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A new low-cost inclinometer for 
landslide related structural 
health monitoring

Daniele Cifaldi*, Guido Leone, Davide Mazza and 
Paola Revellino

Department of Sciences and Technologies, University of Sannio, Benevento, Italy

Monitoring activities are fundamental for properly assessing landslide dynamics 
and safety of infrastructures exposed to landslide risk. Considering the 
expense of professional instruments, building a dense sensor network to 
collect distributed data is often challenging. A low-cost Arduino©-based 3-
axis inclinometer is presented here as an alternative and valuable solution for 
widespread monitoring on low-budget projects. This sensor was developed to 
perform structural health monitoring (SHM), and assess the damage level and 
its growth rate by measuring the angular rotations of structures. In particular, 
the device takes measurements along three directions (x, y and z-axes) in a 
full range of rotation and is characterized by very compact size and low power 
consumption. These characteristics represent major advantages compared to 
most professional inclinometers, which usually measure tilt angles along one 
or two directions in a range of less than 90°. The open-source Internet of 
Things (IoT) based instrument - equipped with capacitive 3D-MEMS technology 
(Micro Electro Mechanical Systems) and developed with an SPI (Serial Peripheral 
Interface) digital interface chip, an online data sending system and local data 
storage - finds applications in several environmental settings. Preliminary field 
tests were carried out in different landslide contexts, to evaluate the reliability 
and versatility of use of the device.
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landslide monitoring, structural health monitoring, low-cost inclinometer, 3D-MEMS, 
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 1 Introduction

Coupling slope and infrastructure monitoring is fundamental to assess how natural 
processes affect the safety of anthropogenic features, such as buildings, bridges, roads, 
railways (Scarpelli et al., 2024). In this context, structural health monitoring (SHM) is 
required to prevent the future failure and potential risks. Over the last years, several SHM 
systems have been installed on civil infrastructures (Konovalov et al., 2018; Warsi et al., 
2019; Scuro et al., 2021). Nonetheless, the application of this technique is generally 
limited to high-budget projects, primarily due to the expense of professional equipment. 
For this reason, the development of innovative low-cost sensors has become more and 
more important in slope instability contexts (Benoit et al., 2015; Guerriero et al., 2017; 
Revellino et al., 2021; Ruzza et al., 2020; Guerriero et al., 2021; Zuliani et al., 2022; 
Fang et al., 2024; Pavanello et al., 2024; Cifaldi et al., 2025; Li et al., 2025). Several 
examples of cost-effective projects for SHM purposes can be found in the literature 
(Nguyen et al., 2015; Girolami et al., 2017; Zonzini et al., 2020; Villacorta et al., 2021;
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Caballero-Russi et al., 2022; Yang et al., 2023; Andò et al., 
2024; Brito et al., 2025), comprehending sensors for the 
assessment of structural behaviour under dynamic and static 
conditions (Andò et al., 2023). In particular, inclinometers 
are widely used in SHM systems. An inclinometer determines 
the angular inclination with respect to the vertical axis, 
providing high-accuracy measurements (Pehlivan and Bayata, 
2016; Wierzbicki et al., 2020; Bertagnoli et al., 2021; 
Komarizadehasl et al., 2022; Lozano et al., 2024).

Most professional inclinometers - also commercially known as 
“tiltmeters” or “clinometers” - are developed to measure rotations 
along two axes within a limited range of values. Moreover, it is also 
important to consider the high costs of these devices (from around 
1,000 up to several thousand euros), especially in large structures 
monitoring projects, where chains of multiple sensors are often 
necessary.

We present an innovative low-cost and customizable 
inclinometer, which could be a valid compromise between 
environment adaptability, user friendliness and cost-efficiency. 
This device was designed for structural health monitoring on 
landslide-related structures by observing their deformation over 
time. The instrument’s architecture is based on a micro-electro-
mechanical sensor (MEMS) composed of 3D digital acceleration 
units capable of measuring the full range of rotation on three 
axes. In this context, MEMS have made an important forward 
step in tilt monitoring environments, allowing the implementation 
of compact and cost-effective solutions. It is worth noting that 
several experiments involving the use of this innovative technology 
are available in the literature. Barile et al. (2017) developed a 
wireless sensors network equipped with MEMS sensors for detecting 
rockfall events and monitoring vibrations and inclination of 
protection barriers. Andò et al. (2018) presented an Arduino device 
consisting of MEMS-based sensors (MMA7361L accelerometers 
and CA61T-FAHH1G inclinometers) for monitoring buildings’ 
seismic response. Ruzza et al. (2020) developed and tested a low-cost 
multi-module inclinometer (LSM9DS0 MEMS IMU) for borehole 
inclination monitoring in landslide contexts, reporting the results 
of laboratory and field experimentations. Ragnoli et al. (2022) 
developed a rockfall and landslide monitoring system applied on 
Pantelleria island using low-cost hardware equipped with LIS3DH 
sensors. Komarizadehasl et al. (2022) proposed an innovative low-
cost instrument developed using multiple MEMS MPU9250 units 
embedding gyroscopes, accelerometers and magnetometers, for 
inclination measurements. Yang et al. (2023) showed a testing 
method based on conical motions for MEMS inclinometers. 
Paganis et al. (2025) designed and developed a low-cost instrument 
based on a MEMS sensor (MPU6050) interfaced with a Raspberry 
Pi 3B + board for inclination and acceleration monitoring. Li et al. 
(2025) implemented an inter-quartile range methodology to 
enhance MEMS-based inclinometers’ accuracy by eliminating noisy 
data during signal acquisition.

The presented inclinometer consists of an architecture with 
highly customizable hardware and software interface for local 
data storage and an online sending system. The development 
of this instrument was performed to keep the costs as low as 
possible and overcome the central issue in large-scale monitoring 
activities, represented by the expense of professional instruments. 
The cost reductions, in combination with low-power request and 

compatibility with multiple sensor network configurations, can 
guarantee an impressive suitability for several monitoring contexts. 
In addition, only a basic knowledge of electronics and programming 
is required for developing and maintaining this kind of device, 
making this project worthy of attention. Table 1 compares the main 
specifications of the presented low-cost sensor to those of the main 
professional devices.

This sensor was tested in the field in different environmental 
conditions to assess the versatility and reliability of the device. For 
this purpose, two locations situated in southern Italy were chosen 
for preliminary medium-term tests.

2 Materials and methods

2.1 Hardware section

The overall hardware structure of the device can be schematized 
in the following main components: (a) sensing unit consisting of 
an inclinometer sensor, (b) embedded data management system 
(acquisition, data storage and online transmission infrastructure, 
also housing the sensing unit), (c) power supply unit.

Waterproof plastic boxes were used to ensure long-term 
protection of the parts from weathering effects, in particular: 
the (a) and (b) components are housed into a 20 × 15 × 8 cm 
box and are bolted to an external metallic bracket; except for 
the solar panel, the (c) components are accommodated into a
30 × 22 × 14 cm box. 

2.1.1 Sensing unit
SCL 3300-D01 by Murata is a triaxial inclinometer sensor 

designed for applications that require high reliability and accuracy, 
such as structural health monitoring, levelling, machine control 
and robotics. The sensor’s high performance allowed it to be 
used as a reference system for laboratory tests (Vacalebre et al., 
2024a; Vacalebre et al., 2024b): showed the implementation of an 
SCL 3300-D01 unit for reference tilt measurements in a PCB-
based inductive position sensors’ accuracy test. This sensor is 
based on capacitive 3D-MEMS technology and is developed with 
a Serial Peripheral Interface (SPI) chip. Usually, most professional 
inclinometers can measure tilt angles along one (monoaxial) or 
two directions (biaxial) in a limited range of inclinations (<90°), 
as shown in Table 1. On the other hand, the above described 
device can take measurements along three directions (x, y and
z-axes) in a full range of rotation. It has low-power consumption 
and a wide temperature stability range (Supplementary Figure S1), 
making it suitable for harsh environments. It also offers four 
user-selectable operation modes that allow the setting of different 
inclination ranges. In our case, the full range of measurement 
(±180°) was set on the device to provide the optimal installation in
every context.

The working principles of the sensor are based on the 
measurement of angles between the gravity vector and the 
instrument’s position. Four acceleration masses are housed in the 
inclinometer, and are free to change their position depending on 
the gravity vector’s orientation. The position of the masses results in 
specific electric voltage levels that can be converted in acceleration 
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TABLE 1  Technical comparison between the low-cost inclinometer sensor (SCL330-D01) and some of the commercially available devices.

Inclinometer 
model

Measurement 
range (deg.)

Axis Resolution (deg.) Price (euros) References

EL Tiltmeter ±0.66° Uniaxial 0.0003° 15,000 € (from 
Lozano et al., 2024)

https://durhamgeo.com/
products/el-tiltmeter/

T935 ±1° Uniaxial 0.00003° 1696 € (from Lozano et al., 
2024)

https://
www.sherbornesensors.com/

product/t935-series-
%C2%B11-to-%C2%B190/

HI-INC ±15° Biaxial 0.001° 650 € (from Lozano et al., 
2024)

https://www.beanair.com/
wireless-iot-inclinometer-

sensor-2.4ghz-
overview.html

Sunta mSENSE ±30° Biaxial 0.0009° - https://www.sunta.it/
products/

msense-inclinometro/

ZEROTRONIC C ±60° Uniaxial 0.001° - https://www.wylerag.com/
en/products/inclination-

measuring-sensors/
zerotronic-inclination-
sensor/#specifications

SCL3300-D01 ±180° Triaxial 0.005° 45 € https://www.murata.com/
en-eu/products/sensor/

overview/item/scl3300-d01

values. Then, the inclination can be obtained from acceleration by 
applying the following formulas (Equations 1–3):

incx = tan−1[2(accx/√(accy
2 + accz

2))] (1)

incy = tan−1[2(accy/√(accx
2 + accz

2))] (2)

incz = tan−1[2(accz/√(accx
2 + accy

2))] (3)

where accx,y,z  are acceleration values observed along each axis, 
while incx,y,z  are inclinations along the three directions, expressed in 
decimal format. The inclinations, expressed in degrees, are derived 
as follows (Equation 4):

incx,y,z(°) = 90[
incx,y,z(%)

214 ] (4)
 

2.1.2 Embedded data management system
The components adopted for communicating with the sensing 

unit, local data storage and online transmission are housed 
- by connection pins or solder points - on a 10 × 10 cm 
electronic board (Supplementary Figure S2). A DS1307 Real Time 
Clock is installed to provide the device with the correct date and 
time. A micro SD card guarantees data local storage, while a SIM 
800L GPRS GSM unit has the task of sending data via mobile 
connection by using a SIM card to a dedicated PHP web server All 
the components are managed by an Arduino Nano Every board; the 
combination of low-power drainage, high computing capacity and 
small size makes it a very suitable device for the project. 

2.1.3 Power supply unit
The instrument can be powered directly from an electric 

network with a 12 V power supply or from solar energy. In our 
case, we used the solar energy, given the good sun exposure of 
the investigated sites. This power system (Supplementary Figure S3) 
consists of a 30 W photovoltaic panel and a 12 V, 20 Ah battery 
pack - composed of two 12 V 10 Ah batteries wired up in parallel 
- that are linked together to a 12 V, 10 A solar charge controller. 
Since the electronic board of the device cannot exceed a voltage 
of more than 7 V, a step-down DC-DC converter was installed. 
In addition, the FUTURA ELETTRONICA AL3005 power supply 
unit was involved in bench-testing the power absorption of the 
device under different load conditions. Tests showed a peak power 
consumption of approximately 0.14 A at 12 V that lasted for a 
few seconds, caused by the activation of the GSM unit during 
the online data-sending operation. Tests also showed a minimum 
continuous power consumption of approximately 0.05 A at 12 V for 
the rest of the time. The average power drain can be conservatively 
calculated as a mean of approximately 0.10 A, resulting in an 
average of 29 Wh daily electrical current request. Considering 
that annual average solar radiation is around 3 h per day in 
southern Italy (information obtained from the “ENEA Energia 
solare” website, URL: www.solaritaly.enea.it), the photovoltaic panel 
can produce around 90 Wh daily. This amount of electrical current is 
approximately 3 times the device power request, allowing the system 
to be fully charged even during cloudy days. The battery pack can 
provide approximately 8 days of autonomy in case of issues in the 
functioning of the solar panel. Extra panels or batteries could be 
added to the power unit if more capacity were required. 
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2.2 Software section

As discussed in a previous low-cost experiment by Cifaldi et al. 
(2025), the device was programmed using a dedicated free and open-
source software named Arduino IDE (Integrated Development 
Environment). Arduino IDE is an advanced editor based on a 
language derived from C and C++ and optimised to write and 
upload programs for Arduino boards. This software, characterised 
by a user-friendly interface and constantly updated by a large 
support community, is designed to give complete access without 
advanced programming skills, encouraging the development of 
more innovative prototypes. The code lines of the program were 
specifically developed for the inclinometer, starting from the 
“SCL3300” program models - available by accessing the examples 
section of the IDE editor - and consulting several online public 
forums. In addition, the “GitHub” (https://github.com/) online 
platform for project repositories was also visited for programming 
problem-solving purposes. The program was designed to be easy 
to use by grouping all the fundamental setting parameters in a 
dedicated section. 

3 Field tests

Two different cases were chosen for the preliminary filed tests 
of the low-cost inclinometer. Specifically, the measuring sites were 
located in Campania Region, in southern Italy, and the tested 
environments included indoor and outdoor installations, to evaluate 
the instrument’s medium-term reliability and versatility under 
multiple conditions. 

3.1 Montaguto landslide case study

A first field test was performed in the area of the Montaguto 
landslide (Figure 1A). This landslide can be categorised as an 
earthflow, following the classification by Hungr et al. (2014), 
and has a total length of around 3 km, involving a volume of 
approximately 6 million m3 (Guerriero et al., 2013). The age of 
this mass movement has been estimated in about 100 years, and 
periodic reactivations have happened since 1946 (Guerriero et al., 
2015). In terms of damages to the downslope linear infrastructures 
(national road and interregional railway), the two most important 
landslide reactivations took place in 2006 and 2010: the first one 
caused the closure of the SS90 state road; the second one caused 
damages to the national road again, and even to the Benevento-
Foggia railway. Several mitigation measures were installed after the 
2010 reactivation, consisting in a diffuse artificial drainage system 
and a rock-block wall at the landslide toe (Guerriero et al., 2018).

The low-cost inclinometer was installed in the upper part of 
the rock-block wall (Figures 1B,C; 41°14′15.51″ N; 15°13′15.82″

E) to monitor the structure deformation under the thrust applied 
by the landslide toe. The device’s software unit was set to record 
data with a 6-h sampling rate. The hardware frame was bolted 
on a rock block’s steel beam with an L-shaped metallic bracket. 
The device was oriented to have the x-axis in the direction of the 
landslide movement, the y-axis perpendicularly to it, and the z-axis 
in the vertical direction (Figure 2A). The precise levelling of the 

FIGURE 1
Global view of the Montaguto landslide toe (A); low-cost 
inclinometer’s installation details (B,C). Global view of Buonalbergo 
landslide source area (D); low-cost inclinometer’s installation details
(E,F).

instrument is not important during the mounting process, thanks to 
the possibility of assuming the first data observed as a zero position 
and then calculating the tilt gaps over time. The field test started on 
1 September 2023 and ended on 12 January 2024. The steel beam’s 
inclination data were compared with the beam’s top horizontal 
motion through multi-temporal Global Navigation Satellite System 
(GNSS) measurements (Figure 3), used as a reference system. This 
surveying technique was performed on a benchmark painted on 
the steel beam’s top (Figure 2B). A Topcon mobile station (Table 2) 
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FIGURE 2
Low-cost inclinometer’s axes orientation (A); GNSS measuring point and x, y components orientation on the horizontal plane (B).

mounted on a 1.40-m-high stake was used. The procedure adopted 
is the same as described in a previous paper by Cifaldi et al. (2025). 
During the field test, 6 GNSS measurements were carried out: 1 
September 2023, 2 October 2023, 19 October 2023, 24 November 
2023, 15 December 2023, and 12 January 2024. The comparison 
between the two data sets was possible by obtaining the GNSS 
displacement components occurring on the horizontal plane, along 
the same axes observed by the inclinometer (named as GNSS x 
and y-components). The GNSS x-component is oriented along the 
landslide main movement direction, while the GNSS y-component 
is perpendicular to it (Figure 2B).

3.2 Buonalbergo landslide case study

The second field test site is the Buonalbergo landslide area 
(Figure 1D): it is considered a complex movement, involving a 

length of about 500 m. This landslide has moved during the 
last 30 years, causing severe damages to the main road and 
the nearby historic centre. A series of mitigation measures 
were adopted, such as pile bulkheads and drainage systems
(Guerriero et al., 2021).

For this second test, the device was installed inside a house 
(41°13′11.63″ N; 14°58′50.15″ E), structurally compromised by the 
landslide dynamics (Figures 1E,F). The instrument was mounted 
by bolting an L-shaped metallic bracket on a wall. The wall shows 
signs of complex deformation and is affected by a wide sub-vertical 
crack. The device monitored the tilting of the wall over time (the 
axes orientation is shown in Figure 2A). The test started on 25 
January 2025 and lasted until 30 May 2025. Data acquired in this 
monitoring period, were compared with those of a professional 
biaxial inclinometer (SIM STRUMENTI IN 921-MM; Table 3). The 
professional inclinometer was installed near the low-cost device, 
as shown by Figures 1E,F.
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FIGURE 3
Low-cost inclinometer tilt angles and GNSS surveys data during the Montaguto landslide field test (A) Comparison between inclinometer’s x-axis and 
GNSS x-component readings. (B) Comparison between inclinometer’s y-axis and GNSS y-component readings.

TABLE 2  Technical features of the GNSS receiver.

GNSS mobile station model Topcon HiPer SR

Antenna Integrated with “Fence Antenna TM” technology

Sensitivity Vertical: 3.5 mm + 0.4 ppm
Horizontal: 3.0 mm + 0.1 ppm

Operating temperature −40 °C …+65 °C

Operating humidity Up to 100%

Weight 850 g

Dimensions 150 × 64 mm
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TABLE 3  Technical features of the professional inclinometer.

Inclinometer model SIM STRUMENTI IN 921-MM 
biaxial

Power supply 12 V …24 V

Inclination working range ±5°

Sensitivity 0.001°

Offset temperature dependancy 0.02%/ °C

Operating temperature −20 °C …+70 °C

Weight 875 g

Dimensions 180 × 111 × 60 mm

4 Data analysis

4.1 Montaguto landslide field test

Field test results from the Montaguto case study are represented 
in Figure 3. Low-cost inclinometer readings, performed on the 
steel beam of the landslide’s toe, were compared with GNSS 
horizontal displacements observed on the beam’s top measuring 
point (Figure 2B). The inclinometer data show a floating pattern 
whose range is around 0.2° for both axes. Except for the data 
fluctuations, no evident tilt angle variation was recorded from 
the beginning to the end of the test. This behaviour is also 
confirmed by GNSS readings, showing no effective steel beam’s 
top movement: in fact, the measured peak values are around 
11 mm of motion for the GNSS x-component (Figure 3A) and 
around 9 mm for the GNSS y-component (Figure 3B). The observed 
displacement - smaller than the measurement accuracy of the mobile 
GNSS station (represented by a grey shading in the graphs of 
Figures 3A,B) - falls within the range considered as instrumental 
error and, for this reason, cannot be treated as effective linear 
displacement. Considering the sun exposure of the area and 
the limited changes in inclination observed, data floating could 
be caused by the steel beam’s thermal deformation. A thermal 
effect analysis was also carried out (Supplementary Figure S4) by 
comparing inclinometer data to hourly air temperature recorded at 
a nearby meteorological station. To this scope, a classic time series 
analysis approach was adopted (Leone et al., 2023; Leone et al., 
2024). For the sake of simplicity, only the y-axis is shown. It can 
be seen how the “noisy” period of the inclinometer’s time series is 
associated with higher-frequency fluctuations in air temperature. 
Similarly, lower-frequency fluctuations in temperature cause slow 
changes in inclinometer measurements. However, the temperature-
tilt relationship appears not linear. 

4.2 Buonalbergo landslide field test

Figure 4 compares the monitoring time series acquired by the 
low-cost and professional inclinometers; tilt angles along the x and 
y-axis are shown. For an easier representation, both data sets start 

from zero to fit them on a standard scale, maintaining the original 
gaps between the values. Both devices were set to acquire four 
measurements per day (6-h sampling rate). However, we selected 
only the overnight readings for each day, to minimise the thermal 
effect on the wall-instrument infrastructure. Analysing in detail the 
inclination angles, it is possible to observe a common decreasing 
trend along the x-axis (Figure 4A), representing an inward tilting 
of the upper part of the wall during the test period (Figure 2A). 
On the other hand, an increasing trend was recorded along the 
y-axis (Figure 4B), indicating a lateral tilt of the wall (Figure 2A). 
Considering the fluctuation in the readings of the devices, the 
angular variations along the axes can be quantified using a 
representative method. For this purpose, time series were filtered 
by a linear trend. The angular variation is the difference between 
first and last datum taken on the trend line. Along the x-axis, 
variations of 0.14° and 0.05° were estimated for the low-cost and 
professional inclinometers, respectively. Along the y-axis, variations 
of 0.13° for the low-cost device and 0.04° for the professional one 
were estimated.

The gap shown between low-cost and professional instrument 
readings is limited (one-tenth of a degree difference). However, 
measurements seem to be affected by air temperature. 
Supplementary Figures S5A,C compares temperature and 
inclinometer data, revealing a possible temperature influence on 
measurements acquired by the professional sensor. Note that 
the inclinometer time series have been centred on the mean. 
The measurement gap between the two inclinometer sensors 
is associated with differences in the standard deviation of the 
time series. In Supplementary Figures S5B,D low-cost sensor 
measurements were adjusted by the standard deviation, highlighting 
similar temporal trends. The correlation between time series, 
particularly for the x-axis (Supplementary Figures S5A,B), is so 
evident that the two sensors practically measure the same signal. 
As such, a possible explanation for the measurement gap shown 
in Figure 4 lies in the mounting system. Specifically, the metallic 
bracket adopted is not the same as the professional one - L-shaped 
against the planar steel bracket - probably leading to a different 
deformation of the bracing architecture under certain thermal 
conditions (Ahmad et al., 2021). 

5 Discussions and conclusions

This study discussed practical applications of a low-cost 
Arduino©-based 3-axis inclinometer, which offers a valid solution 
for widespread monitoring on low-budget projects. The device, 
equipped with a 3D-MEMS digital sensor, is capable of measuring 
the full range of rotation on three axes; this feature, in combination 
with the small size, low-power consumption and multiple user-
selectable modes, makes this device very versatile, allowing it to be 
set in any orientation in space with minimal modifications to the 
mounting system. The high adaptability of the system’s software and 
hardware interfaces, combined with the factory calibration of the 
inclinometer sensor, provided a user-friendly environment, where 
a proper device’s implementation requires only basic knowledge of 
informatics and electronics. This aspect allows to avoid the necessity 
of specific training courses, unlike most professional instruments, 
which should be used by qualified people.
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FIGURE 4
Low-cost and professional inclinometer tilt angles recorded during the Buonalbergo landslide field test (A) Device’s data correlation along the x-axis.
(B) Device’s data correlation along the y-axis.

The low-cost inclinometer’s transmission system allows the 
configuration of networks of multiple devices by setting up the 
software interface to send data online to a common web server 
address. The synchronisation of the monitoring network can be 
easily obtained by configuring the same data uploading frequency 
for all the inclinometers.

However, poor mobile network coverage could be encountered 
in open field installations, especially in rural or densely forested 
areas, where other solutions could be necessary. A valid alternative 
is represented by devices equipped with Low Power Wide Area 
Network technologies (LPWAN) such as Sigfox© and LoRaWAN©. 
LoRaWAN (Long Range Wide Area Network) represents one of 
the most customizable, flexible and scalable radio communication 
protocols, capable of transmitting information up to 10 km 
in remote areas (https://edalab.it/lora-iot/) through LoRa signal 
modulation technology. This solution might allow the development 
of monitoring networks in areas lacking internet connection, 
by equipping all the instruments with LoRa electronic boards, 
responsible for sharing information via radio to the nearest gateway 
provided with a mobile connection. The gateway, consisting of a 

LoRa receiver and a router with a SIM card, would collect all the data 
packages coming from each instrument of the monitoring network 
and send them to a web server via internet connection.

The results from the first field test (Montaguto landslide) 
revealed that the low-cost inclinometer detected no significant angle 
variation. The absence of deformation assessed by the inclinometer 
is confirmed by GNSS measurements. The 6-h inclinometer time 
series shows daily fluctuations, probably attributable to the thermal 
deformation of the metallic structure monitored. The thermal 
effect is evident from the visual time series analysis. This last 
aspect could represent an interesting topic for further field tests 
by exploiting a combination of professional inclinometers and 
thermal probes (Ahmad et al., 2025) as reference systems for the 
low-cost device and the application of a deformation model for 
compensating inclinometer measurements for the thermal effect.

The second field test (Buonalbergo landslide) showed a clear 
correlation between low-cost and professional inclinometers. Time 
series obtained from both instruments showed trends associated 
with daily temperature variations. Trend directions detected by 
the low-cost inclinometer are consistent with those detected by 
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the professional device, confirming the correct functioning of 
the designed instrument. However, the gap observed between 
time series highlights the necessity of improving the installation 
infrastructure in future tests (e.g., using a ticker and flat metallic 
braces for device installation) with the aim of minimising its 
effect on the device’s performance. For this purpose, further 
laboratory tests should be carried out to validate and quantify the 
impact of different mounting systems on the low-cost instrument’s 
performance over the seasons. In particular, specific experiments 
under controlled environmental conditions could be performed 
through a climatic chamber. Static and dynamic temperature 
tests could be planned for future analysis using a professional 
inclinometer as a reference system.

The low-cost inclinometer, equipped with a customizable data 
management unit, local storage, online data transmission system 
and high versatility features in terms of installation options, can 
work correctly in multiple contexts. In addition, the hardware 
section of the device was developed to be easily scalable by 
adding or changing components to the electronic board for specific 
context customisation or just in case of failure. Configuration 
and troubleshooting sections were also created to set the device 
properly and to avoid or manage the most common software 
problems which can be encountered during monitoring activities. 
The main problem faced is related to the mobile connection 
network: for this purpose, the instrument was programmed to 
ensure local data storage as long as the system is powered. The 
preliminary field tests shown in this research are still continuing 
to assess the device’s long-term reliability under several humidity 
and temperature conditions (Ahmad et al., 2025). Annual or 
even multi-annual field experimentations might assess the correct 
functioning of the low-cost inclinometer under environmental stress 
factors–such as heavy thermal excursions, variable sun exposure, 
wind, snow loads, icing, storms, etc. – especially in the case of 
strong seasonality typical of the Mediterranean climate. Longer time 
series could also let to highlight and quantify the main drifts caused 
by systematic errors (such as general lifetime drift, floating supply 
voltage influence and mounting system deformation) and random 
errors (such as seasonal or annual thermal offset caused by the 
mounting system deformation under the varying air temperature, 
the direct sunlight exposure and the low frequency vibrations 
caused by wind action) affecting the inclinometer’s measurements. 
These conditions should expose the instrument’s main weaknesses, 
allowing for improvement of the overall quality of the project. 
However, cheap components were chosen to lower the instrument’s 
price, resulting in a higher probability of malfunctioning. Thus, 
periodic technical inspections should be necessary to evaluate the 
state of maintenance and guarantee the system’s proper functioning 
over the entire test duration.

Finally, some device’s aspects might be the object of future 
improvements on the basis of the experimentation carried out. 
Considering the high variability of environmental factors, such as for 
the aforementioned Mediterranean climate, more specific measures 
could be adopted to protect the device. For example, a double 
waterproof plastic box and an external protective shield–detached 
from the unit to avoid possible sources of oscillations–could be 
implemented to minimise thermal excursions caused by the direct 
sun exposure during daytime and, consequently, contain the thermal 
effects on the instrument. Furthermore, the protective external 

TABLE 4  Low-cost inclinometer’s price and dealers.

Parts Current price (€) Dealer

Data management parts 120.0 Online, laboratory

SIM carda 10.0 Online

Micro SD card 10.0 Online

SCL 3300-D01 45.0 Online

Power supply unit 100 .0 Local shop, online

Waterproof plastic boxes 55.0 Local shop

Cables, connectors, silica gel 5.0 Local shop

Brackets, plugs, screws, cable 
ties

15.0 Local shop

Total 360.0

aTelephone operator and web server fees are not included in the list.

shield used for outdoor monitoring contexts could also avoid 
inclinometer oscillations caused by exposure to the wind, possibly 
resulting in noise reduction. In addition, considering the safety of 
device locations during preliminary tests (indoor and not visible 
outdoor sites), no acts of vandalism were reported. However, the 
adoption of protective measures for in outdoor and open-field 
installations would be highly recommended. Anti-theft boxes and 
adhesive markers containing the main scopes of the monitoring 
activity, and eventually direct contacts of the installation responsible, 
might be used. In these cases, the socio-spatial integration of 
monitoring systems is an important aspect that could improve the 
residents’ acceptance of the technical system. This aspect could 
lead to decreased acts of vandalism (Werthmann et al., 2024), 
raising awareness about the utility of these instruments in terms of 
public security.

The project, developed as a cost-effective solution, 
is characterized by an overall cost of around 360 euros
(Table 4), in contrast with the price of at least a thousand euros 
for a professional unit. Thus, the low-cost inclinometer becomes 
suitable for large monitoring areas and diversified environments 
where a network of multiple sensors is required.
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