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Abstract
For vibration control applications, a collocated input/output response is
generally desired. A perfect sensor/actuator collocation usually provides a
stable performance in closed-loop feedback controls. Self-sensing actuators
of various types have been proposed, but they still show several problems
such as hysteresis, phase error, non-linear response, and complexity of the
compensation technique. This paper presents a new patch-type self-sensing
actuator based on an extrinsic Fabry–Perot interferometer and a piezoelectric
ceramic. The proposed self-sensing actuator not only guarantees stabilities in
‘direct-feedback control loops’ such as in existing sensoriactuators but also
has better strain resolution and a wider dynamic sensing range. Finally, the
application of active vibration control is demonstrated using the self-sensing
actuator developed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

For vibration control applications, a collocated input/output
response is generally desired. A perfect sensor/actuator
collocation usually provides a stable performance in closed-
loop feedback controls. In addition, a self-sensing actuator
is attractive from the standpoint of minimizing the amount
of instrumentation required to control a structure. An
actuator/sensor pair in a single package cuts instrumentation
in half and reduces the number of system elements yielding
reduced failure ratio.

Among the many smart materials, piezoelectric materials
are often used as sensors or actuators in smart structure
applications because of their electromechanical coupling
characteristics [1, 2]. These characteristics make piezoelectric
materials part of the sensoriactuator. When the piezoelectric
material is used as both sensor and actuator simultaneously,
the sensor response consists of a direct charge term due
to the applied actuator voltage across the piezoelectric
capacitance in addition to the mechanically induced charge.
In order to extract the mechanically induced charge from
the sensor response, some compensation techniques have
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to be used. Several investigators have looked into the
problem of collocated sensing and actuating. Dosch et al
[3] and Anderson et al [4] demonstrated a method for
the compensation of the electrical term in a strain rate
configuration, where strain rate is proportional to current. They
also discussed some of the difficulties and limitations of their
compensation schemes. Many investigations on piezoelectric
sensoriactuators have used the same compensation scheme.
Cole and Clark [5] proposed an adaptive approach to the
sensoriactuator problem taking into account variations leading
to circuit maladjustment. Acknowledging that piezoceramics
exhibit non-linear variations in their piezoelectric constants as
a function of applied voltage and temperature, an adaptive
digital compensation technique was proposed to track the
unstable capacitance. Following on from that work, Vipperman
and Clark [6] invented a hybrid analog and digital adaptive
compensator. They used a reference capacitor that was close to
the actual piezoelectric capacitance, and an analog multiplier
tuned by a digital signal processor (DSP) to adaptively
scale the reference circuit magnitude. Christopher [7]
presented a similar approach, but with an analog filter which
compensates the output of an active high pass filter containing
the electrical and mechanical dynamics of a piezoelectric
element. Lowell [8] suggested a different approach, namely
using a self-sensing bridge circuit to extract a signal from
the actuating material. This method can easily solve the
high voltage problem but there are still many problems such
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Figure 1. Simple model of the self-sensing bridge applied to
PZT [8].

as the frequency response characteristic and non-linearities.
Accordingly, research on this type of sensoriactuator has not
been thoroughly explored.

Recently, in order to realize a smart sensor, there has
been increasing research into sensing patches, which are com-
binations of existing sensors, in the field of smart structures
and materials. These newly developed sensing patches utilize
the advantages of their components and supplement disadvan-
tages that can arise when the components are individually used.
Moreover, these sensing patch techniques are extended to a
‘smart patch’ that has the capability of simultaneous sensing
and actuating, namely, multi-functionablity. These patch-type
sensors can compensate and improve on the sensor capability
of existing sensoriactuators. Therefore, existing piezoelectric
sensoriactuators could be transformed into patch-type sensori-
actuators combining with other existing sensors such as strain
gages, piezoelectric films, and fiber optic sensors.

This paper presents a new patch-type self-sensing actuator
based on an extrinsic Fabry–Perot interferometer (EFPI) and
a piezoelectric ceramic. First, a newly developed sensing
patch and a phase tracking method are presented. The sensing
patch proposed in this study overcomes the problems that
can arise in the case of individual use. Moreover, it has
good strain resolution, reduced electromagnetic interference
effects, and wide dynamic sensing range. Finally, the sensing
patch was extended to a patch-type self-sensing actuator that
has the capability of simultaneous sensing and actuating.
It not only guarantees stabilities in ‘direct-feedback control
loops’ like existing sensoriactuators but also has better strain
resolution and wider dynamic sensing range. The combination
of EFPI sensor and piezoelectric material could solve existing
sensoriactuator problems such as hysteretic behavior, phase
delay, and non-linear behavior. The simple application of
active vibration control was also demonstrated using the self-
sensing actuator developed.

2. Model of a structure with a piezoelectric actuator

Many researchers have presented coupled equations for
piezoelectric–structural dynamic relations allowing the accu-
rate modeling of stiffness and mass loadings from piezoelectric
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Figure 2. General self-sensing bridge circuit configuration [8].

sensors and/or actuators as follows:

Mẍ + Cẋ + K x = �v (1)

�Tx + Cpv = qp (2)

where x is the generalized mechanical displacement vector, v

is the vector of applied voltages, qp is the vector of electrode
charges, � is the electromechanical coupling matrix, and
Cp is the matrix of piezoelectric capacitances. Equation (1)
describes the dynamics of the structure with the traditional
forcing function being replaced with an electrically induced
strain actuator, and the sensor equation (2) shows that the
electrical response is a function of both the mechanical strain
and the applied voltage (if any) on the sensor. When a
piezoelectric element is used as a self-sensing actuator, it
is obvious that a piezoelectric ceramic used in this manner
contains two terms in the sensor output: the mechanical
response term due to direct piezoelectric phenomena, �Tx ,
and the feedthrough charge term caused by the voltage applied
across the piezoelectric capacitance, Cpv. For extracting just
the mechanical response term from the sensor output, this
section introduces a very simple self-sensing bridge circuit [8],
which will be later used as a compensation circuit for the self-
sensing actuator proposed in this paper.

The simple self-sensing bridge consists of electroactive
materials as shown in figure 1. One leg of a simple Wheatstone
capacitance bridge is composed of the piezoelectric ceramic
which is modeled as a capacitor and a voltage source in
series at connection points a and b. A modified bridge, as
shown in figure 2, is used for experimentation because a pure
capacitance bridge causes DC drift problems. The self-sensing
signal, vs, from this self-sensing bridge can be expressed in the
Laplace domain as shown:

vs = RR0Cps

RR0(Cp + C)s + (R + R0)
vp

+
(

RR0Cms + R

RR0(Cm + C)s + (R + R0)

− RR0Cps + R

RR0(Cp + C)s + (R + R0)

)
vc. (3)
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Figure 3. Bode diagram of the transfer function of the self-sensing
signal/direct piezoelectric generated voltage signal in the general
case obtained using Matlab simulation.

Figure 4. Schematic diagram of a sensing patch.

If Cm is matched with Cp, the resulting signal voltage, vs =
v1 − v2, will be unaffected by the control voltage, vc, and
only proportional to vp, the voltage generated due to the direct
piezoelectric effect, namely mechanically induced charge.
Therefore the self-sensing signal, vs, is only a function of the
direct piezoelectric effect, vp, and can now be used as the
source for control techniques for feedback to vc. This allows
equation (3) to be expressed as the transfer function

vs

vp
= RR0Cps

RR0(Cp + C)s + (R + R0)
. (4)

Expressing the equation in this form is helpful in the selection
of resistor and capacitor values and in the development of the
bridge response simulations [8].

This self-sensing bridge circuit is very simple and has
no high voltage problem. But, as shown in equation (4),
the relation between self-sensing signal and piezoelectrically
induced voltage has frequency-dependent characteristics.
Figure 3 shows a Bode diagram of the transfer function in
equation (4). For broadband use, uniform phase and magnitude
are required. It is possible to make the phase of the transfer
function constant using an appropriate choice of resistor ratio
(R/R0). But, as shown in figure 3, the magnitude of the
transfer function changes according to the frequency change.
These frequency-dependent behaviors mean that the special
structural mode is emphasized using this self-sensing bridge
circuit. In addition, the self-sensing bridge still has many
problems such as piezoelectric hysteretic behavior, non-linear
effects, and phase delay.

Figure 5. Signal fading phenomena in fiber interferometers.

3. Principle of the sensing patch and the phase
tracking method

3.1. The on-line phase tracking method using a direction
detector

The sensing patch proposed in this study consists of an EFPI
sensor and a piezoceramic as shown in figure 4. The reflected
intensity, I , of the EFPI can be written as a sinusoidal function
as follows:

I ∝ A + B cos φ (5)

where A and B are functions of the fiber core radius, the air
gap separation, the transmission coefficient of the air/glass
interface, and the numerical aperture, and φ is the optical
phase. For small variation of the air gap separation, variations
of A and B are negligible. So these are assumed to be constant
and can be easily obtained from the EFPI sensor signal.

The relation between the optical phase, φ, and the gap
separation, s, is given as

φ = 2ks (6)

where k is the wavenumber defined as 2πnc/λ0, nc is the
refractive index of an EFPI in the gauge length, and λ0 is the
wavelength of the laser diode in the vacuum state, 1310 nm.
By using equations (5) and (6), s can be written as follows:

s = 1

2k
cos−1

(
I − A

B

)
. (7)

Owing to the characteristics of interferometric optical
fiber sensors, the output intensity of the EFPI does not have
a linear relationship with the mechanical strain as shown in
figure 5. S1 is a mechanical strain example for a vibrating
system and I1 is the corresponding output intensity. S2
indicates another example of mechanical strain that has the
same amplitude as S1. However, the corresponding intensity,
I2, shows a distorted behavior because of the initial optical
phase of an EFPI. You can easily note, from S3 and I3, that the
EFPI sensor shows non-linearity whenever the strain amplitude
is large enough.
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Figure 6. Schematic diagram of the phase tracking method.

Figure 7. EFPI sensor system.

In order to extract mechanical strain from the EFPI sensor
output signal, we can use equation (7) in discrete time steps and
accumulate phase change simultaneously. But the arccosine
function in equation (7) takes values from 0 to π . Therefore,
at discontinuous points, information about the direction of
structural strain is necessary to keep on on-line phase tracking.
In order to get strain directional information, a piezoelectric
ceramic is used because it has the capability of actuation.
Briefly, the sensing patch considered in this study comprises an
EFPI sensor and other sensors that can give us strain directional
information. The overall on-line phase tracking sequence is
shown in figure 6. By using the EFPI sensor signal and strain
directional information, the optical phase, which corresponds
to the mechanical strain, can be obtained as follows:

φk+1 = φk + sgn(strain rate)

×
∣∣∣∣cos−1

(
Ik+1 − A

B

)
− cos−1

(
Ik − A

B

)∣∣∣∣ (8)

where φk (=2ksk) is the optical phase at the kth step. And a

band pass filtering is applied to remove any possible errors that
can arise in the phase tracking.

3.2. Characteristics of the sensing patch

In this section, the experimental evaluation of the performance
of the sensing patch is described. Also the hysteretic behavior
of the piezoceramic and interferometric characteristics of the
EFPI are examined.

The schematic diagram of the EFPI sensor system is
shown in figure 7. Because temperature is increasing according
to the current into the laser diode, the sensor system includes
a temperature controller. The test model is a composite beam
structure (graphite/epoxy [0]8, 2 cm width and 20 cm long),
with a bonded piezoceramic actuator and a sensing patch,
which are attached on the beam structure 4 cm above the
clamping position as shown in figure 8. During the experiment,
the laser diode temperature is maintained at 25 ◦C and 17 mA
current gets into the laser diode. For comparison purposes, a
laser displacement sensor (LB041, Keyence) and an electric

670



A patch-type smart self-sensing actuator

Clamped

200 mm

20 mm

90 mm

40 mm

Tip Mass
(Modified system)

Displacement
Sensing Point

Sensing Patch
(EFPI sensor & PZT)

Strain gage

PZT
(Actuator)

Figure 8. Schematic diagram of the specimen.

Figure 9. Experimental set-up.

strain gage are also used. The displacement sensing point is set
9 cm lower from the beam tip and the strain gage is attached
on the center of the sensing patch. The overall experimental
set-up is shown in figure 9 and consists up of an EFPI sensor
system, a laser displacement sensor, a data acquisition system
(Dspace DS1103 board), a piezo-amplifier and the test model.
The following presents experimentally obtained parameters.
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Figure 10. Experimental result for phase tracking during free
vibration.
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Figure 11. Experimental result for phase tracking during sinusoidal
excitation.

Constants related to the fiber optic sensor, A, B, and the
initial phase are easily acquired through experiment and are
as follows: A is 2.156, B is 2.125, the initial phase is 2.4872,
the wavelength is 1310 nm, the gage length is 10 mm, the air
gap is 41 µm, and the sampling frequency is 2 kHz in the
experimental studies.

Figure 10 compares the signal from the phase tracking
with the laser displacement sensor signal in the case of free
vibration. When the specimen is excited at the first resonance
frequency (38 Hz), the laser displacement signal and the signal
from the sensing patch when using the phase tracking method
are shown in figure 11. Figures 10 and 11 show excellent
correlation between the laser displacement sensor result and
the signal from the phase tracking method. In view of the
results, the strain gage signal and the signal obtained by the
phase tracking method are seen to be in good agreement. Also,
the intensity signal of the EFPI sensor presents a fading effect
or non-linear behavior.

By this time, qualitative analyses have been accomplished
using laser displacement sensors. Hence, quantitative analyses
are presented using a strain gage sensor. Figure 12 shows real
strain from a strain gage and the signal from the sensing patch
obtained using the phase tracking method. With the strain
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Figure 12. Experimental result for strain gage and phase tracked
signals.
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Figure 13. Hysteretic behavior of the piezoelectric material.

gage signal it is difficult to sense minute strain because of the
electrical noise. But the sensing patch can sense minute strain
because it uses an EFPI sensor with excellent resolution.

Finally, it is necessary to verify the hysteretic effect
on the phase tracking method. Because the phase tracking
method uses the strain directional signal from the piezoelectric
material, the hysteretic behavior of the piezoelectric material
may have a bad influence on the phase tracking. In figure 13,
the left-hand side shows the hysteresis of the piezoelectric
material and the right-hand side shows the relation between
the strain rate and the differentiation of the directional signal of
the piezoelectric material in the general behavior (normalized
result). During the sinusoidal excitation test at several
frequencies with the measurement using the laser Doppler
velocimeter and the piezoelectric material, these general
behaviors are found for the frequency range from several tens
to hundreds of hertz. Because the sensing patch uses only
differentiation of the directional signal, the hysteretic behavior
has no effect on the phase tracking method, as shown in
figure 13.

As shown in figures 10–13, the signal from sensing
patch obtained using the phase tracking method is verified
qualitatively and quantitatively and it can be applied in real-
time structural vibration monitoring.

PZT attached on
structure

Cm

Cp

V2

Vs

V1

R0

R0
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Vp

Figure 14. Self-sensing bridge circuit applied to the smart patch.

4. Vibration control using a smart patch

In order to extend from the sensing patch to the smart
patch, a self-sensing extracting circuit which gives directional
information is required. Many existing sensoriactuator circuits
give strain rate information and phase tracking requires
directional information, which is a plus or minus sign of
the strain rate, from piezoelectric material. So, existing
sensoriactuator circuits could be applied to the sensing patch
in order to extend it to a smart patch. In this paper, a simple
self-sensing bridge circuit is applied with the smart patch
technique because a self-sensing bridge circuit has no high
voltage problem and is very simple to apply. In this section,
the self-sensing bridge circuit design and its characteristics
are presented; this circuit is applied to the smart patch. For
an example of the application of the proposed smart patch
technique, vibration control of the simple beam structure has
been performed.

4.1. Design of a self-sensing bridge circuit and its
characteristic

The phase tracking method requires only the sign of the
strain rate signal from the piezoelectric material to compensate
the EFPI intensity signal. Therefore, the self-sensing bridge
circuit composition to be applied to the smart patch is simpler
than existing self-sensing bridge circuits because very a
accurate quantitative signal is not needed. The phase tracking
method uses an EFPI fiber optic sensor signal dominantly
and the sign of strain rate incidental to it. Therefore,
the newly developed smart patch has better resolution and
can solve many problems such as the phase delay problem,
piezoelectric hysteresis, electromagnetic interference effects,
and non-linear behavior when the piezoelectric material is used
only as a sensoriactuator.

As previously stated, a self-sensing bridge circuit which is
applied to a smart patch only has to be able to give the strain
rate. Therefore, a simple bridge circuit which is composed of
two piezoelectric material wafers and two resistors is designed
as shown in figure 14. The non-linear capacitance effects
cause a problem for obtaining a self-sensing signal during
experimentation because the capacitance of the piezoelectric
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Figure 15. Self-sensing signal when the applied voltage is zero.
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Figure 16. Self-sensing signal when the applied voltage is non-zero.

ceramics with respect to the operating voltage is non-linear. In
order to comprehend how the capacitance changes, recall the
fundamental relationship:

C = εA/d (9)

where C is the capacitance of the piezoelectric material,
ε is the dielectric constant (a material property), A is the
electrode area, and d is the distance between the electrodes.
The capacitance change due to expansion of the piezoelectric
ceramic on applying a voltage could be negligible (<0.1%);
therefore, the capacitance change is most strongly related to
the variation of ε.

To compensate for the non-linear effect and variation of
the piezoelectric inherent capacitance, the linear capacitor Cm

is replaced by a nearly equivalent piezoelectric material wafer.
This simple tactic effectively enables the bridge to take away
the non-linearities related to the piezoelectric material [8]. To
reduce any self-sensing signal from this compensating element,
the piezoelectric material wafer should be clamped to restrict
its motion. But the mechanically induced strain signal (a
direct effect of the piezoelectric material) is much smaller than

 Vs  Vp  Vc

1.0

0.5

0.0

-0.5

-1.0

0.050.00 0.10 0.15 0.20

Time

Figure 17. Self-sensing signal when the piezoelectric material has a
phase delay.

the high voltage induced charge signal. Therefore, a fixed
boundary condition for the capacitor Cm is unnecessary.

The characteristic of the self-sensing bridge circuit is
simulated using the PSpice program. As mentioned above,
the self-sensing signal is presented with a 90◦ phase delay as
compared with the mechanically induced signal, namely the
strain. So, a self-sensing signal means really a strain rate.
Figure 15 shows the simulation result when the control voltage
is zero; vs is the self-sensing signal, vp is the mechanically
induced signal of the piezoceramic, and vc is the control
voltage. Normalized signals are presented because the main
comparison targets are not their amplitudes but their phase
difference behaviors. In this case, the smart patch behavior
is similar to that of a sensing patch because the applied voltage
is zero. As shown in this figure, the self-sensing signal has
exactly 90◦ phase delay as compared with the mechanically
induced signal. So, there is no problem in applying the self-
sensing signal in the phase tracking method as the sign of the
strain rate signal.

Figure 16 shows the self-sensing signal when the control
voltage is applied. It is assumed that the control voltage signal
and the mechanically induced signals are in phase because the
piezoelectric material has a very fast response characteristic.
As expected, the self-sensing signal (vs) a presents 90◦ phase
delay which means a differential signal of strain. Therefore, the
phase tracking method is rightly applied to a smart patch using
a self-sensing bridge circuit which can extract the mechanical
strain rate.

Figures 17 and 18 show simulation results in specific
cases. One case is when the control voltage signal and
piezoelectric mechanically induced signal have little phase
delay. Real piezoelectric material has some phase delay
under the high voltage applied. Therefore, the self-sensing
signal must have a 90◦ phase delay not from the control
signal but from the piezoelectric mechanically induced signal.
As shown in figure 17, the self-sensing signal follows the
mechanically induced signal with a 90◦ phase delay. The
other case is assumed when the control voltage signal and
mechanically induced strain signal have different frequencies.
When vibration control is performed on the structure, there can
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Figure 18. Self-sensing signal when the control signal and
mechanically induced signal have different frequencies.

be a difference between the control signal and the mechanically
induced strain signal. Therefore, in this case, the self-sensing
signal must track the mechanically induced strain signal having
a constant phase delay. Simulation is performed in the
case where the control signal has 20 Hz frequency and the
mechanical strain signal has 15 Hz frequency. The self-sensing
signal can track the mechanical signal as well.

With these simulation results, a self-sensing bridge circuit
can extract the sign of the strain rate information which is
used as a direction detector in the sensing patch in all kinds
of situations. In the next section, an experimental result is
presented, obtained using a smart patch with a self-sensing
bridge circuit.

4.2. Simple vibration control using a smart patch

4.2.1. Experimental set-up. The schematic diagram of the
overall experimental set-up is shown in figure 19. The smart
patch system includes the smart patch, EFPI sensor system,
and self-sensing bridge circuit as shown in figure 20. Also the
overall experimental set-up is made up of a laser displacement
sensor, DS1103 board, piezo-amplifier, and test model.

iMac

Power
Amplifier

A/D

D/A

DS 1103

EFPI Sensor
System

FOS

Self-sensing
Bridge Circuit

Self-sensing
Signal

Control
Voltage

Induced
Charge

Smart-patch

Computer
(controller)

Figure 19. Schematic diagram of the smart patch system.

The test model comprises a composite beam structure
(graphite/epoxy [02/902]s, 2 cm width and 20 cm long, and
tip mass), a piezoceramic actuator to provide excitation, and
a smart patch, which is similar to a sensing patch and can be
used as a sensor and actuator. The smart patch is attached on
the beam structure 3.5 cm above the clamping position. The
smart patch can be used as a sensing patch if the applied control
voltage is zero. During the experiment, the laser diode temper-
ature is maintained at 30 ◦C and 0.476 mW power is applied
to the laser diode. In order to monitor and compare the signal
obtained from the smart patch with the real vibration signal,
a laser displacement sensor (LB041, Keyence) is used. The
displacement sensing point is set at 9 cm below the beam tip.

In order to suppress structural vibration, a control voltage
up to several hundreds of volts is applied to the self-sensing
bridge circuit. But the self-sensing signals (several tens of
volts) are too high to go into the DS1103 board. Therefore, a
voltage divider circuit which is composed of conventional 10:1
probe and high value resistors is used.

4.2.2. Experimental results. In order to verify the sensoriac-
tuator capability, a simple vibration control experiment is per-
formed. Positive position feedback control logic is applied to
suppress vibration. Tests are divided into two parts and per-
formed. One is the free decay vibration case test and the other
test has sinusoidal excitation vibration control based on a phase
tracked signal. These tests were carried out changing the ap-
plied voltage. In this experiment, the applied structural system
has the first resonance frequency of f1 = 24.1 Hz.

(a) Free decay vibration control. First, the phase tracking
method using the smart patch is verified when the applied
control voltage is zero, as shown in figure 21. The upper
figure presents the EFPI FOS intensity signal, the center figure
presents the laser displacement signal, and the bottom figure
shows the phase tracked signal. Impulsive loading is applied by
hand and phase tracking is performed. In this case, the control
voltage which goes into the self-sensing bridge circuit is zero.
Using the strain rate signal and the EFPI FOS signal, phase
tracking is performed and the phase tracked signal shows good
agreement with the conventional laser displacement sensor
signal.
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Figure 20. Smart patch system configuration.
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Figure 21. Phase tracking verification using the smart patch with no
control voltage.
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Secondly, phase tracking is verified when sinusoidal
excitation is applied to the test specimen. Figures 22 and 23
show experimental results respectively in the cases of small
amplitude excitation and large amplitude excitation. The
dashed line shows the self-sensing signal (vs) from the self-
sensing bridge circuit and it has 90◦ phase delay from the

 Laser  V
s
  PT

 

 

 

P
ha

se
(r

ad
)

 

 

La
se

r 
S

en
so

r
(m

m
)

 

In
te

ns
ity 0.10

0.05

0.00

-2

0

2

0

10

-10

-1
0
1

Time (sec)

0.0 0.5

Figure 23. Experimental result for large amplitude sinusoidal
excitation with no control voltage.
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Figure 24. Experimental results in the impulsive loading case:
(a) free decay; (b) PPF control.

laser displacement signal, meaning a strain rate signal. The
phase tracked signal shows good correlation with the laser
displacement signal. Therefore, when no control voltage is
applied to the bridge circuit, the self-sensing signal gives the
exact sign of the strain rate.

Finally, using a phase tracked signal, positive position
feedback control is performed in the free decay vibration case.
The parameter of the positive position feedback controller is
designed based on the frequency response; ωf is chosen to
match the first damped natural frequency of the structure and
the damping factor, ςf, is chosen to be 0.25:

HPPF(s) = Kω2
f

s2 + 2ςfωfs + ω2
f

(10)

where ςf is the filter damping ratio, ωf is the filter resonance
frequency matched to the first bending modal frequency, and
K is the control gain.

Figure 24 shows a vibration control experimental result
obtained using the smart patch. The dotted line shows the
free decay and the solid line shows the positive position
feedback control result based on the phase tracked signal.
As shown in the figure, the smart patch can suppress and
monitor structural vibration at the same time. So, this
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Figure 25. Phase tracked signal during small amplitude sinusoidal
excitation and control.
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Figure 26. Phase tracked signal during large amplitude sinusoidal
excitation and control.

technique could be applied in a micropositioning system.
Because conventional micropositioning systems are composed
of piezoelectric material, if a step input is applied to the system,
residual vibration remains. For suppressing residual vibration,
there are two main techniques. One is using a modified step
input (input shaping method) in order to minimize residual
vibration and position the target point rapidly. The other
is active vibration control such as by using a smart patch.
Because prediction for a modified step input is too difficult and
perfectly zero residual vibration is impossible, active vibration
control is necessary in order to position more quickly with
exactitude. So, if a smart patch technique is applied to a
micropositioning system, it is possible to position the target
more quickly.

(b) Sinusoidal vibration control based on a phase tracked
signal. In this section, vibration control is accomplished
based on a phase tracked signal when the structure has
sinusoidal excitation applied. Figure 25 shows vibration
controlled results in detail when a low excitation voltage (75 V)
is applied to the PZT used as an exciter which is attached
on the opposite side of the beam. Also, figure 26 shows the
experimental result when a high voltage (250 V) is applied
to the exciter. Although the calculated high control voltage
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Figure 27. Experimental result for small amplitude vibration control
based on the phase tracked signal using a smart patch.
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Figure 28. Experimental result for large vibration control based on
the phase tracking signal using a smart patch.

based on the phase tracked signal is applied to the circuit,
the self-sensing signal gives strain rate information as well,
which is a necessary condition for applying the phase tracking
method. Figures 27 and 28 show simple applications of
vibration control based on phase tracked signals using the
smart patch (11 dB and 10 dB respectively). The experimental
results illustrate that the smart patch shows good performance
as a sensor and actuator simultaneously and has the possibility
of vibration control applications.

From these experimental results, we see that a vibration
control system using a smart patch can suppress structural
vibration for the free decay condition and for the sinusoidal
excitation condition as well. Therefore, this smart patch
technique can be applied in large structural vibration control,
self-healing, health monitoring, micropositioning systems,
and so on. Moreover, different control strategies with
these techniques could improve the vibration suppression
performance.

5. Conclusion

A sensing patch and a smart patch have been developed and
verified using an experimental approach in this study. Using
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these newly developed smart sensors, a more ideal sensor is
developed and many problems which existing sensors (EFPI,
piezoelectric material, strain gage, etc) and sensoriactuators
have are resolved. Also, these patch-type smart sensors are
simply applied to suppress structural vibration.

These techniques will find application in many research
fields such as structural vibration monitoring of large
civil structures, aircraft, space structure, and high cost
micropositioning systems. Also, these patch-type smart sensor
fields could see development and expansion, in concert with
the development of the smart structures and materials fields.
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