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Abstract

This paper presents a micro diaphragm air pump actuated by PZT bimorphs for air supply for micro fuel cells. The pump is characterized by thin
structure, large air flow rate, low power consumption, etc. A prototype of the micro diaphragm air pump, with a size of 60 mm x 16 mm X 2 mm, was
fabricated by precise manufacturing. Simulations and experiments showed that the diaphragm air pump has high efficiency and good performance.
With a voltage of 20V, the air pump’s flow rate is 85.3 ml/min (the flow velocity is about 0.2 m/s) in resonance and its power consumption is only

3.18 mW.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

A fuel cell is a kind of electrochemical device that con-
verts the chemical energy of reactants directly into electricity,
which offers advantages of high energy density, low volume and
weight, no moving parts and no harmful emissions. Recently,
miniature fuel cells have been drawing increasing attention as a
possible solution to the search for improved power sources for
portable power systems [1].

The direct methanol fuel cell (DMFC) is one of the fuel cells
which have the potential to be miniaturized. The chemical reac-
tion in DMFC is as follows:

Anode : CH30H + H,O — CO,+6H" 4+ 6e~
Cathode : 30, + 6H* + 6e~ — 3H,0

Overall reaction : CH30H + %Oz — CO; + 2H,0

* Corresponding author. Tel.: +86 10 6279 6379; fax: +86 10 6277 1478.
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0924-4247/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.sna.2005.12.021

From the equation above, it holds true that in a completely
passive system, the entire surface area of the fuel cell cathode
must be exposed to the exterior to allow air to reach the catalyst
layer. For longer durations, however, in the absence of convec-
tion, the local oxygen concentration adjacent to the cathode will
be depleted. So, one of the key technologies has been that of
an active air supply device which can feed sufficient air into the
DMEC pack.

For portable application, the air supply device should be
characterized by thin structure (several millimeters), substan-
tial air flow (more than 100ml for 1 W DMFC), low power
consumption, and high efficiency and reliability. Recently, the
PZT-actuated pump was developed for use in the biotechnology,
chemistry, medicine, and engineering industries [2,3]. Com-
pared with other actuation principles (such as electrostatic [4],
magnetostriction [5], and shape memory alloy [6]), the piezo-
electric actuation provides good reliability, energy efficiency,
and moderated displacement. It provides a solution to the ques-
tion of supplying air to the micro fuel cell. Several types of
piezoelectric material including disk type, cantilever type, stack
type, polymer type [7-10], etc. are used in pump actuators.
Each type of the piezoelectric material has its characteristics.
For example, the bimorph which is a kind of cantilever type
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Fig. 1. The principle of DMFC and air supply to DMFC by air pump: (1) proton
conducting membrane; (2 and 3) catalyst layer; (4) liquid diffusion electrode
(anode); (5) air diffusion electrode (cathode); (6) air pump.

piezoelectric material has large deformation and low drive volt-
age, but the output force is small. Large deformation is more
important than output force in the application of pumping gas.
Therefore, considered large deformation and thin structure, the
bimorph actuator and diaphragm-type pump were used in this
research, although few studies had reported on the large flow
PZT-actuated structure for the gas pump and how it was used in
air supply of micro fuel cells. In this paper, we introduce a gas
pump with novel bimorphs actuation structure to feed air into
the micro DMFC.

As shownin Fig. 1, when the air pump is working, the fresh air
is sucked into the pump cavity through the topside of the pump.
Then, the air passes through the air diffusion cathode’s surface
of the DMFC and flows out the cavity from the pump’s side.
Details about the micro diaphragm air pump will be presented
in following sections.

2. Structure and working principle of the micro
diaphragm air pump

Air pumps require a larger change in volume than liquid
pumps since air can be compressed [11]. So, a diaphragm air
pump whose actuation structure could produce a large volumet-
ric ratio was presented.

As shown in Fig. 2, the diaphragm air pump consists of a
cavity and an actuation structure. The actuation structure con-
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Fig. 2. Schematic diagram of diaphragm air pump. (a) The diaphragm moves
upwards. (b) The diaphragm moves downwards: (1) bimorph; (2) top cavity;
(3) check valve; (4) orifice on shell; (5) orifice on diaphragm; (6) vent; (7)
check valve; (8) diaphragm; (9) bottom cavity; (10) pump’s shell in contact with
DMEFC.
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Fig. 3. The air flows in bottom cavity into one period; # and /o are time and
vibration amplitude of the diaphragm.
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sists of two bimorphs and a diaphragm with an array of check
valves (only one check valve is drawn in Fig. 2). When alternat-
ing voltage is applied, the bimorphs will vibrate and drive the
diaphragm to move up and down. The diaphragm’s amplitude is
largest when the actuation structure is resonating [12]. Because
the four sides of the diaphragm are not fixed, the diaphragm’s
motion is like a piston moving in a cylinder. Thus, a consider-
able change in volume is obtained that is suitable for pumping
gases.

When the diaphragm is moving upwards (Fig. 2(a)), the air
in the top cavity will flow into the bottom cavity. Although there
is not a check valve in the vent (because it is difficult to reliably
fabricate and work in this position), only a little air flows into the
bottom cavity through the vent because the top shell is enclosed.
When the diaphragm is moving downwards (Fig. 2(b)), the air
in the bottom cavity will be pushed out through the vents and
fresh external air will flow into the top cavity. Repeating in this
way, the fresh air will continuously flow into the pump’s bottom
cavity and pass through the pump’s bottom shell, which is in
contact with the DMFC.

If the drive voltage is the sine wave, in one period 7, the air
flows into the pump’s bottom cavity in [0, 7/4] and [3774, T].
The air flows out the pump’s bottom cavity in [774, 37/4]. It is
easy to see that the inflow is approximately equal to the outflow
in one period, as shown in Fig. 3.

Maybe there will be a little leakage through the four sides
of the diaphragm, but this is not important in its application to
air supply of the micro fuel cell. Based on the principle above,
a diaphragm air pump prototype with a cavity dimension of
60mm x 16 mm x 2mm was fabricated by precise manufac-
ture. The material of the pump’s shell was polymethyl methacry-
late. The check valves were made of plastic film. The diaphragm
with holes was fabricated by linear cutting and EDM machining
out of a 100 pm thickness stainless steel sheet. There were five
group check valves fabricated on the diaphragm and four check
valve holes in one group. The diameter of the valves’ holes was
1 mm. Fig. 4 shows the solid figure and photo of the diaphragm
air pump’s prototype, where the labels correspond to the ones in
Fig. 2.



X. Yang et al. / Sensors and Actuators A 130-131 (2006) 531-536 533

(b)

Fig. 5. Simplified diagram of actuation structure: (1) pump’s shell; (2) bimorph; (3) half of the check valve; (4) half of the diaphragm.

3. Modeling
3.1. Natural frequency of actuation structure

Because of its symmetry, we could get one-half of the actua-
tion structure to calculate. From Fig. 5, one-half of the actuation
structure could be simplified as a cantilever (the equivalent
of the bimorph) with a mass (the equivalent of the half of
the diaphragm), where the cantilever is fixed at one end. The
bimorph’s drive force is equivalent to the external force (Fp) on
the mass.

The first-order natural angular frequency w of the cantilever
with a mass can be calculated by the Dunkerley Method [13]:

1 mB o omP bt?
wi 3EI  127EI’ 12

ey

where m and m; are equivalent masses of the bimorph and the
half of the diaphragm, respectively; [, E, b and I are the can-
tilever’s length, Young’s modulus, width, and inertial moment.
From Eq. (1), the first-order natural frequency fj of the actuation
structure is obtained as follows:

1 1
fo= ﬁ\/(mﬂ/ml) T (mB/127E]) @

3.2. Amplitude of diaphragm

If only the first-order vibration is considered, the actuation
structure in the pump can be further simplified to a single-degree-
of-freedom system (Fig. 6).

When the bimorphs are driven by the sine wave voltage,
assume the displacement from the diaphragm’s equilibrium
position is 4, the half of the equivalent mass of the actuation
structure is mq, damping coefficient is ¢, equivalent stiffness is
k, amplitude of equivalent piezoelectric force is Fy, the differ-
ential equation for describing the system vibration is [4]:

mgh” + ch’' + kh = Fy sin 2nft 3)

assuming h=hg sin 2xft (hy is vibration amplitude), and the
damping ratio of the actuation structure is ¢. From Eq. (3), the
amplitude is obtained as:

. |Fo/k|
VO = (210 + e fo)?

h “

where [ and ¢ are the length and the thickness of the bimorph and
dz is the piezoelectric constant. When the voltage U is applied,
the displacement at the end of the bimorph is [14]:
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Fig. 6. Single-degree-of-freedom model of actuation structure.
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Substituting the equation above into Eq. (4), the amplitude of
the diaphragm is obtained as follows:

ho = [Fo/kl
V= G + e fifo)?
B 31%d3 U
20 = (P2 + Qe fo)?

(6)

3.3. Flow rate in vent

As shown in Fig. 3, the air flow into the pump’s bottom cav-
ity is equal to the air flow out of the pump’s bottom cavity in
one period. So, we just calculate the flow rate in [7/4, 37/4].
Because the Mach-number in the pump cavity is less than 0.3,
the compression can be neglected.

Assume h, is the distance between the diaphragm and
pump cavity’s bottom surface. It can be expressed as h, =
h' + hg sin 27ft, where /' is the original distance between the
diaphragm and pump cavity’s bottom surface. If the compression
and the leakage are not considered, the instantaneous volume (V)
of the pump’s cavity in [7/4, 3T/4] is:

V = hyBL = (h' + hg sin 27ft) BL @)

where L and B are the length and the width of the pump chamber.
The change ratio of the instantaneous volume being equal to the
instantaneous flow Q, we have:

Q = V' = 2xfBLhcos 2 ft 3

As we see, the pump’s instantaneous flow also could be
expressed as:

0 =2Av )
A = Bh = B(h' + hqsin 2nft) (10)
where A and v are the instantaneous vent’s cross-section area

and the vent’s flow velocity in pump cavity length direction (x-
direction), respectively; from Egs. (8), (9) and Eq. (10), we have:
Q  hoLmwf cos2nft

— < _honn cosTalt 1
YT 24 T Wt ho sin2nf (i

Thus, the mean flow velocity v is:

/DT poL cos2nft
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V= —"F7— = — (12)
T T /9T h + h() Sin 27Tfl
Eq. (12) can be simplified to:
_ L h' — hg
v=—1In (13)
2T W + hg

If we assume that £ is the leakage factor, the mean flow velocity,

taking leakage into consideration, is as follows:
L h — hg

— In

2T KW + hg

p=¢ (14)

Substitute Eq. (6) and f=1/T into Eq. (14):

LfE W\/ (1= (f2/2)° + Q1 fo))* — 3dsyU

> e \/ (= (2112 + Qe(f/ fo)* + 312d3 U
(15)

V=

This is the expression of the diaphragm air pump’s mean flow
velocity, which is related to the amplitude and the frequency of
the voltage, the pump’s cavity length, the bimorph’s parameters,
etc.

4. Simulations

From the above models (Egs. (2), (6) and (15)), simulation
results for the first-order natural frequency, the vibration ampli-
tude of the diaphragm and the flow velocity of the pump were
obtained. Simulating parameters used are listed in Table 1.

The value of damping ratio (¢£) was obtained from experi-
ments. It is difficult to determine the leakage factor (£) exactly.
In this paper, we think £ approximately depended on the ratio of
the pump’s width to length. It is about 0.196. According to cal-
culations, the first-order natural frequency is about 124 Hz. The
simulation curves representing frequency versus amplitude and
flow velocity, when voltage is 20 V, are shown in Figs. 8 and 10.
The simulation curve and experimental curve were drawn in one
figure for the purpose of their convenient comparison.

The simulation results demonstrate that the mean flow veloc-
ity in the pump’s vent is largest when resonating (about 124 Hz).
The maximal mean flow velocity is about 0.184 m/s when the
voltage is 20 V.

5. Experiments
5.1. Amplitude and flow rate

The vibration velocity of the diaphragm was measured by
laser vibrometer (model number: CLV1000). Then, the ampli-
tude was be obtained by integrating the velocity. The photo and
the measured schematic diagram are shown in Fig. 7. The mea-
sured results are illustrated in Fig. 8.

It is difficult to measure the interior air flow velocity of the
pump, for its size is very small (especially its thickness). It is
seen that the pump’s mean flow per minute can be calculated by

Table 1

Simulation parameters

[ (m) 39x 1073
1 (m) 0.8 x 1073
E (GPa) 76.38

¢ 0.05

b (m) 2x 1073
d3; (m/V) —173 x 10712
L (m) 60 x 1073
B (m) 16 x 1073
Unv 20

& 0.196
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Fig. 7. (a) Photo and (b) schematic diagram of measuring the amplitude of the
air pump’s diaphragm by laser vibrometer.

the following formula:
0 =2 x 60vA (16)

where ¥ and A are the mean flow velocity in the pump vent
and the vent’s mean cross-section area, respectively. The mean
air velocity in the vent (label 6 shown in Fig. 2) was measured
by laser Doppler velocimeter (LDV). Fig. 9 is the photo of the
experimental field.

The measured mean flow velocity in the pump’s vent at dif-
ferent frequencies, when voltage is 20V, is illustrated in Fig. 10.

Figs. 8 and 10 demonstrate that when drive voltage is 20V,
the mean flow velocity (in the pump’s vent) and the amplitude
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Fig. 8. Simulation curve and experimental curve of frequency vs. amplitude.

Fig. 9. Photo of measuring mean air velocity in vent by laser Doppler velocime-
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Fig. 10. Simulation curve and experimental curve of frequency vs. flow velocity.

of the diaphragm are maximal in the resonating state. They are
0.188 m/s and 0.00041 m, respectively. The value of A calculated
is 3.78 x 1079 m2. From Eq. (16), the pump’s mean flow rate is
85.3 ml/min. The experimental results basically agree with the
simulation results, although there is a difference between mea-
sured value and calculated value. Analysis suggests the reason
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Fig. 11. Voltage vs. power consumption.
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may be that the estimations of leakage factor and damping ratio
are not exact enough.

5.2. Power consumption

The pump’s power consumption was obtained by multiplying
the current’s effective value by the voltage’s effective value. The
results measured by ammeter are shown in Fig. 11.

The figure shows that the power consumption increases with
the increase of drive voltage. The power consumption is about
3.18 mW at 20 V. Because the pump is actuated by PZT elements,
the power consumption is very small.

6. Conclusions

In this study, a micro diaphragm PZT-actuated pump for
the DMFC'’s air supply was presented numerically and exper-
imentally. A novel large-displacement actuation structure was
designed for the air pump, which utilized the bimorph’s reso-
nance. It was an effective way to greatly increase the volumetric
ratio of the diaphragm pump.

The diaphragm pump has a simple and reliable structure.
From experiments and simulation, the diaphragm air pump was
shown to have good performance. With a voltage of 20V, the air
pump’s flow rate is 85.3 ml/min in resonance and its power con-
sumption is only 3.18 mW. Therefore, the diaphragm air pump
proposed is suitable for air supply of the DMFC.
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