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ABSTRACT 
 

In this paper, for the first time, a novel alternative method is 

presented to reconfigure the RF signals by is using the 

microfluidic device. Nowadays, RF configuration can be 

achieved whether by microelectromechanical systems (MEMS) 

switches and MEMS capacitors, material loadings method, 

varactors, PIN diodes, or ferroelectric varactors. Although these 

methods have a great performance in terms of speed, cost, and 

size, they have several problems in terms of the power handling 

capability, and radiation efficiency and range of frequency 

tunability. In this research, we only focus on the designing of 

actuation method rather than designing the channel and RF 

switch. In this protype, we use cost-effective multi-sheet off-the-

shelf piezoelectric material (e.g., PZT) as an actuator for 

valveless micropumps. For this purpose, we have derived 

analytic equations for expressing the natural frequency and mode 

shape of the actuator and membrane. In order to solve the 

governing equation, the Hankel transform in addition to Laplace 

transform will be utilized. 

NOMENCLATURE 
 

All parameters and calculations use SI units. 

𝜎1, and 𝜎2: Uniform constant tensions per unit length. 

𝑐1, and 𝑐2: Damping coefficient of the fluid surrounding the PZT, 

and diaphragm layer. 

𝑚1, and 𝑚2: Mass of PZT, and diaphragm layer. 

𝑘: Stiffness coefficient of the elastic foundation of Winkler type 

between PZT, and diaphragm layer. 

𝑟0: Radius of the membranes. 

𝑤: Transverse motion of the membranes as function of 

membranes radius (𝑟), and time (𝑡). 

 

 

 

INTRODUCTION 
 

Reconfigurable radio frequency antennas and filters have drawn 

growing interest to enable compact and light weight 

multifunctional systems for wireless communications, sensor 

networks and biomedical imaging systems. The concept of 

microfluidics was introduced 40 years ago, with the advent of 

inkjet printing nozzle by IBM [1]. Later Gravesen et al. 

published a review paper about micropumping technologies and 

different actuating principles [2]. Afterwards many new 

fabrication technologies and in turn new micropump techniques 

have been developed, such as the positive displacement 

micropump by Cunneen et al. [3], the electro-osmotic 

micropump by Chen et al. [4], the pneumatic PDMS micropump 

by Jeong and Konishi [5], the piezoelectric micropump by S. 

Kaviani et al. [6], and the high pressure peristaltic micropump 

by Loth and Förster [7]. These are just some examples of the new 

fabrication methods in the microfluidics area, where the 

micropump design is highly dependent on specific applications.  

In general, being applied a voltage, a piezoelectric (e.g., PZT) 

layer bends inwards as a micropump [8]. This action can push 

fluid out of the chamber through the outlet valve. In the suction 

mode, when the voltage is removed, the PZT layer would back  

up to allow the fluid to enter the chamber. This reciprocating 

process would eventually cause the pumping action.  

In this research, a PZT actuator which acts as micro pump will 

be design. The goal of this paper is not designing the 

microfluidics channel and RF switch.  

This paper is organized as follows. In Section II, the governing 

analytic equations of the PZT layer with a bonding layer will be 

presented with their natural frequency and mode shape derived. 

In section III, the result will be presented and conclusion will be 

draw. 
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ANALYTIC MODELLING 
 

The primary purpose of an optimized piezoelectric-layer actuator 

is to provide sufficient bending displacement in the transverse 

direction. As illustrated in Fig. 1, and 2, a piezoelectric layer, 

which might be physically implemented by multiple PZT sheets, 

is glued with the diaphragm layer. These two layers are assumed 

to connect each other by a massless and linear epoxy bonding 

layer.  

 

The radius of the PZT layer and bonding layer is 𝑟𝑂, while their 

thicknesses are 𝑡𝑝 and 𝑡𝑏, respectively. 

 
Fig. 1. Schematic view of the proposed microfluidic reconfigurable radio 

frequency switch. 

 

Fig. 2. Schematic view of piezoelectric actuator. 

𝜎1 (
𝜕2𝑤1(𝑟,𝑡)

𝜕𝑟2 +
1

𝑟

𝜕𝑤1(𝑟,𝑡)

𝜕𝑟
) = 𝑚1  

𝜕2𝑤1(𝑟,𝑡)

𝜕𝑡2 + 𝑘(𝑤1(𝑟, 𝑡) − 𝑤2(𝑟, 𝑡))  +

𝑐1
𝜕 𝑤1(𝑟,𝑡)

𝜕𝑡  + 𝛼𝑉0sin (𝜔𝑡)                                                                    (1) 

𝜎2 (
𝜕2𝑤2(𝑟,𝑡)

𝜕𝑟2 +
1

𝑟

𝜕𝑤2(𝑟,𝑡)

𝜕𝑟
) = 𝑚2

𝜕2𝑤2(𝑟,𝑡)

𝜕𝑡2 − 𝑘 ∙ (𝑤1(𝑟, 𝑡) − 𝑤2(𝑟, 𝑡)) +

𝑐2
𝜕 𝑤2(𝑟,𝑡)

𝜕𝑡                                                                                              (2) 

where 𝜎1and 𝜎2 are the applied tension on the piezoelectric layer 

and diaphragm layer respectively, 𝑤1 and 𝑤2 are the 

displacement of the piezoelectric layer and diaphragm layer 

respectively, 𝑘 is the stiffness coefficient of the epoxy layer, 𝑚1 

and 𝑚2 are the mass per unit area of the piezoelectric layer and 

diaphragm layer respectively. 

 

As a result, the boundary condition equations can be written as 

follows: 

{
𝑤1(𝑟𝑜, 𝑡) = 0, 𝑤1(0, 𝑡) ≠ ∞

𝑤2(𝑟𝑜, 𝑡) = 0, 𝑤2(0, 𝑡) ≠ ∞
                                                              (3) 

 

Moreover, the PZT layer has no initial velocity: 

{
𝑤1(𝑟, 0) = 0 ,

𝜕𝑤1

𝜕𝑡
(𝑟, 0) = 0

𝑤2(𝑟, 0) = 0 ,
𝜕𝑤2

𝜕𝑡
(𝑟, 0) = 0

                                                            (4) 

Hence, the governing equations are in polar coordinate, the 

Henkel transform will be performed. The differential operator, 

the Hankel transform and the inverse Hankel transform are 

defined as 

𝐿𝑤 ≡
1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑤

𝜕𝑟
) = −𝜆2𝑤                                                                  (5) 

𝐻0{𝑤𝑖} = 𝑤̃𝑖 = ∫ 𝑤𝑖(𝑟)𝐽0(𝜆𝑗 
𝑟)

𝑟0

0
𝑟𝑑𝑟                                               (6) 

𝐻0
−1{𝑤̃𝑖} = 𝑤𝑖 = ∑ 𝑤̃𝑖

𝐽0(𝜆𝑗 
𝑟)

‖𝐽0(𝜆𝑗 
𝑟)‖

2  
 
                                                       (7) 

where the eigen values 𝜆𝑗 (𝑗 = 𝑛, 𝑜𝑟 𝑚) are positive roots of 

𝐽0 (𝜆𝑗 
𝑟0) = 0. The eigenfunctions and norms will be calculated as 

follow: 

𝑋1𝑛(𝑟) = 𝐽0(𝜆𝑛 
𝑟)                                                                              (8) 

𝑋1𝑚(𝑟) = 𝐽0(𝜆𝑚 
𝑟)                                                                                (9) 

‖𝐽0(𝜆𝑛 𝑟)‖
2

=
𝑟0

2

2
𝐽1

2(𝜆𝑛 𝑟0)                                                                     (10) 

‖𝐽0(𝜆𝑚 𝑟)‖
2

=
𝑟0

2

2
𝐽1

2(𝜆𝑚 𝑟0)                                                                     (11) 

By applying Hankel transform the governing equations will be 

rewritten as follows: 

−𝜎1𝜆𝑛
2𝑤̃1 = 𝑚1

𝜕2𝑤1̃

𝜕𝑡2 + 𝑘(𝑤̃1 − 𝑤̃2) + 𝑐1
𝜕 𝑤̃1

𝜕𝑡  +

∫ αV0 sin(𝜔𝑡) 𝐽0(𝜆𝑛𝑟)
𝑟0

0
𝑟𝑑𝑟                                                             (12) 

−𝜎1𝜆𝑚
2 𝑤̃2 = 𝑚2

𝜕2𝑤̃2

𝜕𝑡2 − 𝑘(𝑤̃1 − 𝑤̃2) + 𝑐2
𝜕 𝑤̃2

𝜕𝑡                            (13) 

Now, the Laplace transform in the time variable domain, 𝑊̃(𝑠) =

∫ 𝑤̃(𝑡)𝑒−𝑠𝑡𝑑𝑡
∞

0
, will be applied to the governing equation.  

𝑊̃1(𝑠)(𝑚1𝑠2 + 𝑐1𝑠 + 𝑘 + 𝜎1𝜆𝑛
2 ) − 𝑊̃2(𝑠)𝑘 =

−ℒ{sin(𝜔𝑡)} (
αV0

𝜆𝑛
𝑟0𝐽1(𝜆𝑛𝑟0))                                                         (14) 

𝑊̃2(𝑠)(𝑚2𝑠2 + 𝑐2𝑠 + 𝑘 + 𝜎2𝜆𝑚
2 ) − 𝑊̃1(𝑠)𝑘 = 0                  (15) 

The equations 14 and 15 can be solved by inverse matrix 

technique, and then the inverse Laplace transform using the 

convolution theorem can be utilized as follow: 
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[
𝑚1𝑠2 + 𝑐1𝑠 + 𝑘 + 𝜎1𝜆𝑛

2                               −𝑘

−𝑘                               𝑚2𝑠2 + 𝑐2𝑠 + 𝑘 + 𝜎2𝜆𝑚
2 ] [

𝑊̃1(𝑠)

𝑊̃2(𝑠)
] =

[
−ℒ{sin(𝜔𝑡)} (

αV0

𝜆𝑛

𝑟0𝐽1
(𝜆𝑛𝑟0))

0

]                                                (16) 

 

𝑤̃1(𝑡) = ℒ−1{𝑊̃1(𝑠)},  𝑤̃2(𝑡) = ℒ−1{𝑊̃2(𝑠)}                                     (17) 

Now, by applying the inverse Hankel transform, the final 

solution can be written as: 

𝑤1(𝑟, 𝑡) = ∑ 𝑤̃1(𝑡)
𝐽0(𝜆𝑛 𝑟)

‖𝐽0(𝜆𝑛 𝑟)‖
2  

∞
𝑛=1                                                        (18) 

𝑤2(𝑟, 𝑡) = ∑ 𝑤̃2(𝑡)
𝐽0(𝜆𝑚 𝑟)

‖𝐽0(𝜆𝑚 𝑟)‖
2  

∞
𝑚=1                                                      (19) 

RESULTS AND DISCUSSION 
 

Since the analytic equations, which show the relationship among 

the thickness of the piezoelectric layer, the thickness of the 

diaphragm layer, the radius of the layers, and the maximum 

deflection of the layers as discussed in Section II, are able to 

accurately estimate the natural frequency and system response. 

The material properties within the system are shown in table I 

and II, and the first and second natural frequency is represented 

in table III and, visually, in Fig. 3 a-d. Since, the pumping mode 

occurs only in first mode shape (3149 Hz), the frequency of input 

voltage must be tuned same as the natural frequency to get the 

maximum pumping performance. 

TABLE I  

THE OPTIMIZATION AND INPUT PARAMETERS OF THE SYSTEM. 

 
diaphragm 

layer thickness 

piezoelectric 

layer thickness 
 Radius 

Value 110 𝜇𝑚 92 μm 5 𝑚𝑚 

TABLE II 

MATERIAL PROPERTIES WITHIN THE SYSTEM. 

Mechanical 

property 

Diaphragm 

layer (silicon 

nitride) 

Bonding 

layer (epoxy 

resin) 

PZT (lead 

zirconate 

titanate) 

Mass density 
3290 

(𝐾𝑔/𝑚3) 

2000 

(𝐾𝑔/𝑚3) 

7500 

(𝐾𝑔/𝑚3) 

Elastic modulus 310 (𝐺𝑃𝑎) 5.17 (𝐺𝑃𝑎) 9.5 (𝐺𝑃𝑎) 

Poisson’s ratio 0.27 0.31 0.30 

 
TABLE III  

THE FIRST, SECOND NATURAL FREQUENCIES 

Natural 

Frequency 
 (Hz) 

1st 3149  

2nd  4735 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3. The PZT layer, (a) The first mode shape, (b) The 3D model of the first 

mode shape, (c) The second mode shape, and (d) The 3D model of the second 

mode shape mode shape. 
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CONCLUSIONS 
 

In this research, we proposed a new design approach to 

implement microfluidic RF devices within mm-wave band by 

considering motion dependent RF parasitic resulting from the in-

plane motion of the metallized plates. In order to reach to this 

goal, we designed the circular PZT actuator. Which, to maximize 

the displacement of the pumped fluid, must operate at the natural 

frequency of the actuator. This, in turn, allows designers to 

efficiently estimate the maximum rate of pumped fluid, the 

system’s natural frequencies and mode shapes of a new 

cylindrical configuration dimensions without depending on any 

expensive FEM simulations. 
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