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Abstract A piezoelectric pump with its Y-shape elements is
presented. Two Y-shape pipes are fixed outside the chamber
serving as an inlet and outlet, with the chamber and a piezo-
electric vibrator being the actor. The pump has the potential
to be miniaturized and integrated. Eddies occurring in the
Y-shape elements are smaller, which is beneficial for the
transport of living cells or long-link macromolecules. In this
paper, the structure of the pump is first presented. Then, the
equations on the change in volume and the mean pressure in
the chamber are established, as well as the relation between
the flow rate and the working frequency of the piezoelectric
vibrator. Moreover, the relation between the mean pressure in
the chamber and the working frequency of the piezoelectric
vibrator is established. Finally, experiments are carried out
to test the characteristics of the pump and to verify the
correction of the theory on this pump.

Keywords piezoelectric pump, Y-shape element, Bessel
function, flow resistance, flow rate

1 Introduction

Since Erik Stemme and Goran Stemme initiated the valveless
piezoelectric pump with diffuser/nozzle elements [1], the
valveless piezoelectric pump has attracted many researchers’
attention because of its small, simple structure, and its ease
to control and high transformation efficiency from electrical
energy to mechanical energy with no electromagnetic pollu-
tion. Increasing achievements have been made in this pump
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[1-12]. Not only can this pump be an alternative to regular
smaller pumps, but its application has also been broadened in
the micromechanics area. There is also a good prospect for it
in the areas of medical treatment and health care.

Many achievements have been made with valveless piezo-
electric pumps; however, most of these have focused on the
valveless piezoelectric pump with diffuser/nozzle elements
[1,2,13—18]. These have two diffuser/nozzle elements fixed
outside the chamber and inverted with each other. The pump-
ing action depends on the different flow resistances when
fluid flows into the two elements. One of the shortcomings of
the pump stems from its two diffuser/nozzle elements. Larger
eddies will occur if the angles of the elements are larger than
a certain value, which hinders the usage of the pump in the
transport of living cells or long-link macromolecules. There
are some difficulties in processing a cone pipe, which has
also limited the microminiaturization and integration of the
pump.

In this paper, we will discuss the following:

First, the structure of a new piezoelectric pump with
Y-shape pipes is presented [19]. Based on an analysis of the
vibration of the piezoelectric vibrator, as well as the relation
between the flow rate and the working frequency of the piezo-
electric vibrator, equations on the change in volume and the
mean pressure in the chamber are established, respectively.
Furthermore, the relation between the mean pressure in the
chamber and the working frequency of the piezoelectric
vibrator is established. Finally, experiments are carried out
to test the characteristics of the pump and to verify the
correction of the theory on this pump.

2 Valveless piezoelectric pump with
Y-shape pipes

The piezoelectric pump takes on a piezoelectric ceramic,
which characterizes a converse piezoelectric effect, as its
actor [20]. The pump can directly translate electrical energy
to mechanical energy to transport fluid. The piezoelectric
vibrator is usually constructed from a metal plate with a
piezoelectric ceramic plate stuck to it. The metal plate can not
only protect the piezoelectric ceramics, but also amplify the



amplitude of the vibrating ceramics, which increases the flow
rate of the pump.

Figure 1 shows the working principle of the piezoelectric
vibrator. The piezoelectric ceramics will contract if a voltage
is applied to it in the same polarized direction as shown in
Fig. 1(a); the piezoelectric ceramic will extend if a voltage
against the polarization direction is applied on it as shown in
Fig. 1(b). The contraction and extension of the piezoelectric
ceramic will deform the metal plate. The piezoelectric
vibrator will protrude along its axial direction because of the
extension or contraction of the ceramic, but the metal plate
will not. The piezoelectric vibrator will protrude alternatively
along the axial direction if an alternating voltage is applied
to it.

3 (b)

Fig. 1 Working principle of the piezoelectric vibrator
(a) The voltage direction is the same as the polarized direction;
(b) The voltage direction is against the polarized direction
1. Piezoelectric ceramic plate; 2. metal plate; 3. polarized direction
of a piezoelectric ceramic plate

The Y-shape pipe has an angle of 0 as shown in Fig. 2. Two
branch pipes 7 and i’ are symmetrical to each other from the
trunk pipe j. Its shape is just like a “Y’, therefore, it is called
a Y-shape pipe for convenience. The branch pipes i and i have
the same parameters in this research: their diameter is d;, and
their cross section is 4,; the diameter of the trunk pipe is d,
and its cross section is 4;. The Y-shape pipe is defined as a
positive pipe if the branch pipes i and i" work as an inlet and
the trunk pipe j works as an outlet; it is defined as a negative
pipe if the branch pipes i and i’ work as an outlet and the trunk

Fig. 2 Y-Shape pipe
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pipe j works as an inlet. The flow resistance coefficient of the
positive pipe differs from that of the negative pipe. The dif-
ference depends on the different angles of 6. For convenience,
to illustrate the left and right Y-shape pipes, as well as to
define the flow resistance coefficients, j =1 and i=2
express the left Y-shape pipe; j = 3 and i = 4 express the right
one. Wheni = 1 andj=2, the flow resistance coefficient of its
trunk pipe j corresponding to the positive pipe is {;, and that
of the negative pipe is {/. When j =3 and i = 4, the flow
resistance coefficient of its trunk pipe j corresponding to the
positive pipe is (g, and that of the negative pipe is (x.

The cross section of the Y-shape pipe can be processed into
a square. Compared with the circle Y-shape pipe, the square
Y-shape pipe is easily processed and has a smaller structure.
The height and width of the cross section of the square
Y-shape pipe can be varied according to the needs on the
condition of a constant section area, which makes the usage
of the square Y-shape pipe flexible in more areas.

The valveless piezoelectric pump with Y-shape pipes is
composed of a piezoelectric vibrator, a body, a chamber and
two Y-shape pipes. The two Y-shape pipes opposite each
other are fixed to the left and right outside the chamber and
works as an outlet and inlet, respectively. The pump can be
categorized as a three dimensional structure (shown in Fig. 3)
and a planar structure (shown in Fig. 4). When the vibrator
protrudes upwards, the volume of the chamber expands and
fluid flows into the chamber from the positive pipe and the
negative pipe, as a suction stroke. When the vibrator protrudes
downwards, the volume of the chamber contracts and the
fluid will flow out of the chamber from the negative pipe and
the positive pipe, as an exhaust stroke. The Y-shape pipes
change functions: the positive and the negative pipes during
the suction stroke will be changed to negative and positive
pipes during the exhaust stroke, respectively. In a cycle of
suction and exhaust, a net flow is produced because of the
different flow resistances of the positive and negative pipes.
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Fig.3 Valveless piezoelectric pump with Y-shape pipes (three
dimensional structure)

1. Body; 2. piezoelectric vibrator; 3. a pair of Y-shape pipes;
4. chamber

3 Analysis on flow during one pumping
cycle

A pumping cycle of the piezoelectric pump is composed of
four time stages. Each has a one-fourth cycle. The horizontal
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Fig. 4 Valveless piezoelectric pump with Y-shape pipes (planar
structure)

1. Body; 2. plate; 3. a pair of Y-shape pipes; 4. piezoelectric
vibrator; 5. inlet/outlet

position (time t = 0) is supposed to be the initial position of
the piezoelectric vibrator. The four stages are as follows: the
piezoelectric vibrator moves up from its horizontal position to
its highest position; the vibrator moves back from its highest
position to its horizontal position; the vibrator moves down
from its horizontal position to its lowest position; and the
vibrator moves back to its horizontal position from its lowest
position. The vibrator will move cyclically according to the
four stages. If the pump structure is manufactured, the suction
quantities or exhaust quantities during each pumping stage
are governed by the maximal deformation (w,,,) during
each stage. The total quantity of fluid flowing out or into the
chamber during each stage is distributed to each branch of
the Y-shape pipe according to a certain proportion. Let us
suppose that each mean pressure during the four stages is p;
(i=1,2, 3, 4), the variations of the pressure in the chamber
from one stage to another can be expressed by the variations
of the mean pressure from one stage to another because of the
small variation of the chamber volume and the short period
of each stage. The amplitude of pressure in the chamber can
generally infer the input of energy to the vibrator. The flow
equations of the inlets and outlets of the two Y-shape pipes
can be established and then the flow can be analyzed
according to the mean pressures during each stage if the mean
pressures are known.

During the first and fourth stages, the chamber volume
increases and the pressure decreases, because the pump works
as a suction. During the second and third stages, the pump
works as an exhaust with a raised pressure and a reduced
volume. The pressures at the points of the two Y-shape pipes
connected to the chamber are approximately expressed as p,.
Suppose the pressures of the left end of the left Y-shape pipe
and the right end of the right Y-shape pipe, which all connect
the outside, are p; and py, respectively, the energy equation of

the two ends connecting the outside during the ith stage can
be expressed as
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where

Z, — the water head of the left end of the left Y-shape pipe
working as an exhaust
Z/— the water head of the left end of the left Y-shape pipe
working as a suction
Zz— the water head of the right end of the right Y-shape pipe
working as an exhaust
Zy— the head of the right end of the right Y-shape pipe
working as a suction
here, Z, =7 =Zy = Z3=0
pL— the pressure of the left end of the left Y-shape pipe
connecting outside
pr— the pressure of the right end of the right Y-shape pipe
connecting outside
here, p; and py, are omitted because they are smaller than p; in
the chamber.
o, o, — the kinetic energy coefficients
here, o, and «, are all 1.
p— pressure in the chamber during the ith pumping stage
v, V; —mean flow velocities according to the cross section
A, and cross section 4, of the left Y-shape pipe,
respectively, during the ith pumping stage
Vri» Vii—mean flow velocities according to cross section
A, and cross section A4; of the right Y-shape pipe,
respectively, during the ith pumping stage
h,;, hiz— loss water heads along the flow directions of the left
and right Y-shape pipes
7,— a function considering the effectiveness of the two
branches of a Y-shape pipe, defined as

% (i=14)
(2)
(i=23)

It can be seen from Eq. (1) that A, and A, are positive
values, and fluid flows into the chamber during the first and
fourth pumping stages; 4, and A, are negative values, and
fluid flows out the chamber during the second and third pump-
ing stages. The loss water head during each pumping stage
can be expressed as
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The continuing equation for the fluid flowing in the left
and right Y-shape pipes can be expressed as

{2vu Az = Vi Al (i _ 1_4) (5)
2vp Ay = v - Ay

The mean velocities flowing through 4, and A; during
each pumping stage can be concluded from Egs. (1) to (5) and
in consideration of the negative pressure occurring in the
chamber. They are as follows:

Left Y-shape pipe
1
2
v, =k Uﬁ) (i=14)
el
1 ©)
2
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( 1
2
v, =k, -(&J (i=1,4)
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In Egs. (6) and (7),
ki = (2 /p)"? p is the density of the fluid
uy = [4)/2A)P =1, u, = 1 —[4;/(24,)
er=u;— {2, e;=ui +{[/2, e5 = u, — (R/2, es = uy — (/2

It can be seen from Egs. (6) and (7) that the mean flowing
velocities passing through A, and A, of the left and right
Y-shape pipes can be calculated in given conditions, which
are the flow resistance coefficients of the Y-shape pipes and
the size of the pump structure. It lays a foundation for the
analysis of the mean flow velocity and the flow rate of the

pump.

4 Vibration of piezoelectric vibrator and
change of chamber volume

The piezoelectric vibrator protrudes to force the fluid into the
chamber when the piezoelectric pump is working. Cyclical
applied force, which is called vibration resistance, is produced
with the change in pressure in the chamber and the fluid
motion. The vibration resistance distributes uniformly on the
vibrator surface, which is supposed as ¢ = g,¢”", because of
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the small displacement of the vibrator. The pre-processing
conditions that are considered as the static deformation from
its weight are omitted. The vibration deformation is center
symmetrical, and both the speed and the vibration deforma-
tion around the border of the vibrator are zero because of its
fixed border. A differential equation group with a supposed
vibration function w(r, f) and the border conditions can be
expressed as [18]

[ 1 ’w _q
AAw + - =—
*or D
D= Eh3 21— p?)]
V=4 D/p, (8)
q = g, exp(jw1)
Po=hp,
_ 0w _0
ar r=R
where
A =V?>— Laplace operator
po — the density of the piezoelectric vibrator, and p, =h-p,

h — the thickness of the piezoelectric vibrator
R, p, —the radium and the density of the piezoelectric
vibrator, respectively

E, 1 — the modulus of elasticity and the Poisson ratio

qo— the amplitude of the vibration resistance, usually
coming from the experiment

The deformation function of the piezoelectric vibrator can be

obtained from the function group above:

4

whp, x G(r)

w(r,t) = [G(r)— G(R)]cos wt 9)

where
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1,(ryw/r) and I (R\w/r) are the values of I (r\w/r)

when n=0 and n =1, respectively; and J, and J, are
zero order Bessel function and one order Bessel function,
respectively.

If the time varies from ¢, to t,, the difference V'V of the
chamber volume of the piezoelectric pump can be expressed
as

(11)

VV(t, —t,) =2z r-[w(r.) — w(r.t,)] dr

0

(12)

where w(r, f) is the deformation function of the piezoelectric
vibrator; and R is the radium of the vibrator. Supposing
that the vibrator is at a horizontal position at the initial time
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(t=0) and moves up when it starts, and the amplitude of
every point keeps its constant value, the difference V'V of
the chamber volume coming from the deformation of each
pumping stage is

£ T
VV=2njr-w( )dr

r,—
o 4

(13)

where w(r, T/4) is the deformation amplitude of every point
on the piezoelectric vibrator during each pumping stage.

Fig.5 Coordinates for the vibration deformation of the vibration

The above equation is theoretical only. Actually, the work-
ing frequency of the piezoelectric vibrator is not very high in
application, (from a few ten Hz to a few hundred Hz). The
deformed surface is close to the revolved parabolic surface
[19]. For the convenience of calculation, the function of the
revolved parabolic surface is adopted to calculate the differ-
ence of the chamber volume coming from the vibration defor-
mation during each pumping stage. In the coordinate plan
w—r for the piezoelectric vibrator, supposing the amplitude of
the central vibration deformation is w(0, 7/4) = A, and the
border of the vibrator is fixed, there is w(R, T/4) = w(-R,T/4)
= 0. The deformed amplitudes of every point of the vibrator,
when the vibrator is working, are shown in Fig. 5. The
deformed curve has to pass through the three points, which
are the point of w(0, 7/4) = A,, the point of w(R, 7/4) = 0, and
the point of w(—R, 7/4) = 0. The equation of the vibration
deformation amplitude can be obtained from three points.

w(r,z)=—i;-r
4 R

Substituting Eq. (14) into Eq. (13), the difference vV V of
the chamber volume during each pumping stage can be
approximately obtained

(14)

R

A T
VV=2njr~(—R—2~r2+A0)dr=EA0-R2

0

(15)

Using Eq. (15) to approximately calculate the difference
'V of the chamber volume during each pumping stage is
much simpler than Eq. (13), and it has little error.

5 Pressure variation of chamber and flow
rate of pump

The sucked volume of fluid during the first and fourth pump-
ing stages can be obtained if the mean flow velocities of
the two Y-shape pipes during each pumping stage are known,
and similarly with the exhaust volume during the second
and third pumping stages. The time of every stage is T/4 (T is
the vibrating period), as a result, the sucked or exhausted
volumes during each stage can be expressed, respectively, as
[20-21]

(i=1-4)

V.o=T-v -A4/4
{Ll le 1 (16)

Ve =T-v,,- A, /4

where V|; and Vy; are the volume flowing in or out the left
and right Y-shape pipes during the ith stage, respectively.
Supposing k, =k, A,, ks =k, 4; and k, is the same as the
aforementioned. Substituting Egs. (6) and (7) into Eq. (16),
we get [18,19]
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The pressure in the chamber is negative during the first
and fourth stages of the suction stages, and cavitations occur
in the chamber to some degree with fluid flowing into the
chamber [22]. The cavitations are expected to affect the pump.
If the cavitations are omitted, the sum of the volumes flowing
in the chamber from the left and the right Y-shape pipes is
theoretically equal to the varied volume of the chamber. It can
be expressed by the matrix

VLI VR1 1 1
VLZ VRZ 1
=Vr. (18)
Vi Ves 1
Vi Vo | L1 1
Considering Eq. (17), Eq. (18) can be rewritten as
_ 1 —_—
o /e P [pJe P ||% 1
! 1
2 B
g. [l pz/ez |:|1 [Ipz/e4 |:|1 _vy. } (19)
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According to Eq. (19), the mean pressure has to be derived
strictly to
{pl = D4
P =D

Considering the relatively negative pressure occurring in
the chamber, the mean pressure in the chamber can be solved
from Eq. (19)

(20)

(1) = [

4-VV-f

bl > e

(21)
4.VV - f

~mdy:[@«mn9+@nqwﬂ

where fis the frequency of the input voltage, /= 1/7.

During one stage of the four stages in a working period of
the pump, suppose the flow flowing into the chamber is
a positive flow and that flowing out of the chamber is a
negative flow, the volume V| flowing in the chamber from the
left Y-shape pipe in one period is

V.=V,=V,=V,+V, (22)
According to the flow continuity, the volume V; flowing out
the chamber through the right Y-shape pipe in one period is
equal to V_

{VR =Vt Vs —Vea (23)

|VL| = |VR |

Then the flow rate Q of the pump can be expressed as
o=V|T (24)

According to Egs. (19), (22) and (24) and the volume flowing
in or out of the chamber through the left Y-shape pipe, the
flow rate O, can be calculated as
1
2
(25)

o4

L
T 2
According to Egs. (19), (23) and (24) and the volume flow-
ing in or out of the chamber through the right Y-shape pipe,
the flow rate O, can be calculated as

o4

T 2
Based on the analysis above,

»
€

P
)

P
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»
=

T 26

0=0=0, 27
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If the two Y-shape pipes have the same structure and sizes:
di=d,, dy=dy, & =&, §§ =&, k, = ks, A, = 4, the mean
pressure in the chamber and the flow rate of the pump can be
simplified as

(ol =l =L e
ol e ]
oLl e e ] e

6 Theoretical calculation and comparison
with experiment

With the theoretical derivation above, the pressure variation
in the chamber and the flow rate of the pump can be
calculated. The two Y-shape pipes have the same structure
and size in this research: d, = 2 mm, d, = 5 mm, R = 25 mm,
and 6 = 90°. The flow resistance coefficients are taken as
G =2, {{ = 1. The driving frequency varies from 30Hz to
80Hz. We carried out the experiments using water with the
temperature at 25°C. The piezoelectric pump with Y-shape
pipes in the experiment is shown in Fig. 6. To reduce any
errors from manufacturing and fixture, a straight pipe with
a diameter of d; = 5 mm is taken as a substitute for the right
Y-shape pipe and the flow rate from the experiment is
doubled. The geometric parameters and working parameters
are shown in Table 1.

(b)

Fig. 6 The valveless piezoelectric pump with Y-shape pipes and
its Y-shape pipes

(a) The valveless piezoelectric pump with Y-shape pipes; (b)
Y-shape pipe
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Table 1 Geometric parameters and working parameters of the pump

Driving Driving Diameters Diameter of

voltage/V frequency/ Hz /mm vibrator/mm
d =5

110 30-80 dy=2 50
dy=5

The theoretical and experimental curves of O—fregarding
flow rate and frequency, and the curve relating to the
theoretical mean pressure are shown in Figs.7 and 8,
respectively.

5 r
4 L
= 3
g 4
E 2
S
—4— Theoretical flow rate
It —a— Experimental flow rate
0 1 1 1 1 i
30 40 50 60 70 80

Frequency/Hz

Fig. 7 Theoretical and experimental flow rate Q

357

25t

Ipl/Pa

30 40 50 60 70 80
f/Hz

Fig. 8 Mean pressure in the chamber

It can be seen from Fig. 7 that the theoretical and experi-
mental values have the same tendency. The theoretical value
is bigger than the experimental one because the effect of cav-
itations or the errors from the experiments are not considered;
the cavitations will reduce the flow rate to some extent. The
difference between the theoretical value and the experiment
also reflects the effect of cavitations on the pump. It can be
seen from Fig. 8 that the mean pressures in the chamber
during the four pumping stages are equal to each other, that is
|1l = |p2)- It can be seen from Figs. 7 and 8 that the flow rate
increases and the mean pressure rises accompanying a rise
in the driving frequency. The cavitations occur during the
suction stage when the pressure in the chamber is negative.
These cavitations will affect the flow rate, and these effects
will increase with the rise of negative pressure. Therefore, the
effects will increase with the increase in driving frequency.

7 Conclusions

1) A new valveless piezoelectric pump with Y-shape pipes
is presented. The pump is apt to be further miniaturized.

2) The vibration of the vibrator is analyzed. Equations on
volume variation and mean pressure in the chamber are estab-
lished. Furthermore, the equation on the relationship between
the flow rate and the driving frequency, and the equation on
the relationship between the pressure variation in the chamber
and the driving frequency are also established.

3) A valveless piezoelectric pump with Y-shape pipes has
been manufactured. Experiments have been carried out to test
the characteristics of the pump and to verify its theory. The
theory on valveless piezoelectric pump has been further
perfected.

Acknowledgements This paper was supported by the National Natural
Science Foundation of China (Grant No. 50575007) and the Technology
Development Plan of Beijing Education Committee (KM-200510005014).

References

1. Stemme E, Stemme G. A valveless diffuser/nozzle-based fluid
pump. Sensors and Actuators, 1993, 39: 159—-167

2. Gerlach T, Wurmus H. Working principle and performance of
the dynamic micropump. Sensors and actuators, 1995, A (50):
135-140

3. Koch M, Harris N, Evans A G R, et al. A novel micromachined
pump based on thick-film piezoelectric actuation. Sensors and
Actuators, 1998, A (70): 98—103

4. Cheng G M, Suzuki K, Hirose S, et al. A piezoelectric pump with
new structure. In: The 76th JSME Fall Annual Meeting. Senn Dai,
1998, 5: 247248

5. Sohei MATSUMOTO, Andreas KLEIN, Ryutaro MAED. A
Bi-directional micropump based on temperature dependence of
liquid viscosity. Journal of Mechanical Engineer Laboratory,
1999, 53(6): 187-193

6. Olsson A, Stemme G, Stemme E. A valve-less planar fluid pump
with two pump chambers. Sensors and Actuators, 1998, 69:
97-105

7. OlssonA, Larsson O, Holm H, et al. Valveless diffuser micropumps
fabricated using thermoplastic replication. Sensors and Actuators,
1998, 64: 63—68

8. Ullmann A. The piezoelectric valveless pump-performance
enhancement analysis. Sensors and Actuators A, 1998, 64: 63—68

9. Zhang Jianhui. A valveless piezoelectric pump with helix tube.
Japan Patent, P2001-221166A (in Japanese)

10. Nguyen N T, Huang Xiaoyang. Miniature valveless pumps based
on printed circuit board technique. Sensors and Actuators, 2001,
A (88): 104-111

11. Nguyen N T, Truong T Q. A fully polymeric micropump with
piezoelectric actuator. Sensors and Actuators, 2004, B(97):
137-143

12. Olsson A, Stemme G, Stemme E. A numerical design study of the
valveless diffuser pump using a lumped-mass model. Journal of
Micromech and Microeng, 1999, 9: 34— 44

13. Zhang J H, Xia Q X, Hong Z H, et al. Flow direction of piezo-
electric pump with nozzle/diffuser-elements. Chinese Journal of
Mechanical Engineering, 2004, 17(1): 107-109

14. Zhang Jianhui, Wang Shouyin, Yang Dongping. A study on a
valveless, piezoelectric diffuser/nozzle-based fluid pump: Analy-
sis of vibration and changed amount of the chamber volume.
Piezoelectrics & Acoustooptics, 1999, 21(6): 457-460 (in
Chinese)



15.

17.

Zhang Jianhui, Wang Shouyin. Study of piezoelectric valveless
diffuser/nozzle based fluid pump: Influence of fluid temperature
and mass content on fluid capacity. Piezoelectrics & Acoustoop-
tics, 2001, 23(3): 192—194 (in Chinese)

. Zhang Jianhui, Wang Shouyin. Study of gas porosity phenomenon

of piezoelectric valveless diffuser/nozzle-based fluid pumps:
Influence of fluid temperature and mass content on fluid capacity.
Piezoelectrics & Acoustooptics, 2001, 23(6): 470-477 (in
Chinese)

Zhang Jianhui, Wang Shouyin. Study of valveless piezoelectric
diffuser/nozzle-based fluid pump: One-way flow principle and the
pump flow. Piezoelectrics & Acoustooptics, 2001, 23(1): 23-25
(in Chinese)

19.

20.

21.

22.

151

. Wu Boda, Zhao Yongjun. Research on output volumetric flux of

multi-chamber nozzle/diffuser piezoelectric pump. Piezoelectrics
& Acoustooptics, 2004, 26(6): 460—463 (in Chinese)

He Zuoyong, Zhao Yufen. The Basis of Sound Theory. Beijing:
National Defence Industry Press, 1981 (in Chinese)

Kan Junwu, Wu Yihui, Huan Ming. Vibration analysis of a dou-
ble—layer piezoelectric actuator for micropump. Chinese Journal
of Mechanical Engineering, 2005, 41(1): 54—60 (in Chinese)
Zhang Jianhui. A valveless piezoelectric pump with Y-shape pips.
PRC Patent, Z1.99110248.7 (in Chinese)

Cheng Guangming, Yang Zhigang, Zeng Ping. Research on cavity
volume fluctuations of piezoelectric pump. Piezoelectrics &
Acoustooptics, 1998, 20(6): 389392 (in Chinese)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


