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The monitoring of slopes’ dynamics is essential to ensure the safety of infrastructures exposed to landslide risk and to develop mitigation strategies. However, it is not always possible to perform proper and slope-distributed monitoring due to the high cost of professional instruments. In this context, we developed a low-cost Arduino©-based wire extensometer for landslide monitoring. This instrument is capable of measuring the bi-directional distance between two fixed points, which is useful in landslide areas to observe linear displacements over time. Traditional wire extensometers are equipped with potentiometers, which allow measuring only finite displacements. Instead, our low-cost extensometer exploits a capacitive rotary encoder, which is able to measure infinite displacements. In addition, the new instrument can measure both wire lengthening and shortening, thanks to a spring-loaded winding system. Furthermore, the instrument’s settings can be modified to reach a millimetric resolution. The device - developed on an Internet of Things (IoT) project - is equipped with an online data transmission system and with a data-log system for local data storage. Laboratory and field tests were carried out with the aim of evaluating the instrument’s accuracy and reliability. Preliminary results demonstrate the great potential of this low-cost sensor for displacement measuring in the field of landslide monitoring.
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1 INTRODUCTION
The monitoring of slopes’ dynamics is essential to ensure the safety of facilities exposed to landslide risk and to develop mitigation activities. The availability of spatially and timely distributed information about a mass movement (Kjekstad and Highland, 2009; Winter et al., 2016; Cruden, 1991) is a key factor for hazard management. In the last decades, the widespread use of new technologies had a key role in modern solutions developing in the field of landslides monitoring (Thirugnanam et al., 2022; Casagli et al., 2023), although their use is often limited by the high costs of commercial equipment (Dei Cas et al., 2021). Nowadays, low-cost solutions for slope monitoring can represent a solid alternative to professional systems (Fang et al., 2024).
Among the measurable parameters involved in slope instability, surface deformations are crucial to assess the activity of a landslide and related risk management. For this purpose - among the different monitoring systems - wire extensometers (Dunnicliff, 1993; Dei Cas et al., 2021) can be a valid solution when shear surfaces outcrop (Corominas et al., 2005; Intrieri et al., 2012; Guerriero et al., 2017; Pasquaré Mariotto et al., 2021). Generally, professional wire extensometers are equipped with potentiometers (Li and Meijer, 1998; Zhang et al., 2005) - namely, analogic sensors - which are able to measure a defined displacement value along a unique direction. These features - combined with the high costs of these systems (∼EUR 1000) - represent a limiting factor for their widespread use.
To address these shortcomings, (Guerriero et al., 2017), developed and tested a low-cost wire extensometer, which, however, in a few days of experiment, reached the maximum measurable displacement, showing the main drawback of the potentiometric sensor using. Different authors (Afandi et al., 2018; Setiono et al., 2023) tested wire extensometers based on the optical rotary encoder technology, finding that this kind of device has a low-speed limit for displacement measuring.
This technical note presents a new low-cost bi-directional wire extensometer that, unlike the previous systems, is based on the capacitive rotary encoder technology (Zheng et al., 2015). This sensor is able to measure infinite displacements along two directions. The prototype - developed on an Internet of Things (IoT) project - is equipped with an online data transmission system and a local storage data-log system. The device was firstly assessed in a climate-controlled environment through laboratory tests and successively was installed at the Grillo landslide (Southern Italy) with the aim to evaluate - through the comparison with multi-temporal Global Navigation Satellite System (GNSS) measurements performed - the reliability of the instrument in field conditions.
2 MATERIALS AND METHODS
2.1 The device
The device is composed of several modules: (a) rotary encoder, (b) data processing-storage-transmission system, (c) measuring system, and (d) power supply accommodated into a frame composed of a double waterproof plastic box (Supplementary Figure S1).
All the electronic components are fixed in the inner box (20 × 15 × 8 cm), while on the outer box (30 × 22 × 14 cm), a pulley is inserted in the rotary encoder’s housing and kept in position by a bearing. This solution allows the reinforcement of the overall structure and protects the vulnerable parts against weathering.
2.1.1 Rotary encoder
The rotary encoder is a digital sensor that is able to turn mechanical motion into electrical waves. The encoder’s rotation generates two electrical square waves that generally are 90° out of phase, allowing to determine the rotation’s direction and the linear displacement. This sensor allows counting infinite displacements, and - because of its capacity to turn clockwise and counterclockwise - it is able to measure along two directions.
Rotary encoders can be equipped with several technologies, such as optical, magnetic and capacitive. In this study, a CUI DEVICES AMT 10 capacitive rotary encoder was chosen (Supplementary Figures S2A, B). This type of encoder is composed of a rotor, a fixed transmitter and a fixed receiver. The motion of the rotor compared to the transmitter generates electric signals used to determine the position and the rotation direction of the encoder. The sensor’s resolution can be set by changing the number of electric pulses generated by the encoder for each revolution (PPR, “Pulses Per Revolution”). The resolution can range from 48 PPR to 2048 PPR simply by acting on 4 DIP switches housed in the encoder’s case (Supplementary Figure S2A).
The chosen rotary encoder - characterized by lightweight, stiffness, simple structure and low power consumption - presents a high reliability if compared with the optical (Afandi et al., 2018; Setiono et al., 2023) and magnetic technologies (Shuanghui et al., 2009). Thanks to this innovative technology, the power demand for capacitive encoders is reduced to about 10% of optical and magnetic technologies, resulting in important power savings that are essential in harsh conditions. In addition, capacitive technology is widely used for motors’ rotational speed measurements, allowing low and high-speed displacement observations (up to 15.000 revolutions per minute), in contrast with optical encoders, which can measure lower-speed displacements. Capacitive technology requires less maintenance than optical ones, which need to be periodically cleaned from dirt and dust to avoid accuracy losses over time. Moreover, magnetic technology has several limitations, such as electromagnetic field interferences, lower resolutions and accuracies and narrower working temperature ranges.
2.1.2 Data processing-storage-transmission system
The system for data processing, storage and transmission (Supplementary Figure S1) is composed of a series of modules, in particular: a power controller that sets the voltage of the input current; a Real Time Clock (RTC) with a 3 V coin cell battery backup (it allows the system to pick up data with specific timing and consequently to associate date and time to them); a micro SD card slot for the local data storage; a SIM 800l GPRS GSM module that provides to send the data online thanks to a SIM card; an Arduino electronic board with the task to manage the entire system and communicate with the rotary encoder. An Arduino Nano Every board was chosen for the compact size and the low price: this miniature-sized module is powered by an ATMega 4809 AVR processor and an ATSAMD11D14A ARM Cortex M0+ to act as a bridge between USB and the main AVR processor (https://docs.arduino.cc).
The device has been programmed using the Arduino IDE (Integrated Development Environment), an open-source software. The programming code is composed of a series of blocks (Supplementary Figure S3) that create a cyclic scheme of commands. The first one is the “GENERAL SETUP” block, which allows the system to start and check all the electronic components. After this, the system goes into the “IDLE” block, where it is able to read the rotary encoder’s measurements. In the “WRITE” block, the Arduino board stores the measurements in the micro SD card. Then, there is the “CONNECTION STARTUP” block, where the device’s internet connection is enabled. In the “FILE LIST” block, it is checked if some files are written and waiting for the online transfer. If it is true, it enters the “FILE TRANSMISSION” block, which is dedicated to sending files online. This part of the workflow ends when all the files on the waiting list are sent online. At the end of the transmission, the system turns off the internet connection (“END OF CONNECTION” block) and returns to the “IDLE” block. The data transmission block is programmed to send the data to a web server (PHP protocol). The code was developed to collect all the editable parameters (ID sensor, sending data frequency, web server address, encoder functions) in a single window to facilitate setup activities, especially for field operations.
An error management section was developed in the programming code to enhance systems’ reliability, especially for data transmission architecture. When the device starts, the Arduino board is programmed to check the GSM module’s correct functioning by waiting for its “OK” message: if the GSM module does not send it immediately (broken module or cables disconnected), malfunction is detected and the system goes into “offline mode”, where only local data storage is enabled. In this way, unnecessary power consumption is avoided, preserving the system until the operator’s technical assistance. If Arduino receives the “OK” message, “online mode” is enabled, and the GSM module starts a series of 30 network connection attempts. Once it completes 30 attempts without succeeding in network connection, the system goes again into “offline mode” and only local data storage is enabled until the operator’s manual reset is done.
If the device is powered, the local data storage function is always enabled: observed data remain stored in a micro SD card after malfunction eventualities (connection failure or even system shutdown).
This system is suitable for areas where telephone network coverage is sufficient to guarantee data transmission. Alternatively, it is possible to use a radio transceiver that provides to send data to a GSM modem router installed on the nearest network-covered site.
2.1.3 Measuring system.
The infrastructure of the measuring system (Figure 1) is composed of (a) two steel tubular poles, (b) the pulley and (c) the winding system.
[image: Figure 1]FIGURE 1 | (A) Overview of the Grillo earth flow and its location in Southern Italy (B); Installation setting and landslide local condition.
The two steel poles are linked by a special wire made of invar. This metal alloy - composed of 36% of nickel, 64% of iron and small amounts of carbon and manganese - is characterized by a very high corrosion resistance and a negligible thermal expansion coefficient (around 0.5 x 10−6°C between 20°C and 50°C) (https://lkalloy.com).
The pulley is 3D printed in plastic material and accommodates the invar wire with the function to rotate when a linear displacement variation occurs between the two poles; this rotation is transferred from the pulley to the rotary encoder, which is capable of turning it into a certain number of electric pulses per each pulley’s revolution. Finally, the Arduino board reads these electric pulses and turns them into the real linear displacement. The number of electric pulses per revolution (PPR) generated by the encoder can be set in a range that goes between 48 and 2,048 PPR by changing the position of DIP switches located on the encoder’s case. By changing the number of the encoder’s PPR and modifying the pulley’s diameter, the resolution of the extensometer can be set. In this case, a 48 PPR setting and a 70 mm diameter pulley were chosen, leading the system to a resolution of 4.58 mm. The Arduino board was programmed to directly provide 4.58 mm of displacement per each electric pulse detected, guaranteeing a prompt data analysis without using any other kind of data processing or algorithms. A constant tension on the wire is required for the correct operation of the extensometer; this is provided by a handmade, low-cost spring-loaded winding system. It is composed by an internal metal spring housed in a rotating drum, that accommodates the invar wire. Thanks to the metal spring’s tension, this system allows measurements of both wire lengthening and shortening to be performed, without the need to make any further changes to the infrastructure.
2.1.4 Power supply
Considering the open-field installation, a solar system was chosen to power the device. The power supply is composed of a 30 W solar panel linked to a 12 V, 10 Ah battery. A 12 V, 10 Amp solar charge controller was used to manage the power supply unit. To operate safely, the Arduino board needs a voltage lower than 12 V; for this purpose, a DC-DC converter was used to set and stabilize the power line at around 7 V. The device’s power consumption was bench-tested using a FUTURA ELETTRONICA AL3005 power supply unit. A maximum absorption peak of 0.14 A at 12.5 V was observed during the online data transmission process, and 0.06 A at 12.5 V was recorded the rest of the time (“IDLE” function). Considering an average absorption of 0.10 A, the overall current drainage is 30 Wh. The 30 W solar panel and the average local solar radiation of 4.6 h per day can provide 138 Wh per day: this amount of energy, well over the device’s request, is enough to keep the battery charged over time. In case of solar panel failure, the 10 Ah battery could guarantee an autonomy of around 100 h with the average device’s current drainage. If more autonomy is required, a second battery linked in parallel to the first one can be added without making any other changes to the system. Past field applications showed that this kind of power supply architecture, in the presence of similar current absorptions, can last for several years without problems (no need to replace batteries, solar panels or charge controllers).
2.2 Laboratory tests
The potential effects of the temperature and humidity variation on the device’s electronic components were tested through a climatic chamber (Supplementary Table S1). This equipment is capable of testing electronic devices by simulating field conditions (Van Geel et al., 2015; Ruzza et al., 2018). The device was left in the zero-millimeter position the whole time.
The device’s electronic components (rotary encoder and data processing-storage-transmission system) were directly exposed to temperature and humidity variations by removing them from their protective external frame (double waterproof plastic box) to maximize the effectiveness of the tests. In particular, the components were carefully placed on the electrically insulated racks of the climatic chamber, and they were powered during tests by getting the cables across the chamber’s dedicated silicone plugs. A step-by-step procedure of laboratory tests is reported in Supplementary Figure S4.
First of all, a thermal efficiency experiment was conducted (Figure 2): the device was tested in a −10°C + 80°C range. A temperature of −10°C was reached in the first part of the test. Then, the components were heated to reach a maximum temperature of about 80°C. The total test duration was 40 min, and the sampling rate was set to provide measurements every 2 s.
[image: Figure 2]FIGURE 2 | Correlation between the linear displacement measured and temperature values recorded during the thermal efficiency test.
Then, a humidity test was performed (Figure 3). The climatic chamber was set to increase the humidity levels from about 30% (laboratory humidity levels) to a maximum of approximately 98%. Then, it was left in these conditions overnight, performing 14 h of testing. Measurements were collected every 5 s up to 11 min - during the increase in humidity stage - and every 60 s for the rest of the experiment.
[image: Figure 3]FIGURE 3 | (A) Correlation between the linear displacement measured and humidity values recorded during the humidity test before the device’s insulation upgrades; (B) focus on the increase in humidity stage (from minute 0–11); (C) Correlation between the linear displacement measured and humidity values recorded during the humidity test successively the device’s insulation upgrades; (D) focus on the increase in humidity stage (from minute 0–11).
Subsequently, an 80-gram bag of silica gel desiccant was placed in the device’s box. In addition, polyurethane foam was sprayed on the interior walls of the plastic box, and a handmade cover composed of extruded polystyrene panels was used for the outside of the box to reduce the thermal excursion and consequently, the risk of internal condensate formation. Then, a further humidity test - following the same workflow as the first one - was carried out.
2.3 Field test
The bi-directional wire extensometer was successively installed at the Grillo landslide (41°14′32″ N, 15°15′51″ E) in Montaguto municipality, Southern Italy (Figure 1). This mass movement - classified as an earth flow (Hungr et al., 2014) and involving clay flysch material (Pinto et al., 2016; Mazza et al., 2023a) - exhibited relevant movements between April 2022 and June 2023 (Mazza et al., 2023b).
The device was installed along the left flank of the earth flow - where a well-defined shear surface outcrops (Figure 1B) - using two 2 m long and 5 cm diameter steel tubular poles driven into the ground for a depth of at least 50 cm, and stabilized by metallic tie rods. The first one was installed in the transport zone, while the second one was placed outside the landslide perimeter, in a stable area. They were linked using a 6-meter-long invar wire. The position of these elements was defined with the aim of measuring the landslide’s main direction movement.
The monitoring campaign started on 06 December 2023 and ended on 03 March 2024 with an acquisition frequency of 6 h. The data recorded were compared with multi-temporal Global Navigation Satellite System (GNSS) measurements, performed using a mobile GNSS station (Supplementary Table S2). This station was mounted on a 2 m high pole and the measurements were carried out by a local area correction, recording the position of the transport zone’s steel tubular pole for each campaign survey, being careful to put of the lower end of the instrument on a predefined spot, in contact with the steel pole (Supplementary Figure S5). A total of 6 survey campaigns were performed.
- 6 December 2023.
- 13 January 2024.
- 18 January 2024.
- 26 January 2024.
- 7 February 2024.
- 3 March 2024.
3 RESULTS AND DISCUSSION
3.1 Laboratory tests
Figure 2 shows the results of the thermal efficiency experiment. In particular, during the cooling stage, the temperature was brought from +20°C (starting point) to −10°C (at minute 3): 0 mm of linear displacement were measured. Then, during the heating stage, the temperature was brought from −10°C (at minute 3) up to +80°C (at minute 25): also in this stage, 0 mm of linear displacement were read. Therefore, this experiment showed that the device was not affected by thermal drift in the observed range, reporting a total linear displacement of 0 mm from start to finish.
Figure 3 shows the device’s behavior during the humidity test before and after the device’s insulation upgrades. Focusing on the test performed before the insulation’s upgrades (Figures 3A, B), during the increase in humidity stage (from minute 0–11) that brought the moisture from 30% up to about 98%, it is possible to observe that the device was perfectly stable. When 98% of moisture was reached, the graph showed a stepwise pattern of increasing linear displacement, measuring a total of 1,653 mm at the end of the test. Thus, the data acquired from this experiment reveal a clear correlation between linear displacement and humidity levels, showing that this climatic parameter can negatively affect the device’s correct functioning.
This sensitivity to the wet conditions observed in the laboratory test is probably dependent on the capacitive technology of the rotary encoder.
The results of the humidity test after the device’s insulation upgrades (Figures 3C, D) show that no more correlation between moisture and linear displacement was found: 0 mm were observed during the entire experiment. This behavior demonstrates the efficiency of the solutions adopted on the device in terms of moisture insulation, which allowed it to solve the capacitive technology issues in wet conditions. Therefore, even in the presence of significant levels of field humidity (90% or higher), the bi-directional wire extensometer’s proper functioning was not compromised.
3.2 Field test
Data comparison resulting from the device’s field test is shown in Figure 4. The bi-directional wire extensometer measured a maximum displacement value of 32 mm, while the GNSS measurements showed a value of 38 mm, resulting in an overall 6% difference between the two data sets. In particular, for the first 3 GNSS surveys, a displacement of 0 mm was measured by the two systems: this coherence showed the device’s measurements stability, proving that the insulation technique adopted was able to solve the sensor’s moisture drift. Observing the GNSS survey campaign performed on 07 February 2024, the device was able to measure 9.16 mm of linear displacement, which, compared to 12 mm of the GNSS system, results in a difference of 16% between the two techniques. The last measurements (03 March 2024) showed a displacement of 32.1 mm for the wire extensometer and 38 mm for the GNSS technique, resulting in a difference of 13% between the two data sets. Thus, a slight underestimation trend was detected by using wire extensometer measurements. However, considering the test covered a short period (around 3 months), merely prolonged observations could evaluate the device’s stability in the long term.
[image: Figure 4]FIGURE 4 | Comparison between wire-extensometer and GNSS displacement data.
Moreover, it is worth noting that all the tests were performed using a resolution of 4.58 mm. However, this value - suitable for landslide monitoring applications - can be changed by choosing the diameter of the pulley and by acting on 4 DIP switches housed in the rotary encoder’s case. These switches set the number of electric pulses generated by the encoder for each revolution (PPR, “Pulses Per Revolution”). Therefore, considering that the number of PPR can range from 48 to 2,048, our device could be able to measure displacements with even higher resolutions. This capability could represent a relevant innovation for this kind of monitoring system, extending its use for structural health monitoring. In addition, unlike wire extensometers based on potentiometric technology, the capacitive rotary encoder allows counting infinite displacements along two directions. Indeed, our device - being equipped with a handmade spring-loaded winding system that guarantees constant tension on the extensometer’s wire-could be able to measure both lengthening and shortening without the need to make any further changes to the system. Exploiting this feature, our wire extensometer could be easily installed in all geo-structural settings, both in distensive and compressive kinematic contexts.
Furthermore, by implementing a “do-it-yourself approach”, our bi-directional wire extensometer’s overall cost is around 400 euros (Supplementary Table S3), considerably cheaper than professional solutions (starting from around 1,500 euros to almost 10,000 euros). Thus, with the average cost of a single professional device, we can produce at least three low-cost wire extensometers. However, low-cost components are more susceptible to failure and a small budget for more frequent assistance could be necessary. In particular, periodic inspections of the device’s components should be performed: a checklist and a spare parts list to bring for eventual quick repairs are provided in Supplementary Table S4 for on-field inspections. For this purpose, the device’s electronic parts were developed to be easily replaceable in case of failure.
4 CONCLUSION AND FUTURE IMPROVEMENTS
A low-cost bi-directional wire extensometer - based on Arduino© technology and equipped with a capacitive rotary encoder - was developed for landslide monitoring.
The tests showed that a proper insulation technique can solve the device’s moisture drift. In addition, laboratory tests assessed the device’s correct functioning in a temperature range from −10 to +80°C and for more than 90% humidity, guaranteeing proper functioning in extreme environmental conditions. Combining the stability and the low-cost features, the bi-directional wire extensometer can be considered a valid alternative to professional devices, especially in large-scale monitoring contexts where a network of multiple installations is required. In addition, the spring-loaded winding system - which also allows the bi-directional wire extensometer to perform shortening measurements without the necessity of any other adjustment - could be tested and used for future installations in compressive contexts.
Nevertheless, although our solution to mitigate the sensitivity of the device to the wet conditions appeared to be resolutive, some improvements - such as the use of a little electric fan installed on the device’s box with the function to create a continuous air circulation - can be studied and applied for further laboratory and field tests with the aim to increase the durability of the system. Additional power consumption could be limited by programming the device to turn on the electric fan only for short intervals during the day. Moreover, information about power supply voltage could be integrated into online data transmitted to monitor the system’s functioning and, in case of problems, perform technical assistance before total power failure.
A further improvement could be represented by experimentation with a sensors’ network linked to an online platform capable of applying machine learning and IA for predictive analysis. Using linear displacement data collected on landslide’s strategic points, this technology could be able to predict future scenarios by learning from historical data collected, leading to a faster decision-making process.
Finally, the bi-directional wire extensometer was tested for a short period (around 3 months): very small displacement data were recorded, and prolonged observations are required to evaluate the device’s stability in the long term.
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