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Abstract. Fatigue Life Monitoring is crucial to ensuring the safety and durability of
engineering structures. This paper presents an innovative approach for fatigue life
monitoring using a PZT (Lead Zirconate Titanate) piezoelectric sensor operating in
buckling mode to measure applied cyclic strains. A significant focus is placed on the
utilization of a 3D-printed 'Extension’ platform upon which the PZT sensor is
installed, allowing it to operate in buckling mode while subjected to cyclic strains. An
analytical framework is developed to establish a direct relationship between dynamic
strain values and the sensor's output, considering critical strain attributes such as
amplitude and strain rate. The analytical solutions are validated through a series of
experimental tests conducted under various dynamic loading conditions. Integrating
the piezoelectric sensor with the 3D-printed extension demonstrates high sensitivity
and serves as a passive dynamic strain measurement sensor, with promising potential
for application as sensor nodes in fatigue life monitoring of engineering structures.
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Introduction

The structural integrity and performance of engineering components and materials are critical
considerations in ensuring the safety and reliability of various systems. One pivotal aspect of
this assessment is the monitoring of fatigue life, particularly in dynamic environments where
materials are subjected to cyclic loading [1]. Fatigue failure, often characterized by the
progressive development of cracks, is a prevalent concern in engineering structures, ranging
from bridges and aircraft to electronic devices [2]. Accurate and timely measurement of strain
cycles can be used as a proactive assessment method for the evaluation of potential fatigue
failure.

The selection of suitable sensors stands as a critical decision in ensuring accurate and
comprehensive data acquisition of dynamic strains. Various sensor types have been
employed to capture the dynamic strain behaviour inherent in cyclic loading scenarios. Each
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sensor type brings unique advantages and limitations. Strain gauges, commonly used for
static strain measurements, face limitations in the high-frequency domain, making them less
suitable in capturing rapid cyclic changes. Accelerometers, designed to measure acceleration,
provide insights into dynamic loading but may not directly measure strain [3]. Fibre optic
sensors, known for their versatility, exhibit promise in some applications but may face
challenges like limited angles, temperature variation and pH condition in certain
environmental conditions[4].

Due to high sensitivity, piezoelectric sensors emerge as a versatile and effective choice for
dynamic strain measurement among a variety of sensors [5]. These sensors operate on the
principle of converting mechanical deformation into electrical charge, allowing them to
capture rapid and subtle changes in strain. Different types of piezoelectric sensors are tailored
for specific applications, including lead zirconate titanate (PZT), quartz, and polyvinylidene
fluoride (PVDF) sensors [6]. Notably, PZT sensors exhibit exceptional sensitivity and
stability, making them well-suited for dynamic applications [7].In addition to functioning as
strain gauges, certain piezoelectric sensors can serve as ultrasonic transducers, enabling the
detection of ultrasonic waves and providing insights into material properties and degradation
mechanisms. Moreover, their capability to capture acoustic emission, linked to the release of
transient stress waves during active cracks and damage, further enhances their utility in
monitoring the health and integrity of structures[5].

Sirohi et al. [8] investigated piezoelectric elements (PZT and PVDF) as strain sensors,
comparing them with conventional foil strain gages. Surface-bonded to a beam, the sensors
were calibrated, addressing transverse strain and shear lag effects. Temperature effects on
PZT sensors were examined, and superior sensitivity and signal-to-noise ratio demonstrated
the advantages of piezoelectric sensors over conventional counterparts. In another study,
piezoelectric was used as a strain gauge in buckling mode[7], and the performance was
evaluated analytically and experimentally under mechanical loads [9], [10]. In a recent study,
cyclic strains was measured using a PZT in buckling mode. A 3D-printed extension part was
developed and affixed to structures with epoxy glue. This extension converts structural strain
to PZT's bending chord, preventing sensor rupture in high-strain scenarios and enabling one-
dimensional strain measurement. Preliminary results demonstrate the extension's
functionality, showing a linear increase in the PZT’s output with tensile strain, consistent
with the piezoelectric governing Equation [7].

This article investigates the behaviour of a piezoelectric sensor in buckling mode and aims
to provide analytical modelling for measuring cyclic strains. The buckling mode was created
using the extension part [7] that converts structural strain into PZT's bending chord,
preventing sensor rupture in highly strained scenarios, and facilitating precise one-
dimensional strain measurement.

1. Methodology
1.1 Piezoelectricity

Piezoelectric materials generate an electric charge in response to mechanical stress or
deformation[6]. Fig. 1 shows the simplified configuration of a quartz crystal, showcasing its
diverse states. In its pristine state, the positive charge center (Cq-+) aligns precisely with the
negative charge center (Cq-), ensuring external electrical neutrality. Yet, under mechanical
deformations, these charge centres diverge, prompting the emergence of electric dipole
moments from Cq- to Co+. This polarization, denoted as P, intensifies with the geometric
separation between Cq- and Cq+. Upon short-circuiting the electrodes, a consequential charge
flow, or electric current, ensues. Alternatively, electrically unloading the electrodes



facilitates the measurement of an electric voltage across them, providing a nuanced glimpse
into the intricate interplay of electrical and mechanical phenomena within the realm of

piezoelectricity.
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Fig. 1. Schematic depicting the internal structure of a quartz crystal flanked by electrodes on two surfaces,
showcasing three distinct states under various mechanical loading conditions.

Methodically considering thermodynamics and Maxwell’s Equations, Equation 1 provides
the relationship between the generated electric displacement and mechanical strain in a
piezoelectric [6].

Dy, = gngn + emkiSki )

Tij = —eiann + SCiEjlekl
Where all the variables and material parameters are defined in Table 1. The superscripts of
the material parameters point out which physical quantities are presumed to stay constant in
the framework of parameter identification.
Table 1. Expression used in Equation 1.

Notation | Description | Unit
Intensive state variables
E, Electric field density; vector vm?
T Mechanical stress; tensor rank 2 Nm-=2
Extensive state variables
D,, Electric flux density; vector Cm?
Sij Mechanical strain; tensor rank 2 -
Material parameter
_ngﬁ;’l Electric permittivity; tensor rank 2 AsVIm?: Fm?
| emkl Piezoelectric stress constants; tensor rank 3 | Cm?2; NVm!
85'1‘31 Elastic compliance constants; tensor rank 4 | m?N*

Equation 1 comprises two terms: the first term defines mechanically induced electric charge,
which we aim to utilize, while the second term, representing electrically induced stress, will
be disregarded. The &5, E, term defines the electrical displacement resulting from the
application of an electric field and the e,,;;Sk; term is generated by a mechanical strain.
Since there is no external application of an electric field in this study, the former term can
also be disregarded. Consequently, the most relevant equation linking mechanical strain to
electrical displacement is expressed in Equation 2.

D = empiSi (2)
The next step involves thoroughly studying both the electrical and mechanical models to
understand how the piezoelectric strain meter behaves when subjected to mechanical forces.



b) PZT sensor in buckling
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Fig. 2. The schematic of the buckled thin plate a) with simply supported (pinned) boundary condition
considering coordinates notation and physical dimensions and b) how to apply the buckling condition using
the 3D printed extension (holders) and installation on the host structure.

1.2 Electromechanical model of piezoelectric sensor

Fig. 3. aillustrates a simplified comprehensive model of a piezoelectric sensor, encompassing
both resonant and non-resonant components [11], along with a current source based on
electrical displacement. Comparatively, the resistance of R, is much greater than Rs and R.
Additionally, at resonance, the impedance of Ly and Cm conjugates, resulting in zero overall
impedance, with R being the dominant impedance across the circuit. However, at lower
frequencies, the impedance of the resonant branch surpasses that of other branches, rendering
it negligible. Furthermore, at frequencies below 100 Hz, the impedance of capacitor C
outweighs that of Rs, allowing Rs to be disregarded. Under these assumptions, the equivalent
circuit reduces to parallel Rp and C, alongside Ip as depicted in Fig. 3.b. Additionally, R.
represents the external load resistor, which may stem from measurement equipment or

designated electronic circuits [12].
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Fig. 3. Equivalent circuit of a piezoelectric sensor a) for a wide range of frequency, b) in a very low frequency
range (f << f;) including load resistor and c) simplified circuit with an equivalent resistor.
Now there is a first order parallel RC circuit, the capacitor C is simulating inherent
capacitance of piezoelectric sensor and is defined by physical dimension and material
properties of the sensor. Under assumptions of plane-strain and thin film uniaxial strain, the
dielectric permittivity can be defined as an effective term k [9] :
2
E = 833 + eﬁ (3)
C33
where &35 is the dielectric permittivity along thin film’s normal direction and c33 is the elastic
constant. Under thin film plane-strain assumption, the transversal strain s,, = 0 and an

effective piezoelectric coefficient can be defined as Equation 4 [13]:

- €13

€ =€31— gess (4)
To convert the electrical displacement from Equation 2 to electrical current, the current
density (J) and the whole generated current considering sensor area (A) can be defined by

Equation 5.

Non-resonant part Resonant part

dDy(t) des  _dS(t)
dt =4 dt = de dt




Where S(t) is the uniaxial strain of the bent piezoelectric thin film. Applying Kirchoff's
current law to the circuit in Fig. 3.c, Equation 6 describes the current distribution in the
circuit.

dv v
Equation 6 describes Ip and combined with Kirchoff’s law will conduct a first-order

differential Equation that relates sensor output voltage (v) to dynamic strain S(t). By
considering initial conditions as v; = 0, the generated voltage by piezoelectric can be
described by Equation 7:

T
Ae -t [ t dS(t) it
U(t) = ?e T f et d
t
- - - 0 - - - - -
Where 7 = RC is defined as the time constant of a piezoelectric sensor. This 7 also indicates

the speed at which the piezoelectric sensor discharges.
To gain insights into the dynamic behaviour of the piezoelectric sensor in buckling mode
under the specified boundary conditions—both ends simply supported, as depicted in Fig.
2b—a bending energy approach will be pursued. Considering the use of three different
materials in the sensor composition (Fig. 4b), the effective Young's modulus E.ff, is
defined[13][14]. The strain within the PZT layer (as expressed in Equation 8) exhibits a
correlation with the curvature, w,,, of the sensor subsequent to deformation, and is further
governed by the moment of inertia, denoted as M = EeffleffW(','c)- Here I,z denotes the
effective moment of inertia of the whole sensor.
M hpzr  Eepp hpzr

T Bpptlay 2 Epgr 2 0O ®)

Furthermore, to assess the strain Equation in dimensional terms, the term w ;) should possess

(7)

units of [%]. The deformation of the sensor w( under conditions of simply supported, is
given by Equation 9[15]:
s
W) = Omax SIn (Z x) 9

The length L is defined as Lo-AL as illustrated in Fig. 2. Where the maximum deflection
Omax- 1S defined by Equation 10:

4LoAL  hpyp® 2
Smax=\/ 2 9 ~ T LoAL (10)

The wy,, at the midpoint of the sensor, where the strain is the highest, can be inserted into

Equation 8 to give the governing equation for strain. In the experimental setup, the change in
length, AL varies over time and is modulated by the initial buckling, as depicted in Fig. 4d.

2. Experimental Method
2.1 Material

The piezoelectric sensor utilized in the research is a P-876 soft PZT piezoelectric transducer
manufactured by Pl company. It employs a PIC255 piezoceramic material, the shape and
dimensions of which are illustrated in Fig. 4a. This particular type of soft ceramic possesses
the capability of limited bending while maintaining the integrity of its ceramic structure,
thereby mitigating the risk of breakage. However, it is noteworthy that this sensor can
undergo buckling, with the minimum bending radius specified as 20 mm, as indicated in the
sensor datasheet.
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Fig. 4. a) schematic illustrating sensor dimensions, sourced from the P-876 datasheet, b) different layers
configuration, c) Illustration of the developed test setup for applying dynamic buckling to the PZT sensor and
d) Buckling profile.

2.2 Test method

In this section, the developed equation is evaluated through experimental validation,
encompassing three key parameters: initial, and dynamic buckling amplitude, and dynamic
buckling frequency. MATLAB is employed for the analytical assessment. Consequently, the
initial buckling, while adhering to the assumption Biy;tiqr = Bamyp, Plays a significant role in
the distribution of strain within the piezoelectric sensor. To investigate the impact of initial
buckling on output voltage, four different ranges (3, 5, 9, and 11 mm) are considered,
alongside variations in dynamic buckling and frequency ranging from 1 to 10 Hz. These
analyses are presented in Fig. 5a-d for experimental measurements and Fig. 5e-h for
analytical results.

3. Results and discussions

In this section, the developed equation is evaluated through experimental validation,
encompassing three key parameters: initial, and dynamic buckling amplitude, and dynamic
buckling frequency. MATLAB is employed for the analytical assessment. Consequently, the
initial buckling, while adhering to the assumption Bp;tiqr = Bamp, Plays a significant role in
the distribution of strain within the piezoelectric sensor. To investigate the impact of initial
buckling on output voltage, four different ranges (3, 5, 9, and 11 mm) are considered,
alongside variations in dynamic buckling and frequency ranging from 1 to 10 Hz. These
analyses are presented in Fig. 5a-d for experimental measurements and Fig. 5e-h for
analytical results.

The relationship between buckling amplitude and output voltage is found to be linear, as
buckling amplitude directly corresponds to strain amplitude, resulting in a proportional
output current. However, frequency, derived from strain, does not follow this linearity.
Furthermore, the graphs indicate an optimal initial buckling chord of 9 mm, leading to higher
output voltage. Further precise determination of this optimal point requires additional
experiments and analytical scrutiny.
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Fig. 5. Experimental measurements of Output VVoltage as a Function of Buckling Frequency, Demonstrating
Static and Dynamic Buckling within a Frequency Range of 1 to 10 Hz. Initial Buckling Values: a) 3 mm, b) 5
mm, ¢) 9 mm, and d) 11 mm. Analytical Results of Initial Buckling Values: €) 3 mm, f) 5 mm, g) 9 mm, and
h) 11 mm.

3. Conclusions

This study presents an integrated analytical and experimental method for fatigue life
monitoring using a soft PZT piezoelectric sensor operating in buckling mode. The main aim
was to establish a reliable technique for assessing the fatigue life of engineering structures,
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crucial for ensuring their safety and durability. The incorporation of a 3D-printed 'Extension’
provided a sturdy platform for the piezoelectric sensor, enabling its operation in buckling
mode under cyclic strains. The developed analytical framework established a direct
correlation between dynamic strain values and sensor output, considering key attributes like
amplitude and strain rate. Experimental validation demonstrated the effectiveness of the
proposed approach under various dynamic loading conditions, showcasing the high
sensitivity and functionality of the integrated piezoelectric sensor with the 3D-printed
extension as a passive dynamic strain measurement sensor. This integration offers notable
advantages, including self-powering capabilities and enhanced safety in highly strained
structures. Future research should concentrate on refining the approach and expanding its
applicability, with a focus on impedance calculations and conducting more precise
experiments to understand sensor behaviour in real-world scenarios. Addressing these
aspects will contribute to advancing fatigue life monitoring, thereby enhancing the safety and
performance of engineering structures globally.
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