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ARTICLE INFO ABSTRACT

Keywords: Accurate and reliable strain measurement is essential for effective condition monitoring of engineering struc-
Piezoelectric sensor tures. This study presents an analytical and experimental investigation into the performance of piezoelectric
PzT sensors for structural strain measurements, evaluating the effect of attachment strategy and the properties of the
E‘:;iial strain substrate and the sensor. Lead zirconate titanate (PZT) and polyvinylidene fluoride (PVDF) sensors were eval-
Attachment uated in two attachment configurations: Fully Attached (FA) and Two-End Attached (TEA). A voltage-strain
Shear leg relationship was developed based on principles of piezoelectricity, electrical circuit modelling, and solid me-

chanics. Results indicate that sensor performance is significantly influenced by the attachment method. Spe-
cifically, the TEA configuration reduced the impact of substrate properties and improved uniaxial strain
measurement accuracy by up to 32% compared to the FA configuration. The FA configuration exhibited
sensitivity to the substrate’s Poisson ratio, leading to a nonlinear voltage-strain response. In contrast, the TEA
configuration provided pure uniaxial strain measurements by reducing the effects of shear lag and substrate
elasticity. These findings provide a comprehensive approach to using piezoelectric sensors for structural strain
measurement, allowing for the placement of sensors on various substrates without the need for calibration by
effectively utilizing sensor and substrate properties along with the attachment strategy. The study provides a
novel analytical-experimental comparison of sensor attachment methods, showing how TEA significantly im-

Poisson’s ratio

proves uniaxial strain accuracy and reduces substrate dependency in piezoelectric strain measurements.

1. Introduction

Ensuring the safety and reliability of engineering structures neces-
sitates cautious monitoring of their strain history. While various strain
measurement techniques exist, challenges such as substrate dependency,
shear lag effect, and sensor attachment constraints limit their effec-
tiveness in real-world applications. For example, cyclic strains due to in-
service loadings can lead to fatigue failure which is a gradual, localized
process that accumulates over time in different engineering structures
such as bridges [1,2], high-rise buildings [ 3], and offshore platforms [4].
These cyclic strains are significantly lower than the structure’s strain to
failure; however, they can lead to structural failure or dysfunction over
time [5,6]. It is therefore essential to develop reliable and accurate strain
measurement solutions.

Traditionally, a variety of strain measurement techniques, such as
strain gauges [7], Linear Variable Differential Transformers (LVDTs)
[8], extensometers [9], Fiber Bragg Gratings (FBGs) [10], Digital Image
Correlation (DIC) [11], and accelerometer [12], have been used to
monitor cyclic strain in structures. While these methods are widely used,
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they each have limitations. For instance, FBGs are prone to brittleness
and installation complexity, while DIC requires precise surface prepa-
ration and can be affected by resolution challenges in practical appli-
cations. These issues can hinder the reliability of long-term structural
health monitoring. Recent advances in flexible pressure sensors,
including resistive, capacitive, and piezoelectric types, have also high-
lighted challenges such as mechanical mismatch, hysteresis, and signal
drift that similarly affect long-term sensing reliability [13-15].
Piezoelectric sensors have emerged as a promising alternative for
strain measurement. While piezoelectric sensors are primarily used in
high-frequency applications such as ultrasonic testing [16-18], acoustic
emission [19,20], and electromechanical impedance measurements [21,
22], their ability to generate electrical displacement in response to
mechanical strain makes them suitable for use as strain gauges [23,24].
Piezoelectric sensors offer a higher signal-to-noise ratio and greater
sensitivity in a higher frequency range than traditional strain gauges
[25]. These sensors operate in a passive mode, eliminating the need for
an external power source and requiring less complex electronics [26],
and offer higher sensitivity, especially in low-strain and high-noise
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dynamic loadings, compared to traditional strain gauges [25,27].
Additionally, they can simultaneously detect longitudinal and trans-
verse strains, making them versatile in capturing multi-directional strain
responses.

However, despite their advantages, the use of piezoelectric sensors in
structural strain measurement comes with its own set of challenges,
including a limited strain range, sensitivity to the substrate’s mechanical
properties—particularly Poisson’s ratio and potential inaccuracies due
to incomplete strain transfer to the sensor caused by the shear lag effect
in the bonding layer between the sensor and the substrate [25,28]. For
example, Lead zirconate titanate (PZT) sensors are not ideal for
measuring strains exceeding 100-150 pe due to potential nonlinearities
and changes in material properties, which can compromise calibration
accuracy [25,29]. However, experimental results have reported
maximum strain measurements of 1% [30] to 3.5% [31], though the
linear elastic region remains very limited. Unlike traditional resistive
strain gauges—which are primarily sensitive to unidirectional
strain—piezoelectric sensors respond to both longitudinal and trans-
verse strains [25,32]. As a result, at least two piezoelectric sensors are
typically required to distinguish uniaxial strain accurately.

To overcome these limitations and better understand the behaviour
of piezoelectric sensors, this study aims to characterize two piezoelectric
materials: PZT and polyvinylidene fluoride (PVDF), both commonly
used in sensing applications. The performance of these sensors is ana-
lysed in two distinct bonding configurations: Fully Attached (FA) and
Two-End Attached (TEA). The FA configuration ensures full contact
between the sensor and the substrate, while the TEA configuration re-
duces the bonding area to two ends, which could help minimize the
influence of the substrate’s mechanical properties. This research pro-
vides practical insights into optimizing piezoelectric sensor configura-
tions for structural health monitoring applications, ultimately offering a
more accurate and reliable approach to strain measurement in engi-
neering structures.

This study uniquely combines analytical modelling and experimental
validation to evaluate the performance of piezoelectric strain sensors
under two attachment configurations (FA and TEA). The findings
demonstrate how attachment strategy influences sensor sensitivity,
strain transfer efficiency, and dependency on substrate properties, of-
fering a practical framework for accurate strain measurement using
piezoelectric sensors across diverse structural materials.

2. Materials and methods

The detailed properties of PZT and PVDF sensors are provided in
Table 1. The PZT was a P-876.A11 soft piezoelectric sensor, made from
PIC255 piezo-ceramic and manufactured by PI Company. A stainless
steel strip with 250 x 55 x 1.5 mm dimensions was used as the substrate
structure. Cyanoacrylate glue was applied to mount the piezoelectric
sensors to the structure. Please note that the PVDF sensor was only
studied analytically.

Table 1

Piezoelectric sensors and substrate properties.
Property Qty Unit
Min. lateral contraction (PZT) 650 um/m
Poisson ratio (PZT) 0.35
Young’s moduli E;=E, (PIC255) [33] 63E9 Nm 2
Young’s modulus (PZT sensor) 16.4E9 Nm2
d3; =dsz (PZT) ~175E-12 CN!
ds; (PVDF) [34] 23E-12 cN!
Young’s modulus, (PVDF sensor) 2-4E9 Nm~2
Poisson ratiog) (PVDF) 0.3
a, (PVDF) [35] 0.6
d, (PVDF) 0.22
Young’s modulusy (stainless steel) [36] 200E9 Nm 2
Poisson ratio (stainless steel) 0.27
G (glue) 25E6 Nm2
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Fig. 1 illustrates a series of cyclic uniaxial tensile loads applied to the
substrate within its linear elastic range using an Instron machine. The
loading consisted of sinusoidal cycles, ranging from a minimum of
0.2kN to a maximum of 12kN. The amplitude of these cycles was
adjusted to four specific levels: 2 kN, 4 kN, 8 kN, and 12 kN. The loading
frequency was varied between 0.5 Hz and 4 Hz, with intermediate fre-
quencies of 1 Hz, 2 Hz, and 3 Hz. During the tests, the output signals of
both PZT piezoelectric sensors were recorded using a digital oscilloscope
with a sampling rate of 1 GSa/s. DIC was used to monitor strain varia-
tions within both the sensors and the substrate. To enhance the accuracy
of strain measurement using DIC, the surfaces of both the substrate and
the sensors were patterned with a grid of small, randomly distributed
speckle patterns. These patterns create unique image features that can
be tracked and correlated between different images, allowing for precise
determination of surface displacements and strains.

3. Voltage-strain relationship in piezoelectric materials
3.1. Piezoelectricity

Piezoelectric materials produce an electric charge when subjected to
mechanical stress or deformation. Fig. 2 illustrates a 2D configuration of
a quartz crystal in different states. In its undeformed state, the positive
charge center (C$) and the negative charge center (Cg) are perfectly
aligned, resulting in electrical neutrality. However, these charge centres
shift apart when mechanical deformation occurs, creating electric dipole
moments between Cq and C¢. This separation leads to polarization,
represented by P, which increases as the distance between Cq and C§
grows. If the electrodes are short-circuited, an electric current flows due
to the charge movement. Alternatively, when the electrodes are elec-
trically isolated, a voltage difference can be measured, demonstrating
the complex relationship between mechanical forces and electrical
behaviour in piezoelectric materials [37].

Piezoelectric materials generally convert mechanical deformation
into an electrical field, and vice versa, as described by the piezoelectric
duality [37,38] relevant variables are outlined in Table 2. The super-
scripts S and E indicate that the quantity is measured at constant strain
and constant electric field, respectively. The subscripts {i,j,k,l,m,n}
refer to spatial directions {x,y,z} or {1, 2, 3}.

Dy = €l Ep + duaTu O
Sij = d,ann + siEjlekl
Eq. 1 consists of two components: the mechanically induced electric
field (Dn), and the electrically induced mechanical deformation (Sy),
which can also function as an actuator. In this study, the piezoelectric is
used as a sensor, so only the first component must be investigated. In the
first component, two different sources contribute to the electrical
displacement. The electric field E, can either originate from an external
power source or the local electric field generated by mechanically
induced electrical displacement. Since this study employs the piezo-
electric sensor as a passive sensor, there is no external power source, and
the electric field generated by the mechanically induced displacement is
negligible. Therefore, the vector of electrical displacement can be
simplified to the mechanically induced component and is expressed in
matrix form in Eq. 2.

T
D, dy dyp diz diy dis dis Tao
T:
Dy | =|dy doy dps dpsa dos dag Tzz 2)
D.
3 ds; dsy; dsz dsy dss dse T3
T12

The tensor of the piezoelectric stress constant can be simplified
depending on the symmetry of the piezoelectric material. For the PIC255
PZT piezoelectric material used in this study, which falls under crystal
class 6 mm, certain symmetries exist [39]. As a result, several tensor
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Fig. 1. (a) A tension-tension test setup with DIC measurements, including PZT sensors in FA and TEA configurations, (b) PZT sensor dimensions and an adhesive

layer for TEA.

entries are zero, leading to a simplified form, as shown in Eq. 3.

T
D 0 0 0 0 ds O To
1
D= 0 0 0 d o o[ ©)
D 23
s dyn ds; dsz O 0 0 Ti3
T12

The coefficients ds1, d3s and d33 represent the normal strains in the
coordinate directions relative to the poling direction, which is perpen-
dicular to the electrode plane (along the 3-axis). The other coefficients,
dis and dg4, correspond to shear strains in the 1-3 and 2-3 planes,
respectively, contributing to the electric field in the 1 and 2 directions.
However, for a piezoelectric film poled in the 3 direction, shear in the
1-2 plane does not contribute to the generation of any electric
displacement [25,39]. To obtain the overall generated electric charge,
Eq. 3 can be used:

dA,
q://[Dl D, Ds]|dA; 3
dA

3

Where dA, is the plane perpendicular to direction n. It is important to
note that electrodes are required to collect electric charges from each
plane. In the piezoelectric sensor used in this study, the electrodes are
fabricated on the 1-2 plane (or in the 3 direction, through the thickness).
As a result, only the electrical displacement D3 contributes to the
collected electric charge. Here A is the area covered by electrodes:

q=Ds;xA C))

To relate the system to a more practical parameter, such as electrical
current, the rate of change of electric charge q is described in Eq. 5:

dq, dAD; _ A%
d  dt T dt

Ip = ()

3.1.1. The equivalent electrical circuit of a piezoelectric

The behaviour of a piezoelectric sensor can be represented by an
equivalent circuit, commonly known as Van Dyke’s Model [40]. Given
the wide range of applications and operating frequencies of piezoelectric
sensors, more complex models have been developed to account for
higher-order resonance frequencies and dynamic behaviour [41].

Fig. 3a presents a simplified yet comprehensive model of a piezo-
electric sensor, incorporating both resonant and non-resonant compo-
nents [42], as well as a current source based on electrical displacement.
This model distinguishes between the resonant and non-resonant parts,
each dominating specific frequency ranges depending on the piezo-
electric properties. In comparison, the resistance Ry, is significantly
higher than Rs and Ry,. At resonance, the impedance of Ly and Cp
cancels out, resulting in zero net impedance, with Ry,being the dominant
impedance in the circuit. However, at lower frequencies, the impedance
of the resonant branch becomes much larger than the other branches, so
its effect is negligible. Additionally, at frequencies below 100 Hz, the
impedance of capacitor C is much higher than that of R, allowing Rs to
be disregarded. Under these assumptions, the equivalent circuit sim-
plifies to a parallel combination of R, and C, along with the current
source Ip, as shown in Fig. 3b. Ry, represents the external load resistor,
which could originate from measurement equipment or specific elec-
tronic circuits [43]. The two parallel resistors can be replaced by an
equivalent resistor R, as illustrated in Fig. 3c and calculated using Eq. 6.

R, XR;

6
RP+RL ©®

R=Ry|IR, =

The circuit is reduced to a first-order parallel RC configuration, as
described in Eq. 7. The capacitor C represents the inherent capacitance
of the piezoelectric sensor. This capacitance is determined by the sen-
sor’s physical dimensions and piezoelectric material properties.

£o&A
hpzt

c ()

Where ¢oande, are the vacuum and relative permittivity, d is the dis-
tance between two electrodes, A is the covered area between two elec-
trodes, and hp, and 9 are the thickness and Poisson’s ratio of
piezoelectric material.

Kirchhoff’s current law is applied to solve the RC circuit and deter-
mine the sensor’s output voltage as a function of electrical displacement,
as shown in Eq. 8, for the current in the circuit depicted in Fig. 3c.

Ip =i +ig ®

Where i follows Ohm’s law, and the current through the capacitor can
be described by Eq. 9, based on Coulomb’s law.
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Fig. 2. (a) Schematic of a 2D piezoelectric lattice with electrodes on both x-y surfaces, illustrating charge center alignment in three distinct mechanical load states;
(b) Loading directions relevant to piezoelectric behaviour, including normal load (P), longitudinal (L), transverse (T), longitudinal shear (SL), and transverse

shear (ST).

Table 2

Variables used in Eq. 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

eld Electric permittivity; tensor rank 2 AsV~Im~!; Fm!
dink Piezoelectric strain constants; tensor rank 3 Cm 3NV m™?!
ssﬁ Elastic compliance constants; tensor rank 4 m?N~!
dQ X dv
Q=cCV = i.=C— 9
dt dt

Where v = vy in circuit Fig. 3c. Substituting the expressions for the
currents into Eq. 8 results in a first-order differential equation, as shown
in Eq. 10.

dv
dt

v A dDs

RC C dt

RC C =0

(10

Considering the initial conditions as zero (since the external power
source is not connected to the sensor), the voltage generated by the
piezoelectric sensor can be described by Eq. 11.

A -t
7667

er %dt

dt (11)

V(o)
0

Where t=RC is defined as the time constant of the piezoelectric sensor.
This t characterizes the speed at which the sensor discharges, or more
specifically, the recombination rate of the generated charge, reflecting
the system’s tendency to return to equilibrium under static loading
conditions.

From Eq. 11, it becomes clear that the generated voltage is directly
proportional to the rate of electrical displacement, meaning that the
sensor is particularly sensitive to dynamic deformations, while its
response to static or slow-changing loads is minimal.

In the following section, the connection between the mechanical
strain and electrical displacement is described.

3.2. Strain distributions

3.2.1. Strain in FA piezoelectric sensor
The substrate is assumed to be in a state of plane stress, a condition
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commonly found in thin plates where the out-of-plane stresses are
minimal [44]. Hooke’s law, relating stress and strain through Young’s
modulus and Poisson’s ratio (Eq. 12), will be applied to analyse strain
distribution and its transfer to the attached piezoelectric sensor under
mechanical loading.

01 () ()
€1 = 5 — 19xx* = 7'955*
E E, E,
s s s 12)
P

Where the subscript "ss" refers to the stainless steel substrate. Under the
uniaxial test condition shown in Fig. 1, only o3 is present, while the
strain in the 1(x)-direction is controlled by Poisson’s ratio, reflecting the
material’s lateral contraction or expansion. In the FA configuration of
the PZT piezoelectric sensor, and under the assumption of an ideal (rigid
and thin) bonding layer and lateral isotropy in the PZT material, the
sensor is assumed to experience approximately the same in-plane strain
as the substrate. However, in practical conditions, this strain transfer is
affected by the shear lag effect, which is addressed later in this section.
Additionally, the plane stress condition applies to the sensor, meaning
out-of-plane stresses are negligible, and in-plane strains dominate its
response [45].

Considering the isotropy of the PZT material and the strain trans-
ferred from the substrate, the axial stress in the PZT piezoelectric sensor
is presented in Eq. 13.

|:T1pz'r ] _ Epzr { 1 '9PZT:| |:glss }
Topyr (1 — 8pzr?) | Opzr 1 Ess

_ Epzr 1 Opzr B
o

— 13
1= 0 13)

Opzr 1

E 1pvpr

total electrical displacement and consequently lowering the sensor’s
output voltage.

Epzr 02 02 Epzr I
Ty, =22 (9,221 9, 22 ) =22 (22 (9,09
b (1 - &PZTz) ( SSESS PZTESS) (1 — 19PZT2) (Ess> ( Far SS)
Epzr 6y 02 Epzr s
N - S P S AN R LAV
2pz1 1- 19PZT2) ( Vst PZTESS +EH> i szrz) <Ess) (1 —9pzr9ss)

14

For the PVDF piezoelectric sensor, due to its orthorhombic symme-
try, Young’s modulus and Poisson’s ratio differ between the longitudinal
and transversal directions [46-48]. As a result, the stress distribution in
a PVDF sensor in the FA configuration is different from that of the PZT
sensor, which is described by Eq. 15 [24].

1 191PVDF |
{lem} __ B E {8155}
Topun (1 = 910 200 ) | 2 bﬂ €255
L 1pvor |
r q O
1 '91PVDF *19“*2
= % E Ess (15)
B 2
(l - '91PVDF'92PVDF) 192PVDF Eﬂ o2
L 1pvpr | Ess

Eq. 16 compares the axial stress experienced by the PVDF piezo-
electric sensor, which is more complex than that of the PZT sensor due to
its anisotropic properties. The relationship between the substrate’s
Poisson ratio and the axial stress (T1) remains consistent: if the sub-
strate’s Poisson ratio is lower than the transverse Poisson ratio of the
PVDF sensor, T1 increases, leading to a higher overall electrical
displacement. Conversely, if the substrate’s Poisson ratio is higher, T1
decreases, resulting in a lower output voltage.

P [P E; )
T s S— R W R B | — L — 9
trior (1 - '91PVDF192PVDF) ( SSESS lpvaSS) (1 - 191pvm=2ar) (ESS)( troe SS)

E oy E o
Topye = 1rvor < - lgxs192vaF72 + Zese 2) =
) Es (

(1 - lglpypp'gzpvw ElPVDF Fﬁ 1- 191pvorzar)

According to Eq. 2 and considering the equal piezoelectric co-
efficients in directions 1 and 2 for the PZT piezoelectric sensor (as shown
in Table 1), increased axial stress results in greater electrical displace-
ment. However, as presented in Eq. 14, for substrates with a lower
Poisson’s ratio, T; (transverse stress) becomes positive, enhancing the
overall electrical displacement. Conversely, for substrates with a higher
Poisson’s ratio than the PZT sensor, T; becomes negative, reducing the

Etpior <ﬂ
Eg

(16)

> (Clr - '92PVDF'955)

The a, and d, values for the PVDF piezoelectric sensor are provided in
Table 1, and the definitions are given in Eq. 17. These coefficients for the
PZT piezoelectric sensor are equal to 1 due to the material’s inherent
symmetry.



A. Ghaderiaram et al.

E, 92 dsy
a, = -2 = “2andd, = 17
E21 191 d31 ( )

3.2.2. Shear leg effect in FA PZT piezoelectric sensor

In practical applications, the bonding layer between the substrate
and the FA piezoelectric sensor introduces some attenuation in strain
transfer. Due to the finite thickness of the adhesive layer, the strain or

T
A=t d d31 X Epgr
V(t)m}n = Ee T /er d_ (d3l Tlpzr + d32 Tlpzr)dt = {(1 _ &PZT )
0
A A d d E
—t t 31 X L
VOmpmor = c8° / “ @ (d31 Trype + 32 Topne )t = {ﬁ
0

strain gradient in the substrate is not completely transmitted to the
sensor, a phenomenon known as the shear lag effect. To ensure accurate
strain measurements, a correction for the shear lag effect, as presented
by Crawley and de Luis [49], is applied. This correction factor is
described in Eq. 18.

ig* |:< Gglue >+( 4><Gglue><wsen >:|§:0 (18)
ox Esen X tsen X tglue E:ub X Wap X typ X tglue

Where { = &sen/€sup, G is the shear modulus for the adhesive layer, and w
and t represent the width and thickness, respectively. A solution for Eq.
19 is given as:

¢ = AcoshI'x + BsinhI'x 19)

I' is a substitution defined in Eq. 20, and by applying the boundary
conditions outlined in Eq. 21, { can be expressed as shown in Eq. 22.

= ( Gglue ) + ( 4 x Gglue X Wsen > (20)
Esen X tsen X tglue Esub X Weupltsup X tglue
Bouandary conditions : {J;i? ’gg j(? 21
= Lsen; =
_ coshlln = 1 x sinhI'x — coshI'x +1 (22)

sinh/ .,

By applying the dimensions to Eq. 22, the correction factors for ¢
(longitudinal strain) and ¢, (transverse strain) are computed and illus-
trated in Fig. 4 for varying adhesive layer thicknesses. The results
indicate that strain transmission is the highest at the center of the sensor,
with no strain transfer occurring at the edges. Furthermore, an increase
in adhesive thickness leads to a greater reduction in strain transmission.
The strain ¢; at the sensor’s center ranges from 95-100 % of the substrate
strain, while ¢, decreases significantly from 99 % to 76 %, influenced by
the sensor’s narrow width as the adhesive thickness increases from 5 to
100 pm. The maximum strain values shown in the figures represent the

o — B5) + Ct (1~ D1y D)) }
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overall 2D strain transfer from the substrate to the sensor.

By applying the correction factor for the shear lag effect to the axial
strain and substituting this into the expression for electrical displace-
ment, the sensor output voltage (Eq. 11) as a function of applied strain

(%) can be expressed for both FA PZT and PVDF piezoelectric sensors

in Egs. 23 and 24.

T
A -t t d
(Cw(Opzr — O55) +C1(1 — Opzrdss) ) }E v /ef d_<_) t (23)
0

[

T
—t L
et er
0

d (o))
@ <E_55> dt (24)

Where {y and (] are the shear lag correction factors and d; is defined in
Eq. 17.

3.2.3. Strain in TEA piezoelectric sensor

As discussed in the previous section, the performance of the sensor in
the FA configuration is influenced by the substrate’s Poisson ratio and
the shear lag effect. To minimize the sensor’s dependence on these
substrate properties, the sensor can be attached at only two ends using a
narrow adhesive layer, as illustrated in Fig. 1b. This configuration, TEA
configuration, allows the sensor to primarily follow the substrate’s
uniaxial strain while exhibiting its own Poisson ratio behaviour in the
direction perpendicular to the substrate’s loading.

For the glue-covered area, the equations are similar to those in the FA
configuration. In the TEA configuration, there are two regions: attached
and non-attached areas. Since the electrode-covered area contributes to
the electrical performance, Fig. 1b shows that the total electrode-
covered area is 26 mm x 45.5 mm = 44.2 mm? In comparison, the
glue-covered area is 26 mm x (6 mm — 4.3 mm) = 1.18 mm?. The glue-

ion ic [ L183E—6 _
covered proportion is < Vs

=3. 73%), which is neglected. There-

fore, governing equations for the TEA configuration can be written as
Egs. 25 and 26.

0
Ty, } Epzr { 1 pgr }
1= 92 25
|: TZPZ'I' (1 — 19PZT2) Szt 1 E—2 (25)
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1 1
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Egs. 25 and 26 show no direct dependence on the substrate’s Poisson
ratio, suggesting that the TEA configuration significantly reduces
sensitivity to the mechanical properties of the underlying structure.
However, in practical applications, minor residual effects may still arise
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due to strain transfer at the bonded ends and properties of the adhesive
layer. Additionally, the shear lag effect can be ignored due to the
negligible contribution of the electrode-covered area to the electrical
output. The piezoelectric output voltage as a function of strain for the
TEA configuration, for both PZT and PVDF piezoelectric sensors, is
presented in Eqs. 27 and 28.

A -t r t d
VO rsppzr = Ee ’ er dt (d31 TlPZT +dss TlPZT)dt
0
T
ds1 X Epgr }A ;f/ t d (02)
=== (9pyr+1 —er e — (== )dt 27
{(1 78PZT2)( e 1) 1 de \Eg @n
0
A d
-t [ ¢t
V(O rzapvor = Eer /eT E(d?’l TlPVDF +d32T2PVDF)dt
0
T
d31 X ElPVDF }A =t t d (0'2)
_ 39 +d.aq, —er /er — == |dt
{(1_31W2a,)( o i) ST de\Es
(28)

4. Results and discussions

The analytical comparison of FA and TEA configurations (Egs. 23,
24, 27, and 28) for both PZT and PVDF sensors—where PVDF is
considered analytically only—under varying Poisson ratios of the sen-
sors (0.3-0.4) and substrate (0-0.4), reveals that the TEA configuration
is unaffected by the substrate’s Poisson ratio. These Poisson ratio values
are selected from the literature review for different ranges of piezo-
electric sensors and engineering substrate structures such as aluminium,
steel, reinforced concrete, etc. As illustrated in Fig. 5a, for structures
with a Poisson ratio lower than that of the PZT piezoelectric sensor, the
FA configuration with a PZT sensor generates a higher open-circuit
voltage. Additionally, due to its anisotropic properties, the
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piezoelectric sensor performs better in the TEA configuration than in the
FA configuration. Fig. 5a reflects a Poisson ratio for the piezoelectric
sensors, based on variations found in the literature. Examining the strain
experienced by both PZT and PVDF sensors in different attachment
modes, Fig. 5b highlights how the shear lag effect in the FA configura-
tion reduces the strain level, it also represents a share of d3; and dsp in
each sensor. As expected, the PZT sensor generates a significantly higher
voltage than the PVDF sensor (for the same dimensions), due to the
higher piezoelectric coefficients, making it a more suitable choice for
high-sensitivity applications. As a result, the experimental portion of
this study was conducted using the PZT piezoelectric sensor.

Fig. 6a illustrates the strain distribution along the structure in the
longitudinal direction, highlighting the major strain. In the FA config-
uration, the PZT piezoelectric sensor experiences nearly the same strain
as the substrate. However, Fig. 6b, which presents the average strain
level as a function of applied stress, reveals the average longitudinal and
transverse strain across multiple points on the sensors and substrate. The
strain in the FA configuration is slightly lower than that in the substrate,
which could be attributed to the shear lag effect.

In contrast, the TEA configuration in Fig. 6a shows an uneven strain
distribution, likely due to imperfect attachment on the side with the
sensor wires. The bottom left corner of the TEA sensor shows significant
strain where it should match the substrate. On the opposite side, the
attachment appears more secure, and higher transverse strain is evident,
which can be explained by the PZT sensor’s higher Poisson ratio than the
substrate. Fig. 6b confirms this observation with higher transverse strain
in the TEA configuration.

A closer examination of the major strain distribution reveals two
areas of significant stretching, circled and labelled A1l and A2 in the TEA
configuration. These areas are likely attributed to experimental errors.
Al is likely due to imperfect bonding, while A2 may be caused by the
presence of a softer encapsulation layer at the edge of the adhesive layer
(as shown in Fig. 1b), where the PZT material and electrodes are absent.
These imperfections contribute to a reduction in longitudinal strain, as
clearly illustrated in Fig. 6b. Despite these experimental errors, Fig. 6b
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Fig. 4. Two-dimensional strain maps illustrating the shear lag correction factors for both longitudinal and transverse strain distributions across the sensor, evaluated

for four different adhesive layer thicknesses (tg).
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demonstrates a strong correlation between the experimental measure-
ments and the theoretical predictions, confirming the overall validity of
the results. However, minor discrepancies between analytical and
experimental results suggest the need for further investigation into
influencing factors such as the mechanical properties and thickness of
the adhesive layer, possible temperature variations during testing, and
the long-term durability or drift of piezoelectric sensors under cyclic
loading. These effects, although not dominant in the current setup, could
become more pronounced in extended monitoring applications.

Fig. 7 compares the experimental (PZT) and analytical (PZT and
PVDF) results of sensor output voltage under cyclic tensile loading,
showing a good agreement. Regarding the error in the TEA configura-
tion shown in Fig. 6, Fig. 7a also reveals that the analytical results
predict a higher output for TEA compared to the experimental results.

Another difference between the analytical and experimental results
is that the analytical model shows FA having a lower output than TEA,
with the ratio between FA and TEA remaining constant, as illustrated in
Fig. 7b. However, in the experimental results, at lower loading fre-
quencies, the FA configuration agrees with the analytical model, but as

(a)
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the loading frequency increases, the FA configuration demonstrates a
higher output. The difference between experimental and analytical re-
sults grows as the loading frequency increases. This can be explained by
considering the dynamic sensitivity of piezoelectric sensors, as defined
in Eq. 11.

The FA sensor closely follows the substrate’s deformation, whereas
the TEA sensor primarily tracks the substrate’s uniaxial tension. During
the unloading and release process, the TEA sensor is influenced by the
slower relaxation time of the PZT material, which exhibits time-
dependent behaviour due to its viscoelastic and piezoelectric contrast
[33,50-53], the FA sensor is constrained by the substrate’s relaxation
time. Given that stainless steel has higher stiffness and negligible
viscoelasticity in the elastic region, its relaxation time is much shorter
compared to the PZT piezoelectric sensor, which responds more slowly
due to domain switching and internal dipole [54] results in the FA sensor
undergoing more dynamic deformation during the unloading process,
leading to higher output at higher frequencies compared to the TEA
configuration [55]. In addition to the FA configuration’s dependency on
the substrate’s Poisson ratio, its faster relaxation behaviour contributes
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Fig. 5. (a) Sensor output voltage versus relative Poisson ratio for PZT and PVDF in FA and TEA configurations; (b) Applied versus transferred strain, showing the

effect of shear lag in each setup.
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to the complexity of the sensor’s voltage-strain relation.
5. Conclusion

This study demonstrates that piezoelectric sensors can accurately
measure strain in substrate structures, with a comprehensive investi-
gation into the voltage-strain relationship for both PZT and PVDF
piezoelectric sensors. The research explored the fundamentals of
piezoelectricity, electrical equivalent circuits, and solid mechanics for
two attachment configurations: FA and TEA. Analytical results indicated
that the attachment method significantly influences the sensor’s
behaviour and its dependency on the substrate. In the FA configuration,
the substrate’s Poisson ratio affects the sensor’s output voltage, and
experimental findings show that the substrate’s elasticity introduces
additional nonlinearity in the voltage-strain relationship compared to
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the TEA configuration. This is in addition to the intrinsic nonlinear
behaviour of the piezoelectric material itself.

When using piezoelectric sensors for strain measurements, at least
two sensors are required to capture strains in different coordinates, and
the adhesion layer, as well as the substrate’s mechanical properties,
must be carefully considered. Changes in the substrate’s properties over
time can lead to inaccuracies in measurement. To reduce this de-
pendency, it is proposed to attach the piezoelectric sensor only at its
ends, minimizing the influence of the substrate’s Poisson ratio and the
shear lag effect. Further studies should explore alternative adhesives and
flexible mounting techniques to enhance sensor stability while preser-
ving measurement accuracy, particularly under long-term operational
conditions. The developed equations show that the TEA configuration
captures uniaxial strain independently of the substrate’s properties.
Experimentally, it is recommended that in the TEA configuration, the

1018
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R
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Fig. 6. DIC measurements of PZT sensors in FA and TEA configurations: (a) Longitudinal strain distribution at baseline and 145 MPa; (b) Transverse and longitudinal

strain vs. tensile stress for both configurations, compared with analytical results.
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Fig. 7. (a) Output voltage of PZT and PVDF sensors vs. loading frequency under varying tensile loads in FA and TEA configurations, comparing experimental results
(PZT) with analytical predictions (PZT and PVDF); (b) Comparison of FA and TEA configurations for PZT (experimental and analytical) and PVDF (analytical only).

adhesive area should extend to the boundary of the electrode-covered
area to avoid uneven strain distribution.

While the TEA configuration offers advantages, analytical results
reveal that the FA configuration produces higher output voltage for
substrates with relatively lower Poisson ratios. The PVDF piezoelectric
sensor, due to its lower piezoelectric coefficients, exhibited a lower
output voltage compared to the PZT sensor, as predicted by the
analytical model. Additionally, the PVDF sensor displayed distinct
behaviour with varying substrate Poisson ratios, with the TEA configu-
ration generating higher output voltage across all ranges due to the
sensor’s inherent orthotropic symmetry.

The findings of this study provide valuable insights for improving the
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application of piezoelectric sensors in uniaxial strain measurements and
contribute to a deeper understanding of their behaviour in structural
strain monitoring.
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