH.Z244, % AT 2EROCMERL
RO E PR LI k% 4% 42,2012,

20(4):851-856.



370

ples

k% TR

5 23 &

[3]

(4]

(5]

L6]

L7]

(8]

(9]

ZHOU W H, DING L, WANG Y W, et al.. Ap-
plication of bundle adjustment to accuracy evaluation
of laser tracker [J]. Opt. Precision Eng. ., 2012,20
(4):851-856. (in Chinese)

CUYPERS W. VAN GESTE N,VOET A, et al..
Optical measurement techniques for mobile and
large-scale dimensional metrology[ J]. Opt. Lasers
Eng., 2009, 47(3): 292-300.

FrEA KRR, B3R . 2l RRCTI {4 bR
FREH M Procrustes T [J]. k¥ & L2,
2014,22(4) :949-955.

WANG DY, ZHNAG X L,MA Q. et al.. Procrust-
ers method in coordinate transformation on multi-sta-
tion of large scale measurement[J]. Opt. Precision
Eng., 2014,22(4) :949-955. (in Chinese)
KOSAREVSKY S. Practical way to measure large-
scale 2D parts using repositioning on coordinate-
measuring machines [J]. Measurement, 2010, 43
(6):837-841.

AR ER WAL T BRI R H 6
Bk k% #HE T4, 2011,19(5): 1110-
1117.

HAN Y X, ZHANG ZH SH,DAI M. Monocular vi-
sion system for distance measurement based on fea-
ture points[J]. Opt. Precision Eng. , 2011,19(5):
1110-1117. (in Chinese)

CARBONE V, CAROCCI M, SAVIO E. et al..
Combination of a vision system and a coordinate
measuring machine for the reverse engineering of
freeform surfaces[J]. The International Journal
of Advanced Manufacturing Technology, 2001,
17(4) :263-271.

WECKENMANN A, JIANG X, SOMMER K D, et
al.. Multisensor data fusion in dimensional metrol-
ogy[J]. CIRP Annals-Manufacturing Technolo-
gy, 2009,58(2): 701-721.

ZHAO P, NI G Q. Precise curved surface area

measurement with a light-pen vision measurement

system[ ] 1. Optik-International Jowrnal for Light
and Electron Optics, 2010, 121(20) . 1848 -1852.

1E&E @t

[ 5 (1981 —) . 5, pu I AL 1t
WFoE AL PRI, 2014 4F T AP RLEE K
2EARAT I A2 7, BN ROR B %S (]
rh L) hE R % I 5 7 | A BF SR, E-
mail: maguolu999@163. com.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

XIAO Z, JIN L, YU D, et al.. A cross-target-
based
stereo systems with large-scale field-of-view [ ] ].
Measurement, 2010, 43(6): 747 -754.

MA G L, ZHAO B, FAN Y Y. Non-diffracting
beam based probe technology for measuring coor-
dinates of hidden parts[J]. Optics and Lasers in
Engineering, 2012, 51(5): 585-591.

KAM C L, POTOMAC M D. Accurate target ori-
entation measurement system, Inc. , USA: Patent
No. US007400416B2[ PJ. 2006.

DURNIN J, MICELI J J, EBERLY J H. Diffrac-
tion-free beams [ J ]. Physical Review Letters,
1987, 58(15): 1499-1501.

IoH AL, RES LD ZH M Nd: YVO, HOt
2 & WSS i VNI S AN ¥ Sk s
%*,2014,26(1):1-5.

WANG T,DU T J, WU F T. Laser diode pumped
Nd: YVO, laser generating quasi-non-diffracting green

accurate calibration method of binocular

beam by passive axicon[]J]. High Power Laser and
Particle Beams, 2014,26(1) :1-5. (in Chinese)

MA G L,ZHAO B. Polar transformation-based
phase-scanning method for centering a non-dif-
fracting fringe image[J]. Optics Communications.,
2014, 325; 47-53.

BIN Z. Digital moire fringe-scanning method for
centering a circular fringe image[ J]. Applied Op-
tics, 2004, 43(14) . 2833 -2839.

SURESH P, MARIYAL C, RAJESH K B, et
al.. Generation of a strong uniform transversely
polarized nondiffracting beam using a high-numer-
ical-aperture lens axicon with a binary phase mask
[I]. Applied Optics, 2013, 52(4); 849 -853.
DURNIN ]. Exact solutions for nondiffracting
beams 1. The scalar theory[J]. JOSA A, 1987,
4(4) . 651-654.

ZHAO B, LI ZH. Diffraction property of an axi-
con in oblique illumination [J]. Applied Optics,
1998, 37(13):2563 -2568.

B (1963 —), L LVE AL AL
P2 A S, 1984 4R T #7 VLK 4
A 2E A, 1987 4 T o B BL 2 B
VARG B AU A 5T T 3R A A A
37,1995 4F F 46 vp # T K 22 3R 151+
2, F BT O = A L
CCD e 4 B AR 42 b 3 7% W0 455 6 AR, L
H=4f PSD i K i R B E #2 fi f3r
% IR S & B R TEAT IO LR R
HHOR 5 TE AT B0 R AR R ORI $
AR, E-mail: zhaobin163@sohu. com
(B REWA REFEH)



