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ABSTRACT

This Letter reports a piezoelectric bending sensor configuration based on a complementary design of four identical flexible piezoelectric sensors
using both theoretical analysis and experimental demonstration. The active material used here for sensing is a flexible ferroelectret polymer, which
possesses a cellular internal structure with distributed trapped charges. The transverse piezoelectric effect is observed by changing the permanent
macroscaled dipole moments upon bending. It has been found that the voltage output for the sensor is linearly related to the bending curvature.
Angular displacement is determined by monitoring the output of four orthogonal devices on a rod. Different types of surface stress can also be
determined by measuring output polarities from an antiparallel electrical connection. The proposed sensor configuration in this work is capable of
providing a nondestructive evaluation of structural health by measuring a 2D bending vector.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5126409

As underground electric power transmission and water/gas pipes
become more common, it is essential to develop technologies that can
monitor their structural health. Landslides, seismic waves, or even
nearby constructions could damage underground lines and cause
severe damage. Nondestructive evaluation of structural health'”
becomes inevitable for long-term monitoring of structural distortion.
Perhaps the most straightforward method for measuring structure
deformation is to use a strain gauge as a transducer. Based on different
working principles, such devices can be categorized into following
groups: optical,’ acoustic,” resistive,” and piezoelectric types.”’
Resistive strain gauges are most widely used due to their low fabrica-
tion costs and easy evaluation methods. However, those passive devi-
ces require extra costs in power consumption and maintenance.
Piezoelectric materials have demonstrated potential applications in
structural health monitoring” '’ and bending curvature sensing'"'”
due to their high sensitivity and flexibility. Fully battery-less sensing
networks can also be achieved by integrating piezoelectric sensors into
an energy harnessing system."” However, little effort has been made to
provide a design rule for 2D directional bending mapping especially
by using the polarity of piezoelectric materials.

In previous work, * we developed the theoretical framework of
the transverse piezoelectric effect of polypropylene ferroelectret
(PPFE) and demonstrated its performance in terms of mechanical
robustness, thermal stability, and humidity resistance. This manuscript
focuses on a specific configuration of piezoelectric based bending

gauge for structural health monitoring. Each of the four sensors is
made of an 80 um thick, 50 mm long, and 15mm wide PPFE film,
which has a ds; value of approximately 2 pC/N,'” sandwiched between
two 500 nm thick sputtered silver metal electrodes. Figure 1 shows the
SEM image of the cross-sectional view of the PPFE film. The piezo-
electric effect of the PPFE film is introduced into the material by the
following method. First, a solid polypropylene film filled with silicate
particles (stress concentrates) is under a bidirectional in-plane stretch-
ing process to create microcracks. Then, high pressure (~5 MPa) N,
gas is introduced and diffuses into the material to further expand the
voids into ellipsoid shapes. A large electric field is applied and the dis-
charging of plasma occurs in the voids, which induces trapped charges
q; on top and bottom surfaces of the voids with opposite polarities.
Therefore, each charged microvoid can be considered as a macrodi-
pole moment p; = g;l;, and the total displacement field can be
expressed as P = Y p;/V, where I; is the separation of the top and
bottom surfaces of a void, N is the total voids in the materials, and V'
denotes the volume of material. When an external mechanical load is
applied, the distortions in [; result in a change in P, which leads to an
electric output.

The sensor configuration is schematically shown in Figs. 2(a) and
2(b), where four sensors (sensors 1-4) are mounted on the outer sur-
face of a Polyvinyl Chloride (PVC) pipe. Each sensor pair (sensor-1/2
and sensor-3/4) is connected in the antiparallel direction and aligned
180° with respect to the z- and y-axes, respectively. In this symmetric
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FIG. 1. SEM image of the cross-sectional view of the PPFE film. Particles shown
are inorganic silicates.

design, the terminals V_ and V,, correspond to the electric output from
sensor-1/2 and sensor-3/4, respectively, and monitor the structural
deflection in that specific direction. During the experiments, the
deflection of the pipe is provided by conducting a four-point bending
test, where the two ends of the pipeline are fixed, and the two loading
points are periodically driven by a computer-aided stepping motor
through the pulse width modulation (PWM) method. Figures
2(c)-2(e) show the Finite Element Method (FEM) analysis for the
experiments. When the pipe undergoes a lateral deflection A(x) (either

«_» « »

in the “2” or “y” direction), the structure deforms into a sinusoidal
shape. Given a pipe length L, the deflected profile in the “z” or “y”
directions along the pipe’s length (x-axis) can be described as
A(x) = Ag[l + cos(2mx/L)]/2,"* where the origin is chosen to be the
(0,0) coordinates of the zy-plane (ie., center of the pipe) and A,
denotes the maximum deflection. Since this A, is directly provided by
the linear displacement of the stepping motor, A, exhibits a periodic
triangular profile with respect to time. Figure 2(d) shows the FEM
result of the buckling profile by applying different A, values at the ori-
gin from 0 to 1 cm. Assuming that A(x) represents the displacement in
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the z-axis, the strain in the center of the pipe can be described as
€ = z/p, —r < z < r,'" where p is the radius of curvature at the cen-
ter [see Fig. 2(d)] and r is the outer radius of the pipe [see Fig. 2(a)].
Thus, the maximum strain occurs on the outer surface of the pipe and
can be expressed as €y, = *1/p, where the plus and minus notations
represent the tensile and compressive stress, respectively. Given that
the bending curvature () is the reciprocal of the radius of curvature
(p), it follows that 1/p = k = |A”(0)|, where A”(0) is the second
derivative of A(x = 0) with respect to x and €,,,, is linearly propor-
tional to K. €,,4, can be expressed in terms of the deflection by the fol-
lowing equation:

€max = * Ag. (1)

From Eq. (1), it can be seen that €,,,,, which occurs at the center of
the pipe, is proportional to the deflection amplitude at that location.
This result is also consistent with the FEM result shown in Fig. 2(e),
where €,,,, is the stress plateau in the center area of the pipe, while
the deflection increases linearly with the mechanical input A, as
shown in Fig. 2(d). When a PPFE sensor is attached to the outer
surface of the pipe and subjected to a bending moment, the longitu-
dinal strain (e,) in the film would induce a transverse piezoelectric
effect'” in the poling direction of the material, which is perpendicu-
lar to the film surface. In this case, the displacement field D, can
be expressed as D, = kE, — de,, where k is the effective spring
constant of PPFE, E,, is the electric field, and d is the effective piezo-
electric coefficient. Thus, the open circuit voltage V,, can be deter-
mined as V,, = he,d / k,'" where h is the thickness of the PPFE
film. Combining this expression for V,, with Eq. (1), the relation
between V., Ay, and k can be described as

-
27 drhAO _ i%x. )

kr?
Equation (2) shows that the magnitude of V,, is linearly proportional

to both Ay and «, and its polarity is determined by the type of stress,
i.e., whether it is tensile or compressive stress.

Voe = £

Stress (MPa)

0.6 0.8 10cm

Pipe length (cm)

FIG. 2. Demonstration of a PVC pipe under the four-point bending test. (a) The schematic cross-sectional view of four PPFE bending sensors mounted on the PVC pipe with
connections of different polarities. (b) A schematic side view of (a), where PPFE sensors are mounted on the surface of the PVC pipe. (c) FEM simulation of the PVC pipe
under the four-point bending test. (d) FEM simulation results of deflection profiles under different lateral displacements. (e) FEM simulation results of surface stress distribution

along the beam length under different lateral displacements described in (d).
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Figures 3(a)-3(d) show the characterization of a single sensor
under both tensile stress and compressive stress. It can be seen from
Fig. 3(a) that when the sensor is attached on the tensile side of a bend-
ing pipe, V,,. shows a positive value, while a negative value is observed
on the compressive side [see Fig. 3(b)]. It should be noted that when
measuring the open circuit voltage, an instrument with higher internal
impedance must be used. A low impedance voltmeter would lead to a
second-order system and the output voltage will be dependent on
bending dynamics, which results in alternative positive and negative
peaks."” Thus, a voltmeter with an input impedance of >1 GQ (NI-
9222, National Instruments) is used here, and the impedance of PPFE
is estimated to be around 600 MQ by characterizing the maximum
power transfer.'® In this case, the voltage measurements shown in
Fig. 3 present unidirectional output signals, which are exactly the lin-
ear coupling effect between mechanical and electrical domains for pie-
zoelectric materials. These results are also in agreement with Eq. (2)
and demonstrate that the PPFE can be used for sensing not only the
bending curvature but also the stress type.

It is also verified experimentally that changing polarity produces
the same V,,, magnitudes [see Figs. 3(a)-3(d)]. Thus, the combination
of four identical sensors in a specific way as shown in Fig. 2(a) can be
used to monitor the bending curvature with 2D directional informa-
tion. For instance, when A, travels along the + z-axis, V, measures the
electric output from sensors 1 and 2. Figure 3(e) shows the V,, mea-
surement as a function of bending curvature, where a linear relation is
observed as expected from Eq. (2). It should be noted that since PPFE
operates as a current source, connecting sensors 1 and 2 in the antipar-
allel configuration results in current flowing in the same direction
when the two sensors are experiencing different types of stresses (i.e.,
sensor 1 undergoes tensile stress, while sensor 2 undergoes compres-
sive stress when A travels in the + z direction). Therefore, the voltage
output is the same as using just one sensor but not expected to be dou-
bled as shown in previous works.'”'® However, sensors 3 and 4 are
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connected in the antiparallel direction but under the same types of
stress for a 4 z directional bending, which leads to the current flowing
in opposite directions, and thus, V, = 0, as shown in Fig. 3(f).
Therefore, the advantage of using this 4-sensor configuration can be
seen by comparing with the 2-sensor configuration (single sensor in z-
and y-axes) as shown in Fig. 3(f), where the 2-sensor configuration
incorrectly indicates a bending curvature in the y-axis under a pure
bending in the z-axis.

When the pipeline is under an arbitrary deflection, the bending
curvature can be described by the vector decomposition in a polar
coordinate system. In the following, it is assumed that sensors 1 and 2
and sensors 3 and 4 are aligned in z- and y-axes, respectively [as shown
in Fig. 2(a)] and the normal direction of a deflection is at the angle of 0
to the z-axis. Then, V and V, can be expressed as V, = V_(0) cos(0)
and V,, = V,(0) sin(0), where V,(0) is the open circuit voltage of V', at
0 = 0. Figure 4(a) shows |V,| of sensors 1 and 2 under various bending
curvatures and directions (). It can be seen that |V,| starts with its
maximum value at = 0 and decreases as the bending normal direc-
tion approaches parallel to the y-axis. The relation between |V,| and
k(0) demonstrated by sensors 3 and 4 is shown in Fig. 4(b), where the
similar behavior along the y-axis confirms the symmetric property of
the sensor pair configuration. It should be noted that using only sen-
sors 1 and 2 or sensors 3 and 4 does not provide a full picture of real
bending input. At a given measured V., or V, value, it is not enough to
determine if the bending is under a normal directional bending along
the z-(y-) axis, or it is under a larger bending with an angle 0 to the
z-(y-) axis. Thus, information from both sensor pairs (i.e., 1 and 2 and
3 and 4) needs to be collected for a full description of the bending.
According to Eq. (2), the bending curvature and direction can be deter-
mined as

(©)
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FIG. 3. Characterization of the PPFE sensor and sensor pair under different bending curvatures. (a) Single PPFE sensor on the tensile side with a positive connection. (b)
Single PPFE sensor on the compressive side with a positive connection. (c) Single PPFE sensor on the tensile side with a negative connection. (d) Single PPFE sensor on the
compressive side with a negative connection. (e) V, of sensor pairs under different bending curvatures. (f) Demonstration of cancelation by using the sensor pair.
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FIG. 4. Polar plots of V, under different bending curvatures in arbitrary directions. (a) V,. of Sensors 1 and 2 under different bending curvatures. (b) V, of Sensors 3 and 4
under different bending curvatures. (c) Polar plots of Vj calculated from V. of Sensors 1 and 2 and Sensors 3 and 4, which describe the structural deformation in arbitrary

directions.
and
V,
0 = arctan—2, (4)
V.
where Vy = , /Vj -+ V2. Figure 4(c) shows the 2D plot of the relation

between Vy and «(6). Each circle plot represents a bending condition
under a specific x value, which can be related to V) through Eq. (3). The
directional information 0 is also able to be determined through Eq. (4).
Hence, in order to obtain the detailed bending information of a buried
and obscured pipeline, only two parameters, V. and V), are required,
while four measurements are required when using the traditional resistive
bending gauge for the same purpose. It is also worth mentioning that this
design utilizes the polarities of piezoelectric and ferroelectric materials
when subjected to different types of stresses and different electrical con-
nections. Therefore, the choice of materials is not restricted to PPFE.

In this work, a specific configuration of monitoring the structural
health is proposed based on piezoelectric bending sensors. Four identi-
cal PPEE films are patterned on the outer surface of the structure
under test. Each of the two sensor pairs is connected in the antiparallel
direction and aligned in the perpendicular direction with the other.
Based on the transverse piezoelectric effect of PPFE and the inherent
polarity characteristic of piezoelectric materials, the designed sensing
network is able to provide a 2D full description of an arbitrary defor-
mation. Two open circuit voltages are used to measure different bend-
ing conditions, where Vj is found to be linearly related to the bending
curvature and the directional information 0 can also be determined.
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