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Piezoelectric ceramic bimorph coupled to thin metal plate as cooling fan
for electronic devices
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Abstract

Several types of piezoelectric fans for cooling electronic devices were constructed and tested at 60 Hz, 110 V and 220 V, respectively.
The aim of the work is to investigate the possibility of replacing the rotary type of fan in some noise-sensitive electronic devices.
Different vibrating metal plates were tested and analyzed theoretically. It is found that the resonant frequency of the vibrating plate

Ž . Ž .decreases with the increase of its length l if the length of the piezoelectric ceramic bimorph L is kept constant. The series-type fan
Ž .with ls31.8 mm, made of phosphor bronze vibrating plate S6 , shows the highest value of fan tip displacement of 35.5 mm and

produced wind velocity of 3.1 mrs driven by a 220 V, 60 Hz power source. q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Most of the cooling fans in computers and other high
power electronic devices are of the rotary type. Although
satisfactory in many applications, the electromagnetic noise
produced by the motor is often not desirable. An alterna-
tive is to use piezoelectric bimorph-type fans, which can
generate airflow and efficiently control wind velocity with
relatively simple structures. The advantages of these bi-
morph-type fans include: no electromagnetic noise, long

Ž . Žlifetime ;25,000 h and low power consumption less
.than 100 mW in comparison with the electromagnetic

w xrotary type counterpart 1–4 . Therefore, theoretically
speaking, piezoelectric bimorph-type fans could replace
rotary fans in many electronic devices.

This study is focused on the design, fabrication and
testing of piezoelectric fans that can be operated at 60 Hz,
220 V. PZT-5 ceramics used for the ceramic bimorphs
were manufactured by conventional sintering process for
90 min at 13008C. The piezoelectric coefficient d s31

Ž y12 .y173 10 mrV for this ceramic material. Different
kinds of metals were used to make the vibrating plate and
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the results were compared to theoretical analysis. The
resonant frequency, displacement and wind velocity for
each of the fans were measured. Possibility of using these
piezoelectric fans for cooling an electronic component was
evaluated.

2. Experimental procedure

There are several steps for making these bimorph fans.
Ž .First, PZT-5 powder Edo, EC-65 was pressed into a plate

shape by using a steel molder and an oil press at a pressure
of 1 tonrcm2. Then, the green ceramic plates were sin-
tered at 13008C for 90 min. Afterwards, these fired ce-
ramic plates were lapped down to a thickness of 0.3–0.35
mm. Finally, silver paste was fired onto the surface of
these plates at 6008C as electrodes. The piezoelectric ce-
ramic plates were poled in silicone oil at 808C by applying
a DC field of 3.3 kVrmm for 30 min. Table 1 listed the
physical properties of these PZT-5 ceramic plates.

The piezoelectric fans were fabricated by sandwiching a
long metal shim between two layers of piezoelectric ce-
ramic, which form either a series bimorph or a parallel
bimorph as shown in Fig. 1. There are three basic parts in
the fan structure: the base support, the bimorph embedded
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Table 1
Physical and electrical properties of PZT-5

3 3Ž .Density 10 kgrm 7.5
10Ž .Young’s modulus 10 Nrm 6.6

Ž .Curie point 8C 350
Mechanical Q 100
Dielectric constant 1725

Ž .Dielectric loss 1 kHz 2.0
k 0.3631

k 0.62p
y12Ž .d 10 mrV y17331

Ž .in the support and the metal vibrating plate. Fig. 1 a–c are
Ž .three different types of designs. In Fig. 1 a , the metal

shim is much wider than the width of the bimorph; in Fig.
Ž .1 b , the width of the metal shim and the bimorph are the

Ž .same while in Fig. 1 c , two bimorphs were attached to the
Ž .metal shim. Fig. 1 d illustrates the side view of the

structure. The symbols are defined as the following: T —
total thickness, L — the length of ceramic substrate, W —
the width of ceramic substrate, w — the width of the
vibrating plate, l — the length of the vibrating plate. The
two ceramic plates in the bimorph are either connected in
series which we call S-type, or in parallel which we call
P-type.

The resonance properties of a typical piezoelectric ce-
ramic bimorph with dimensions of 0.30 mm=12.4 mm=

Ž39 mm were measured by using a Network Analyzer HPE

Fig. 1. Designs of the piezoelectric fans. Different parts are labeled as the following: 1, base support; 2, elastic adhesive; 3, ceramic bimorph; 4, metal
vibrating plate; 5, AC voltage circuit.
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Table 2
Classification and properties of the manufactured 60 Hz piezoelectric fan

Ž . Ž . Ž . Ž . Ž . Ž .Sample no. d mm L mm w mm l mm W mm t mm Material of Shape Current Displacement Wind
Ž . Ž .vibrating mA mm velocity

Ž .plate mrs

Ž .P1 0.78 32 12.0 28.6 12.0 0.08 Phosphor bronze Fig. 1 b 2.83 34.7 3.0
Ž .S1 0.89 34 13.3 28.4 13.7 0.10 Brass Fig. 1 b 1.88 11.1 1.0
Ž .S2 0.97 35 13.3 46.1 13.1 0.15 Aluminum Fig. 1 b 1.90 23.3 1.9
Ž .S3 0.88 34 13.5 31.0 12.8 0.10 Phosphor bronze Fig. 1 b 2.02 29.4 2.2
Ž .S4 0.81 32 26.3 29.1 22.0 0.10 Brass Fig. 1 c 2.52 12.3 1.4
Ž .S5 0.87 34 25.2 47.0 22.0 0.15 Aluminum Fig. 1 c 2.86 13.4 1.4
Ž .S6 0.80 33 25.8 31.8 22.0 0.10 Phosphor bronze Fig. 1 c 3.59 35.5 3.1
Ž .S7 0.84 34 12.5 27.4 22.0 0.08 Phosphor bronze Fig. 1 a 1.92 26.3 2.2
Ž .S8 0.79 35 13.3 28.2 13.2 0.08 Phosphor bronze Fig. 1 b 2.21 33.3 2.3

.5100 . It was found that the resonant frequency, f , whichr

defines the minimum impedance and the anti-resonant
frequency, f , which defines the maximum impedance area

37.12 kHz and 39.068 kHz, respectively, with a resonant
resistance of 2 V. Therefore, the thickness resonance is
much higher than the designed operating frequency of 60
Hz for the fan.

Several designs using different metal vibrating plates
were investigated and all the results are given in Table 2.
The wind velocity of the piezoelectric fan was measured

Ž .by using a wind velocity meter Testovent 4000 . The
distance between the fan and the wind velocity meter was
maintained at 1 mm for all the measurements. The dis-
placements of parallel-type piezoelectric fans were mea-
sured at 110 V, 60 Hz, while those series-type piezoelec-
tric fans were measured at 220 V, 60 Hz, by using a ruler
and a high-speed camera.

3. Results and discussion

In order to investigate the resonant frequency of P1-type
piezoelectric fans, an electrical current meter was put in
series with the fan and connected to the constant voltage
source. The output power of the fan is reflected in terms of

Žthe electric current proportional to the power consumption
.at a constant voltage . At resonance, there will be a

maximum output of wind so that the current will also be a
maximum.

It was found that the resonance frequency of the fan is
mainly determined by the length l of the vibrating plate
while the width of the vibrating plate w has little influ-
ence. The 60 Hz resonance was achieved by gradually
reducing the length l while monitoring the electric current.
As shown in Table 2, there is a direct relationship between
the maximum tip displacement of the metal plate and the
wind velocity produced. On the other hand, there is a
strong non-linear relationship between the vibrating plate
length and the maximum tip displacement.

In order to better understand this complex relationship,
we have performed a simple dynamical plate bending

analysis assuming the bimorph is fixed. In the first-order
approximation, the resonance frequency of a vibrating
plate with one end fixed can be derived from the plate

w xbending theory 5 :

t Y
f A 1Ž .r (2 2l 12 r 1ysŽ .

Where r, s , Y, l and t are density, Poisson’s ratio,
Young’s modulus, vibrating plate length and thickness,
respectively. An ideal plate with a perfectly fixed end
would have a proportional coefficient of pr8, but in
general, we must find this factor from experiment for
different geometry, i.e., write the relationship as:

t Y
f sG 2Ž .r (2 2l 12 r 1ysŽ .

where the factor G will also differ for different vibrating
materials.

Ž .One can see from Eq. 2 that the resonance frequency
increases with the decrease of the length of the vibrating
plate l. Shown in Table 3 are the experimentally measured
resonance frequencies for a fan made of phosphor bronze
metal plate of different length, and the corresponding

Ž .calculated values by using Eq. 2 with the factor Gs
0.558. The agreement is very good. According to Table 3,
the optimum design length for the bronze vibrating plate is
28.6 mm for which the measured resonant frequency is 60
Hz.

Table 3
Resonant frequency of P1-type fan with different lengths of the vibrating
plate

Ž . Ž . Ž .l mm Measured value Hz Calculated value Hz

69 10 10.31
60 13 13.63
50 19 19.63
40 30 30.67
30 53 54.52
28.6 60 59.99
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Ž . Ž . Ž . Ž .Fig. 2. Photos of the vibrating shape of a P1-type piezoelectric fan at different driving voltages at 60 Hz: a Vs0 V, b Vs30 V, c Vs70 V and d
Vs110 V.

The width and thickness of the fan are increased when
two sets of bimorphs are used in a fan design to increase

Ž .the bending force of the plates as shown in Fig. 1 c . To
understand this, let us look at the driving bending force by
the ceramic bimorph for the vibration when an electric

w xpotential is applied. According to Ref. 3 , the bending
force is given by:

3WTd VY31 c
Fs 3Ž .

2 L

where V is the applied voltage, T is the thickness of the
bimorph, d is the transverse piezoelectric constant, and31

Y is the Young’s modulus of the ceramic, L and W arec

the length and the width of the bimorph, respectively, as
Ž .shown in Fig. 1 d . We therefore expect to gain a larger

bending force for a wider vibrating plate. However, it is

Fig. 3. Maximum fan tip displacement vs. vibrating plate length for a
P1-type piezoelectric fan.

found that although a higher level of force could be
achieved by increasing W, it also produces unwanted
audible noises. Therefore, in this study, the maximum
number of bimorphs used was limited to two and the width
of the vibrating plate was limited to 22 mm.

The vibrating plate is operated at its fundamental reso-
nance as shown in Fig. 2, which is for P1-type fan with
ls28.6 mm driven by three different voltage levels of 30
V, 70 V and 110 V at 60 Hz. We can measure the
maximum tip displacement from these photos. Results are
given in Table 2 for one parallel connected bimorph fan
Ž . Ž .P1 and eight series connected bimorph fans S1–S8 .
Fig. 3 shows the tip displacement of the P1-type fan driven
by a 110 V, 60 Hz power source as a function of the
vibrating plate length. The fan has a fairly sharp resonance
as shown in Fig. 3. The maximum tip displacement for a
P1-type fan increases with l at the beginning, reaches a
maximum value of 34.7 mm at ls28.6 mm, then starts to
decrease with a further increase of the vibrating plate
length. It is therefore important to find the optimum plate
length for maximum efficiency at any given operating
frequency.

High efficiency also depends on many other factors
besides the length of the vibrating plate, such as the
density and Young’s modulus of the vibrating plate. In our

Table 4
Material properties of vibrating plates used for the piezoelectric fans

Vibrating plate Density Poisson’s Young’s modulus
3 3 11 2Ž . Ž .10 kgrm ratio 10 Nrm

Brass 8.5 0.35 1.006
Aluminum 2.7 0.345 0.703
Phosphor bronze 8.8 0.33 1.078
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Fig. 4. Wind velocity for different applied voltages for a P1-type piezo-
electric fan.

experiments, three kinds of vibrating plates were used and
their material properties are given in Table 4.

There is a strong material dependence of the maximum
tip displacement for a given fan design. Experimentally,
we found that the fan design S6, consisting of two ceramic
bimorphs and phosphor bronze vibrating plate, has the
highest maximum value of 35.5 mm tip displacement
under a 220 V, 60 Hz electrical drive. The second best is
the S3 fan, which has one bimorph and a phosphor bronze
vibrating plate. There is a nearly linear relationship be-
tween the applied voltage and the achieved wind velocity
for any given design as shown in Fig. 4. This can be

Ž .understood from Eq. 3 where the driving force is linearly
proportional to the applied voltage, V. The wind velocity
obtained from a P1 parallel-type fan reaches the maximum
values of 3 mrs and from the S6 series-type fan reaches
3.1 mrs, respectively, under the driving of 110 V, 60 Hz
and 220 V, 60 Hz power sources.

4. Summary and conclusions

We have investigated several designs of piezoelectric
cooling fans for use in the ventilation of electronic devices.
The design is aiming at using conventional electric power
source of 60 Hz, 110 V and 220 V without the use of any
electromagnetic transformers. The designs are very simple
and easy to fabricate, the advantage of these type of fans is
the elimination of unwanted electromagnetic noises from
the rotary type fans. It is found that the most effective
design is to use a phosphor bronze vibrating plate with
either parallel or series connection of the piezoceramic
plates in the bimorph structure. The estimated length of the

Ž .vibrating plate can be calculated by using Eq. 2 with the
factor Gs0.558. For other vibrating plate materials, one

needs to figure out the G-factor experimentally before
predicting the design length of the vibrating metal plate.

Ž .The relationship of Eq. 2 holds very well from our
experimental verifications.

We found a direct relationship between the tip displace-
ment and the wind velocity when the fan is operated in the
fundamental resonance of the metal plate. Therefore, one
could use either as the optimization criterion.

Besides phosphor bronze, aluminum is also a good
choice as the vibrating plate based on our investigation.
Although one sacrifices a little on the performance by
using aluminum plate, the material cost will be substan-
tially reduced for mass production.

References

w x1 S. Kamihara et al., Piezoelectric Bimorph Type Actuator and Piezo-
electric Fan, Application of Piezoelectric Ceramics, Gakken-sha, 1989,
pp. 68–74, in Japanese.

w x2 K. Kawaguchi et al., Piezoelectric Fan, Application of Piezoelectric
Ceramics, Gakken-sha, 1989, pp. 75–80, in Japanese.

w x3 R. Sato, T. Taniguchi, M. Ohba, Characteristics of a Piezoelectric
Bimorph in Use of an Actuator and the Application to a Piezoelectric
Relay, OMRON Technics, No. 70, 1983, p. 52.

w x4 S. Asakura et al., Small Type Fan, JP. Patent H5-29799, 1993.
w x5 L.D. Landau, E.M. Lifshitz, Theory of Elasticity, Pergamon, Oxford,

1986.

Biographies

Ju Hyun Yoo received his PhD degree in Electrical Engineering from the
Yonsei University, Korea in 1990. He is currently working in Semyung
University as an associate professor of Electrical Engineering. His re-
search interests are in the area of piezoelectric devices, including piezo-
electric transformers, actuators, and ultrasonic sensors.

Jae Il Hong received his PhD degree in Electrical Materials from the
Yonsei University, Korea in 1991. He is an Assistant Professor in the
Department of Electricity of Dong Seoul College. His current research
interest include finite element analysis of the piezoelectric ceramic de-
vices, such as piezoelectric fans, actuators and transformers, and the
characterization of acoustic emission sensors for partial discharge and
particle detection in G.I.S. and transformers.

Wenwu Cao received his PhD degree in Condensed Matter Physics from
the Pennsylvania State University, USA in 1987. He is currently an
Associate Professor of Mathematics and Materials Science, a joint ap-
pointment between the Materials Research Laboratory and the Depart-
ment of Mathematics of the Pennsylvania State University. His current
research interests are: the formation of domain structures and their
contribution to the dielectric, elastic and piezoelectric properties in ferro-
electric materials, design of ultrasonic transducer and piezoelectric actua-
tors using finite element methods.


