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A High-Resolution MEMS Piezoelectric Strain
Sensor for Structural Vibration Detection
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Abstract—This paper presents the modeling, fabrication, and
testing of a high-performance dynamic strain sensor. Using
microelectromechanical systems (MEMS) technology, ZnO piezo-
electric microsensors are directly fabricated on silicon and steel
substrates. The sensors are intended to be used as point sensors
for vibration sensing without putting an extra burden on the host
structures. A model that incorporates piezoelectric effects into
an RC circuit, representing the sensor architecture, is developed
to describe the voltage output characteristics of the piezoelectric
microsensors. It is shown that the sensitivity of microplanar piezo-
electric sensors that utilize the e  effect is linearly proportional
to sensor thickness but unrelated to sensor area. Sensor character-
ization was performed on a cantilever beam cut from a fabricated
silicon wafer. The experimental data indicate that the overall
sensor and circuit system is capable of resolving better than 40.3
nanostrain time domain signal at frequencies above 2 kHz. The
corresponding noise floor is lower than 200 femto-strain per root
hertz and the sensitivity, defined as the sensor voltage output over
strain input, is calculated to be 340 V/e. Micro ZnO piezoelectric
sensors fabricated on steel hard disk drive suspensions also show
excellent results. The sensor not only has a better signal-to-noise
ratio but also detects more vibration information than the combi-
nation of two laser-doppler-vibrometer measurements in different
directions.

Index Terms—Microelectromechanical systems (MEMS),
nanostrain, piezoelectric, strain gauge, strain sensor, vibration,
zinc oxide (ZnO).

. INTRODUCTION

IBRATION is a common problem for control of mechan-
V ical structures as it may generate noise, reduce stability,
or decrease positioning accuracy. Many innovations have been
made in vibration suppression control to compensate for the un-
wanted vibrations [1] [3]. For vibration control to be possible,
information from a real time vibration signal is usually needed.
At the macro scale, several kinds of sensors have been developed
in order to measure strain or corresponding physical properties.
Fiber optical sensors measure the change in wavelength or phase
of light, and the corresponding strain is calculated accordingly
[4], [5]. Although most ber optical sensors can achieve reso-
lution anywhere from microstrain to nanostrain per root hertz, a
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major drawback is the bulky optics for conditioning and control-
ling the light beam. Another common method for strain sensing
involves the use of piezoresistive materials, of which the strain
change is proportional to the resistance change. Piezoresistive
strain gauges are usually applied to structures for static to low
frequency strain detection.

From a strain sensing perspective, it is desirable to make sen-
sors much smaller than the host structure. A smaller sensor re-
duces the burden of the added sensors on the structure, pre-
serving structural dynamics. Smaller sensors can also be used
to explore local strain on structures without averaging the strain
at the neighborhood. The concept of local strain is especially
important in vibration detection as the sensor location [6], [7]
determines the kind of vibration information being retrieved [8],
[9]. Similar to the node concept on structures, in that nodes show
no displacement at a certain resonance frequency, there are also
locations on structures that show no strain at certain resonance
frequency while exhibiting large strain at other frequencies. The
sensor location, if properly chosen, can serve as a weighting
function for the sensing signal in frequency domain.

Over the years, microelectromechanical systems (MEMS)
techniques have proven to be an ef cient way of miniaturizing
transducers by orders of magnitude. Various sensors based on
strain detection such as pressure sensors [10] [12], accelerom-
eters [13], [14], or atomic force microscopy sensors [15] [17]
have been developed using MEMS technology. These sensors
are typically fabricated on silicon or quartz substrates and
installed into a housing for implementation. In addition to their
compactness, another advantage of MEMS sensors over macro
sensors is that they can be fabricated in batch, minimizing the
manufacturing cost.

Most microstrain sensors rely on piezoresistive effects [18]
to measure the corresponding strain. Others use capacitance
change [19] or frequency shift of a resonator fundamental mode
[20] to extract the strain information. Piezoelectric materials
[21] such as lead zirconate titanate (PZT), zinc oxide (ZnQ), or
aluminum nitride (AIN) are seldom used for standalone strain
sensors [22], [23] in microscale, although they have been used
extensively for MEMS surface acoustic wave (SAW) devices
[24], which are composed of both actuators and sensors. Piezo-
electric sensors produce charges when subjected to external
strain or stress. The signal strength is proportional to sensor
thickness. Since MEMS sensors are considerably thinner than
bulk devices, MEMS piezoelectric sensors lose sensitivity as a
result of their size in comparison with larger devices. MEMS
strain sensors are mostly made of piezoresistive materials,
which are less vulnerable to size effect, in part because of this
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reason. However, piezoelectric sensors typically show better
signal-to-noise ratio (SNR) over a large frequency range and are
more suitable than piezoresistive sensors for vibration signal
detection. Piezoelectric sensors are also capable of detecting
strains in all directions simultaneously whereas piezoresistive
strain gauges are usually used for strain sensing in single
direction.

In this paper, the authors explore the ultimate resolution of
ZnO MEMS piezoelectric strain sensors for dynamic strain
sensing and demonstrate the use of these strain sensors, which
are fabricated on both silicon and steel substrates. The paper
is organized as follows. In Section II, a dynamic model is
constructed to model planar piezoelectric strain microsensors.
The model shows the in uence of thermal noise and parasitic
capacitance on sensing signals. They are found to be the fun-
damental limitations of sensor resolution. In Section 111, the
fabrication of ZnO piezoelectric sensor on silicon substrates is
detailed. The fabrication process is then tailored to fabricate
sensors on steel substrates; these substrates are transformed
into more complex hard disk drive suspensions. Experimental
setups and results are described in Section IV. It is shown
that, when the sensing signal is properly handled, piezoelectric
sensors are superior to the laser-dopper-vibrometer (LDV) in
dynamic signal sensing.

Il. THEORY

A. Piezoelectricity

The electrical mechanical cross coupling of piezoelectric
materials is usually described by two constitutive equations.
When used as sensors, piezoelectric materials transform me-
chanical energy into electrical signals. This phenomenon,
called the direct piezoelectric effect, can be expressed using
one of the constitutive equations as

D; = €;;S; + coei, Bk 1)

where D, e, S, e, and E are electrical displacement, strain piezo-
electric coef cient, mechanical strain, material permittivity, and
electric eld, respectively. The constant g = 8.854 x 10712
F/m is the permittivity of the free space. The subscripts ¢ =
1,2,3,k=1,2,3,and j = 1, 2,3,4,5,6 denote the direction
to which physical properties are related. For instance, ¢;; is the
piezoelectric coef cient that describes the charge collected in
the plane perpendicular to 7 direction due to the applied strain in
the j direction. The superscript in €5, denotes the permittivity
at constant strain. The piezoelectric coef cient matrix e;; is a
three-by-six matrix in general, but, for materials such as ZnO or
PZT, the matrix can be written into a special form

0 0 0 0 €15 0
€ = 0 0 0 €15 0 0 . (2)
esr ez esz O 0 0

The three-direction is taken as the polar axis. Since microfab-
ricated sensors are usually two-dimensional structures, it is as-
sumed the polar axis is in the out-of-plane direction and only D3
can be measured. The electrical displacement, D3, is the charge
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Fig. 1. Equivalent circuit model for a piezoelectric microsensor.

collected on both electrodes of the piezoelectric material and ef-
fectively forms a capacitor, which can also be written as

D; = — (3)

where Q and A are charge and sensor area, respectively. Without
external electric elds, the above equations can be simpli ed as

D3 = e31(S1 + S2) + e335s. (4)

Hence, the total charges measured per unit area is the sum of
normal strain in all directions multiplied by different piezoelec-
tric constants.

B. Sensor Modeling

Several assumptions were made to simplify the modeling.
First, it is assumed that the sensor is subjected to exactly the
same strain as that on the structure surface. This is reasonable
because the sensor is much thinner than the substrates with neg-
ligible interfacing layers between the sensor and the structure.
Secondly, sensor transient response [26] resulting from acoustic
waves inside the sensor is neglected. The frequencies of these
propagation and re ection waves in the sensor are much higher
than structural vibration frequencies of interest. The waves are
considered insigni cant and not included in the modelling. Fur-
thermore, it is assumed that the sensors are small enough that no
modal sensing [27] comes to effect. In other words, the sensor is
treated as a point sensor and strain is uniformly distributed over
the area covered by the sensors.

As shown in Fig. 1, a piezoelectric sensor can be modeled as
a charge source @ in parallel with a capacitor C. A resistor R
in parallel is also included in the model to represent the leakage
current path for sensor-generated charges. The resistor is de-
composed into an ideal resistor R, and a noise voltage source
V,.. Using Kirchoff s law, the sensor output V; in the frequency
domain is calculated as

IR, _ sR,
T sR,C+1  sR,C+1

Vi Q ©)
where s = jw is the Laplace variable and 7 = (dQ/d¢) is
the current generated by the strain sensor as a result of external
loads. The current can be written as I = s@ in the Laplace
domain. With the additional assumption that only in-plane strain
S1 and S, are applied to the sensor, (3) (5) can be combined
into
SRSA631

Vs = m(sl + S2). (6)

Authorized licensed use limited to: Univ of Calif Berkeley. Downloaded on April 2, 2009 at 21:54 from IEEE Xplore. Restrictions apply.



KON AND HOROWITZ: HIGH-RESOLUTION MEMS PIEZOELECTRIC STRAIN SENSOR FOR STRUCTURAL VIBRATION DETECTION

2029

Fig. 2. Process ow of sensor fabrication on silicon (1a) (1h) and steel substrates (2a) (2h).

TABLE |
COMPARISON OF ZNO AND COMMON MICROFABRICATION COMPATIBLE
PIEZOELECTRIC MATERIALS [25], [24] WITH m
es1 (Cm?)  c11 (GPa) €5,  S1L (k)
Eosqg

PZT-5H -6.5 12.6 1470 -0.50
ZnO -0.57 20.97 10.2 -6.31

AIN -1.02 36 10.4 -11.07

The noise at the sensor output can be calculated similarly

1
Von = ———V, 7
sR,C +1 )

where V,, is the noise source with spectral density

vy = V4kT R, (8)

and kg is Boltzmann s constant.

Several observations are made from the above equations.
Equation (6) shows that piezoelectric strain sensors act like
high-pass Iters for strain input. The high-pass nature of the
sensors makes them less responsive to low frequency strain
inputs. At low frequencies, the generated charges tend to
leak through the sensor before being ampli ed by the circuit.
Equation (7) shows that thermal noise enters the system as if
into a low-pass Iter. Both equations indicate that piezoelectric
sensors are superior in detecting dynamic signal at higher
frequencies.

Neglecting the noise term and plugging in the sensor capaci-
tance relation C' = A(gge3,/t), (6) can be expressed as follows
at high frequencies:

Ae: t
Vo= TS S) = e (si48) (@)
€0¢33

where ¢ is the sensor thickness. The equation shows that the
voltage output of an ideal piezoelectric sensor requires high
piezoelectric coef cient with low permittivity. A thicker sensor
geometry would also provide better sensitivity. Table | com-
pares physical properties of several common piezoelectric ma-
terials. Note that although PZT is usually considered the best

piezoelectric material for actuation due to its high piezoelectric
coef cients, the high permittivity makes it less attractive a mate-
rial for strain sensing applications than ZnO or AIN. For a given
mechanical input, ZnO and AIN essentially trade current/charge
for higher voltage output than PZT. In this paper, ZnO is chosen
over AIN as the piezoelectric sensing material for its better fab-
rication compatibility.
At lower frequencies, (6) can be written as

Vi = sRyAe31(S1 + S2) = spesit(Sy + S2) (10)
where p is the ZnO Im resistivity. The voltage output becomes
a function of resistivity rather than permittivity. For ZnO, as
the inverse of its material permittivity is much larger than the
resistivity, the sensor will usually be much less responsive at
lower frequencies. In addition, the sensor output is linearly pro-
portional to the signal frequency. In the limiting case where a
static strain is applied on the sensor, the sensor would show zero
output voltage to external strain input.

I1l. FABRICATION OF ZNO PIEZOELECTRIC SENSOR

A. Sensor Fabrication on Silicon Substrates

The piezoelectric sensor fabrication process is begun by spin
coating a 0.7-pum-thick spin-on-glass (SOG) on the silicon sub-
strate, as shown in Fig. 2(1a). The substrate is baked at 260 °C
for 15 minutes to cross link the SOG layer. The SOG insula-
tion layer is optional for building sensors on silicon wafers but
is crucial for that on steel substrates, which will be explained in
the next section.

After SOG coating, an aluminum layer is evaporated to form
ohmic contacts [28] and patterned, followed by ZnO sputtering;
see Fig. 2(1b). The ZnO layer is deposited using RF magnetron
sputtering at 300 °C with 200 W forward power in 35-mtorr
oxygen and 35-mtorr argon. The deposition rate is around
0.8 pum per hour. It is found that ZnO Ims of approximately
0.8to 1 um are good enough for sensing purpose. The ZnO Im
is patterned using a mixture of phosphoric acid, acetic acid, and
a water solution with 1:10:100 ratio in volume. Then, a second
SOG layer is spin coated and patterned; see Fig. 2(1c) 2(1d).
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Fig. 3. Scanning electron microscopy (SEM) picture of a ZnO Im deposited
on a SOG planarized steel substrate.

The top electrode is evaporated and patterned; see Fig. 2(1e).
The last SOG is spin coated to encapsulate the sensor and
patterned; see Fig. 2(1f) 2(1g). Finally, the wafer is cut into
strips using bulk micromachining or by dicing; see Fig. 2(1h).

B. Sensor Fabrication on Steel Substrates

Fabricating sensors on steel substrates is a much more dif -
cult process. The suspension design to which the steel substrates
will be transformed requires that the steel wafers are limited to
38-umthickness and as a result is highly susceptible to deforma-
tion during fabrication processes. For instance, vacuum chucks
have been found to cause permanent deformation in steel wafers
over the course of normal wafer processes. This deformation, in
turn, causes Im thickness to vary across the substrate and prop-
agates these error ensuing processes. To solve this problem, steel
wafers are water bonded to silicon handle wafers. Adhesion can
be adjusted by controlling the amount of water trapped between
the two wafers. When the process is nished, the two wafers are
heated to 100 °C to evaporate the water between wafers and re-
lease the steel substrate.

Another problem is associated with the thermal expansion
coef cient of steel, which is an order of magnitude larger than
most microfabrication compatible materials. The mismatch re-
sults in large residual stresses, causing adhesion problems after
thin- Im deposition. Hence, the temperature throughout the fab-
rication process needs to be carefully controlled and kept as low
as possible. One of the major reasons for selecting ZnO over
AIN as the strain sensor material is that piezoelectric ZnO Ims
can be deposited at temperatures as low as 300 °C, whereas AIN
requires deposition temperature at least 100 °C higher.

Steel oxidization during high temperature processing also
causes problems. Oxidation occurs during ZnO deposition
because of the elevated temperature and the presence of oxygen
in the chamber. Steel substrates are already very rough from a
microfabrication viewpoint, as is visible in Fig. 3. Oxidation
causes the surface to become even rougher, which makes it
impossible to deposit ZnO Ims with good piezoelectric prop-
erties. A smooth surface [29] is crucial to piezoelectric ZnO

Im growth. To obtain a planar surface, SOG is spin coated
onto the steel substrate and baked. The SOG layer not only
planarizes the steel substrate but also prevents the substrate
from oxidation on the front side. At present, the oxidation on
the back side is ignored, where no microscale processing takes
place.

After an SOG layer is coated onto the steel substrate
[Fig. 2(2a)] an aluminum layer is evaporated and patterned for
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(a) (b)

Fig. 4. Conventional (a) inverting (transimpedance) and (b) noninverting
ampli er.

bottom electrode [Fig. 2(2b)]. Then, a second SOG layer is
coated. The advantage of using this additional SOG layer is
two fold. First, the SOG layer serves as the buffer layer for the
Zn0O and aluminum layer, reducing residual stress gradient. It
is found that the ZnO layer does not adhere to aluminum well
under high thermal residual stress. The presence of the SOG
layer provides a smoother stress gradient between ZnO and
aluminum. Secondly, the SOG planarizes the aluminum layer
for better ZnO deposition. The SOG is able to smooth out the
surface again after aluminum deposition and provide a much
better condition for ZnO deposition.

Using the same deposition and etching recipe as those used
in Section I11-A, a 0.8-um ZnO layer is deposited on top of the
second SOG layer and patterned. The SOG layer sandwiched
between the ZnO and bottom electrode layer is dry-etched
in SFg plasma [Fig. 2(2b)]. This is a self-aligned process as
the ZnO layer is used as the mask. The rest of the process,
Fig. 2(2c) 2(29), is the same as that used in the previous sec-
tion. After sensor fabrication, the steel wafer is etched through
using bulk micromachining, Fig. 2(2h) and assembled into hard
drive suspensions for testing [30].

IV. EXPERIMENTAL SETUP AND RESULTS

A. Interface Circuit

As shown in the modeling section, a piezoelectric sensor is
essentially a capacitor in parallel with a charge source and a
large resistor. The presence of the capacitance makes sensor
output impedance much larger than that of data acquisition sys-
tems operating at lower frequencies, which effectively reduces
sensor sensitivity. To minimize this problem, an interface circuit
is needed to convert high sensor impedance into low impedance.
The circuit also ampli es the sensing signals and rejects un-
wanted noises.

Fig. 4(a) and (b) shows two commonly used single stage
circuit topologies for ampli cation of piezoelectric sensing
signals. Since our devices are intended to detect less than
100 nanostrain with a corresponding current of approximately
pico-to-subpico ampere, neither of the circuits is capable of
amplifying the sensing signals. The transimpedance ampli er,
shown in Fig. 4(a), relies on resistor R to convert sensor cur-
rent to voltage V.. = I - R¢. Capacitor C is used to stabilize
the circuit as transimpedance ampli ers are prone to oscillating
if not properly compensated. In our case, the feedback resistor
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Buffer  High-pass filter Gain

Fig. 5. The interface circuit for sensor signal ampli cation is composed of a
differential input stage, a high-pass lter, and a gain stage. Resistors 5 are re-
dundant which are used to adjust the high-pass corner frequency predetermined
by 3 4,and . Component values: 5 2

3 1 , and F.

Ry needs to be extremely large for reasonable voltage output.
This is not practical both because large 124 reduces bandwidth
and the compensating C; needs to be unpractically small.
The ampli er with a large R also considerably ampli es the
environmental noise coming from the noninverting end which
saturates the circuit.
Another way to utilize this con guration is to use only C
in the feedback loop. This is commonly called a charge ampli-
er where the voltage gain is set by the ratio of input capaci-
tance and the feedback capacitor A = (C/Cy). While charge
ampli ers work well for macropiezoelectric sensors, they are
not suitable for our experimental setup as the ampli cation is
achieved by using a feedback capacitor smaller than the input
capacitance. To amplify a sensing signal on the fabricated ZnO
sensors, this requires a feedback capacitor of 10 pF (for unity
gain) or less, which is dif cult to implement in practice. Such
small a capacitor is very vulnerable to parasitic capacitance. A
priori knowledge of the tested sensor capacitance is also needed
so that a proper feedback capacitor can be implemented accord-
ingly. This makes the charge ampli er undesirable for testing
the prototyped ZnO sensors, as the sensors vary in different sizes
and ZnO Im properties vary from sensor to sensor.
Noninverting ampli ers, shown in Fig. 4(b), use resistors R ¢
and R, to set the ampli cation gain A = 1 + (Ry)/(R,).
This ampli er has a much larger input impedance than that of
a inverting ampli er which makes it a better choice for ampli-
fying device signals with small current. The ampli er is used to
form the differential input stage of the interface circuit shown
in Fig. 5. The interface circuit is composed of three stages with
an overall circuit gain of 1000. With this large gain, efforts are
made to prevent the circuit from saturation due to unwanted
noise. A differential input stage is utilized for better common
mode signal rejection. Common mode signals at the input are
found to be one of major signal sources that saturate the circuit.
A high-pass Iter at the second stage is used to heavily penalize
low frequency signals, such as the dc offset from the operational
ampli ers or 60-Hz environmental noise. This stage cuts off sig-
nals below a certain frequency and ensures that signals passed
through the last gain stage do not saturate the circuit. Since only
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Fig. 6. Transfer function of the interface circuit used for sensor signal
ampli cation.

vibrations above 100 Hz are of interest, it would be ideal to Iter
out all signals below this frequency. In reality, the circuit gradu-
ally Iters out signals below 2 kHz. As low frequency vibration
modes are usually associated with larger amplitudes, inducing
larger strain and sensor signals, the slope between 100 Hz to
2 kHz provides a robust way to prevent circuit saturation in
practice. The double-to-single end converter at the last stage of
the circuit serves as the gain stage. The root-mean-square (rms)
and peak-to-peak noise of the circuit are found to be 6.3 and
43.2 mV, respectively. Fig. 6 shows the simulated and experi-
mental circuit transfer functions. The discrepancy between the
simulation and the measurement at low frequencies is attributed
to component, especially capacitor, mismatch due to tolerance,
which causes the corner frequency to shift from the designed
frequency.

Since these sensors are intended for nano-to-micro strain
sensing, very limited charges are generated by piezoelectric
sensors. The sensing signal is both very vulnerable to environ-
mental noise and susceptible to attenuation through its signal
path. Parasitic capacitance is found to be the main factor that
can drastically lower sensitivity. The parasitic capacitance C,
can be modeled as an additional shunt capacitor in parallel with
C, in Fig. 1. Using (5), the voltage into the circuit is

V. sR,
* T SR(Cy+Cp) +1

Q- (11)

For decent signal retrieval, C},, needs to be smaller than the
sensor capacitance. As C,, becomes larger than Cj, the signal
starts to decrease at a rate inversely proportional to C,,. There-
fore, the key for successful measurement is to put the circuit
suf ciently close to the sensor. All connections need to be
made so that parasitic capacitance is minimized. Coaxial cable,
for instance, introduces approximately 25 pF/ft capacitance
and should not be used to connect the sensor and the circuit.
It is found that properly buffering and amplifying the sensing
signal before passing it to the acquisition system dramatically
increases sensor sensitivity and system robustness.
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Fig. 7. The experimental setup used for strain sensor characterization.

TABLE 11
SUMMARY OF SENSOR PARAMETERS AND EXPERIMENTAL RESULTS

Length Ly 4.2 cm

Width wp 3.3 mm

Height hy 0.5 mm

Beam Young’s modulus  Ej 150 GPa
Density P 2330 Kg/m3
Calculation Experiment

Resonance modes 1st 368 420 Hz

2nd 2300 2140 Hz

ZnO thickness ts 0.8 pm

Overall thickness ta 4.2 pm

Length L 380 pm

‘Width Wy 380 pm

Sensor Sensitivity 340 V/e
Piezo. coefficient  es31 -3.77x10™2C/m2

Noise Floor 0.3 ~ 50 kHz  200~70 fe/v/Hz
Frequency Resolution

Measured 2140 Hz 40.3 ne
Estimated 10,000 Hz 28.7 ne

B. Sensors Fabricated on Silicon Cantilever Beams

1) Sensor Signal Verification: A strip cut from the silicon
wafer with completed sensors is installed as a cantilever beam
on a housing, shown in Fig. 7. The cantilever is installed in such
a way that the piezoelectric strain sensor is located at the can-
tilever support where the most cantilever vibration information
can be collected. The sensor and beam dimensions are listed in
Table I1. The sensor being tested, shown in Fig. 8, is a 380 by
380-pm-square sensor with 4.2-pm overall thickness, including
the ZnO Im, electrode layers, and passivation layers. The vi-
bration signal is passed to the nearby circuitry through bonded
wires. The wires are 31 um in diameter, having a negligible ef-
fect the cantilever vibration modes. A laser-Doppler-vibrometer
(LDV) is used to verify the sensor signals. The LDV measures
the vertical displacement at the tip of the cantilever. Both LDV
signals and ampli ed sensor signals are connected to an oscil-
loscope for recording.

The rst experiment is performed to verify whether or not
the sensor detects the vibration signal that is measured by the
LDV. A mechanical impulse is applied on the housing which si-
multaneously excites several vibration modes of the cantilever
beam, shown in Fig. 9. The responses from the sensor and the
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Fig.8. A380 380- mpiezoelectric ZnO strain sensor fabricated on a silicon
substrate.

Fig. 9. LDV and sensor measurements of the cantilever when an impulse is
applied at the baseplate.

LDV measurements are very similar to each other, except that
higher order modes appear to be more prominent in the sensor
measurement. This is due to the higher gain of the interface cir-
cuit at high frequencies. Both curves clearly show the rst two
resonance modes at 419.76 Hz and 2.14 kHz, respectively. The
third mode at 6.09 kHz is barely distinguishable. The theoret-
ical values for the corresponding modes are calculated using the
following equation [31]:

E 2

w=(n) 12)

(12)

wherew, ,E, ,p,and are resonance frequency in radian
per second, beam length, Young s modulus, beam height, beam
density, and mode number. The value of s related to boundary
conditions and mode numbers. For single cantilevers, the prod-
ucts , arel.875,4.694,and 7.855for the rstthree resonance
modes, respectively. The theoretical value for the rst three res-
onance modes are calculated as 368, 2300, and 6450 Hz. Hence,
the ampli er sensor signals are indeed the vibration information
from the cantilever.

2) Piezoelectric Constant Characterization: The piezoelec-
tric constant e3; is calculated by comparing the amplitude of
time domain signals of the LDV and sensor measurements. As
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