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Abstract:
[bookmark: OLE_LINK29][bookmark: OLE_LINK30]Strain is a critical parameter for assessing the health condition of structures. This study introduces the MISS sensor, a low-cost strain sensor that integrates micro image strain sensing (MISS) technology with a Raspberry Pi and industrial camera for real-time, online strain monitoring of structures. A cloud-based platform for remote monitoring and safety alerts is also developed to support the MISS sensor. To validate its accuracy and feasibility, the MISS sensor was first compared with resistance strain gauge (RSG) in steel component tensile test, yielding a maximum mean absolute error (MAE) of 7 με. Furthermore, in an outdoor monitoring experiment on a steel truss, the MISS sensor was compared with fiber Bragg grating (FBG) sensors over a 24-hour period, with the results showing a maximum MAE of 4 με. The MISS sensor is priced at USD 132. As a cost-effective tool, the MISS sensor is considered a promising technique for long-term strain monitoring.
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1. Introduction
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]Strain is a fundamental physical quantity that characterizes the mechanical behavior of structures and serves as a critical parameter in structural health monitoring (SHM) [1]. Strain monitoring enables real-time early warning and health assessment, making it widely applicable to key infrastructure such as high-rise buildings [2, 3], bridges [4, 5], tunnels [6, 7], pipelines [8, 9] and wind turbines [10, 11]. Strain monitoring can detect localized damage in engineering structures, enabling early warnings to mitigate the risk of structure failure. Additionally, the strain monitoring data can be used to assess the health condition of structures throughout their lifecycle.
Common strain measurement techniques include resistance RSG [12, 13], piezoelectric sensors [14, 15], and vibrating wire RSG [16, 17]. While these methods offer high accuracy, their performance is hindered in harsh environments, especially for long-term use in outdoor transmission tower applications. For instance, RSG suffer from poor corrosion resistance and may experience zero drift over time; piezoelectric sensors can degrade due to material fatigue and are prone to environmental interference; although vibrating wire RSG are known for their stability and durability, they are unsuitable for dynamic measurements, and fatigue of the internal wire can affect long-term stability.
FBG sensors have recently emerged as an ideal solution for long-term SHM of civil engineering structures, owing to their excellent stability, corrosion resistance, immunity to electromagnetic interference, and high sensitivity [18-20]. However, they still have limitations, primarily high installation and maintenance costs and dependence on expensive demodulation equipment. These factors constrain their widespread application, particularly for large-scale structure clusters.
Recently, computer vision technologies, as promising non-contact measurement methods, have gradually been applied in SHM [21-23]. Specifically, Digital Image Correlation (DIC) techniques have been increasingly utilized for strain measurements in civil engineering [24-26]. However, due to equipment limitations and noise from field environments, the accuracy of DIC can be affected. To overcome the limitations of conventional strain measurement methods and their challenges in practical applications, this study proposes a low-cost strain sensor, the MISS sensor. This sensor integrates micro image strain sensing method with a Raspberry Pi 4B, enabling real-time online monitoring of structure strain. The accuracy and reliability of the MISS sensor under various loading conditions are validated through comparisons with RSG and FBG sensors in steel component tensile tests and in outdoor monitoring of a steel truss. Additionally, a cloud-based strain monitoring platform is developed for the MISS sensor, offering remote monitoring and safety alert functionalities.
2. Strain monitoring principle
2.1 Design and Development of the MISS Sensor
The MISS sensor plays a critical role in the cloud-based strain monitoring system for transmission towers. It is designed to perform high-frequency dynamic processing on the captured image data and transmit the processed strain data to the cloud platform in real time. A schematic of the MISS sensor is shown in Fig. 1.
[image: ]
Fig. 1. Actual MISS sensor: (a) overall view of the MISS sensor (b) exploded view of the MISS sensor components.
As shown in Fig. 1(a) and (b), the MISS sensor consists of eight main components: 1) LED light panel, comprising two 5V LED beads to illuminate the optical target; 2) Industrial camera and lens, used for image data acquisition; 3) Raspberry Pi 4B single-board computer, the core processing unit of the MISS sensor, responsible for processing the image data and uploading the strain data to the cloud platform; 4) DHT 22 temperature and humidity (T-H) sensor, used to monitor the environmental temperature of the MISS sensor, with data acquisition frequency controlled by the Raspberry Pi 4B; 5) Slider strain sensing mechanism (SSSM), which converts the micro-deformation caused by the mean strain between two points on the structure into a measurable relative displacement between the optical targets on the linear guide rail and the slider; 6) Raspberry Pi 4B mounting tray, which supports and secures the Raspberry Pi 4B; 7) Industrial camera mounting bracket, used to adjust and fix the camera at the optimal viewing angle; and 8) Optical targets, made of alumina, with a design pattern printed on it. The moving target is a black ring, and the calibration target consists of a chessboard pattern with the word "MISS" at its center.
Table 1. The technical parameters of the industrial camera module and lens, Raspberry Pi 4B, and T-H sensor.
	Component
	Model
	Technical specifications

	Industrial camera & lens
	[image: ]
	Sensor: 1/3’’ COMS
Effective Pixels: 8 MP (32642448)
Frame rate: 30 fps
Power supply: DC 5 V
Camera board size: 32mm  32mm
Lens: 7 mm fixed

	Raspberry Pi 4B
	[image: ]
	SOC: Broadcom BCM 2711
CPU: Quad-core, Cortex-A72, 64-bit @1.5 GHz
GPU: Broadcom VideoCore VI @500 MHz
RAM: 4 GB LPDDR4-2400 SDRAM
Input power: TypeC 5V/3A

	DHT22 T-H 
	[image: E:\腾讯交流缓存\WeChat Files\wxid_evsmlgs7054k12\FileStorage\Temp\4468e4c247aa097b60a131820b7ebc0.jpg]
	Temperature (Humidity):
Resolution: 0.1℃ (0.1% RH)
Accuracy: 0.5℃ (2% RH (25℃) )
Range: 40℃80℃ (0% RH99.9% RH)
Operating voltage: 3.3 V5.5 V




2.2 MISS-based strain monitoring framework
[image: ]
Fig. 2. MISS-based strain monitoring framework: (a) MISS sensor installation on the structure, (b) image data acquisition, (c) template matching process, (d) deformation illustration, (e) calculation formulas.
The strain monitoring framework based on the MISS sensor is implemented in three main steps, as illustrated in Fig. 2: image data acquisition, template matching, and strain calculation.
2.2.1 Image data acquisition
Figure 2(a) illustrates the schematic diagram of the MISS sensor. As depicted in Fig. 2(b), the sensor is firmly affixed to the surface of the monitored structure. When the structure deforms, the MISS sensor captures the deformation data in the form of digital images. In the captured image of the optical target, ROI 1 represents the region of interest (ROI) for the moving target, and ROI 2 is for the calibration target. The first image in the dataset is used as the template image.
[bookmark: _Hlk198480143][bookmark: OLE_LINK68]2.2.2 Template matching






To enable real-time strain image processing, a zero-mean normalized cross-correlation (ZNCC) method [35] was employed due to its simplicity and efficiency. As shown in Fig. 2(d), both the moving target template and the input image are initially scaled by a factor for coarse matching at low resolution, yielding approximate coordinates . These are then rescaled to the original resolution , around which a small region in ROI 1 is defined (width  and height ) for fine matching. The original moving target template is then matched within this refined region to obtain the optimal matching position, denoted by the pixel coordinates .







The ZNCC-based template matching method determines the optimal matching position by calculating the similarity between image segments and the template image [27]. Let  represent the image to be matched (pixels) and  the template image (pixels). The ZNCC between the template  and the image  at pixel position  can be expressed as:

           (1)







where  is the sub-image (pixels) at the position , and  and  are the mean intensity values of  and , respectively. 


To achieve sub-pixel accuracy, a quadratic surface fitting method is applied [28]. Specifically, a  neighborhood matrix of correlation coefficients centered around the peak correlation position  is extracted to formulate a quadratic surface model as:

                     (2)





where  represents the correlation coefficient at position , and are the coefficients to be fitted using the least squares method. Then, a numerical optimization approach is used to precisely locate the peak of the quadratic surface, yielding the sub-pixel coordinates. Finally, the sub-pixel coordinates are mapped back to the original image, resulting in the final target position .
2.2.3 Strain calculation




As shown in Fig. 2(d), let the sub-pixel coordinates of the moving and calibration targets before and after deformation be denoted as, , and , , respectively. As the moving target is constrained to the Y-direction, only X-direction displacement is considered. To eliminate background motion (e.g., wind or vibration), relative displacement is used:

                             (3)




The pixel displacement is then converted into physical displacement via camera calibration. The scaling factor can be expressed as , where  is the calibration target length (4 mm), and  is the corresponding pixel distance ( px). The actual displacement (mm) is calculated as:

                                   (4)
Finally, the mean strain is calculated by:

                                     (5)
where L is the gauge length of the MISS sensor.
3. Experimental investigation
In this study, two comparative validation tests were conducted to assess the accuracy and feasibility of the MISS sensor: (1) Tensile testing of steel components: comparison between MISS sensor and RSG and (2) Strain monitoring of the steel truss in an outdoor environment: comparison between MISS sensor and FBG sensor. The identifiers of the MISS sensors, RSG, and FBG sensors used in the experiments, along with their corresponding relationships, are listed in Table 2.
Table 2. The MISS sensors, RSG and FBG sensors used in the experiments.
	Experimental conditions
	Sensors
	Temperature compensation

	Strain monitoring of the steel components
	MISS 04 vs. RSG 00
	Not required

	Outdoor strain monitoring of the steel truss
	MISS 03 vs. FBG 00
	MISS 04 vs. FBG 01


3.1 Tensile test of steel components: MISS sensor vs. RSG
2.2.3 Experimental setup
As shown in Fig. 3, Specimen 01 was prepared in accordance with GB/T 228.1–2021, Metallic Materials—Tensile Testing—Part 1: Method of Test at Room Temperature [39]. It was fabricated from Q235 steel with a thickness of 5 mm, and its dimensions are illustrated in Fig. 3(a).
[image: ]
Fig. 3. Installation of MISS 04 and RSG 00 on specimen 01: (a) RSG 00 bonded to specimen 01, (b) MISS 04 installed on specimen 01, (c) installation details of MISS 04 bracket.
The tensile test setup is shown in Fig. 4. As depicted in Fig. 4(b), the test was performed using an AG-X SHIMADZU universal testing machine. An RSG and a MISS sensor were installed on the steel component to measure strain during loading. Strain gauge data were recorded by a DH3820 system and stored on a laptop, while MISS sensor data were saved locally. Fig. 4(a) shows the specimen details.
[image: ]
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]Fig. 4. Experimental setup for tensile test of steel component: (a) detailed view, (b) overview setup.
2.2.3 Experimental procedure
During the test, the load applied to the steel component was controlled by the AG-X SHIMADZU universal testing machine. The loading procedure consisted of two steps: 1) From 0 to 2 kN at a rate of 1 kN/min, followed by a 20-second hold at 2 kN; 2) From 2 to 42 kN at a rate of 4 kN/min, followed by a 20-second hold at 42 kN. The first step was designed to apply a preload to the specimen to prevent slippage at the gripping ends during the subsequent tensile phase. After each test, the load was released to 0 kN, the specimen was removed and allowed to fully recover, and then reinstalled for the next trial.
2.2.3 Experimental results and discussion
Specimen 01 was tested three times. The tensile test results are shown in Fig. 5.
[image: ]    [image: ]
Fig. 5. MISS 04 installed on specimen 01 using epoxy resin, compared with RSG 00: (a) detailed view of experimental setup, (b) trial 1 results, (c) linear fitting curve for trial 1, (d) test 2 results, (e) linear fitting curve for trial 2, (f) trial 3 results, (g) linear fitting curve for trial 3.
As shown in Fig. 5, the tensile test results of Specimen 01 exhibit a high degree of consistency between MISS 04 and RSG 00. The correlation coefficients of the three linear regression fits were all close to 1, indicating strong linear agreement. The maximum MAE was 7.101 με (Trial 2), and the maximum mean relative error (MRE) was 4.313% (Trial 3). These results confirm the high accuracy and reliability of the MISS sensor for structural strain monitoring applications.
[bookmark: OLE_LINK22]3.3 Outdoor strain monitoring of the STTM: MISS sensors vs. FBG sensors
3.3.1 Experimental setup
To evaluate the feasibility and accuracy of the MISS sensor in outdoor environments, it was installed on a steel truss to monitor strain variations caused primarily by environmental loads, especially temperature changes. An FBG sensor was simultaneously deployed as a reference for comparison and validation. The experimental setup is illustrated in Fig. 6.
[image: ]
Fig. 6. Experimental setup for outdoor strain monitoring of the steel truss.
During the experiment, data from the FBG sensor were acquired using an FBG demodulator and stored on a laptop. Data from the MISS sensor were either stored locally or uploaded to the cloud. The power supply on-site was provided by a solar energy system, consisting of a solar panel with a peak power output of 200 W and a 300 Ah gel battery.
3.3.2 Experimental procedure
Two FBG sensors were employed in the outdoor test. FBG 00 and MISS 03 were mounted on the same angle steel to compare strain measurements, while FBG 01 was used for temperature compensation of FBG 00. Similarly, MISS 04 was used to compensate for temperature effects on MISS 03. As shown in Fig. 7(a), FBG 00 was bonded at both ends to the angle steel near the supports of the MISS sensor using epoxy, whereas FBG 01 was bonded at one end with the other end left free. MISS 03 was installed directly above FBG 00, as illustrated in Fig. 7(b).
[image: ]
Fig. 7. Installation details of FBG and MISS sensors: (a) FBG sensor installation, (b) MISS 03 installation, (c) encapsulation of MISS sensors and layout of the MISS 04.
3.3.4 Experimental results and discussion
The outdoor monitoring test was conducted over a period of 24 hours. Ambient temperature variations during the test were recorded by the T-H sensor integrated in the MISS sensor. The experimental results are presented in Fig. 8.
[image: ]
Fig. 8. Monitoring results: (a) Before temperature compensation, (b) after temperature compensation, (c) absolute error.


As shown in Fig. 8(a), the strain measured by FBG 00 exhibited a positive correlation with ambient temperature variations, whereas the strain recorded by MISS 03 showed a negative correlation trend. This difference is attributed to the structural characteristics of the MISS sensor. As the temperature rises, the linear guide rail expands toward the free end (left end in Fig. 1(a)), causing the moving target to shift closer to the calibration target, thereby generating a compressive (negative) strain. Consequently, at 12:00:00 noon, FBG 00 recorded a positive strain value of , while MISS 03 recorded a negative strain value of .



As shown in Fig. 8(b), after temperature compensation, the strain response monitored by MISS 03 exhibited good agreement with that of FBG 00. From Fig. 8(c), the MAE between MISS 03 and FBG 00 was , and the maximum absolute error was , which occurred at 07:31:05. These results demonstrate that the MISS sensor provides strain measurements in outdoor structural applications that are in good agreement with those obtained using the FBG sensor. The MAE remained at a low level (less than ), indicating that the MISS sensor can accurately capture structural strain responses and holds significant potential for practical engineering applications.
4. Wireless data transmission and cloud-based monitoring
To enable remote, real-time strain monitoring of engineering structures, a cloud-based strain monitoring platform was developed based on the MISS sensor. The platform collects strain and temperature data via the MISS sensor and transmits the data through wireless communication modules such as the NB-IoT module (SIM7028) or a 4G industrial router (USR-G806W). These modules connect to a designated MQTT broker server (e.g., broker_address = "101.201.48.153", broker_port = 1883). Upon successful connection, the MISS sensor publishes real-time strain and temperature data to a specified topic (e.g., /MISS/Strain) using the MQTT protocol, enabling cloud-based data storage and processing.
Users can access the web interface to view and download real-time monitoring data, as well as perform historical data analysis when needed. Additionally, when the measured strain exceeds a predefined threshold, the system automatically triggers an alert to notify users of potential structural safety concerns. The main components of the web interface—including the homepage, login page, and data dashboard—are shown in Fig. 9.
[image: ]
Fig. 9. Web interface: (a) homepage, (b) login Interface, (c) data viewing and download interface.


5. Conclusion
This study proposed a novel strain monitoring sensor, the MISS sensor and developed a cloud-based monitoring platform capable of online strain monitoring and early warning. The MISS sensor integrates a Raspberry Pi 4B, an industrial camera and lens, a temperature sensor, an optical target, and a rail-based strain-sensitive mechanism. Comparative experiments with RSG and FBG sensors, including tensile tests on steel components and outdoor monitoring of a steel truss, verified the high accuracy and reliability of the MISS sensor, indicating strong potential for engineering applications. The main contributions of this study are as follows:
1) The proposed MISS sensor costs only approximately USD 132. As a low-cost and efficient sensing tool, it is suitable for long-term dynamic strain monitoring, particularly in large-scale structural networks.


2) In tensile tests on steel components, the maximum MAE between the MISS sensor and RSG was . In the outdoor monitoring of the steel truss, the maximum MAE between the MISS and FBG sensors was . These results demonstrate the high precision and stability of the MISS sensor under various conditions.
3) The MISS sensor can operate stably when powered by a solar energy system. It transmits real-time strain data to the cloud via wireless communication and triggers alerts when strain values exceed preset thresholds, enabling timely attention to structural safety.
4) In future work, electromagnetic shielding technology will be integrated into the MISS sensor to enhance its long-term stability in electromagnetically complex environments. Additionally, the sensor will be deployed on in-service engineering structures for long-term monitoring to comprehensively evaluate its field performance.
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