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Abstract
A novel testing technique to determinate the dynamic response of the microstructure is presented. In this study, a bulk acoustic wave (BAW)
hammer generated by a pulsed ultrasonic transducer is used to excite the microstructures. Thus, the dynamic response of the microstructure
in a wide frequency range is excited. Based on this novel method and test apparatus, the dynamic response of the microstructure including
the resonant frequency, mode shape and the modal damping of the microstructure can be measured in a single excitation. Experimental
results of the microbeams with different length agree well with theoretical predictions. In summary, the proposed BAW hammer technique
has the following advantage: the sample preparation for this approach is very easy since it is not necessary to deposit an additional ®lm for
thermal or electrical purpose. In this regard, the experimental results of this technique are more accurate since there is no additional ®lm to
in¯uence the dynamic behavior of the test sample. Moreover, there is no uncertain side effect such as thermal and acoustic coupling, caused
by this approach. Since the test apparatus is also very simple, this approach has the potential to do the on-line test for batch production.
# 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Microsensors and actuators are the key components in the
microelectrical mechanical systems. The performance of
microsensors and actuators correlate closely with their
dynamic mechanical properties. For instance, the bandwidth, resolution, and response time of some microsensors
is determined by their mechanical resonance [1]. The output
characteristic of microactuators including force amplitude
and operating frequency is also determined by their dynamic
behavior [1]. Therefore, the testing method to evaluate the
dynamic behavior of the microtransducers in MEMS is very
important. Several excitation and detection approaches have
been proposed to characterize the dynamic response of the
microstructure. Based on the measured dynamic response,
vibration characteristics such as the natural frequencies and
the mode shapes of the microstructure can be obtained.
Moreover, the material properties including residual stress
[2], Young's modulus [3±9], and fatigue property can also be
determined.
The measured dynamic response of the microstructure
will be affected by the excitation technique. In general, the
*
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existing dynamic tests can be classi®ed into three categories
according to their excitation approaches. The ®rst approach
is to drive the microstructure through built-in electrostatic
electrodes [2±4]. It is necessary to deposit an additional
conducting ®lm if the structure is made of dielectric materials. The effect of the additional ®lm on the dynamics of the
test structure must be considered, especially for the determination of the thin ®lm material properties. Secondly, a
photo thermal load through an external source [5,6] is
exploited to excite the microstructure. In this case, an
additional metal layer is required to coat on the microstructure. Hence, the variation of the mechanical properties
resulted from the thermal effect can not be ignored. Thirdly,
the microstructure is driven by a bulk PZT transducer
externally [7±10]. The disadvantage of this approach is
the dynamic coupling between PZT transducers and the
microstructure. Moreover, the PZT transducer in [8] can
not excite the microstructure in the vacuum environment
acoustically. In [10], a swept-sine signal is used to drive
microstructures. However, this approach is only applied for
the millimeter dimensional microstructures because of the
limitation of PZT transducers.
Presently, the ultrasonic transducer has been widely used
in nondestructive testing and medical diagnostic [11±15]. In
this study, a BAW hammer using pulsed broad bandwidth
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ultrasonic transducer is exploited to drive the microstructure. The transducer can generate an excitation of broad
bandwidth and constant magnitude on microstructures to
satisfy the requirement for vibration modal test. After the
impulse excitation, the dynamic characteristics of the microstructure including the resonant frequency, mode shape, and
the modal damping factors will be measured using laser
Doppler vibrometer (LDV). The test set-up is very simple
for this approach. There is no additional ®lm required to
deposit on the test structure; meanwhile, the side effects
comes from the additional ®lm can be prevented. This
approach can be applied to study the air effect on the
dynamic response of microbeams in a vacuum environment
as well.
2. Theory
2.1. Bulk acoustic wave (BAW) hammer using pulsed
ultrasonic transducer
The impulse excitation is one of the primary techniques
used in the conventional vibration test to determine the
dynamic behavior of structures [16]. An impact hammer is
used to generate the impulse excitation after striking at the
structure. The impulse with a speci®c amplitude A and
duration Dt can excite all the vibration modes of a structure
within a certain frequency range. For a constant load, the
effective frequency range is inversely proportional to the
duration Dt. It is necessary to induce a pulse with a shorter Dt
to raise the testing frequency range. However, due to the
possession of higher natural frequencies for microstructures,
conventional impact hammer is hardly applicable to the
vibration test. Moreover, it is dif®cult to apply impact
hammer to the microstructure because the mismatch of their
size. In this study, a pulsed BAW is exploited to excite the
microstructure during the vibration test. As illustrated in
Fig. 1a broad bandwidth ultrasonic transducer is used to
generate the BAW. In short, the impact hammer is replaced by
a BAW hammer (the broad bandwidth ultrasonic transducer).
Generally, the transducer consists of an active PZT element, and three passive layers such as backing, matching
and acoustic lens layers [11]. When the PZT ceramic driven
by a pulse voltage, the transducer will produce an impulse
time response operated by its thickness extensional mode
[11]. In this regard, the characteristics of the BAW hammer
are determined by the bandwidth, ringdown time, and peakto-peak excitation amplitude of the transducer. A typical
example of impulse waveform and power spectrum of the
transducer is shown in Fig. 1b and c. The waveform and
frequency spectrum of the transducer used in this study has
been de®ned by the The American Society for Testing and
Materials (ASTM) code E1065. According to this code, the
waveform duration Dt is de®ned as the 20 dB level amplitude of peak, as shown in Fig. 1b. The central frequency f c in
the frequency response of the waveform is expressed as

Fig. 1. A schematic diagram of the bulk acoustic wave (BAW) hammer
applied to microstructures using pulsed broad bandwidth ultrasonic
transducer, (a) the proposed BAW hammer model, (b) the impulse time
response of transducer, and (c) the impulse frequency response of
transducer.

fc  fu  fl =2. As indicated in Fig. 1c, the parameters f l
and f u are upper and lower frequencies where the power
spectrum drop 6 dB from its peak. The bandwidth of the
BAW hammer (BW) is de®ned as BW  100  fu fl =fc .
However, the energy level of the transducer required for the
impulse test is not restricted to 6 dB. Hence, the effective
bandwidth for impulse test is wider than BW. The natural
modes of the microstructure within the effective bandwidth
will be excited. Based on the proposed method, it is possible
to design a transducer to generate an impulse with a speci®c
waveform. Thus, the natural behavior of the microstructure
within a speci®c frequency range can be determined.
2.2. Dynamic properties of microstructure
The micromachined cantilevers are used as the test structures in this study. The undamped natural frequency fn of a
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cantilever beam is given by [17]
s
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(1)

where E, r, L, and h are the Young's modulus, density,
length, and thickness of the cantilever, respectively. The
parameter ln is the eigenvalue of the problem and is given by
the solution to cosh ln  cos ln   1  0. In Eq. (1), n is an
integer indicating the nth natural mode. The shape Vn x
of the beam at bending modes described by [10] is expressed
as
Vn x  An sin ln x sinh ln x
Cn cos ln x  Cn cosh ln x

(2)

where
An 

sinh ln sin ln
;
2 cosh ln  cos ln 

Cn 

cosh ln  cos ln
sinh ln sin ln

Eq. (2) was normalized, so as to give an unity displacement
at the free end of the microbeams.
3. Experiments and results
3.1. Experiments
In application of the proposed BAW hammer technique,
silicon dioxide cantilever beams and plates were fabricated
on the (1 0 0) oriented silicon substrate. The thermal oxide
®lm was grown on the (1 0 0) wafer at ®rst. The oxide ®lm
was patterned into different geometry by buffered HF after
photolithography. The substrate under the microstructures
was etched anisotropically using TMAH solution. Fig. 2
shows the photographs of typical cantilever beams and plate
fabricated through the above processes. The test microcan-

Fig. 2. The photographs of the testing sample, (a) SiO2 cantilever beams,
and (b) SiO2 torsional mirror plate.

tilevers were 6 mm wide and 1.1 mm thick, and their length
ranged from 20 to 80 mm. The gap between microcantilevers
and the substrate was 55 mm after the bulk etching to prevent
the squeeze ®lm effect.

Fig. 3. The experimental set-up for BAW hammer test.
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Fig. 4. The characteristics of different hammers, (a) impedance curve of f c  540 kHz, (b) impedance curve of f c  1 MHz, (c) impulse time response of
f c  540 kHz, and (d) impulse time response of f c  1 MHz.

Fig. 5. The measured frequency response of the hammer and wafer after excited by the hammer with (a) f c  540 kHz, and (b) f c  1 MHz.
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The experimental set-up for recording the dynamic
response of microstructures using the BAW hammer technique is illustrated in Fig. 3. The sample was mounted on the
ultrasonic transducer by wax or sticky tape. The ultrasonic
transducer generated a BAW after excited by a pulse voltage.
The high voltage pulse generator system in Fig. 3 was used
to produce a very short pulse voltage shown in Fig. 1a to
provide a broad bandwidth frequency spectrum to the ultrasonic transducer. Afterwards, the sample experienced a
broad bandwidth frequency range excitation. The pulse
generator system in Fig. 3 can also be replaced by a function
generator together with a power ampli®er. Finally, the
dynamic response of the microstructures was measured from
the LDV system. And the time and frequency response of the
microstructures can be recorded and analyzed in the oscilloscope or frequency analyzer. The vacuum chamber was
established in the experiment to perform the dynamic test
in various ambient pressure.
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The characteristics of the BAW hammer would signi®cantly affect the testing result of the microstructure. The
performance of the BAW hammer correlates closely with the
design of the pulse generator and transducer. In the experiment, the voltage amplitude and the pulse repetition rate
were well controlled by a commercial pulse generator.
The pulse generator has an output impedance of 50 ohm.
The pulse applied on the ultrasonic transducer was 175 V in
amplitude, 0.23 ms in width, and 1 kHz in repetition rate.
The BAW hammer composed of PZT disc plus backing layer
design with different central frequencies f c was studied. The
measured electrical impedance curves of the hammer with
their central frequencies f c at 540 kHz and 1 MHz, respectively are shown in Fig. 4a and b. The lowest point indicated in Fig. 4a and b represents the thickness extensional
mode of the transducer [18]. The active elements of the
540 kHz and 1 MHz hammers were PZT4 disc with diameter
30 mm and PZT5A disc with diameter 20 mm, respectively.

Fig. 6. The measured impulse time response of 1.1 mm thick, 6 mm wide test cantilevers with length (a) L  60 mm, (b) L  50 mm, and (c) a zoom in of (b).
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Moreover, the acoustic impedance of the backing layer is
5.6 M Rayls and its velocity is 1280 m/s. The impulse time
responses of these two hammers measured at the center
of the transducers are shown in Fig. 4c and d. Fig. 4c and d
showed that the hammer with f c  1 MHz has shorter duration Dt than the one with f c  540 kHz. The thickness extensional mode was damped out ®rst, and only the low order
radial modes still sustained in the response [19]. Hence, the
low frequency radial modes of transducer induced some
ripples at the end of waveform, as indicated in Fig. 4c and d.
The impulse frequency responses measured at the surface
of both the hammer and the wafer are shown in Fig. 5.

The agreement of the spectrum between the hammer and the
wafer demonstrates that the energy was effectively propagated from the excitation source to the test sample. Moreover, the results also indicate that the f c and the BW of an
excitation can be adjusted by changing the transducer. The
transducer with f c  1 MHz has broader frequency range
than the one with f c  540 kHz. Hence, the transducer with
f c  1 MHz would be selected as the excitation source of the
BAW hammer in the experiment. The ripples in the ®rst
range of spectrum originated from the low frequency radial
modes of the transducers [19]. These ripples would be
damped immediately since the transducer employed in this

Fig. 7. The measured impulse frequency response of 1.1 mm thick, 6 mm wide test cantilevers when length L equal to: (a) 80 mm, (b) 70 mm, (c) 60 mm, (d)
50 mm, (e) 40 mm and (f) 30 mm.
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study was designed to have the backing layer added to the
PZT disc. Thus, the ripple would only be slightly coupled
with the dynamic response of the microstructures.
3.2. Results
As shown in Fig. 6a and b, the free vibration of the cantilevers with L  60 and 50 mm, respectively was recorded
by the oscilloscope. The vibration of these beams were
excited by a f c  1 MHz transducer. The laser spot was
placed on the free end of the cantilevers. The ®rst few cycles
of the response were due to the dynamics of the transducer;
thus, they would not represent the free vibration of the beam.
After the beam started its free vibration, the response for a
typical viscous damped system was obtained, as shown in
Fig. 6. Moreover, the measured frequency spectrums of the
microcantilevers after BAW hammer excitation are shown in
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Fig. 7. The results show that the fundamental frequency of
the microcantilevers varied from 150 to 920 kHz when the
beam length L decreased from 80 to 30 mm. In Fig. 7a and b,
the second bending modes of the beam can also be measured. It is shown that this approach can excite the resonant
frequency of the microstructures up to the MHz range.
In Fig. 8, the free vibration of a 60 mm long cantilever
beam under various air pressure after excited by 1 MHz
transducer was recorded. It is obtained that the free vibration
of the beam was sustained for a longer period when the air
pressure decreased from 780 Torr to 20 mTorr. Brie¯y,
the viscous damping due to the air signi®cantly dominates
the quality factor of the microcantilever. Fig. 9a and b show
the frequency spectrum associated with the time response
in Fig. 8b and d, respectively. According to the frequency
spectrum, the measured modal quality factors ranged from
80 to 5000 when the air pressure decreased from 780 Torr to

Fig. 8. The impulse time response of 1.1 mm thick, 6 mm wide, 60 mm long test cantilevers varied with different air pressure: (a) 780 Torr, (b) 75 Torr, (c)
1 Torr and (d) 20 m Torr.

50

W.-P. Lai, W. Fang / Sensors and Actuators A 96 (2002) 43±52

Fig. 9. The impulse frequency response of 1.1 mm thick, 6 mm wide, 60 mm long test cantilevers varied with different air pressure: (a) 75 Torr (b) 20 m Torr.

20 mTorr. In Fig. 9b, the second bending mode of the beam
was obtained when air pressure dropped to 20 mTorr. Thus,
the power spectrum signal of the proposed technique was
improved at lower ambient pressure.

4. Discussion
The free vibration of a microstructure in both time and
frequency domains is measured after the excitation of a

Fig. 10. Comparison of theoretical and experimental results, (a) natural frequencies of different bending modes, and (b) the mode shape of the first two
bending modes.
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Fig. 11. Variation of the quality factor of the test beams with the ambient pressure.

BAW hammer. To verify the validation of the BAW hammer
technique, the comparison between the measured resonant
frequencies and the predicted ones is shown in Fig. 10a. The
solid line was predicted by Eq. (1) based on the density and
Young's modulus of microstructures known previously.
Apparently, the experimental results agree well with the
predicted ones. The deviation between the experimental and
analytical results was from 2 to 6%. On the other hand, the
variation of the natural frequency with the beam in different
lengths can also be used to determine the Young's modulus
of thin ®lm. In this regard, the Young's modulus of the
microbeam is obtained after curve ®tting the data points in
Fig. 10a to Eq. (1). The mode shape of microstructure can
also be determined, after measuring the spectrum at different
position of the beam. Comparison of the measured and
predicted results for the ®rst and second bending modes
of a 80 mm long beam is shown in Fig. 10b. The data points
represent the measured results and the solid lines were
predicted by Eq. (2).
The equivalent modal damping (or quality factor Q) of the
microbeam due to air effect described by [20] can be divided
into three regions. In the near vacuum region, the intrinsic Q is
independent of pressure and must be determined empirically.
Under the atmosphere pressure region, gas is regarded as
viscous ¯uid. Therefore, the relation of the Q and the dimension of the microbeam is determined by the Stoke's law [20]
#
 2 "
h
b Er1=2
Q
(3)
L
24m
where m is the viscosity of the air and b the width of the
microbeam. If the microstructure is operating under low
pressure, the relation between the quality factor and the
dimension of the microbeam becomes [20]
#
 2 "
h
Er1=2
Q  93
(4)
L
P
where P is the pressure of the air. In Fig. 11, the quality
factor of first bending mode of L  60 mm beam under
various air pressure was also measured through the proposed
technique. The experimental results agree well with the
analytical results predicted by Eqs. (3) and (4).

5. Conclusion
In this research, a novel technique to determinate the
dynamic response of the microstructure using pulsed broad
bandwidth ultrasonic transducer was studied. The ultrasonic
transducer excited by the impulse signal acting as a BAW
hammer to provide broad bandwidth frequency excitation
to the testing sample. Hence, the natural modes of the microstructure in the frequency power spectrum range will be
excited along the direction of impact hammer. Experimental
results demonstrated that this technique is a fast and promising approach for characterizing the dynamic behaviors of the
microstructure. In summary, the proposed BAW hammer
technique has the following advantage: the sample preparation for this approach is very easy since it is not necessary to
deposit an additional ®lm for thermal or electrical purpose.
In this regard, the experimental results of this technique are
more accurate since there is no additional ®lm to in¯uence
the dynamic behavior of the test sample. Moreover, there is
no uncertain side effect such as thermal and acoustic coupling, caused by this approach. Since the test apparatus is
also very simple, this approach has the potential to do the
on-line test for batch production.
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