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A B S T R A C T

Aging infrastructure poses significant challenges for modern society and imposes substantial burdens in assessing 
and managing health conditions worldwide. Vision-based displacement measurement has gained considerable 
research interest due to its cost efficiency and high precision. This study focuses on enhancing vision-based 
methods in scenarios where camera motion occurs during image capture. We propose a novel approach for 
precise camera motion compensation, enabling accurate measurement of true structural displacements. Utilizing 
the sampling moiré method with sub-pixel accuracy of 1/100, we establish a robust foundation for high-precision 
motion compensation and displacement analysis. A novel two-stage processing framework is introduced to 
effectively eliminate camera-induced motion while preserving actual displacement data. To validate our method, 
we systematically design and conduct experiments analyzing key parameters for image stabilization, demon
strating the effectiveness of our approach through comprehensive comparisons.

1. Introduction

The displacement measurement technique, which quantifies object 
deformation, is increasingly applied across various fields. In structural 
health monitoring, it plays a crucial role in assessing the safety of 
infrastructure, such as bridges and tunnels, by measuring deflection and 
displacement. Aging infrastructure presents a major challenge world
wide, particularly for bridges. As of 2023, approximately 42 % of bridges 
in the United States [1] and 39 % in Japan have exceeded 50 years of age 
[2]. This percentage is expected to exceed 55 % by 2030 in both coun
tries, highlighting the urgent need for effective monitoring solutions. 
This situation is especially critical in Japan, a seismically active nation 
that has experienced numerous significant earthquakes. According to 
the 2023 White Paper on Land, Infrastructure, Transport, and Tourism 
indicates that maintenance management based on preventive practices 
is expected to save over 6 trillion yen by fiscal year 2025, reducing costs 
by more than 40 % compared to reactive maintenance conducted after 
structural issues arise [3]. Given the impracticality of large-sale recon
struction, there is an increasing demand for efficient, non-destructive 
evaluation methods to ensue structural safety and longevity.

Bridges, the focal point of this investigation, endure various loads 

from traffic, strong wind (typhoon), and temperature fluctuations, 
leading to vertical displacements (i.e., deflection). Measurement of these 
displacements offers a non-destructive means to assess bridge safety. 
Various methods have been investigated for sensor-based deflection 
measurement, including accelerometers [4], strain gauges [5], in
clinometers [6], total stations [7], fiber Bragg grating sensors [8], laser 
Doppler systems [9], and laser scanning [10]. Despite their potential, 
these methods face significant implementation challenges, such as high 
installation costs and limited usability in specific measurement envi
ronments. In recent years, there has been significant interest in using 
digital imaging to measure displacement and strain in both large-scale 
[11–14] and small-scale structures [15–18]. This optical method relies 
on tracking target points such as speckles [19] or regular grating pat
terns [20] within images. Numerous techniques have been developed for 
this purpose [21–25]. These methods utilize digital imagery, advanced 
computer vision techniques, and regular pattern phase analysis for 
precise tracking and phase measurement [26–28]. Recently, a deep 
learning approach for measuring structure displacements has been 
proposed [29,30].

The optical displacement measurement methods discussed thus far 
rely on the assumption that images are acquired using a camera 
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mounted on a stationary platform, such as a tripod. However, practical 
implementations may encounter significant challenges when no stable 
mounting spot is available. Researchers have proposed various camera 
motion compensation techniques to overcome these limitations and 
enable more flexible and low-cost structural displacement measurement 
by using handheld camera [31] and drones [32–36]. Jana et al. [37] 
(2021) employed an affine transformation matrix to estimate the camera 
rotation matrix induced by motion. Similarly, planar homography, 
which is also known as perspective transformation, was adopted for 
camera motion compensation by Lavezzi et al. [38]. On the other hand, 
since the compensation performance is determined by the precision of 
input coordinates of motion trackers, more recent studies have gathered 
the utilization of phase-based methods to attain more accurate co
ordinates measurements [39,40]. In addition to vision-based solutions, 
Y. Zhang et al. [41] and Weng et al. [31] have developed multimodal 
compensation approaches for the camera movement by using an 
attached tilt sensor and an inertial measuring unit (IMU), respectively. 
This approach, however, requires additional sensor inputs, which can be 
a burden for additional data processing and fusion.

This research addresses the critical challenge of mitigating camera 
movement effects to achieve robust displacement measurement, 
enabling the use of flexible, low-cost devices such as handheld camera, 
smartphones and drones (Fig. 1). To accomplish this, we integrate a 
displacement measurement approach based on the sampling moiré 
method [42–45] with a novel image stabilization technique developed 
in this study. We hypothesize that the high-precision trajectory esti
mations of trackers analyzed by sampling moiré significantly enhance 
compensation performance. Our unique image stabilization method 
mitigates camera-induced motion by applying a secondary projection 
transformation with 1/100 pixels precision, complementing the initial 
pixel-level projection transformation. This integrated system enables 
highly accurate displacement measurements. Theoretical analyses, 
along with systematic experimental validations, including parameter 
analyses and comparative evaluations, confirm the efficacy of the pro
posed method.

2. Principle of displacement measurement

2.1. Outline of sampling moiré method

The sampling moiré method [42–44] is a technique that generates a 
series of moiré images by processing a single captured grating image 
through down-sampling and intensity interpolation. This approach en
ables the extraction of the phase distribution of the original grating 
image from the generated moiré images, as illustrated in Fig. 2.

The process begins with acquiring an image of the periodic pattern. 
In the SM method, the intensity distribution of a 1D or 2D grating f(x, y), 
characterized by a pitch p (in millimeters) and an initial phase φ0, can be 
mathematically expressed by Eq. (1) when recorded with a camera. 

f(x, y) = a(x, y)cos
{

2π x
P
+ φ0

}
+ b(x, y)

= a(x, y)cos{φ(x, y)} + b(x, y)
(1) 

where a(x, y) represents the amplitude of the grating intensity, while b 
(x, y) corresponds to the background intensity. The parameter P denotes 
the grating pitch recorded in pixel units on the image plane, and φ 
represents the phase value of the grating. Since the same grating pitch in 
the x- and y-directions is used in typical experiments, Px and Py are 
expressed as P for simplicity.

Then, by applying down-sampling with an integer sampling pitch of 
T-pixel and incorporating intensity interpolation, multiple phase-shifted 
fringe patterns, denoted as fm (x, y; k), can be obtained and these phase- 
shifted patterns are mathematically expressed as follows: 

fm(x, y; k) = a(x, y)cos
{

2π
(

1
P
−

1
T

)

x + φ0 + 2π k
T

}

+ b(x, y)

= a(x, y)cos
{

φm(x, y) + 2π k
T

}

+ b(x, y), (k = 0, 1,⋯,T − 1)
(2) 

The phase distribution of the moiré fringe, φm(x, y), can be derived 
using the phase-shifting method with the Discrete Fourier Transform 
(DFT) algorithm, as represented by Eq. (3). 

φm(x, y) = − tan− 1
∑T− 1

k=0 fm(x, y; k)sin(2πk/T)
∑T− 1

k=0 fm(x, y; k)cos(2πk/T)
(3) 

Similarly, moiré fringe’s phase distribution after deformation can be 
evaluated using the same Eq. (3). Subsequently, the in-plane displace
ment is directly derived from the phase difference distribution of the 
moiré fringe before and after deformation. 

δ(x, y) = −
p

2π Δφm(x, y) (4) 

In the SM method, the step of phase analysis using the DFT algorithm 
ensures a high level of precision. As a result, the in-plane displacement is 
calculated based on the phase difference of the moiré fringe captured 
before and after deformation, achieving an accuracy of 1/100 pixel or 1/ 
1000th of the grating pitch. Besides, it is important to highlight that the 
SM method provides both precise displacement calculations and image 
stabilization in our proposed technique.

While the sampling moiré method offers a fast and precise means of 
measuring displacements, its accuracy is significantly impacted by 
camera motion. The key challenges include: 

1) Displacement and Direction Ambiguity: Since phase extraction relies on 
a periodic pattern, determining the absolute displacement and di
rection beyond half the grating pitch is difficult. As a result, accu
rately measuring small displacements becomes challenging due to 
camera movement.

2) Breakage of Periodicity: Out-of-plane rotation of the captured marker 
image disrupts the periodicity of the pattern, leading to errors in 
phase calculation.Fig. 1. Overview of this research on image displacement measurement using 

handheld photography without the camera being fixed on a tripod.

S. Ri et al.                                                                                                                                                                                                                                        Optics and Lasers in Engineering 189 (2025) 108914 

2 



To overcome these challenges, this study introduces an image 
correction approach based on image stabilization using four reference 
markers. This method ensures precise displacement measurements with 
the sampling moiré technique, even in the presence of camera motion.

2.2. Advanced image stabilization

In this study, we present a novel image correction technique 
employing projective transformation to mitigate the effects of three- 
dimensional camera motion. Projective transformation is a geometric 
operation that rectifies tilted planes, converting them into a frontal 
perspective for accurate analysis. The fundamental equation governing 
this transformation is given by Eq. (5), where x and y represent the 
original coordinates, and x’ and y’ denote the coordinates transformed 
coordinates. The coefficients a, b, and c are the unknown parameters of 
the transformation matrix, which are determined to achieve precise 
image correction. 

xʹ =
a1x + b1y + c1

a0x + b0y + 1

yʹ =
a2x + b2y + c2

a0x + b0y + 1

(5) 

In practical applications, the actual coordinates of reference points 
are recorded both before and after the transformation, enabling the 
determination of the transformation coefficients. Since projective 
transformation involves eight undetermined coefficients, it requires the 
coordinates of at least four points before and after transformation. In this 
study, we utilize the cv2.getPerspectiveTransform() function in OpenCV 
for perspective transformation applying linear intensity interpolation. 
Given that the sampling moiré method relies on low-frequency moiré 
fringes generated through down-sampling, interpolation-induced errors 
are negligible. However, directly applying projective transformation 
within the sampling moiré method does not achieve optimal precision. 
To enhance accuracy, we propose a two-stage image correction 
approach. In the first stage, initial coarse positioning is performed using 
standard projective transformation. In the second stage, we refine the 
positioning to sub-pixel accuracy by precisely determining reference 
point coordinates through the sampling moiré method, achieving a 
precision of 1/100 of a pixel. This dual-phase strategy effectively cor
rects images while preserving the high-precision displacement 

measurement capabilities of the sampling moiré method.
Fig. 3 illustrates the principle of advanced image stabilization using a 

two-stage projective transformation with sub-pixel accuracy. Fig. 3(a) 
shows the capturing recorded images of four reference points before 
deformation and after deformation, highlighting image blurring caused 
by camera rotation; Fig. 3(b) presents the two-stage projective trans
formation consisting of an initial perspective projection achieved with 
pixel-level accuracy using automatic detection of the center coordinates 

Fig. 2. Principle of the sampling moiré method for small displacement measurement using a regular grating pattern.

Fig. 3. Principle of the advanced image stabilization: (a) capturing recorded 
images of four reference points both before deformation and after deformation, 
taking into account the image blurring caused by camera rotation, and (b) two- 
stage projective transformation consisting of an initial perspective projection 
with pixel-level accuracy, followed by a second perspective projection with an 
accuracy of 1/100-pixel.
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of circular markers, followed by a second perspective projection with 1/ 
100-pixel accuracy utilizing grating markers and the sampling moiré 
method.

The initial projective transformation provides coarse alignment at 
the pixel level, enabling image correction within half a pitch of the 
regularity pattern. This correction enables accurate detection of small 
displacements using the sampling moiré method. Following this, the 
displacements of the moiré markers placed around the reference points 
are measured. Although the initial projective transformation aligns the 
reference points, the measured displacements of the moiré markers 
typically do not register as zero due to residual errors. To further 
enhance accuracy, each measured displacement is combined with the 
reference point coordinates, enabling sub-pixel precision. These refined 
coordinates are then applied in a secondary projective transformation, 
achieving image correction at 1/100-pixel precision. This innovative 
two-stage projective transform method represents a novel advancement 
in high-precision image stabilization, offering a level of accuracy not yet 
addressed in existing literature.

As explained earlier, the use of four reference points is essential for 
performing the projective transformation. In this study, the center of 
each circle is automatically detected and used as the reference point. 
Since the markers used in the sampling moiré method are square, it is 
necessary to introduce dimensionless parameters to distinguish them 
from circles. Herein, the following dimensionless parameter W is 
introduced: 

W =
4πS
L2 (6) 

where S represents the area enclosed by a contour and L signifies the 
perimeter surrounding it. For an ideal circle, W equal to 1, while for a 
square, W is approximately 0.78. By setting a threshold between these 
two values, we can effectively detect only circles and ellipses. In this 
study, we used a threshold of W = 0.84 to identify circles.

Fig. 4 illustrates the process of detecting circles and ellipses in a 
simulated grating image. In Fig. 4(a), the original image shows a marker 
that has been rotated by 20 ◦ both horizontally and vertically. Fig. 4(b) 
displays the detected contours, while Fig. 4(c) presents the centers of the 
four detected circles.

The flowchart in Fig. 5 illustrates the step-by-step process of our 
proposed image correction methodology. The process begins with the 
acquisition of image or video footage, which provides the time-series 
image data as input. The final displacement is then calculated and 
exported while compensating for image blurring. The workflow of our 
method includes the following three main steps: 

• Step 1: Initial image stabilization 
Detect the center coordinates of four reference markers with pixel- 

level precision. Apply a projective transform to achieve pixel-level 
accuracy, reducing image blurring at a coarse level.

• Step 2: Sub-pixel Refinement 
Use the sampling moiré method to calculate the displacements of 

the moiré markers with sub-pixel precision. Perform a fine image 
stabilization using a second projective transform, based on the 
refined marker center coordinates from the sampling moiré method.

• Step 3: Final Displacement Calculation 
After the two-stage image stabilization process, compute the final 

displacement with improved accuracy, ensuring that image blurring 
effects are minimized.

3. Experiment

3.1. Experimental setup

To validate the accuracy of the proposed methodology, laboratory 
experiments were conducted using a miniature optical setup designed to 
simulate bridge displacement monitoring. This setup included two 

Fig. 4. Detecting the center of the circle: (a) original image, (b) detecting contours, (c) detecting results of the center of four circles.

Fig. 5. Flowchart of image processing for image stabilization and accurate 
displacement measurement.
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multi-axis moving stages, enabling both displacement measurement and 
controlled of camera motion simulation. An overview of the optical 
configuration used in the experiments is shown in Fig. 6. The specifi
cations of the equipment and the experimental conditions are detailed 
below. The camera-to-marker distance was set at 1.2 m. 

(1) Moiré markers: The experiment utilizes moiré markers, con
sisting of a printed grid pattern with a 10 mm pitch in both the x 
and y directions. The desired precision of the sampling moiré 
method employed in this investigation is set at less than 1/500 of 
the grid pitch, equivalent to ±0.02 mm. Additionally, circular 
markers, with a 20 mm diameter were strategically placed at the 
four corners alongside the moiré markers. These circular markers 
serve as reference points for the projective transformation pro
cess in image stabilization.

(2) Image recording: For image acquisition, an industrial-grade 
Basler USB 3.0 global shutter area-scan camera (model 
acA4096–40 um; monochrome) was used, featuring a Sony 
IMX255 CMOS sensor. This camera has a 1-inch sensor with a 
pixel size of 3.45 μm, capturing 8-bit grayscale images at a res
olution of 8.9 MP (4096 × 2168 pixels) at 42 frames per second 
(fps). It supports multiple synchronization modes, including free- 
running, hardware triggering, and software triggering, to facili
tate efficient image acquisition. During the experiment, the 
camera was connected to and controlled by a personal computer. 
A 12 mm focal length lens was attached to the camera. Grating 
images of 4104 × 1012 pixels were recorded and saved at 10 fps, 
with a shutter speed of 1/80 s to record the grating image with 
minimal motion blur.

(3) Dual 6-axis stage: The experimental setup, depicted in Fig. 6, 
utilized a NanoMax 6-Axis Flexure Stage (Thorlabs MAX681/M) 
equipped with a stepping motor. A central measuring marker and 
a camera were mounted on the 6-axis moving stage, allowing for 
independent control of the target displacement (simulating 
bridge deflection) and camera rotation. This precision stage 
provides 6 degrees of freedom, with movement ranges up to 4 
mm along the X, Y, and Z axes and rotational movement up to 8◦

for θx, θy, and θz. This stage featured a repetitive positioning ac
curacy of 1.8 nm for the X and Y axis, and 1.2 nm for the Z axis, 
and 0.021 μRad for rotational axes (θx, θy, and θz). A personal 

computer controlled the stage via the stage controllers, which can 
manage up to 12 axes. The control software allows for precise 
adjustments of displacement and rotation angles across both 6- 
axis stages.

3.2. Experimental condition

In this experiment, displacement was applied to a moving stage on 
which the measurement marker was placed, as shown in Fig. 7(a). The 
stage moved in the y-direction, starting from 0 mm to 1 mm over a 2 s 
(0–2 s) and then held at this position for another 2 s. Next, it moved from 
1 mm to 2 mm over 2 s before reversing the displacement - first from 2 
mm back to 1 mm and then from 1 mm to 0 mm, returning to its original 
position.

To simulate real-world conditions where image blurring occurs, such 
as drone-based and handheld photography, three different rotation cases 
were applied to the camera, as illustrated in Fig. 7(b). These cases 
involved: 

(1) Small rotational movement from 0 to 0.1 ◦, introducing minimal 
motion blur.

(2) Moderate rotational movement from 0 to 1 ◦, simulating typical 
camera motion.

(3) Large rotational movement ranging from -4 to 4 ◦, with a 
maximum rotation of 8 ◦, to assess the impact of significant 
camera motion on displacement measurements.

3.3. Image compensation

In the image analysis of the sampling moiré method, a sampling pitch 
of 31-pixel was used, and the average value over a 100 × 100 pixel area 
at the center of each marker was measured. The experimental results of 
image stabilization are presented in Fig. 8, which examines the case 
when the rotation angles around the three axes (x, y, z) are each set to 1 
◦. Fig. 8(a) and (b) show the captured images before and after defor
mation, respectively. Fig. 8(c) and (d) display the automatic detection of 
the four corner reference markers’ center coordinates in both the images 
before and after deformation. Fig. 8(e) depicts the image after the initial 
projective transformation with pixel-level accuracy, while Fig. 8(f) 
shows the image following a second projective transformation, 

Fig. 6. Arrangement of experimental setup to verify the displacement measurement accuracy with camera rotation.
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achieving sub-pixel precision.
Fig. 9 further examines the stabilization effect through a time-series 

analysis of the central measurement marker. It shows 200 × 200 pixel 
images captured every 3 s under 1 ◦ three-axis rotations. Since the 
moving stage operated at a low speed, motion blur was negligible. Fig. 9
(a) shows the image at 0 s as the reference for the correction. Fig. 9(b) 
displays images taken from 3 s to 15 s, while Fig. 9(c) shows the cor
rected images after applying the proposed two-stage projective trans
formation. The results clearly demonstrated that the blurring effect 

caused by three-axis camera rotation in three dimensions was signifi
cantly reduced.

Fig. 10(a) and (b) show the images captured before and after 
deformation under an 8 ◦ rotation applied simultaneously to the x-, y-, 
and z-axes. The automatic detection of the center coordinates of the four 
reference markers is depicted in Fig. 10(c) and (d). Fig. 10(e) and (f) 
present the results of image stabilization after the initial projective 
transformation with pixel-level precision and the subsequent trans
formation with sub-pixel-precision, respectively. Despite the significant 

Fig. 7. Experimental condition include (a) measuring marker displacement and (b) camera rotation, which encompasses cases of 0.1 ◦, 1 ◦, and 8 ◦ for both single- 
axis and three-axis rotations.

Fig. 8. Experimental results of image stabilization: (a) captured image before deformation, (b) captured image after deformation when the rotation angle αβθ of the 
three xyz-axes is 1 ◦, (c), (d) automatic detection results of the center coordinates of the four corner reference markers in the images before and after deformation, (e) 
image compensation after the first projection transformation with pixel accuracy, (f) image compensation after the second sub-pixel-precision projective 
transformation.
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camera rotation, the effectiveness of the proposed image stabilization 
method is clearly demonstrated.

Fig. 11 displays images captured every 3 s (350 × 350 pixels) along 
with the corrected images (200 × 200 pixels) of the central measure
ment marker throughout the time series, with a camera rotation of 8 ◦

applied to all three axes. In this analysis, displacement calculation were 
based on the reference image taken at 9.3 s, when the marker was facing 
forward, rather than using the initial image at 0 s. As a result, a slight 
initial error was observed in the -4 ◦ image, as shown in Fig. 15(c).

3.4. Single-axis rotation

We first present the experimental results for micro-rotations along a 
single axis. Fig. 12 displays the experimental results when the camera is 
rotated by 0.1 ◦ along the x-axis. Figs. 12(b) and (c) compare the 
measured displacements obtained using the conventional sampling 
moiré method and the proposed image stabilization method, respec
tively. Without image stabilization, significant measurement errors arise 

due to camera rotation, preventing accurate displacement measure
ments. However, by applying the proposed image stabilization method, 
the effects of minor single-axis rotation are effectively mitigated, 
enabling precise displacement measurement.

Similarly, Fig. 13 shows the experimental results for a 1 ◦ camera 
rotation around the x-axis. As shown in Fig. 13(b), when the displace
ment exceeds half of the grating pitch (equivalent to 5 mm in this study), 
the sampling moiré method becomes ineffective due to phase jumping, 
leading to incorrect measurement results. However, after applying the 
proposed image stabilization technique, the measurement results more 
closely aligned with the actual displacement, as shown in Fig. 13(c). 
Despite this improvement, the impact of camera rotation was not 
perfectly eliminated, resulting in a residual error of 0.248 mm.

3.5. Three-axis rotation

In addition to single-axis rotation, the effect of simultaneous three- 
axis rotation on measurement accuracy was also investigated. Fig. 14

Fig. 9. Image blurring compensation in the case of 3-axis rotation was 1 ◦: (a) reference image at 0 s, (b) experimental images before compensation, (c) corrected 
images after compensation.

Fig. 10. Experimental results of image stabilization: (a) captured image before deformation, (b) captured image after deformation when the rotation angle αβθ of the 
three xyz-axes is 8 ◦, (c), (d) automatic detection results of the center coordinates of the four corner reference markers in the images before and after deformation, (e) 
image compensation after the first projection transformation with pixel accuracy, (f) image compensation after the second sub-pixel-precision projective 
transformation.
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Fig. 11. Image blurring compensation in the case of 3-axis rotation was 8 ◦: (a) reference image at 9.3 s, (b) experimental images before compensation, (c) corrected 
images after compensation.

Fig. 12. Experimental results with the camera rotated for single-axis, α = 0.1 ◦: (a) actual displacement in y-direction when the camera rotation angle is 0.1 ◦ around 
x-axis, (b) measured displacement by conventional sampling moiré method calculation, and (c) measured displacement by the proposed method with image 
stabilization.

Fig. 13. Experimental results with the camera rotated for single-axis, α = 1 ◦: (a) actual displacement in y-direction when the camera rotation angle is 1 ◦ around x- 
axis, (b) measured displacement by conventional sampling moiré method calculation, and (c) measured displacement by the proposed method with image 
stabilization.
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presents the experimental results for a 1 ◦ camera rotation around the x-, 
y-, and z-axes simultaneously. As seen in Fig. 14(b), the conventional 
sampling moiré method fails to provide accurate displacement mea
surements under these conditions. When the image stabilization method 
is applied, the measurement trend improves, as shown in Fig. 14(c). 
However, the measuring error at 14 seconds was 0.311 mm, and overall 
variations were greater than that those observed in the single-axis case. 
This suggests that multi-axis rotation reduce the accuracy of the initial 
pixel-accuracy projective transformation, making smooth image stabi
lization more challenging.

Fig. 15 shows the experimental results for an 8 ◦ camera rotation 
around all three axes simultaneously. The proposed image stabilization 
method successfully mitigate motion effects within a range not 
exceeding half a period of the grating pitch, even under these chal
lenging conditions. However, as the rotation angle increased, significant 
measurement errors remained after image stabilization, preventing the 
sampling moiré method from achieving its original accuracy. Notably, 
the measurement error at 14 seconds reached 1.861 mm. This suggests 
that the image stabilization method utilizing projective transformation 
proposed in this study has limitations when dealing with significant 
camera rotation, indicating that further improvements are necessary.

4. Discussions

Based on the accuracy verification experiments, three key perspec
tives are discussed.

Perspective 1. Accuracy of the Improved Method Under Small and Large 
Rotational Conditions

for a rotation of 0.1◦, the proposed method achieved measurement 
accuracy comparable to that of the sampling moiré method, effectively 
compensating for micro-rotation along a single axis. However, at a 
larger rotation of 1.0◦, there remained a residual error. This discrepancy 

can be attributed to the limitation of projective transformation, which 
approximates three-dimensional motion using a two-dimensional 
reference. Since a camera-captured digital image lacks depth informa
tion, the transformation process cannot fully reconstruct out-of-plane 
motions, leading to incomplete correction when estimating the rota
tion matrix.

Perspective 2. Effects of Multi-Axis Rotations on Measurement Accuracy
The measurement outcomes for minor rotations across the three axes 

were similar to those observed in the single-axis scenario, demonstrating 
the minimal impact of rotations outside the concerned axis within 1.0◦. 
However, an increase in noise levels was observed across all analytical 
results compared to the single-axis rotation setting. When examining the 
post-projection transformed images, the trajectory of target markers 
exhibited a wiggling behavior. This behavior aligns with the previous 
analysis, indicating that lack of depth information from out-of-plane 
rotations introduces inaccuracies in projection transformation, leading 
to residual errors in displacement estimation.

Perspective 3. Limitations of the Image Stabilization Method
Ensuring the reliability of infrastructure inspection techniques is 

critical for maintaining structural safety. To enhance their integrity, it is 
essential to identify their limitation. In this study, we evaluated a 
particularly challenging scenario involving an 8◦ camera rotation. While 
the image stabilization technique successfully aligned images within 
half the grid pitch period, substantial measurement errors persisted. 
These results indicate that projective transformation-based image sta
bilization becomes less effective under large rotations, highlighting the 
need for further compensation to improve robustness in extreme 
conditions.

Fig. 14. Experimental results with the camera simultaneous rotated 1 ◦ for three-axis: (a) actual displacement in y-direction when the camera rotation angle is 1 ◦

around xyz-axes, (b) measured displacement by conventional sampling moiré method calculation, and (c) measured displacement by the proposed method with 
image stabilization.

Fig. 15. Experimental results with the camera simultaneous rotated 8 ◦ for three-axis: (a) actual displacement in y-direction when the camera rotation angle is 8 ◦

around xyz-axes, (b) measured displacement by conventional sampling moiré method calculation, and (c) measured displacement by the proposed method with 
image stabilization.
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5. Conclusions

In this study, we proposed a novel approach to efficiently compen
sate for camera motion, enabling accurate measurement of true struc
tural displacements. Our key contributions are as follows: 

(1) We utilize the sampling moiré method, achieving an exceptional 
accuracy of 1/100 pixel, providing a robust foundation for both 
motion compensation and displacement measurement.

(2) We developed a two-stage processing framework that effectively 
eliminates camera-induced motions while preserving actual 
displacements.

(3) To validate our methodology, we systematically design and 
conduct experiments that investigate critical parameters for 
image stabilization, demonstrating its effectiveness through 
comprehensive comparisons.

The proposed motion compensation method has significant potential 
for improving infrastructure maintenance efficiency through deploy
ment with various optical devices, including handheld camera, smart
phones, and drones. It offers broad applicability for high-precision, low- 
cost, displacement monitoring with high flexibility.
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