Hindawi

International Journal of Optics

Volume 2020, Article ID 5453475, 6 pages
https://doi.org/10.1155/2020/5453475

Research Article

Hindawi

Simultaneous Measurement of In-Plane and Out-of-Plane
Displacements Using Talbot Fringe Projection

Haibin Sun ) and Tingting Liu

College of Physics and Electronic Engineering, Taishan University, Tai'an, Shandong 271000, China

Correspondence should be addressed to Haibin Sun; sunhbphy@163.com

Received 1 September 2019; Revised 12 January 2020; Accepted 3 February 2020; Published 26 February 2020

Academic Editor: E. Bernabeu

Copyright © 2020 Haibin Sun and Tingting Liu. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

The fringe projection technique has been widely used in optical measurements. In this paper, we demonstrate a scheme to measure
the 3D displacement of a deformed sample using Talbot fringe projection. In this process, we designed a two-dimensional square
Talbot hologram. In this approach, we used the basic principle of triangulation, and a computer-controlled liquid crystal spatial
light modulator (LC-SLM) was placed in the optical path. The Talbot array hologram was displayed on the LC-SLM screen and
projected onto the surface of a sample. Two patterns were recorded: one before and one after deformation. We simultaneously
acquired the in-plane and out-of-plane displacements using the digital image correlation (DIC) method. This scheme is simple

and easily implemented. Theoretical and experimental results are presented.

1. Introduction

As an example of a fringe-based technique, fringe projection
has been widely used to develop measurement systems at the
macroscopic and microscopic levels [1-6]. This technique can
be used to generate 3D full-field noncontact topography
images of objects with high resolution, high speed, and fast
data processing [7]. In fringe projection techniques, fringes
are projected onto the surface of a diffusely reflecting sample.
Images of the patterns on the surface before and after de-
formation are then captured using a CCD camera. Sinusoidal
fringes are usually employed in fringe projection techniques
to acquire the information modulated by the surface of the
sample [8]. Linear-, triangular-, and hexagonal-structured
patterns have also been used in fringe projection techniques
[9]. A phase map is then obtained from the recorded patterns
using fringe analysis methods. This phase map can be used to
determine the correspondence between the projector image
and the camera image of a single-camera or multicamera
projector system [10]. To extract the phase information from
these fringes, algorithms based on phase shifting, Fourier
transform, windowed Fourier transform, and wavelet trans-
form have been developed [11-15].

In optical metrology, the Talbot effect has been exploited
for the measurement of displacement and distance [16-20],
the measurement of contouring [21-24], and surface
roughness [25, 26]. Linear gratings and circular gratings are
commonly employed in applications of the Talbot effect due
to their simple patterns and the ease of analysis of the moiré
fringes [27]. Based on the encoding of the target surface by a
Talbot self-image of a linear grating, Rodriguez-Vera et al.
used Talbot-projected fringes to determine the 3D con-
touring of a diffuse target [28]. They measured the uniform
pressure loaded on a clamped latex using Talbot projection
profilometry [29].

This report presents the details of a Talbot projection
scheme to measure out-of-plane and in-plane displacements
simultaneously. We designed a square Talbot array holo-
gram as a projection grating. The Talbot array hologram is
displayed on the screen of a phase-only liquid crystal spatial
light modulator (LC-SLM) and projected onto a sample.
Images of the patterns on the surface of the sample before
and after the deformation are captured by a CCD camera.
The displacements can be obtained using digital image
correlation (DIC). This technique is simple and -easily
implemented and can be used as an alternative method to
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measure the in-plane and out-of-plane displacements.
Theoretical and experimental results are presented.

2. Principle of Talbot Fringe
Projection Technique

The Talbot fringe projection system follows the basic principle
of triangulation, as shown in Figure 1. The optical axis of the
imaging system has an angular relationship with the projection
system. A laser illuminates an LC-SLM, and a computer-gen-
erated Talbot array hologram is written and displayed on the
screen of the LC-SLM. The reconstructed image from the Talbot
array on the LC-SLM is projected onto a sample. When the LC-
SLM is placed at an appropriate distance (an integer multiple of
the Talbot distance) in front of the sample, a fringe pattern is
formed on the surface of the measured sample. A CCD camera
is used to record the deformed projection fringe patterns that
are modulated by the displacement of the surface of the sample.

When the LC-SLM is illuminated by the laser, the dif-
fracted field replicates an exact image of the Talbot array in a
series of equally spaced planes. These Talbot image planes are
located at regular distances away from the grating. This
distance Z, is determined as follows:

Z, = 2nd’/\, (1)

where d is the spatial period of the array, A is the wavelength
of the laser, and 7 is a positive integer called the self-image
number. When #n =1, the associated distance is called the
Talbot distance Z.

Figure 2 is a two-dimensional square Talbot array. The
designed square Talbot array has a spatial period d =120 ym,
and the length of the unit square is a = 20 ym. There are 100-
unit squares in total. The wavelength of the designed input
beam was 632.8 nm, and the corresponding Talbot distance
was 45.51 mm.

Figure 3 illustrates the schematic geometry of the Talbot
fringe projection system. When the sample is loaded, the
speckle originally located at point E moves to point F due to an
in-plane displacement. The out-of-plane height of point C
leads to the in-plane displacement u. From the geometry of
Figure 3, the in-plane displacement u can be written as follows:

u:EF:Ax=w-L, (2)

L-w
where L is the distance between the CCD camera and the
reference plane (before the deformation), w is the out-of-plane
displacement, and d is the distance between the CCD and the
projector. Given that L>> w, equation (2) can be written as

follows:
d

usw- . (3)

In speckle projection profilometry, the in-plane dis-

placement u measured by the DIC method has unit pixels, so

the actual physical distance is given by Ax = Mu, where M is

the magnification of the imaging system. Thus, the out-of-
plane displacement w can be expressed as follows [30]:

w = ku, (4)
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FIGURE 1: Geometry of the Talbot fringe projection.

FIGURE 2: Schematic diagram of the two-dimensional square hole
grating.
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FIGURE 3: Geometry employed to determine the out-of-plane
displacement.

where k=ML/d. For the given Talbot fringe projection
system, k is a constant and can be obtained by experimental
calibration.

A digital image correlation (DIC) algorithm was used to
obtain displacement maps at the surface of a deformed object by
tracking the displacement of groups of pixels from a sequence of
images acquired during deformation. DIC is a commonly used
technique for deformation measurements that statistically
correlate subsets of two fringes that capture the status of the
surface of an object before and after deformation [31]. The basic
principle of DIC is that before and after the deformation of the
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object, the movement of geometric points on its surface pro-
duces in-plane displacement. The displacement field can be
calculated using the DIC algorithm which depends on the
selected criterion [32]. Based on the combination of fringe
projection and DIC techniques, out-of-plane and in-plane
displacements can be simultaneously measured [33, 34]. In
Reference [33], Felipe-Sesé et al. proposed a color encoding

C(u,v) =

methodology based on the combination of fringe projection and
2D DIC techniques using a single-color CCD camera. In this
case, the in-plane and out-of-plane displacements are simul-
taneously measured.

The cross-correlation function between the digital im-
ages of the surface of an object before and after deformation
can be expressed as follows [35]:

527 [f (i) - Flo(xi vy +v) - 4]

(5)

VS [ (2o y;) = IS [g(xi +y;+v) - 3]

where C is the maximum correlation factor, fis the intensity
image before the deformation, g is the intensity image after
deformation, and u and v are the integer-pixel displacements
in the x and y directions, respectively, at any point on the
image. The parameters f and g represent the average gray
value of the image subregions. Equation (5) indicates that a
subarea with an area of m x m pixels is identified on each of

Cluv) = {Z:ﬂ ZT [f(xi’ J’j) —2f

][g(xi+u+Au,yj+v+Av) —y]}z

the images before and after the deformation to calculate the
correlation coefficient, and u and v (which can assume the
maximum value) are the displacements of the center point of
the subarea. A gradient-based DIC algorithm can improve
the accuracy of the approach. The correlation coefficient is
expressed as follows [36]:

where Au and Av represent the subpixel displacements. Take
the Taylor expansion of g (x; + u + Au, y; + v+ Av) — g and
the first-order approximation. In
(0C/0Au) = 0, (0C/0Av) = 0, we can obtain the following
formula:
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FiGure 4: Experimental setup.

where x and y subscripts of variables are the partial
derivatives.

3. Experimental Results

The experimental setup used to measure the in-plane and
out-of-plane displacements is shown in Figure 4. A spatial
filter and collimator are placed in the optical path of a He-Ne
laser operated at 632.8 nm. After passing through a circular
aperture, the beam is to illuminate a transmissive LC-SLM.
In our scheme, the LC-SLM (RSLM1024 from UPOLabs,
with a resolution of 1024 pixels x 768 pixels and a pixel size
of 18 ym) is controlled using a personal computer (PC1),
which is used to input the designed square Talbot array
hologram (a =20 ym, d = 120 ym) into the LC-SLM. The LC-
SLM is fixed on a precision translation stage. By moving the
translation stage back and forth in the direction of the in-
cident beam, a clear speckle pattern can be observed on the
surface of the object. A personal computer (PC2) was
connected to a CCD camera (MV-VDMI130SC from
Microvision with a resolution of 1280 pixels x 960 pixels and
a pixel size of 3.75umx3.75um) to capture the fringe
patterns on the sample’s surface. The signal-to-noise ratio of
the camera was greater than 52 dB.

In the experiment, the test sample was a circular alu-
minum plate (10 cm in diameter and 3 mm in thickness). The
plate was fixed at the periphery and centrally loaded, as
shown in Figure 5. Out-of-plane deformation was achieved
by fine tuning the micrometer screw rod (with a resolution
of 1 um) at the center of the back of the plate.

Figure 6 shows the Talbot fringe patterns on the surface
of the test piece captured by the CCD camera before and
after the object is loaded. In the figure, Figure 6(a) is the
pattern before the object is deformed, and Figure 6(b) is the
pattern after deformation of the object. The distance between
the object and the LC-SLM is 6 times the Talbot distance
(27.31 cm). Using the method proposed by Pan [29], the
parameter k is determined to be 1.77 yum/pixel.

Figure 7 shows the in-plane and out-of-plane dis-
placements obtained using the filtering technique and the
DIC algorithm. This process is performed using MATLAB
software. In the actual calculation using the DIC method,
global searching is employed in the subregion match. The
size of the subimage used in DIC to calculate the correlation
coefficient at one point is 41 x 41 pixels, but the searching
area has a size of 101 x 101 pixels.

The maximum out-of-plane displacement at the center of
the sample that was obtained using DIC was 8.10 um. Before
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FIGURE 5: Schematic of the centrally loaded sample.

()

FIGURE 6: Experimental results. (a) Before the deformation. (b)
After the deformation.

and after the deformation of the sample, the indication of the
screw was read, and the maximum out-of-plane displacement
of the sample was 8.50ym. The maximum out-of-plane
displacement measured using the screw was taken as the
reference value (which can be regarded as the true value) to
calculate the error, which was determined to be 4.70%.
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Figure 7: 3D displacement obtained using DIC. (a) u component of the in-plane displacement. (b) v component of the in-plane dis-
placement. (c) Out-of-plane displacement component.
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