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Abstract Owing to the necessity and importance of the technique of three-dimensional (3D) displacement
measurement in the filed of engineering, a 3D displacement measurement system based on single CCD camera and
digital image correlation is developed. With regard to the relationship between the center and the slope of the
displacement vector and displacements in- and out-of the object plane, two dimensional Savitzky-Golay (SG) digital
differentiator (an operator based on local subset coordinates) is employed to calculate constant terms (corresponding
to the in-plane components) and the first order terms (corresponding to the out-of-plane components). On the
theoretical basis of the pin-hole camera imaging model, a numerical simulation and an experiment on a non-uniformly
deformed cantilever beam are conducted. In addition, the simulated speckle images associated with the 3D
deformation are generated, which is further employed to validate the effectiveness and precision of the Newton-
Raphson iterative method with a shape function of the second order. Simulated and experimental results demonstrate
that both in-plane and out-of-plane displacements can be accurately retrieved using the proposed method.

key words optical measurement; pin-hole camera imaging model; digital image correlation; shape function of the
second order; Newton-Raphson iterative method
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Fig. 1 Pin-hole camera imaging model

5k s

YR S A =L R I BT T B TR X
7 1) B A AR w K i S PR TE AL AS w ()
PRI AR SR AIHE TR A A2 A% s C by 90 R 85 TG A7
Fenlie) & . A

u = u-t

ALY J5 1 B A AL v B SEPR TN ALES ol
YR LA 518D R T A AL A% o Colt 99 1 2 T
R G IE) A . B

Mh'd,

v, = v+ . (3)
a

H (2) 2R (3) AT, 5 B 43 i 5 1 N FS
FHOG s — B T 43tk 5 8 T A% AH DG R sk 5 4 25 14
QA% R 15 g 1) Ak S5 R B AT 5 T P 6 A% R S
T ALA% « DI SE S I 1) = e RS S F A
2.2 BB

AL BT el i 4 HE B 3 1) G T LR L CCD 1y
BAGBETY BUBE 78 T8 1) 1 2 B GRS R GE
W 7 R R, L ESCME 9 ik 2R R BRI . OB ] rh
R AT AT 2 5034 T N i 42 o PR BE D B A AR T
BE A AU BCBE 1] 58 42k T T S A BT T N T
P25 ] 1R 22 A — SEORN B o TR R 9 52 ), DT BB B A K
5T DICM A i1,

MR K = Y WA A A% B A R R A
7R T U KCDE- W K DI W 17/ BNy e C 2 3 | A i NS
o F AR TR0 2 v 0 A2 2 v IR L TG vk R 4
— BB R R R R Y IR T K R B LR AR TR AR S
R I8 R T KT Ah X Uk A P AR IE 1 1
Ol AR R A R IE A
U = up +u,x +u,y+ kix+kyy)(x—a0),

v, = vy + v oy + (Rix+ky)(y—y0)s
K o sv0 43000 R sy J5 ) BTN LS A B s
uy s v, v, KT NAETE S it o ky s ko S5 B T B8 AH 56
(R B G AR = A = Y e M AR TR B AR R 1 AL
Y53 A 5 AR 51404 X 5 W AR K AR T AR
B o)A 2L PRt w] T 45 AR AR 2450 A8 T 14 5 41
) 200 0 O 12 B 400 R AR = 4 2k 1k AR T JE Y RE
B .

W) XPEES w, = 2,0, = Lou, = 0.005,u, =
0. 00005,v, = 0.00005,v, = 0.005,%k; = 0.0001,k, =
0. 0001 Herpr Carg s yo ) X R TG Al H s MG
DN, = 128,y, = 128 R SCHR[12] Bk
BE PG BB R SR ASE ULl = 4 WA 7 B8 5 R B A8 T I

Mh'd,

a

(2)

4




9 4 i RS JETRERBRILE =008 T By ik 1725

9 HCE IR R/ 256 pixel X256 pixel, &
JEBERLH J 1500 A~ m T EHER /N 3 pixel, B

..'.Jb‘.\".; .- .

(b) deformeci imagé

(a) source image

Bl 2 AL B 1 R
Fig. 2 Simulated speckle images
2.3 DICM

550 1A 11 728 T A8 AR I 0T R A DR R

HR TR A6 457 B A5E R I b B — B B T AR

K EE T W A #8482 4 -z R A& (Newton-
Raphson) £ k , IF 38 F /N1 J7 BE 85 AH DG R %K

C= ii[f(zt,,y‘,)—g(x/,,yf,jza 3

A fCaiy) MR ER . g (&) WER G
A &M% . (5) RFRTEAETE TG 19 ER b 45 BUK /N
NomXn TR w = 2 — a0 = v — )
i, BVEEAETE J5 i R B A8 3l X, A LA AR 2R [A] Y
C

. C BB /IMERY w, v BV T X AL B8 AR SOk
A+ 280 i Bt

G300 SR 3k F O 46 AR e Y A OG 3% AR R
Newton-Raphson % {8 75" H i) — i F1 = [ 57 B 45
=0 2 IR IEMGFN H AR EURVEAR DG B 5E . Bidl K
AN ATXCAT, 5 XA 4 M (50,50 ] (200, 200) ,
WA 5 1) 1) 18] B 240 B 5 PR3 38 8l 31 X
31=961,

iEgE LB, A B Newton-Raphson i%
PG B 25 R e Ry - — B IR i R 3 T
S AR B A DG IEAR IR B 45 R AR 22 . e R
BRI B I IR R R a3 UG 1 U7
XF LA b B G A — U TG I K A AH Y B - T
R () 2SR B S BUE R A A B 3 7E P
D5 T B AR 34 2 0. 0078, LI Sy 35 e A 355 A N7 1Y
TR VAR INER L s, R LA CRAZH
PR AR AT LIRS B 5K i = e 2R AR T B 5| A 1) 1
BALR 3 A — BT IRZ o 2R — B L B B,
TR EB AL A7 1) Newton-Raphson 1% 1 15 3] it 45 5
BT T U5 A e i A O E AR (R T e R Ak
BR) o 3R T YR K A = AR LR AR TR B AH R Y
PR LS 52 B AR 2tk 40 A 3k T 5y 38 Ale A 1) B30 12
=NV EN I =BT AR ¢ SRS E I S ml U VAR 2 2 - A= W £
Newton-Raphson 387515 21 (14 25 5L 00 A0k ff

F 1 BEUBIET AL R

Table 1 Comparison of the calculated results of the simulated speckle images

Newton-Raphson iterative

method (shape function of

second order)

Newton-Raphson iterative Iterative correlation

method (shape function of method based on

first order) affine transformation

X Y X Y X Y
Slope of the fitted plane /10°° 7.6941 7.691 7.6936 7.689 7.673 7.682
Relative error /% 1. 3577 1. 3974 1. 3641 1.4231 1. 6282 1.5128
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Fig. 3 Simulated results. (a) Distribution of displacement field, (b) calculated result by the proposed method,

(¢) relative error

4 SRS
11 iR

R FH— B 0 Mk i R 9 B 9
A R LB A oD 0 — SR BB i

2 10 2 AT AR G 9 TIORE 23 A HL 3% 1 P 8 Dt G
N TS B A B R ) b 2 T 5 A e B 22 S 4
MR R 2 . BCRRE R TE T =40 % % 3h
B LEOREN 1 pm) ARIEEA R GO0 -5 10 K



9 4 i RS JETRERBRILE =008 T By ik 1727

SRR REE B B PR R T R T EDOE IR SRR ALY AR
HE LR D BB 22, BRI BN FLAR AR
AR SR R B2 P15 I 328 T Ik ] P A T L RS2 36 v 2
AR IE I R 3 9 [ — RS T 20 5 i 6 )5 571
BT 24 5 B 4 4

TE S 95 T 06 1T - 5 B0 R GRG0 AR 58 - B E
RN

D YR 38 R G044 280 R AR T M9 5 5 i
AT

DFRENE A K RHORAE R XA Y By
G ARAEHE IN — ZR 5 1 SR L RS SR T3 07 5 728 #t
EEP SR s R EIVAIDI LK S a2 = SapoR EEITibE 7
PR AE FIENR P B8 2 18] 19 56 2 il 26 7R B/ o4

0.025
(a) X direction
0.020
[
2,
9
= 0.015
=
5
2 0.010
)
=
Ll + experimental data
— least—squares fit
0.000

1 2 3 4 5 6 7 8 910
Translation in z-axis /mm

UG R I R A L P PR ABOBOR AR 3 M 8 4 3l
DR DA S RIS LT XA Y il 07 3% EBTE 0

DT Z A sl fF, [ fE 08 1 mm, JE82 5+
W BrER AL B AL R E R EBRIKIK S AE A 4
PP A AR O o B AR AT A A7 B A T 8 57 7 7 1)
AR 7] A Bk — AT 07 B Ak 2 5 B BRI
TRAGH

4) G VL bR E AP B L 2 0 W) 1A T A% T
B R AT R AR AL I B R Cas sy RO
(b b)) IR 23 NP 418 5 M 6 s . 46
BT RSE OU T B9 R AR 20 BIIE N S s 50 F
Do s b » AR N RLRS I O T AP EAE 0. MO,
PR I > S PR A AR A AT 7 S

.02
0.025 (b) Y direction
0.020
5
&)
= 0.015
=
&
Z 0.010
[
=
0.006 . experimental data
— least-squares fit
0.000 . . . . . MR L
1 2 3 4 5 6 7 8 9 10

Translation in z-axis /mm

A4 TR AL R SR A 5 W R o T AR 1 5K A

Fig. 4 Relationship between image displacement slope and object out-of-plane displacement

(a) X direction

Measured intercept /pixel

. experimental data
-9+ —least squares fit

1 2 3 4 5 6 7 8 9 10
Translation in z-axis /mm

(b) Y direction

Measured intercept /pixel
I
w

» experimental data
— least squares fit

1 2 3 4 5 6 7 8 9 10
Translation in z-axis /mm

5 AL R 7 18R 5 ) 1A 8 T 3 3% 195G &R

Fig. 5 Relationship between image displacement intercept and object out-of-plane displacement

EAFTE R (e b & LB AL SRR R G
TRCRAG SR 1 A P45 - % 8 RS A R 2 2 3 1Y
AL S JBCRAG R ¢y A% T P fES 5 A E
(1 [ 15 52 B 3% B B (B2 18] 1) e /s — R R UL 43 25
RAFE] . R AL A R A = RIVAT B H
DRGEREE . Y A s RS I R T
LYy fe/D " ARAUA 17 AR BB AL RS 3 1) 3k
REWA d— R I B w82 5 EHR AL kR

] F) 5 % B AT AR Y BEAS RGE R PR
4.2 LT

NS UEAS SR AR S e rp A T AT R TR 22
Ui R N A 7 ik AT S8 . I AF R 206 mm, BE
20 mm. & 2 mm, Hy 208 FUPE S R R
Ui 110 52 2N W 4ar 2T 1) CRE A Z 7 1) S A i
PR B 7 1 ) o 5 A R 4 L A% o TR IR T SR
2k 77 1) CE R XT7 1) A5 A B2/ A0 8% i 58 A6 78



1728 ot # i Eird 28 %
73.5 73.0
(a) X direction 79.5 (b) Y direction

-3
o
(=]

71.5
71.0
70.5

3
om
()]

70.0
69.5 . Experimental data

Magnification /(pixel /um)
= =
- Do
(=] [=]

Magnification /(pixel /um

+ Experimental data

— least—squares fit — least—squares fit e
70.5 oy 69.0 P S S
01 2 3 4 5 6 7 8 9 10 01 2 3 4 5 6 7 8 9 10
Translation in z—-axis /mm Translation in z—axis /mm

P 6 PR ALRS T I R A 255 ) A 8 i 2 % 1 6 R

Fig. 6 Relationship between image displacement magnification and object out-of-plane displacement

start

data input: source and target images

1

Newton-Raphson iterative method with shape
function of second order

¢ ' ¢
v, (% 9) u, @ )
SG filter SG filter
b,; (local value) Sy s, b,, (local value)
y Fig.4 1
coordinate Fig.5
transform w (T8 b,, b, (global value)
| Fig.5
bw (global value) b,,
; subtraction
t subtraction }
Fig.6 y Fig.6
v u
I}
end

B 7 AU R A
Fig. 7 Flow chart for the proposed method

2.0 2.0
1.9 '§§ 0.
: 1.9 £
£ 18 £ o8
£ Eis i3
1.7 N FN-1.
1.7 =R
1.6 )
: 164 %
—0.5O 05 q;:
&Y \ 5,
- ~ & 10 %
5 > 05 15
10 % 95 20
0&') 1.035 30 2}52 /“2\?“ 15 % 10735 30 pae

K8 BEREEER. (OIIBMBEG I, (DA IR AR, (O R E
Fig. 8 Experimental results of a cantilever beam. (a) Theoretical distribution of displacement field, (b) calculated result

by the proposed method, (c¢) relative error



9 4 i RS JETRERBRILE =008 T By ik 1729

N5 Z J7 a3 B W5 10 GE XRY J7 1) A0 8 i
HE L R AR T I R G AT bR .
Hh T L S (8] B B R 100 e, B 18T 52 8% (1] B8 B
500 pm.Z J7 M S BTE 5 mm N, b5 5 R
YR B B & 0 B T g 2. B S LA
2.1 mm, R BEA SCEE 1 A TE SR 0 B
H AT SRR L A3 IHE X J5 RN Y 7 1)t i 200 pm i
WIRGIRS . H 28 B 31 ) 2 B8 W] 45 A0 L 1Y) 67 B
Yoy A g 8(a) iR o SR AR SCT5 16 SR it — 4R 5%
Yoy A 5 AN E 8(h) Fr7m , AHXS 1R 25 W& 8 (o) B
TNe SLEREE R SR A RAE S BEIR EW) A R
W R AT 2. 5%, K IR IE S P — A 16 IE
T AR S IEAE SR AT AT SR

S 06 25 AL R Y R R R A 2 L
SR AEURFDR RS %5 D0 6 RS BE SR AT TR AR R . R X AR E
B S 0 e R S AR 0 43 BT A O 1R 25 1 R R
A AR R G OGN 5 R 2R AU 5 A TR AR
22 & CCD [ W75 5210 5 = ZEKS % 88 h 5 1 8 v 1%
25 5 OB SR 25 BOBUHR - 35 FLL & 52 25 s bp o R 1k
BR2E 3 4r B VLR 25 5 U AN i B iR A FE B AL 1%
ZEFOR R R 2255 .

5 4k 2

T T AR LA DICM A1 45 & 1 = 4k
LRSI B . BUE LSS R UE Tz Bk ]
T BN K A = 2 B8 S5 T B HICBE 14 1
WiE F 1 DICM, i 2 45 F 7 2 1 B A i e 3+ —
W2 #% 455 50 Newton-Raphson #5480 e o K i A1
T o R A8 Y v 8 A2 21 S 56 B0 9IE 1%y s A
JERTT AT SR S5 IR R R RIR 22N T 300,

ARy B0 T R T e F AR AR ALY = 4 Bl
S I3 VR B AIE T R R R S S S Atk L o
SHEN R SR AT BN ) AR IR AR AE — E Y R
REME < 56 T BB AU B Uk A B ) H i RE S5 B A BR
AR TR I3 FLRS B AR 8L H R A 5 SR FH A H A
BLB AR A A Sy FRAR (9 B FLA AL, T BB I &
Fe A T2 K45 R R L S B B RS R 4
ANTTRE ™A% b T R BT LT R, B Sk e AR ] BRAS ]
kA

2 % x #

1 W. H. Peters, W. F. Ranson. Digital imaging techniques in

experimental stress analysis[ J]. Opt. Engng., 1982, 21(3):
427~431
2 T. C. Chu, W. F. Ranson, M. A. Sutton et al.. Applications
of digital-image-correlation techniques to experimental mechanics
[1]. Exp. Mech. . 1985, 25(3): 232~245
3 Yang Yong, Yang Yanlei, Li Ming et al.. Research of high-
accuracy digital image correlation measurement system[]J]. Acta
Optica Sinica , 2006, 26(2): 197~201
o L EBREE. A WS ORI RCS BB I i R g M L
HARBIGELI]. b %R, 2006, 26(2) . 197~201
4 Chen Daging, Gu Jihua, Jiang Jinhu. Study on the digital speckle
correlation method for in-plane displacement measurement in the
case of slant optical axis[ J]. Acta Optica Sinica, 2005, 25(7);
907~912
BRI PR B A, 22 50 5. REG Bl T P 0 8% W ) B0 HIOBRE A G
ETE0)]. kAR, 2005, 25(7); 907~912
P. F. Luo, Y. J. Chao, M. A. Sutton M A et al.. Accurate

measurement of three-dimensional deformations in deformable

o

and rigid bodies using computer vision[ J]. Exp. Mech. , 1993,
33(2): 123~132

P. F. Luo, Y. J. Chao, M. A. Sutton. Application of stereo
vision to three-dimensional deformation analyses in fracture
experiments[J]. Opt. Engng., 1994, 33(3): 981~990

Yao Xuefeng, Lin Bisen, Jian Longhui et al.. Three-dimensions

o

-

deformation field measurement combining digital speckle
correlation technology with stereo photography [ J ]. Optical
Technique , 2003, 29(4) . 473~476
e e BRI AR BN S5, STRSR R R 5 B RO A OG5 vk AR
SEMTFR I =4 HI]. LR AR, 2003, 29(4); 473~
476
8 J. D. Helm, S. R. McNeil, M. A. Sutton. Improved three-
dimensional image correlation for surface displacement
measurement[ J ]. Opt. Engng., 1996, 35(7): 1911~1920
Wang Min, Hu Xiaofang, Wu Xiaoping. Digital image correlation

©

method for the analysis of 3-D internal displacement field in object
[J]. Acta Physics Sinica , 2006, 55(10): 5135~5139
G EINTT AR/NT W A PR = A LR 3 43 T 0 B LR
MFETTELI]. S, 2006, 55(10); 5135~5139

10 Zhang Chuangxin, Xu Jinliang, Zhang Yougli e al.. Three-

(=)

dimensional reconstruction of free-flying insect based on single
cameral J]. Acta Optica Sinica , 2006, 26(1): 61~66
BAHT AR R LIRS S T RBGIME R Ad TS &
=HEEML]. kg F R, 2006, 26(1): 61~66

11 R. S. Sirohi. Speckle Metrology [M]. New York: M Dekker
Inc, 1993

12 Peng Zhou, Kenneth E. Goodson. Subpixel displacement and
deformation gradient measurement using digital image/speckle
correlation[ J]. Opt. Engng. . 2001, 40(8): 1613~1620

13 Zhifeng Zhang, Yilan Kang, Huanwen Wang e al.. A novel
coarse-fine search scheme for digital image correlation method
[J]. Measurement , 2006, 39(8).: 710~718

14 H. A. Bruck, S. R. McNeill, M. A. Sutton e al.. Digital
image correlation using Newton-Raphson method of partial
differential correction[J]. Exp. Mech., 1989, 29(1); 261~267

15 Pan Bing, Xie Huimin. Full-strain measurement based on least-
square fitting of local displacement for digital image correlation
method[J]. Acta Optica Sinica, 2007, 27(11): 1980~1986
WL ER. BT EMR ARG P T LR R IR b e LA
Fy 43 R AR BE (T, % 43R, 2007, 27(11): 1980~1986

16 Huang Yuanhao. Development of digital image correlation
method for displacement and shape measurement[ D], Singapore:
National University of Singapore, 2004



