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Abstract 

Engineering structures, such as bridges, wind turbines, airplanes, ships, buildings, and offshore platforms, often 
experience uncertain dynamic loadings due to environmental factors and operational conditions. The lack of 
knowledge about the load spectrum for these structures poses challenges in terms of design and can lead to either 
over-engineering or catastrophic failure. This research introduces a robust and innovative device, analogous to a 
"Fitbit" for structures, capable of measuring complex loading conditions throughout the structure's lifespan. The 
proposed approach involves developing a middleware, referred to as an "extension," which facilitates the transfer 
of mechanical deformation to a piezoelectric sensor. This approach overcomes challenges associated with directly 
attaching piezoelectric sensors to the structure's surface such as rupture possibility in higher strain and attaching 
on rough surfaces. The feasibility study primarily focuses on validating the performance of the extension and 
monitoring variation trends. The ultimate objective is to develop an Internet of Things (IoT) sensor node capable 
of measuring applied cyclic loads. To achieve this goal, an electronic system and embedded software will be 
developed to capture the complex load spectrum and convert it into a fatigue damage index for predicting the 
structure's fatigue life. The collected data will be transmitted to the user through a wireless communication 
platform. The proposed sensor design is versatile, allowing for both attachment and embedding and is 
demonstrated here for monitoring fatigue in engineering structures. 
Keywords: Fatigue life monitoring, Piezoelectric sensor 

1. Introduction 

Structural health monitoring (SHM) is essential for ensuring the safety and longevity of engineering structures. A 
significant demand is for durable and advanced engineering structures such as buildings, bridges, dams, tunnels, 
and highways. These structures are subjected to design and environmental loading conditions, and their health 
monitoring and maintenance are important to assure their safe operation. One critical aspect of SHM is monitoring 
cyclic loading and the remaining fatigue life of structures. Monitoring cyclic loadings and the remaining fatigue 
life of the structures is essential in health monitoring to make condition-based decisions to extend their lifetime, 
repair, or replace them.  However, the load spectrum of most engineering structures is unknown, and there is no 
appropriate device to measure it, and current monitoring technologies are expensive and require significant hours 
of expert people and specialized equipment to assure the safe operation of the engineering structures. There have 
been many studies conducted on the health monitoring of engineering structures[1]–[3], and it was extended to 
other types of safety-critical structures. Health monitoring of concrete structures has been done using different 
non-destructive methods such as electromagnetic waves[4], mechanical waves[5], optical imaging[6], and optical 
fibers[7]. 
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Piezoelectric sensors have emerged as a promising technology for fatigue life monitoring in engineering 
structures. Piezoelectric sensors work on the principle of the piezoelectric effect, which is the ability of certain 
materials, such as quartz, ceramics, and certain polymers, to generate an electric charge in response to mechanical 
stress or strain. When a piezoelectric sensor is attached to a structure, any deformation of the structure causes the 
sensor to generate an electric charge. This charge is then converted into a measurable signal that can be used to 
monitor the mechanical response of the structure[8]. These sensors can detect subtle changes in a structure's 
response to cyclic loading and have been used for monitoring the structural health of various materials, including 
metals, composites, and reinforced concrete using different methods such as ultrasonic wave propagation[9], 
acoustic emission[10], and strain measurement[11]. In SHM applications, piezoelectric sensors are typically 
attached to critical locations on the structure, such as joints, welds, and areas of high stress, where they can detect 
any changes in the mechanical response of the structure due to fatigue, corrosion, or other forms of damage. The 
sensors can be used to measure a wide range of parameters, including strain, displacement, and acceleration, 
depending on the specific application. Piezoelectric sensors are also highly sensitive, which makes them well-
suited for detecting small changes in the structure's mechanical response that may be indicative of early-stage 
damage. This early detection allows for timely intervention, reducing the risk of catastrophic failure and extending 
the life of the structure. 

To address the limitations of traditional monitoring methods, there has been growing interest in developing 
wireless sensor nodes for real-time monitoring of engineering structures [12]. Wireless sensor nodes can be 
attached or embedded in a structure, allowing for remote data collection and analysis. Overall, piezoelectric 
sensors are an important technology for SHM, providing a sensitive and reliable method for monitoring the health 
of engineering structures. When combined with wireless sensor nodes, piezoelectric sensors can provide real-time 
monitoring data that can be used to make informed decisions about the maintenance and repair of structures, 
ultimately improving their safety and longevity[13]. 

This research project aims to develop an innovative wireless fatigue life monitoring system utilizing piezoelectric 
sensors. The system can be conveniently attached or embedded into various engineering structures, with a 
particular emphasis on civil engineering materials like metals and reinforced concretes, as well as applications 
such as bridges. The primary objective is to employ piezoelectric sensors as strain gauges; however, there are 
challenges associated with this approach, including the limited range of strain to failure of PZT sensors and the 
issue of directly attaching them to high-strain structures. To overcome these challenges, inspiration was drawn 
from a previous study on impedance measurement [14] utilizing piezoelectric technology. Consequently, a novel 
approach has been introduced in the form of a middleware or "extension" to address the strain limitation issue. 
This method involves converting one-dimensional strain into bending and subsequently leveraging the two distinct 
strain-charge coefficients of the piezoelectric sensors. 

The paper will describe the design of the fatigue life monitoring sensor node, the testing and validation process, 
and a middle ware design that we call it extension, which make it more portable and flexible to use, highlighting 
its potential impact on the field of structural engineering. The development of such a system is expected to 
revolutionize fatigue life monitoring, providing a low-cost, low-power, and highly reliable solution for monitoring 
engineering structures. In conclusion, the fatigue life monitoring sensor node developed in this research project 
represents a significant advance in the field of structural health monitoring. Its innovative approach to detecting 
potential fatigue failure using piezoelectric sensors and extension combined with the flexibility and convenience 
of wireless technology, makes it a valuable tool for ensuring the safety and reliability of engineering structures. 

 

2. Methodology 
2.1 Fatigue failure 

All structures, including critical civil infrastructure facilities like bridges and highways, deteriorate with time due 
to various reasons including fatigue failure caused by repetitive traffic loads, effects of environmental conditions, 
and extreme events such as an earthquake. Fatigue has been determined as one of the main reasons for failure in 
metallic structures [15], and it is the main contributor to the degradation of other types of structures such as 
reinforced concretes [16]. An unlimited stress level is defined as the stress level below which no fatigue failure 
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experience uncertain dynamic loadings due to environmental factors and operational conditions. The lack of 
knowledge about the load spectrum for these structures poses challenges in terms of design and can lead to either 
over-engineering or catastrophic failure. This research introduces a robust and innovative device, analogous to a 
"Fitbit" for structures, capable of measuring complex loading conditions throughout the structure's lifespan. The 
proposed approach involves developing a middleware, referred to as an "extension," which facilitates the transfer 
of mechanical deformation to a piezoelectric sensor. This approach overcomes challenges associated with directly 
attaching piezoelectric sensors to the structure's surface such as rupture possibility in higher strain and attaching 
on rough surfaces. The feasibility study primarily focuses on validating the performance of the extension and 
monitoring variation trends. The ultimate objective is to develop an Internet of Things (IoT) sensor node capable 
of measuring applied cyclic loads. To achieve this goal, an electronic system and embedded software will be 
developed to capture the complex load spectrum and convert it into a fatigue damage index for predicting the 
structure's fatigue life. The collected data will be transmitted to the user through a wireless communication 
platform. The proposed sensor design is versatile, allowing for both attachment and embedding and is 
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monitoring and maintenance are important to assure their safe operation. One critical aspect of SHM is monitoring 
cyclic loading and the remaining fatigue life of structures. Monitoring cyclic loadings and the remaining fatigue 
life of the structures is essential in health monitoring to make condition-based decisions to extend their lifetime, 
repair, or replace them.  However, the load spectrum of most engineering structures is unknown, and there is no 
appropriate device to measure it, and current monitoring technologies are expensive and require significant hours 
of expert people and specialized equipment to assure the safe operation of the engineering structures. There have 
been many studies conducted on the health monitoring of engineering structures[1]–[3], and it was extended to 
other types of safety-critical structures. Health monitoring of concrete structures has been done using different 
non-destructive methods such as electromagnetic waves[4], mechanical waves[5], optical imaging[6], and optical 
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repair, or replace them.  However, the load spectrum of most engineering structures is unknown, and there is no 
appropriate device to measure it, and current monitoring technologies are expensive and require significant hours 
of expert people and specialized equipment to assure the safe operation of the engineering structures. There have 
been many studies conducted on the health monitoring of engineering structures[1]–[3], and it was extended to 
other types of safety-critical structures. Health monitoring of concrete structures has been done using different 
non-destructive methods such as electromagnetic waves[4], mechanical waves[5], optical imaging[6], and optical 
fibers[7]. 
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Piezoelectric sensors have emerged as a promising technology for fatigue life monitoring in engineering 
structures. Piezoelectric sensors work on the principle of the piezoelectric effect, which is the ability of certain 
materials, such as quartz, ceramics, and certain polymers, to generate an electric charge in response to mechanical 
stress or strain. When a piezoelectric sensor is attached to a structure, any deformation of the structure causes the 
sensor to generate an electric charge. This charge is then converted into a measurable signal that can be used to 
monitor the mechanical response of the structure[8]. These sensors can detect subtle changes in a structure's 
response to cyclic loading and have been used for monitoring the structural health of various materials, including 
metals, composites, and reinforced concrete using different methods such as ultrasonic wave propagation[9], 
acoustic emission[10], and strain measurement[11]. In SHM applications, piezoelectric sensors are typically 
attached to critical locations on the structure, such as joints, welds, and areas of high stress, where they can detect 
any changes in the mechanical response of the structure due to fatigue, corrosion, or other forms of damage. The 
sensors can be used to measure a wide range of parameters, including strain, displacement, and acceleration, 
depending on the specific application. Piezoelectric sensors are also highly sensitive, which makes them well-
suited for detecting small changes in the structure's mechanical response that may be indicative of early-stage 
damage. This early detection allows for timely intervention, reducing the risk of catastrophic failure and extending 
the life of the structure. 

To address the limitations of traditional monitoring methods, there has been growing interest in developing 
wireless sensor nodes for real-time monitoring of engineering structures [12]. Wireless sensor nodes can be 
attached or embedded in a structure, allowing for remote data collection and analysis. Overall, piezoelectric 
sensors are an important technology for SHM, providing a sensitive and reliable method for monitoring the health 
of engineering structures. When combined with wireless sensor nodes, piezoelectric sensors can provide real-time 
monitoring data that can be used to make informed decisions about the maintenance and repair of structures, 
ultimately improving their safety and longevity[13]. 

This research project aims to develop an innovative wireless fatigue life monitoring system utilizing piezoelectric 
sensors. The system can be conveniently attached or embedded into various engineering structures, with a 
particular emphasis on civil engineering materials like metals and reinforced concretes, as well as applications 
such as bridges. The primary objective is to employ piezoelectric sensors as strain gauges; however, there are 
challenges associated with this approach, including the limited range of strain to failure of PZT sensors and the 
issue of directly attaching them to high-strain structures. To overcome these challenges, inspiration was drawn 
from a previous study on impedance measurement [14] utilizing piezoelectric technology. Consequently, a novel 
approach has been introduced in the form of a middleware or "extension" to address the strain limitation issue. 
This method involves converting one-dimensional strain into bending and subsequently leveraging the two distinct 
strain-charge coefficients of the piezoelectric sensors. 

The paper will describe the design of the fatigue life monitoring sensor node, the testing and validation process, 
and a middle ware design that we call it extension, which make it more portable and flexible to use, highlighting 
its potential impact on the field of structural engineering. The development of such a system is expected to 
revolutionize fatigue life monitoring, providing a low-cost, low-power, and highly reliable solution for monitoring 
engineering structures. In conclusion, the fatigue life monitoring sensor node developed in this research project 
represents a significant advance in the field of structural health monitoring. Its innovative approach to detecting 
potential fatigue failure using piezoelectric sensors and extension combined with the flexibility and convenience 
of wireless technology, makes it a valuable tool for ensuring the safety and reliability of engineering structures. 

 

2. Methodology 
2.1 Fatigue failure 

All structures, including critical civil infrastructure facilities like bridges and highways, deteriorate with time due 
to various reasons including fatigue failure caused by repetitive traffic loads, effects of environmental conditions, 
and extreme events such as an earthquake. Fatigue has been determined as one of the main reasons for failure in 
metallic structures [15], and it is the main contributor to the degradation of other types of structures such as 
reinforced concretes [16]. An unlimited stress level is defined as the stress level below which no fatigue failure 

 

Piezoelectric sensors have emerged as a promising technology for fatigue life monitoring in engineering 
structures. Piezoelectric sensors work on the principle of the piezoelectric effect, which is the ability of certain 
materials, such as quartz, ceramics, and certain polymers, to generate an electric charge in response to mechanical 
stress or strain. When a piezoelectric sensor is attached to a structure, any deformation of the structure causes the 
sensor to generate an electric charge. This charge is then converted into a measurable signal that can be used to 
monitor the mechanical response of the structure[8]. These sensors can detect subtle changes in a structure's 
response to cyclic loading and have been used for monitoring the structural health of various materials, including 
metals, composites, and reinforced concrete using different methods such as ultrasonic wave propagation[9], 
acoustic emission[10], and strain measurement[11]. In SHM applications, piezoelectric sensors are typically 
attached to critical locations on the structure, such as joints, welds, and areas of high stress, where they can detect 
any changes in the mechanical response of the structure due to fatigue, corrosion, or other forms of damage. The 
sensors can be used to measure a wide range of parameters, including strain, displacement, and acceleration, 
depending on the specific application. Piezoelectric sensors are also highly sensitive, which makes them well-
suited for detecting small changes in the structure's mechanical response that may be indicative of early-stage 
damage. This early detection allows for timely intervention, reducing the risk of catastrophic failure and extending 
the life of the structure. 

To address the limitations of traditional monitoring methods, there has been growing interest in developing 
wireless sensor nodes for real-time monitoring of engineering structures [12]. Wireless sensor nodes can be 
attached or embedded in a structure, allowing for remote data collection and analysis. Overall, piezoelectric 
sensors are an important technology for SHM, providing a sensitive and reliable method for monitoring the health 
of engineering structures. When combined with wireless sensor nodes, piezoelectric sensors can provide real-time 
monitoring data that can be used to make informed decisions about the maintenance and repair of structures, 
ultimately improving their safety and longevity[13]. 

This research project aims to develop an innovative wireless fatigue life monitoring system utilizing piezoelectric 
sensors. The system can be conveniently attached or embedded into various engineering structures, with a 
particular emphasis on civil engineering materials like metals and reinforced concretes, as well as applications 
such as bridges. The primary objective is to employ piezoelectric sensors as strain gauges; however, there are 
challenges associated with this approach, including the limited range of strain to failure of PZT sensors and the 
issue of directly attaching them to high-strain structures. To overcome these challenges, inspiration was drawn 
from a previous study on impedance measurement [14] utilizing piezoelectric technology. Consequently, a novel 
approach has been introduced in the form of a middleware or "extension" to address the strain limitation issue. 
This method involves converting one-dimensional strain into bending and subsequently leveraging the two distinct 
strain-charge coefficients of the piezoelectric sensors. 

The paper will describe the design of the fatigue life monitoring sensor node, the testing and validation process, 
and a middle ware design that we call it extension, which make it more portable and flexible to use, highlighting 
its potential impact on the field of structural engineering. The development of such a system is expected to 
revolutionize fatigue life monitoring, providing a low-cost, low-power, and highly reliable solution for monitoring 
engineering structures. In conclusion, the fatigue life monitoring sensor node developed in this research project 
represents a significant advance in the field of structural health monitoring. Its innovative approach to detecting 
potential fatigue failure using piezoelectric sensors and extension combined with the flexibility and convenience 
of wireless technology, makes it a valuable tool for ensuring the safety and reliability of engineering structures. 

 

2. Methodology 
2.1 Fatigue failure 

All structures, including critical civil infrastructure facilities like bridges and highways, deteriorate with time due 
to various reasons including fatigue failure caused by repetitive traffic loads, effects of environmental conditions, 
and extreme events such as an earthquake. Fatigue has been determined as one of the main reasons for failure in 
metallic structures [15], and it is the main contributor to the degradation of other types of structures such as 
reinforced concretes [16]. An unlimited stress level is defined as the stress level below which no fatigue failure 



572 Aliakbar Ghaderiaram  et al. / Procedia Structural Integrity 52 (2024) 570–582

 

occurs in some materials such as steel, while other materials such as aluminum do not have an unlimited stress 
level. In cyclic loading with each stress in a range greater than infinite loading level, micro-cracks occur on the 
surface or bulk of the structure and these cracks grow as the loading continues [15]. By increasing the size of the 
cracks in a structure, the crack size reaches a critical size where the effective cross-sectional area (A) is reduced, 
and the applied stress  𝜎𝜎 = 𝐹𝐹/𝐴𝐴 is greater than the failure strength of the material. As a result, once the cracks 
grow and become critical, the structure fails. In the mechanical properties of materials, the fatigue life is 
determined by the number of stress cycles at each level of stress, which is called the S-N curve [15]. The S-N 
curve concept, also called a Wöhler curve, is used to evaluate the fatigue life of structures. According to the 
applied stress history and S-N curve information, the amount of damage index (DI) due to cyclic loading can be 
determined by Eq. 1, where ni is the number of cycles at the stress level of i, and Ni is the maximum number of 
cycles in the stress level of i. In theory, DI must be smaller than 1 to avoid fatigue failure, or this DI can be defined 
as the percentage of fatigue-induced damage. As mentioned before, and according to the S-N curve for some 
materials such as steel, there is an unlimited stress level below which, the applied stress does not cause any damage 
and fatigue failure to the structure. 

𝐷𝐷𝐷𝐷 =∑𝑛𝑛𝑖𝑖
𝑁𝑁𝑖𝑖

 (1) 
 

2.2  Fatigue life measurement sensors 
In order to use the S-N curve, the stress level needs to be measured. According to Hooke's law, there is a direct 
relationship between the strain and the stress levels in the materials. Therefore, measuring the strain level gives 
the stress level as long as the Young modulus of the material is known. Strain can be measured using different 
methods such as strain gauges, digital imaging, FBG, magnetic microwire, laser optic, capacitive, and magnetic 
sensors. Loading can also be measured directly using methods such as load cells and ultrasonic. These methods 
are active methods used for fatigue life measurements; however, they require a significant amount of power to be 
operational during the lifetime of the structures which may last years. For example, a civil engineering structure 
is usually expected to last over 25 years[17]. Therefore, this project is looking to develop a simple passive fatigue 
sensor based on piezoelectric materials for optimal measurement of fatigue life with minimal cost, high durability, 
and low power consumption. By using piezoelectric and triboelectric sensors, we can achieve passiveness, 
simplicity of fabrication, and no consumption of electric power. Of course, among these, piezoelectric sensors are 
more transparent and stable in terms of commercial use and relationships governing their performance (Eq. 2).  

{ 
 
  

𝑺𝑺 = 𝑠𝑠𝑻𝑻 + 𝜹𝜹𝒕𝒕𝑬𝑬     ⟹        𝑺𝑺𝑖𝑖𝑖𝑖 =∑𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑇𝑇𝑖𝑖𝑖𝑖
𝑖𝑖,𝑖𝑖

+∑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡 𝑬𝑬𝑖𝑖
𝑖𝑖

                     

𝑫𝑫 = 𝛿𝛿𝑻𝑻 + 𝜺𝜺𝑬𝑬      ⟹         𝑫𝑫𝑖𝑖 = ∑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑇𝑇𝑖𝑖𝑖𝑖
𝑖𝑖,𝑖𝑖

+∑𝜀𝜀𝑖𝑖𝑖𝑖𝑬𝑬𝑖𝑖
𝑖𝑖

                               
 (2) 

Where S is the linearized strain, s is compliance under short-circuit conditions, T is stress, and ∇. 𝑇𝑇 = 0 , 𝑺𝑺 =
∇𝑢𝑢+𝑢𝑢∇
2   where u is the displacement vector, δ is the piezoelectric tensor and the superscript t stands for its transpose. 

E is the electric field strength, D is the electric flux density (electric displacement), ε is the permittivity (free-body 
dielectric constant), and ∇. 𝐷𝐷 = 0 , ∆ × 𝐸𝐸 = 0. Due to the symmetry of𝛿𝛿, 𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡 = 𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖. In matrix form it can 
be written like as Eq. 3: 

{{𝑺𝑺}  = [𝒔𝒔
𝑬𝑬]{𝑻𝑻} + [𝒅𝒅𝒕𝒕]{𝑬𝑬}       

{𝑫𝑫} = [𝒅𝒅]{𝑻𝑻} + [𝜺𝜺𝑻𝑻]{𝑬𝑬}          
(𝟑𝟑) 

Where [d] is the matrix for the direct piezoelectric effect and [𝑑𝑑𝑡𝑡] is the matrix for the converse piezoelectric 
effect. The superscript E indicates a zero, or constant, electric field; the superscript T indicates a zero, or constant, 
stress field; and the superscript t stands for transposition of a matrix. 

Among the piezoelectric sensors, there are two types of ceramic based like as PZT and polymer based like as 
PVDF, each of which is used in certain conditions according to the characteristics of the electric charge generation 
ratio on the type of strain or applied pressure (dES)[18]. In this paper, a piezoelectric sensor (a P-876 PZT sensor 
from PI) was used. The sensor characteristics are presented in table 1. 
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Table 1. P-876 PZT sensor characteristics 

Property Qty Unit 
Dimensions 61×350.5 mm 

Min. bending radius 20 mm 
Electrical capacitance 90 ±20% nF 

Piezo ceramic PIC255  
Piezoceramic height 200 µm 
Piezoelectric charge 

coefficient 
d31=-210 pC/N 
d33=500 

Elastic compliance 
coefficient 

SE
11=15 pm2/N 

SE
33=19 

 

3. Experimental Method 

3.1  Materials 
The test structure utilized a 6061-T6 aluminum specimen, which was carefully shaped into a dog-bone 
configuration to ensure effective management and control of the applied strain during the loading process. Tensile 
loading was applied using an Instron 8872 test machine, which had a maximum capacity of 10 kN. To obtain the 
stress-strain curve for the aluminum specimen, the dog-bone shape was designed to fail at approximately 7.5 kN, 
as depicted in Fig. 1(a). Additionally, another set of dimensions was used to have a stiffer specimens for the 
purpose of applying cyclic tensile loads shown in Fig. 1(b). Complete details regarding the dimensions of the 
specimens can be found in Table 2. 

Fig. 1. The test specimen, a) specimen for yield test, and b) specimen for fatigue test 

Based on the known yield stress (σn) and strain (εn) values of approximately 309 MPa and 0.5% respectively for 
6061-T6 aluminum [19], calculations were performed to determine the corresponding yield force and 
displacement (δx) along the gauge length (A). 
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occurs in some materials such as steel, while other materials such as aluminum do not have an unlimited stress 
level. In cyclic loading with each stress in a range greater than infinite loading level, micro-cracks occur on the 
surface or bulk of the structure and these cracks grow as the loading continues [15]. By increasing the size of the 
cracks in a structure, the crack size reaches a critical size where the effective cross-sectional area (A) is reduced, 
and the applied stress  𝜎𝜎 = 𝐹𝐹/𝐴𝐴 is greater than the failure strength of the material. As a result, once the cracks 
grow and become critical, the structure fails. In the mechanical properties of materials, the fatigue life is 
determined by the number of stress cycles at each level of stress, which is called the S-N curve [15]. The S-N 
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cycles in the stress level of i. In theory, DI must be smaller than 1 to avoid fatigue failure, or this DI can be defined 
as the percentage of fatigue-induced damage. As mentioned before, and according to the S-N curve for some 
materials such as steel, there is an unlimited stress level below which, the applied stress does not cause any damage 
and fatigue failure to the structure. 

𝐷𝐷𝐷𝐷 =∑𝑛𝑛𝑖𝑖
𝑁𝑁𝑖𝑖

 (1) 
 

2.2  Fatigue life measurement sensors 
In order to use the S-N curve, the stress level needs to be measured. According to Hooke's law, there is a direct 
relationship between the strain and the stress levels in the materials. Therefore, measuring the strain level gives 
the stress level as long as the Young modulus of the material is known. Strain can be measured using different 
methods such as strain gauges, digital imaging, FBG, magnetic microwire, laser optic, capacitive, and magnetic 
sensors. Loading can also be measured directly using methods such as load cells and ultrasonic. These methods 
are active methods used for fatigue life measurements; however, they require a significant amount of power to be 
operational during the lifetime of the structures which may last years. For example, a civil engineering structure 
is usually expected to last over 25 years[17]. Therefore, this project is looking to develop a simple passive fatigue 
sensor based on piezoelectric materials for optimal measurement of fatigue life with minimal cost, high durability, 
and low power consumption. By using piezoelectric and triboelectric sensors, we can achieve passiveness, 
simplicity of fabrication, and no consumption of electric power. Of course, among these, piezoelectric sensors are 
more transparent and stable in terms of commercial use and relationships governing their performance (Eq. 2).  

{ 
 
  

𝑺𝑺 = 𝑠𝑠𝑻𝑻 + 𝜹𝜹𝒕𝒕𝑬𝑬     ⟹        𝑺𝑺𝑖𝑖𝑖𝑖 =∑𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑇𝑇𝑖𝑖𝑖𝑖
𝑖𝑖,𝑖𝑖

+∑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡 𝑬𝑬𝑖𝑖
𝑖𝑖

                     

𝑫𝑫 = 𝛿𝛿𝑻𝑻 + 𝜺𝜺𝑬𝑬      ⟹         𝑫𝑫𝑖𝑖 = ∑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑇𝑇𝑖𝑖𝑖𝑖
𝑖𝑖,𝑖𝑖

+∑𝜀𝜀𝑖𝑖𝑖𝑖𝑬𝑬𝑖𝑖
𝑖𝑖

                               
 (2) 

Where S is the linearized strain, s is compliance under short-circuit conditions, T is stress, and ∇. 𝑇𝑇 = 0 , 𝑺𝑺 =
∇𝑢𝑢+𝑢𝑢∇
2   where u is the displacement vector, δ is the piezoelectric tensor and the superscript t stands for its transpose. 

E is the electric field strength, D is the electric flux density (electric displacement), ε is the permittivity (free-body 
dielectric constant), and ∇. 𝐷𝐷 = 0 , ∆ × 𝐸𝐸 = 0. Due to the symmetry of𝛿𝛿, 𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡 = 𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖. In matrix form it can 
be written like as Eq. 3: 

{{𝑺𝑺}  = [𝒔𝒔
𝑬𝑬]{𝑻𝑻} + [𝒅𝒅𝒕𝒕]{𝑬𝑬}       

{𝑫𝑫} = [𝒅𝒅]{𝑻𝑻} + [𝜺𝜺𝑻𝑻]{𝑬𝑬}          
(𝟑𝟑) 

Where [d] is the matrix for the direct piezoelectric effect and [𝑑𝑑𝑡𝑡] is the matrix for the converse piezoelectric 
effect. The superscript E indicates a zero, or constant, electric field; the superscript T indicates a zero, or constant, 
stress field; and the superscript t stands for transposition of a matrix. 

Among the piezoelectric sensors, there are two types of ceramic based like as PZT and polymer based like as 
PVDF, each of which is used in certain conditions according to the characteristics of the electric charge generation 
ratio on the type of strain or applied pressure (dES)[18]. In this paper, a piezoelectric sensor (a P-876 PZT sensor 
from PI) was used. The sensor characteristics are presented in table 1. 
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Where S is the linearized strain, s is compliance under short-circuit conditions, T is stress, and ∇. 𝑇𝑇 = 0 , 𝑺𝑺 =
∇𝑢𝑢+𝑢𝑢∇
2   where u is the displacement vector, δ is the piezoelectric tensor and the superscript t stands for its transpose. 
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stress field; and the superscript t stands for transposition of a matrix. 

Among the piezoelectric sensors, there are two types of ceramic based like as PZT and polymer based like as 
PVDF, each of which is used in certain conditions according to the characteristics of the electric charge generation 
ratio on the type of strain or applied pressure (dES)[18]. In this paper, a piezoelectric sensor (a P-876 PZT sensor 
from PI) was used. The sensor characteristics are presented in table 1. 

 

Table 1. P-876 PZT sensor characteristics 

Property Qty Unit 
Dimensions 61×350.5 mm 

Min. bending radius 20 mm 
Electrical capacitance 90 ±20% nF 

Piezo ceramic PIC255  
Piezoceramic height 200 µm 
Piezoelectric charge 

coefficient 
d31=-210 pC/N 
d33=500 

Elastic compliance 
coefficient 

SE
11=15 pm2/N 

SE
33=19 

 

3. Experimental Method 

3.1  Materials 
The test structure utilized a 6061-T6 aluminum specimen, which was carefully shaped into a dog-bone 
configuration to ensure effective management and control of the applied strain during the loading process. Tensile 
loading was applied using an Instron 8872 test machine, which had a maximum capacity of 10 kN. To obtain the 
stress-strain curve for the aluminum specimen, the dog-bone shape was designed to fail at approximately 7.5 kN, 
as depicted in Fig. 1(a). Additionally, another set of dimensions was used to have a stiffer specimens for the 
purpose of applying cyclic tensile loads shown in Fig. 1(b). Complete details regarding the dimensions of the 
specimens can be found in Table 2. 

Fig. 1. The test specimen, a) specimen for yield test, and b) specimen for fatigue test 

Based on the known yield stress (σn) and strain (εn) values of approximately 309 MPa and 0.5% respectively for 
6061-T6 aluminum [19], calculations were performed to determine the corresponding yield force and 
displacement (δx) along the gauge length (A). 
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Table 2. Mechanical dimensions of aluminium test specimens 
(the manufactured specimens had ±0.1 mm tolerance due to 
cutting process) 

Dimensions (mm) Static failure 
specimen 

Fatigue specimen 

L 250 210 
w1 20 20 
w2 8 16 
A 50 100 
B 50 40 
C 50 2 
t 3 3 

 

The results of these calculations are presented in Table 3. It can be observed that the applied tensile force of 7.5 
kN corresponds to approximately 50% of the yield point in the fatigue specimen. Therefore, it is evident that a 
significant number of cycles would be required for the specimen to reach the failure point. 

Table 3. Mechanical loading and dimensional changing parameters 

Parameters Yield specimen Fatigue specimen 
Cross-section area (t*w2)(mm2) 24.3 48.5 

Tmax (N) 7508.7 14989.5 
δx along the gauge length (mm) (@ 7.5 kN) 0.22 

 
 

3.2 Test method 
The purpose of incorporating an extension is to offer a user-friendly interface or plug-in that can be conveniently 
installed on both concrete and metallic structures. The extension, depicted in Fig. 2, is constructed using a 3D 
printed tough PLA material and offers the flexibility of either surface-mounting it onto the host structure or 
embedding it within the concrete. The piezoelectric sensor is affixed to the flexible plate, functioning as the sensor 
bed. One of the key advantages is the simplification of monitoring movements within the host structure, as the 
mechanical and electrical behaviour of the extension is well understood. This eliminates the requirement for 
different sensor attachments and distinct signal analysis processes for each host structure. Such variations in 
surface smoothness and patterns can pose challenges in traditional approaches, making the use of the extension a 
more efficient and reliable solution. 

However, it is important to consider that direct attaching of the low strain to failure PZT sensor to a surface that 
has a high applied strain ranges than the sensor’s strain to failure carries the risk of sensor rupture under high 
strains. According to the sensor datasheet[20], lateral strain is 650µm/m that is lower than aluminum substrate 
strain to failure. To mitigate this risk, the current design incorporates an initial bending to prevent sensor rupture 
during high strain levels in the host structures. The working principle of the extension is as follows: the extension 
legs are initially installed at a predetermined distance on the structure. Considering that the sensor length is 61 
mm and the minimum bending diameter is 40 mm, the minimum distance between the extension legs should be 
approximately 40 mm. This allows for a 20 mm range of stretching between the legs, equivalent to a maximum 
bearable strain of 30%. After the installation of the extension legs, the sensor bed with the attached sensor is 
placed into the designated slots. As the strain varies in the host structure, this displacement is transferred to the 
sensor by modifying the bending diameter, resulting in the generation of an electrical signal. 
Additionally, Fig. 2 showcases two holders specifically designed for securing the LVDTs during tensile tests. 
These holders ensure the proper positioning and stability of the LVDTs throughout the testing process. 

 

 

Fig. 2. Cyclic loading test setup on the dog-bone aluminum specimen containing LVDTs 

 

4. Result and discussion 
4.1. Quasi-static test 

Firstly, the aluminum specimen was tested to obtain the stress-strain curve. Subsequently, the fatigue loading 
range was determined within the predominantly linearly elastic region. To accomplish this, three dog-bone shaped 
specimens were subjected to pure tensile load (Fig. 1(a)). The tension speed was set at 30 µm/sec, and the load 
limit was 9 kN. The results are following the calculation in table 3, and Fig. 3 illustrates the yield stress, which is 
approximately 293 MPa (equivalent to 7.2 kN due to a ±0.1 mm cutting error in the manufactured dimensions). 
S1, S2, and S3 correspond to specimens 1, 2, and 3, respectively. Additionally, Fig. 4 presents a comparison of 
the length variation of the test structure and specimens from their initial states. 

Extension legs 

LVDTs 

PZT sensor attached on 
a flexible sensor bed 

Aluminum dog-bone 
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Fig. 3.Tensile stress-strain graphs for the aluminum specimens (S1~3)

Fig. 4. Yield test structure a) applying tension to a dog-bone aluminum using Instron machine and attached LVDT to measure the strain. B) 
Comparing two broken specimens with a true specimen 
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4.2. Fatigue test 

The primary objective of this section was to evaluate the extension and calibrate the sensors. To achieve this, the 
extension was attached to the stress concentration area of the fatigue test specimen using an epoxy glue. The 
highest tensile load applied in this test was 8 kN, resulting in a strain of 0.23% or a displacement of 144 µm in 
terms of extension length. To ensure an adequate range for detecting the longest displacement, a bending diameter 
of 2 mm was chosen. Fig. 5 illustrates the placement of two LVDTs to measure the real strain between the 
extension legs. 

Cyclic loads were defined between the minimum and maximum tensile points, as depicted in Fig. 6, and various 
loading frequencies were employed, as listed in Table 4. It is expected that, with the same cyclic loading profile, 
the strain applied to the specimen would remain consistent. Consequently, this strain leads to cyclic displacement 
between the extension legs, which is reflected in the sensor output voltage. 

According to the governing equations of piezoelectric materials (Eq. 3), a higher strain generates a higher voltage, 
as observed in the sensor output curves in Fig. 7. Another influential parameter affecting the sensor output is the 
loading frequency. Since piezoelectric sensors are sensitive to dynamic excitation, higher excitations result in 
higher voltages. Fig. 8 demonstrates the effect of frequency variation on the sensor output. It is evident that the 
strain-voltage linear curves shift upward as the loading frequency increases, and there is also a slight increase in 
the slope of the curves at higher frequencies. 

Table 4. Cyclic loading characteristic 

Tensile load characteristics Qty Unit 
Minimum 0.2 kN 
Maximum 2, 4, 6, 8 kN 

Frequency (sine wave) 1, 2.5, 5, 7.5, 10 Hz 
 

The observed linear relationship between strain and voltage in the sensor output confirms the potential use of the 
sensor for strain monitoring. However, it is evident that the relationship is influenced by the frequency of the load. 
This frequency dependency highlights the need for further study and validation to establish the precise relationship 
between the sensor output and dynamic loading conditions. To achieve a comprehensive understanding of the 
sensor's response to various loading scenarios, additional investigations and validations are required. This may 
involve conducting controlled experiments with different loading frequencies and magnitudes to gather more data 
points and explain the observed trends with analytical solutions of finite element models. Once the strain-voltage 
relationship is thoroughly understood and validated, the next step would involve utilizing this information to 
calculate a reliable damage index. The damage index calculation can provide insights into the level of fatigue and 
potential structural deterioration based on the sensor output. This would allow for accurate predictions of the 
remaining fatigue life of the host structure. 

In summary, there is a need for continued study and validation to understand the relationship between sensor 
output and dynamic loading conditions. This will enable the calculation of a reliable damage index and facilitate 
further investigations for monitoring the condition and behavior of the host structure. 
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the strain applied to the specimen would remain consistent. Consequently, this strain leads to cyclic displacement 
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This frequency dependency highlights the need for further study and validation to establish the precise relationship 
between the sensor output and dynamic loading conditions. To achieve a comprehensive understanding of the 
sensor's response to various loading scenarios, additional investigations and validations are required. This may 
involve conducting controlled experiments with different loading frequencies and magnitudes to gather more data 
points and explain the observed trends with analytical solutions of finite element models. Once the strain-voltage 
relationship is thoroughly understood and validated, the next step would involve utilizing this information to 
calculate a reliable damage index. The damage index calculation can provide insights into the level of fatigue and 
potential structural deterioration based on the sensor output. This would allow for accurate predictions of the 
remaining fatigue life of the host structure. 

In summary, there is a need for continued study and validation to understand the relationship between sensor 
output and dynamic loading conditions. This will enable the calculation of a reliable damage index and facilitate 
further investigations for monitoring the condition and behavior of the host structure. 
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Fig. 5. Cyclic test structure using innovative extension and two LVDTs are installed on extension to get the real strain between extension 
legs. 

 

 

Fig. 6. Tension-tension cyclic loading profile 
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d) 

 
Fig. 7. PZT sensor output in a) 0.2kN to 2kN, b) 0.2kN to 4kN, c) 0.2kN to 6kN, d) 0.2kN to 8kN tension and loading frequency variations 

 

Fig. 8. Output voltage as a function of tensile loading in different loading frequency 

5. Conclusions 

This research presents a novel extension designed to host PZT sensors for fatigue life monitoring of engineering 
structures. The extension offers the flexibility of surface-mounting or embedding within the structure, providing 
a user-friendly interface for strain measurement. By incorporating an initial bending design, the extension 
mitigates the risk of sensor rupture under high strains. The working principle of the extension allows for the 
transfer of displacement to the sensor, resulting in the generation of an electrical signal that accurately reflects 
strain variations in the host structure. The use of the extension simplifies the monitoring process by eliminating 
the need for different sensor attachments and customized signal analysis for each structure.  It was observed that 
the generated PZT voltage and the strain levels have a linear relationship, with a dependency in the frequency of 
the cyclic load. Therefore further research is required to understand and explain this frequency dependency in 
order to make a reliable fatigue life monitoring sensor. In addition, future studies will involve the design of 
electronic systems for signal conditioning, processing, and communication. 
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Fig. 7. PZT sensor output in a) 0.2kN to 2kN, b) 0.2kN to 4kN, c) 0.2kN to 6kN, d) 0.2kN to 8kN tension and loading frequency variations 

 

Fig. 8. Output voltage as a function of tensile loading in different loading frequency 

5. Conclusions 

This research presents a novel extension designed to host PZT sensors for fatigue life monitoring of engineering 
structures. The extension offers the flexibility of surface-mounting or embedding within the structure, providing 
a user-friendly interface for strain measurement. By incorporating an initial bending design, the extension 
mitigates the risk of sensor rupture under high strains. The working principle of the extension allows for the 
transfer of displacement to the sensor, resulting in the generation of an electrical signal that accurately reflects 
strain variations in the host structure. The use of the extension simplifies the monitoring process by eliminating 
the need for different sensor attachments and customized signal analysis for each structure.  It was observed that 
the generated PZT voltage and the strain levels have a linear relationship, with a dependency in the frequency of 
the cyclic load. Therefore further research is required to understand and explain this frequency dependency in 
order to make a reliable fatigue life monitoring sensor. In addition, future studies will involve the design of 
electronic systems for signal conditioning, processing, and communication. 
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