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The traditional suction mechanism with an air pump in robotics is difficult to miniaturize. Integrating a piezoelectric pump into a
suction cup is an effective method to achieve miniaturization. In this paper, a novel suction cup with a piezoelectric micropump is
designed.Themicropump is valveless and the suction cup is designed with a laminated structure in order to facilitate miniaturizing
and manufacturing. A systematic optimization design method of the suction cup is introduced which addresses the static and
dynamic driving characteristics of the piezoelectric actuator and the rectifying efficiency of diffuser/nozzle’s optimization. The
design is verified via simulation using an improved equivalent electric network model. Static lumped parameters in this model
are calculated by the finite element method instead of the traditional analytic method, and the diffuser/nozzle’s flow resistance
is computed by integrating and introducing rectifying efficiency coefficient. Simulation results indicate that the suction cup can
generate a stable negative pressure, and the equivalent electric network model can improve the simulation efficiency and accuracy.
The maximum steady-state negative pressure of the suction cup can also be effectively improved after optimization.

1. Introduction

Suction technology is widely used in robotics. By installing
a suction cup at the end of a manipulator, numerous forms
of work, such as pickup and handling, can be realized. If
the suction device is installed on the mobile mechanism of a
robot, the robot can move freely on different walls. Magnetic
suction requires that the object or the wall to be suctioned
must be composed of a magnetic conducting material, which
limits the application scope [1].With technology progression,
there have been some new suction mechanisms such as
electrostatic and dry adhesive [2], but they have not been
used at a large scale. In order to prevent air leakage, negative
pressure suction is generally used to suck objects with flat
surfaces, such as glass, LCD panels, packaged products, but it
cannot be applied to arcs, grooved surfaces, and small objects
[3]. To achieve the grasping of different planes and sizes,
an effective strategy is to reduce the size of the suction cup
to form a suction cup array to fit objects at different sizes
and surfaces [4]. In addition, with the development of micro

mobile robot application, miniaturized wall climbing robots
need to be designed to enter a narrow space to perform tasks.
Therefore, it is important to develop micro negative pressure
suction mechanism for robot operation or movement.

To produce negative pressure in a suction cup, one
method is to increase the volume of the suction cup through
a mechanical device when the air quantity and temperature
in the suction cup is constant, and this is called a passive
suction cup. Because there is not a traditional air pump, the
suction cup’s size can be miniaturized. TakahiroMatsuno has
developed a passive suction cup based on a motor-actuated
disc spring [5]. Experiments show that a suction cup with an
outer diameter of 120 mm can produce a maximum suction
force of 60 N, and the negative pressure can be maintained
for 200 s [5]. To reduce the volume of the passive suction
cup further, Hu [6] has designed a miniature passive suction
cup based on a shape memory alloy (SMA) actuator, and
the principle is to heat the shape memory alloy spring to
make the elastomer material deform. The geometric size of
the suction cup is 28 mm × 26.8 mm, and its weight is 29 g.
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Experimental results show that the suction cup has a large
power consumption and a slow negative pressure response
[6]. Huashan Feng [7] has developed a passive suction
actuated by ion-exchange polymer metal composite (IPMC)
and the suction cup can reduce the power consumption
effectively compared to the SMA actuated suction cup [7].
Because it is difficult to ensure a complete seal, the biggest
drawback of the passive negative pressure suction cup is
that when there is an air leakage, the negative pressure will
disappear quickly.

The other way is to reduce the air quantity in a suction
cup under the condition that the volume and temperature
of the air in the suction cup are constant. This is the
basic principle of using an air pump to extract air from a
suction cup to produce negative pressure. T. Takahashi [8]
designed a flexible vacuum gripper with miniature-arrayed
valves based on MEMS technology. This gripper can hold
a free-form surface, such as steps and curvatures, but the
gripper still requires use of traditional vacuum pumps [8].
The traditional reciprocating or rotary vacuum pumps are
difficult to miniaturize. A kind of thin film micropump
is widely used in the field of microfluidic control, which
can realize directional transmission of flow state materials.
Olsson [9] designed a gas micropump with two piezoelectric
actuators, a vibrating cavity and two dynamic valves. Results
show that the maximum net flow of the micropump is up to 8
ml/min, and the geometric size of themicropump is 20 × 16 ×
2.3 mm [9].The robust design method of the gas micropump
has been studied by Richte [10].

If the above thin film micropump can be integrated into
a small suction cup, it can overcome the shortcoming of the
passive suction cup. At the same time, the volume of the
suction cup can be reduced and a stable negative pressure
produced. In this paper, a micro negative pressure suction
cup integrated with a piezoelectric valveless micropump
is designed and its negative pressure response studied by
simulation. The negative pressure generation principle of
the suction cup is analyzed, and a micro negative pressure
suction cup with an integrated valveless piezoelectric pump
is designed in detail.Then, the process to optimize the design
of the suction cup is presented. Following the optimization
process, an equivalent electric network model of the suction
cup is formulated, and the suction characteristics of the
suction cup are studied via simulation.

2. Design of the Suction Cup with Micropump

2.1. Structure Design of the Suction Cup. Tomake themicrop-
ump have good air transmission characteristics, the pressure
difference 𝑑𝑃 in the pump cavity must be increased as
much as possible [11]. The pressure change of the air in the
micropump is

𝑑𝑃 = −𝑑𝑉/𝑉𝜅 . (1)

In (1), 𝜅 is the compression rate, 𝑑𝑉 is the volume change,
and 𝑉 is the initial volume of the air. In order to increase𝑑𝑃 in a gas micropump, it is necessary to reduce the initial

volume 𝑉 and increase the volume change 𝑑𝑉 of the gas in
the micropump at the same time. The most direct way to
reduce 𝑉 is to reduce the thickness of the vibrating cavity
as much as possible. If the thickness of the vibrating cavity
is smaller than the deflection of the piezoelectric actuator,
the vibrating cavity wall will prevent further deformation of
the piezoelectric actuator. In addition, a very thin vibrating
cavity is difficult to manufacture. The volume change 𝑑𝑉
is decided by the micropump actuator. In the choice of
the actuator, the piezoelectric actuator has a comprehensive
performance advantage in response time, power consump-
tion, and reliability. Compared with the piezoelectric stack
actuator, the unimorph circular piezoelectric actuator has
a smaller volume, larger output displacement, and shorter
response time, and it is more suitable for driving the suction
cup with a micropump [12]. To increase the volume change𝑑𝑉, the unimorph circular piezoelectric actuator is chosen for
the suction cup with micropump.

To increase the gas volumetric change rate 𝑑𝑉/𝑉 further,
two piezoelectric actuators can be installed on two sides of
one vibrating cavity, which is different with the traditional
micropump [9]. When two actuators deform at the same
time, the volumetric change rate is increased [9].

The micropump in this paper uses a diffuser and a nozzle
instead of valves, and the reason is that the valve needs a pres-
sure difference to open, so the pressure in the vibrating cavity
will be partially lost. Reliability is reduced due to wear and
fatigue of mechanical parts of the valve. The structure of the
micropump with valve is also more complex and not easy to
manufacture and assemble and is not conducive to reducing
the volume size and weight of the micropump suction cup.
A valveless micropump overcomes the above shortcoming
and has a greater development prospect. Currently most
valveless micropumps use cone-shaped tubes to guide the
fluid. Compared with the spatial cone-shaped tube, and the
manufacturing process of the plane cone tube is simpler
and is beneficial to integrate with other microdevices [13].
Therefore, a planar cone tube will be used in the micropump
suction cup in this paper.

Representative geometric dimensions of the gas microp-
ump from the literature [9] are in Table 1. It can be seen
that some key dimensions are very small. This makes them
difficult to manufacture by traditional methods, but the air
transmission characteristics of the micropump are very sen-
sitive to these dimensions. If themicropump is assumed to be
laminated by several thin layers, which can be manufactured
independently, the micropump processing difficulty will be
greatly reduced [14]. Therefore, the suction cup with microp-
ump in this paper is designed with a laminated structure;
the smaller parts are machined by laser engraving, while the
other parts are processed by traditional machining methods.

The suction cup designed in this paper is shown in
Figure 1. It is divided into upper and lower covers, upper
and lower elastic substrates, upper and lower piezoelectric
material layer, vibrating cavity layer, and suction chamber
layer. The upper and lower covers are made by the tradi-
tional mechanical processing method, and they are made of
polymethyl methacrylate. There are grooves on the upper
and lower covers. The central circular groove is used to
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Table 1: Geometric sizes of a gas micropump [9].

Item Data

Piezoelectric actuator

Piezoelectric material layer radius 𝑅1 (mm) 5
Piezoelectric material layer thickness ℎ𝑝 (mm) 0.2

Elastic substrates radius 𝑅2 (mm) 6
Elastic substrates thickness ℎ𝑚 (mm) 0.15

Cone tube

Expanding length 𝐿 (mm) 3
Minimum section width 𝑑𝑎 (mm) 0.12
Maximum section width 𝑑𝑏 (mm) 0.64

Expanding angle 𝜃 (∘) 10
Depth ℎ𝑎 (mm) 0.1

Vibrating cavity Radius (mm) 6
Depth (mm) 0.1

Upper cover

Upper piezoelectric
material layer

Upper elastic substrates

Vibrating cavity layer

Lower piezoelectric
material layer

Lower elastic substrates

Suction chamber layer

Input cone-shaped tube

Output cone-shaped tube

Vibrating cavity

Upper/lower cover

Vent hole Central circular groove

Rectangle groove

(a) Exploded view

Air transmission
direction

(b) Sectional view

Figure 1: Structure diagram of the suction cup with micropump.

reserve space for deforming of the piezoelectric actuator,
and the other rectangle groove is used for the wiring of the
piezoelectric actuator. The upper and lower elastic substrate
is made of copper plate, which is easy to deform. One side
of the substrate is adhered to a piezoelectric material layer
and the other side to the vibrating cavity layer. A vibrating
cavity, an input cone-shaped tube, and an output cone-shaped
tube are engraved by laser on the vibrating cavity layer. The
material of the vibrating cavity layer is stainless steel. The
suction chamber layer is manufactured with a soft silicone
rubber plate, whose sealing performance is satisfactory, and
it is attached to the lower cover.

There are vent holes on the upper/lower covers and the
upper/lower elastic substrates, respectively. The maximum
section end of the input cone tube is connected to the

vibrating cavity, and then the minimum section end of the
input conical tube, lower substrate vent hole, lower cover
vent hole, and the suction cavity are connected in series. The
upper cover vent hole, the upper elastic substrates vent hole,
and the maximum section end of the output conical tube are
connected in series. The minimum section end of the output
conical tube is connected to the vibrating cavity. The upper
cover vent hole is connected to the outside atmosphere.

2.2. Description of Working Principle. The working principle
of the micropump suction cup is shown in Figure 2. Under
the excitation of the AC electric field signal, piezoelectric
actuators make the volume of the vibrating cavity larger
or smaller periodically. When the volume of the vibrating
cavity increases, the air in the suction cavity and the external
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environment flows into the vibrating cavity simultaneously
through the input cone tube and the output cone tube. This
is called the inhalation process. In this process, the effect
of the input cone tube is equivalent to a diffuser, while the
output cone tube is equivalent to a nozzle. Through a proper
design of geometric parameters of cone tubes, the flow resist-
ance through the diffuser is less than through the nozzle.
Therefore, the air from the suction cavity into the vibrating
cavity is more than the air from the outside, and the microp-
ump is in “supply mode.” When the volume of the vibrating
cavity is reduced, the air flows out of the vibrating cavity, and
the air entering the suction cavity from the vibrating cavity is
less than that from the vibrating cavity to the outside air. The
micropump is then in “pumpingmode.”When the volume of
the vibrating cavity changes continuously due to the vibration
of piezoelectric actuators, a continuous differential flow is
generated, and the air in the suction cavity is continuously
extracted, resulting in the formation of negative pressure in
the suction cavity.

3. Optimization of the Suction Cup
with Micropump

In the second section, a valveless micropump suction cup
which is easy to be processed and has large volumetric change
rate is designed. In order to further improve the performance
of the micropump suction cup, a systematic optimization
design method is introduced in this section, which covers

the optimization of static and dynamic driving character-
istics of piezoelectric actuators and rectifying efficiency of
diffuser/nozzle.

3.1. Piezoelectric Actuator Optimization. Research shows that
the geometric size, material properties, driving voltage, and
driving frequency affect the deformation of a piezoelectric
actuator. The geometric size and material properties affect
static driving characteristics, that is, the relationship between
the driving electric field and the deformation, while the driv-
ing frequency will affect the dynamic driving characteristics
[15].

3.1.1. Static Driving Characteristics Optimization. The struc-
ture of the unimorph circular piezoelectric actuator used in
themicropump suction cup is shown in Figure 3, and it can be
divided into two parts, which consist of a piezoelectric layer
with a radius of 𝑅1 and a copper substrate layer with a radius
of 𝑅2. Their thicknesses are ℎ𝑝 and ℎ𝑚, respectively.

Research shows that there is an optimal radius ratio𝑅1/𝑅2 and an optimal thickness ratio ℎ𝑚/ℎ𝑝, which makes
the deformation of the piezoelectric actuatormaximumat the
same driving voltage [15]. In this paper, the geometric size of
the actuator is optimized based on the theoretical mechanics
model of the piezoelectric actuator.

When a DC voltage𝑈 is applied to the piezoelectric actu-
ator, the approximate analytical solution of the piezoelectric
actuator’s deflection is [16]

𝜛 (𝑟) =
{{{{{{{{{{{{{

𝜛1 (𝑟) = 𝐶1 {2𝑅21 ln (𝑅1/𝑅2) + [1 − (𝑅1/𝑅2)2] 𝑟2}𝑈
𝐶2 − 𝐶3 (𝑅1/𝑅2)2 + (1/2) ℎ4𝑝𝑆2𝑚 (1 + 𝜐𝑝) (𝑅1/𝑅2)4 , 𝑟 ≤ 𝑅1

𝜛2 (𝑟) = 𝐶1 {2𝑅
2
1 ln (𝑟) − 𝑅21 [2 ln (𝑅2) − 1] − (𝑅1/𝑅2)2 𝑟2}𝑈

𝐶2 − 𝐶3 (𝑅1/𝑅2)2 + (1/2) ℎ4𝑝𝑆2𝑚 (1 + 𝜐𝑝) (𝑅1/𝑅2)4 , 𝑅1 ≤ 𝑟 ≤ 𝑅2.
(2)

In (2), 𝜐𝑝 is Poisson’s ratio of the piezoelectric material,
and 𝑆𝑚 is elastic compliance constant of the copper substrate.

The constants 𝐶1, 𝐶2, and 𝐶3 are

𝐶1 = 3𝑑31ℎ𝑚𝑆𝐸11𝑆𝑚 (ℎ𝑚 + ℎ𝑝) (3)

𝐶2 = 4𝑆𝐸11ℎ𝑝ℎ3𝑚𝑆𝑚 + 6𝑆𝐸11ℎ2𝑚ℎ2𝑝𝑆𝑚 + 4𝑆𝐸11ℎ𝑚ℎ3𝑝𝑆𝑚
+ 12ℎ4𝑝𝑆2𝑚 (1 + 𝜐𝑝) +

2ℎ4𝑚𝑆𝐸2111 + 𝜐𝑝
(4)

𝐶3 = 4𝑆𝐸11ℎ𝑝ℎ3𝑚𝑆𝑚 + 6𝑆𝐸11ℎ2𝑚ℎ2𝑝𝑆𝑚 + 4𝑆𝐸11ℎ𝑚ℎ3𝑝𝑆𝑚
+ ℎ4𝑝𝑆2𝑚 (1 + 𝜐𝑝) . (5)

In (3)–(5), 𝑑31 and 𝑆𝐸11 are the piezoelectric constant and
elastic compliance constant for the piezoelectric layer.

By (2)–(5), the volume change of the vibrating cavity
caused by one unimorph circular piezoelectric actuator can
be obtained when a DC voltage 𝑈 is applied:

Δ𝑉 = ∫𝑅1
0
𝜛1 (𝑟) 2𝜋𝑟 𝑑𝑟 + ∫𝑅2

𝑅1

𝜛2 (𝑟) 2𝜋𝑟 𝑑𝑟. (6)

According to the analytical solution in (6), the optimal
radius ratio and thickness ratio are found based on the
geometry size of the piezoelectric actuator as shown in
Table 1. Figure 4 shows the relationship between volume
changes and geometric dimensions of the piezoelectric actu-
ator; Figure 4(a) is the volume change curve of the vibrating
cavity after a 30 V DC voltage is applied. The thickness of
the piezoelectric material and the copper substrate is 0.2 mm
and 0.1 5mm, respectively. The radius of the copper substrate
varies between 0 and 0.02m, and the radius ratio𝑅1/𝑅2 varies
between 0 and 1. From Figure 4(a), it can be seen that when
the radius ratio is constant, the volume change will increase
with the increase of the radius of the copper substrate. The
reason is that when the radius is larger, the piezoelectric
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Figure 2: Working principle of the micropump suction cup.
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Figure 3: Schematic diagram of a unimorph circular piezoelectric actuator.
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Figure 4: Static driving characteristics optimization of piezoelectric actuator.

composite plate will deform more easily. When the radius of
the copper substrate is constant, there is an optimal radius
ratio, which makes the volume change the maximum under
the same driving voltage. The radius ratio is approximately
0.94. When the radius of the copper substrate is small, the
radius ratio has little influence on the volume change, and the
radius of the copper substrate should be greater than 10 mm.

In Figure 4(b), the radius of the piezoelectricmaterial and
the copper substrate is 5 mm and 6 mm, respectively. The
thickness of the copper substrate changes between 0 and 0.5
mm, and the thickness ratio of the piezoelectric material and
the copper substrate varies from 0 to 2. From Figure 4(b), it
can be seen that when the thickness of copper substrate is
large, the volume change is not obvious, and the thickness
ratio has little influence on volume change. This is because
the larger the thickness of copper substrate is, the more

difficult the deformation of piezoelectric composite plate is,
and the thickness of copper substrate should be less than 0.2
mm. When the thickness of the copper substrate is small,
there is an optimal thickness ratio, which makes the volume
change be the largest under the same driving voltage, and the
thickness ratio is 0.17.

3.1.2. Dynamic Driving Characteristics Optimization. In
order to produce a stable negative pressure, an alternating
voltage should be applied on piezoelectric actuators to make
it vibrate continuously. In the past, most work on dynamic
driving characteristics of piezoelectric actuators used the
finite elementmethod to solve for the resonant frequency, and
few studies have been done on the dynamic changes of the
piezoelectric actuator’s volume change under an alternating
electric field. In this section, an equivalent circuit model
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of piezoelectric actuator based on lumped parameter is
formulated to simulate the dynamic driving performance of
the piezoelectric actuator and thereby select the best driving
frequency. Additionally, it also lays a foundation for the
simulation of the negative pressure response of the suction
cup with micropump.

If the alternating power is 𝑉𝑎𝑐, the equivalent displace-
ment along the polarization direction of the actuator is 𝑥,
and the equivalent output force is 𝐹. The electrical charge
at both ends of the piezoelectric layer is 𝑞, and the surface
area of the piezoelectric actuator is 𝐴. According to the first
kind of piezoelectric equation, the following equation can be
obtained [17]:

[[[
[

𝑥ℎ𝑝𝑞𝐴
]]]
]
= [𝑆𝐸𝐸 𝑑𝐸

𝑑𝐸 𝜉𝑇𝐸]
[[[
[

𝐹𝐴𝑉𝑎𝑐ℎ𝑝
]]]
]
. (7)

In (7), 𝑆𝐸𝐸, 𝑑𝐸, and 𝜉𝑇𝐸 are, respectively, equivalent
compliance constant, equivalent piezoelectric constant, and
equivalent dielectric constant of the piezoelectric actuator
along the direction of deflection. Under small deformations,
it can be approximately considered thatΔ𝑉 = 𝑥𝐴, and (7) can
be transformed into

[Δ𝑉𝑞 ] = [[[
𝑆𝐸𝐸ℎ𝑝𝐴 𝑑𝐸𝐴
𝑑𝐸𝐴 𝐴𝜉𝑇𝐸ℎ𝑝

]]
]
[ 𝑃𝑉𝑎𝑐]

= [𝐶𝐴𝑆 𝑑𝐴𝑑𝐴 𝐶𝐸𝐹][
𝑃
𝑉𝑎𝑐] .

(8)

In (8),𝐶𝐴𝑆 is the volume change caused by a unit pressure
on a piezoelectric actuator when the driving voltage is zero.

𝐶𝐴𝑆 = 𝑆𝐸𝐸ℎ𝑝𝐴 = Δ𝑉𝑃
𝑉𝑎𝑐=0 =

∫𝑅2
0
𝜛 (𝑟)|𝑉𝑎𝑐=0 2𝜋𝑟 𝑑𝑟𝑃 . (9)

The constant 𝑑𝐴 describes the volume change caused by a
unit drive voltage when the applied pressure is zero.

𝑑𝐴 = 𝑑𝐸𝐴 = Δ𝑉𝑉𝑎𝑐
𝑃=0 =

∫𝑅2
0
𝜛 (𝑟)|𝑃=0 2𝜋𝑟 𝑑𝑟𝑉𝑎𝑐 (10)

According to the definition of (9) and (10), the constants𝐶𝐴𝑆 and 𝑑𝐴 can be calculated. Due to the dielectric properties
of the piezoelectric material, there is a free capacitance for
the unimorph circular piezoelectric actuator, and it can be
calculated as

𝐶𝐸𝐹 = 𝜋𝑅21𝜉𝑇𝐸ℎ𝑝 (11)

Because of the direction of the electric field, the deflection
direction and the polarization direction of the piezoelectric
material are the same, and the equivalent dielectric constant𝜉𝑇𝐸 is approximately equal to 𝜉33.

In order to obtain the two ports’ equivalent circuit model
of the piezoelectric actuator, (8) is differentiated with respect
to time and Laplace transformation is carried out, which
yields

[𝑄𝑖 ] = [
𝑗𝜔𝐶𝐴𝑆 𝑗𝜔𝑑𝐴𝑗𝜔𝑑𝐴 𝑗𝜔𝐶𝐸𝐹][

𝑃
𝑉𝑎𝑐] (12)

In (12), 𝑄 is the volume change of the piezoelectric
actuator in a unit time (volume change velocity); 𝑖 is the
equivalent current flowing through the piezoelectric material
layer; and 𝜔 is frequency. Equation (12) can be represented as
a two ports’ equivalent circuit as shown in Figure 5(a) [17].
Due to the electromechanical coupling effect of piezoelectric
actuators, an ideal transformer is used to describe the
coupling effect in Figure 5. The right side of the transformer
is lumped elements in fluid domain, and the other side is the
electrical domain lumped elements. The parameter 𝜙 is the
fluid electrical coupling coefficient.

Assuming that the current of the right side of the
transformer in Figure 5(a) is 𝑖0, then, at the electrical domain
side,

𝑖 = 𝑗𝜔𝐶𝐸𝑉𝑎𝑐 + 𝑖0 = 𝑗𝜔𝐶𝐸𝑉𝑎𝑐 − 𝜙𝑄 (13)

At the fluid domain side

𝑃 = 𝑄𝑗𝜔𝐶𝑀 + 𝜙𝑉𝑎𝑐 (14)

According to (14),

𝑄 = 𝑗𝜔𝐶𝑀𝑃 − 𝑗𝜔𝐶𝑀𝜙𝑉𝑎𝑐 (15)

By comparing (15) and (12), we can get the parameters𝐶𝑀
and 𝜙:

𝐶𝑀 = 𝐶𝐴𝑆,
𝜙 = − 𝑑𝐴𝐶𝐴𝑆

(16)

Substituting (15) and (16) into (12),

𝑖 = 𝑗𝜔𝑑𝐴𝑃 + 𝑗𝜔(𝐶𝐸 + 𝑑2𝐴𝐶𝐴𝑆)𝑉𝑎𝑐 (17)

By comparing (17) and (12), the blocked electrical capac-
itance 𝐶𝐸 can be gotten:

𝐶𝐸 = 𝐶𝐸𝐹 − 𝑑2𝐴𝐶𝐴𝑆 (18)

When the driving frequency is very low, it is not essential
to consider the influence of the piezoelectric actuator’s quality
on driving characteristics, but when the driving frequency
increases, the quality affects the vibration of the piezoelectric
actuator [18]. On the basis of Figure 5(a), an equivalent
inductance𝑀𝑀 representingmass inertia is added to the fluid
domain side, and the formula for calculating𝑀𝑀 is [17]

𝑀𝑀 = 2𝜋∫𝑅2
0
𝜌𝐴( 𝜛 (𝑟)Δ𝑉

𝑉𝑎𝑐=0)
2 𝑟 𝑑𝑟 (19)
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Figure 5: Two-port equivalent circuit of the piezoelectric actuator.

In (19), 𝜌𝐴 is the areal density of the piezoelectric com-
posite plate. The equivalent circuit considering the influence
of inertia is shown in Figure 5(b).

In order to establish the equivalent circuit model of the
piezoelectric actuator in micropump suction cup in detail,
lumped parameters should be calculated first. In many stud-
ies, the analytic method is used directly in the calculation of
the lumped parameters [17]. The accuracy of the parameters
depends entirely on the accuracy of the theoretical model.
However, the exact theoretical model is often difficult to
establish, and even if it is established, its numerical calcu-
lation process is complex. In this work, the finite element
method is used instead to calculate some static parameters
according to their physical meaning to improve the accuracy
of the equivalent circuit model, such as 𝐶𝐴𝑆, 𝑑𝐴, and𝑀𝑀.

Geometric parameters of the piezoelectric actuator before
optimization are in Table 1. First, 𝐶𝐸𝐹 can be calculated
directly, and 𝐶𝐸𝐹 = 3.7515𝑒 − 009 C2J−1. According to the
definition of 𝑑𝐴, the finite element model of piezoelectric
actuator is established using ANSYS 10.0. In the model, a
unit driving voltage is applied, and the external pressure
load on the actuator is zero. The volume change Δ𝑉 is
calculated by ANSYS 10.0, then 𝑑𝐴 can be obtained by (10),
and 𝑑𝐴 = −1.5275𝑒 − 012 m3CJ−1. Then the load applied on
the finite element model is changed. A unit external pressure
load is applied on the finite element model, and the driving
voltage is zero. 𝐶𝐴𝑆 can be calculated by its definition, and𝐶𝐴𝑆 = 4.6201𝑒 − 015 m6J−1; the equivalent inductor 𝑀𝑀
can be obtained by the same method, and 𝑀𝑀 = 3.2061𝑒4
Js2m−6. Finally, 𝐶𝑀, 𝜙, and 𝐶𝐸 can be obtained according
to (16) and (18), and 𝐶𝑀 = 4.6201𝑒 − 015 m6J−1, 𝜙 =
337.935 Cm−3, and𝐶𝐸 = 3.2353𝑒 − 009 C2J−1. The equivalent
circuit model can be obtained by replacing the above lumped
parameter into Figure 5(b). It ismodeled in circuit simulation
software Multisim 10.0 as shown in Figure 6. A capacitance
C1 is added to the fluid domain side to integrate volume
change velocity𝑄, and the volume change of the piezoelectric
actuator Δ𝑉 is obtained.

In order to verify the correctness of the two ports’
equivalent electric networkmodel, the finite element method
is used to simulate the transient driving characteristics of
the piezoelectric actuator, and the software ANSYS 10.0 is
used. The voltage load is applied to the piezoelectric material
layer. Then the FULL method in ANSYS is applied to analyze
the transient dynamics of the piezoelectric actuator. Because

the finite element method for transient dynamic analysis is
very time-consuming, the dynamic response just in the first
0.2 ms is analyzed. The displacement along the polarization
direction of the piezoelectric material is kept in analysis
results, and then the volume change is calculated. Figure 7 is
the comparison of results of the finite element analysis and
the equivalent electrical network analysis in this period. It
can be seen from the diagram that simulation results by two
methods are basically the same, so the correctness of the two
ports’ equivalent electric network model is verified.

Using the equivalent electric network model and the
simulation software Multisim 10.0, the steady-state vol-
ume change amplitude of the piezoelectric actuator can be
obtained at different driving frequencies as shown in Figure 8.
Curve 1 in Figure 8 is the steady-state volume change ampli-
tude’s frequency response curve of the original piezoelectric
actuator. The amplitude of the driving voltage is 30 V. As
can be seen from Figure 8, the resonant frequency is 13060
Hz which makes the actuator’s steady-state volume change
amplitude the largest, and the frequency is very close to the
first-order resonant frequency of the piezoelectric actuator
obtained by finite element method. This further validates the
correctness of the equivalent electric network model.

In Figure 8, curve 2 is the frequency response curve of
the steady-state volume change amplitude after the radius
ratio is optimized. Curve 3 is the frequency response curve
of the steady volume change amplitude after thickness
optimization. In curves 2 and 3, the amplitude of the
driving voltage is 30V. After the geometric parameters are
changed, the parameters in the equivalent circuit model
are recalculated and simulations are carried out. Compared
with these curves, it is known that, after optimizing the
radius ratio and thickness ratio, the maximum value of the
steady-state volume change amplitude of the piezoelectric
actuator at the first resonance frequency is increased, and
the first-order resonance frequency has also changed. When
the thickness ratio is optimized, the first-order resonance
frequency decreases to 4 kHz, but themaximum amplitude of
the steady-state volume change increases to 1.3 𝜇L. When the
radius ratio is optimized, the first-order resonance frequency
rises to 13350 Hz, and the maximum amplitude of the steady-
state volume change increases to 1.8 𝜇L.

The radius and thickness ratio of curve 4 are not opti-
mized, but the amplitude of the driving voltage is 50 V. The
comparison between curve 1 and curve 4 shows that the
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Figure 8: Frequency response curve of the steady-state volume
change amplitude.

larger the driving voltage, the larger the volume change. The
maximum value of the steady-state volume change at the
driving voltage 50 V is approximately 1.9 𝜇L.
3.2. Diffuser/Nozzle Optimization. The air rectifying charac-
teristics of the cone-shaped tube have an extremely important
influence on the performance of the micropump suction

cup, so the cone tube must be optimized. The rectification
efficiency is defined as

𝜀 (𝑝) = 𝑄𝑑 (𝑝) − 𝑄𝑛 (𝑝)𝑄𝑑 (𝑝) + 𝑄𝑛 (𝑝) (20)

𝑄𝑑 and𝑄𝑛 are air volume flows through the cone-shaped tube
along the direction of expansion and contraction, respect-
ively.

As shown in Figure 9, 𝜃, 𝐿, 𝑑a, 𝑑b, and ℎ are the plane cone
tube’s expanding angle, expanding length, minimum section
width, and maximum section width and depth. It is very dif-
ficult to study the cone tube’s transport characteristics of air
from a theoretical or experimental point of view accurately,
so a Computational FluidDynamicsmodule inANSYS 10.0 is
used to analyze the influence of expanding angle, expanding
length, and section width on the rectification efficiency to
optimize the design of the conical tube. Separation and reflux
are easy to occur when the air flows along the direction of
expansion, as the cross-section increases, and the flow along
the contraction direction is more stable. Therefore, the flow
state of air in the diffuser can be set as a turbulent or turbulent
mixed flow, which needs to open the turbulence analysis
module in finite element analysis software.The air flow in the
nozzle can be set as a laminar flow [19]. Further, the air flow
is considered to be incompressible and axisymmetric in the
process of analysis. Considering the constraints of computer
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Figure 9: Structure chart of the plane cone tube.

hardware and computing time, a two-dimensional finite
element model is used to analyze the flow field characteristics
in a cone tube.

On the basis of Table 1, the size of expanding length,
minimum section width, and expanding angle are changed,
respectively. Then, the corresponding finite element model is
set up to investigate the influence of the geometric size change
on the air rectification efficiency of the cone tube.

In order to calculate the rectification efficiency, the
volume flow must be known, and it can be calculated by the
following equation in the finite element model:

𝑄 = ∫𝑑𝑎
0

V𝑎V𝑒ℎ𝑑𝑥 = 𝑛∑
𝑖=0

V𝑖ℎΔ𝑥 (21)

In (21), V𝑎V𝑒, V𝑖, Δ𝑥, and n are average velocity, velocity of
each finite element, width of each finite element, and number
of finite elements at the minimum section of the cone tube’s
finite element model, respectively. V𝑖 can be read out during
the postprocessing of finite element analysis. Through (21),𝑄𝑑 and 𝑄𝑛 are calculated, and the rectification efficiency of a
cone-shaped tube can be obtained.

3.2.1. Influence of the Minimum SectionWidth. To investigate
the effect of the minimum section width on the rectification
efficiency, the expanding length and expanding angle are
fixed at 3 mm and 10 degrees. The minimum section width
varies from 0.06 mm to 0.36 mm. The pressure difference
between the two ends of the cone tube is 0.5 kPa and 5.0 kPa.
Initially, the rectification efficiency is simulated by ANSYS
10.0 in different situations, and then all simulation results are
shown in Figure 10 with the data processing software Origin
Pro 9.0. The graph shows that there is an optimal minimum
section width, which makes the rectification efficiency the
highest and the optimal minimum section size is not affected
by the pressure difference. The optimal minimum section
width is 0.21 mm, and the rectifying efficiency is 0.095 when
the pressure difference is 5 kPa.

3.2.2. Influence of the Expanding Length. To investigate the
effect of expanding length on the rectification efficiency, the
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Figure 10: Relationship between the minimum section width and
the rectification efficiency.
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Figure 11: Relationship between the expanding length and the
rectification efficiency.

minimum section width and expanding angle are fixed at
0.12 mm and 10 degrees. The expanding length varies from
0.5 mm to 5.0 mm. The pressure difference between the two
ends of the cone tube is 0.5 kPa and 5.0 kPa, and simulation
results are shown in Figure 11. It can be seen from the figure
that when the pressure difference is fixed, the rectification
efficiency increases with the increase of the expanding length.
When the expanding length is about 1.5 mm, the rectification
efficiency reaches the maximum. When expanding length
increases from 1.5 mm to 2.5 mm, the rectification efficiency
decreases slightly. If the expanding length continues to
increase, the rectification efficiency decreases. The reason
is that the conversion efficiency between the kinetic energy
and potential energy of the cone tube is very low when the
expanding length is short. With the increase of expanding
length, the conversion efficiency increases. From 1.5 mm
to 2.5 mm, the speed of energy conversion is relatively
stable, so the rectification efficiency is relatively stable. If the
expanding length continues to increase, the main section
will continue to expand along the direction of expanding.
In this way, the airflow is easy to move along the reverse
direction of the diffuser and form a vortex area. As shown in
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Figure 12: Flow field vector diagram in the conical tube.

Figure 12(a) which is obtained by ANSYS, the vortex appears
in diffuser when the expanding length is 5 mm and the
pressure difference is 5 kPa. In the direction of contraction,
the above situation will not appear, because the cone tube’s
section becomes smaller (Figure 12(b)).These reasons lead to
a decrease in the rectification efficiency of the cone tube.

3.2.3. Influence of the Expanding Angle. To investigate the
effect of expanding angle on the rectification efficiency, the
minimum section width and expanding length are fixed at
0.12 mm and 3 mm. The expanding angle varies from 6∘
to 16∘. The pressure difference between the two ends of the
cone tube is 0.5 kPa and 5.0 kPa, and simulation results
are shown in Figure 13. The figure shows that there is an
optimal expanding angle to maximize rectification efficiency,
and the optimal expanding angle decreaseswith the increased
pressure difference. When the expanding angle is small, the
cross-section change of the diffuser is relatively stable, and
the transformation from dynamic pressure to static pressure
is relatively smooth. When the expanding angle increases
gradually, the pressure loss coefficient decreases gradually,
so when the expanding angle is less than the optimal
expanding angle, the rectification efficiency increases. When
the expanding angle increases to larger than the optimal
expansion angle, the airflow’s dynamic pressure to the static
pressure conversion is strong. However, due to the low
dynamic pressure of air near the diffuser wall, it is not
enough to overcome the rise of static pressure, which leads
to the emergence of a vortex similar to Figure 12(a). For the
nozzle, the situation described above is not present due to the
contraction of the tube wall, so when the expanding angle
is larger than the optimal angle, the rectification efficiency
decreases gradually. When the pressure difference between
the two ends of the diffuser increases, the air velocity in
the tube is also greater, and the expanding angle, which can
generate a vortex, is smaller, so the optimal expanding angle
decreases with the increased pressure difference.

After a large number of finite element analyses, it is
found that the minimum section width, expanding angle,

and expanding length all have the optimal value to make the
air rectification efficiency of a plane cone tube the largest
when the other parameters are fixed. At the optimal value, the
rectification efficiency increases with the increased pressure
difference. This is because when the pressure difference is
larger, the flow velocity is higher and the kinetic energy and
the pressure potential energy are converted more completely,
so at the optimal value the rectification efficiency is higher.
The volume change rate of the vibrating cavity and the volume
change of the piezoelectric actuator should be maximized to
obtain a larger pressure difference.

4. Simulation Study on
Negative Pressure Response

In order to verify the rationality of the design of the microp-
ump suction cup, a model should be established to simulate
the negative pressure response. Bourouina has discussed a
method of establishing the piezoelectric micropump’s simu-
lation model by equivalent circuit [19]. The equivalent circuit
method can simplify the simulation and analysis process,
and the simulation time is short and the efficiency is high
comparedwith the traditional finite element analysismethod,
but some lump parameters’ theoretical calculation processes
are complex to get a more exact result. In this paper, to
improve the equivalent circuit modeling method, in addition
to using the finite element method to calculate static lump
parameters as in Section 3.2.1, the computing process of
the diffuser/nozzle’s flow resistance and inductance is also
improved by integrating and introducing rectifying efficiency
coefficient, which will be introduced in this section.

4.1. Simulation Model Establishment. Basic components of
the micropump suction cup include two unimorph circular
piezoelectric actuators, a vibrating cavity, two cone tubes,
a suction cavity, and some vents. The equivalent electric
network of the piezoelectric actuator has been deduced in
Section 3.1.2. Next, the equivalent electrical network model
of the vibrating cavity, the suction cavity, and the cone tube
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Figure 14: Equivalent electric network model of elements.

will be derived. Because the vent hole’s length is very short, it
is not considered in the equivalent electric network model.

4.1.1. Vibrating Cavity and Suction Cavity. Because the geo-
metric sizes of the vibrating cavity and the suction cavity are
relatively large, the flow resistance is ignored. When the air
pressure in the cavities changes, the air quantity is different,
and thismeans that the vibrating cavity and the suction cavity
have flow capacity. Further, the working frequency of the
micropump suction cup is high, and the air pressure changes
when the air flows at a high speed in the vibrating cavity and
suction cavity, which indicates that these two cavities also
have flow inductance.

When themass of the air in the cavity is𝑚 and the section
area of the cavity is 𝐴𝑐, the flow resistance is 𝐿𝑐 = 𝑚/𝐴𝑐2,
and the flow capacity is 𝐶𝑐 = 𝜅𝑉0 [20]. 𝜅 and 𝑉0 are the air
compressibility and initial volume of the air respectively. The
equivalent electrical network model of the vibrating cavity
and the suction cavity is shown in Figure 14(a).

4.1.2. Diffuser and Nozzle. The cone tube plays a guiding and
rectifying effect on the airflow in the micropump suction
cup, and the flow resistance of the air along the nozzle is
greater than that of the diffuser. The rectifier element in the
electrical circuit is diode. Therefore, in this paper, an ideal
diode is introduced to the equivalent circuit of the cone tube
to characterize the rectifying effect. Because the length of
the cone tube is very short, its air capacity is limited, so the

flow capacity is negligible.The flow resistance of a rectangular
cross-section microchannel is [21]

𝑅𝑟𝑒𝑐𝑡 = 4𝜇𝑙𝑎𝑏3 (163 − 3.36 𝑏𝑎 (1 − 𝑏412𝑎4))
−1

(22)

In (22), the length of the rectangle section is 2𝑎 and 2𝑏,
respectively; 𝜇 is the viscosity of the air; 𝑙 is the length of the
microchannel.

Because the cross-sectional area of the plane cone tube
is varied, its flow resistance calculation method is different
from the traditional fixed section microchannel. As shown in
Figure 15, the cross-section width 2𝑎 at coordinates 𝑥 along
the expanding direction is

2𝑎 = 𝑑𝑎 + 𝑑𝑏 − 𝑑𝑎𝐿 𝑥 (23)

If the depth of the cone tube is 2c, assuming that thewidth
of an infinitely short cone tube is constant, the flow resistance
of this infinitely short cone tube can be obtained,

𝑅𝑑0 = 4𝜇𝑎𝑐3 {163 − 3.36 𝑐𝑎 (𝐿 − 𝑐412𝑎4)}
−1 𝑑𝑥 (24)

The diffuser’s flow resistance 𝑅𝑑 can be obtained by
integrating (24) along the expanding direction of the diffuser:

𝑅𝑑 = ∫𝑙
0

4𝜇𝑎𝑐3 {163 − 3.36 𝑐𝑎 (𝐿 − 𝑐412𝑎4)}
−1 𝑑𝑥 (25)



12 Shock and Vibration

x

y

dx

l

4

ab3
( 16
3
−3.36

b

a
(1− b4

12a4
))−1dx

Figure 15: Calculation of cone tube’s flow resistance.
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Figure 16: Equivalent electrical network model of the micropump suction cup.

According to the definition of the cone tuber’s rectifica-
tion efficiency, the flow resistance 𝑅𝑛 of the nozzle is [18]

𝑅𝑛 = 1 − 𝜀1 + 𝜀𝑅𝑑 (26)

In (26), the rectification efficiency has been obtained by
finite element simulationmethod.The flow inductance of the
microchannel with the same section is [18]

𝐿ℎ𝑦𝑑 = 𝜌𝑙𝐴𝑚 (27)

In (27), 𝜌 is the air’s line density and 𝐴𝑚 is the section
area of themicrochannel. Using the same calculationmethod
of flow resistance, the flow inductance of diffuser 𝐿𝑑 can be
obtained:

𝐿𝑑 = 𝜌∫𝑙
0

𝑑𝑥4𝑎𝑐 (28)

The flow inductance of nozzle is

𝐿𝑛 = 1 − 𝜀1 + 𝜀𝐿𝑑 (29)

The final equivalent electrical network model of the cone
tube is shown in Figure 14(b).

Table 2: Suction cavity’s geometric parameters.

Suction cavity Radius (mm) 15
Height (mm) 0.2

4.1.3. The Suction Cup with Micropump. Geometric parame-
ters of each element in the micropump are shown in Table 1.
The suction cavity’s geometric parameters of the suction cup
are in Table 2. According to the calculation method derived
from the previous section, equivalent electrical network
parameters of each element in the micropump suction cup
are in Table 3. Equivalent parameters of the piezoelectric
actuator and its electrical network model have been given in
Section 3.1.2, and the complete equivalent electrical network
model of the suction cup with double vibrator micropump
is set up in circuit simulation software Multisim 10.0 as
shown in Figure 16. In this model, all components have ideal
characteristics. A DC power supply with a voltage of 101325V
is used to simulate the atmospheric pressure. In the sameway,
the initial voltage of the equivalent flow capacitance of the
vibrating cavity and suction cavity is also 101325V.

4.2. Negative Pressure Response Simulation. According to
the above model, the pressure in the micropump suction
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Figure 17: Negative pressure response simulation curve.

1.32 1.33 1.34 1.35 1.36 1.37 1.38 1.39 1.4
Frequence (Hz)

0
500

1000
1500
2000
2500
3000
3500
4000

N
eg

at
iv

e p
re

ss
ur

e (
Pa

)

Increase vibrating cavity's thickness
Optimization of cone tube
Not optimized

×104

Figure 18: Negative pressure’s frequency response curves.

cup’s suction cavity is the voltage value in the equivalent
capacitance 𝐶𝑠 in Figure 16. Figure 17 is the negative pressure
response simulation curve. The driving voltage amplitude of
piezoelectric actuators is 20V, and its frequency is 13.7 kHz.
It can be seen that the negative pressure’s instantaneous value
(the dotted line in Figure 17) follows the sine lawof the driving
voltage. The mean value of the negative pressure (the solid
line in Figure 17) in the suction cavity also can be obtained
by the instantaneous value using data processing software
Origin Pro 9.0. The mean negative pressure will eventually
increase to a steady-state value, and reach to the maximum
back pressure of the micropump under the driving frequency
and voltage amplitude. At this time, the micropump cannot
continue to extract the air in the suction cavity. The steady-
statemean negative pressure of the suction cup is 3.4 kPa, and
the response time to the steady-state value is approximately
0.03 s.

In Figure 18, the steady-state mean negative pressure of
the suction cup with different geometric size and different
actuating frequency is obtained by Multisim 10.0 and Origin
Pro 9.0, and the driving voltage amplitude is 20V. In Figure 18,
the steady-state mean negative pressure at 13.7 kHz is 3.4

kPa when the suction cup’s size is not optimized. When the
minimum section width of the cone tube is optimized to
0.21 mm, the steady-state mean negative pressure is 3.6 kPa
at the same driving frequency. When the thickness of the
vibrating cavity increases to 0.2 mm, the driving frequency
corresponding to the maximum steady-state mean negative
pressure changes to 13.325 kHz, and the steady-state mean
negative pressure decreases to 2.6 kPa. Simulation results
show that the driving frequency has great influence on
the mean value of steady-state negative pressure, and the
driving frequency corresponding to the maximum steady-
state negative pressure is close to the natural frequency of
the piezoelectric actuator. Simulation results also show that
the suction ability of the micropump suction cup can be
improved by optimizing the section size of the cone tube and
reducing the thickness of the vibrating cavity.

Figure 19 is the relationship between the steady-state
mean negative pressure and the driving voltage’s amplitude
for various micropump suction cups, and the driving fre-
quency is the optimal frequency obtained according to Fig-
ure 18. Figure 19 shows that themean value of the steady-state
negative pressure increases linearly with the increase of the



14 Shock and Vibration

0 5 10 15 20 25
Voltage (v)

0
500

1000
1500
2000
2500
3000
3500
4000
4500
5000

N
eg

at
iv

e p
re

ss
ur

e (
Pa

) Not optimized

Optimization of cone tube

Increase vibrating cavity’s thickness

Figure 19: Relationship between the negative pressure and the driving voltage’s amplitude.

0 20 40 60 80 100 120 140 160 180 200
Time (ms)

0

500

1000

1500

2000

2500

3000

3500

N
eg

at
iv

e p
re

ss
ur

e (
Pa

)

Suction cavity:Radius 15mm, �ickness 0.5mm

(a) Thickness increase

0 20 40 60 80 100 120 140 160 180 200
Time (ms)

0

500

1000

1500

2000

2500

3000

3500

N
eg

at
iv

e p
re

ss
ur

e (
Pa

)

Suction cavity:Radius 25mm, �ickness 0.2mm

(b) Radius increase

Figure 20: Influence of suction cavity on negative pressure response.

driving voltage’s amplitude. Figure 19 once again illustrates
that the suction cup’s suction ability can be improved by
optimizing the section size of the cone tube and reducing the
thickness of the vibrating cavity.

Figure 20 is the negative pressure response curve of
suction cup with the original micropump, but the suction
cavity’s radius and height are changed. Its driving frequency is
13.7 kHz and the driving voltage amplitude is 20 V. Figure 20
is obtained by the circuit simulation software Multisim 10.0
directly. In Figure 20(a), when the radius of the suction
cavity is 25 mm and its thickness is 0.2 mm, the negative
pressure reaches steady state by 0.175 s; when the radius of
the suction cavity is 15 mm and its thickness is 0.5 mm,
the negative pressure reaches steady state by 0.075 s (Fig-
ure 20(b)). Under different geometric dimensions, the steady-
state mean negative pressure is the same and its value is
3.4 kPa. Compared with Figures 17 and 20, it is found that
the size of the suction cavity does not affect the steady-state
mean negative pressure, because the negative pressure is only
related to the air transmission capacity of the micropump,
but not to the size of the suction cavity. When the thickness
and radius of the suction cavity become larger, the response
speed of the negative pressure is slower. The reason is that
the micropump has the same ability to extract air, but the
amount of air is increased and it should take longer time to
extract the air under the same driving condition. Increasing
of the suction cup’s radius can increase the effective suction

area, and its suction force is enhanced. Therefore, we can
increase the radius and reduce the thickness of the suction
cavity simultaneously to obtain a higher suction force.

5. Conclusions

In order to realize the miniaturization of the suction mech-
anism for robotics and get a stable negative pressure at the
same time, design and simulation of a novel suction cup
integrated with a valveless piezoelectric micropump are pre-
sented in this paper, and the following conclusions are
obtained:

(1) The structure design of the micropump suction cup
should be easy to be miniaturized and easy to man-
ufacture, and using the valveless micropump and
laminated structure can achieve these.

(2) The systematic optimization design method of the
suction cup in this paper is effective. To get a larger
volumetric change, theoretical model of the piezo-
electric actuator can be used to find the actuator’s
optimal radius and thickness ratio, and the two ports’
equivalent circuit model of piezoelectric actuator can
calculate the actuator’s resonant frequency.

(3) Finite element analysis results show that the min-
imum section width, cone angle, and expanding
length of the diffuser/nozzle influence its rectification
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Table 3: Equivalent electrical network parameters of the micropump suction cup.

Cone tube

Diffuser flow resistance (Jsm−6) 2.8517𝑒 + 009
Diffuser flow inductance (Js2m−6) 1.1396𝑒 + 005
Nozzle flow resistance (Jsm−6) 3.3530𝑒 + 009
Nozzle flow inductance (Js2m−6) 1.3399𝑒 + 005

Vibrating cavity Flow Capacitance (m6J−1) 8.0711𝑒 − 014
Flow inductance (Js2m−6) 1.0439

Suction cavity Flow Capacitance (m6J−1) 1.0089𝑒 − 012
Flow inductance (Js2m−6) 0.3340

efficiency. When the other parameters are constant,
all of them have the best value.

(4) A modified equivalent circuit modeling method
which can improve the efficiency and accuracy of
simulation is presented. In this model, static lump
parameters are calculated by finite elementmethod to
avoid complex theoretical calculation processes. The
computing process of the diffuser/nozzle’s flow resis-
tance and inductance is also improved by integrating
and introducing rectifying efficiency coefficient.

(5) Simulation results based on the equivalent circuit
model show that the suction cup can produce a stable
negative pressure rapidly.The above-mentioned opti-
mizationmeasures can improve themean value of the
steady-state negative pressure.

There are still some problems in this paper. For example,
the backpressure of valveless micropump is lower than that
of the valve micropump, which limits the maximum negative
pressure, and experimental verification is not carried out.
Subsequent studies will be carried out in these areas.
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