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Abstract

Many applications dealing with the mechanical behavior of materials require the measurement
of displacement fields or deformation fields. For this type of measurement, optical methods
have become unavoidable due to their non-intrusive approach, their high spatial resolution,
their high sensitivity, the large size of their examinated field, and the increasing power of the
computers that now allow the processing of huge quantities of data. In this context we have
developed a system for measuring 3-D displacement fields using CCD (camera charge digital)
and 3D laser scanner. This method allows the measure of the 3-D displacement field using at
least two pairs of stereoscopic images of an object corresponding to two states of its
deformation (or the processing of a sequence of pairs of images acquired during the
deformation). The main topics developed in this study are: the calibration of a camera and a
3D laser scanner, and measuring 3D displacement fields from coupling of camera and 3D
laser sensor. The potential application of our method is the characterization of structures, for
example, to provide assistance in the development of tools for stamping.
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1. Introduction

Optical methods for measuring displacement are now widely used in mechanical
experiments. The main techniques are photoelasticity, geometric moire, moire inter-
ferometry, holographic interferometry, speckle interferometry (speckle), the grid
method and digital image correlation Frey, P.J. and George, P.L. (1999), CLOUD, G.
(1998), Kinsey, L.C. (1993), Sutton, M.A. (1983&1986), Faugeras, OD. And
Toscani, G. (1987), Horaud, R. And Monga, O. (1995). Method of digital image
correlation (DIC) is probably one of the most commonly used, many applications of
DIC method are presented by Horaud, R. (1995) and more specifically for the
measurement of displacement fields from 3D stereo coupling and monitoring
correlation of pixels in a sequence of images by correlation Garcia, D. (2001), Garcia,
D., Orteu, J.J. and Devy, M. (2000), Garcia, D., Orteu, J.J., and Devy, M.(2001).

When only one camera is used, the DIC can give the displacement field only in the
planar domain of the observed object. Otherwise using a camera accompanied with a
laser sensor 3D, can be measure the displacement field in the 3D surface.

In this study we use the camera and an image correlation method to define the
displacement field of a moving object. The coupling of the camera and the 3D
scanner allows us to associate the observed displacement field and the 3D surface of
the object. The measured displacements are on the 3D surface of the order of 20 mm
to 40 mm.

2. Camera calibration and 3D scanner

2.1.Calibration parameters of the camera

The calibration of a camera is to determine the coordinates (u, v) in the image
coordinate system (b) from the coordinates (x, y, z) in the coordinate B world. In
other words, it consists in solving the following equation:

b= Mc(B) @
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To do this, we must first express B in the camera frame, and then calculate the
coordinates of (b) in the same spot after a projection. Finally, changes in the b mark
image plane for its coordinates (u, v).

2.1.1. Determination of b form

To calculate the coordinates of b in the image plane from point B whose coordinates
are expressed in the reference world.

X
su

y
sV =M

1z 2

S

1
mll m12 m13 ml4

Where M = |m,, m,, m,, m,,

m31 m32 m33 m34

In this equation, the coordinates are homogeneous. The homogeneous coordinates of
the object point B (x, y, z, 1), and those of the pixel b is (su, sv, s). Cartesian
coordinates of b are (su / s, sv / s). is the perspective projection matrix. Using
equation (2), However ,we can write the Cartesian coordinates of an image point as
shown in equation (3).

U= m,X+m,y+m,z+m,

My X+My, Yy +MyZ + My,
My X+ My, Y +MysZ+ My, ®)

a My, X+ Mg, Y+ Mgy Z+My,

2.1.2. Calculating calibration parameters

The calibration parameters can be obtained from the perspective projection matrix
Mc. We apply the method to calculate Faugeras-Toscani Mc (1986, 1987).
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The calibration parameters of a camera intrinsic parameters to include ayav, Uo, Vo and
extrinsic parameters (R) rotation matrix and (T) transition matrix. These parameters
can be calculated from the perspective projection matrix Mc. Equation (4) shows how
to calculate the calibration parameters from the Mc matrix .

r,=m,
U, = m,.m,
V, =m,.m,

au = —m1A m3|

a, =|jm, Am,||

r,=1/a,(m, —u,m,) @
r, =1/a,(m, —v,m,)
t, =1/a,(my, —u,m;,)
t, =1/a,(my, —Vv,ms,)

t, = ms,

2.2. Method for 3D laser sensor calibration

The 3D scanner is composed of a sensor and a laser sheet coordinate measuring
machine. It helps to have a dense cloud of points with an accuracy of the order of 10
microns. The calibration pattern is used marble cube whose faces are perpendicular.
Two checkerboard patterns as were positioned on the faces oriented along the X and
Y directions of the machine. Each level of the target is represented by a cloud of
points (X, y, z) as shown in Figure 1.

Plane must be perpendicular to the target. The least squares method, is used to
calculate the normal vector to each plane, and the intersection of the three planes
representing the origin of the coordinate of the target. The origin of the pattern allows
us to compute the translation parameters of the transition matrix scanner. three
normal vectors (ni,n2,N3) represent the rotation matrix. Then, it is possible to find the
transformation matrix between the scanner and the 3D sights.

R t
Ms:( j %)
0 1
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Figure 1. 3D calibration pattern for Points cloud obtained with the 3D scanner.

3. Matching a CCD camera and a 3D laser sensor

We present in this paper a method for matching a CCD camera and a 3D laser sensor.
As a first step, calibrate the devices located in the same space, due to the standard
calibration techniques G. CLOUD.(1998). Secondly calculate the transition matrix of
the camera and the transition matrix of the 3D sensor. Third step calculation of total
transformation matrix M; for combining the texture image obtained with the camera,
and the surface obtained with the 3D scanner. This method is illustrated in Figure 2.,
where for each vertex V; point cloud obtained with the scanner associating a pixel Pi
of the image obtained with the camera.
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Figure 2. Coupling of the camera and the 3D laser scanner

4. Measuring Displacement

After calibration of the scanner and camera, we obtain an association between the
pixel (ui, vi) of the camera image and the vertices (xi, Vi, zi) of the point cloud
obtained with the scanner. At beginning, we acquire an object in an initial position,
then move the object, and we repeat an acquisition. We select manually one specific
characteristic point of the object to specify its characteristics before and after
movement. In our experiment, the characteristic point is defined as a corner of a
square of the calibration target.

We record the coordinates (u,v) of the characteristic point in each image and then
compute the coordinates (X, y, z) from the top of the scatter. Finally, we measure the
displacement as the Euclidean distance between the 3D point feature recorded before
and after displacement:

D =0~ %)*+ (¥, ~ )" + (2, - 2.)° ©)

Dx:XZ_Xla Dy:yZ_ylv Dz =11

(7)
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where (X1, y1, 1) and (X2, Y2, Z2) are the coordinates of the characteristic point on the
scatter plot before and after displacement .

5. Measuring Deformation

Mark and local deformations of rotations through a moving solid. We replace the
object by its outer envelope will be considered without thickness.

The displacement is calculated by interpolation and are given in the reference
measurement by a 3D vector field expressed in the reference measurement, R(x, y, 2):

u(x,y,z)
U|v(x,y,2)
w(x,y,z)

a
purpose computing Q [b] solid carrier rotation is
Cc

0 du_w u_ow
[ dy 0x 0z 6x]
dv Ju

o ou . v ow|_ 0 —-a b .
w=17""5 oz oyl | @ 0 -—c (8)
[m_@ ow _ ov J—b ¢ 0
dx 0z 0Jdy 0z

It can be calculated from the tensor of local rotations
step 1: regular triangular mesh
Displacements are expressed as nodes attached to elements

Step2: calculating the shift with the actual element for reference (3D surface passing)

[ueya] [uEn
Ulv(xy,z)| => Ue|Ve(EM)
W(X,y:Z) We(Eyn)
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If the item is regular it can be considered as a reference only a scaling factor (divide
by the area) and orientation will be different for each element is then calculated the
change of reference to project item in the reference of the reference element

1.6 . ONi _ 0Ny _ , . 0Ny _ <
Ni=1-gm; 52 ==-1172 =0 X, P/ n
—g. N2 g 0Nz _ (). ON;
N=g B2 =1, 2=0;2% =0 \/ :
.. 0Ny _ ON3_ . ON3 _ P p g
N3—T], oz —O, an_l' ac =0
Xj — X
_ - 1 —_
PP =¢&= Vi — Vi , PP, =
th=¢ [Gej=x0) 2+ =y 2+ (zj-2z)?] Lj —Zl-] o
X — X
N 202+ Oy + (a2 P2 JZ/'; _ ?]
L
RE A.-RP = 9)

l_]:g => U = ue(0,0); _:ﬁ =>Ve = ve(0,0); _ITL)Z =>We = We(0,0)
U8 =>up =1, (1,0); U,.§ =>vg, = 1,(1,0);U,.C => w3 = w,(1,0)

U =>Ups = up(0,1); Up. T => V3 = 0,(0,1); Up.C => W3 = w,(0,1)

Step3 : calculation of strains in the coordinate system of the reference element

€egr Enns B

’

g & O
Eeno = |8 &m 0 (10)
0 0 O
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Calculation with the assumption of small perturbations € = 1/2[VU + VﬁT]

aN; aN, aN

— 3
8&& = a—iuel + —= oz Ugy + a—aue3 (11)
dN ON. JdN.
&g = a_nlvel + a—nzvez + a—;ve3 (12)
__ 1[N, JdN. dN, ON3
Sén = E[W U +— . uez + ue3 + 6& 1761 + a—évez + 6—5_31763] (13)

It is better to calculate the large deformation € = 1/2[VU + VU™ + VU. V("]

Then

AN, AN, AN, o AN, dN; 2
€ —a—auel +a—éue2 +a—&ue3 + 6& +a—§uez +a—éue3 +
o, a aN. ]2

A aN, AN 1[an, AN, dN; 2
€ Evel+ﬁvez +er3+5 Wuel +Wue2 +ﬁue3 +
aN; ON, AN ]2
an Uel + a'l’] veZ + an 1763

_ 1[aw, aN, N5 aN, aN, ON;
SE,T] +E[6n Ueq +Wuez +Wue3+ 9t Veoq + 3t Vop + oz Vo3 +
aN, oN. ] [azv1 N, N, ] [azv1 N,
I:aa uel + aé ueZ + a(t: ue3 an uel + an ueZ + 6r| u€3 + ai Uel + ai veZ +
6N3 N,

e3] [an 17e1 veZ +

3

W”es] ] (16)
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Step 4: calculation of the tensor rotations o and vector rotation Q in the coordinate
system of the reference element

a R (N e
Q [b] et 0“)(@7]:@ = _’Yéﬂ 0 ’YT’IQ (17)
C -
Yo Yo O

1|ron AN aN. oN ON. ON3
ey = e 5[[6_111 o1 + Giter + Gtes| = [T ven + T ver + T ves| | (1)
1| ron ON. ON
Yer = De = E[ [T wer + G wer + a_e,gwe?’]] 49
_ _ l _ 0N, 0N, ON3
Yo = Ce =3 [ [_an We + o Wep + o We3]] (20)

Step 5: calculation of deformations and rotations in the measurement space,
R(xy,z):

The matrix P is defined by the vectors of the coordinate system of the element
n=[&7,
Then

_— pT
Exyn = P EenoP (21)
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6. Results

In our experiment, we acquired with the 3D scanner and CCD camera of our
calibration pattern in an initial position. Then we moved precisely the pattern along
the x axis, and makes a new acquisition. The displacement is measured in an area
defined manually using the method given in the previous section.

The following tables gives the results in terms of Euclidean distance and Dx: X-axis
component of MMT , Dy: Y-axis component of the MMT, Dz: Z-axis component of
the MMT calculated for each point associated with a pixel and the standard deviations
obtained for each template 1, 2 and 3.

Tablel. The results of the deplacements.
(@) : Euclidean distances (D)

No 1 2 3 4 5 Standard Deviation
Dimagetez | 10.027 | 10.01 | 10.00 | 9.9901 | 9.980 0.0240
Dimagete2 | 10.009 | 9.971 | 9.99 | 10.001 | 10.003 0.0269
Dimagetes | 9.997 | 9.964 | 9.99 | 9.987 | 9.999 0.0279

(b) : X-axis component of MMT (Dx)

No 1 2 3 4 5 Standard Deviation
DX imagetter | -10.02 | -10.009 | -10.02 | -9.99 | -9.98 0.0234
DX imagete2 | -10.00 | -9.97 | -9.98 | -9.99 | -10.00 0.0266
DX imagettes | -9.99 | -9.98 | -9.97 | -9.98 | 9.97 0.0238

Al Mukhtar Journal of Sciences, Vol. 28, No. 2 (2013)
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(c): Y-axis component of the MMT (Dy)

No 1 2 3 4 5 Standard Deviation
DVimagette1 | -0.256 | -0.246 | -0.234 | -0.217 | -0.201 0.021
DVimagette2 | -0.151 | -0.122 | -0.123 | -0.136 | -0.165 0.0229
DYimagettes | -0.116 | -0.008 | -0.009 | -0.0087 | 0.0093 0.0238

(d) : Y-axis component of the MMT (Dz)

No 1 2 3 4 5 Standard Deviation
DZimagette1 | -0.253 0.250 0.246 0.243 0.239 0.0082
DZimagette2 | 0.0048 | -0.0051 | -0.0054 | -0.0056 | -0.0062 0.0082
DZimagettes | 0.0088 | 0.0084 | 0.0082 | 0.0079 | 0.0076 0.0083

template 1
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template 2

template 3

Figure 3. The study area of the selected templates.

(a) template 1 before moving (b) template 1 after moving

Al Mukhtar Journal of Sciences, Vol. 28, No. 2 (2013)
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(a) template 2 before moving (b) template 2 after moving

(a) template 3 before moving (b) template 3 after moving

Figure 4. Reason associated with the templates 1,2,3

We note that for the measured displacement is close to the specified motion, the
standard deviations for each measurement or for a pattern of 100 in the directions X
and Y are of the order of 0.02 mm and the Z-direction of about 0.01 mm. On a
practical level, the movement being in a plane containing the optical axis and in a
direction approximately equal to 45 ° with respect thereto. It is logical that the
dispersion along the Z axis which is parallel to the image plane is smaller. We also
note that the results for 2 and 3 template, referring to surface and the other surface
slightly left, are similar. Against the differences between the results of these
templates and template 1 may be explained by calibration errors. The use of a non-
linear calibration matrix would correct errors due to optical distortions and
significantly improve the result.
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6.1. Results of Measuring Deformation

Table2. The results of the deformation.

€10 €2¢En.0 EEng
Zonel [0.0160 0.0243 ol I0.0242 0.0218 Ol

0.0243 0.0329 0 0.0218 0.0195 0
0 0 0 0 0 0

Zone2 [0.0444 —0.0305 0] [0.0030 0.0028 0]

—0.0305 0.0182 O 0.0028 0.0610 O
0 0 0

Zone3 I0.0436 —0.0278 Ol

0 0 0
[0.0115 0.0137 Ol

—-0.0278 0.0138 0
0 0 0

0.0137 0.0160 O
0 0 0

o1 Q2 Q
Zonel 0.0084 —0.0024
0 0
Zone2 0.0127 0.0025
[1.1e - 016] [ 0 l
1.1le — 016 0
Zone3 0.0144 0.0022
[ 0 l [2.7e — 017}
0] 2.7e — 017
01En0 DEno)
Zonel 0 0.0084 0
-0.0084 0 0
0] 0 0
Zone2 0 0.0127 —1.1e— 016
[ -0.0127 0 —1.1e — 016}
1.1e—016 1.1e—016 0
Zone3 0 0.0144 07
-0.0144 0 0
0 0 0
©2(en.0) DeEng)
Zonel [ 0 -0.0024 0]
-0.0024 0 0
Q 0 0
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Zone2 0 0.0025 0
-0.0025 0 0
0 0 0
Zone3 0 0.0022 —2.7¢e — 017
[ -0.0022 0 —2.7e — 017}
27e =017 2.7e —017 0
P1 P2 P3
Zonel -0.726 —-0.726 0.060 [ —0.727 —0.727 —0.014]
[—0.654 —0.654 —0.060] —0.6693 —0.6693 0.0253
0.207 0.2079  0.0230 0.1486 0.1486 0.0433
Zone2 —0.7594 —0.7594 —0.143 [—0.0709 —0.0709 0.6508 T
[—0.6480 —0.6480 0.172 l 0.0135 0.0135 —0.7522
0.0582 0.0582  0.0574 0.9974 0.9974 0.0564
Zone3 | [—0.7499 —0.7499 —0.1656 0.7342 0.7342 —-0.0329
[—0.6573 —0.6573  0.1928 l [0.6413 0.6413  0.0620 ]
0.0743 0.0743 0.0342 0.2229 0.2229 —0.0700
€1(xy;2) £2(xy.2) E&xyn)
Zonel | [0.0457 0.0457 0.00070 0.0428 0.0428 —0.0003
I0.0457 0.0457 0.0007 l [ 0.0428 0.0428 —0.000SI
0.0007 0.0007 5.64e — 008 —0.0003 —0.0003 0.000001
Zone2 0.0033 0.0033 0.00407 0.00002 0.00002 —0.0006
[0.0033 0.0033 0.0040 [0.00002 0.00002 —0.0006]
0.0040 0.0040 0.0030 —0.0006 _—0.0006 _ 0.0330
Zone3 0.0031 0.0031 0.0047] 0.0257 0.0257 0.0007
[0.0031 0.0031 0.0047 I0.0257 0.0257 0.0007 l
0.0047 0.0047 0.0035 0.0007 0.0007 1.8e — 005

(20[3) ‘_5.:[4// 222/ ‘JJJA.xJ/j L).chL// K124/} lﬁj.L?_UJUAA]/‘LBA
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D1xy.2) D(xy.2)
Zonel 0 0 0.0007
[ 0 0 —0.0007 l
—0.0007 —0.0007 6.7e — 021
Zone2 [4.19¢e — 019 4.19e — 019 —0.0029 1
4.19e — 019 4.19e — 019 —0.0029
0.0029 0.0029 2.72e — 020
Zone3 [—8.67e — 019 —8.67e — 019 —0.0037]
—8.67¢e — 019 —-8.67e — 019 —0.0037
0.0037 0.0037 0
D2(x,y.2) O(xy2)
Zonel 0 0 0.6673e — 004
[ 0 0 0.6673e — 004‘
—0.6673e — 004 —0.6673e — 004  1.05e — 022
Zone2 —4.23e — 022 —4.23e—022 0.0001
[—4.23e — 022 —4.23e—022 0.0001]
0.0001 0.0001 0
Zone3 —5.34e — 020 —5.34e—020 0.000014
[—5.34e — 020 -—5.34e—020 0.000014 l
0.000014 0.000014 5.79e — 022

7. Conclusions

In this paper, we present a method for matching a CCD camera and a 3D laser sensor
to obtain textured 3D model of an object observed. Then we proposed a method to
calculate an estimate of the displacement using the point cloud and the image of the
observed object present, we enhance this approach by automating the selection of
areas measuring and controlling more finely calibration parameters. This work is part
of an objective measurement of 3D deformation fields using the development tools.
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