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Abstract

This paper briefly overviews progress on the development of MEMS-based micropumps and their applications in drug delivery and other
biomedical applications such as micrototal analysis systems (WTAS) or lab-on-a-chip and point of care testing systems (POCT). The focus of the
review is to present key features of micropumps such as actuation methods, working principles, construction, fabrication methods, performance
parameters and their medical applications. Micropumps have been categorized as mechanical or non-mechanical based on the method by which
actuation energy is obtained to drive fluid flow. The survey attempts to provide a comprehensive reference for researchers working on design
and development of MEMS-based micropumps and a source for those outside the field who wish to select the best available micropump for a
specific drug delivery or biomedical application. Micropumps for transdermal insulin delivery, artificial sphincter prosthesis, antithrombogenic
micropumps for blood transportation, micropump for injection of glucose for diabetes patients and administration of neurotransmitters to neurons
and micropumps for chemical and biological sensing have been reported. Various performance parameters such as flow rate, pressure generated
and size of the micropump have been compared to facilitate selection of appropriate micropump for a particular application. Electrowetting,
electrochemical and ion conductive polymer film (ICPF) actuator micropumps appear to be the most promising ones which provide adequate flow
rates at very low applied voltage. Electroosmotic micropumps consume high voltages but exhibit high pressures and are intended for applications
where compactness in terms of small size is required along with high-pressure generation. Bimetallic and electrostatic micropumps are smaller
in size but exhibit high self-pumping frequency and further research on their design could improve their performance. Micropumps based on
piezoelectric actuation require relatively high-applied voltage but exhibit high flow rates and have grown to be the dominant type of micropumps
in drug delivery systems and other biomedical applications. Although a lot of progress has been made in micropump research and performance of
micropumps has been continuously increasing, there is still a need to incorporate various categories of micropumps in practical drug delivery and
biomedical devices and this will continue to provide a substantial stimulus for micropump research and development in future.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Microelectromechanical systems (MEMS) is a rapidly grow-
ing field which enables the manufacture of small devices using
microfabrication techniques similar to the ones that are used
to create integrated circuits. In the last two decades, MEMS
technologies have been applied to the needs of biomedical indus-
try giving rise to a new emerging field called Microfluidics.
Microfluidics deals with design and development of minia-
ture devices which can sense, pump, mix, monitor and control
small volumes of fluids. The development of microfluidic sys-
tems has rapidly expanded to a wide variety of fields. Principal
applications of microfluidic systems are for chemical analy-
sis, biological and chemical sensing, drug delivery, molecular
separation such as DNA analysis, amplification, sequencing or
synthesis of nucleic acids and for environmental monitoring.
Microfluidics is also an essential part of precision control sys-
tems for automotive, aerospace and machine tool industries.

The use of MEMS for biological purposes (BioMEMS)
has attracted the attention of many researchers. There is a
growing trend to fabricate micro drug delivery systems with
newly well developed MEMS fabrication technologies and
are increasingly being applied in medical fields. MEMS-
based microfluidic drug delivery devices in general include
microneedles based transdermal devices, osmosis based devices,
micropump based devices, microreservoir based devices and
biodegradable MEMS devices.

An integrated drug delivery system (DDS) consists of drug
reservoir, micropumps, valves, microsensors, microchannels
and necessary related circuits. A simplified block diagram of
a drug delivery system is shown in Fig. 1. A typical microp-
ump is a MEMS device, which provides the actuation source
to transfer the fluid (drug) from the drug reservoir to the body
(tissue or blood vessel) with precision, accuracy and reliability.
Micropumps are therefore an essential component in the drug
delivery systems.

Conventional drug delivery methods such as oral medica-
tions, inhalers and subcutaneous injections do not deliver all
drugs accurately and efficiently within their desired therapeu-

tic range. Generally most of the drugs are effective if delivered
within a specific range of concentration between the maximum
and minimum desired levels. Above the maximum range, they
are toxic and below that range, they have no therapeutic benefit
[1]. In conventional drug delivery methods such as oral delivery,
etc., there is a sharp initial increase in drug concentration, fol-
lowed by a fast decrease to a level below the therapeutic range
[2,3]. With controlled drug delivery systems as shown in Fig. 1,
appropriate and effective amount of drug can be precisely cal-
culated by the controller and released at appropriate time by
the microactuator mechanism such as micropump. The benefits
of controlled drug release include site-specific drug delivery,
reduced side effects and increased therapeutic effectiveness.

Micropumps are also an essential component in fluid trans-
port systems such a micrototal analysis systems (WTAS), point
of care testing (POCT) systems or lab-on-a-chip. Micropumps
are used as a part of an integrated lab-on-a-chip consisting
of microreservoirs, microchannels, micro filters and detectors
for precise movement of chemical and biological fluids on a
micro scale. Point of care testing (POCT) system is a wTAS to
conduct diagnostic testing on site close to patients to provide
better health care and quality of life. In such diagnostic systems,
MEMS micropumps are integrated with biosensors on a single
chip.

Reviews on research and recent methods of using BioMEMS
for medicine and biological applications have been previously
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Fig. 1. Schematic illustration of drug delivery system.
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published [4-7]. These reviews have reported introductory
overviews on applications of BioMEMS in biomedical engineer-
ing such as surgical microsystems, therapeutic microsystems
and drug therapy including devices based on microporous
silicon, microneedles, micropumps, and microreservoirs, etc.
Reviews on micropumps alone have also been published previ-
ously [8—10]. The last most comprehensive and excellent review
on micropumps was published by Laser and Santiago [8]. How-
ever some of the novel actuation methods such as the use of
polymer MEMS actuators like ion conductive polymer film
(ICPF) and development of evaporation type micropumps were

not covered in the review [8]. In addition, some of the most
recent and promising practical applications of micropumps in
drug delivery and biomedical systems were not mentioned. The
review by Woias [9] was a brief overview of a variety of microp-
umps and their applications. However ion conductive polymer
film (ICPF), electrowetting and evaporation type micropumps
were not covered in the review. The review by Tsai and Sue [10]
mentioned about the technological importance of micropumps
in their medical application such as drug delivery. Although this
fact was mentioned in the introduction section of the review, the
application of different kinds of micropumps in drug delivery

Micropump Classification
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Fig. 2. Classification of micropumps with different actuation methods.
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was not linked and neither mentioned in conclusions to get a
global appreciation and overview of MEMS-based micropumps
and their medical applications.

This review presents in depth focus on some of the novel
uses of BioMEMS based various categories of micropumps and
their potential applications in drug delivery and other biomedical
systems such as micrototal analysis systems (WTAS) or lab-on-a-
chip. The emphasis of the review will be to present key features
of micropumps such as actuation methods, working principles,
construction, fabrication methods, performance parameters and
their medical applications where reported.

2. Micropumps classification

According to the definition of “MEMS”, miniaturized pump-
ing devices fabricated by micromachining technologies are
called micropumps. In general, micropumps can be classified
as either mechanical or non-mechanical micropumps [11]. The
micropumps that have moving mechanical parts such as pump-
ing diaphragm and check valves are referred to as mechanical
micropumps where as those involving no mechanical moving
parts are referred to as non-mechanical micropumps.

Mechanical type micropump needs a physical actuator or
mechanism to perform pumping function. The most popular
mechanical micropumps discussed here include electrostatic,
piezoelectric, thermopneumatic, shape memory alloy (SMA),
bimetallic, ionic conductive polymer film (ICPF), electromag-
netic and phase change type.

Non-mechanical type of micropump has to transform cer-
tain available non-mechanical energy into kinetic momentum so
that the fluid in microchannels can be driven. Non-mechanical
micropumps include magnetohydrodynamic (MHD), electro-
hydrodynamic (EHD), electroosmotic, electrowetting, bubble
type, flexural planar wave (FPW), electrochemical and evap-
oration based micropump. The classification of micropumps is
shown in Fig. 2.

One of the very first documents about a miniaturized microp-
ump is a patent by Thomas and Bessman [12] which dates back to
1975. The device was designed for implantation into the human
body and comprised of a solenoid valve connected to a vari-
able pumping chamber which was actuated by two opposed
piezoelectric disc benders. The device was fabricated using con-
ventional techniques and it was not until 1984 that a micropump
based on silicon microfabrication technologies was patented by
Smits [13]. Smits published his results later in 1990 [14]. The
micropump designed by Smits [13] was a peristaltic pump con-
sisting of three active valves actuated by piezoelectric discs.
The device was primarily developed for use in controlled insulin
delivery systems.

The most common types of mechanical micropumps are
displacement pumps involving a pump chamber which is
closed with a flexible diaphragm. A schematic illustra-
tion of diaphragm type mechanical micropump is shown
in Fig. 3. Fluid flow is achieved by the oscillatory move-
ment of the actuator diaphragm which creates under and
over pressure (Ap) in the pump chamber. Under pressure
in the pump chamber results in the flow of fluid inside the pump
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Fig. 3. Schematic illustration of diaphragm type micropump.

chamber through the inlet valve. Over pressure in the pump
chamber transfers the fluid out of the pump chamber through
the outlet valve.The pressure generated inside the pump cham-
ber is a function of stroke volume (A V) produced by the actuator.
The actuator has to contend with the dead volume (Vj) present in
the pump chamber. The major design parameter of mechanical
diaphragm type micropumps is called the compression ratio (&)
which is expressed as follows:

AV
=V

€ 1)

Mechanical micropump designs may contain single pump
chamber or sequentially arranged multiple pump chambers in
series or in parallel. Such type of micropumps are called peri-
staltic micropumps. Peristaltic movement of diaphragms in the
sequentially arranged pump chambers, transfers the fluid from
the inlet to the outlet. A schematic illustration of peristaltic
micropump based on thermopneumatic actuation is shown in
Fig. 4.

Microvalves are another important element of mechanical
micropumps. Microvalves are classified as passive or active
valves. Passive valves do not include any actuation. The valving
effect of passive valves is obtained from a difference in pressure
between the inlet and the outlet of the valve. Mechanical microp-
umps reported in [15,16,52] have passive valves. Active valves
are operated by actuating force and offer improved performance
but increase complexity and fabrication cost. Active valves with
electrostatic [17], thermopneumatic [18] and piezoelectric [19]
actuation have been reported.

Valveless micropumps are similar to diaphragm type mechan-
ical micropumps but do not use check valves to rectify flow.
Instead nozzle/diffuser elements are used as flow rectifiers. A
schematic illustration of valveless micropump is shown in Fig. 5.

Oscillating Diaphragm

Heaters

Fig. 4. Schematic illustration of peristaltic micropump.
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Fig. 5. Schematic illustration of valveless micropump.

The nozzle/diffuse elements direct flow such that during the sup-
ply mode, more fluid enters through the inlet than exits at the
outlet. The reverse occurs for the pump mode. The first valveless
miniature micropump using nozzle/diffuser as flow rectifying
elements was presented in 1993 by Stemme and Stemme [20].

Micropumps for drug delivery applications must meet basic
requirements, which are [21]: drug biocompatibility, actuation
safety, desired and controllable flow rate, small chip size and less
power consumption. Biocompatibility of MEMS-based microp-
umps is becoming increasingly important and is regarded as a
key requirement for drug delivery systems. Biocompatibility is
defined as “the ability of a material to perform with an appropri-
ate host response in a specific application” [22]. As micropumps
in drug delivery systems can be implanted inside the human
body, therefore the materials used for fabrication must be able
to fulfil rigorous biocompatibility and biostability requirements
[23]. The implanted micropump based drug delivery system
must be able to withstand long term exposure to physiologi-
cal environment and resist the adverse impact of surrounding
tissues on its working [24]. Therefore, biocompatibility of the
materials used to fabricate MEMS-based micropumps and drug
delivery system is an important materials selection parameter.

Silicon based MEMS technology has been successfully
applied in biomedical field with the recent growth of implantable
drug delivery systems. Silicon as substrate material has been
used extensively as a good biocompatible material, however
a trend towards the use of polymers as substrate material is
growing as polymer materials are widely used in medicine
and are suitable for human implantation. Polymer materials
such as polymethylmethacrylate (PMMA), polydimethylsilox-
ane (PDMS), SU-8 photo resist, etc., possess relatively better
biocompatibility and are increasingly being used in fabrication
of MEMS micropumps.

3. Basic micropump output parameters

At the design stage, several design parameters need to be con-
sidered to optimize the micropump performance. These include
maximum flow rate (Qmax), maximum back pressure (Amax),
pump power (Ppump) and pump efficiency (7). The maximum
flow rate is obtained when the pump is working at zero back pres-
sure. At the maximum back pressure, the flow rate of the pump
becomes zero because back pressure opposes the work done by
the pump. Pump head (%), or net head, can be derived from the
steady flow energy equation assuming incompressible flow and
neglecting viscous work and heat transfer. It is the work done on

a unit weight of liquid passing from the inlet to the outlet [25]:

2 2
u u
hz(p+4q> —(p+4w) 2)
Y 2g out Y Zg in

where P is the pressure, y (=pg) the pressure head, g the
acceleration of gravity, p the fluid density, « the fluid density,
u?/2g the velocity head and z is the elevation.

This represents an increase in Bernoulli head from the inlet to
the outlet. Usually, uqy; and uj, are about the same and zout — Zin
is negligible, so the maximum pump head becomes:

Rmax & Pout — Pin _ g 3)
14 14

Power delivered to the fluid by the pump is the product of
the specific weight, discharge, and net head change. It can be
expressed as [26]:

Poump = Pmax Qmax = P8 Qmathax “4)

If the power required to drive the pump actuator is Pyctators
pump efficiency is expressed as

B pump

n= &)

Pactuator
In an ideal pump, Ppymp and Pycparor is identical as no
losses exist. Efficiency is governed by fluid leakage losses (vol-
umetric efficiency), frictional losses (mechanical efficiency),
and losses due to imperfect pump construction (hydraulic effi-
ciency). Therefore, total efficiency consists of three parts [25]:

1 = NyNmh (6)

where 7y is the volumetric efficiency, ny, the mechanical effi-
ciency and ny, is the hydraulic efficiency.

4. Mechanical micropumps

Mechanical micropumps based on different actuation
schemes along with their construction, fabrication details and
applications are discussed. Key features and performance char-
acteristics of mechanical micropumps are summarized and
referenced in Table 1.

4.1. Electrostatic

Electrostatic actuation is based on the Coulomb attraction
force between oppositely charged plates. By using the paral-
lel plate approximation to Coulomb’s law, the force generated
between the plates when a voltage is applied can be expressed
as

dW  1gpeAV?
F = ———-—
dx 2 x2
where F'is the electrostatic actuation force, W the energy stored, &
(=eoé&r) the dielectric constant, A the electrode area, V the voltage
applied and x is the electrode spacing.
In electrostatic micropump, the membrane of the electrostatic
micropump [27-30] is forced to deflect in either direction as

(N



Table 1

Mechanical displacement micropumps

Actuation mechanism  Reference Structure Size (mm) Valves Pump chambers ~ Membrane material ~ Voltage (V)  Frequency (Hz)  Pressure (kPa)  Flow rate (wl/min)  Pumping Application reported in
medium reference
Electrostatic Judy et al. [27] Polysilicon n/r Active 1 Polysilicon 50 n/r n/r n/r n/r Drug delivery
Zengerle et al. [28] Si 98 mm? Cantilever type 1 Silicon 170 25 25 70 Water n/r
passive
Zengerle et al. [29] Si-Si 98 mm?3 Cantilever type 1 Silicon 200 300 29 160 ‘Water Chemical analysis
passive system
Cabuz et al. [30] Injection mold  n/r Passive 1 Metallized Kapton. 160 30 20 30 Gas Chemical and biological
plastic sensing
Machauf et al. [33] Si-Si 5mm x 5mm Passive 1 Electroplated nickel ~ 50 1830 n/r 1 Water n/r
Piezoelectric Van Lintel et al. [34] Glass-Si-glass 4100 mm? Passive 1 Glass 125 0.1 24 0.6 Water n/r
Stemme and Stemme [20]  Brass 2500 mm3 Nozzle/diffuser 1 Brass 20 110 21 4400 ‘Water n/r
Koch et al. [35] Si-Si n/r Passive 1 Silicon 600 200 1.8 0.12 Ethanol Drug delivery such as
insulin
Schabmueller et al. [36] Si-Si 122.4 mm3 Nozzle/diffuser 1 Silicon 190 2400 1 1500 Ethanol n/r
Junwu et al. [37] PMMA n/r Cantilever type 1 Beryllium bronze 50 800 23 3500 Water Drug delivery
passive
Feng and Kim [39] Si-Si 160 Passive 1 Silicon 80 60K 0.12 32 ‘Water Implantable micropump
Geipel et al. [40] Si-Si n/r Active 1 Silicon 100 <1 10 4.5 Water Drug delivery system for
metronomic therapy or
chronotherapy
Maetal. [41] Si-Si 2240 mm3 Passive 1 Silicon 67.2 208 343 1800 Fluid with Transdermal insulin
glucose delivery
Doll et al. [42] Si-Si 330 mm? Active 1 Silicon n/r 27.8 60 1800 Water Medical implant;
Sphincter prosthesis
Hsu et al. [45] Si-glass 24 mm x 75 mm Passive 3 Glass 140 450 1.8 50.2 Blood Drug delivery/ Point of
Care testing(POCT)
Suzuki et al. [46] PDMS-glass n/r n/a 1 PDMS 100 87 2.4k 336 n/r Point of Care Testing
(POCT)
Thermopneumatic Van De Pol et al. [52] Glass-Si-Si 3000 mm? Flap 1 Silicon 6 1 5 34 Water n/r
Jeong and Yang [49] Glass-Si-glass n/r Nozzle/diffuser 1 Silicon 8 4 0 14 Water n/r
Zimmermann et al. [50] Glass-Si n/r Flap 1 n/a n/r 10 16 9 Isopropyl Cryogenic systems/
alcohol Drug Delivery
Thermopneumatic Hwang et al. [54] Glass-SU8-Si 105.3 mm? Capillary stop valve 1 SU-8-2100 20 n/r n/r 33 Water Drug delivery systems.
Kim et al. [55] PDMS-glass n/r Valveless 1 PDMS 55 6 n/r 0.078 Methanol Disposable
(nozzle/diffuser) Lab-on-a-chip
Jeong et al. [56] PDMS n/r Actuator as valve 3 PDMS 20 2 0 21.6 Water Drug delivery systems
Shape memory alloy Benard et al. [57] Si-Si n/r Passive valves 1 TiNi alloy 6 0.9 423 49 Water n/r
Benard et al. [58] Si-Si n/r Passive valves 1 Polyimide n/r 0.9 0.53 6 Water n/r
Xu et al. [59] Si-Si 54 mm3 Passive valves 1 NiTi/Si n/r 40-60 100 kPa 340 ‘Water n/r
Shuxiang et al. [60] Acryl-silicon 16 mm Diffusers 1 NiTi coil actuator 6 n/r n/a 700 Saline Intracavity intervention
rubber dia. x 74 mm
length
Bimetallic Zhan et al. [61] Si-Si 36 mm? n/r 1 Aluminum-Si 5.5 0.5 12 45 n/r n/r
Zou et al. [63] Si-glass 182 Check valves 1 Aluminum-Si 0.5 0.5 336 ‘Water n/r
ICPF Guoetal. [71] Acryl 13 mm Active valves 2 ICPF 1.5 22 n/r 37.8 n/r Biomedical
dia. x 23 mm
length
Electromagnetic Bohm et al. [74] Plastic 800 n/r n/r Plastic 5 50 0 2100 Water n/r
Yamabhata et al. [76] PMMA n/r Nozzle/diffuser 1 PDMS n/r 12 0.02 400 Water Lab-on-a-chip systems
Yamabhata et al. [77] PMMA 4752 mm? Check valves 1 n/a n/r n/r 2.5 30 ‘Water
Pan et al. [78] PDMS 600mm?> Ball check valves 1 PDMS n/r n/r 3.6 1000 ‘Water Lab-on-a-chip systems
Phase change Sim et al. [79] 72.25 mm?3 Passive valves 1 silicon 10 0.5 0 6.1 Water Lab-on-a-chip systems
Boden et al. [80] Epoxy 750 mm? Active valves 1 Epoxy 2 n/r n/r 0.074 n/r n/r

n/r: not reported.
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Fig. 6. Schematic illustration of electrostatic micropump.

appropriate voltage is applied on the two opposite electrostatic
plates located on both sides as shown in a schematic illustration
in Fig. 6. The deflected membrane is returned to its initial posi-
tion if the applied voltage is cut off. The chamber volume inside
the micropump varies by alternate switching of applied voltage.
The fluid in reservoir is forced to flow in the microchannels due
to pressure difference induced by the membrane deflection in
the pump chamber. The advantages of electrostatic micropumps
are low power consumption which is of the order of 1 mW and
fast response time. The deflection of the diaphragm can be eas-
ily controlled by applied voltage. A major disadvantage is the
small actuator stroke, which is usually limited up to 5 wm with
applied actuation voltages of around 200 V.

The first micropump based on electrostatic actuation was
developed by Judy et al. [27]. It was also the first surface micro-
machined micropump as compared to previous bulk surface
micromachined micropumps. No bulk silicon agents or wafer
bonding techniques were used in its fabrication. Instead, selec-
tive deposition and etching of sacrificial layers were used to
fabricate the structure. The micropump consisted of an active
check valve, a pumping membrane and an active outlet valve.
All parts were encapsulated by silicon nitride and were actu-
ated by electrostatic force. Actuation voltages of approximately
50V were required for valve closure and membrane deflection.
However no pumping action was reported.

Zengerle et al. [28] developed the first working electrostatic
micropump. The micropump consisted of a membrane made of
four silicon layers which formed two cantilever passive valves,

pump membrane and counter electrode for electrostatic actua-
tion. The membrane had an area of 4 mm x 4 mm and a thickness
of 25 wm. The volumetric stroke of the membrane was between
0.01 and 0.05 pl. The separation between the movable mem-
brane and the electrically isolated stator was 4 um. The passive
valves were cantilevers measuring 1 mm x 1 mm with thickness
varying between 10 and 20 wm. During fabrication all chips
were made by anisotropic etching from single side polished sili-
con wafers. For fabricating valves, lithography was done on front
side of the wafer for flaps and orifices. Pumping was achieved for
the first time at actuation frequencies in the range of 1-100 Hz.
At frequency of 25 Hz and 170V, a flow rate of 70 wl/min at zero
back pressure was achieved. In addition a maximum pressure
head of 2.5 kPa was developed.

Zengerle et al. [29] later reported the development of
bidirectional silicon micropump with elecrostatically actuated
membrane and two passive check valves. The micropump had
dimensions of 7mm x 7mm x 2 mm and contained a stack of
four layers, pump membrane, passive check valves, inlet and
outlet. The bidirectional pumping was dependent on actua-
tion frequencies. At low actuation frequencies between 0.1 and
800 Hz, the micropump operated in the forward mode. At higher
actuation frequencies between 2 and 6 kHz, the micropump oper-
ated in the reverse direction. The bidirectional phenomenon was
due to a phase shift between the response of the check valves and
a pressure difference that resulted in fluid flow. The maximum
pressure achieved by the micropump was 31 kPa. The maximum
volumetric flow rate was 850 p.1/min at a supply voltage of 200 V.

A dual diaphragm micropump was introduced by Cabuz et al.
[30]. The micropump consisted of two diaphragms with several
through holes in pump chamber. The pump chamber was made
by injection molding. Electrodes were deposited by evaporation.
Thin dielectric material was deposited by ion beam sputtering.
The micropump was mechanically assembled. The micropump
achieved flow rates of 30 wl/min at frequency of 30 Hz and power
consumption of 8 mW. The operating voltage was 160 V. The
micropump operated in bidirectional mode but was applicable
for gases only. This type of micropump was an ideal candidate
in chemical and biological sensing applications.

The design and simulation of an electrostatic peristaltic
micropump for drug delivery applications was reported by
Teymoori and Sani [31]. The size of the micropump was
7mm x 4mm x 1 mm. The proposed fabrication process con-
sisted of a silicon substrate on which membrane part was
constructed and glass substrate which contained input and out-
put ports. The simulated result for the threshold voltage of
the micropump was 18.5V. The flow rate of the designed
micropump was 9.1 wl/min which was quite suitable for drug
delivery applications such as chemotherapy. The micropump
was designed to satisfy major drug delivery requirements such as
drug compatibility, flow rate controllability and low power con-
sumption and small chip size. However the actual fabrication
and testing of the designed micropump to verify performance
parameters was not reported.

Bourouina et al. [32] reported on the design and simulation of
a low voltage electrostatic micropump for drug delivery appli-
cations. The total size of the micropump was 5 mm x 5 mm. The
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micropump parameters such as microchannel dimensions were
chosen for drug delivery applications where a very small flow
rate was involved. The working voltage was 10 V. Simulated
flow rates in the range of 0.01-0.1 pl/min were reported which
were suitable for drug delivery applications. The fabrication and
testing of the device for comparison with theoretical predictions
was not reported.

Machaufetal. [33] reported a first attempt to fabricate a mem-
brane micropump which was electrostatically actuated across
the working fluid. The flow rate achieved was 1 pl/min at 50 V
actuation voltage. The design was based on utilizing high elec-
tric permittivity of the working fluid as well as low conductivity.
The electrostatic force acting on the membrane was proportional
to the working fluid electric permittivity and higher the permit-
tivity, the higher the force and flow rate for a given applied
voltage. This concept was in contrast to the micropump design
described by Zengerle et al. [28] where the voltage was applied
across the air gap between electrodes above the pump cham-
ber. The advantage of the approach adopted by Zengerle et al.
[28] was that the working fluid did not come under the influence
of the applied electric field and thus both conductive and non-
conductive fluids could be pumped in this way. The limitation,
however, was the cost and complexity of the device due to the
requirement to create an air gap above the pump chamber. It was
accomplished with a stack of four silicon layers. As the design
described by Machauf et al. [33] involved application of elec-
tric field between the pump chamber and the working fluid, the
main advantage of the design was the simplicity of construction
and low fabrication cost as only two silicon wafers were used.
However the micropump was limited to pump only conductive
fluids. The device was fabricated in silicon and the diaphragm
was made of electroplated nickel. The assembly was done using
flip—chip bonding.

4.2. Piezoelectric

A piezoelectric micropump consists of a piezoelectric disk
attached on a diaphragm, a pumping chamber and valves.
The piezoelectric micropump is actuated by the deforma-
tion of the piezoelectric materials. Piezoelectric actuation
involves the strain induced by an applied electric field on the
piezoelectric crystal as shown in a schematic illustration in
Fig. 7.

Typical characteristics of piezoelectric actuators include
large actuation force, fast response time and simple structure.
However, fabrication is complex as piezoelectric materials are
not easily processed. The comparatively high actuation voltage
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Fig. 7. Schematic illustration of piezoelectrically actuated micropump.

and small stroke, i.e. displacement per unit length are regarded
as the disadvantages.

Van Lintel et al. [34] reported a first attempt to fabricate
silicon micropump based on piezoelectric actuation. The recip-
rocating displacement type micropump was comprised of a
pump chamber, a thin glass pump membrane actuated by piezo-
electric disc and passive silicon check valves to direct the flow.
The piezoelectric disc was attached by means of cyano acry-
late adhesive. It was the first reported work on a successfully
fabricated micropump using micromachining technologies.

Koch et al. [35] proposed a typical piezoelectric micropump
based on the deformation of a screen-printed piezoelectric zir-
conate titanate (PZT) on the silicon membrane. The micropump
consisted of a stack of three silicon chips. Outlet and inlet valves
were formed in the two lower layers and membrane actuator
formed the top layer. The dimensions of the silicon membrane
were 8 mm x 4 mm x 70 wm. Flow rate of up to 120 pl/min was
achieved. A maximum back pressure of 2kPa was measured
when a supply voltage of 600V was applied at 200 Hz across
a 100 wm thick piezoelectric layer. The micropump design was
suitable to be applied in medicine as cheap disposable microp-
ump for drug delivery such as insulin.

Schabmueller et al. [36] reported a piezoelectrically actuated
silicon membrane micropump with passive valves. The fabrica-
tion of the micropump was based on double sided processing
of silicon and bulk KOH etching. The size of the micropump
was 12mm x 12mm and the height including the piezoelec-
tric zirconate titanate (PZT) disc was 0.85 mm. A flow rate of
1500 pl/min and a back pressure of 1kPa were achieved with
ethanol as the pumping medium. In case of air as the pumping
medium, a maximum flow rate of 690 pl/min was measured.

A high performance piezoelectrically actuated cantilever
valve micropump for drug delivery application was investigated
by Junwu et al. [37]. The output values of the micropump were
improved by the design of the cantilever valves. The microp-
ump with shorter cantilever valves obtained higher flow rate of
3500 pl/min and back pressure of 27 kPa. The same micropump
with larger cantilever valves obtained a flow rate of 3000 wl/min
and back pressure of 9 kPa. The micropump was comprised of a
structure of stacked layers which were glued together. The pump
body and upper cover were made of PMMA and manufactured
by conventional technology. The cantilever valves were made
of precision bronze membrane. A maximum back pressure of
27 kPa achieved by the micropump was higher than the normal
blood pressure of 15 kPa [38]. Therefore the micropump design
was applicable for drug delivery.

Feng and Kim [39] developed a piezoelectric micropump
with dome shaped diaphragm and one way parylene valves.
Piezoelectric ZnO film with less than 10 wm thickness was used
to actuate a parylene diaphragm fabricated on silicon substrate.
The size of the micropump was 10 mm x 10 mm x 1.6 mm. The
flow rate of 3.2 pl/min was achieved at low power consumption
of 3mW. The operating voltage was 80 V and maximum back
pressure was 0.12 kPa. The micropump was fabricated using IC
compatible batch process using biocompatible materials. The
low power consumption of the micropump makes it an ideal
candidate for implantable micropump powered by battery.
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Geipel et al. [40] reported for the first time a novel design
of micropump with back flow pressure independent flow rate
for low flow rate requirements such as required in drug deliv-
ery applications. The concept was based on piezoelectrically
actuated diaphragms to achieve flow rates in the range of
1-50 pl/min. The major limitation which prevents volumetric
dosing of a micropump is back pressure dependency. To address
this undesired effect, the design reported in Ref. [40] worked on
the principle of peristaltic micropump (micropump with mul-
tiple chambers in series) with no middle membrane normally
used as pump membrane. Two back-to-back connected active
valves controlled the fluid flow by alternate switching of three-
phase actuation scheme. The fluid was drawn from the reservoir
into the pump chamber until an equilibrium pressure was estab-
lished. The simultaneous closing of the inlet and opening of
the outlet valve moved the fluid in the desired direction. The
simultaneous switching of the valves was the key character-
istic of the micropump. The micropump was made from two
micromachined silicon wafers in a bulk silicon process. Back
pressure independency was proven up to 20kPa for low fre-
quencies. The back pressure independent micropump with low
power consumption is ideal for application in drug delivery
systems for medical treatment such as metronomic therapy or
chronotherapy.

Ma et al. [41] presented the development of a novel piezo-
electric zirconate titanate (PZT) insulin micropump integrated
with microneedle array for transdermal drug delivery. The size
of system was 8 mm x 8§ mm x 35 mm. The microneedle array
on a flexible substrate could be mounted on non-planar sur-
face or even on flexible objects such as a human fingers and
arms. The piezoelectric micropump design was based on the
design published by Van Lintel et al. [34]. Flow rates were mea-
sured using different concentrations of glucose. A flow rate up
to 2400 pl/min was achieved at applied voltage of 67.2 V. The
materials in contact with the drug were silicon, silicon dioxide,
brass and silicon epoxy which are all biocompatible.

Doll etal. [42] presented novel medical implant based on bidi-
rectional micropump for artificial sphincter system. The fecal
incontinence is the loss of natural and sphincter control and
can lead to unwanted loss of feces. There are several treatment
options such as biofeedback training, strengthening of the pelvic
floor and reconstructive surgical methods with autologous mate-
rials but with limited success. The German artificial sphincter
system (GASS) is in fact a hydraulic muscle for treatment of
fecal incontinence [43,44]. The design reported by Doll et al.
[42] was an integrated structure with all functions in one device
with a piezoelectrically actuated peristaltic micropump embed-
ded in the system. The micropump was fabricated in silicon
and the pump chamber and the valve lip were fabricated by
silicon etching process. The micropump achieved a flow rate
of 1800 wl/min and was able to buildup and maintain back-
pressures up to 60 kPa. The overall size of the micropump was
30mm x 11 mm x 1 mm. The micropump featured active valves
which enabled the reversal of the pump direction by applying
different actuation schemes.

Hsu et al. [45] investigated development of antithrombo-
genic micropumps for blood transportation tests. A peristaltic

micropump based on piezoelectric actuation was developed to
transport whole blood. The micropump performance was eval-
uated using deionised water and whole blood. The micropump
was comprised of three parts, silicon, pyrex glass and a com-
mercially available bulk piezoelectric zirconate titanate (PZT)
material. Silicon etching process was used to fabricate pump
chambers and channels. Three pieces of 12 mm square bulk
piezoelectric zirconate titanate (PZT) chips with a thickness of
191 pum were glued on to the silicon membrane using silver
epoxy. The total size of the micropump was 24 mm x 75 mm.
To prevent blood from clotting (thrombosis) in the microp-
ump, two materials, polyethylene oxide urethane (PEOU) and
polyethylene glycol (PEG) were used to form a monolayer on
the surface of the chip. The flow rate of the micropump using
deionised water was 121.6 wl/min at 500 Hz and 140 V and max-
imum back pressure of 3.2kPa. The flow rate for blood was
50.2 wl/min at 450 Hz and 140 V and maximum back pressure
of 1.8 kPa. The designed micropump reported in Ref. [45] has
tremendous potential in biomedical applications such as drug
delivery.

Suzuki et al. [46] proposed a travelling wave piezoelectri-
cally actuated micropump for point of care testing (POCT)
system. The system reported in Ref. [46] comprised of integrated
travelling wave micropump and miniaturized surface plasmon
resonance (SPR) imaging sensor on one chip. Surface plasmon
resonance (SPR) imaging is one of the most suitable biosensor
for WTAS. SPR biosensor is used to detect the specific biosample
with real time multisensing analysis. The micropump comprised
of an array of piezoelectric actuators to induce a travelling wave
in a PDMS microchannel. The maximum flow rate achieved
by the micropump was 336 pwl/min. The SPR imaging measure-
ments with bovine serum albumin solutions were carried out
using the prototype diagnostic system.

The major limitation of the piezoelectrically actuated microp-
umps is the requirement of high supply voltages. In addition,
the application of piezoelectric discs is not compatible with
integrated fabrication. Nevertheless, mechanical micropumps
based on piezoelectric actuation have grown to be the dominant
type of micropumps in drug delivery systems and optimiza-
tion of the geometrical design of piezoelectric micropump
has been done to achieve higher strokes at lower voltages
[47,48].

4.3. Thermopneumatic

In thermopneumatic micropump, the chamber which is full
of air inside, is expanded and compressed periodically by a pair
of heater and cooler as shown in Fig. 8. The periodic change
in volume of chamber actuates the membrane with a regular
movement for fluid flow.

Thermopneumatic actuation involves thermally induced vol-
ume change and/or phase change of fluids sealed in a cavity with
at least one compliant wall. For liquids, the pressure increase is
expressed as

AV
AP =E (ﬂAT — V) ®)
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Fig. 8. Schematic illustration of thermopneumatic micropump.

where AP is the pressure change, E the bulk modulus of elas-
ticity, B the thermal expansion coefficient, AT the emperature
increase and AV/V is the volume change percentage.

For simplicity we assume that there is no volume expansion
and for water as the fluid we take the value of £=3.3 x 105 psi
and f=2.3 x 1074°C~tin Eq. (8). Thus, for water, the temper-
ature dependent pressure change can be expressed as 76 psi/°C
for the above conditions. Such a large pressure translates to
large deflections and forces but suffer from high-power con-
sumption and slow response time which are characteristic of
thermal actuation methods.

The thermopneumatic type of micropumps [49-51] generate
relatively large induced pressure and displacement of mem-
brane. However, on the other hand, the driving power has to be
constantly retained above a certain level. Until 1990, all microp-
ump designs developed were based on piezoelectric bimorph or
monomorph discs for actuation. In order to fabricate micropump
using microengineering techniques such as thin film technol-
ogy, photolithography techniques and silicon micromachining,
researchers looked for micromachinable actuators. The first
piece of work on the utilization of micromachinable actuators
was carried out by Van De Pol et al. [52]. The thermopneumatic
actuation principle was adopted from Zdelblick et al. [53] who
reported the first thermopneumatic micropump. The microp-
ump was a reciprocating displacement micropump with passive
valves. The actuator comprised of a cavity filled with air, a square
silicon pump membrane and built in aluminum meander, which
served as a resistive heater. The application of an electric volt-
age to the heater caused a temperature rise of the air inside
the cavity and a related pressure increase induced a downward
deflection of the pump membrane causing pressure increase in
the pump chamber. The pressure difference resulted in open-
ing and closing of the inlet and outlet valves respectively. A
maximum flow rate of 34 pl/min was reported at 5 kPa pressure
and 6 V.

Jeong et al. designed a thermopneumatic micropump [49]
with a corrugated diaphragm. The thermopneumatic micropump

had a pair of nozzle/diffuser and an actuator with corrugated
diaphragm and a microheater. The base material for actuator
diaphragm was double side polished 450 pm thick n-type (1 00)
silicon wafer. The flow rates of the micropump with the corru-
gated diaphragm and that with the flat one were measured. For
the same input power, the maximum flow rate of the microp-
ump with the corrugated diaphragm was 3.3 times that with
the flat one. The maximum generated pressure reached 2.5 kPa.
The maximum flow rate of the micropump with corrugated
diaphragm reached 14 pl/min at 4 Hz when the input voltage
and duty ratio were 8 V and 40%, respectively.

Zimmermann et al. [50] developed a thermopneumatic
micropump for high pressure/high flow rate applications such
as cryogenic systems but worked equally well where low flow
rates and precise volume control are necessary such as drug
delivery systems. The micropump was planar and fabricated
using a wafer-level, four-mask process. A pressure of 16kPa
and maximum flow rate of 9 wl/min was achieved at an average
power consumption of 180 mW.

Hwang et al. [54] reported a submicroliter level thermopneu-
matic micropump for transdermal drug delivery. The micropump
comprising of two air chambers, a microchannel and stop valve,
was fabricated by the spin coating process. The thermopneu-
matic chamber consisted of ohmic heaters on the glass substrate.
The negative thick photoresist was used to form the microchan-
nels and the two air chambers on the glass substrate. The glass
plate was bonded with silicon substrate by heating. The total size
of the micropump was 13 mm x 9 mm x 0.9 mm and the resis-
tance of the microheater was 690 2. The discharge volumes were
0.1l for 3s at 15V and 0.1 pl for 1.8 s at 20 V. The designed
micropump was feasible for submicroliter level drug delivery
systems.

Kim et al. [55] presented a thermopneumatically actuated
polydimethylsiloxane (PDMS) micropump with nozzle/diffuser
elements for applications in micrototal analysis systems (WTAS)
and lab-on-a-chip. The micropump consisted of a glass layer,
an indium tin oxide (ITO) heater, a PDMS thermopneumatic
chamber, a PDMS membrane and a PDMS cavity. The microp-
ump was fabricated using spin coating process. The thickness
of the PDMS membrane was 770 pm. A maximum flow rate
of 0.078 wl/min was observed for applied pulse voltage of 55V
at 6 Hz. The performance of the micropump is applicable for
disposable lab-on-a-chip systems.

Jeong et al. [56] reported fabrication and test of a peristaltic
thermopneumatically actuated PDMS micropump. The microp-
ump consisted of microchannels, three pump chambers, inlet and
outlet ports and three actuators. All parts except the microheater
were fabricated with PDMS elastomer. The thermopneumatic
actuators were operated as the dynamic valves and controlled
easily by sequencing of three phase electric input power. Thus
the design was simplified as there was no need to fabricate addi-
tional parts such as check valves. Back flow was also eliminated
as the two pump chambers were always closed at a time. The
diameter of the 30 wm, thick actuator diaphragm was 2.5 mm.
The maximum flow rate of the micropump was 21.6 pl/min at
2Hz at zero pressure difference, when the three-phase input
voltage was 20 V. The flow rate achieved by the micropump was
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applicable to microliter level fluid control systems such as drug
delivery systems.

4.4. Shape memory alloy (SMA)

Shape memory alloy (SMA) actuated micropumps make use
of the shape memory effect in SMA materials such as titanium
nickel. The shape memory effect involves a phase transforma-
tion between two solid phases. These two phases are called the
austenite phase at high temperature and martensite phase at low
temperature. In SMA materials, the martensite is much more
ductile than austenite and this low temperature state can undergo
significant deformation by selective migration of variant bound-
aries in the multi variant grain structures. When heated to the
austenite start temperature, the material starts to form single vari-
ant austenite. If the material is not mechanically constrained,
it will return to predeformed shape, which it retains if cooled
back to the martensite phase. If the material is mechanically
constrained, the material will exert a large force while assum-
ing the pre-deformed shape. These phase transitions result in
mechanical deformation that is used for actuation. High power
consumption is required and the response time is slow. Shape
memory alloys are special alloys such as Au/Cu, In/Ti, and Ni/Ti.
A schematic illustration of SMA micropump is shown in Fig. 9.

The diaphragm of SMA micropumps [57-60] is usually made
of material titanium/nickel alloy (TiNi). TiNi is an attractive
material as an actuator for micropumps because its high recov-
erable strain and actuation forces enable large pumping rates
and high operating pressures. High work output per unit vol-
ume makes it suitable in sizes for MEMS applications. The first
SMA micropump was reported in 1997 by Benard et al. [57].
Two TiNi membranes were separated by a silicon spacer. Both
fixed and cantilever check valves were fabricated to rectify flow.
The reciprocating motion was generated by alternating the joule
heating to the two TiNi membranes. Upon heating the top TiNi
layer, the actuator was positioned in its most downward position.
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Fig. 9. Schematic illustration of shape memory alloy (SMA) micropump.

The maximum flow rate achieved was 49 pl/min at an oper-
ating frequency of 0.9 Hz. The back pressure of 4.23 kPa was
achieved. The operating current and voltage were 0.9 Aand 6V,
respectively, and power consumption was 0.5 W. A polyimide
spring biased SMA micropump was reported by Benard et al.
[58]; however the flow rate was much lower than the flow rate
reported in Ref. [57].

Xu et al. [59] reported the structure of a micro SMA pump.
Its overall size was about 6 mm x 5 mm x 1.5 mm. The microp-
ump was composed of a NiTi/Si composite driving membrane,
a pump chamber and two inlet and outlet check valves. The
volumetric flow rate and back pressure of the micropump were
340 pl/min and 100 kPa, respectively. The micropump designs
reported in Refs. [57,58] were actuated by free standing SMA
thin films requiring special bias structure to get SMA effect and
special structure to separate working fluid from driving circuits.
This made the fabrication difficult. When utilizing a NiTi/Si
composite driving membrane as reported in Ref. [59], no spe-
cial bias structure was needed because silicon substrate provided
the biasing force and no isolated structure was need because
silicon structure separated the working fluid from SMA film
completely. SMA effect was achieved by combined action of
thermal stress and substrate bias force. Thus the structure of the
micropump was simplified giving a large flow rate, excellent
driving efficiency and long fatigue life.

Shuxiang and Fukuda [60] developed SMA actuated
micropump for biomedical applications. The micropump was
comprised of SMA coil actuator as the servo actuator, two dif-
fusers as one-way valves, a pump chamber made of elastic tube,
and a casing. The SMA coil actuator utilized in this micropump
was a TiNi wire with a diameter of 0.2 mm. The overall size of
the micropump was 16 mm in diameter and 74 mm in length. The
body of the micropump was made from acryl and chamber was
made from silicon rubber. The flow rate of 500—700 p.l/min was
obtained by changing the frequency. The designed micropump
was able to demonstrate microflow and was suitable for the use
in medical applications and in biotechnology such as intracavity
intervention in medical practice for diagnosis and surgery.

4.5. Bimetallic

Bimetallic actuation is based on the difference of thermal
expansion coefficients of materials. When dissimilar materials
are bonded together and subjected to temperature changes, ther-
mal stresses are induced and provide a means of actuation. Even
though the forces generated may be large and the implementa-
tion can be extremely simple, the deflection of the diaphragm
achieved are small because the thermal expansion coefficients of
materials involved are also small. Although bimetallic microp-
umps require relatively low voltages compared to other types of
micropumps, but are not suitable to operate at high frequencies.

A schematic illustration of bimetallic micropump is shown
in Fig. 10. The diaphragm is made of two different metals that
exhibit different degrees of deformation during heating [61,62].
The deflection of a diaphragm, made of bimetallic materials, is
achieved by thermal alternation because the two chosen materi-
als possess different thermal expansion coefficients.
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Fig. 10. Schematic illustration of bimetallic micropump.

Zhan et al. [61] designed a silicon-based bimetallic mem-
brane, for a specific micropump. A micro-driving diaphragm
was made by depositing a 10 wm thick layer of aluminum on
the silicon substrate. The overall size of the micropump was
about 6 mm x 6 mm x 1 mm. The flow rate and maximum back
pressure were approximately 45 pl/min and 12 kPa, respectively,
while 5.5V driving voltage at 0.5 Hz was applied.

Zou et al. [63] reported a novel thermally actuated microp-
ump. This micropump utilized both bimetallic thermal actuation
and thermal pneumatic actuation. The structure of the microp-
ump was composed of two chambers (air and water), a bimetallic
microactuator and two-micro check valves. The overall size
of the micropump was 13 mm x 7mm x 2 mm. The bimetallic
actuator was made of aluminum membrane and a silicon mem-
brane. When the bimetallic actuator was heated, the membrane
was deformed downwards to press the fluid. At the same time, the
gas in the air chamber was heated and expanded to strengthen the
bimetallic actuation. The pressure flow characteristics of micro
check valve were reported. When the open pressure of the valve
was 0.5 kPa, the flow rate of the valve reached 336 pl/min.

Pang et al. [64] utilized bimetallic and electrostatic actuation
for driving and controlling of the micropumps and microvalves
in a single integrated microfluidic system. The microfluidic
chip of the size of 5.9 mm x 6.4 mm was comprised of microp-
umps, valves, channels, cavities and other different sensors. Both
bimetallic and electrostatic actuation was used to actuate the
micropumps and valves. On the valve membrane, two aluminum
structures were designed to provide bidirectional deformation.
Bimetallic driving deformation of the micropump membrane
in only the up direction was designed. Bimetallic elements
consisted of heating elements, top aluminum layer and bot-
tom mechanical membrane. The dimensions of the micropump
driving membrane were ] mm x 1 mm x 2 pm. The size of the
valve membrane was 6 mm x 0.6 mm x 2 pm. In the microflu-
idic chip, 3D structures were formed using surface and bulk
micromachining followed by standard IC compatible processes
to fabricate driving circuits and other sensors.

4.6. Ion conductive polymer film (ICPF)

Polymer MEMS actuators can be actuated in aqueous envi-
ronment with large deflection and require less power input than
conventional MEMS actuators. One of the most popular poly-
mer actuators is ion conductive polymer film actuator (ICPF)
which is actuated by stress gradient by ionic movement due to
electric field. ICPF is composed of polyelectrolyte film with both
sides chemically plated with platinum. Due to the application of
electric field, the cations included in the two sides of the poly-
mer molecule chain will move to the cathode. At the same time,
each cation will take some water molecules to move towards
the cathode. This ionic movement causes the cathode of ICPF to
expand and anode to shrink. When there is an alternating voltage
signal, the film bends alternately. A schematic illustration of the
structure of ICPF actuator is shown in Fig. 11A. The bending
principle of ICPF actuator is shown in Fig. 11B.

The ICPF actuator is commonly called artificial muscle
because of its large bending displacement, low actuation voltage
and biocompatibility. Researches have reported applications of
ICPF in robotic [65], medical devices [66] and micromanipula-
tors [67].

Guo et al. [68-71] reported development of ICPF poly-
mer actuator-based micropump for biomedical applications. The
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Fig. 11. (A) Schematic illustration of the structure of an ICPF and (B) schematic
illustration of an ICPF bending principle.
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micropump comprised of the ICPF actuator as the diaphragm,
pump chamber and two one way check valves driven by ICPF
actuators. ICPF actuators were installed in series to achieve high
flow rates. The size of the micropump reported in Ref. [68] was
13 mm in diameter and 23 mm in length. The flow rate of the
micropump was 4.5-37.8 wl/min at 1.5V driving voltage. The
micropump design with low power consumption, biocompatibil-
ity and adequate flow rate, has potential application in medical
field and biotechnology.

Guo et al. have also reported application of ICPF actuator in
other areas such as artificial fish micro robot [72,73] with poten-
tial applications in medical field such as performing delicate
surgical operation supported by microrobot to avoid unneces-
sary incisions. ICPF actuator has certain advantages such as low
driving voltage, quick response, and biocompatibility. Besides,
it can work in aqueous environments. The major limitation is
complex fabrication of ICPF actuator.

4.7. Electromagnetic

Micromagnetic devices in general consist of soft magnetic
cores and are activated by currents in energized coils or use
permanent magnets. A wire carrying a current in the presence of
a magnetic field will experience the Lorentz force given below:

F = (I x B)L 9

where F is the electromagnetic (Lorentz) force, I the current
passing through wire, B the magnetic field and L is the length of
wire.

The force generated is large, however, electromagnetic actu-
ation requires external magnetic field usually in the form of
a permanent magnet. A schematic illustration of magnetically
actuated micropump is shown in Fig. 12.
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Fig. 12. Schematic illustration of a magnetically actuated micropump.

A typical magnetically actuated micropump consists of a
chamber with inlet and outlet valves, a flexible membrane, a
permanent magnet and a set of drive coils. Either the magnet or
the set of coils may be attached to the membrane. When a current
is driven through the coils, the resulting magnetic field creates
an attraction or repulsion between the coils and the permanent
magnet which provides the actuation force.

Electromagnetic actuation provides large actuation force over
longer distance as compared to electrostatic actuation. It also
requires low operating voltage. However, the electromagnetic
actuation does not benefit from scaling down in size because
electrostatic force reduces by the cube of scaling factor. There-
fore its utilization for microfabricated actuators is limited as
only a few magnetic materials can be micromachined easily.
In general, electromagnetic micropumps have high power con-
sumption and heat dissipation.

An electromagnetic actuator was proposed by Bohm et al.
[74]. Plastic micropump with reasonable performance was fabri-
cated using conventional micromechanical production methods.
The micropump comprised of two folded valves parts with a thin
valve membrane in between. The inlet and outlet were situated
on the bottom side of the micropump, while the micropump
membrane was placed on the top. An electromagnetic actuator
consisting of a permanent magnet placed in a coil was used in
combination with a flexible micropump membrane. Power con-
sumption was 0.5 W and flow rates of 40,000 p.l/min for air and
2100 pl/min for water were achieved. A relatively large volume
was occupied by the electromagnetic coil, therefore the microp-
ump final dimensions (10 mm x 10 mm x 8§ mm) were slightly
large.

Gong et al. [75] reported design optimization and simula-
tion of a four layer electromagnetic micropump. The designed
micropump consisted of electromagnetic actuator, pump cham-
ber, passive microvalves and inlet and outlet interfaces. The
micro electromagnetic actuator located on the top of the mem-
brane, was made of planar coils. The dimensions of the
actuator and the pumping membrane were 6 mm x 6 mm and
3 mm x 3 mm, respectively. The simulation results showed that
maximum flow rate up to 70 wl/min was achievable at a fre-
quency of 125 Hz.

Yamahata et al. [76] described the fabrication and character-
ization of electromagnetically actuate polymethylmethacrylate
(PMMA) valveless micropump. The complete micropump was
a three-dimensional structure comprising of four sheets of
PMMA fabricated by standard micromachining techniques. The
micropump consisted of two diffuser elements, and a poly-
dimethylsiloxane (PDMS) membrane with an integrated magnet
made of NdFeB (neodymium, iron, and boron) magnetic powder.
A large stroke membrane deflection up to 200 wm was obtained
using external actuation by an external magnet. Flow rate up
to 400 pl/min and back pressure up to 1.2kPa was measured
at resonant frequencies of 12 and 200 Hz. The combination of
nozzle/diffuser elements with an electromagnetically actuated
PDMS membrane provided large deflection amplitude and ade-
quate flow rates both for water and air and the concept could be
successfully applied for low cost and disposable lab-on-a-chip
systems.
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Yamabhata et al. [77] reported development of new type of
micropump based on magnetic actuation of the magnetic liquid.
The ferrofluid was not in direct contact with the pumping lig-
uid. It was externally actuated by NdFeB (neodymium, iron, and
boron) permanent magnet. The micropump was a three dimen-
sional microstructure fabricated by standard micromachining
techniques. The working principle was based on the oscillatory
motion of the ferrofluidic liquid in a microchannel. The fer-
rofluid served both as an actuator and seal. The linear motion of
the ferrofluid was induced by the controlled mechanical move-
ment of the external magnet resulting in the pulsed flow by
periodic opening and closing of the check valves. A flow rate of
30 pl/min was achieved at a back pressure of 2.5 kPa.

Pan et al. [78] reported on the design, fabrication and test of
a magnetically actuated micropump with PDMS membrane and
two one way ball check valves for lab-on-a-chip and microfluidic
systems. The micropump comprised of two functional PDMS
layers. One layer was used for holding ball check valves and
an actuating chamber while the other layer contained a perma-
nent magnet for actuation. The micropump could be actuated
by external magnetic force provided by another magnet or inter-
nal magnetic coil. External actuation of the membrane mounted
magnet provided a flow rate of 774 pwl/min at power consump-
tion of 13 mW. Alternate actuation of the micropump by a 10
turn planar microcoil fabricated on a PC board provided a flow
rate of 1000 pl/min. The microcoil drive was fully integrated and
provided higher pumping rates at the expense of much higher
power consumption.

4.8. Phase change type

The actuator in phase change type of micropumps is com-
posed of a heater, a diaphragm and a working fluid chamber.
The actuation of the diaphragm is achieved by the vaporization
and condensation of the working fluid. A schematic illustration
of phase change type micropump is shown in Fig. 13.
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Fig. 13. Schematic illustration of a phase change type micropump.

Sim et al. [79] presented a phase change type of microp-
ump with aluminum flap valves. The micropump consisted of
a pair of passive valves and a phase change type actuator. The
dimensions of the micropump were 8.5 mm x Smm x 1.7 mm.
The actuator was composed of a flexible silicon membrane on a
silicon substrate and a microheater on a glass substrate. When
the input power was applied to the microheater, the working
fluid was heated and vaporized causing pressure increase in the
working fluid chamber and deflection of the membrane. When
the power supply was cut off, the membrane was restored due to
condensation of the working fluid. The maximum flow rate of the
micropump was 6.1 pwl/min at supply voltage of 10V at 0.5 Hz.
The maximum back pressure at zero flow rate was 68.9 kPa. The
low flow rate of this type of micropump was suitable for appli-
cation in lab-on-a-chip requiring flow rates less than few wl/min
and back pressures less than 68.9 kPa.

Boden et al. [80] reported a paraffin micropump with active
valves. Identical membrane actuators activated the pump cham-
ber and active valves. Heaters were integrated inside the paraffin.
When the paraffin was melted by the heaters, the membrane
sealed the inlet and outlet holes. The membrane returned to its
original shape when the paraffin solidified. By a sequence of
melting and solidification of the paraffin, the pumping action
was achieved. A flow rate of 0.074 wl/min was achieved at an
applied voltage of 2 V.

5. Non-mechanical micropumps

Non-mechanical micropumps require the conversion of
non-mechanical energy to kinetic energy to supply the fluid
with momentum. These phenomena are practical only in
the microscale. In contrast to mechanical micropumps, non-
mechanical pumps generally have neither moving parts nor
valves so that geometry design and fabrication techniques of
this type of pumps are relatively simpler. However they have
limitations such as the use of only low conductivity fluids
in electrohydrodynamic micropumps. Moreover the actuation
mechanisms are such that they interfere with the pumping
liquids. Since the early 1990s, many non-mechanical microp-
umps have been reported. Non-mechanical micropumps with
different actuation methods are discussed below. Key features
and performance characteristics of mechanical micropumps are
summarized and referenced in Table 2.

5.1. Magnetohydrodynamic (MHD)

Magnetohydrodynamic theory is based on the interaction of
the electrically conductive fluids with a magnetic field. The con-
cept of magnetohydrodynamic (MHD) micropump is new and
one of the first developed MHD micropumps was developed by
Jang and Lee [81] in 1999. MHD refers to the flow of elec-
trically conducting fluid in electric and magnetic fields. The
typical structure of the MHD micropump is relatively simple
with microchannels and two walls bounded by electrodes to
generate the electric field while the other two walls bounded
by permanent magnets of opposite polarity for generating the
magnetic field. In magnetohydrodynamic micropumps, Lorentz



Table 2

Mechanical displacement micropumps

Actuation mechanism  Reference Fabricated structure Size (mm) Voltage (V)  Pressure (kPa)  Flow rate (wl/min)  Pumping medium Application reported in
reference
MHD-DC type Jang and Lee [81] Si-Si n/r 60 0.17 63 Seawater n/r
Huang et al. [82] PMMA n/r 15 n/r 1200 n/r Drug delivery, biomedical
studies
MHD-AC type Heng et al. [83] Glass-PMMA n/r 15 n/r 1900 n/r n/r
Lemoft and Lee [85] Glass-Si-glass n/r n/a 0 18 NaCl solution n/r
EHD Ritcher and Sandmaier [86] Si-Si 3mmx3mm 600 0.43 14000 Ethanol n/r
Fuhr et al. [87] Si-glass n/r 40 n/r 2 Water n/r
Darabi et al. [88] Ceramic 638.4 mm? 250 0.78 n/r 3MHFE-7100 n/r
Electroosmotic Zeng et al. [91] Packed silica particles 85 mm> 2000 2000 3.6 Water n/r
Chen and Santiago [92] Soda-lime glass 9000 mm? 1000 33 15 Water n/r
Takemori et al. [94] Si-plastic n/r 2000 10 0.1 Degassed 50 mm n/r
Trisborate buffer (pH
9.3)
Wang et al. [95] Fused silica-glass n/r 6000 25 2.6 Water Micro-analysis systems
Electrowetting Yun et al. [96] Glass-SU8-Si-Si n/r 2.3 0.7 170 Water n/r
Bubble type Tsai and Lin [97] Glass-Si n/r 20 0.38 45 Isopropyl alcohol n/r
Zahn et al. [99] SOI-quartz dice n/r n/r 39 0.12 Water Continuous monitoring
DDS/ monitor glucose
levels fro diabetes patients
FPW Luginbuhl et al. [103]. Silicon-platinum-sol-gel-  n/r n/r n/r 0.255 Water n/r
derived piezoelectric
ceramic
Nguyen et al. [104] Aluminum, piezoelectric n/r n/r n/r n/r Water WTAS, cell manipulating
zinc oxide, silicon nitride systems, and drug
delivery systems.
Electrochemical Suzuki and Yoneyama [107]  Glass-Si n/r n/r n/r n/r Standard solution of Drug delivery
CuSO4
Yoshimi et al. [108] Glass-platinum electrode n/r 3 n/r n/r Neurotransmitter Administration of
solution neurotransmitters to
neurons. Create Synapses
in artificial sensory
organs.
Kabata and Suzuki [109] Glass-platinum n/r 14 n/r 13.8 Insulin Injection of insulin and
electrode-polyimide monitoring of glucose
concentration
Evaporation based Effenhauser et al. [110] Plexiglass n/r n/r n/r 0.35 Ringers solution Continuous monitoring

DDS/continuous glucose
monitoring for diabetes
patients

n/r: not reported.
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Fig. 14. Schematic illustration of MHD micropump.

force is the driving source which is perpendicular to both electric
field and magnetic field [82-85]. The working fluid to be used
should have a conductivity 1 s/m or higher, in addition to exter-
nally providing electric and magnetic fields. In general MHD
micropumps can be used to pump fluids with higher conduc-
tivity. This greatly widens the utilization of MHD micropumps
in medical biological applications. The bubbles generation due
to ionization is regarded as a major drawback of MHD microp-
umps. A schematic illustration of MHD micropump is shown in
Fig. 14.

Jang and Lee [81] investigated performance of the MHD
device by varying the applied voltage from 10 to 60 V while the
magnetic flux density was retained at 0.19 T. The working fluid
used was seawater. The maximum flow rate reached to 63 pwl/min
when driving current was retained at 1.8 mA. The maximum
pressure head, 124 kPa, from inlet to outlet was obtained if the
driving current was set and retained at 38 mA.

Huang et al. [82] reported design, microfabrication and test
of DC type MHD micropump using LIGA microfabrication
method. LIGA is the acronym for “X-ray Lithographie Gal-
vanoformung Abformung,” which means X-ray lithography,
electrodeposition and molding. A dc voltage source was sup-
plied across the electrodes to generate the distributed body
force on the fluid in the pumping chamber. The external mag-
netic field was applied using permanent magnets. Different
conducting solutions were used as the pumping fluids. Bub-
ble generation affected the flow rates. Bubble generation was
caused by electrolysis of the pumping fluids. Bubble gen-
eration could be reduced by reversing the direction of the
applied voltage and ac driving mechanism would improve the
performance.

Heng et al. [83] reported UV-LIGA microfabrication and test
of an ac-type micropump based on the magnetohydrodynamic
(MHD) principle. The microchannel material was glass sub-
strate base with PMMA cover plate. A flow rate of 1900 pl/min
was achieved when ac voltage of 15V was supplied at 1 Hz
at 75mA current. The magnetic flux density “B” was 2.1T.
Lemoff and Lee [85] proposed ac-type MHD micropump using
anisotropic etching microfabrication process. Flow rates of 18.3
and 6.1 pl/min were achieved when ac voltage of 25V was
supplied at 1 kHz.

5.2. Electrohydrodynamic (EHD)

The mechanism which allows the transduction of electrical to
mechanical energy in an electrohydrodynamic (EHD) microp-
ump is an electric field acting on induced charges in a fluid. The
fluid flow in EHD micropump is thus manipulated by interaction
of electric fields with the charges they induce in the fluid. One of
the requirements of EHD micropumps is that the fluid must be
of low conductivity and dielectric in nature. The electric body
force density F that results from an applied electric field with
magnitude E is given as follows [86]:

F=¢E+PV-E - -EV {Ez(gi)Tp} (10)

where g is the charge density,e the fluid permittivity, p the fluid
density, T the fluid temperature and P is the polarization vector.
A schematic geometry of EHD micropump is shown in Fig. 15.

The driving force of DC charged injection EHD micropump is
the Coulomb force exerted on the charges between the two elec-
trodes. EHD micropump requires two permeable electrodes in
direct contact with the fluid to be pumped. Ions are injected from
one or both electrodes into the fluid by electrochemical reac-
tions. A pressure gradient develops between the electrodes and
this leads to fluid motion between the emitter and the collector.
The first DC charged injection EHD micropump was designed
and fabricated by Ritcher et al. [86]. The micropump consisted of
two electrically isolated grids. A flow rate of 15,000 wl/min and
a pressure head of around 1.72 kPa were reported at 800 V. The
driving voltage could be reduced by reducing the grid distance.

Fuhr et al. [87] reported the first EHD micropump based
on travelling wave-induced electroconvection. Waves of electric
fields travelling perpendicular to the temperature and conductiv-
ity gradient, induce charges in the liquid. These charges interact
with the travelling field and volume forces are generated to ini-
tiate fluid transport. In the EHD micropump design reported
by Fuhr et al. [87], the electrode array was formed on the sub-
strate and the flow channel was formed across the electrodes.
The limitations of the earlier EHD micropumps were high volt-
age and liquid conductivity which must lie between 10~'% and
10~? s/cm. The micropump reported in Ref. [87] showed that by
using high frequency between 100 kHz to 30 MHz and low volt-
age between 20 and 50V, liquids with conductivities between
10~* and 10~! s/cm could also be pumped. Flow in the range of
0.05-5 pl/min was obtained.

Darabi et al. [88] reported an electrohydrodynamic (EHD)
ion drag micropump. The dimensions of the micropump were
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Fig. 15. Schematic geometry of EHD micropump.
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19mm x 32mm x 1.05mm. The driving mechanism was a
combination of electrical field, dielectrophoretic force, dielectric
force and electrostrictive force. The particles in dielectric fluid
were charged by the applied electrical field so that the fluid was
conveyed by induced electrostrictive forces. The electric field
was developed by a pair of electrodes consisting of an emitter
and a collector.

Badran et al. [89] investigated several designs of an electro-
hydrodynamic (EHD) ion drag micropump. The overall dimen-
sions of the micropump channel were 500 pm x 80 pm x 60 pm
.The effect of several design parameters such as differ-
ent combinations of the gap between the electrodes on the
pressure—voltage relationship were studied in this work. Darabi
and Rhodes [90] reported on the computational fluid dynamics
(CFD) modelling of ion drag electrohydrodynamic micropump.
The simulations were done to numerically model EHD pump-
ing to study the effects of electrode gap, stage gap, channel
height, and applied voltage. It was found that for a given chan-
nel height there was an optimum d/g ratio at which the flow rate
is maximum where ‘d’ is the stage gap and ‘g’ is the electrode

gap.
5.3. Electroosmotic (EO)

Electroosmosis also called electrokinetic phenomenon, can
be used to pump electrolyte solutions. In electroosmosis, an
ionic solution moves relative to stationary, charged surfaces
when electric field is applied externally. When an ionic solution
comes in contact with solid surfaces, instantaneous electrical
charge is acquired by the solid surfaces. For example, fused sil-
icathatisused commonly in the manufacturing of microchannels
becomes negatively charged when an aqueous solution comes
in contact with it. The negatively charged surface attracts the
positively charged ions of the solution. When an external elec-
tric field is applied along the length of the channel, the thin
layer of cation-rich fluid adjacent to the solid surfaces start
moving towards the cathode. This boundary layer like motion
eventually sets the bulk liquid into motion through viscous
interaction. A sketch showing the electroosmotic pumping of
fluid in a channel is presented in Fig. 16. Electroosmotic (EO)
micropumps have certain advantages. An important one is that
electroosmotic pumping does not involve any moving parts
such as check valves. Standard and cheap MEMS techniques
can be used for fabrication. The operation of electroosmotic
micropump is quite. Flow direction in electroosmotic microp-
umps is controlled by switching the direction of the external
electric field. The major limitations of electroosmotic microp-
umps are high voltage required and electrically conductive
solution.

Zeng et al. [91] reported on the design and development of
electroosmotic micropump fabricated by packing 3.5 um non-
porous silica particles into 500-700 wm diameter fused silica
capillaries using silicate frit fabrication process. The micropump
generated maximum pressure up to 2026.5 kPa and maximum
flow rate of 3.6 pl/min at 2kV applied voltage.

Chen and Santiago [92] reported a planar electroosmotic
micropump. The micropump was fabricated using two pieces
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Fig. 16. Schematic illustration of electoosmotic flow in a channel.

of soda lime glass substrate. Standard microlithography tech-
niques were used to generate photo resist etch masks. Chemical
wet etching was used to fabricate the pumping channel
and fluid reservoirs. The micropump generated a maximum
pressure of 33kPa and a maximum flow rate of 15 ul/min
at 1 kV.

Chen et al. [93] reported on the development and char-
acterization of multistage electroosmotic micropumps. A
1-3 stages electroosmotic micropumps were fabricated using
100 mm x 320 pm internal diameter columns packed with 2 um
porous silica particles, fused-silica capillaries and stainless elec-
trodes. Compared to 1-stage electroosmotic micropump, the out
pressures of 2 and 3 stage electroosmotic micropumps were
two to three times higher and the flow rates of 2 and 3 stage
electroosmotic micropumps were identical with that of the 1-
stage micropump at the same driving voltage. Thus n-stage
electroosmotic micropumps could be fabricated with potential
applications in miniaturized fluid based systems such as micro-
total analysis systems (. TAS).

Takemori et al. [94] reported a novel high-pressure electroos-
motic micropump packed with silica nanospheres. A plastic chip
was fabricated that confined uniform silica nanospheres within
the channel to produce more efficient electroosmotic flow than
the single microchannel with the same cross sectional area. The
maximum flow rate of 0.47 pl/min and the maximum pressure
of 72 kPa were achieved when 3 kV was applied to the electroos-
motic pump.

Wang et al. [95] used silica-based monoliths with high charge
density and high porosity for a high-pressure electroosmotic
micropump having a diameter of 100 pwm. The maximum flow
rates and maximum pressure generated by the micropump using
deionised water were 2.9 pl/min and 304 kPa respectively, at
6 kV applied voltage.
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Fig. 17. Continuous electrowetting.

5.4. Electrowetting (EW)

Electrowetting involves wettability change due to applied
electric potential. In electrowetting, the fluid is transported using
surface tension. Surface tension is an interfacial force which
dominates at microscale. Voltage is applied on the dielectric
layer, decreasing the interfacial energy of the solid and liquid
surface which results in fluid flow.

Continuous electrowetting (EW) is usually applied to adjust
the surface tension between two immiscible liquids such as
liquid-phased metal (e.g. mercury) and electrolyte. Its inter-
face is referred to as “electric double layer” (EDL) as shown
in Fig. 17. Due to protonation effect on the mercury surface,
the electric potential between right end of mercury droplet and
the cathode of electrode pair is higher than the counter electric
potential on the left side. The surface tension difference beside a
mercury droplet thus pushes the droplet toward right. Continu-
ous electrowetting involves no heating of the liquid, demonstrate
faster speed and low power consumption compared to thermo
capillary.

Yun et al. [96] reported a continuous electrowetting (EW)
micropump. Surface tension induced motion of mercury drop in
a microchannel filled with electrolyte was used as the actuation
energy for the micropump. The micropump was comprised of
a stack of three wafers bonded together. The microchannel was
formed on a glass wafer and filled with an electrolyte where the
mercury drop was inserted. The movement of the mercury drop
dragged the electrolyte which deflected the membrane formed
on the second silicon wafer. The volumetric flow rate reached up
to 70 pl/min at driving voltage 2.3 V and power consumption of
170 wW. The maximum pressure was about 0.8 kPa by applying
voltage of 2.3V at 25 Hz frequency.

5.5. Bubble type

The pumping effect in bubble type micropumps is based
on the periodic expansion and collapse of bubble generated in
microchannel. A schematic illustration of expanding and col-
lapsing bubble type micropump is shown in Fig. 18.
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Fig. 18. A bubble micropump.

The bubble type micropumps always need to be heated so
that their application scope is limited in case heating process
is not allowed or preferred. Tsai and Lin [97] reported a
valveless micropump based on thermal bubble actuation and
nozzle/diffuser flow regulation. Microbubble was generated in
the microchamber to create pumping chamber. Due to expansion
of the bubble, the flow rate at the diffuser, Q4 was larger than the
one at the nozzle, Q. When the pumping bubble collapsed, Qq
was smaller than Qy. Thus a net flow was generated from nozzle
to diffuser by periodically controlled voltage input during
each cycle consisting of bubble expansion and collapse. The
pumping chamber, nozzle/diffuser flow regulators and channels
were fabricated on a silicon substrate. The maximum value of
the flow rate of the bubble type micropump was 5 wl/min as the
applied voltage was exerted periodically at 250 Hz with 10%
duty cycle and power consumption of 1 W.

Geng et al. [98] reported a bubble-based micropump for elec-
trically conducting liquids. The device developed a head of a
few millimeters of water with typical flow rates in the range of
100 pl/min. However high local temperature was observed due
to a high AC voltage applied between two channels.

Zahn et al. [99] reported microneedles integrated with an on-
chip MEMS bubble micropump for continuous drug delivery
applications. The expansion and collapse of thermally generated
bubbles with flow rectifying check valves were used to achieve
the net flow rate through the device. The micropump was fab-
ricated using silicon on insulator (SOI) fabrication process and
quartz dice. Visual methods were used to record flow rates and
net flow rate of water out of the microneedles was approximately
0.12 wl/min with a pressure of 3.9kPa. Drug delivery system
such as reported in Ref. [99] with microneedles integrated with
micropump, offers very tight control over injection flow rates
at given drug concentrations. In addition such devices can also
be used for sample collection for analysis. The flow direction
can be reversed by reversing the valve direction and fluid can
be extracted via micropump through microneedles. Thus such
an integrated device can be used to determine glucose levels for
diabetes patients.

Yin and Prosperetti [100] reported data obtained on a sim-
ple micropump based on the periodic growth and collapse of
a single vapour bubble in a microchannel. The micropump was
fabricated by laser machining of microchannel of 150 pwm diam-
eter on acrylic plate. The bottom plate was covered by another
equal sized acrylic plate. Platinum wires were embedded in the
grooves in the top plate to provide the heating source. For a
channel diameter in the range of 100 wm, pumping rates of sev-
eral tens of wl/min and pressure differences of several kPa were
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achieved by the system. The design of such type of microp-
umps was suitable for pumping electrically conducting fluids
such as salts in some biomedical applications for which joule
heating can be used to generate the bubble. Non-conducting
fluids on the other hand require the use of heaters embedded in
the microchannel. A preliminary demonstration of mixing effect
was also presented by operating the micropump in parallel in two
microchannels joined at a Y-junction. This could be potentially
useful where two or more kinds of doses are required to be mixed
up during the expanding/collapsing cycles.

Jung and Kwak [101] fabricated and tested a bubble-based
micropump with embedded microheater. The micropump which
consisted of a pair of valveless nozzle/diffuser elements and a
pump chamber, was fabricated by embedding microheaters in a
silicon di oxide layer on a silicon wafer which served as the base
plate. The top plate of the micropump with inlet and outlet ports
was made of glass wafer. The performance of the micropump
was measured using deionised water. The applied square wave
voltage pulse to the heater was 30 V. Volume flow rates were
measured at 40,50, 60, 70, and 80% duty ratios over the seven
different operation frequencies from 0.5 to 2.0 Hz. An optimal
flow rate of 6 wl/min at 60% duty ratio for the circular cham-
ber and 8 wl/min at 40% duty ratio for the square chamber was
measured which indicated that micropump flow rate decreased
as the duty ratio increased.

5.6. Flexural planar wave (FPW) micropumps

In ultrasonically driven or flexural plate wave (FPW) microp-
umps, a phenomenon called acoustic streaming occurs in which
a finite amplitude acoustic field is utilized to initiate the fluid
flow. An array of piezoelectric actuators set the acoustic field by
generating flexural planar waves which propagate along a thin
plate. The thin plate forms one wall of the flow channel as shown
in Fig. 19. There is momentum transfer from channel wall to the
fluid.

Fluid motion by travelling flexural wave is used for the trans-
port of liquids in an ultrasonically driven micropump. Flexural
plate wave (FPW) micropump requires low operating voltage
and there is no requirements of valves or heating. In contrast
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Fig. 19. Schematic illustration of acoustic streaming.

to the EHD micropumps, there is no limitation on the conduc-
tivity of liquids or gases. FPW pumping effect was reported
by Moroney et al. [102]. Fluid motion was demonstrated when
ultrasonic flexural waves propagated in thin membrane. Zinc
oxide was used as piezoelectric layer to generate wave. A FPW
micropump was reported by Luginbuhl et al. [103]. Piezoelec-
tric zirconate titanate (PZT) sol—gel thin films were used as the
piezoelectric layer. The device consisted of dual transducers pat-
terned on a thin film composite membrane of silicon nitride and
a sol—gel derived piezoelectric thin film. FPW actuator was used
to pump liquids in silicon tubes with a flow rate of 0.255 wl/min.
Nguyen et al. [104] proposed microfluidic system based on FPW
micropump. The micropump was made of an aluminum, piezo-
electric zinc oxide, polysilicon, and low-stress silicon nitride
membrane with a typical thickness of 1-3 pm. The microfluidic
system having a size of 10 mm x 10 mm was fabricated using
common fabrication techniques. The FPW micropump required
low operating voltage and less power consumption (less than
10mW). The micropump was suitable for delivering sensitive
biomaterials. Potential applications include micrototal analysis
system (iTAS), cell manipulating systems, and drug delivery
systems.

Meng et al. [105] reported a micromachined micropump
using ultrasonic flexural wave plate wave travelling along a
thin membrane to excite an acoustic field in the fluid in con-
tact with the membrane. The acoustic field generated the fluid
flow. Bidirectional and focused flow was achieved by a novel
combination of radial transducers. Potential applications of this
type of micropumps include micrototal analysis systems and
drug delivery devices.

5.7. Electrochemical

In electrochemical micropumps, the electrochemical gen-
eration of gas bubbles by the electrolysis of water, provides
the driving force to dispense liquids. Thus electrochemical
micropump utilizes the bubble force that is generated by elec-
trochemical reaction during electrolysis. The structure of the
micropump is composed of electrodes for supplying electric-
ity, fluid channels, chamber for electrolysis (bubble generation)
and inlet and outlet reservoirs. A schematic illustration of
electrochemical actuation is shown in Fig. 20. The design
and construction of the electrochemical micropump is rel-
atively simple and it can be easily integrated with other
microfluidic systems. The limitation of the electrochemical
micropump is that the generated bubble might collapse and
become water leading to unsteady and unreliable release of
drug.

Bohm et al. [106] reported an electrochemically actuated
micropump for closed loop controlled microdosing system.
Electrochemical generation of gas bubbles by electrolysis of
water provided the driving force to dispense the fluid. The dos-
ing system comprised of a micromachined channel and reservoir
structure made of silicon and pyrex cover on which a set of plat-
inum electrodes were patterned. The electrodes were used for
electrochemical gas generation. The rate of bubble generation
was about 0.0012 pl/min.
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Fig. 20. Schematic illustration of electrochemical actuation.

Suzuki and Yoneyama [107] proposed a reversible electro-
chemical nano syringe pump. The micropump was fabricated by
micromachining. Thin film three electrode system for actuation
and sensing was formed on a glass substrate. Microchannel and
reservoir for electrolyte were formed on the silicon substrate.
The micropump operated at constant potential using hydrogen
bubble as the working medium. Pumping rate was controlled by
setting the applied potential of the working electrode to an appro-
priate value. The micropump could be used to pump external
solution into and out of the system as well as pumping internal
solution out of the system as required in drug delivery systems.

Yoshimi et al. [108] developed a method of chemical stim-
ulation of neurons using a neurotransmitter containing an
electrochemical micropump. The electrochemical micropump
was powered by the bubble generated during water electrolysis.
The micropump consisted of a glass nozzle with 10 wm diame-
ter tip. Two platinum electrodes for electrolysis were embedded
in the pump body which was filled with neurotransmitter solu-
tion. A potential difference of 3 V was applied to the electrodes
to direct the solution to flow towards the neurons. The microp-
ump was capable of rapid administration of neurotransmitters to
neurons. The micropump design could be miniaturized to create
“synapses” in artificial sensory organs.

Kabata and Suzuki [109] developed a micropump based on
electrochemical principle for micro insulin injection system.
Major components of the micropump were a thin film two-
electrode system in a closed compartment, a silicone rubber
diaphragm to separate an electrolyte solution from an insulin
solution, and a reservoir for insulin. A microneedle was attached
to the outlet. The hydrogen bubbles are generated on the working
electrode. This resulted in deformation of the diaphragm, and the
insulin solution was pumped out through the microneedle.

5.8. Evaporation type

The pumping principle of an evaporation-based micropump
is similar to the xylem transport system in trees. The design
principle of the micropump involves controlled evaporation of a
liquid through a membrane into a gas space containing a sorption
agent. A schematic illustration of the micropump is shown in
Fig. 21.

Effenhauser et al. [110] reported an evaporation-based dis-
posable micropump concept that has potential applications in
continuous patient monitoring systems. The vapour pressure in
the gas chamber was kept below saturation and during this phase,
fluid evaporation from the membrane was replaced by capillary
forces which induced flow from the reservoir. Evaporated lig-
uid was continuously replaced by flow of liquid through the
microfluidic system such as microdialysis catheter. The average
flow rate of 0.35 pl/min was achieved. Low fabrication cost, no
moving parts and lack of external energy source were impor-
tant features of this type of micropump. The main drawback of
the pump was that it worked only in suction mode. Such type
of micropumps can be used for continuous glucose monitoring
where a dialysis solution is pumped in a constant fashion at small
flow rates through a microfluidic system such as microdialysis
catheter.

Namasivayam et al. [111] investigated transpiration-based
micropump for delivering continuous ultra low flow rates. The
pumping concept was based on the commonly observed phe-
nomenon of transpiration in plant leaves. When the liquid was
heated at the meniscus, the vapour pressure increased resulting
in enhanced evaporation. As the vapour diffused out, a fresh
liquid supply was drawn into the channel from a reservoir for
steady state operation. The capillary force aided imbibition pro-
cess (absorption or adsorption of liquid) continued until the
reservoir was depleted after which the meniscus began to draw
back.

Membrane
Sorption Agent
P N N N N
NENIINIINIINIIEE
Liquid flow
Flow

Fig. 21. Schematic illustration of evaporation based micropump.
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6. Discussion

The fabricated structure of most of the mechanical and
non-mechanical micropumps reported above is composed of
glass, silicon or plastic. However in view of the increased
use of MEMS-based micropumps in implantable drug delivery
systems and emphasis on lowering the manufacturing costs, sil-
icon is now being replaced with polymer based materials such
as polydimethylsiloxane (PDMS) and polymethylmethacrylate
(PMMA), etc. The use of polymer based materials is rapidly
growing because of their good biocompatibility, excellent phys-
ical and mechanical properties, low cost and simple and fast
fabrication.

Various factors other than pressure and flow rate are rele-
vant to the selection of mechanical micropump. The magnitude
of applied voltage required for these micropumps is one of the
important factors which can be compared directly and which
varies widely. Voltage is an important parameter of micropump
as it determines the electronics and other components to oper-
ate the micropump. In Fig. 22, graphical representation of flow
rates and operating voltages for reported mechanical microp-
umps is shown. The values of flow rate and voltage are plotted
on a log scale to facilitate comparison. Electrostatic, piezo-
electric and thermopneumatic micropumps produce higher flow
rates at the expense of high-applied voltage values. Micropumps
with conducting polymer film actuators such as ICPF appear
to be the most promising mechanical micropumps which pro-
vide adequate flow rates at very low applied voltage. Bimetallic
micropumps also require less voltage and provide higher flow
rates.

As with mechanical micropumps, performance of non-
mechanical micropumps is also dependent on various other
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factors in addition to pressure and flow rate. In Fig. 23, graphical
representation of flow rates and operating voltages for reported
non-mechanical micropumps is shown. The values of flow rate
and voltage are plotted on a log scale to facilitate comparison.
Electroosmotic micropumps require high operating voltages and
produce low flow rates. Electroosmotic micropumps are gen-
erally used in microanalysis systems where low flow rates are
required. MHD and EHD micropumps produce high flow rates at
the expense of high operating voltages. Electrowetting and elec-
trochemical type of micropump are the most promising ones
which exhibit high flow rate at low applied voltage. Working
fluid properties also influence the flow rates and must be taken
into account in choosing non-mechanical micropumps. Elec-
troosmotic and magnetohydrodynamic micropumps can handle
many working fluids which are widely used in chemical and
biological analysis. Electrochemical micropumps can also han-
dle a variety of solutions such as insulin and neurotransmitter
solution in drug delivery application.

Flow rate, pressure generated and size of the micropumps
are important parameters of micropumps. Another important
parameter is the ratio of micropump flow rate to its size which
is referred to as self pumping frequency [8]. To compare
mechanical and non-mechanical micropumps, self-pumping fre-
quency was calculated for micropumps where both the size and
flow rates were available in addition to pressure. In Fig. 24,
comparison of mechanical and non-mechanical micropumps
in terms of size, self-pumping frequency and flow rates is
presented. Pressure values of the micropumps are plotted in
Fig. 25.

Size of the micropump is an important parameter as it influ-
ences the particular application of a micropump. The different
manufacturing processes and operational nature of mechani-
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Fig. 22. Comparison of voltage vs. flow rate for mechanical micropumps.
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cal and non-mechanical micropumps generally dictate which
micropump is suitable for a particular application. Electroos-
motic pump reported by Zeng et al. [91] which is smaller in size
as compared to electroosmotic micropump reported by Chen and
Santiago [92], performs better in terms of pressure generation as
shown in Figs. 24 and 25, respectively. Therefore electroosmotic
pump reported by Zeng et al. [91] is intended for applications
where compactness in terms of size is required along with high-
pressure generation. Thermopneumatic micropumps such as the
one reported by Van De Pol et al. [52] tend to produce low
flow rates and low pressures relative to their size. However their

O Size

© Self Pumping Frequency A Flow Rate

performance must be measured against low cost manufactur-
ing associated with these micropumps. Piezoelectric micropump
reported by Stemme and Stemme [20] performs better in terms of
flow rate achieved with relatively better self-pumping frequency
and smaller size as compared to the piezoelectric micropump
reported by Van Lintel et al. [34]. Among all micropumps
compared in Fig. 24, piezoelectric micropump reported by Sch-
abmueller et al. [36] exhibits the highest self-pumping frequency
and adequate flow rate with respect to its small size. Bimetal-
lic micropumps such as the one reported by Zou et al. [63]
exhibit higher self-pumping frequency and high flow rate at rel-
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Fig. 24. Comparison of mechanical and non-micropumps in terms of size, flow rate and self pumping frequency.
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Fig. 25. Comparison of mechanical and non-micropumps in terms of size and pressure.

atively smaller size of the micropump. Similarly, electrostatic
micropump reported by R. Zengerle et al. [28] exhibits high
self-pumping frequency at a small size of the micropump. There-
fore further research on bimetallic and electrostatically actuated
micropumps is suggested to further improve the performance of
mechanical micropumps. Non-mechanical Electroosmotic [91]
and mechanical electrostatic [27-28] and piezoelectric microp-
umps [39] of comparable sizes show comparable performance
in terms of flow rates.

7. Conclusion

The pioneering work on micropumps started in 1975.
However research and development on micropumps using
microfabrication technology started in 1980s and shifted
towards MEMS area around 1990. Since then, MEMS tech-
nologies have been applied to the needs of biomedical
industry, resulting in development of various categories of
micropump concepts, fabrication technologies, devices and
applications. Micropumps for various biomedical applications
such as transdermal insulin delivery, artificial sphincter pros-
thesis, antithrombogenic micropumps for blood transportation,
micropump for injection of glucose for diabetes patients and
administration of neurotransmitters to neurons and microp-
umps for chemical and biological sensing have been reported.
Biocompatibility of MEMS-based micropumps is becoming
increasingly important and use of biocompatible polymer based
materials such as polydimethylsiloxane (PDMS) and poly-
methylmethacrylate (PMMA), etc. is growing. Piezoelectrically
actuated mechanical displacement micropumps have been the
focus of particular attention and have been widely used in
drug delivery and point of care testing (POCT) systems. The
applied voltage is a key constraint factor for drug delivery
driving power. In other words, the micropumps have to be
limited by low applied voltage because of their critical appli-

cation in drug delivery systems. Electrostatic and piezoelectric
micropumps require high driving voltage. Micropumps with
conducting polymer film actuators such as ICPF appear to be
the most promising mechanical micropumps which provide ade-
quate flow rates at very low applied voltages. However their
performance must be weighed against complex and difficult
batch fabrication. Among non-mechanical micropumps, elec-
trowetting and electrochemical type of micropump are suitable
for low voltage and high flow rate applications. Electroosmotic
micropumps require high operating voltages and exhibit low
flow rates. Such types of micropumps are suitable for applica-
tions in micro-analysis systems. Based on the extensive literature
review, the authors conclude that overall commercialization of
MEMS micropumps in drug delivery and biomedical appli-
cation is still in its beginning. A lot of technical information
is available for a number of micropump concepts. However
many of the novel micropumps reported in literature for drug
delivery and other biomedical applications still need to be incor-
porated into practical devices. To find a micropump suitable for
a particular application is a challenge and this will continue to
motivate researchers to work on developing micropumps and
incorporating them in practical drug delivery and biomedical
systems.
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