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Two passive smart composite plates are fabricated using one and two PZT patches that are cheaper than the PZT wafer. The
composite plate is fabricated in low temperature through the hand lay-upmethod to avoid PZT patch decoupling and wire spoiling.
The locus of the impact point is identified using the output voltage to identify the impact location using one sensor. The output
voltages of the sensors are analyzed to identify the impact location using two sensors. The locations of the impacts are determined
based on the crossing points of two circles and the origin of an intended Cartesian coordinate system that is concentric with one
of the sensors. This study proposes the impact location identification of the passive smart composite using the low-cost PZT patch
PIC155 instead of common embedded materials (wafer and element piezoelectric).

1. Introduction

Structural health monitoring systems have recently been
developed for various applications. Numerous studies on
the different aspects of smart structure systems have been
conducted by physicists and engineers in the fields of
aerospace, mechanics, and civil engineering [1]. The smart
structure system comprises both the host structure, including
a laminate composite beam, and the sensing elements (actu-
ations), including piezoceramic patches [2]. The widespread
development regarding these systems is caused by the impor-
tance and variety of applications of the system in different
engineering sciences such as aircraft wing, submarine sterns,
and vibration control [3].

One of the most important applications of the systems
is the evaluation of the structures of the composite for
impact damage andAcoustic Emission (AE), which is applied
in damage detection [4, 5]. Numerous researchers have
evaluated acoustic wave propagation and damage detection

by embedding or bonding PZT (lead zirconate titanate
or piezoelectric ceramic material) sensors/actuators in the
composite structure. Studies in the field of damage detection
on the use of the PZT sensors/actuators can be divided to
active and piezocomposite categories [6].

Active systems use a sensor to detect damage and an
actuator. The actuator receives an input voltage and actuates
the structure of the composite plate. The resulting acoustic
wave is propagated in the composite. The PZT sensor shows
an output signal after receiving the AE wave. If the composite
structure has damage, the output signal of the PZT signal is
changed.The changes of the signal are evaluated and analyzed
by comparing the signal waves before and after the damage
[7, 8]. Passive systems only use the PZT sensor because the
AE created by the impact is propagated through the structure
of the composite [9]. The damage detection is analyzed after
the PZT sensor receives the AE wave [9]. Guan and Yang
monitored the impact damages in the composite laminate
to evaluate the output acoustic wave [10]. These researchers
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proved that theAEwave caused by impact includes important
information that describes the composite structure based on
the availability or unavailability of the damage. Evaluating
the impact behavior of the composite laminate to detect the
structural properties of the composite is very complicated;
thus, different analysis methods were employed by numerous
researchers. Sung et al. analyzed [11] the output signal on
the time-frequency domains through the wavelet transform
(WT) method and by monitoring the impact on a composite
laminate that includes a bonded PZT sensor. In this method,
the characteristics of the AE waves made by impact were
analyzed in the passive sending diagnosis (PSD) system on
time-frequency domains. Red et al. evaluated the damage
detection by the expressingWT as a signal process technique
that includes Fourier transforms. Su et al. [12] evaluated the
damage identification system, which includes a bonded PZT
on a composite bead, based on the acoustic wave propagated
by the impact damage.

Diamanti et al. successfully detected the impact damage
on a carbon-fiber-reinforced plastic (CFRP) laminate using
a PZT patch attached on the composite surface [13]. These
researchers detected impact damage by investigating the
propagation of the lamb wave and through finite element
analysis. Ghoshal et al. evaluated the damage detection
based on stress wave parameters by simulating the acoustic
wave propagation on a quasi-isotropic glass-epoxy plate
that includes a bonded PZT patch based [14]. The previous
studies revealed that the PZT patch bonded on the composite
plate and embedded piezoelectric materials [15–20], which
were used in the previous studies [20–24], could replace
other kinds of piezoelectric materials, such as the wafer,
that are more expensive than the PZT patch. Therefore,
this study fabricates a piezocomposite plate, including four
fiberglass layers with one embedded PZT patch through its
two intermediate layers through the cut-out method. This
paper also investigates the output voltage from the PZT patch
through the impact force on the piezocomposites with one
PZT patch and two PZT patches.

2. Material and Methods

Three methods are available for inserting the PZT patch
through composite layers:

(1) smart layer;
(2) inserting without cut-cut;
(3) cut-out method.

Previous studies on embedding piezoelectric materials
mainly focused on the application of the PZT wafer using the
cut-outmethod and the application of PZT element using the
smart layer method. The current study accordingly employs
a PZT patch to embed the materials in the composite layers
through the cut-out method by presenting a cost effective
design. The cut-out method used in this study to fabricate
smart plate and composite materials includes PZT patches,
fiberglass rowing, and epoxy.

The piezoelectric materials are the PZT patch PIC155—
PI Ceramic GmbH (from Germany) is a circular disc with

Gray line

(+) (−)

Figure 1: PZT patch sensor (PIC155).

Table 1: Physical and dielectric properties PIC 155.

Parameter Abbreviation PIC 155 (PZT)
Density 𝜌 (g/cm3) 7.80
Curie temperature 𝑇

𝑐
(∘C) 345

Permittivity
In the polarization
direction

𝜀
33

𝑇 1450

Perpendicular to the
polarity 𝜀

11

𝑇 1400

Dielectric loss factor tan 𝛿 (10−3) 20

Table 2: Mechanical properties of epoxy BBT 7892.

Mechanical properties Amount
Tensile strength (psi) 9,800
Tensile modulus (psi) 420,000
Elongation at break (%) 4.9
Flexural strength (psi) 147,000
Flexural modulus (psi) 510,000
Compress strength (psi) 11,900

a 1mm thickness and 10mm diameter as shown in Figure 1.
A gray line shaped like an incomplete circle separates the
positive pole (+) of sensor from the negative pole (–).

The interior of the gray circle is the positive pole. The
exterior and the sheet behind the sensor are the negative pole.
Table 1 shows the physical and dielectric properties of PIC
155.

The fiberglass is an E-glass fiber woven roving (04
XINGDA-DIY Trade-from China) with a 0.25mm thickness
for each of the layers. The epoxy resin is Epoxy BBT 7892
(Berjaya Bintang Timur Sdn, Bhd Malaysia). Epoxy BBT-
7892 is a two-component liquid epoxy system specially
designed for the wet lay-up laminating process in composite
applications. This epoxy resin provides good wetting to most
of the composite materials. The details of the properties of
BBT-7892 are shown in Table 2.

The process of fabricating the composite plate with the
embedded PZT patch has five steps: (i) preparing the mold
and epoxy resin, (ii) cut-out fiberglass, (iii) soldering the
PZT sensor to the wire, (iv) embedding the PZT sensor into
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of composite
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Figure 2: Flowchart of fabrication process of piezocomposite plate.
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Figure 3: Schematic of the embedded piezoelectric into the com-
posite by cut-out method.

layers, and (v) drying up the composite plate. Figure 2 shows
the flowchart of the fabrication process of the piezocomposite
plate.

Three piezocomposite plates with different specifications
were fabricated in this study based on the fabrication process
of the composite plate with embedded PZT.

2.1. Fabrication of Piezocomposite Plate with One PZT Patch.
Thefirst sample plate included one PZT patch and four layers.
The fibers of the first and forth layers had an angle of 45∘ with
the fibers of second and third layers (45∘/90∘/90∘/45∘). In this
study, this sample will be called “Sample 1.”

One symmetric point in the middle layers of the com-
posite plate was purposely cut-out with the same size as the
PZT sensors to embed the sensor in the composite plate
(Figure 3).

The plastic sheet holder of the first composite layer was
placed on the mold. Next, the second and third layers (cut-
out layers) were placed on the first layer, where the fibers of
second and third layers had an angle of 45∘ with the fibers of
the first layer (Figure 4).

2.2. Fabrication of Piezocomposite Plate with TwoPZTPatches.
The second sample plate had two PZT patches and four

fiberglass layers. The lay-up of layers was similar to that of
Sample 1. In this research, this sample will be called “Sample
2”. Two symmetric points with a distance of 12.5 cm in the
middle layers of the composite plate were purposely cut-out
in the same size as the PZT sensors to embed the sensors in
the composite plate. The PZT patches were then completely
inserted through the empty space between the intermediate
layers during lay-up processing. Finally, the last layer was
placed on the top. After placing each layer, the empty spaces
and the bubbles between the layers were reduced using a
pressing roller.The last layering step was the placement of the
forth layer on the three layers.The fiber on the forth layer had
an angle of 45∘ with the second and third layers. The lay-up
of the composite plate had four layers, and the fibers of the
first and the forth layers had an angle of 45∘ with the fibers
of the second and third layers. Finally, the product was dried
in environmental temperature (30∘C) based on the sensitivity
of the PZT sensor to the temperature. After dry-up step,
a 14 cm × 19.5 cm composite plate was fabricated; thus, the
distance of each sensor to the edge of the composite was 3 cm
and the distance between the two sensors was 12.5 cm.

3. Experimental Setup

One of the aims of this study is to investigate the behavior of
the output signal because of the impact test on the composite
plate with the embedded PZT sensor. The process of the
impact test included the production of force using an impact
test machine on the composite plate to study the behavior of
the composite and the embedded PZT sensor. Figure 5 shows
the impact test process, which includes four steps. In the first
step, impact was produced using the impact machine on the
piezocomposite plate. In the second step, the stress caused by
the impact as a mechanical wave was propagated in the plate
until reaching the PZT sensor.

In the third step, the crystal structure of the PZT sensor
was strained by the effect of the stress because of the impact
and made an electrical flow. In the fourth step, the output
electrical flow was monitored on the oscilloscope screen in
the form of a signal wave (Figure 6).

If an impact happens on point A of the composite with
the PZT Patch, stress is produced.This stress is propagated in
form of a mechanical wave through the composite plate and
reaches point B near the PZT patch. If the pressure on point
A and B is equal to 𝑃A and 𝑃B, respectively, 𝑃B is less than
𝑃A (𝑃B < 𝑃A). This relation is proven through an analysis of
the deformation of an element in the one-dimensional stress
in Section 3.2.

3.1. Impact Load. Figure 7 shows that the impact on the
composite plate is produced by releasing rod from a certain
height (ℎ) on the composite plate. The approach velocity of
the rod can be obtained using (1)

𝑉
2

− 𝑉
2

0
= 2𝑔 (ℎ − ℎ

0
) , (1)

where𝑉 is the velocity of the rod striking the composite plate,
𝑉
0
is the velocity of rod released at zero (m/s), ℎ is the height
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Figure 4: Schematic of the Sample 2 structure.

First step,
impact load

Experimental impact test

Third step,
PZT sensor
reflection

Second step,
propagation

mechanical wave

Fourth step,
analysis

electrical signal

Figure 5: Schematic of experimental impact test process.
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Figure 6: Propagation stress wave from impact point (A) to sensor
(B).

of rod from the composite plate, and ℎ
0
is the height of the

composite plate considered as zero in this study.
ℎ
0
= 0 and 𝑉

0
= 0 are substituted into (1):

𝑉 = √2𝑔ℎ. (2)

V0 = 0

V

h

h0 = 0

Figure 7: Release of the rod on the composite plate.

Newton’s law of motion states that 𝐹 = 𝑚𝑎 (force equals
mass times acceleration) and 𝑎 = 𝑉/𝑡 (acceleration equals
velocity divided time). Therefore, Newton’s laws of motion
can be written as

𝐹 = 𝑚 ⋅
𝑉

𝑡
or 𝐹 ⋅ 𝑡 = 𝑚 ⋅ 𝑉. (3)
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Table 3: Force and pressure values at impact point.

ℎ (m) 𝐹 (N) 𝑃
0
(Pa)

0.01 0.110 5642.607
0.02 0.157 7979.852
0.03 0.192 9773.282
0.04 0.221 11285.215
0.05 0.248 12617.254
0.06 0.271 13821.509
0.07 0.293 14928.936

In this study, the time value of the impact test for each point
is proposed to be 1 s (unit of time).

Therefore, the force equation is obtained by (4) by
substituting the mass of rod (in this study mass of rod is
𝑚 = 0.25 kg), time value (𝑡 = 1 s), and (2) into (3),

𝐹 = 0.25√2𝑔ℎ. (4)

The pressure at the impact point on the composite plate (𝑃
0
)

can be calculated using (5):

𝑃
0
=
𝐹

𝐴
=
0.25√2𝑔ℎ

𝜋𝑟2
= 127.3√2𝑔ℎ, (5)

where 𝐹 is force (N), 𝐴 is the area of the cross-section of the
rod (m2), 𝑟 is the radius of cross-section of the rod (m), and
𝑃
0
is the pressure at the impact point on the composite plate.

In this study, the radius of the cross-section of the rod is 𝑟 =
0.025m.

Table 3 shows the force and pressure values at the impact
point by changing the releasing height of the rod from the
composite plate based on (4) and (5).

3.2. Propagation Mechanical Wave. The waves in the one-
dimensional longitudinal strain are not the only type of wave
motion for a purely longitudinal disturbance.The second type
is provided by the wave motion in one-dimensional stress,
where the longitudinal normal stresse, for example, 𝜎, which
is only a function of 𝑥 and 𝑡, is the one nonvanishing stress
component. All other stress components vanish [25].

The deformation of an element in the one-dimensional
stress is sketched in Figure 8.The figure shows that the cross-
section decreases if the element is in tension. 𝑈(𝑥, 𝑡) is the
longitudinal displacement for the case of one-dimensional
stress and is related by [25]

𝜎 = 𝐸𝜀
𝑥
, (6)

where 𝐸 is Young’s modulus. Writing the equation of motion
for an element leads to

𝜕𝜎

𝜕𝑥
= 𝜌

𝜕
2

𝑢

𝜕𝑡2
. (7)

The substitution of (6) into (7) yields

𝜕
2

𝑢

𝜕𝑥2
=
1

𝑐2
𝑏

𝜕
2

𝑢

𝜕𝑡2
, (8)

𝜎
𝜎 +

𝜕𝜎

𝜕X
ΔX

ΔX

u(x, t)
𝜕u

𝜕X
ΔX

Figure 8: Deformation in one-dimensional stress [26].

where

𝑐
2

𝑏
=
𝐸

𝜌
. (9)

The velocity 𝑐
𝑏
is usually called the bar velocity. In this study,

Young’smodulus of composite platewas achieved through the
tensile test, 𝐸 = 3.2GPa, and the density of composite plate
was 𝜌 = 1230 kg/m3. Therefore, (8) reveals that the velocity
of wave propagation in composite plate is 𝑐

𝑏
= 1.62.

If a semi-infinite thin rod (𝑥 ≥ 0) is subjected at 𝑥 = 0 to
a pressure 𝑝(𝑡), the resulting stress wave is

𝜎 = −𝑃
0
(𝑡 −

𝑥

𝑐
𝑏

) , (10)

where 𝜎 is the produced stress using 𝑃
0
with a distance of (𝑥)

from the impact point, 𝑡 is the time that the stress reaches
the point with a distance of 𝑥 from an impact point, and 𝑐

𝑏
is

the propagation velocity of the wave in the composite plate.
Equation (10) was rewritten as

𝜎 = −𝑃
0
(
𝑐
𝑏
𝑡 − 𝑥

𝑐
𝑏

) = −𝑃(
Δ𝑥

𝑐
𝑏

) . (11)

The substitution of 𝑥A (impact point) instead of 𝑥 and 𝑐
𝑏
𝑡

instead of 𝑥B yields

𝑃B =
𝜎 ⋅ 𝑐
𝑏

Δ𝑥
, (12)

where𝑃B is the pressure at point B, which has a distance ofΔ𝑥
from impact point (A); 𝜎 is the stress because of the pressure
𝑃A in the impact point; andΔ𝑥 is the distance between points
A and B.

The Equation of normal stress is [27]:

𝜎 =
𝐹

𝐴
, (13)

where 𝐹 is impact force (N) and 𝐴 is area of cross-section
of the rod (m2). Equation (13) is substituted into (12), which
yields (10)

𝑃B =
𝐹 ⋅ 𝑐
𝑏

Δ𝑥 ⋅ 𝐴
. (14)

In this study 𝐴 = 19.625 × 10
−6. 𝐶
𝑏
is 1.62. Equation (14)

shows that the pressure at point B has an inverse relationship
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Figure 9: Experimental tests with different force values in different
points on the composite plate.

with the distance of the impact point from the sensor, which
means that the pressure value decreases with the increase of
the distance of the impact point (Δ𝑥). Therefore, 𝑃B is less
than 𝑃A.

3.3. PZT Reflection. The values of the pressure on the sensors
caused by the impacts were calculated by substituting the
output voltages in [28]:

𝑃 =
16

3

𝜀
33

𝑑
31

ℎ

𝐷2

1

(1 − V)
𝑉, (15)

where 𝜀
33

is the dielectric constant, 𝑑
31

is the piezoelectric
constant, 𝐷 is the diameter of the PZT sensor, ℎ is the
thickness of the PZT sensor, 𝑃 is the pressure,𝑉 is the output
voltage, and V is the Poisson ratio. In this study, 𝜀

33
= 2.124 ×

10
−9 F/m, 𝑑

31
= −1.65 × 10

−10 (m/V), ℎ = 0.001 (m), 𝐷 =

0.01 (m), and V = 0.3.

3.4. Electrical Signals from Oscilloscope. The model of the
oscilloscope is TEKTRONIX-TDS2012B with a 100MHz
Bandwidth, 1.0 GS/s sample rate, and two channels. The data
were collected while the oscilloscope voltage selector was set
on 10mV/div. The sensitivity of TEKTRONIX-TDS2012B is
2mV/div. The impact tests were done on the floor in fixed
conditions.

4. Experimental Procedures

4.1. Composite Plate with One PZT Patch. Figure 9 shows
the experimental procedure on the piezocomposite plate.
The impact test on the three circles with radii of 2, 4,
and 6 cm (C

1
with radii 2 cm, C

2
with radii 4 cm, and C

3

with 6 cm), respectively, with their center as the sensor. The
relationship between the force and pressure on the sensor
was evaluated. Seven forces were placed on the three points
with 2, 4, and 6 cm distance from the sensor by changing
the releasing height of the rod from the composite plate
(ℎ
1
= 1, 2, . . . , 7 cm).

Figure 10: Experimental setup on the composite plate with two
sensors.

PZT
sensor

12.5 cm
19.5 cm

6 c
m

4 c
m

2 cm

14
 cm

Figure 11: Schematic of impact points in the composite plate with
two sensors.

Each force on each point caused an output voltage from
the sensor.Therefore, seven output voltages existed from each
point.

4.2. Composite Plate with Two PZT Patches. Figure 10 shows
the experimental setup on the composite plate with two
sensors. The principal aim of the current study, which is to
localize the impacts, was preceded by drawing the circles with
radii of 2, 4, 6, 8, 10, and 12 cm (the positions of the centers of
the sensors) on the composite plate that holds two embedded
sensors.

The circles crossed each other in two points (Figure 11).
The impact tests were performed on the crossing points.
The sensors calibration process was carried out by detecting
the impact voltages at the cross points of the circles. The
output voltages of the sensors (𝑉

1
, 𝑉
2
)were recorded using the

oscilloscope to manage the possible error in the experiments
for sixfold iterations. The acoustic wave is propagated on
the surface of the composite as a result of the application of
impact on the smart plate. When the stress wave reached the
PZT sensor, the crystal structure of the sensor changed and
showed an output signal. The PZT sensor had a symmetrical
hexagonal crystal structure that changes with the strain of the
stress wave (AE). The output is a free electron in form of a
voltage.The oscilloscope displays themeasured voltage in the
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Figure 12: First packet of wave output voltage from PZT sensor.

shape of a sinusoidal waveform. The location of the impact
load can be determined through the impact monitoring
process. The acoustic wave caused by impact should be
evaluated and determined in different parts of smart plate to
reach the aim of the study.

5. Results and Discussion

The results of the impact test on the composite plates with
embedded PZT patch are analyzed and evaluated. In the first
step, the results of the impact on the two fabricated samples
(sample 1 and sample 2) are analyzed. The analysis of the
two samples aims to study the manner of the output voltage
from the embedded PZT patch by the impact test. In the next
step, the result of the impact on the composite plate with two
embedded PZT patches (sample 3) is analyzed to find the
impact location.

Figure 12 shows that the domain of the first packet of wave
decreased by performing the impact test and distancing from
the PZT sensor. The first packet of wave with a distance of
20mm from the PZT sensor was the maximum. The first
packet of the wave with a distance of 60mm from the PZT
sensor was minimum. Therefore, the domain of the first
packet of wave (PK-PK) and the external voltage decreased
with the increase of the distance of the impact point from
PZT sensor. The cause of this state is demonstrated through
the comparison of the theoretical and experimental results.

Figure 13 shows the impact forces versus the pressures on
the PZT sensor (experimental results and theoretical results)
in which the horizontal axis is the force value for impact
and vertical axis is the pressure on the PZT sensor. C

1
, C
2
,

and C
3
are the names of the three circles with radii of 2,

4, and 6 cm from the PZT sensor. On each line, 7 points
(force values) were made to impact on each circle (2, 4, and
6 cm from the PZT sensor). The results of the experimental
and theoretical impact on the 7 points on each circle (C)
are shown as two lines (experimental and theoretical results).
Three lines each for the experimental and theoretical results
indicate the relationship between the pressure on the sensor
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Figure 13: Experimental and theoretical results of the pressure on
the sensor versus the impact force values.

and the forces on the points with 2, 4, and 6 cmdistances from
the sensor.

The theoretical results were attained through the men-
tioned equations and the force values in Table 2. These lines
have an increasing trend, where the pressure on the sensor
increases with the increase of the impact force value on
different points of the composite plate.

Therefore, the pressure on the sensor has a direct relation-
ship with the force caused by impact. The difference between
lines C

1
experimental and C

2
experimental is larger than

that between lines C
2
experimental and C

3
experimental.

The impact point recedes the sensor (supposing that force
is constant). The pressure on the sensor decreases, and the
ratio of the reduction of the pressure decreases.Therefore, the
pressure on the sensor has an indirect relationship with the
distance of impact point from the sensor. A few points can be
gleaned by comparing experimental and theoretical results,
which are explained later.

The difference between lines C
1
theoretical and C

1
exper-

imental increases with the increase of the impact force value.
Increasing the impact force valuewith a distance of 2 cm from
PZT sensor increases the difference of the experimental and
theoretical results of pressure on the sensor. Increasing the
impact force value also increases the difference between lines
C
2
theoretical and C

2
experimental, which means that the

difference of experimental and theoretical results of pressure
on the sensor also increases by increasing the impact force
value with a distance of 4 cm from PZT sensor. The lines of
C
3
theoretical and C

3
experimental are almost close to one

another, which means that the experimental and theoretical
results of pressure on the sensor are almost the same by
increasing the impact force valuewith a distance of 6 cm from
PZT sensor.Therefore, the difference of the experimental and
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Figure 14: Output voltages from the PZT sensor versus pressure on
sensor.

theoretical results decreases with the increase of the distance
of the impact point from PZT sensor because the sensitivity
of the PZT sensor will decrease.

The output voltages from the sensors versus the pressure
on the sensor were evaluated using (4) because the pressures
on the sensor caused output voltages from the sensor. In
Figure 14, the horizontal axis is the pressure on the sensor
and the vertical axis is the output voltage. The lines have
an increasing trend, which means that the output voltage
increases by increasing the pressure on the sensor. The
calibration constant is 980.78, whichmeans that𝑃 = 980.78×
𝑉.

Therefore, pressure has a direct relationship with voltage.
Line 𝑅

2
is below line 𝑅

1
, and line 𝑅

3
is below line 𝑅

2
,

which means that the pressure on the sensor and the output
voltage decreases when the impact points recede the sensor.
Therefore, the output voltage has an indirect relationshipwith
the distance of the impact point from the sensor.

Figure 15 shows that the locus of the impact point can
be identified through the output voltage if the impact occurs
on random points of the composite to determine location of
impact on the composite plate with a PZT Patch.The locus of
the impact was a circle with 𝑅 as the radius, the sensor as the
center. 𝑅 was obtained from (16):

𝑅 = 0.104𝑉 + 10.01, (16)

where 𝑉 is the output voltage from the PZT sensor.

5.1. Composite Plate with Two PZT Patches. The impact test
on the composite plate with two sensors showed how the
output voltage of the two sensors changed because of the
change of the distance of the impact point from two sensors.
Figure 16 shows the impact points on the composite plate.

PZT
sensor

Output voltage (V)

Impact point

R

Figure 15: Locus of the impact point on the piezocomposite plate
with a PZT sensor.

The behaviors of the output voltages of impact points 1 to
6 are similar to those of impact points 1 to 6. Therefore,
the results of impact points 1 to 6 are similar to the results
of impact points 1 to 6. Figures 17(a) and 17(b) show that
the output voltage of sensor one (𝑉

1
) is the maximum and

the output voltage of sensor two (𝑉
2
) is the minimum if the

impact point is the crossing point of the two circles with radii
of 2 cm from sensor one and 12 cm from sensor two.When the
impact point distances from sensor one increase and sensor
two decrease, 𝑉

1
decreases and 𝑉

2
increases, respectively. In

these figures, the horizontal axis is the radius of the circles and
the vertical axis is voltage.When the impact point distance to
both sensors is equal, 𝑉

1
and 𝑉

2
are almost the same.

𝑉
1
and 𝑉

2
are the minimum and maximum, respectively,

if the impact point is the crossing point of the two circles with
radii of 2 cm from sensor one and 12 cm from sensor two.The
analysis of the results of the impact test on the crossing points
of the circles showed that the output voltage of PZT sensor
had an adverse relationship with the distance of the impact
point from the sensors. An impact test using two sensors
was conducted across the different points of the composite
plate with the aim of impact localization through test data
analysis. The impact test data include the output voltages of
the two sensors in terms of the distances of the impact points
from the sensors. In a composite plate with two sensors, the
distances of the impact point to sensors 1 (𝑅

1
) and 2 (𝑅

2
) and

the value of the output voltage from the sensors 1 (𝑉
1
) and 2

(𝑉
2
) are shown in Figure 18. An impact on a point on the page

between the two sensors occurred. Two values of voltage from
the two sensors were obtained. The results from the impact
on different parts of composite plate showed that the voltage
values from each sensor could determine the impact point
distance to each sensor.

The Output voltage of the first sensor (𝑉
1
) indicates the

location of the impact point in terms of the radial distance
(𝑅
1
) from the first sensor.The output voltage of (𝑉

2
) indicates

the location of the impact point in terms of the radial
distance (𝑅

2
) from the second sensor. The impact locations
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Figure 16: Impact points on the composite plate with two PZT
sensors.

are obtained as two symmetric points generated because of
the intersection of the circles. Therefore, the coordinates of
the impact locus point had to be calculated to obtain the
position of the impact locus point using two sensors. The
origin of the coordinates was intended on the sensor 1; thus,
the𝑋-axis was matched on the center line of the two sensors
and the 𝑌-axis was perpendicular to the sensor. The distance
between sensors 1 and 2 was 12.5 cm.The impact locus points
were assumed to be 𝐴(𝑥, −𝑦) and 𝐴(𝑥, 𝑦) to determine these
two points.

The equation of the intersection of the two circles inter-
section was written as (17), where (𝑥, 𝑦) is the coordinate of
point A, 𝑅

1
is the radius to the center of sensor 1, and 𝑅

2
is

the radius to the center of sensor 2,

𝑥
2

+ 𝑦
2

= 𝑅
2

1
,

(𝑥 − 12.5)
2

+ 𝑦
2

= 𝑅
2

2
.

(17)

Equation (17) is written as

𝑦
2

= 𝑅
2

1
− 𝑥
2

,

𝑥
2

+ 𝑦
2

− 25𝑥 + 156.25 = 𝑅
2

2
.

(18)

The calculation of (18) results to (19) and (20):

𝑥 =
𝑅
2

2
− 𝑅
2

1
− 156.25

25
, (19)

𝑦 = ±√𝑅2
1
− 𝑥2. (20)

Therefore, (19) and (20) show that the values of radius 𝑅
1

and𝑅
2
had to be determined to determine the values of 𝑥 and

𝑦. The values of the output voltage from the two sensors (𝑉
1

and 𝑉
2
) were examined and analyzed through two methods.

Method 1. The distance values of the impact point from each
sensor were considered using the voltage from the same
sensor to determine 𝑅

1
and 𝑅

2
. For instance, the relation

between 𝑅
1
and 𝑉

1
was obtained by analyzing the distance

values of the impact point to sensor 1 through the voltage
resulting from sensor 1 (𝑉

1
),

𝑅
1
= −3.807 Ln (𝑉

1
) + 7.3467. (21)

Equation (21) shows that the distance of the impact point to
sensor 1 was obtained by acquiring the output voltage from
sensor 1. The relation of 𝑅

2
with 𝑉

2
was also determined by

analyzing the distance values of the impact point to sensor 2
through the voltage from sensor 2,

𝑅
2
= −2.647 Ln (𝑉

2
) + 5.9979. (22)

Equation (22) shows that the distance of impact point
to sensor 2 was obtained by acquiring the output voltage
from sensor 2. Therefore, the distance value of the impact
point can be determined from each sensor using the output
voltage from each sensor through (21) and (22). 𝑅

1
and 𝑅

2

according to (21) and (22) are determined from (21) and (22)
by obtaining 𝑉

1
and 𝑉

2
from the impact. The coordinates

(𝑥, 𝑦) of the impact point are determined by inserting the
value of 𝑅

1
and 𝑅

2
in (19) and (20).

Method 2. The relationship between the distance of the
impact point from each sensor with two variables of 𝑉

1
and

𝑉
2
was determined to obtain an impact location with a higher

accuracy than the method 1. For example, the distance values
of the impact point to sensor 1 (𝑅

1
) obtained by achieving the

values from the two sensors (𝑉
1
, 𝑉
2
) were analyzed. Figure 19

shows that the vertical axis is the distance of the impact
point to sensor 1 (𝑅

1
), the horizontal axis is the output

voltage from sensor 1 (𝑉
1
), and the perpendicular axis to the

page is the output voltage from sensor 2 (𝑉
2
). Therefore, the

inverse relationship of the voltage change with a change in the
distance of the impact point from the sensor in this page holds
true. For instance, a decrease in the distance of the impact
point from sensor 1 (𝑅

1
) from point A to point B caused by

the short distance of the impact point to sensor 1 leads to an
increase in the output voltage from sensor 1 (𝑉

1
). The output

voltage from sensor 2 also decreases because the impact point
is farther from sensor 2 (𝑅

2
). Therefore, the relation of 𝑅

1

with the two variables of 𝑉
1
and 𝑉

1
was analyzed through

MATLAB and was written as

𝑅
1
= 7.404 − 0.88𝑉

1
+ 0.83𝑉

2
. (23)

Therefore, (23) shows that 𝑅
1
can be calculated if 𝑉

1
and 𝑉

2

are obtained from the impact on each point of composite
page. Equation (23) detected the distance of the impact point
from sensor 1 (𝑅

1
); thus, 𝑉

1
and 𝑉

2
were the output voltages

from sensors 1 and 2, respectively. In the next step, the
distance values of the impact point to sensor 2 (𝑅

2
), acquired

by obtaining the values from the two sensors (𝑉
1
, 𝑉
2
), were

analyzed. Figure 20 shows that the vertical axis is the distance
of the impact point from sensor 2 (𝑅

2
), the horizontal axis is

the output voltage from sensor 2 (𝑉
2
), and the perpendicular

axis on a page is output voltage from sensor 2 (𝑉
1
).

The pagewas drawn using three variables (𝑅
2
,𝑉
1
, and𝑉

2
);

thus, the indirect relation of the voltage change with distance
change of the impact point from the sensor holds true. For
example, the voltage of sensor 2 decreases if the distance
of the impact point to sensor 2 from point A to point B
increases in this page because the impact point moves farther
from sensor 2. The voltage of sensor 1 (𝑉

1
) also increases

because the impact point moves nearer to sensor 1.Therefore,
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Figure 17: Behavior of output voltage from the two sensors.
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Figure 18: Intersection of two circles to detect impact location.
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Figure 19: Distance of the impact point from sensor 1 (𝑅
1
) versus

the two output voltages from the two sensors (𝑉
1
and 𝑉
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Figure 20: Distance of the impact point from sensor 2 (𝑅
2
) versus

the two output voltages from the two sensors (𝑉
1
and 𝑉

2
).

the relationship of 𝑅
2
with the two variables of𝑉

1
and𝑉

2
was

analyzed through MATLAB, which achieved (17):

𝑅
2
= 10.2 + 0.476𝑉

1
− 1.286𝑉

2
. (24)

Therefore, the distance of the impact point from each
sensor (𝑅

1
, 𝑅
2
) is obtained by achieving the output voltage

from the two sensors (𝑉
1
, 𝑉
2
) and inserted (17) or (24) if an

impact is inserted between the two sensors on a composite
plate. The coordinates (𝑥, 𝑦) or (𝑥, −𝑦) of the impact point
can also be achieved by inserting the values of 𝑅

1
and 𝑅

2
in

(19) and (20).
Embedding PZT into the composite technique as a pas-

sive smart structure is suitable in damage detection. Passive
approaches do not affect any actuators, and receivers are used
to “sense and/or hear” any perturbations caused by possible



Advances in Materials Science and Engineering 11

hidden damage [6]. Numerous researchers have studied the
passive smart structure using the bonded PZT patch on the
composite for damage detection [1–5]. Embedding PZT in
composite has some advantages, such as the protection of
PZT from environmental effects, prevention of wire spoiling,
and the increase of the PZT lifetime, compared with the
bonding method. The result in this study shows that embed-
ding the PZT patch method for passive smart structures is
applicable to damage detection in a composite plate.

6. Conclusions

This paper presents experimental and theoretical investiga-
tions on impact localization on two piezocomposite plates,
including one and two embedded PZT patches, through the
cut-out method.

The signal from the embedded PZT patch was detected
through the impact on the fabricated composite plate with an
embedded one PZT patch. The value of external voltage was
found to decrease by increasing the distance of the impact
point from the PZT sensor.Therefore, the locus of the impact
point can be identified using the output voltage if an impact
occurs on the random points of the composite. The locus of
the impact was a circle with 𝑅 as the radius and the sensor as
the center.

The current study attempts to determine the location
of the impact points through the cut-out method and the
two embedded PZT patches inside the four-layered com-
posite plate. The fabricating process was conducted at a low
temperature using the hand lay-up method to avoid wire
spoiling and the decoupling of the PZT patch. The utilized
fabrication process is a highly cost-effective manufacturing
prototypemodel considering the cost advantages of using the
PZT patch compared with the PZT wafer. The location of
the impact points was determined by analyzing the output
voltages of the PZT sensors, which were embedded among
the composite layers.The applied impact to the page between
the sensors resulted in the generation of voltage through the
sensors. The output voltage of the sensors determined the
distance of each of the imposed impacts from the sensors.The
output voltage of the first sensor (𝑉

1
) indicated the location

of the impact based on the radial distance (𝑅
1
) from the

first sensor. The output voltage of (𝑉
2
) indicated the location

of the impact point based on the radial distance (𝑅
2
) from

the second sensor. The location of the impacts is obtained
as two symmetric points and is generated as an intersection
of the two circles. Therefore, determining the coordinates
of the impact locations is necessary to obtain the locations
of impacts. The coordinates of the two symmetrical impact
points are defined with the origin of the intended coordinate
system as the location of sensor 1.

Abbreviations

PZT: Lead zirconate titanate (Pb[Zr(x)Ti(1-x)]O3)
AE: Acoustic emission
WT: Wavelet transform

PSD: Passive sending diagnosis
CFRP: Carbon-fiber-reinforce plastic
P: Pressure (Pa)
F: Force (N).
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