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I. INTRODUCTION 

Structural health monitoring has several techniques like visual inspections, and the use of displacement 

sensors to track the structural displacements, which play a pivotal role in understanding how a structure 

responds to external forces, environmental conditions, and dynamic loads. When engineers have a thorough 

grasp of a structure's behavior and can detect displacement accurately, they can do repairs and maintenance in a 

timely manner. In structural design codes such as (AASHTO, 2012), (Eurocode, 2003), and (ECP203, 2018), the 

displacement data are immediately utilized as a safety index. 

Numerous studies, encompassing laboratory experiments and on-site tests, have been undertaken to 

examine and analyze the behavior of structural elements. These studies typically utilize a variety of sensors and 

diverse methods to comprehensively displacements and deformations that are comprehensively reviewed (Ma et 

al., 2023). Upon review, these sensors can be categorized as either (1) contact or (2) non-contact types, 

depending on the accessibility of the displacement measurement point. 

Contact displacement sensors are in direct physical contact with the object they are measuring, making 

them suitable for applications where precise and accurate measurements are required. Linear variable 

differential transformers (LVDTs) as contact sensors widely used for displacement measurement, offer high 

measurement accuracy (Joshi & Harle, 2017; Nassif et al., 2005), but limited range used for measuring small 

linear displacements and are not suitable for measuring larger deformations or rotations, required physical 

installation onto the structure which can be time-consuming and expensive, only one-dimensional data output 
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which can limit their utility for complex monitoring applications, and one sensor measure the displacement for 

only one target, and high cost for multi-point's displacement. 

The vibrations of structures are commonly measured by accelerometers as contact sensors. By 

integrating acceleration measurements twice, displacement is readily estimated (Gomez et al., 2018; Hong et al., 

2013). Accelerometers have several benefits, including the ability to measure extremely small changes in 

acceleration over a wide frequency range, and the ability to detect possible problems early. The drawbacks of 

accelerometers that need to be physically installed include their sensitivity to outside noise, which can affect 

their accuracy. Additionally, some accelerometers have limited frequency ranges, making them unsuitable for 

measuring high-frequency vibrations or sudden movements. Finally, the calibration of accelerometers is 

necessary on a regular basis to ensure that they are providing accurate measurements, which can take time and 

require specialized equipment (Haritos, 2009). 

To overcome previous traditional sensor challenges, a non-contact displacement sensor based on image 

processing was developed. The system consists of a camera for recording videos and a zoom lens for far targets, 

and they are fixed on a tripod for stability. The camera is connected to a computer responsible for running the 

displacement measurement algorithm by image processing the recorded video. According to (Xu & Brownjohn, 

2018) review, there are three primary steps for any image processing algorithm as shown in Figure 1, and their 

common methods. 

 

 
Figure 1. Video-processing procedures for structural displacement measurement  

Any recorded video consists of numerous sequential frames; the target is recognized and its initial 

coordinates are determined at the first frame; any target tracking method then records the change in target 

coordinates frame by frame and estimates the displacement in pixels. The displacement in pixel units is finally 

translated to the physical displacement in mm or cm by camera calibration. Smartphones were used by 

Kromanis&Kripakaran, 2021 to take pictures of a timber beam that was being tested for load. Based on the 

information gathered, target locations were determined and displacements were computed. 

In this study, two laboratory tests are conducted and recorded using one phone camera. The image 

processing algorithm based on target tracking included template matching, displacement calculation by offline 

projection transformation, and scale factor technique used for camera calibration which equals the ratio between 

the physical length of the artificial target (aruco) on the object surface and the corresponding physical length and 

pixel length at the image plane. The first test is to validate the developed displacement measurement algorithm 

using a constant-speed tension machine. The second test is to validate the developed displacement measurement 

algorithm to detect and track multi-points at the same time under static and dynamic loading and compare the 

results with the displacement estimated by traditional sensors. 
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II. Testometric Tensile Test 

This experiment aims to validate the developed displacement measurement algorithm with a constant 

speed tension Testometric machine M500/50CT. Testometric machine is usually used to estimate the tensile 

force –strain curve for different tested samples such as Geo-membrane or plastic glued joints with the 

application of tensile force to the specimen under a specific strain rate by controlling the speed of movable 

machine jaw (Suder et al., 2020). The artificial target was fixed in a movable jaw for detection and tracking as 

shown in Figure 2 to estimate the jaw displacement during operation under two speeds. In the first cycle, the 

speed was 60 cm/minute up and down; in the second cycle, the speed was 100 cm/minute up and down. 

 
Figure2. Testometric machine (M500/50CT) and the artificial target fixed in the movable jaw 

As shown in Figure 3 the vertical displacement time relation under the two cycles is deduced after estimating 

the artificial target coordinates frame by frame using image processing technique. Converting the displacement-

time relation to a velocity-time relation by derivation of the displacement function concerning time. The 

estimated speed from the displacement derivative agrees with the adjusted movable machine jaw speed under 

two cycles, 60 cm/minute and 100 cm /minute. 

 
 Figure3.Vertical displacement and Velocity-time relation using image processing technique 

III. Flexible Steel Beam Test 
This experiment aims to validate the developed displacement measurement algorithm to detect and 

track multi-points at the same time under static and dynamic loading considered one of the image processing 

technique advantages compared with other traditional sensors. At this test, a smartphone camera was used with a 

resolution of 4k (3840 * 2160) refers to the pixel count contained in an image. The frame rate was 30 frames per 
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second (FPS). The scaling factor for the vision sensor was determined to be 0.5mm/pixel, and the corresponding 

measurement accuracy (resolution) was ± 0.25 mm. 

First, a random vertical displacement was applied at the mid-span of a simply supported beam as 

shown in Figure 4, and the vertical displacement was estimated at the mid-span of the beam using LVDT and 

image processing technique as displacement measurement sensors which appears to be a great agreement as 

shown in Figure 5. 

 
Figure4. Vertical displacement was applied at the mid-span of a sample 

 
Figure5. Vertical displacement-time relation using LVDT and image processing technique 

Then, as shown in Figure 6 the beam was subjected to static loads gradually (4, 2, 2, 2, 2, 2, and 1) kg 

respectively, and by using the image processing technique multi points were detected and tracked to estimate the 

vertical displacement of them at the same time during loading and unloading. The vertical displacement time 

history is shown in Figure 7, the vertical displacement of the 2nd target is the maximum value, and the vertical 

displacement time history of the 1st target is the same as the vertical displacement time history of the 3rd target 

due to the locations. 

 
 Figure6. Beam subjected to gradual static loads 
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Figure7. Vertical displacement time history 

Finally, as shown in Figure 8 the beam was subjected to impact load. One of the image technique advantages is 

the ability to estimate the dynamic response for multi-points. The vertical displacement time history for each 

target was estimated under free vibration by using only one smartphone camera as shown in Figure 9. 

 
Figure8. Beam subjected to an impact load 

 

 
Figure9. Vertical displacement time history 
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The vertical displacement time history for target no 2 under the free vibration using the image 

processing technique and its corresponding PSD amplitude was compared with the acceleration time history 

estimated from the accelerometer for the same point and its corresponding PSD amplitude as shown in Figure 

10. Both power spectral density (PSD) charts have the same dominant frequency of 4 Hz. This confirms that the 

image processing technique can achieve the same dynamic measurement performance as the conventional 

accelerometer. 

a)

 

 

b) 

 

 

Figure 10 Frequency estimated from a) displacement time history, b) acceleration 

IV. Conclusion 

As a result of this study, the following conclusions were drawn: 

 The image processing technique is a valid approach to estimating the deformation of structures under static 

and dynamic loads. 

 The image processing technique is a promising non-attached sensor for estimating deformations or 

accelerations, especially for inaccessible structures. 

 Using a smartphone’s camera could replace many LVDTs or accelerometers at different laboratory tests. 
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