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ABSTRACT

This paper investigates the use of sintered thick resistive films as strain sensors for the
health monitoring of structural components commonly encountered in modern civil
engineering applications. A series of thick-film strain sensors was developed and tested
to assess their feasibility for integration with steel bars. The sensors were fabricated by
combining a Pd/Ag conductive composition with a thick resistive film based on bismuth-
ruthenate, which was deposited and sintered on alumina ceramic substrates. The sensors
underwent a three-point bending test in their freestanding form, while a four-point bending
test was conducted on sensors adhered to the upper surface of steel bars to simulate real-
world conditions. Under mechanical strain, reversible deformations in the sensor were
detected as changes in the resistivity of the thick resistive film. The performance of the
sensors was evaluated through a series of tests, including resistance measurements, gauge
factor calculations, temperature stability analysis and high-voltage surge testing. These
evaluations provide valuable insights into the suitability of thick-film sensors for
structural health monitoring in civil engineering, particularly in relation to steel
constructions.

1 Introduction

During their service life, civil engineering structures are subjected to progressive aging and various environmental
stressors, including seismic activity, hydrodynamic forces, soil displacement and extreme weather conditions. The increasing
complexity and scale of modern infrastructure necessitate the development and implementation of advanced Structural Health
Monitoring (SHM) systems to ensure structural integrity, improve safety and optimize maintenance strategies. SHM is based
on the premise that the mechanical and material properties of a structure evolve due to external loads, fatigue, corrosion and
other degradation mechanisms. By continuously monitoring strain variations, internal stresses and other key indicators, it is
possible to detect early signs of structural damage and predict failure before catastrophic events occur [1-4]. Strain
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measurement, in particular, is a fundamental parameter in SHM, as it provides critical insight into load distribution, fatigue
resistance and the long-term performance of civil structures.

A variety of sensor technologies have been employed for strain measurement in SHM, including metal foil strain gauges,
fibre optic sensors and piezoelectric sensors, each with distinct advantages and limitations (Table 1). Metal foil strain gauges,
which have been widely used for decades, offer precise and reliable measurements with a typical gauge factor of ~2; however,
their performance is limited by adhesive degradation over time, susceptibility to environmental factors such as humidity and
temperature fluctuations and challenges in long-term deployment [5, 6]. Fibre optic sensors, particularly Fibre Bragg Grating
(FBG) sensors, provide high-resolution strain measurements and are immune to electromagnetic interference, making them
ideal for critical infrastructure applications [7-9]. However, fibre optic technology is expensive, requires specialized
interrogation systems and can be fragile in harsh environments. Piezoelectric sensors, while effective for dynamic strain and
vibration measurements, require external power sources and complex signal conditioning, making them less suitable for long-
term static strain monitoring [10-12].

Table 1 - Comparative Analysis of Strain Sensing Technologies for Structural Health Monitoring (SHM) [13-15].

Technology Metal Foil Fiber Optic Piezoelectric Thick-Film
Gauge Factor Varies (depends on 2-35
~2 0.8-1.2 - (depends on
(GF) material) >
composition)
TCR (ppm/°C) +51t0+20 ~0 Varies (can be high) +50 to £200
Durability High (if well bonded)  Very high Moderate Very high

Environmental

Moderate (affected by
humidity and

Excellent (immune to
electromagnetic

Moderate (sensitive
to temperature

High (temperature
stable, resistant to

Stability adhesive degradation) interference, re5|§tqnt 0 fluctuations) mechanical wear)
temperature/humidity)
Cost Low High Moderate to high Low to moderate
. . Complex (requires High (can be screen-
Ease of . Moderate _Complex greqmres optical external power and  printed and mass-
Integration interrogation)

signal conditioning)

produced)

Response Time

Fast (milliseconds)

Fast (microseconds)

Fast (microseconds)

Fast (milliseconds)

. . Low (can be
Sensitivity to Moderate (susceptlble Very Low (|m_mune to affected by Moderate (depends on
. to electromagnetic electromagnetic . : L
Noise . ; environmental material composition)
interference) interference) S
vibrations)
Hiah precision. immune Suitable for Robust, cost-effective,
. gn p - dynamic stable over time,
Cost-effective, well- to electromagnetic S .
Advantages . - . strain/vibration suitable for steel
established, precise interference and long L .
lifespan monitoring, high structures, scalable for
P sensitivity large-scale SHM
Adhe_swe_ Expensive, fragile, Needs a power Substrate dependency,
S deterioration over . S supply, unsuitable L .
Limitations . L requires specialized : limited high-frequency
time, limited . for long-term static
. equipment . - response
temperature stability strain monitoring
Bridge monitoring, V|br§t|0_n Structural health
. . monitoring, SR
Application structural Long-span bridges, monitoring in steel
: earthquake : J00
Examples reinforcement tunnels and dams bridges, high-rise

monitoring

detection, impact
sensing

buildings and railways

Thick-film strain sensors have emerged as a robust and cost-effective alternative for SHM applications, offering a unique
combination of mechanical durability, environmental stability and ease of integration [16-18]. Unlike conventional strain
gauges that rely on adhesive bonding, thick-film sensors utilize screen-printed resistive films that are sintered onto ceramic
substrates, ensuring superior adhesion, long-term reliability and resistance to mechanical fatigue. These sensors demonstrate
excellent temperature stability, with minimal resistance variation over a wide range of operating conditions, making them
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well-suited for outdoor civil structures exposed to fluctuating environmental temperatures. Furthermore, thick-film strain
sensors are capable of withstanding high-voltage surges, which is crucial for infrastructure elements such as bridges and
high-rise buildings that are vulnerable to lightning strikes.

One of the key advantages of thick-film strain sensors is their compatibility with steel constructions, which form the
backbone of modern civil engineering. Steel bars, commonly used as reinforcement in concrete structures or as standalone
load-bearing elements in bridges, high-rise buildings and tunnels, require precise strain monitoring to ensure their structural
integrity [19, 20]. The mechanical properties of thick-film ceramic sensors, particularly those based on Bi-Ru.O- resistive
compositions, are well-matched with the modulus of elasticity of steel (210 GPa [21]), enabling accurate strain measurements
without introducing significant material mismatches. Additionally, screen-printed thick-film sensors on alumina substrates
exhibit high mechanical strength (elasticity modulus of 300-400 GPa [22]) and are more compatible with steel than with
concrete (elasticity modulus of 10-30 GPa [23]). This makes them particularly suitable for direct application on exposed
steel elements in contemporary glass-steel constructions, bridges and critical infrastructure.

The manufacturing process of thick-film sensors involves screen-printing a resistive paste onto ceramic substrates,
followed by a controlled sintering process that ensures stable electrical and mechanical properties. This fabrication method
allows for the production of customized sensor geometries and scalable manufacturing at low cost, making thick-film
technology a viable alternative to traditional strain measurement solutions. Moreover, thick-film sensors can be integrated
into sensor arrays using hybrid microelectronic techniques, enabling real-time monitoring of large-scale structural
components with distributed sensing capabilities. These features position thick-film technology as an optimal choice for
SHM, combining high precision, mechanical robustness, cost efficiency and long-term reliability in the assessment of steel
structures.

This study investigates the performance of screen-printed Bi-Ru-0O--based strain sensors applied to steel bars, evaluating
their strain sensitivity, temperature stability and resistance to high-voltage surges under real-world conditions. The results
demonstrate the potential of thick-film technology as a reliable and scalable solution for SHM, offering superior durability
and environmental resilience compared to conventional strain measurement techniques. By integrating thick-film sensors
into civil infrastructure, engineers can enhance the predictive maintenance of steel constructions, reducing maintenance costs
and extending the service life of critical structures.

2 Stress-Induced Dynamics in Bi2Ru207-based Strain Sensors

Piezoresistance is a commonly used term to describe the piezoresistive behavior of thick resistive films. It is
quantitatively described by the gauge factor (GF), which relates mechanical strain to the resulting change in resistance:

__AR/R _ AR/R

GF e Al

)
where AR/R represents the relative change in resistance and € denotes the strain along the length I of the resistive film.

For a resistive thick film of the standard rectangular geometry, the resistance is given by the well-established analytical
relation:

l l
R=ps=p— )

where p denotes the bulk resistivity, S the cross-section, w the width, and t the thickness of the resistive film. When a
uniaxial strain is applied along the length of the resistor, the resulting change in resistance can be determined using the
following relation:

AR = AL 2+ Ap™x — 202 (3)

Therefore, the relative variation of the resistance is obtained by dividing Eq. 3 by the original resistance as follows:
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By replacing the relative change in dimensions with Poisson’s ratio v and appropriate strain components:

Aw At
—E=VE —=-v-e (5)
the following expression is obtained:
AR/R =Ap/p + (1 + 2v) (6)
The gauge factor, as a measure of the sensitivity of a thick-film strain sensor, can be expressed mathematically as [24]:
GF =2F/R _ARIR el 4« @)
€ 12/3d 2

where T and d are the thickness and deflection of the substrate, respectively, L is the span between the fixed supports
and x represents the mean position of the thick resistive film relative to the fixed end of the substrate. The condition d <L
ensures that the deflection remains small compared to the distance between the supports, which is a key assumption for the
validity of the bending strain model.

For thick resistive films, the gauge factor is influenced by two contributions: the first term in Eq. 6, which reflects the
piezoresistive characteristics of the material and the second term, which corresponds to geometrical effects. Lower gauge
factors are typically associated with geometrical influences such as changes in the sensor's dimensions under strain, whereas
higher gauge factors are often result from microstructural modifications that alter the material's conductivity during strain
application.

Thick-film resistor compositions typically consist of three primary phases: (1) an organic vehicle which burns off at high
temperatures during the firing process, (2) a glass phase usually based on lead borosilicate and (3) a conductive phase. The
conductive phase, which predominantly governs the piezoresistive behaviour, typically consists of materials such as RuO:
(ruthenium oxide) or complex ruthenates like bismuth ruthenate (Bi2Ru207). The glass phase serves as a structural matrix,
while the conductive phase facilitates the flow of electrical charge. Small amounts of additional oxides are often incorporated
into the composition as stabilizers and to adjust the temperature coefficient of resistivity (TCR), thereby enhancing the
material's performance across varying temperatures.

The gauge factor of thick resistive films is largely influenced by the microstructure of the material (Fig. 3, inset). Research
has shown that metal-oxide particles embedded in the lead borosilicate glass during the sintering process form a complex
conductive network that facilitates charge transport [25]. This network is not uniform and the conduction mechanisms include
conduction through clusters of conducting particles, sintered contacts between adjacent particles and tunnelling through the
insulating glass phase when the conductive particles are separated by thin layers of glass. The randomness and unevenness
of the distribution of conductive and insulating phases create larger glass regions and conductive chains, significantly
affecting the electrical properties of the film. The sheet resistance of the thick-film resistor is determined by these conduction
mechanisms and the volume fraction of conductive particles in the film. Studies have demonstrated that higher sheet
resistance in thick-film resistors correlates with greater gauge factor values [24], as the conduction mechanism becomes more
dependent on tunnelling through glass barriers, a process that is highly sensitive to mechanical stress.

In the context of Structural Health Monitoring (SHM), an ideal strain sensor based on thick-film technology must exhibit
a suitable gauge factor while being immune to external factors that may affect its performance. Among the most significant
external influences are temperature fluctuations and high voltage surges. Civil engineering structures, especially those
exposed to natural environmental conditions, are routinely subjected to temperature variations due to daily and seasonal
changes, as well as electrical surges caused by phenomena such as lightning strikes or power grid fluctuations. These factors
can alter the resistance and functionality of strain sensors if not properly addressed.

This study aims to evaluate the suitability of Bi.Ru-O--based strain sensors for Structural Health Monitoring, specifically
focusing on their ability to operate effectively within a specified temperature range and under high voltage surge conditions.
An effective strain sensor for SHM should not only exhibit a reliable gauge factor to accurately measure strain, but also
maintain consistent performance under environmental stressors, such as temperature variations and voltage surges without
the need for complex compensating circuitry. In this regard, the temperature stability and surge tolerance of these sensors are
key parameters that will determine their viability in real-world applications, where they will be exposed to extreme
environmental conditions in civil structures. Therefore, this study will assess the thermal stability of the sensors over a range
of temperatures and their ability to withstand high-voltage surges, providing insights into the long-term reliability of these
screen-printed Bi-Ru.O--based strain sensors for SHM applications.
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3 Bi2Ru207-Based Strain Sensors

To evaluate the application of Bi2Ru.O--based strain sensors on steel bars, which are commonly used in modern civil
engineering, 0.635 mm thick 96% AlOs (alumina) substrates were employed. These substrates were combined with a
Bi-Ru.07-based thick-film resistive composition, which exhibited a sheet resistance of 100 kQ/sq. The resistive film was
applied to the substrates using standard screen-printing techniques, a widely adopted method for producing thick-film sensors.
This process was carried out using a semiautomatic screen printer, wherein a stainless-steel screen stretched over an
aluminum frame was used to transfer the thick-film composition onto the substrate. The screen-printing process involved a
squeegee moving at a constant speed, exerting consistent pressure to force the composition through the mesh of the screen,
thus creating a uniform layer on the substrate surface. The printed layer pattern was defined by a 200-mesh stainless steel
screen with emulsion thicknesses ranging from 10 to 12 pm, ensuring fine resolution of the printed resistive film.

A Pd/Ag conductive thick-film was utilized to fabricate contact pads on thick-film strain sensors for SHM applications.
Each sensor, measuring 21x3 mmgz, was segmented into seven individual 3x3 mm? sections, separated by six contact pads
(Fig. 1). The screen-printing process was followed by a series of controlled drying and sintering steps to ensure the formation
of sensors with stable electrical properties.
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Fig. 1 — Thick-film strain sensor: (a) CAD drawing in mm and (b) measurement setup.

The printed resistive layers were first levelled at room temperature, followed by drying at 150 °C for 10 minutes in an
infrared conveyor dryer. This drying step ensures the proper evaporation of solvents while preventing the formation of
blisters, cracks, or crazing in the film. After drying, the resistive layers, which were 25 + 3 um in thickness, were sintered
for 60 minutes, including a 10-minute dwell time at a peak temperature of 850 °C. In parallel, the conductive layers were
subjected to a 30-minute sintering cycle at the same peak temperature to ensure their proper adhesion and conductivity.

The sintering process plays a key role in determining the key properties of the thick-film material, as the chemical
reactions occurring in the high-temperature zone of the furnace are responsible for the final electrical and mechanical
properties of the films. To guarantee uniformity and consistency, the sintering conditions were controlled throughout the
process. Specifically, the airflow rates within the furnace were continuously monitored to ensure a uniform distribution of
airflow across all substrates, regardless of their position on the furnace belt. The temperature control system of the furnace
was calibrated to maintain precise temperature settings in each zone, which is essential for achieving uniform processing and
preventing reliability issues that could affect sensor performance.

Fig. 2 depicts the temperature profile during the sintering of the thick resistive films, including the 10-minute dwell at
850 °C, measured using a thermocouple. Additionally, a Scanning Electron Microscopy (SEM) image of a fired 100 kQ/sq
Bi2Ru207-based thick resistive film is shown as an inset in Fig. 2. The SEM image, captured using a JEOL JSM-35 Scanning
Electron Microscope at 5000x magnification, illustrates the integration of the conductive phase within the borosilicate glass
matrix, demonstrating the uniform distribution of the conductive material after firing.

All test samples were fabricated at the Institute for Electronics and Telecommunications IRITEL a.d., Belgrade, Serbia.
Resistance measurements of the thick-film strain sensors were performed using the National Instruments VB-8034 Virtual
Bench Instrument, ensuring precise and accurate readings. The ceramic strain sensors were systematically tested for their
response to high-voltage surges with a Haefely P6T pulse generator. In addition, current noise spectra in the 10 Hz—-10 kHz
range were measured before and after surge testing using a Keithley Model 103A nanovolt amplifier in combination with an
HP-3561B Dynamic Signal Analyzer.
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Fig. 2 — Sintering temperature profile of Bi:Ru:0--based thick resistive film with a 10-minute dwell at a peak
temperature of 850 °C. Inset: Scanning Electron Microscopy (SEM) micrograph of a fired 100 k€2/sq thick resistive
film, captured using a JEOL JSM-35 SEM at 5000% magnification.

4 Performance of Thick-Film Strain Sensors

To assess the performance of Bi-Ru.0O--based sensors under strain, both three-point and four-point bending tests were
conducted. The three-point bending test provides data on the sensor's sensitivity and failure points, which are the main factors
for ensuring the reliability and accuracy of sensors used in the monitoring of steel structures in civil engineering. In this test,
the sensor's response to flexural stress is measured by applying a force at the center of the sensor while it is supported at two
points. The maximum bending stress occurs directly beneath the loading anvil, where the highest strain is induced in the
sensor (Fig. 3a).
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Fig. 3 — (a) Thick-film strain sensor under a three-point bending test and (b) response characteristics of the
freestanding thick-film strain sensor under three-point bending conditions

For the test, each free-standing sensor sample was placed between two supports. A load was applied at the center of the
sensor, creating a bending moment that induces strain in the sensor. During testing, the sensors were positioned face-up in
compression mode, ensuring that the force was applied in a manner consistent with the typical loading conditions experienced
by sensors in real-world steel beam applications.

As strain was applied to the sensors, strain-induced deformations led to changes in the resistance of the Bi-Ru.O--based
thick resistive film. The test results showed that sensor failure occurred when the alumina substrate cracked at a deformation
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of approximately 350 pum, indicating the threshold at which the sensor's structural integrity was compromised under the
applied bending stress.

Fig. 3b illustrates the typical response of a thick-film strain sensor during the three-point bending test. The figure shows
the change in resistance as the sensor is subjected to increasing strain, demonstrating how the sensor reacts to flexural stress
and how its performance is affected as deformation progresses. The test results underscore the sensor's ability to measure
strain in steel beams accurately up to a certain threshold, after which failure occurs due to the mechanical limitations of the
alumina substrate.

The strain sensitivity of the thick-film strain sensor was quantitatively evaluated using the gauge factor (GF), which
characterizes the relationship between the relative change in resistance and the mechanical strain experienced by the sensor
(Eq. 7). For thick-film strain sensors, the typical gauge factor was found to be approximately 2, based on the response to a
substrate deflection of 300 um. This deflection produced a relative resistance change of around 0.42 %, as illustrated in Fig.
3b. This value of the gauge factor is consistent with other thick-film sensor systems, providing a reasonable measure of strain
sensitivity for these sensors in the structural health monitoring (SHM) context.

To further investigate the strain sensitivity, resistance changes were also measured across three distinct segments of the
sensor: between conductive pads 3 and 4, between conductive pads 2 and 5 and between conductive pads 1 and 6,
corresponding to the resistive film lengths of 3 mm, 9 mm and 15 mm, respectively. For a substrate deflection of 300 pum,
the observed relative resistance changes for these segments ranged from 0.2 % to 0.4 %, demonstrating the sensor's ability to
detect strain across different sensor lengths, with the sensitivity generally increasing with the length of the resistive path.

The design of strain sensors in SHM applications typically involves either embedding the sensors within the structural
material or bonding them to the surface of the material. The applied force may act either perpendicular or parallel to the
sensor’s surface, depending on the specific application requirements. In the case of steel bars, which are often used in civil
infrastructure, the screen-printed strain sensors were bonded to the surface of the bars using a two-component epoxy adhesive,
similar to the bonding method employed for standard foil strain gauges. This adhesive provides a strong bond while ensuring
that the strain transfer between the sensor and the substrate is efficient. For the tests conducted, the applied force was oriented
perpendicular to the sensor’s surface, which is a typical loading condition for sensors in structural monitoring systems.

The four-point bending test is an essential method for evaluating the performance of thick-film strain sensors in structural
health monitoring, particularly in the context of steel beams. This test is instrumental in simulating the strain distribution
within a steel structure subjected to flexural loads. A four-point bending test was conducted on thick-film strain sensors
adhered to steel bars at the Faculty of Civil Engineering, University of Belgrade (Fig. 4). Unlike the three-point bending test,
where the maximum strain occurs at the central point, the four-point bending test applies maximum flexural stress between
two loading points, leading to a more uniform strain distribution over the length of the specimen. This configuration is
particularly advantageous for SHM of steel beams, as it closely mimics the real-world distribution of strain in structural
elements.

(b)
Fig. 4 — Thick-film strain sensor undergoing a four-point bending test: (a) detailed close-up and (b)
complete setup view.
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As shown in Fig. 5, the test demonstrated that the maximum observed change in resistance of the sensor was
0.17 %. This change reflects the sensor's sensitivity to strain under the applied loading conditions. The results indicate that
the sensor, when adhered to a steel substrate, can reliably measure strain even under significant flexural stress. A key benefit
of the four-point bending test is the uniform strain distribution, which enhances the accuracy of strain measurements in areas
where the sensors are adhered to the steel bars. This makes the four-point bending configuration more representative of the
actual strain experienced by sensors embedded in structural beams in real-world applications.
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Fig. 5 — Response characteristics of thick-film strain sensor under four-point bending conditions.

Additionally, the sensors demonstrated superior performance when adhered to the steel substrate as compared to their
standalone application, as evidenced by the higher strain tolerance observed in the test. This underscores the effectiveness of
sensor adhesion in improving the sensor’s ability to endure and accurately measure strain in structural components, enhancing
their applicability for long-term SHM in steel-based civil infrastructure. However, it is important to note that the gauge factor
could not be precisely determined due to variations in sensor performance influenced by adhesive type and surface
preparation of the steel bars, which are critical factors in ensuring effective strain transfer and sensor accuracy.

5 Temperature Stability of Thick-Film Strain Sensors

The temperature stability of thick-film strain sensors is critical for ensuring the accurate and reliable monitoring of steel
beams in civil structures, where temperature fluctuations can induce strain and affect sensor readings. To evaluate the stability
of the strain sensor, a heating element was screen-printed on the reverse side of the alumina substrate in a serpentine pattern
using a Pd/Ag composition (Fig. 6a).
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Fig. 6 — Temperature Stability: (a) thick-film heating element screen-printed on the reverse side of the
alumina substrate using a Pd/Ag composition and (b) temperature stability assessment of the thick-film
strain sensor under a 300 um substrate deflection across a temperature range of 25 to 150 °C.
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The heater was subsequently processed following the same procedure outlined in Section 3. The temperature stability of
the sensors was evaluated under 300 pm substrate deflections across a temperature range of 25 to 150 °C (Fig. 6b). The
sensors exhibited excellent thermal stability, with resistance variations ranging from 0.32 % to 0.38 %, indicating minimal
temperature-induced drift. Additionally, the temperature coefficient of resistance (TCR) remained nearly constant at
approximately 52 ppm/°C at both 25 °C and 125 °C, demonstrating consistent sensor behavior across a broad temperature
range. This stable performance is essential for accurate steel beam monitoring in civil structures, as it ensures that the strain
measurements remain precise and unaffected by thermal fluctuations, thereby supporting the long-term structural health
monitoring and integrity assessment of steel-based infrastructure such as bridges, buildings and other load-bearing
frameworks.

6 High-Voltage Surge Evaluation of Thick-Film Strain Sensors

High-voltage surge testing is essential for evaluating the operational integrity of thick-film strain sensors used in SHM
applications, particularly in steel and steel-reinforced structures. These sensors are susceptible to electrical surges arising
from phenomena such as lightning strikes, power grid disturbances, or electromagnetic interference, which can lead to
changes in their electrical properties or even failure [26, 27]. The performance of ceramic strain sensors under high-voltage
surges was evaluated using a Haefely P6T pulse generator, which was capable of delivering 1.2/50 ps pulses to replicate fast-
rising electrical transients typically encountered in structural environments (Fig. 7a). To prevent sensor detachment, a
substrate deflection of 300 um was selected, as a 460 pm deflection had been previously identified as the threshold for
detachment. The electrical straining conditions were controlled to ensure a gradual, controlled variation in resistance during
the pulse application. Sensors were subjected to a series of pulses with 250 V increments, spanning from 3 kV to 5.25 kV,
with the generator’s output resistance fixed at 25 Q. Initially, the sensors underwent nine series of ten pulses at a frequency
of six pulses per minute, starting with a pulse amplitude of 3 kV. As the pulse amplitude increased, a corresponding reduction
in the sensor’s resistance was observed (Fig. 7b). When resistance changes reached approximately 3 %, the pulse series was
reduced to a single pulse to more accurately monitor the sensor's response to further electrical stressing. Notably, resistance
values stabilized after approximately five pulses at 5.25 kV, indicating the sensor's ability to reach equilibrium under high-
voltage stress. Throughout the experiment, the gauge factor values remained consistent (Fig. 7b), demonstrating that the
sensor's sensitivity and functionality were preserved despite the high-voltage pulses. The electrical strain testing was
conducted in full compliance with ITU-T K.20, the standard for evaluating thick-film surge resistors, ensuring the validity
and relevance of the results for assessing the long-term reliability of thick-film strain sensors in structural health monitoring
applications.
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Fig. 7 — High-Voltage Surge Test: (a) Shape of the 1.2/50 us pulse and (b) the effect of high-voltage surges
on resistance and gauge factor of the thick-film strain sensor at a substrate deflection of 300 um.

7 Potential Application in Bridge Structural Health Monitoring

The proposed strain sensor is designed for direct measurement of structural strain responses in steel and steel-reinforced
structures. It is particularly suitable for distributed deployment within structural health monitoring systems for steel bridges
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[28, 29]. As illustrated in Fig. 8, sensors can be strategically installed at structurally critical locations, including mid-span
regions of girders (maximum bending strain), support zones (high shear and negative bending regions), truss members
subjected to axial force variations and connection details susceptible to stress concentration and fatigue damage. By
continuously recording strain under operational loading conditions—including vehicular traffic, wind excitation and thermal
actions—the sensor enables real-time evaluation of structural stress states based on established stress—strain relationships.

Fig. 8 — Schematic representation of distributed strain sensor locations at critical regions of a steel bridge for structural
health monitoring.

Long-term strain monitoring provides insight into load redistribution, stiffness degradation and cumulative fatigue effects
in steel bridge components. Variations in strain amplitude, frequency characteristics, or the accumulation of residual strain
may indicate progressive damage, connection slip, or crack initiation. Compared to indirect vibration-based approaches,
direct strain measurement offers higher local sensitivity to structural response, making it particularly effective for early-stage
damage detection. Due to its mechanical durability under cyclic loading, thermal stability under environmental fluctuations,
and stable electrical performance, the developed sensor is well-suited for long-term field deployment in bridge infrastructure.
When integrated into a networked SHM framework, the sensor facilitates quantitative performance assessment, fatigue life
estimation and data-driven maintenance decision-making.

8 Conclusion

This study evaluates the performance of thick-film strain sensors for structural health monitoring, specifically focusing
on their application to steel bars. These sensors were fabricated on alumina ceramic substrates using a Bi2Ru207-based thick
resistive composition and Pd/Ag conductive paste, employing established screen-printing techniques followed by controlled
sintering to achieve the desired microstructural and electrical properties. The fabricated sensors underwent a series of
mechanical and electrical tests to assess their reliability and performance under conditions typical of civil engineering
applications.

Freestanding sensors were subjected to three-point bending tests to determine their strain sensitivity, with a calculated
gauge factor of approximately 2. When mounted on steel bars, the sensors were exposed to four-point bending tests and their
resistance changes were measured under varying compressive strains. The sensors demonstrated a robust mechanical
performance, with resistance variations remaining below 0.17 % even under substantial deformations of up to 460 pum.

Temperature stability of the sensors was also evaluated over a range from 25 to 150 °C, revealing minimal resistance
variation (between 0.32% and 0.38%) and a temperature coefficient of resistance (TCR) of 52 ppm/°C, signifying excellent
thermal stability in real-world environments. Furthermore, the performance of the sensors under high-voltage surge
conditions was systematically tested, with resistance values stabilizing after an initial 3% decrease, while the gauge factor
remained consistent, further demonstrating the sensors' resilience to electrical transients commonly encountered in structural
environments.

The combined findings of this study underscore the significant potential of thick-film strain sensors for use in SHM
applications, particularly in steel and steel-reinforced structures. The sensors' ability to provide reliable strain measurements
under mechanical, thermal and electrical stress, coupled with their durability and low-cost fabrication through thick-film
technology, positions them as a promising alternative to traditional semiconductor-based or metal foil strain gauges. Despite
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certain challenges, such as the optimization of adhesive bonding, the results of this study provide a foundation for future
work that could further enhance the sensors' performance, including advancements in materials and integration strategies for
large-scale SHM deployments. Moreover, the demonstrated stability under combined mechanical, thermal, and electrical
loading conditions supports their suitability for long-term field deployment in structural health monitoring systems for steel
and steel-reinforced structures, including bridges and other critical infrastructure. Future investigations may focus on full-
scale structural implementation and long-duration in situ validation to further confirm their operational reliability in real
service environments.
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