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Application of laser displacement sensor to

free-form surface measurement
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Abstract: By taking a point displacement laser as an object, this paper researches the application of the
sensor to free-form surface measurement. In consideration of the measurement error of the laser dis-
placement sensor due to the inclination of the measuring point, a quantifiable inclination error model
was proposed to improve the measuring accuracy. On the basis of the principle of direct-point laser tri-
angulation start, the geometric relationship of the laser light paths was analyzed. According to the
shift of convergent light spot centroid, the inclination error model was derived. Following that, the
laser displacement sensor was calibrated with a high precision laser interferometer and a sine bar, the
measured data by the laser displacement sensor were compensated by the error model, and the meas-
urement accuracy was significantly improved. Finally, the experimental measurement on an aspheric
lens surface was performed, the free-form surface inclination measuring point was calculated and the

measurement data were corrected by the proposed model. Experimental results show that inclination
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quantization error model has controlled the measurement error of the laser displacement sensor by less

than 10 pm, which meets the requirements of the {ree surface measurements by laser displacement sensors.

Key words: laser displacement sensor; free-form surface measurement; non-contact measurement; tri-

angulation measurement; error compensation
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Fig. 1 Schematic diagram of direct laser triangulation
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Tab. 1  Main parameters of laser displacement sensor
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Fig. 3 Principle of inclination error measurement
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Fig. 4 Inclination error experiment
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(6)

P
ﬁﬁlj,ﬁji 3 }»J—IA" P()(x()?yo)\Pl(x]vy])\Pz
Cay s y) FIZT . S w ATRIR N

w — (ap— 2%+ Cyp — y)P 4 (2 — 2 (8)

(xp— a2+ (y— 3+ — 20"+ V(o — 2+ (yp— y) P+ ( — z)?

U3 — & MAAE Py sl Po=P (o), i 2 2 NI Y B 3 fi) AT DASKH I
WA Py i BYE 1) 12 A] A7 35 A5 31 IO T O A B8 1 AR Y ABURE AR BE . I A B0 fhE
P, X P, S AR ZERERR I IR ZE (6, A RE RS B IR AL

“ TP <P | 9
o TR Y DU B A, R v R R ) R

n



1944 7\%%

%23 &

4 @M FT LK

AEER 112 5 A RE A 1 e 2= Bt i A
FE, A M T ROEAR 22 P mot s RGEERE T
] LLR] P S i 2 A o I AR AR o AT I A Bk T 2%
TESEA ARG R a3 Ko A Bk A I R
— LS i e AR BRI O JRE Y S T g R A
795 B ASC 2 6 I 4] o i U] 52 B A1 3K T % A
T L2 AR I A PRI o AR SCLASE s o R T
25 51 9 Xt G O A% 1 I R T e HG AR T
RIZE,
4.1 EHEOBRNSMANITE

AR A BR T 35 BT BT BRI . AR Rk Y
LA TG PR 2 e A of R T, JHG Y T 7 PR 3

, (4 V)
1+ V/1— A+ R+ )
DA+ ), 10)
K. ZEEEH:; c=1/R.RET Sl L7k B

T TE ZR K A D AR R R R X LR A
0 E) A 2R T o BT A R AR R—428. 5 mm,
k=—5.282 4, {4t D=108. 2 mm, & B Il & %
¥ho.,

HI T RGN X G S AR B TE L O T ORE S AE TR
IO P S B DR T AT A5 0 DR B i — R
FREMIA A WK 7 s B 5% ECE
JCAR AR O HOK V- B G, 7 A% I A A 2500 4 3
P XAl O B Y T o e A 15 2 A Y A
TE SR AR BBl RV AT 45 B o L se i i . Pk, R
AT HERR R I AR B A REEA T IR R AME . N T
TE AR R S B A A B B SR
YR AE o 308 o S SRR 0 A T 1% A
A bR AR G i R T 0 27 1] 5 0 AR AR
A Y ML P47, B, fEEE T Z Hhy #om
bR AR B I AE XY A BT DA ) AR
Ak 3R 2 B R it 0 1)

WERE M A Py WY m i P, (2, )38 i
K7 BT 7R B9 JLART 5C 28 FT A0, 25 00 i Py 9 D7) )
P.Cx. ) 5 X H-FAT B A0 Y M A SR Tr
o5 P 3B B o 5 T 5 U 0 A

\

{5

0 Y

B 7 3K A s T A R A
Fig. 7 Calculation of aspherical lens-surface inclina-

tion measuring point

Al ah.

e (1D
HR A8 FH 400 At A B SR I 5 FE XY - 1T PN 1 B

] P gl v AR 1R 2 ST A3 I A5 6F 10z 17

ifh . FHAXG IR B MAREME E, W

AU LS Po EAT Ak TT LLAS 2000 A5 Y o

WifE P..BIA .

a = tan

pP. = P, — E.. a2

4.2 ZBRHFEIE
AR BR A o I SR e P 8 B R B AL AR
I R GE B AT . DT ST R SR OL L
PG AR 2835V PRAEDE IR 5 [l 5 Y b 7 1) —
B, RIRIEBE T LKA ZYGCO 2w By 7 % 7 i

P8 AR Rk 2 i i i

Fig. 8 Aspherical surface measurement



557 z=

5L 5 WOCR R AL AR 12 A el T A b g R 1945

KB b RSB G AL FOE I RO R AR E BT AR
A4 A R TR A O A T R R 4 A Y
BUE . R LT PR e A R RN R A 2 IR
PR B AL 2 L LU O 1 45 R0 T A R R
.

T PRI e 0 R 8 3 e o B R T T A
I I SR OE M IR AR T Z S B AR —
T 5 e B — L O AR AR R (E Y AR
SRJE VR I B R G A EOL A IR AR TE Z B Lol
X — 5 AU Xl e A R S R

AR S B8 T, M B 2 T A O AT Y
o R HEAT e M. AR 2 R Lol i B R
H RO L B 1 JE% A8 10T A 152 2 1 B b B2 )i, R 4
IR R Tk . M MATLAB £ JE 2k

R2 MONEBHEMEER

Tab. 2 Compensation results of a part of measurement
data
FETE G
B i/ ) R/ mmfME S /mm
{8 /mm B B2 /mm
6 2.5863 —7.1192 0.0421 2.5442 0.0253
7 2.3735 —6.9847 0.0385 2.3350 0.0157
8§ 2.1757 —5.8779 0.0351 2.1406 0.0114
9 1.974 8 —5.6347 0.0318 1.9430 0.011 3

10 1.778 3 —5.2471 0.028 5 1.749 8 —0.0057
11 1.594 0 —5.013 6

12 1.424 5 —4.9650

L0255 1.568 5 —0.008 5
L0227 1.4018 —0.0135
13 1.2558 —4.6983 0.0200 1.2358 —0.014 9
14 1.090 0 —4.3375 0.0173 1.0727 —0.013 3

0
0
0
0
0
0
0
0
L9398 —4.786 0 0.014 9
0
0
0
0
0
0
0
0

15 0 0.924 9 —0.004 0
16 0.797 7 —4.6658 0.0126 0.7851 —0.003 5
17 0.664 3 —3.806 7 0.0104 0.6539 —0.0100
18 0.5313 —3.4579 0.0083 0.5230 —0.0195
19 0.408 5 —3.176 8 0.006 4 0.4021 —0.028 0
20 0.2990 —2.976 7 0.004 7 0.2943 —0.0338
21 0.1950 —2.784 2 0.0030 0.1920 —0.0383
22 0.0990 —2.5785 0.0015 0.0975 —0.0384
23 0.0083 —2.2386 0.0001 0.0082 —0.0465
24—0.074 2 —1.989 0—0.001 2—0.0754—0.046 3

TET 14 B ph A S A D e S fH 4 LA B £ iy
LeLER N 9 o . i A oK B9 [EE AT L
A MR B 2O R T EE 2.

60

Y/imm
=3
T

T

40+

00 1 11121314

P9 Al ok o e i 2k

Fig. 9 Curves of aspherical surface section

5 % #®

AR SO B 5 O = A vk i R AT R
BWOLR UG 8% R GEHEAT 1 VR 40 19 23 i ABIE 5T .
T IOEL S By U S BOBRE U0 K T BUE
SCHPVER X AR A 22 AR LR, T T — A AR
BeE Rl 8 AAT O A bR DU i R AR L DL
G B2 O T W 0N S X O B A IR AR AT T
07 1% 22 A2 S . 25 R R Ll AR DA R Y
DR 22 AR T LUAT R0 A2 400 AR 51 R A a5 22 I
wZ/NT 10 pm,

AR SCAR H A R 2 A T A RO A T
WOGCAL RS A% %A% I 5 F iy oty T 90K B2 L 7E TR I
HAT— € (T A4 FH 0 (6L



1946 G R TR 923 %
= . ar probe and the compensation methods[]J]. Ad-
SE vanced Measurement and Laboratory Management ,
(1] H®.E&.§AK.¥. ik CCD #tAH 1 &K B 1999(1):23-26. (in Chinese)

(2]

[3]

(4]

L6]

7]

[J]. k&5 4% 142,2008,16(4):611-616.

CHEN J, WANG X, CAO ] D, et al.. Develop-
ment of high-speed CCD laser displacement sensor
[J]. Opt. Precision Eng., 2008,16(4):611-616.
(in Chinese)

B R A LR L O LR 22 4 A2
k)] ARkt 5 1 3#,2011,9(9) :46-48.
WEN X,ZHOU Y F,MU H H, et al.. An algo-
rithm for the compensation of geometrical error in
laser interferometer measurement [ J]. Machinery
Design & Manufacture. » 2011, 9 (9): 46-48. (in
Chinese)

FER R WRE, R AT, FL S AL IR I B R 4 0 Bk
iR l)]. kg # % T 42,2013,21(11) . 2877-
2884.

LIX F,YAO W,ZHAO X H, et al.. Joint calibra-
tion of multi-sensor measurement system[]J]. Opt.
Precision Eng. ,» 2013,21(11):2877-2884. (in Chi-
nese)

AR AL IR E A =k O Al
AR k5 4% T42,1999,7(3): 1-6.

DU Y , L1ZH , ZHANG G X. Optical non-contact
measurement technology for 3-D surface [J]. Opt
Precision Eng. s 1999,7(3) :1-6. (in Chinese)
FAL, TR R AN, L O AR
AR R E BT L)]. A R B S A %, 2015,
34(2) :28-29.

LIDD,WANG Y Q,XU Z P, et al.. Research on
measurement error while workpiece surface is incli-
ning by laser triangulation[]J]. Transducer and Mi-
crosystem Technologies. » 2015, 34 (2): 28-29. (in
Chinese)

MR, Bk, R EAE, L BRI R R AE LG
SR ZEAEETTIELT]. AU T2 F R, 2012,48(23)
143-151.

CHEN Y P,GAO J,DENG H X, et al.. On-line in-
spection and machining error compensation for com-
plex surfaces[J]. Journal of Mechanical Engineer-
ing,2012,48(23):143-151. (in Chinese)

fEm e, SRR B IR E A 52 EOE = A DU Sk R
R R & HAMERELT]. AR Z A, 1999
(1):23-26.

XIE Z X,ZHANG H J,ZHANG G X. Factors af

fecting the measurement precision of laser triang ul-

L8]

(9]

(10]

[11]

[12]

[13]

[14]

[15]

¥k BOL=AMNERENMHRASALLD] KR
I < W IR Tl K%, 2008,
LUO L Q. Research on the Optimization of Laser
Triangulation on Device[ D]. Harbin: Harbin Insti-
tute of Technology University,2008. (in Chinese)
&%, T, KF R BOLEMENEIRZE SIS
KRR IEL)]. AL T42,2003,20(5) :89-91.
WU ] F,WANG W,CHEN Z CH. Study on the a-
nalysis for error in triangular laser measurement and
the method of improving accuracy[]]. Mechanical
& Electrical Engineering Magazine,2003,20(5);
89-91. (in Chinese)
RIFE R B AL, BOGE A I Sk R 2 1Y IF 5
[J]. + BALM T4 ,2000(4) : 385-389.
SONG K CH, ZHANG G X. Study on the charac-
teristics of the laser triangulation scanning probe
[J1. China Mechanical Engineering, 2000 (4):
385-389. (in Chinese)
VUKASINOVIC N, MOZINA J, DUHOVNIK J.
Correlation between incident angle, measurement
distance[J]. J. Mech. Eng. , 2012, 58:23-28.
R F. BB R B AL M M MR R A
BRE[D] K KiEH T R ,2012.
HUANG X P. Uncertainty Evaluation and Accu-
racy Analysis of Laser Displacement Sensor in
Measuring Curved Surface[D]. Dalian:Dalian U-
niversity of Technology,2012. (in Chinese)
EVEERAE R ETUMMEEEREE
SRR AKX LT] % R, 1996, 16
(12):1802-1808.
WANG SH Q,ZUANG B H,ZHANG W W. Re-
building principle formula of optical triangulation
method of displacement measurement in view of
the Lambert theory[J]. Acta Optica Sinica,1996,
16(12) :1802-1808. (in Chinese)
e @m 5. & WOL=MkGRLT] B
£ F 4R .2004,25(4) :601-606.
WANG X J, GAOJ, WANG L. Survey on the la-
ser triangulation[ J]. Chinese Journal of Scientif-
ic Instrument, 2004,25(4):601-606. (in Chinese)
SRR, F BN RF AL F AR R O
k(I k% #h% T42,1997,5(3):83-90.
70U ZH SH,L1 X ZH,ZHANG ] H, et al.. La-

ser optical probe for non-contact measurements



57 IS HOCR R AL AR AR A A T R g A 1947

[J1. Opt. Precision Eng. » 1997,5(3):83-90. (in [17] LEE R, SHIOU F. Calculation of the unit normal

Chinese) vector using the cross-curve moving mask method
[16] LEE R, SHIOU F. Multi-beam laser probe for for probe radius compensation of a freeform surface
measuring position and orientation of freeform measurement| J ]. Measurement 5 2010, 43:469-
surface[ J]. Measurement, 2011, 44:1-10. 478.
EEE T BIREE:

ZF E(1965—), B, B @ A, 1H
+. BB R S, 1984 4F L 1988
42004 4F F 7 27 A8 3 K 4 A RS
e W S BT TR SSE R
BTN M s A58 SNE SN
RO I e K %5 D B R 45 T I F O

E-mail: Ib@mail. xjtu. edu. cn

FhoWQ1977—) L g I AL Tl
T gE A, TR, 2011 48 T 22 M 52
SN2 7 R T oot VA=t S N I W L
R A R 55 7 T B 9Y . E-mail:
sun075634@163. com

(FRILERE REWHT FREHEH)



