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Abstract
This paper presents modelling and analysis of microdiaphragms that are designed for
implantable micropump applications. Microdiaphragms are considered to be a major
component of micropumps. A securely operated, electrostatically actuated, fully passive
micropump is designed using a novel method, which is based on surface acoustic wave (SAW)
devices and wireless transcutaneous radio frequency (RF) communication. The device is
capable of extracting the required power from the RF signal itself, like RFID (ID: identification
device) tags; hence the need of a battery and active electronics is negated. Moreover, a SAW
correlator is used for secure interrogation of the device. As a result, the device responds only to
a unique RF signal, which has the same code as was implanted in the SAW correlator. Finite
element analysis (FEA) based on code from ANSYS Inc. is carried out to model the
microdiaphragm, and a Rayleigh–Ritz method based analytical model is developed to
investigate the validity of the FEA results. During the FEA, a three-dimensional model of the
diaphragm is developed and various kinds of corrugation profiles are considered for enhancing
the device performance. A coupled-field analysis is carried out to model the electrostatics–solid
interaction between the corrugated microdiaphragm and the SAW device. In modelling
microdiaphragms, selection of appropriate material properties and element types, application of
accurate constraints, and selection of suitable mesh parameters are carefully considered.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Microelectromechanical system (MEMS) technology is in-
creasingly being applied to develop drug delivery and related
microdevices to facilitate various dosing methods. MEMS
based drug delivery devices in general include microneedles,
osmosis devices, micropumps and biodegradable MEMS
devices [1]. However, the miniaturization of macroscale
technology has been an inherent restriction on the development
of MEMS. Hence, micropumps, that are considered to be
an essential component in drug delivery systems, represent a

significant challenge in the design of low powered actuation
mechanisms.

On the basis of the working principle of micropumps,
they can be classified into a host of categories such as
electromagnetic, electrostatic, piezoelectric, shape memory
and bimetallic [2, 3]. Electrostatic micropumps have attracted
attention in recent years since electrostatic actuators can
easily be miniaturized and the electrostatic force between two
capacitor plates depends on only a few parameters such as the
applied voltage, the dielectric media, the distance between the
plates, and the effective plate area [3]. For such micropumps
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Figure 1. Wireless interrogation unit for the SAW device based micropump. The SAW device consists of a piezoelectric substrate, input IDT,
and output IDT. The input IDT is connected to a microantenna for wireless communication. The micropump structure is placed on top of the
output IDT of a coded SAW device (the SAW correlator; see section 2.2), which securely controls the microdiaphragm.

that are targeted for use in in vivo applications, wireless, secure
and batteryless operation is highly desired. Additionally,
valveless micropumps are considered very attractive as they are
low cost devices because of their simple structure [4].

In the development of micropumps, it is becoming an
increasing trend to predict the performance of the micropump
before the prototype is fabricated. Various approaches have
been pursued in the process of design, development and
realization of these micropumps and microfluidic devices.
Simulation of diaphragm based, valveless micropumps with
the use of FEA tools has become more popular, because of
the availability of advanced simulation tools and computational
power [1, 5, 6]. Alternatively, analytical models have also been
used for the analysis of actuation mechanisms [7–9]. Both of
these methods facilitate the design of a model with optimal
operating conditions prior to device fabrication.

The optimization and verification of individual compo-
nents of a micropump to achieve the desired performance of
an integrated system is highly important. Therefore, in this
paper, the design and analysis of low powered, electrostatically
controlled corrugated microdiaphragms is carried out using
both FEA and analytical modelling techniques.

The authors present a novel, fully passive, wireless and
secure interrogation methodology and an actuation mechanism
for operating a micropump for drug delivery and related
biomedical applications. Section 2 explains the operation of
the micropump structure, and the secure actuation mechanism
that is based on SAW device technology. Section 3 is focused
on the design of microdiaphragm structures, and in section 4
a Rayleigh–Ritz method based analytical model is discussed.
Then in section 5, more emphasis is given to FEM using
ANSYS simulation tools [10]. The results achieved through
FEA are presented and discussed in section 6. Section 7
highlights challenges and expected future work and is followed
by the conclusion.

2. SAW device based wireless electrostatic actuation

2.1. SAW devices

Surface acoustic wave (SAW) devices are widely used in
MEMS applications, which require secure, wireless, and
passive interrogation [11]. These devices are recognized for

their versatility and efficiency in controlling and processing
electrical signals. They are based on the propagation of
acoustic waves in elastic solids and the coupling of these waves
to electric charge signals via input and output inter-digital
transducers (IDT) deposited on a piezoelectric material. As
shown in figure 1, a SAW device consists of a solid substrate
with input and output IDTs [11]. Since these devices are
mostly used for wireless applications, a microantenna has to
be attached to the input IDT.

Inclusion of a battery with the implantable device, the
requirement of active electronics to incorporate the security
features, and hence the need of high operating power are
considered to be some of the limitations of currently available
implantable microfluidic devices [2, 4, 11]. Moreover, battery
powered implants inherit added disadvantages such as the
additional mass and the size of the device, and the need to
replace the battery, perhaps more than once.

However, the ability to store energy in the SAW,
and the possibility of handling high frequencies enables
the construction of passive, low cost devices for wireless
communication with the capability of being interrogated by RF
signals [12]. Moreover, as is elaborated in section 2.2, by using
a SAW correlator instead of a standard SAW device, a security
feature can be incorporated in the wireless interrogation, with
no active electronics being added to the device. As explained in
section 2.3, the power required to operate the device is obtained
from the interrogating RF signal. Therefore, the device is
batteryless and becomes more feasible for implantation use
because of its small size and mass. Considering all these
factors, this SAW device based novel actuation mechanism is
adopted and developed in this research.

2.2. Secure and wireless interrogation

In implantable drug delivery applications, it is important that
the device is not triggered by spurious RF signals. A SAW
correlator cab is used for wireless, secure interrogation of the
device. As depicted in figure 2, the SAW correlator consists
of a coded IDT to ensure that the device responds only to a
matched RF signal [11].

The acoustic wave propagation can be facilitated by
designing the IDT fingers in such a way that their polarity
and orientation are related to the input code in the receiving
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Figure 2. Basic structure of a SAW correlator. The output IDT
geometry determines the code of the generated acoustic wave. A
five-bit Barker sequence (+ + + − +) is encoded into the output
IDT. Referring to the highlighted finger pair: the charge on the first
finger creates a negative acoustic pulse and the charge on the second
finger creates a positive pulse, hence creating an overall positive
pulse. The fourth finger pair is connected to the busbar with opposite
sign to the highlighted pair, which generates an overall negative
pulse. By ordering the fingers in certain ways it is possible to control
the creation of acoustic pulses. This effect is exploited in coding the
devices for secure actuation.

RF signal. As a result, the code used in the interrogating RF
signal needs to be equivalent to the finger pair configuration
embedded in the correlator. When a matched code is fed
to the correlator, an acoustic wave with the same sign and
phase is generated and interacts constructively to generate a
signal with a high processing gain. However, if an incorrect
code is input to the system, the generated pulses will interact
destructively [11]. Therefore, by using a longer code (and
hence increasing the number of finger pairs) it is possible to
increase the number of unique combinations of control signals.
Overall, this enhances the security feature of the device by
making it harder to manipulate or abuse the code.

2.3. The micropump operating principle

As can be seen from figure 1, the interrogation approach
followed by the authors is based on conventional radio
frequency identification device (RFID) technology where low
power circuits can obtain their power from an electromagnetic
field. Additionally, the implantable device is designed to
achieve this by not having any active electronic circuitry.
Figure 1 shows a set-up for interrogating a SAW device with
an integrated antenna. The valveless micropump structure is
mounted on top of the output IDT of the SAW device (the
SAW correlator). This micropump structure consists of a thin
conductive microdiaphragm, a fluid chamber, and inlet and
outlet diffusers. As further elaborated in figure 3, the gap
between the conductive diaphragm and the output IDT is set
to be a few micrometres.

Here, the SAW device receives a coded RF signal power,
which is directly converted to stress waves in the piezoelectric
substrate, using the converse piezoelectric effect. These
mechanical stress waves propagate along the planar surface
of the piezoelectric substrate and are then reconverted to an
electric signal at the output IDT because of the piezoelectric
effect. However, as explained in section 2.2, only when a

Figure 3. Side view: an air-gap separated diaphragm is placed above
the output IDT of the SAW device. Top view: the area of the
diaphragm is larger than the effective area of the output IDT, and
hence allows more deflection as the stress level at the central area of
the diaphragm is less.

matched RF signal is received is a signal with high amplitude
generated at the output IDT. Consequently, an electrostatic
field is generated between the output IDT and the conductive
diaphragm, and the resulting electrostatic force causes a
deflection in the microdiaphragm. This deflection in the
microdiaphragm, along with carefully designed diffusers, is
used to cause the required microfluidic flow manipulations.

3. Corrugated microdiaphragm modelling

A diaphragm is essentially a thin circular or rectangular plate,
made out of a flexible material, stretched and fastened at its
periphery. Diaphragms are widely used as sensing elements
in MEMS devices, for high accuracy and good dynamic
response [13, 14]. A periphery-clamped flat diaphragm having
high residual stress in the film may give rise to undesirable
effects such as much higher actuation voltage, film buckling,
or even membrane cracking. One approach for addressing
the stress issue is the utilization of a corrugation technique,
which is considered to be an effective way to alleviate
the residual stress in the diaphragm [15]. The corrugated
diaphragm has been verified to be capable of releasing the
built-in stress, thereby increasing the mechanical sensitivity of
the diaphragm and reducing the irreproducibility [16]. This
results in the requirement of a low actuation voltage to drive
microdiaphragm based structures.

Various kinds of corrugation profiles such as sinusoidal,
toroidal, sawtooth, and trapezoidal are being used for MEMS
applications [15, 17, 18]. Due to the minimal stress
concentration feature, sinusoidal and toroidal profiles are
found to be attractive, and performance analyses for such
profiles are conducted and presented in section 6.

3.1. Corrugation parameters

Parameters L, H , tD (corrugation thickness) and N (number
of corrugation wavelengths) are considered to be the critical
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Figure 4. Sinusoidal and toroidal corrugation profiles and
corrugation parameters. Here, L denotes the corrugation wavelength
and H is the corrugation height.

parameters in the design of sinusoidal and toroidal corrugations
as depicted in figure 4. The ratios H/tD, and L/H need
to be carefully considered to reduce the unnecessary stress
concentrations around the corrugations [17].

Different methods are mentioned in the literature for the
design of the sinusoidal corrugations [17, 18]. Especially in
analytical approaches, tangent arcs are often used to develop
an approximated sinusoidal shape [7]. Therefore, in order to
compare the levels of effectiveness for the various methods,
the authors have designed sinusoidal corrugations using two
different methods: (i) the approximation of sinusoidal shape
with tangent arcs; and (ii) the use of corrugations with purely
sinusoidal shape. Then, analysis is conducted to evaluate
the performance of diaphragms with these kinds of sinusoidal
corrugations, along with the toroidal-shaped corrugations, and
results are elaborated in section 6.

4. The analytical model for the microdiaphragm
actuation

4.1. Electrostatic force generation

In electrostatic actuation, the electrostatic attraction force F
applied on two parallel conductive plates (electrodes) can be
described using the parallel plate capacitor effect [4] as

F = 1

2

εA�2

(h − WD)2 , (1)

where ε is the dielectric coefficient of the medium between the
plates, A is the effective plate area, WD is the instantaneous
deflection of the microdiaphragm in the x3 direction, h is the
initial plate spacing, and � is the applied electric potential,
between the plates.

In the authors’ previous work [19, 20], the electric
potential at the output IDT region was found to be a
combination of the electric potential at the IDT fingers and the
electric potential at the IDT finger gaps, and this is shown in
equation (2).

Φ(x1, x3, t) =
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Figure 5. IDT finger representation for one wavelength (λ) with a
metallization ratio of 1
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m
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4 eikbm x3

]
eik(x1−vt).

Here Np is the total number of finger pairs in the output
IDT, and λ is the SAW wavelength. The Cm values are
the weighting coefficients of these electric potential equations
and are defined on the basis of the mechanical and electrical
boundary conditions of the system [19]. These αm

4 values are
linear coefficients that are dependent on the decay constant
b, and m = 1, 2, 3, 4. v is the SAW velocity in the
piezoelectric substrate in the x1 direction, k is the wavenumber,
and T (=λ/v) is the time period of the SAW. The coordinate
system used in these equations is defined in figure 3 and the
IDT geometry for one wavelength (one period) of the SAW is
shown in figure 5.

As is explained in section 2.3, an electrostatic force
is generated between the output IDT and the conductive
diaphragm, because of the time varying electric potential at
the output IDT. To formulate this force, each finger gap is
divided into Ns subdivisions in the x1 direction, so that each
subdivision has a width of fw

Ns
and a length of fl (≈aperture

of the IDT). Combining equations (1) and (2), and after some
algebraic simplifications, the total resultant electrostatic force
can be evaluated as

F(Tot) = C

(h − WD)2

×
∑

j

[(
2T

π2

)2

Φ2

(
λ

8
, x3, t

)
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(
λ

4
+ jλ

4Ns
, x3, t

)]

,

(3)

for j = 1, 2, 3, . . . , Ns and C = ε0 fl fw Np

Ns
. While the

diaphragm is stretched because of the applied electrostatic
force, an elastic restoring force is developed in the diaphragm.
At equilibrium, the diaphragm’s kinetic energy becomes zero.
Therefore, to determine the displacement achieved by the
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diaphragm, the calculated electrostatic force and the elastic
restoring force need to be considered at their equilibrium
point [21, 22]. However, this becomes a complex problem to
solve as both forces depend on the instantaneous diaphragm
displacement WD. Therefore, to obtain an accurate solution for
WD, analytical methods or numerical analysis methods such as
FEA have to be used. Both of these methods are exploited in
this research to analyse the corrugated diaphragm performance.
The analytical model discussed here is used to validate the
results obtained from FEA simulations.

4.2. The Rayleigh–Ritz method

This analysis is an extended version of the authors’ previous
work [20], which was developed to analyse the performance of
a SAW device based electrostatic actuator using the Rayleigh–
Ritz method. Here, an energy minimization technique is used
to solve the problem for the corrugated diaphragm model.

For a rectangular microdiaphragm with a length of 2a and
a width of 2b, the total energy E(Tot) of the diaphragm under
pressure P can be written as [23]

E(Tot) = E1 − E2 − E3,

E1 =
∫ b

−b

∫ a

−a

D

2

(
∂2WD

∂x2
1

+ ∂2WD

∂x2
2

)2

dx1 dx2

E2 =
∫ b

−b

∫ a

−a
D(1 − ν)

[
∂2WD

∂x2
1

∂2WD

∂x2
2

−
(

∂2WD

∂x1∂x2

)2]

dx1 dx2

E3 =
∫ b

−b

∫ a

−a
PWD dx1 dx2

(4)
where D = EtD3

12(1−ν2)
is the bending stiffness, E is the modulus

of elasticity, tD is the diaphragm thickness and ν is the Poisson
ratio of the diaphragm material. Considering the relation F =
P Aeff, where Aeff is the effective diaphragm area, the term E3
in equation (4) can be rearranged using the electrostatic force
derived in equation (3).

Now, on the basis of the essential boundary conditions
of the model (i.e., the displacements and their first derivatives
on the boundary), a displacement function for the rectangular
diaphragm is considered as in equation (5), with the only
unknown being the constant K .

WD(x1, x2) = K (a2 − x1
2)2(b2 − x2

2)2. (5)

Here, (x1, x2) ≡ (0, 0) denotes the centre of the
diaphragm in the x1x2 plane. Constant K can be evaluated
by substituting equations (3) and (5) into equation (4),
and by minimizing the total oenergy E(Tot) with respect
to K . An iterative approach is needed, to achieve the
convergence, because of the complicated nonlinear coupling
of equations (3)–(5).

In order to utilize this analytical model to analyse the
performance of the corrugated microdiaphragm and hence to
validate FEA simulations, the equivalent bending stiffness
method [7] and residual stress reduction method [15, 24] are
used for sinusoidal and toroidal profiles respectively. However,
to reduce the complexity of the model, these methods are

associated with some assumptions and simplifications such
as ignoring the bending stiffness in the tangential direction
for highly stressed and shadow corrugations, and ignoring
the Poisson effect for the corrugated part as corrugations are
deformed much more easily.

In general, analytical approaches with less simplification
are quite complicated and require extensive computational
effort. It is known that more accurate results for
such problems can be achieved through numerical analysis
using mathematical methods such as finite element analysis
(FEA) [23, 25]. Because of the complexity in analysis,
which involves electrostatic and structural field couplings in a
complicated geometry, FEA of the corrugated microdiaphragm
is developed using ANSYS simulation tools and presented in
section 5.

5. ANSYS based finite element modelling

For finite element analysis (FEA) of the device, a coupled-
field analysis is required to model the electrostatics–solid
interaction. A load transfer method based ANSYS multi-field
solver (MFX) is available for a large class of coupled analysis
problems, and is more suitable for MEMS based coupled-field
analysis which involves interaction between multiple physical
fields [1, 10]. Therefore, an ANSYS-MFX solver is considered
to be highly suitable for the analysis of the novel micropump
actuation mechanism, and is used to carry out the analysis of
the microdiaphragm performance.

5.1. Preparation of the model for the analysis

The accuracy of FEA depends on factors such as the node
density of the mesh, appropriate element type, and accurate
application of boundary conditions. Additionally, these factors
lead to a tradeoff between accuracy and simulation time.
Therefore, extra care is needed in meshing the geometry,
especially during the analysis of the effect of the corrugation
parameters.

Here, the SOLID95 element type is used for the structural
model including 3D corrugations, since it can tolerate irregular
shapes without as much loss of accuracy compared to the other
SOLID elements in ANSYS [10]. Additionally, SOLID95
elements are well suited for modelling curved boundaries, and
have capabilities such as plasticity, creep, stress stiffening,
large deflection, and large strain capability, hence being highly
suitable for the design of corrugations [26]. The electrostatic
air-gap beneath the diaphragm is meshed using the SOLID122
element type. SOLID122 elements have compatible voltage
shapes and are applicable in 3D electrostatic and time-
harmonic electric field analysis [10].

5.2. Effective mesh generation

In electrostatics–solid coupling, forces get transferred from the
electrostatic field to the solid diaphragm and displacements
get transferred from the solid to the electrostatic field, which
requires a suitable mesh density at the interface.

In this model, the effect of the output IDT is incorporated
by coupling a set of nodes at the bottom of the air-gap to
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Figure 6. View of the corrugations in the meshed diaphragm model.
X l denotes the direction along the corrugations and X w denotes
the direction across the corrugations towards the mid-section.

match the desired IDT pattern and assigning the VOLT degree
of freedom (DoF) to those nodes. It should be noted that
the width of each IDT finger (and finger gaps) is designed
to be 10 μm (=λ/4 for an operating SAW frequency of
50 MHz and a SAW velocity of 4000 m s−1). Therefore, for an
accurate representation of the output IDT, smaller element size
is needed in the air-gap model as well. In total, approximately
300 000–350 000 nodes are used for these simulations to
achieve the expected accuracy. With the availability of systems
with high processing power, such simulations have become
more practicable than in the past.

During the initial analysis, simulations were carried out
with differently meshed models until the results converged.
This is to highlight the fact that accurate results depend not
only on the node density, but also on how well the critical
sections are meshed, considering the physics associated with
the model. Figure 6 explains the different directions considered
in each approach, for varying the node density in corrugated
and flat sections.

In a first approach, the node density is changed along the
X l direction by varying the length of the elements. However,
this in turn causes an effect on the node density of the flat
section of the diaphragm as can be seen from figure 7. In a
second approach, the node density is varied along the X w

direction. Once the resolution in the corrugated section is
established, the element size in the flat section is varied to
allow deciding upon an appropriate mesh for the flat section,
to represent the output IDT accurately. The way in which these
changes affect the accuracy is further discussed in section 5.3.

5.3. The effect of the mesh density on the accuracy

Three kinds of mesh variations are considered in initial
simulations and the convergence results are presented in
figure 8. Here, the percentage variation is the variation
in the mid-node displacement of the diaphragm from one
simulation to the next simulation, as the total number of nodes
is increased.

Table 1. Material properties used for the corrugated diaphragm
design [27–30].

Material property PI-2610 Si3N4 Al

Density (kg m−3) 1400 3184 2770
Poisson’s ratio 0.22 0.24 0.33
Elastic modulus (GPa) 7.5 169 71

In general, results converge (the percentage variation
decreases to 1%) as the total number of nodes used for the
model increases. However, there is not much variation in
results as the node density is changed along X l. This is
because the bending stiffness in the corrugations along the
X l direction is negligible and hence does not contribute much
to the sensitivity [24], and addition of extra nodes along that
direction makes little difference.

In contrast, higher variations are observed when the node
density is changed along the X w direction. It is known
that the tensile rigidity in the radial direction is smaller in a
corrugated diaphragm and has a dominant effect on the overall
sensitivity [17]. Additionally, when the diaphragm is deflected
because of the applied electrostatic force, an elastic restoring
force is generated in the diaphragm that is directed towards the
diaphragm centre. As a result, a higher node density in the X w

direction allows a better representation of the corrugations and
produces more accurate results.

Similarly, smaller element sizes in the flat section
(including the air-gap) have a substantial effect on the overall
accuracy. Smaller elements in the flat section allow a good
representation of the output IDT structure and also increase the
accuracy of the interpolations at the fluid–structure interface
during simulations. Therefore as the element size decreases
from 15 to 3 μm over a few simulations, convergence is
noticed. However, an element size of 5 μm is selected for the
rest of the simulations as it produces results within only 1%
variation.

5.4. Material selection

As was mentioned before, the micropump device is targeted
at biomedical applications. Therefore a careful selection of
bio-compatible materials is highly important. The mechanical
properties of the chosen materials are shown in table 1. The
corrugated microdiaphragm consists of three main sections
with different materials: the flat section, the corrugated section
and the conductive thin metal section, as can be seen in figure 9.

(i) Flat section: silicon nitride (Si3N4) is chosen for the flat
part of the diaphragm, because of its high strength over a
wide temperature range, outstanding wear resistance, and
good electrical insulation; hence the fluid in the pumping
chamber is isolated from the electrostatic field.

(ii) Corrugated section: polymer based bio-MEMS has
become more and more popular, mainly because it has
a very low stiffness and inherently provides adequate
flexibility (reduced micromotion strain) for most of the
low powered operations [4, 31]. Here, polyimide PI-2610
is chosen for the corrugated section of the diaphragm. The
rigid rod polyimide structure of cured PI-2600 products

6



Smart Mater. Struct. 18 (2009) 095030 D W Dissanayake et al

Figure 7. Meshed corrugations with 25 divisions (left) and 75 divisions (right) per side along X l . They result in a coarse and a finer mesh
respectively. The mesh density in the corrugated section affects the mesh density in the adjacent flat section.

Figure 8. The percentage variation in mid-node displacement (PVMD) of the diaphragm versus the total number of nodes. Three scenarios
are considered. % Variation Corr (X l): the PVMD as the node density is varied along the X l direction. % Variation Esize: the PVMD as the
element size is varied for the flat section. % Variation Corr (X w): the PVMD as the node density is varied along the X w direction. X l and
X w are defined in figure 6.

exhibits a desirable combination of film properties such as
low stress, low coefficient of thermal expansion (CTE),
high elastic modulus compared with other polyimides,
and good ductility for microelectronic applications [27].
These attractive features help to generate low stress
and high displacement in the diaphragm, and more
importantly, facilitate comparatively easy and consistent
fabrication of the corrugations around the flat section of
the diaphragm.

(iii) Conductive metal section: aluminium (Al) is chosen
as the material for defining metal connections in the
micropump device. This is mainly because of the
comparatively low elastic modulus and Poisson’s ratio,
and low cost. However, gold (Ag) could be used as a better
alternative to Al, considering the good conductivity, high
bio-compatibility, and the possibility of clean and neat
deposition of thin layers on the nanometre scale.

5.5. Boundary conditions

Once the geometry is meshed, the model needs then to
be constrained by applying appropriate boundary conditions.
There are two kinds of boundary conditions related to this
model: (i) structural (mechanical constraint) and (ii) electrical
(electrostatic constraint) boundary conditions.

(i) Structural boundary conditions: the microdiaphragm is
fully clamped to the micropump chamber and represented
by constraining all the displacements of nodes associated
with the wall. Since the quarter symmetry is implemented
in the design to save design and simulation time, the
structural symmetry condition is applied at the inner areas
of the diaphragm and the air-gap as shown in figure 9.

(ii) Electrical boundary conditions: to mimic the effect of the
thin conductive (aluminium) coating at the bottom surface
of the diaphragm, all the nodes on the bottom surface are
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Figure 9. Boundary conditions applied in the design to reflect the
expected constraint. The quarter symmetry is exploited to reduce the
simulation time and CPU usage. The dimensions of the
quarter-diaphragm segment are 1000 μm × 5 μm × 1000 μm
(length/2 × height × width/2). The height of the air-gap is 5 μm.

coupled and a Volt DoF is applied. Additionally, to mimic
the effect of the output IDT, two different sets of nodes
are carefully selected at the bottom surface of the air-gap
for each IDT electrode (positive and negative electrodes).
As this approach negates the need of extra volumes for the
thin metal coating and the output IDT electrodes, the FEA
becomes easier and more time efficient.

6. Simulation and result analysis

Results obtained from the ANSYS based FEA of corrugated
microdiaphragm actuation are presented and analysed in this
section. Additionally, analytical model based preliminary
results are used to validate the FEA simulations.

6.1. Displacement results for different kinds of corrugations

As was discussed in section 3, two kinds of sinusoidal and
toroidal corrugations were designed and analysed. In this
analysis, corrugation parameters (L, H , tD and N), element
types, material properties and all of the other design parameters
and constraints were kept unchanged except the corrugation
type. Therefore the mid-diaphragm displacements reflect the
effectiveness of each corrugation type in the SAW device
based microdiaphragm actuation. Figure 10 depicts a contour
plot of the simulated diaphragm structure with sinusoidal
corrugations.

Deformation results achieved from FEA and the analytical
model for various corrugation types are presented in
figure 11. As expected, quadratic-shaped curves are
observed, in line with the theoretical relationship between
the applied electric potential and the displacement. More
importantly, these corrugated diaphragms have achieved higher
microdisplacements for low operating voltages compared to
ones in published research [19, 32], and the displacement

Figure 10. Contour plot of the displaced diaphragm structure with
sinusoidal corrugations. Displacement is a maximum at the middle
part of the diaphragm.

achieved by any kind of corrugated diaphragm is higher than
that of a flat diaphragm.

It can be noted that analytical and FEA results show a
good correlation in general. The apparent slight deviation
in analytical results compared to FEA results is believed to
arise because of the simplifications made to the model during
the analytical analysis. For instance, the fringing capacitor
effect, between the electrodes and IDT fingers, reduces the
energy available for the actuation and this can cause a slight
reduction in deflection achieved in the FEA model. However,
such effects are not included in the analytical model and hence
slightly higher deflections are observed.

Now that we have developed confidence in the FEA
modelling, the rest of the analysis is carried out on the basis of
corrugations of purely sinusoidal type, since these show better
deformations than ones of other types.

6.2. The effect of the corrugation wavelength

Deflections achieved using a diaphragm with purely sinu-
soidal corrugations are analysed for different corrugation
wavelengths (L) while keeping other corrugation parameters
unchanged (H = 20 μm, tD = 5 μm and N = 5). FEA
is carried out for different actuation voltages and results are
presented in figure 12.

Higher displacements can be observed around L =
15 μm, and the deflections tend to decrease as the corrugation
wavelength increases. This is because for within the
selected ratio H/tD, larger corrugation lengths increase the
effective thickness of the diaphragm; hence the flexural
rigidity increases, and the mechanical sensitivity reduces
as a result [15]. Wavelengths less than 10 μm can be
discarded, since practically it is difficult to fabricate narrower
corrugations.

6.3. Stress distribution around the corrugations

Stress analysis is also carried out using ANSYS methods to
analyse the ability of the microdiaphragm to withstand the

8
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Figure 11. Comparison of diaphragm displacements of different kinds of corrugations: purely sinusoidal, toroidal, approximated sinusoidal
with tangent arcs, and flat diaphragm. Note that the corrugation parameters are L = 30 μm, H = 20 μm, tD = 5 μm and N = 5.

Figure 12. The variation in displacement for different L , for input IDT voltages of 5 and 6 V, and H = 20 μm, tD = 5 μm and N = 5.

applied mechanical forces. Contour plots of the von Mises
stress distribution around corrugations of the diaphragm for
N = 5 and 10 are shown in figure 13. Here, von Mises
stress can be used to predict the yielding of any of the three
materials used, under any loading condition. In either of these
scenarios, the maximum von Mises stress is less than 0.5 MPa,
which is much lower that the yield strengths of the selected
materials. This demonstrates that the diaphragm’s deflection is
well within the elastic range of the materials used. Additionally
in both the scenarios, much of the stress is concentrated into
the first few corrugations, and the maximum von Mises stress
values do not differ by much. Therefore, on the basis of the
simulations it is evident that having extra corrugations does not

greatly improve the stress distribution obtained, but increases
the fabrication difficulty by requiring us to fabricate more
corrugations.

7. Discussion and future work

7.1. Issues in microfluidic interaction

Highly sensitive capacitive diaphragms would be suitable for
sensing applications, but could cause problems in actuating
applications. However, it has been shown that comparatively
stiff materials in the flat section increase the overall stability
of the diaphragm in similar applications [33]. Therefore the
design presented is considered to be effective and viable.

9
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Figure 13. Von Mises stress distribution around corrugations for a purely sinusoidal corrugated design. Left: number of corrugations N = 5.
Right: N = 10, for H = 20 μm, tD = 5 μm and L = 20 μm.

The back pressure issue also has to be considered, as it is
known to affect the flow rate in valveless diffuser micropumps.
This can be minimized by incorporating curved inlets in
diffusers, and carefully selecting diffuser parameters such as
the diffuser angle and length for a laminar flow condition
with low Reynolds numbers (<400) [8, 34]. Following such
approaches, a maximum ratio of 2.23 between forward and
backward flow has been calculated for this type of diffuser,
which is sufficient for a pumping effect [35].

In micropumps, the resonance frequency of the microdi-
aphragm is damped by the fluidic environment around it, and
various approaches have been investigated and presented in the
literature with successfully realized devices [8, 25, 33, 35].
But in SAW device based interrogation, the device actuating
frequency can be easily controlled without affecting the SAW
frequency and the implanted code. Therefore, an optimal
operating condition can be achieved by matching the control
signal frequency to the damped resonance frequency of the
device, allowing sufficient relaxation and minimum energy
loss [11, 35].

7.2. Device integration

The microfluidic device consists of three main components:
the micropump, the SAW device and the microantenna. Initial
fabrication has started and is expected to continue in four
phases. In phase 1, the coded SAW device has already been
fabricated and tested as a stand-alone component. As part of
phase 2, the microdiaphragm is being fabricated, along with
the chamber consisting of valveless diffusers. During phase
3, the integration and testing of the pumping chamber and the
SAW device is expected. In the final phase, the fabrication of
the antenna and the integration of the whole device are to be
performed.

As potential future work, in addition to device fabrication,
the multiple-code coupling method in the ANSYS-MFX solver
combined with ANSYS-CFX could be used to develop and
simulate a complete electrostatics–structure–fluid interaction
problem, to optimize the design parameters of the desired
micropump. This will allow a complete simulation model that

could be used to analyse similar microfluidic devices before
fabrication.

8. Conclusion

A novel, wirelessly and securely interrogated, batteryless and
passive micropump device is discussed in this paper. The
device is designed to be small in size and mass, and with bio-
compatible materials, to enable it to be used in biomedical
applications such as drug delivery, DNA sequencing, and
flow cytometry. The importance of coded SAW devices
incorporating a secure and wireless interrogation is discussed.
Characteristics of the corrugated microdiaphragm design are
presented and the electrostatic actuation of such a diaphragm
with the use of a SAW device is also presented.

A Rayleigh–Ritz method based analytical model is
developed mainly to validate the results obtained through
FEA. The significance of the use of FEA to simulate and
analyse complex scenarios as an alternative to analytical
modelling is highlighted. Moreover, ANSYS-MFX based
finite element modelling is carried out to evaluate the perfor-
mance of corrugated microdiaphragms, and the relationship
between different corrugation types, corrugation parameters,
material properties, and design practices, for the diaphragm
performance, is also presented. It is demonstrated that use of
polyimide based sinusoidal corrugations and a square-shaped
diaphragm produces more deflections compared to using a
flat diaphragm. Moreover, the stress distributions around
corrugations are discussed. Expected future work including
the overall parameter optimization and modelling of more
complicated behaviour of the micropump operation with liquid
loading is highlighted.
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