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Abstract

Structural Health Monitoring (SHM) enhances the safety and reliability of civil infrastructure through
continuous assessment of structural conditions. However conventional SHM systems are often limited by high
installation costs, complex hardware, and challenging implementation. This study presents the development
and experimental validation of an integrated, low-cost SHM platform for reinforced concrete structures using
conventional electrical resistance strain gauges. The platform combines a signal-conditioning circuit, an
STM32-based data acquisition unit and a real-time monitoring interface into a practical SHM system.
Experimental validation was conducted on a reinforced concrete slab subjected to progressively increasing
compressive loading. Strain measurements from the proposed system were compared with those obtained using
commercial DataTaker DT85G system. Performance of the system was evaluated using 326 paired
measurement points based on Normalized Root Mean Square Error (NRMSE) and the Nash Sutcliffe Efficiency
(NSE). The proposed platform achieving an NSE value of 98.86% and an NRMSE value of 3.3% demonstrates
excellent agreement with commercial reference. These results confirm the accuracy and reliability of the
developed platform for strain measurement. The proposed system provides reliable real-time strain monitoring
while significantly reducing implementation costs and maintaining a simple hardware architecture making it a
practical and cost-effective solution for long-term SHM applications.
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List of Symbols/Acronyms

SHM - Structural Health Monitoring;
NSE — Nash-Sutcliffe Efficiency;
NRMSE — Normalized Root Mean Square Error;
GF — Gauge Factor;

ADC - Analog-to-Digital Converter;
CMRR — Common-Mode Rejection Ratio;
GUI — Graphical User Interface;

IoT — Internet of Things;

MCU - Microcontroller Unit;

WSN — Wireless Sensor Network;

€ — strain,;

1 € — Microstrain (10°¢);

1. INTRODUCTION

Civil infrastructure, such as buildings and
bridges, is continuously exposed to aging, harsh
environmental conditions, earthquakes,
overloads, and other external factors that
gradually reduce its structural performance
throughout its service life (1). If these changes are
not detected in a timely manner (2), they may
progress to severe structural damage (3), resulting
in unexpected failures, significant economic
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losses (4), and serious risks to public safety (5).
Therefore, ensuring the safety, reliability (6), and
serviceability of civil structures has become a
fundamental requirement for sustainable infrastructure
management (7).

In this context, SHM has emerged as an effective
engineering approach for continuously assessing the
structural condition of civil infrastructure by
integrating sensing technologies, data acquisition (8),
and data analysis, enabling early damage detection,
structural  condition  assessment, and timely
maintenance planning (9).

Despite these operational advantages, the
widespread implementation of SHM systems
remains limited due to the high cost of
commercial sensing devices and data acquisition
systems, the large number of required cables (10),
complex installation procedures, and long-term
maintenance requirements (11).

In addition, conventional inspection
techniques still rely heavily on visual inspection
and manual procedures, making structural
assessment time-consuming, subjective, and
unsuitable for continuous monitoring

Among these parameters, strain measurement
is considered one of the most reliable techniques
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for early damage detection because it provides
direct information on structural deformation and
strain redistribution. Furthermore (14), crack
monitoring is an important indicator of structural
deterioration, as crack initiation and propagation
are the earliest visible signs of structural damage.
Consequently, strain measurement plays a crucial
role in evaluating structural safety (15).

In recent years, the accuracy of structural
inspection and damage detection has significantly
improved owing to advances in sensing
technologies and intelligent image processing
techniques. Nevertheless (16), despite these
technological developments, several practical
challenges still hinder the widespread adoption of
SHM systems. Many existing monitoring systems
rely on complex hardware configurations (17),
specialized sensing components, and expensive
commercial equipment, making them unsuitable
for large-scale civil engineering applications or
projects with limited budgets (18).

Furthermore, one of the major challenges in
developing practical and reliable SHM systems is
achieving high measurement accuracy while
maintaining a simple hardware architecture and
low implementation cost. Therefore, there is a
continuing demand for low-cost sensing
platforms (19) that provide accurate (20), reliable
measurements ~ without  increasing  system
complexity or implementation costs (21).

Recent studies have demonstrated the
feasibility of developing low-cost SHM systems
using different approaches. Nilnoree et al (22)
proposed a low-cost wireless sensor network for
synchronized structural monitoring, Abazeed et
al. (23) developed an ultra-low-cost wireless
system for strain and displacement monitoring,
and Dagsever et al. (24) developed a compact
wireless multi-sensor platform for SHM.

Although  these  studies  successfully
demonstrated the potential of low-cost SHM
technologies, they mainly focused on wireless
communication, sensor synchronization, or
multi-sensor integration. However, only a limited
number of studies have validated their
measurement accuracy through comparison with
commercial reference systems. Consequently, the
reliability of these system platforms and their
suitability for engineering applications remain
uncertain, particularly for long-term strain
monitoring in reinforced concrete structures.
Therefore, there is still a need for a fully
integrated, low-cost SHM platform that combines
reliable strain measurement, real-time
monitoring, a dedicated signal-conditioning
circuit, and rigorous experimental validation
against a commercial reference system.

To address this research gap, the novelty of
the present work lies in the development and
experimental validation of a fully integrated, low-
cost SHM platform. Specifically, the proposed

platform integrates conventional electrical strain
gauges, a custom-designed signal-conditioning
circuit, an STM32-based data acquisition unit,
and a real-time monitoring interface into a single
practical monitoring system.

The performance of the proposed platform
was experimentally validated through direct
comparison with a commercial data acquisition
system (DataTaker DT85G). The comparison
demonstrated that the proposed platform provides
a simpler hardware architecture, easier
maintenance, lower implementation cost, and
greater practicality for long-term structural
monitoring ~ while  maintaining  reliable
measurement accuracy.

Accordingly, this study proposes a new low-
cost SHM system based on conventional
electrical strain gauges and an STM32
microcontroller for continuous strain monitoring.
The proposed system was experimentally
validated by directly comparing its response with
that of a commercial data acquisition system
under progressively increasing compressive
loading, while evaluating the structural response
throughout the different loading stages. The
proposed system enables continuous strain
monitoring in a practical, economical, and
reliable manner. Furthermore, it provides a solid
foundation for future integration with intelligent
damage diagnosis techniques and wireless
communication technologies, thereby supporting
the development of advanced smart SHM
applications.

2. MATERIALS AND METHODS

A low-cost SHM system was verified through
comparative evaluations of multiple pilot tests
conducted using a standardized SHM system
(25). The pilot tests were conducted to verify the
operational stability, measurement reliability, and
proper functioning of the proposed low-cost
SHM system, as well as to confirm its
performance effectiveness.

2.1. Structural Integrity Monitoring Systems

SHM systems are advanced technologies
designed to monitor the condition of structures,
such as buildings, and to identify damage at an
early stage, which is crucial for their safety and
sustainability. Low-cost systems are designed to
provide a quick, easy solution using inexpensive
sensors and technology for broad use.

2.1.1. Low-Cost Structural Integrity
Monitoring System

The measurement system proposed in this
paper is capable of accurately obtaining and
processing specific strain signals. As shown in
Figure 1, the system starts with strain gauges
wired in a Wheatstone bridge circuit that converts
small changes in resistance due to mechanical



DIAGNOSTYKA, Vol. 27, No. 3 (2026) 3
Dina H, Manaf K, Riyadh A. Development and experimental validation of a low-cost sensor system for ...

deformation into a differential voltage output. A
stable, constant current source of 50 mA was used
to excite the bridge to improve measurement
conditions. The resulting signal is then passed
through a DC offset calibration stage to remove
unwanted offset components and establish the
baseline voltage level. Then, to suppress high-
frequency noise, a first-order low-pass filter with
a cutoff frequency of 10 Hz is applied. To further
amplify the signal, a precision instrumentation
amplifier (INA128) was used because the bridge
output voltage is very small

It provides a high-precision, adjustable gain in
the range of 100-1000. A reference voltage of
1.65 V was employed to bias the amplifier output
within the ADC input range. Subsequently, the
conditioned analog signal is converted into a
digital signal by the STM32F103C8Tu6
microcontroller for data acquisition and
transmission of measured data to a computer for
monitoring, processing, and storage.
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Fig. 1. System Block diagram

Figure 2 illustrates the analog signal-
conditioning circuit used to interface low-level
sensor signals with the STM32F103C8T6
microcontroller. The implementation of this
proposed  signal-conditioning  architecture
enables operational amplifiers, passive filtering
elements, amplifier stages, and adjustable
reference networks to achieve signal stability,
noise immunity, and precision (26).

LA L

wAszon

Fig. 2. Schematic diagram of the proposed strain
gauge signal-conditioning circuit and data
acquisition interface.

2.1.2. Signal Conditioning and Pre-

Amplification

The proposed circuit employs an LM358
operational amplifier as the input signal-
conditioning stage; when powered from a 5V
supply, R3 and R5 form a variable-resistor
network that lets the input bias and gain be tuned
to suit different sensor levels. Capacitor C1 (47
uF) filters low-frequency noise and stabilizes the
DC operating point. The next step uses a PNP
transistor (2SA1015) to drive the pre-

conditioning signal high enough to allow current
to flow into the network, while keeping the
voltage stable. Transistor Bias Network (R1-R4)
maintains linear operation and thermal stability.

2.1.3. Differential Signaling and Noise

Rejection

The introduced system is capable of rejecting
common mode noise. This can be achieved by
converting the processed signal into a differential
signal using a balanced resistor network (R2—
R12). This configuration also reduces signal
distortion and electromagnetic interference
(EMI), both of which are among the most
common sources of measurement errors in
industrial environments (26). The capacitance C2
(10 pF) helps smooth the DC voltage by shunting
the remaining AC ripple. Thus, further
suppressing it before it reaches the metering
amplifier stage (27).

2.1.4. Amplifier Stage

The differential signal is amplified using the
INA128 instrumentation amplifier. Standard
resistor values were selected, and the amplifier
gain was adjusted through resistor R13 according
to the sensor sensitivity. The INA128 was chosen
because of its high common mode rejection ratio
(CMRR), excellent thermal stability, and low
input offset voltage which enabling effective
amplification of low-level signals. By applying a
reference voltage (Ref) to the amplifier reference
terminal, the output level is adjusted so that the
differential input voltage matches the input range
of the single ended analog to digital converter
(ADC) of the microcontroller unit (MCU).

2.1.5. Output Calibration and Filtering

Finally, the amplified signal is processed by a
second LM358 operational amplifier with a
continuous-trim potential buffer and a low-pass
filter. While R14, R19, and R20 form a network
allowing output adjustment, C3 (47 pF) reduces
high-frequency noise and transient disturbances.
A variable-reference circuit composed of
resistors R15, R16, and R18 provides a means to
finely tune the output-voltage shift. This is to
ensure that the maximum output signal does not
exceed the ADC’s stable operating range on the
STM32 (0-3.3 V).

2.1.6. Microcontroller Interface

The processed analog output signal (V out) is
directly sent to the ADC by the
STM32F103C8T6 microcontroller, as shown in
Figure 2. Such a circuit design can achieve lower
output impedance, higher noise resistance, and
stable voltage levels to ensure accurate digital
sampling and reliable data acquisition.

The developed system, which was created for
data acquisition of strain measurements as shown
in Figure 3, consists of a sensor based on a
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Wheatstone bridge and an analog signal-
conditioning circuit that provides amplification
and low-frequency filtering.

Fig. 3. SHM Platform Setup

Figure 4 shows the hardware implementation of the
proposed SHM platform.

Fig. 4. SHM Platform Hardware Setup

An STM32 microcontroller is responsible for
converting the signals into the digital domain,
from which a graphical interface was designed for
the PC to present immediate and reasoned results
to the user, so it can save information, as shown
in Figure 5. Suitable for use in experimental
mechanical analysis, the system has high
sensitivity, low noise, and adequate accuracy for
force measurement.
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Fig. 5. System Graphical User Interface (GUI)

2.2. Theoretical Framework and

Measurement Principles

Structural load monitoring systems rely on
accurate strain measurements, which are the
primary means of evaluating the safety and
operational condition of engineering objects.
Engineering strain (g) is the ratio of the
elongation (AL) to the initial length (Lo), as given
by (28):

€ = AL/L 1)

As the strains in SHM systems are
considerably low, strain is expressed as
microstrain (pe), where lpue= 107° Strain. The
microstrain unit provides a convenient and
accurate representation of structural response
under operating loads.

2.2.1. Measurement of Electrical Resistive
Strain
Strain meters function by translating
mechanical deformation into a change in the
electrical resistance R, expressed as the relative
change in resistance, AR/R. The gauge factor
(GF) defines the sensitivity of a strain gauge.
GF = (AR/R) /¢ 2)
Accordingly, the strain can be calculated
directly from the change in resistance(29):
¢ = (AR/R) / GF 3)
Commonly, a GF of about 2 enables foil-
based strain gauges to indicate strain linearly or
quasi-linearly as long as the deformation remains
elastic. Recent advances in materials engineering
have enabled the development of highly sensitive
piezoelectric sensors, and shown that this
technology can achieve far greater sensitivity
than conventional gauges. Traditional gauges,
however, remain more commonly used for SHM
because they offer stability and high
reproducibility. Strain gauges are normally
connected in a Wheatstone bridge circuit to detect
very small changes in resistance. The basic
construction of a Wheatstone bridge includes four
resistive arms excited by an excitation voltage
Vex, and the imbalance behavior of a resistive
arm under strain can be observed in the
differential output voltage Vo. One of the bridge
arms is an active strain gauge in a quarter-bridge
arrangement, and the other three are constant
resistors, as shown in Figure 6. In the case of
small values of deformation, the output voltage
can be expressed with the following formula:

Vo = Vex/4 X GF X ¢ 4)
Rearranging the equation, we obtain:
€ = 4Vo / (Vex X GF) )

This equation establishes a direct connection
between the measured electrical output and the
applied mechanical strain; it is a standard
equation in any practical strain-measurement
system. Instrumentation amplifiers and signal-
processing techniques improve measurement
accuracy in practical applications.
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Fig. 6. Constant Current—Driven Quarter-Bridge
Wheatstone Circuit for Strain Gauge Measurement

2.2.2. Structural Configuration and
Reinforcement System

This study evaluated the flexural performance of
a full-scale reinforced concrete slab specimen
(2.0 m) subjected to laboratory loading. At the
beginning of the specimen fabrication process,
bottom and top reinforcement meshes were
prepared, while polystyrene foam molds were
placed in the central region to reduce the self-
weight and create structural voids, as illustrated
in Figure 7.

Fig. 7. Top view showing the reinforcement meshes
and polystyrene blocks.

Subsequently, the concrete mixture was cast
to form the rigid concrete slab. To establish an
accurate framework for wvalidating the final
prototype of the SHM system, four electrical
resistance strain gauges were installed at the
center of the bottom reinforcement mesh and
arranged as a sensor array, as shown in Figure 8.

v S

Fig. 8. Top view indicating the locations of the strain
gauges (SG1-SG4) attached to the bottom
reinforcement mesh

The sensor array was divided into two equal
groups. Two strain gauges were connected to the
proposed low-cost SHM system  whereas the
other two were connected to the commercial
high-cost data acquisition system as shown in
Figure 9.

130mm

Top mesh
[ | -
2 :- = mesh
o o o == Gt

2000 mm
Fig. 9. Cross-sectional side view illustrating the
internal arrangement of the concrete,
reinforcement meshes, polystyrene blocks, and
embedded strain gauges

This was used as the reference system for the
experimental validation. This symmetrical
arrangement facilitated the exposure of all four
sensors to the same level of local mechanical
strain variation during flexural loading thereby
enabling a direct comparison of their
performance in monitoring these variations.

2.2.3. Sample Preparation and Material

Properties

In this study, a reinforced concrete slab was
cast using self-compacting concrete (SCC) with a
characteristic compressive strength of 40 MPa.
The test specimen was prepared to represent the
flexural response of a roof slab under simplified
laboratory testing conditions. Its overall
dimensions were 2.0 m in length, 630 mm in
width, and 130 mm in depth, as illustrated in
Figure 10. Concrete mixing and casting were
carried out under carefully controlled laboratory
conditions to obtain uniform mechanical
properties and maintain the structural integrity of
the specimen. The sample was cured for 28 days
under standard curing conditions after casting to
achieve its full strength prior to the test.

Fig. 10. Concrete Slab

2.2.4. Loading Protocol and Experimental

Procedures

Using a mechanical loading device,
progressively increasing quasi-static loads were
applied to the concrete slab to simulate bending
behavior, as shown in Figure 11. The loading
stages were applied incrementally to monitor
structural response at various load levels. Strain
data were simultaneously recorded during the test
by both the proposed system and a commercial
reference device operating under similar loading
conditions for comparison. The proposed system
transmitted the measured data to a PC through the
developed MATLAB graphical user interface
(GUI), where the strain signals were displayed,
recorded, and stored for subsequent analysis.
During the experiment, 326 simultaneous
comparison points were recorded. The
commercial device sampled data at 10 Hz, so to
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achieve concordance with the proposed system’s
output (1 Hz), statistical averages were computed
by reducing the sampling rate.

Fig. 11. Cracks developed in the concrete slab
under applied load

2.2.5. Data Synchronization and Processing

To enable a direct comparison between the
two measurement systems the recorded data were
synchronized throughout all loading stages. In
addition, signal alignment was carried out to
eliminate any time discrepancies ensuring that
each measurement point corresponded to the
same loading condition.

Baseline  correction and  zero-offset
calibration were applied before the test to reduce
systematic errors and improve signal stability.

2.2.6. Performance Evaluation Metrics

The performance of the proposed low-cost
SHM system was assessed by comparing the
strain measurements with those obtained from the
commercial DataTaker DT85G reference system.
Two statistical performance metrics, namely the
NRMSE and the NSE, were used to quantify the
measurement error and evaluate the agreement
between the proposed system and the commercial
reference system. The statistical analysis was
performed using MATLAB to evaluate the
goodness of fit between the two datasets.

Their mathematical expressions are presented
in Equations (6) and (7)

3k (yoi-ypi)?

NRMSE=Y " (6)
yomax—yomin
Where

Vi is the reference strain measurement
recorded by the commercial
DataTakerDT85G system.

Ypi is the strain measurement obtained from
the proposed low-cost SHM system.

Lis the total number of paired measurements
(326).

Vomaxad  Vominare the maximum and
minimum reference strain values,
respectively.

Lower NRMSE values indicate better
agreement between the proposed low-cost
SHM system and the commercial reference
system.

_1_ _ZiiGoi-ypi)2
NSE=1- Zf‘zl(yoi—ymean)"z (7)
Vmeantepresents the mean value of the reference
strain measurements.

The NSE ranges from negative infinity to 1.
Values closer to 1 indicate excellent agreement
between the strain measurements obtained from
the proposed low-cost SHM system and those
recorded by the commercial Data Taker DT85G
reference system.

2.3.1. Reference data recorded

In this study, the Data Taker DT85G Geo
Data Logger (Figure 12), a high-resolution
commercial data collection system was employed
as the reference tool for comparison with
measurements from the loT-based measurement
system that was designed and developed. The
DataTaker DT85G provides a wide range of
features that meet the requirements of various
scientific and engineering applications that
requiring high measurement accuracy, multi-
channel support, and reliable performance. It
offers measurement accuracy of up to 18 bits and
supports a variety of sensors including strain
gauges, thermocouples, and linear variable
differential transformers (LVDTs). Additionally,
the device provides reliable signal processing
which making it well suited for SHM and
geotechnical measurement applications. Such
data are typically acquired using commercial data
loggers such as the DT85G which provides high
stability and measurement accuracy for SHM
applications.  Furthermore, its  Ethernet
connectivity and support for widely used
communication protocols, such as Modbus and
FTP, enhance the reliability and integrity of data
transmission. Remote access capabilities are also
supported. According to industry measurement
standards, the relatively high prices of such
systems reflect their accuracy and durability.

SateiNn
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2.3.2. Economic Evaluation of the Proposed
System Compared with the Commercial
Data Acquisition Systems
Table 1 shows the proposed system

implementation costs compared with commercial
data acquisition systems while maintaining an
adequate level of measurement accuracy. This
reduction in cost represents a key advantage of
the proposed system which demonstrating its
potential as an economical alternative to
conventional commercial measurement systems,
particularly in cost-sensitive projects where the
use of traditional systems is not economically
feasible.

Table 1. Approximate Cost Comparison
between the Proposed System and
Commercial Data Acquisition Systems

System Approximate
Cost (USD)
Data Taker DT85G ~5,100$
HBK Quantum X MX840B = 6,0008
Proposed Low-Cost SHM 100$
System

3. RESULTS AND DISCUSSIONS

The experimental results obtained from the
strain gauges demonstrated a clear and consistent
response under various loading conditions. The
recorded measurements were analyzed and
presented graphically to illustrate the axial strain
values for the applied loads. Furthermore, a
comparative evaluation was conducted between
the statistical results obtained from the proposed
system and the measurements recorded using the
reference device to verify the accuracy of the
proposed system. The results showed high
agreement between the data sets, with only minor
variations across all tested conditions. The
measured data showed good consistency and
remained within acceptable error limits. The
comparison graph (Figure 13) illustrates the
performance of the proposed IoT-based system
relative to measurements from the Data Taker
DT85G reference device. As shown in Figure 13,
the experimental measurements showed good
agreement with those obtained from the DT85G
reference system.

The slight fluctuations observed during the
loading process are attributed to sensor noise and
environmental disturbances, but they remain
within the acceptable engineering limits. Several
recent studies propose such validation methods to
ensure the accuracy of low-cost sensors
compared to high-performance commercial
solutions. Based on 326 paired measurements, the
performance of the proposed SHM system was
evaluated using two statistical performance
metrics: NSE and the NRMSE. The proposed
system achieved an NSE value of 98.86% and an

NRMSE value of 3.3%, indicating excellent
agreement with the commercial reference system
and confirming the high accuracy and reliability
of the proposed strain measurement system. Only
the data recorded before the structural failure of
the concrete slab were included in the statistical
analysis, whereas the post-failure data were
excluded because they do not represent the
normal structural response. The obtained results
confirm the reliability and effectiveness of the
proposed system for real-time SHM applications.

Observed data versus standard data

— Standard Data
—— Observed Data

L L L L L
0 100 200 300 400 500
Reading number

Fig. 13. Observed data versus standard data

3.1. Structural Response and Damage
Development

Three critical stages of structural behavior
were  identified from recorded  strain
measurements, as shown in Figure 14. The
system detected the onset of tensile strain
development in the concrete section when the
measured strain exceeded 400 pe, indicating the
initiation of structural deformation.

This strain level corresponds to the onset of
the flexural response and the formation of micro-
cracks, as evidenced by measurable elongation on
the integrated strain gauge. The observation of
tensile strain above this limit means that the slab
has entered the cracking stage, confirming the
flexural behavior of this structural element. As
illustrated in the scatter plots, significant crack
propagation occurred at approximately 2000 pe,
indicating the transition from microcracking to
macro-scale structural failure.

This phase is characterized by a notable
decline in rigidity and an elevation in stress
localization within the tensile zones. Based on the
behavior of reinforced concrete, a strain in this
range indicates crack propagation and a loss of
elastic response, corresponding to partial
structural damage up to 0.65 times the ultimate
load. Eventually, at a measured strain of
approximately 3700 pe, the entire structure failed,
and the slab collapsed.

This strain corresponds to the element's
maximum deformation capacity, indicating that
damage exceeded the material's resistance limit.
This represents a flexural failure in which the
load-bearing capacity gradually decreases until it
is ultimately lost.

As observed, the progression from initial
cracking (400 microstrain) to final collapse (3700
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microstrain) exhibits a typical pattern of damage
propagation through the slab depth, confirming
that the integrated strain monitoring system has
captured an overall structural response spectrum
ranging from the operational level to failure.
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Fig. 14. Structural response of the concrete slab under
applied loading

4. CONCLUSION

This study presented the development and
experimental validation of an integrated low-cost
SHM platform for concrete structures. The results
demonstrate that the proposed system's accuracy
is comparable to that of an expensive commercial
data acquisition system, confirming that reliable
real-time strain monitoring is possible without
relying on costly, complex commercial SHM
equipment.

One of the main limitations of this system, is
currently designed to support a pair of strain
sensors, making it suitable for small-scale
structural monitoring applications. For use in
larger, more complex structures, future hardware
expansion will be required to support more strain
Sensors.

Moreover, intelligent techniques such as
Fuzzy Logic can be incorporated to enhance the
automated detection and classification of
structural damage. In addition, the integration of
GSM and GPS technologies can enable real-time
remote monitoring based on the geographical
location of the monitored structure. These
developments are expected to improve the
scalability of the proposed system while
enhancing its practicality for real-world SHM
applications.
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