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Abstract: The available conventional sensors, like displacement transducers, used in the Structural
Engineering Laboratory are expensive. In addition to that, the need for data acquisition devices also
escalates the expense invested in point contact measurement systems. The recent appeal of vision-
based measurement and the search for cost-effectiveness has led to an exploration of the established
sampling moiré method using cheap closed-circuit television (CCTV) cameras as a viable option. The
sampling moiré method is simple and analyzes the displacements from grating images by a phase-
shifting method. Several trial experiments were conducted, which demonstrated that the setup is at
least as accurate as the traditional measuring system. An experiment was conducted on a steel I-beam
for displacement measurement, which displayed satisfactory results. In addition, the setup was also
tested for strain measurement, and it has yielded promising results that need fine-tuning. This paper
discusses the challenges, findings, and the possibility of incorporating vision-based displacement
measurements in laboratory platforms.

Keywords: vision-based measurement; sampling moiré method; CCTV camera; image processing;
displacement and strain

1. Introduction

The virtue of remote access and non-contact-based optical techniques are gaining pop-
ularity for deformation measurement. Traditional deformation measurement technologies
such as Linear Variable Differential Transformers (LVDTs), strain gauges, etc., necessarily
require physical access to a structure and are suitable for point measurements only. This
interference has led to vision-based methods garnering great research interest in recent
times [1]. Non-contact computer-vision-based monitoring techniques using cameras are
gaining popularity in the sector of structural health monitoring (SHM) as efficient and
effective sensing techniques.

The measurement of the displacement and distribution of strain has been the main
concern for monitoring the integrity and safety of structures. They have been significant
for the purpose of design validation, performance monitoring, and safety assessment. The
available options to obtain displacement and strain distribution is by using sensors and
strain gauges at various locations, which can ensure only measurement at one location.
Apart from this, setting up these sensors requires considerable time and it is expensive, as
well, to obtain a representative idea of the condition of a structure [2].

In order to overcome this condition, full-field noncontact optical methods have been
used, such as the digital image correlation method, moiré interferometry, speckle interferom-
etry, phase-shifting digital holography, the moiré grid method, holographic interferometry,
shearography, etc. These methods are fairly effective to attain high spatial resolution within
a short time interval in comparison to the point measurement technique. Particularly, the
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moiré method has been in practice as a measurement tool of displacement and strain as a
vision-based method for whole-field information [3].

The sampling moiré method is a novel moiré method that uses a phase analysis
technique through the image processing of the grating pattern to measure displacement,
strain distribution, and shape. This method uses a charge-coupled device (CCD) or com-
plementary metal-oxide semiconductor (CMOS) sensor to capture a single image of a
specimen grating of known pitch during deformation. Only one image is handled to
evaluate the phase distribution by generating multiple phase-shifted moiré patterns by the
thinning-out, down-sampling, and interpolation of the sequential pixels through phase
analysis [2-15]. Through the phase difference of the moiré fringe prior to deformation to
that of post-deformation, the displacement distribution is attained.

Studies are available on the sampling moiré method ranging from those on perfor-
mance and accuracy checking to applications in real-world cases. They have highlighted
the fact that the method is a simple and easy procedure with high accuracy and analysis
speed in addition to low-cost performance. Computer simulations were carried out to
authorize the effectiveness of this method through a phase compensation methodology [5,6]
to reduce the large phase error that exists when the sampling pitch does not match the
grating pitch. Similarly, simulations were also performed to establish the accuracy of the
method, concluding that cosinusoidal grating performed best while rectangular grating can
perform just as well with camera defocusing [3,7]. Moreover, there have been experiments
performed to confirm the effectiveness of the method through a three-point bending test
conducted on a symmetrical rectangular steel beam for deflection measurement [2—4,16-18].
The results of the experiment display that the displacement values calculated by using the
method comply with that of the displacement sensor and theory and ensure the accuracy
of the method. In addition to that, there are studies that have determined the shape and
displacement of the object along with strain determination at the same position points
before and after deformation [19] and an experiment conducted to determine the three-
dimensional (3-D) shape and strain distribution of a rotating tire [9,20]. Both of these were
conducted using two cameras to capture the images and even the shape determination of a
trapezoidal object by pasting the grating on the top of the object [20]. Moreover, the experi-
ment conducted on grating over a rubber belt stretched in orthogonal directions for strain
measurement revealed that the method was suitable for the calculation of large, deformed
objects with little deviations from the theoretical strains [2,19,20]. Likewise, in terms of
applications in the field of civil engineering, the method was able to detect submillimeter
deflection effectively in an experiment conducted on a ceiling-traveling crane [7]. Another
application was conducted on a fixed concrete bridge to conduct dynamic deformation
measurements by the movement of a train in real-time [21]. Moreover, this has been ex-
panded to the displacement measurement of a concrete bridge for a high-speed railway in
Japan using retroreflective moiré markers. The two-dimensional (2-D) in-plane displace-
ments at multiple locations could be easily measured from recorded digital images [11],
even for the measurement of the deflection and vibration of a large-scale concrete bridge
from captured video with a commercial cinema camera [12] in recent times. Further, in
terms of experiments, comparative experiments conducted in a columnar cantilever beam
connected to a loading jack and laser displacement meter demonstrated the effectiveness
of the method for deformation measurement when the errors between the measurements
were compared [14,21]. Different cameras were used for the damage detection of bridges
under different loading conditions [22-29].

A sampling moiré camera is a compact system with a CMOS sensor, memory unit,
and processing unit that analyzes the grating images and provides output in real-time.
The laboratory part of the experiment for close-range displacement conducted in a small
displacement detection system to measure landslide [8] forms the basis for this study. The
use of a translation guide to assure the accuracy of the displacement measurement has been
carried out, similar to the study that uses an electronic motion stage. This study focuses
on addressing the implementation and augmenting the usability of the principle of the
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moiré method at a laboratory scale using closed-circuit television (CCTV) cameras. Several
laboratory trials were conducted to characterize the influence of factors such as the target
distance from the camera and optimal grating size on measurement performance. This was
established by verifying the performance of the sampling moiré method using the CMOS
sensor Mars series and then using the scheme with CCTV cameras, a platform for trials to
later be deployed to specimen testing.

The applicability of the principle of the sampling moiré method to the laboratory
platform has been explored here. The implementation of this scheme could open new doors
to supersede the functionality of traditional techniques that are otherwise expensive. For
example, the cost of the displacement transducer alone is 50 K Baht, excluding the cost of
the data logger. Even if 12 units of CCTV cameras, each costing around 2 K Baht (52.40 US
Dollars), were used, the overall setup would cost us around 35 K Baht (917.08 US Dollars).
This experiment seeks to make use of a vision-based measurement technique and find
displacement and strain simultaneously for deployment in a laboratory environment.

2. Methodology
2.1. Principle of Sampling Moiré Method

This sampling moiré method is an efficient phase analysis technique that performs
an analysis of phase distribution on a single shot image. The fundamental principle is
illustrated in Figure 1. In this method, fringes are gained by “down-sampling” from
sequential pixels followed by “intensity interpolation”. By phase shifting spatially, i.e.,
changing the start-sampling pixel point in succession such that the sampling interval is
similar to the pitch of the specimen grating, a series of moiré patterns can be attained.
Eventually, from the series of phase-shifted moiré patterns, the phase of the moiré fringe is
analyzed by using the phase-shifting method [2,3,13-15].

In Figure 1h-k, the k-th phase-shifted images can be shown approximately as follows:

I (i,j) = 1.(i, ) cos {4),,1(1',]') + 27111\([} +I,(i,j)(k=0,1,2,..., N—1) 1)

where I;(i,j) represents background intensity in the image, 1,(i,j) represents the amplitude
of the grating intensity, and ¢y, (i, j) is the initial phase value of the moiré fringe.

The phase distribution of the moiré pattern can be obtained from frequency 1 of a
discrete Fourier transform (DFT) algorithm or phase-shifting method using the Fourier
transformation (PSM/FT) of Equation (1). Now, the value of the wrapped phase ¢ for
frequency 1 is represented in the equation below.

- Yo T I (i, j) sin (k3F)
Z{)\’*l Ii(i,]) cos (k%’t)

Pm(i,j) = —ta 2)

The phase obtained by Equation (2) is wrapped by 27 and lies between —m and 7,
which creates discontinuous deformation while calculating. Thus, a phase unwrapping
algorithm must be combed by a local phase unwrapping algorithm to ensure accuracy in
the measurement of strain distribution [22].
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Figure 1. Phase analysis by sampling moiré method: (a) Sampling points of the camera; (b) specimen
grating; (c) sampled image of (b); (d) thinned-out image from (c) (N = 4, « = 0); (e) thinned-out image
from (c) (N =4, o = 7t/2); (f) thinned-out image from (c) (N = 4, « = m); (g) thinned-out image from
(c) (N =4, x =37/2); (h) interpolated image of (d); (i) interpolated image of (e); (j) interpolated image
of (f); (k) interpolated image of (g) (Adapted from [6]).

Phase ¢, of the moiré fringe is the subtraction of phase ¢, of the reference grating
from phase ¢, of the specimen grating, such that:

4’m(irj) = ¢s(i,j) - 4’r(ifj) 3)

Phase ¢, of the moiré fringe has to be analyzed while phase ¢, of the reference grating
remains unchanged. Thus, ¢s can be calculated as represented in the equation below:

¢s(i,7) = pm (i, j) + @2 (i, f) 4)

The displacement distribution can be derived by computing the difference in the
distribution of the phase of patterns prior to and post-deformation. Phase differences ¢,
and ¢,,1 of the moiré pattern prior to and post-deformation are expressed as follows:

Pmo = Ps0 — Pr 5)
Pm1 = Ps1 — Pr (6)

where ¢ and ¢,,,1 are phases of the grating pattern prior to and post-deformation, respec-
tively. The phase difference A¢; of the grating pattern prior to and post-deformation can be
found from the difference in phase between ¢,,,0 and ¢,,,1, as follows:

Aps = Ps1 — P50 = Pm1 — Pmo = AP (7)

(Equations were adapted from [23]).
Then, Equation (3) was used, and the displacement # and strain ¢ of the specimen
grating can be obtained in the equations below.

_ A Ags
=PH5, = Pos 8)
dx 2m  dx 27‘[ Cdx

where p = the pitch of the grating. (Equations were adapted from [14]).
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2.2. Instrumentation

The scheme was validated using the CMOS sensor Mars4072S-24uc model (Figure 2A)
of sensor size 1/1.7” with a pixel resolution of 4000 x 3000 and a frame rate of 24 fps. The
camera was directly connected to the computer using a USB cable and operated using its
software, icentral, to capture photographs.

For the experiment, a Hikvision DS-2CE16D0T-IRF HD 1080P IR bullet camera (CCTV
camera), with a 2-megapixel high-performance image sensor of 6 mm lens and a video
frame rate of 25 fps, was used to capture video for the scheme. The videos were recorded
in the DVR box and exported for further processing as shown in Figure 2B,C.

HIKVISION

Figure 2. Photographs of the (A) CMOS sensor, (B) CCTV camera, and (C) DVR box.

Similarly, 2-D gratings of 4 mm, 2 mm, and 1 mm pitch were used as shown in Figure 3.
The grating used for measurement requires constant pitch and a sharp variation of contrast.
Initially, gratings printed on normal A4 paper using a laser printer were used. Later, these
were printed on 4” X 3” matte photo paper and finally upgraded to gratings printed at
Amarin Printing and Publishing Public Company Limited, a publishing house, with 300
dpi on matte art paper by using a digital printing technique.
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Figure 3. Two-dimensional grating [4].

The Matlab code for processing was prepared using the phase analysis method. It
requires captured grating photographs as input. The phase difference of the grating before
and after deformation provided the displacement values, the procedure of which was
carried out as illustrated in Figure 4.
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Figure 4. Diagram of the image processing of the captured images.

The sampling pitch in pixels and the position of the pixel at which the displacement is
required are the input values used for processing. The sample pitch pixels were counted by
observing the pixels that make up one pitch in the photograph.

2.3. Basic Setup

The general setup was such that the linear guide was used for displacing the grating.
The grating, held inside the acrylic holder, was mounted on a linear guide secured by tape
over the moving stage of the guide. This setup was arranged such that the grating was
illuminated using two 50 W LED floodlights. The amount of displacement was controlled
by the displacement transducer which was connected to a data logger. The moving stage
was displaced at intervals of 1 mm and 0.5 mm in translation in the x-direction with
to-and-fro motion using a displacement transducer.

2.4. Trial Experiments Using a CMOS Sensor

First, the suitability of the scheme was established with a series of trial experiments
performed using CMOS sensor Mars and gratings of 4 mm and 2 mm pitch.

The first trial with a short tripod and A4-printed grating, and the second trial with
a long tripod and matte photograph grating, were displaced at intervals of 1 mm to 0.25
mm for various cases. By corresponding the displacement values given to those measured
using the code, the credibility of the code was assured.

2.5. Trial Experiments Using CCTV Camera

Sixteen cases were trialed for three setups with 4 mm-, 2 mm-, and 1 mm-pitch grating
to determine a suitable pitch and distance for the experiment. The linear guide was
displaced up to double the pitch in one direction and equal to the pitch in both directions
for the experiment. The camera setup distances from the grating panel were maintained
throughout the trials at distances of 5 cm, 10 cm, and 15 cm for 4 mm and 2 mm pitch and
at 5 cm and 10 ecm for 1 mm pitch. The trials differed in the improvements in the camera
settings and the use of upgraded matte art grating.
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Allin all, 4 mm and 2 mm pitches delivered consistent outcomes and the distances of
10 mm or less seemed to work better. With the 1 mm pitch, the deviation values under the
theoretical band of error were not achieved for all cases. The theoretical band of error is the
p/100th of the grating pitch for this method.

3. Experiment Conducted on The Specimen

The specimen used in the experiment is a steel I-beam which is 1170 mm long. The
span between the two supports was 1000 mm. The total height and width of the beam were
150 mm each. The web was 7 mm thick while the flange was 10 mm thick.

3.1. Experimental Setup

An asymmetric three-point bending test was performed on the specimen to measure
the deflection at the point of loading and determine the strain values. The displacement
transducers were located at the bottom flange of the beam at a distance of L/4th of the way
along the span, as seen in Figure 5. The gratings were also pasted on wooden panels at the
same positions facing the array of three cameras. Eight strain gauges were installed such
that four were laid on either side of the mid-span between the L/4th positions, as shown in
Figure 6. The specimen was loaded at the middle of the beam by a loading frame of 15 tons

of capacity.
I Loading Jack
. 7
C )
d
8|18
Pin support A’ I "A I ”‘Q"W»UPOO‘T[ )
Grating pa Transducer ———
o 85 " 250 2 250 " 250 2 85
. 1170 3
Schematic diagram of the loading arrangement on beam specimen
Figure 5. Schematic diagram of the experiment.
 — |  m—  — | | m— |
® ] o]
 m— |  m—  m— | | m— |
b2 U112 uv12 U112 U112 L12
L4 U4
L

o) Tramsducer
O Stangage

—  Graing pansd

Diagrammatic illustration of positions of strain gage
Figure 6. Schematic designations of the instruments on the beam.

In the experiment, Figure 7, 4 mm and 2 mm gratings were used to capture the x-
direction and y-direction displacement simultaneously from the array of cameras. The
CCTV cameras were kept at a 10 cm distance from position A and position C and ata 5 cm
distance from position B. The sample was pre-loaded at 1 ton at the center of the top flange
of the sample with the load cell at every 0.5-ton interval up to 8 tons and unloaded back to
the pre-loaded position. The displacement values were analyzed at the pixel at which the
L/4th position of the specimen was marked on the grating panel, as seen in Figure 8.
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Figure 7. Photograph of the experimental setup in a specimen with labels. (1) Loading cell, (2) I-beam
specimen, (3) grating panel, (4) linear guide (5) CCTV camera, (6) monitor for operating the camera,
(7) DVR box, (A-C) camera positions.

(©)

Figure 8. Photographs showing the pixel position (column, row) at which the analysis was performed
for the cameras. (a) At A (433, 233), (b) at B (335, 374), (c) at C (542, 256).

3.2. Displacement Measurement

Overall, the RMS error calculation revealed that irrespective of distance, the average
resolution of 55 u and 35 u was obtained for 4 mm grating and 2 mm grating, respectively.
The first graph for each position from Figures 9-14 show us how the displacement values
vary over loading and unloading in both methods, while the graph comparing each position
from Figures 9-14 show the variation of error values that are within the p/100th of grating
pitch and the ones that exceed. Similarly, the plot of the comparison of displacement values
by both the sampling moiré method and the displacement transducer shows a good degree
of correlation.
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Comparison of Y-displacements of grating 4mm at position A
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Figure 9. Various graph plots for displacement values (coefficient correlation = 0.985) by the dis-
placement transducer and the sampling moiré method and their derivatives at camera position A for
4 mm grating. (a) Force-displacement, (b) displacement and measurement error, (c) displacement
and sampling, (d) position A of the beam.
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Y-displacements of grating 4mm at position B
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Comparison of Y-displacements of grating 4mm at position B

—— Comparison
__ 00
e
e
~-0.2
©
o
e
D 04
S
NO)
=
O -06
=
o
£ 08
o
e
@®©
o -1.0
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
Displacement Transducer (mm)
(c)
[ | || [ | |
@ Zone 1 o Zone 2 o]
[ | || | |
C EE S5rrain Gage
A - |:| Displa:emen: TFame fucer
i j ‘Grating panel
RMS Error 0.0653 mm

Mininum Error 0.0044 mm
Maximum Error  0.1240mm
Average Error 0.0555mm

(d)

Figure 10. Various graph plots for displacement values (coefficient correlation = 0.9945) by the
displacement transducer and the sampling moiré method and their derivatives at camera position B

for 4 mm grating. (a) Force-displacement, (b) displacement and measurement error, (c) displacement
and sampling, (d) position B of the beam.
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Comparison of Y-displacements of grating 4mm at position C

—— Comparison

| I |
o S ° o
o EN N} o

Sampling Moiré method (mm)

I
o
®

-0.8 -0.6 -0.4 -0.2 0.0
Displacement Transducer (mm)

(©)

A . = oo
0 Displatement uansoucer

e Grating panel

RMS Error 0.0385mm
Mininum Error  0.0009 mm
Maximum Error  0.0902mm
Average Error 0.0303mm
(d)
Figure 11. Various graph plots for displacement values (coefficient correlation = 0.9936) by the
displacement transducer and the sampling moiré method and their derivatives at camera position C

for 4 mm grating. (a) Force-displacement, (b) displacement and measurement error, (c) displacement
and sampling, (d) position C of the beam.



Buildings 2022, 12,1778 15 of 31

Y-displacements of grating 2mm at position A

0.0 " ® Displacement by Displacement Transducer
A Displacement by Sampling Moire

Displacement (mm)

1 2 3 4 5 6 7 8
Load force (tons)

()

0E1!1'ror of Y-displacement of grating 2mm at position A
- —— p/100t" of 2mm at position A

® Displacement Error(mm)

0.12
o
€ 0.10
é ° ®
S 008 o ®
=
LLl ° ® o o
= ()
C 0.06
O
= ) ) PY o
)
5 0.04 'Y
©
[ ]

g 0.02 ° ® ) ®

® o

0.00 o ® ]
0.0 0.2 0.4 0.6 0.8

Displacement by Sampling Moire (mm)
(b)

Figure 12. Cont.



Buildings 2022, 12,1778

16 of 31

Comparison of Y-displacements of grating 2mm at position A
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Figure 12. Various graph plots for displacement values (coefficient correlation = 0.9866) by the
displacement transducer and the sampling moiré method and their derivatives at camera position A

for 2 mm grating. (a) Force-displacement, (b) displacement and measurement error, (c) displacement
and sampling, (d) position A of the beam.
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Comparison of Y-displacements of grating 2mm at position B

00 —— Comparison

Sampling Moiré method (mm)

1
=\
o

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
Displacement Transducer (mm)
(0)
=] &S] — pa——3
Zone 1 Zone 2
= = - |

(] Displacement uansoucer

ey Grating panel

RMS Error 0.0377 mm
Mininum Error 0.0003 mm
Maximum Error  0.0752mm
Average Error 0.0310mm

(d)

Figure 13. Various graph plots for displacement values (coefficient correlation = 0.9969) by the
displacement transducer and the sampling moiré method and their derivatives at camera position B
for 2 mm grating. (a) Force—displacement, (b) displacement and measurement error, (c) displacement
and sampling, (d) position B of the beam.
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Y-displacements of grating 2mm at position C
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Comparison of Y-displacements of grating 2mm at position C
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Figure 14. Various graph plots for displacement values (coefficient correlation = 0.997) by the
displacement transducer and the sampling moiré method and their derivatives at camera position C

for 2 mm grating. (a) Force—displacement, (b) displacement and measurement error, (c) displacement
and sampling, (d) position C of the beam.

3.3. Strain Measurement

Strain is the deformation incurred in a solid when stress is produced on it due to the
application of force. Therefore, strain is the amount of deformation per unit of its original length.

Here, strain (¢) — relative change in x — displacement (Al)
gauge length (L)

Strain gauges of gauge length 5 mm and resolution 1 pe were installed at certain
locations, as seen in Figure 6. Thus, a 25 mm gauge length (as in this case), would require a
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Strain values(ug)
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0.025 um resolution for displacement measurement. If p/100th of the grating was taken to
be 0.025 um, the size of the grating would be 2.5 pm, which is too small and would require
the nano-printing of the grating pitch.

3.4. Outcome of the Measurement Scheme and its Limitations

Taking a conservative approach, even if the fluctuation of 10% of the maximum strain
is allowed, a 0.25 um resolution is needed, which is still small. The inherent amount of
error in the current scheme is 186 pe. In the results, the x-displacement is towards the
left and thus all the values tend to be negative. The plot henceforth is carried out taking
solely magnitude.

The average strain gauge values agree better through both conditions for Zone 2 and
lags for loading conditions for Zone 1. However, the calculated strain values do not follow
the pattern of the averaged values for either zone, as seen from the third figure of the
graphs. From the second graph in each of Figures 15-18, it is seen that Zone 2 captured the
tentative pattern better, as is evident from the R-squared value of the 4 mm grating. All
things considered, the RMS error has not exceeded the error of the measurement scheme of
186 pee.

Load Vs Strain Curve of grating 4mm at Zone1

2 3 4 5 6 7 8
Load force (tons)

@ Strain from displacement by sampling moire method(ug)
A Average of strain gage measurement(ue)

(@)

Figure 15. Cont.
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Comparison of Strain values using 4mm at Zone1
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Figure 15. Various graph plots for strain values (coefficient correlation = —0.291) by strain gauge and
the sampling moiré method and their derivatives for Zone 1 using 4 mm grating. (a) Force-strain,

(b) average of strain gauge and measured strain, (c) number of frames and strains, (d) position of
Zone 1 of the beam.
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Figure 16. Various graph plots for strain values (coefficient correlation = —0.8181) by strain gauge

and the sampling moiré method and their derivatives for Zone 2 using 4 mm grating. (a) Force-strain,
(b) average of strain gauge and measured strain, (¢) number of frames and strains, (d) position of

Zone 2 of the beam.
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Figure 17. Various graph plots for strain values (coefficient correlation = —0.2281) by strain gauge
and the sampling moiré method and their derivatives for Zone 1 using 2 mm grating. (a) Force-strain,
(b) average of strain gauge and measured strain, (¢) number of frames and strains, (d) position of
Zone 1 of the beam.
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Figure 18. Various graph plots for strain values (coefficient correlation = —0.6157) by strain gauge
and the sampling moiré method and their derivatives for Zone 2 using 2 mm grating. (a) Force-strain,
(b) average of strain gauge and measured strain, (c) number of frames and strains, (d) position of
Zone 2 of the beam.

4. Comprehensive Summary

In the specimen experiment, a 4 mm grating pitch yielded better results for both the
y-displacements and strain values calculated. The average resolution was found to be 50
for a 4 mm grating pitch and 40 p for a 2 mm grating pitch on the liberal side. Observation
revealed that the resolution of the displacement transducer along with the data logger
fluctuates by 10 p in unloaded conditions and up to 40 1 when the sensor is loaded for
a certain time. Considering the setup that was not devoid of a number of factors that
could affect the calculations, the displacement measurement is satisfactory for laboratory
conditions.

As far as strain measurement is concerned, Zone 2 has captured the progression of
strain to some extent. It has demonstrated that strain measurement is possible by the moiré
measurement scheme with improvement in resolution.

5. Discussions

The sampling moiré method originally proposed by Morimoto and Fujigaki (2009)
was assessed for displacement measurement through a series of tests conducted using
the CMOS sensor to establish the efficacy of the method. Further, the same tests were
conducted with a CCTV camera to examine if the results were reproducible. Finally, an
experiment was conducted on the specimen by loading to obtain displacements in both
directions and calculate strain from x-displacement.

We can conclude that this method is a promising visual displacement measurement
technique for the Structural Engineering Laboratory using CCTV cameras. It displays
adequate performance unaffected by the input voltage and temperature changes, unlike
other traditional sensors. Low-cost, low-resolution CCTV cameras have adequate resolution
to perform consistently, which is preferable. Strain measurement is also viable from this
measurement scheme, as is evident from the above results, with improvements.

There are some inherent constraints in the moiré scheme that have to do with both
the grating and the camera. In the case of the grating, the quality of printing is critical.
Even with the 300 dpi digital printing technique, the best that could be procured, there
exist inconsistencies in the printing, which is evident when the camera is close to the
specimen. Similarly, a CCTV camera has a limited usable area coverage for analysis due to
its wide-angle lens. In this case, only a circular area at the center, with a radius of 1/4th
of the width of a frame, is at disposal. Likewise, for the short gauge length issue, the
displacement resolution of 55 u from the available measurement scheme to achievea 7 pn
resolution as calculated above for strain measurement from the current setup is indeed
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challenging. For this, an immense improvement of about seven times the current resolution
is required.

The recommendations for further improvement of the scheme would be to resolve the
issue of the printing quality of the grating pattern optimized over the resolution sought.
Moreover, exploring the strain measurement by the scheme by improving the resolution,
adjusting the gauge length, etc. Furthermore, upgrading the physical video retrieval
system as of now to real-time displacement measurement could be a prominent scope for
laboratory platforms.
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