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1. Introduction:

Perhaps one of the most notable historical events in the development of microelectromechanical systems (MEMS) was when Richard Feynman challenged the scientific community to explore the realm of miniaturization. During his talk to the American Physical Society in 1959 dubbed “There’s Plenty of Room at the Bottom,” [1] Feynman pointed out the void in research done on “manipulating and controlling things on a small scale.” He explained to scientists that this field “might tell us much of great interest about the strange phenomena that occur in complex situations .. a lot of new things that would happen that represent completely new opportunities for design” and that “it would have an enormous number of technical applications.” In order to properly explore this field and be able to construct small machines, it would be necessary to design a new set of infinitesimal machines that not only require scaling but also redesign. Ironically, modem equipment used to construct semiconductor and MEMS devices is by no means infinitesimal but there is hope in self-assembly and nanotechnology that these tiny machines can be realized.
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.
 One of the very first documents about a miniaturized microp​ump is a patent by Thomas and Bessman [2] 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 [3]. Smits published his results later in 1990 [4]. The micropump designed by Smits [3] 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.

 Conventional drug delivery methods such as oral medica​tions, inhalers and subcutaneous injections do not deliver all drugs accurately and efficiently within their desired therapeutic 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 [5]. 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 [6,7]. With controlled drug delivery systems, 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 transport systems such a micrototal analysis systems (μTAS), 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 μTAS 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 published [8–10]. 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 [11–13]. The last most comprehensive and excellent review on micropumps was published by Laser and Santiago [11]. However 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 [12] 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 [13] mentioned about the technological importance of micropumps in their medical application such as drug delivery. 
One of the most challenging tasks in developing a fully integrated microfluidic system has been the development of efficient and reliable micropumps. In macroscale, a number of pumping techniques exist such as peristaltic pumps, vacuum-driven pumps, venturi-effect pumps, etc. However, in microscale, most mechanical pumps rely on pressurizing the working fluid and forcing it to flow through the system. Practical vacuum pumps are not available in microscale. There are also some effects such as electro-osmotic pumping, that are only possible on the microscale. Consequently, electrokinetic driving mechanisms have also been widely studied for microfluidic pumping applications.
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 [14, 15]. 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. 1.
  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. 2. Fluid flow is achieved by the oscillatory move​ment of the actuator diaphragm which creates under and over pressure (Δp) in the pump chamber. Under pressure in the pump chamber results in the flow of fluid inside the pump 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 (ΔV) produced by the actuator. The actuator has to contend with the dead volume (V0) present in the pump chamber. The major design parameter of mechanical diaphragm type micropumps is called the compression ratio (ε) which is expressed as follows:
ε = ΔV/V0
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Fig. 1: Classification of micropumps with different actuation methods.
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Fig. 2: Schematic illustration of diaphragm type micropump.

Microvalves are often one the most important components for realization of a fully integrated microfluidic system [16-20]. Nowadays, microvalves can be roughly classified into two groups: active microvalves, using mechanical and non-mechanical moving parts, as well as external systems, and passive microvalves, using mechanical and non-mechanical moving parts. Active microvalves have been an area of intense research over the past decade, and a number of novel design and actuation schemes have been developed. This makes the categorization of active microvalves a confusing enterprise. Classification schemes for active microvalves include:
1- Fluidics handled – liquid/gas/liquid and gas.

2- Materials used for the structure – silicon/poly-silicon/glass/polymer.

3- Actuation mechanisms – electrostatic/pneumatic/thermopneumatic, etc.

4- Physical actuating microstructure – membrane type, flat type, ball valve, etc.

All of the classification schemes listed above are valid, but the most commonly used method [21, 22] is the classification based on the actuation mechanisms.

   The so-called “valveless” micropump was introduced by Stemme and Stemme [23]. It uses diffuser/nozzle elements with flow-rectifying properties to mimic the function of a check valve (Fig. 3). According to [23] a maximum achievable forward–backward flow ratio of 2.23 can be calculated for this type of “valve” which is sufficient for a pumping ef​fect. The prototype shown in Fig. 3 was fabricated from a cylindrical brass body with an outer diameter of 29 mm and tested with two different diffuser/nozzle geometries. The theoretically calculated forward-to-backward flow ratios of 1.48 and 1.67 agreed well with the experimental data. A remarkably high zero-pressure flow of 11 ml/min and a maximum outlet pressure of approximately 100 mbar were found for water, depending on the diffuser/nozzle geometry in use. This micropump was also able to pump gases.

[image: image3.png]
Fig. 3: Valve-less micro diaphragm pump with piezoelectric actuation: schematic diagram (top) and pumping principle (bottom).

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 (Q۬ max), maximum back pressure (hmax), pump power (Ppump) and pump efficiency (η). 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 (h), 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 [24]:
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where P is the pressure, γ (=ρg) the pressure head, g the acceleration of gravity, ρ the fluid density, u the fluid velocity, u2/2g the velocity head and z is the elevation.

    This represents an increase in Bernoulli head from the inlet to the outlet. Usually, uout and uin are about the same and zout - zin is negligible, so the maximum pump head becomes:
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  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 [25]:
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If the power required to drive the pump actuator is Pactuator, pump efficiency is expressed as:
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 In an ideal pump, Ppump and Pactuator 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 [24]:
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where ηv is the volumetric efficiency, ηm the mechanical effi​ciency and ηh is the hydraulic efficiency.

4. Mechanical micropumps:
 Although peristaltic, reciprocating and rotary pumps all ever show up in literatures on micro mechanical driving systems, the reciprocating type, whose typical structure is depicted in Fig. 4, relatively is always the majority as mechanical pumps are employed. The most popular of them applied in MEMS are, namely electrostatic, piezoelectric, thermo-pneumatic, bimetal​lic, shape memory alloy (SMA) and ionic conductive polymer film (ICPF).
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Fig. 4: Reciprocating pump.
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.

Table 1: Mechanical displacement micropumps.
	Actuation mechanism
	Reference
	Structure
	Size (mm)
	Valves
	Pump chambers
	Membrane material
	Voltage (V)
	Frequency (Hz)
	Pressure (kPa)
	Flow rate (~l/min)
	Pumping

medium
	Application reported in

reference

	Electrostatic
	Judy et al. [26]
	Polysilicon
	n/r
	Active
	1
	Polysilicon
	50
	n/r
	n/r
	n/r
	n/r
	Drug delivery

	
	Zengerle et al. [27]
	Si
	98mm3
	Cantilever type

passive
	1
	Silicon
	170
	25
	2.5
	70
	Water
	n/r

	
	Zengerle et al. [28]
	Si–Si
	98mm3
	Cantilever type

passive
	1
	Silicon
	200
	300
	29
	160
	Water
	Chemical analysis

system

	
	Cabuz et al. [29]
	Injection mold

plastic
	n/r
	Passive
	1
	Metallized Kapton.
	160
	30
	20
	30
	Gas
	Chemical and biological

sensing

	
	Machauf et al. [30]
	Si–Si
	5 mm× 5mm
	Passive
	1
	Electroplatednickel
	50
	1830
	n/r
	1
	Water
	n/r

	Piezoelectric
	Van Lintel et al. [31]
	Glass-Si-glass
	4100 mm3
	Passive
	1
	Glass
	125
	0.1
	24
	0.6
	Water
	n/r

	
	Stemme and Stemme [23]
	Brass
	2500 mm3
	Nozzle/diffuser
	1
	Brass
	20
	110
	21
	4400
	Water
	n/r

	
	Koch et al. [32]
	Si–Si
	n/r
	Passive
	1
	Silicon
	600
	200
	1.8
	0.12
	Ethanol
	Drug delivery such as

insulin

	
	Schabmueller et al. [33]
	Si–Si
	122.4mm3
	Nozzle/diffuser
	1
	Silicon
	190
	2400
	1
	1500
	Ethanol
	n/r

	
	Junwu et al. [34]
	PMMA
	n/r
	Cantilever type

passive
	1
	Beryllium bronze
	50
	800
	23
	3500
	Water
	Drug delivery

	
	Feng and Kim [35]
	Si–Si
	160
	Passive
	1
	Silicon
	80
	60K
	0.12
	3.2
	Water
	Implantable micropump

	
	Geipel et al. [36]
	Si–Si
	n/r
	Active
	1
	Silicon
	100
	<1
	10
	4.5
	Water
	Drug delivery system for

metronomic therapy or

chronotherapy

	
	Ma et al. [37]
	Si–Si
	2240mm3
	Passive
	1
	Silicon
	67.2
	208
	3.43
	1800
	Fluid with

glucose
	Transdermal insulin

delivery

	
	Doll et al. [38]
	Si–Si
	330 mm3
	Active
	1
	Silicon
	n/r
	27.8
	60
	1800
	Water
	Medical implant;

Sphincter prosthesis

	
	Hsu et al. [39]
	Si-glass
	24mm × 75mm
	Passive
	3
	Glass
	140
	450
	1.8
	50.2
	Blood
	Drug delivery/ Point of

Care testing(POCT)

	
	Suzuki et al. [40]
	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. [41]
	Glass-Si–Si
	3000mm3
	Flap
	1
	Silicon
	6
	1
	5
	34
	Water
	n/r

	
	Jeong and Yang [42]
	Glass-Si-glass
	n/r
	Nozzle/diffuser
	1
	Silicon
	8
	4
	0
	14
	Water
	n/r

	
	Zimmermann et al. [43]
	Glass-Si
	n/r
	Flap
	1
	n/a
	n/r
	10
	16
	9
	Isopropyl

alcohol
	Cryogenic systems/

Drug Delivery

	Thermopneumatic
	Hwang et al. [44]
	Glass-SU8-Si
	105.3mm3
	Capillary stop valve
	1
	SU-8-2100
	20
	n/r
	n/r
	3.3
	Water
	Drug delivery systems.

	
	Kim et al. [45]
	PDMS-glass
	n/r
	Valveless

(nozzle/diffuser)
	1
	PDMS
	55
	6
	n/r
	0.078
	Methanol
	Disposable

Lab-on-a-chip

	
	Jeong et al. [46]
	PDMS
	n/r
	Actuator as valve
	3
	PDMS
	20
	2
	0
	21.6
	Water
	Drug delivery systems

	Shape memory alloy
	Benard et al. [47]
	Si–Si
	n/r
	Passive valves
	1
	TiNi alloy
	6
	0.9
	4.23
	49
	Water
	n/r

	
	Benard et al. [48]
	Si–Si
	n/r
	Passive valves
	1
	Polyimide
	n/r
	0.9
	0.53
	6
	Water
	n/r

	
	Xu et al. [49]
	Si–Si
	54 mm3
	Passive valves
	1
	NiTi/Si
	n/r
	40-60
	100 kPa
	340
	Water
	n/r

	
	Shuxiang et al. [50]
	Acryl-silicon

rubber
	16mm

dia. × 74mm

length
	Diffusers
	1
	NiTi coil actuator
	6
	n/r
	n/a
	700
	Saline
	Intracavity intervention

	Bimetallic
	Zhan et al. [51]
	Si–Si
	36 mm3
	n/r
	1
	Aluminum-Si
	5.5
	0.5
	12
	45
	n/r
	n/r

	
	Zou et al. [52]
	Si-glass
	182
	Check valves
	1
	Aluminum-Si
	
	0.5
	0.5
	336
	Water
	n/r

	ICPF
	Guo et al. [53]
	Acryl
	13mm

dia. × 23mm

length
	Active valves
	2
	ICPF
	1.5
	2.2
	n/r
	37.8
	n/r
	Biomedical

	Electromagnetic
	Bohm et al. [54]
	Plastic
	800
	n/r
	n/r
	Plastic
	5
	50
	0
	2100
	Water
	n/r

	
	Yamahata et al. [55]
	PMMA
	n/r
	Nozzle/diffuser
	1
	PDMS
	n/r
	12
	0.02
	400
	Water
	Lab-on-a-chip systems

	
	Yamahata et al. [56]
	PMMA
	4752mm3
	Check valves
	1
	n/a
	n/r
	n/r
	2.5
	30
	Water
	

	
	Pan et al. [57]
	PDMS
	600mm3
	Ball check valves
	1
	PDMS
	n/r
	n/r
	3.6
	1000
	Water
	Lab-on-a-chip systems

	Phase change
	Sim et al. [58]
	
	72.25mm3
	Passive valves
	1
	silicon
	10
	0.5
	0
	6.1
	Water
	Lab-on-a-chip systems

	
	Boden et al. [59]
	Epoxy
	750mm3
	Active valves
	1
	Epoxy
	2
	n/r
	n/r
	0.074
	n/r
	n/r


n/r: not reported.
4.1. Electrostatic:
 The membrane of the electrostatic micro pump will be forced towards either one direction as the two opposite elec​trostatic plates, located on both sides, are applied by appropriate controlled voltages (as shown in Fig. 5). This is the well-known Columbus Law. On the other hand, the deformed membrane will be recovered if the applied voltages are shut off. The chamber volume inside the micro pump is thus changed alternatively by every half cycle of periodical switching of applied voltage. The fluid in reservoir is forced to flow in the micro channels due to pressure difference induced by the membrane momentum. The electrostatic force applied on the electrostatic plate can be described as follows:
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where F is the electrostatic attraction force, W the energy stored, εthe dielectric constant, A the electrode area, x the electrode spacing and V is the applied voltage.
[image: image10.png][image: image11.png]
Fig. 5: The schematic of electrostatic micropump.
    Zengerle et al. reported an electrostatic micro pump with check valves [28]. The reported micro pump consists of a sil​icon membrane. The maximum pressure reached 31 kPa. The maximum volumetric flow rate was 850 μl/min. The advantage of electrostatic pump is that it can simultaneously mix a variety of dose up and then convey the finished fluid into micro channels. The major shortcomings of electrostatic pumps are structure complexity and high applied voltages required.

     Elsisi and Rihan [60] simulated an electrostatic micropump based on the peristaltic mechanism, which has quite suitable pumping mechanism for drug delivery systems. The designed micropump has the advantages of flow rate controllability, self-priming, small chip size, and low power consumption. The flow rate of the designed micropump was considered 10 μl/min which is quite suitable for drug delivery applications, such as chemotherapy. The simulation results for the first membrane deflection with different materials was introduced.
4.2. Piezoelectric:

     The use of piezoelectrics to drive micropumps can be traced back to the early 1970's [61], but the publications of Van Lintel and Smits on diaphragm and peristaltic micropumps with piezoelectric actuation [31, 4] mark the beginning of extensive micropump research in the microelectromecha​nics systems (MEMS) world. Nowadays, many piezo-driven micropumps with varying valve types, geometries and fabrication technologies have been developed and applied in many different fields, but piezoelectric actuators are employed in a similar manner [11, 12]. In 2003, Bu et al. [62] from University of Southampton (UK) successfully used this type of micro-fluidic pumping technique to realize the micro oscillatory-flow PCR chip. A bidirectional peristaltic pump, which was driven by three piezoelectric discs located in a recess etched in the glass, was connected to the third reaction chamber by a channel. Numerical simulation was used to obtain the optimum pumping performances. By optimizing the pump membrane parameters, the presented piezoelectrically-actuated micropump could provide a stroke volume of 314 nL. A maximum pump rate of 3.14 μL s-1 with an operating frequency of 10 Hz was obtained, and a maximum pressure differential that the micropump could withstand was 50–60 kPa. The flow rate of 3.14 μL s-1 allowed a PCR mixture of 1 μL to be pumped between three adjacent chambers in 0.6 s through a connection channel of 1 μL. Although the piezoelectric actuation is a very attractive concept since it provides a comparatively high stroke volume, a high actuation force, and a fast mechanical response, it hasn’t been widely used for the development of fully integrated PCR chips up to now. However, we believe that it will soon be routinely implemented for fluid manipulation within the PCR chips. It is noted that commercial piezoelectric transducer (PZT) material is readily available for a hybrid integration.
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Fig. 6: Piezoelectric effects.
  The concept to apply piezoelectric driving device is that the corresponding voltage is induced by exerting pressure upon cer​tain types of material such as quartz. The schematic diagram is shown in Fig. 6. Therefore, if a coating of piezoelectric material is deposited onto a membrane, the induced voltage will result in a certain degree of deformation that behaves like a push plate to expel the fluid out of the chamber of a micro pump. The electric signal of this type of micro pumps [63, 64] is electrical charge instead of voltage or current. Up to 200 V driving voltage is required to generate a useful deformation. These two drawbacks make piezoelectric pumps less popular in driving applications of MEMS. Koch et al. proposed a typ​ical piezoelectric micro pump [32]. The reported micro pump consists of a silicon membrane with maximum pressure reach​ing 1.8 kPa. The maximum volumetric flow rate is 0.12 μl/min as 600 V sinusoidal driving voltage is applied. Piezoelectric micro pumps can be operated at relatively high frequencies but the required induced voltage has to be high up to a certain level.
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. 7. The periodic change in volume of chamber actuates the membrane with a regular movement for fluid flow.
[image: image13.png]
Fig. 7: Thermopneumatic micropump.
  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:
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where ΔP is the pressure change, E the bulk modulus of elas​ticity, β the thermal expansion coefficient, ΔT the temperature increase and ΔV/V is the volume change percentage.

The thermopneumatic type of micropumps [42, 65] 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. [41]. The thermopneumatic actuation principle was adopted from Zdelblick et al. [66] 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 μl/min was reported at 5 kPa pressure and 6 V.
[image: image15.png]
Fig. 8: Schematic of the fully integrated PCR chip with a thermopneumatic air micropump (#4) and three electrochemical pumps (#1–3).
 Although this type of micropump can be made very compact, fabricated using standard micromachining processes, and operated at low-voltage operating condi​tions, they usually have a low pump rate, and a relatively long temporal response limited by the rate of heat transfer, especially during the cooling process. Moreover, they still belong to the membrane-actuated micropumps and they therefore suffer from complicated design, complicated fabrication, or high cost. In order to circumvent this shortcoming, Liu et al. developed a simple thermopneu​matic air micropump without membrane actuation for the self-contained, fully integrated polymerase chain reaction (PCR) chip [67], as shown in Fig 8. This micropump made use of the air expansion in an air chamber, which was attached to a resistive heater, when heated. The air expansion was a nearly linear function of temperature. The resulting air expansion pushed the solution from the storage chamber into the downstream channels and chambers. The presented air micropump with air pockets of 50 μL internal volume could efficiently move up to 60 μL volume of fluids with a heater power consumption of less than 0.5 W.
4.4. Shape memory alloy:

 The diaphragm of Shape Memory Alloy (SMA) micro pumps is popularly made of material titanium/nickel alloy (TiNi). SMA inherits a useful particular feature: being capable of restoring its original shape right after the heating/cooling cycle. Hence it is referred to as Shape Memory Alloy. SMA starts in Martensite phase and transforms into Austensite phase after being heated. This phase transformation results in shape deformation that is uti​lized as the actuating force upon the diaphragm of a micro SMA pump shown in Fig. 9. Xu et al. [68] presented the struc​ture of a typical micro SMA pump. Its overall size is about 10 mm × 20 mm × 1.4 mm. The volumetric flow rate and back pressure of the pump are around 340 μl/min and 100 kPa, respectively. The advantages of micro SMA pumps includes: lin​earity retained during deflection of the diaphragm, high stress (>200 MPa) and long operation cycle. However, it needs partic​ular SMA material also and relatively high power consumption is economically concerned.

  The micropump designs reported in Refs. [47, 48] 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. [68], 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.
[image: image16.png]
Fig. 9: SMA micropump.
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 [51,69]. 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.

[image: image17.png]
Fig. 10: Bimetallic micropump.
  Pang et al. [70] 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 × 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 1 mm × 1 mm × 2 μm. The size of the valve membrane was 6 mm × 0.6 mm × 2 μm. 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:
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 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.

Fig. 11: (A) Schematic illustration of the structure of an ICPF and (B) schematic illustration of an ICPF bending principle.

 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 [71], medical devices [72] and micromanipula​tors [73].
 Guo and Fukuda developed an ICPF device [74] shown in Fig. 12. The size of this pump is 13 mm in diameter and 23 mm in length. The flow rate of this pump is about 4.5–37.8 μl/min as 1.5 V driving voltage is applied. ICPF has quite a few supe​riorities such as low driving voltage, quick response, and bio​compatibility. Besides, it can work in aqueous environments. The major shortcoming is weak repeatability in batch fabrica​tion.
[image: image18.png]
Fig. 12: ICPF micropump.
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:
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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. 13.

  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.

[image: image20.png]
Fig. 13: Schematic illustration of a magnetically actuated micropump.
  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. Therefore 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.

 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 × 6 mm and 3 mm × 3 mm, respectively. The simulation results showed that maximum flow rate up to 70 μl/min was achievable at a fre​quency of 125 Hz.

 Yamahata et al. [56] 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 liq​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 μl/min was achieved at a back pressure of 2.5 kPa.

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. 14.
[image: image21.png]
Fig. 14: Schematic illustration of a phase change type micropump.

  Sim et al. [58] 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 8.5mm × 5mm × 1.7mm. 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 μl/min at supply voltage of 10 V 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 μl/min and back pressures less than 68.9 kPa.

5. Non-mechanical micropumps:

 It is possible to move liquids and constituents in liquids without using any moving parts. These techniques use a variety of interaction phenomenon between an electro​magnetic field and the working fluid to generate pressure and flow. Key features and performance characteristics of non-mechanical micropumps are summarized and referenced in Table 2.
5.1. Magnetohydrodynamic (MHD):
    Microfluid driving is also realized by using a magnetohydrodynamic (MHD) micropump, in which a transversal ionic current inside the microchannel is subjected to a magnetic field oriented in an angle of 90° to current direction and microchannel axis; The Lorentz force acting onto the ionic current in the aqueous solution will then induce a fluid flow in the microchannel direction [76]. Using the MHD actuation, West et al. developed a continuous-flow PCR chip integrated with a MHD micropump [77]. The annual microchannel for PCR reactions capable of MHD actuation was made of silicon or SU-8, and the electric field used was an AC electric field. With a miniature electromagnet producing a magnetic flux density of 7.4–13.5 mT and a peak channel current between 55 and 156 mA, this micropump could produce an average flow rate of 85–369 μm s-1. Although this micropumping principle can be used to perform the continuous-flow PCR with cycle number flexibility, it often suffers from electrolysis that is associated with the formation of bubbles and a drop in the channel current. Especially when operating at PCR temperature conditions electrolysis occurs at considerately lower voltages, resulting in the block of microchannels by bubbles and the formation of electrolysis by-products that could adversely affect the PCR chemistry. In addition, within the MHD micropump, the scaling of flow rate with the fourth power of hydraulic diameter makes miniaturization challenging [11].

    Rihan [78] presented a mathematical study of the flow characteristics for a micropump of which pumping mechanism is based upon magnetohydrodynamic (MHD) principles. Conducting fluid in the microchannel of the MHD micropump is driven by Lorentz force in the direction perpendicular to both magnetic and electric fields. The performance of the MHD micropump obtained theoretically is compared with a pervious experimental results obtained by another different authors. Gas bubbles formation due to DC operation did not influence the performance of the pump since the bubbles were generated outside the pumping channel. This can explain the good agreement of the presented theoretical results with the DC MHD micropump experimental results. In the comparisons with AC MHD micropump few bubbles were generated in the lower current, where experimental data were closer to the theoretical values than the case of more bubbles at higher currents. 


Table 2: Non-mechanical micropumps.
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	Reference
	Fabricated structure
	Size (mm)
	Voltage (V)
	Pressure (kPa)
	Flow rate (~l/min)
	[image: image39.png]


Pumping medium

	MHD-DC type
	Jang and Lee [79]
	Si–Si
	n/r
	60
	0.17
	63
	Seawater

	
	Huang et al. [80]
	PMMA
	n/r
	15
	n/r
	1200
	n/r

	MHD-AC type
	Heng et al. [81]
	Glass-PMMA
	n/r
	15
	n/r
	1900
	n/r

	
	Lemoff and Lee [76]
	Glass-Si-glass
	n/r
	n/a
	0
	18
	NaCl solution

	EHD
	Ritcher and Sandmaier [82]
	Si–Si
	3mm× 3mm
	600
	0.43
	14000
	Ethanol

	
	Fuhr et al. [83]
	Si-glass
	n/r
	40
	n/r
	2
	Water

	
	Darabi et al. [84]
	Ceramic
	638.4 mm3
	250
	0.78
	n/r
	3MHFE-7 100

	Electroosmotic
	Zeng et al. [85]
	Packed silica particles
	85 mm3
	2000
	2000
	3.6
	Water

	
	Chen and Santiago [86]
	Soda–lime glass
	9000 mm3
	1000
	33
	15
	Water

	
	Takemori et al. [87]
	Si-plastic
	n/r
	2000
	10
	0.1
	Degassed 50mm

Trisborate buffer (pH

	
	
	
	
	
	
	
	9.3)

	
	Wang et al. [88]
	Fused silica-glass
	n/r
	6000
	25
	2.6
	Water

	Electrowetting
	Yun et al. [89]
	Glass-SU8-Si–Si
	n/r
	2.3
	0.7
	170
	Water

	Bubble type
	Tsai and Lin [90]
	Glass-Si
	n/r
	20
	0.38
	4.5
	Isopropyl alcohol

	
	Zahn et al.[91]
	SOI-quartz dice
	n/r
	n/r
	3.9
	0.12
	Water

	FPW
	Luginbuhl et al. [92]

Nguyen et al. [93]
	Silicon-platinum-sol–gel‑

derived piezoelectric

ceramic

Aluminum, piezoelectric

zinc oxide, silicon nitride
	n/r

n/r
	n/r

n/r
	n/r

n/r
	0.255

n/r
	Water

Water

	Electrochemical
	Suzuki and Yoneyama [94]
	Glass-Si
	n/r
	n/r
	n/r
	n/r
	Standard solution of

CuSO4

	
	Yoshimi et al. [95]
	Glass-platinum electrode
	n/r
	3
	n/r
	n/r
	Neurotransmitter

solution

	
	Kabata and Suzuki [96]
	Glass-platinum

electrode-polyimide
	n/r
	1.4
	n/r
	13.8
	Insulin

	Evaporation based
	Effenhauser et al. [97]
	Plexiglass
	n/r
	n/r
	n/r
	0.35
	Ringers solution


n/r: not reported.

Fig. 15: The principle of the MHD micropump.
     The working fluid has to be chosen to have conductivity 1 s/m or higher, in addition to externally provid​ing electric and magnetic fields. Its schematic force fields and relations are shown in Fig. 15.  The performance of the MHD device was investigated by varying the applied voltage from 10 to 60 V while the magnetic flux density was retained at 0.19 T. The working fluid was chosen to be sea water. The electric conductivity of working fluids is extremely higher (4 s/m) than that of working fluids of the EHD micro pump where the electric conductivity ranges from 10-12 to 10-6 s/m. The maximum flow rate reached to 63 μl/min as the driving current was retained at 1.8 mA. The maximum pressure head, 18mm H2O, from inlet to outlet was obtained if the driving current was set and retained at 38 mA. The most attractive feature of MHD micro pump is the flow can be bi-directional. In addition, the structure and fabrication pro​cess are relatively simple. The uncommon drawback is that quite a few bubbles, due to ionization, might be generated.
[image: image40.png][image: image41.png]o





5.2.  Electrohydrodynamic (EHD):

 The fundamental phenomenon which allows the transduction of electrical to mechanical energy in an EHD micropump is an electric field acting on induced electric charge in a fluid. This interaction yields a force on the charge which then transfers momentum to the fluid. The electric body force density 
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 that results from an applied electric field with magnitude E is given as follows [82]:
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where q is the charge density, ε the fluid permittivity, ρ the fluid density, T  the fluid temperature and 
[image: image24.wmf]P
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 is the polarization vector.
Darabi et al. [84] reported an Electrohydrodynamic (EHD) Ion-drag micro pump with dimensions 19mm ×32mm ×1.05mm. The driving momentum is a combination of electrical field, dielectrophoretic force, dielectric force and electrostric​tive force. The chosen working fluid has to perform conductivity ranging from 10 -12 to 10-6 s/m. The particles in dielectric fluid are charged by the applied electrical field so that the fluid is conveyed by induced electrostrictive forces, shown in Fig. 16. The electric field is developed by a pair of electrodes: an emitter and a collector. The ionized molecules are thus moved in a specific direction. Though this type of pumps only requires driving voltage, 40–60 V, a relatively complicated 3D overall geometry is needed to ensure sufficient degree of electro-chemical reactions. More details on this type of micro pumps can be referred in [83, 84].
[image: image25.png]
Fig. 16: EHD micropump.
5.3. Electroosmotic (EO):

 The fluid, with electric conductivity feature, is driven by appropriately exerting an external electrical field upon the chan​nel walls that are naturally charged. The voltage potential is induced at the interface between the silica capillary walls and electrolyte solution, as shown in Fig. 17. In general, the inner wall of silica capillary, such as glass that carries a lot of anion “SiO-” on its surface, is deprotonated and thus the associate electrolyte liquid against the walls is thus protonated. If an external electric field is appropriately applied at the electrodes, located at the longitudinal ends of microchannel, the fluid will be driven towards the cathode due to Coulomb force. This is overall so called “Electro-osmotic Flow”.
 Takemori et al. [87] 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 μl/min and the maximum pressure of 72 kPa were achieved when 3 kV was applied to the electroos​motic pump.
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Fig. 17: EO flow and double layer.
 Chen and Santiago reported an EO flow micro pump [86]. The pump can generate a maximum pressure of 0.33 atm and a maximum flow rate of 15 μl/min at 1 kV. No actual mechanical actuator is needed for EO pumps. The major shortcomings are high volt-age required and electrically conductive solution well prepared. More details on this type of micro pumps can be referred in [85, 86].

5.4. Electrowetting (EW):
  Electrowetting (EW) is the application of exerting electro​static force to control the surface tension between two layers of material that could be solid/liquid or liquid/liquid as long as they are immiscible and explicitly two-phased. EW operates in two approaches: continuous and digital. Digital EW is mostly applied to control the surface tension between solid-phase elec​trode and liquid-phase droplet as shown in Fig. 18. The contact angle, θ, is decreased if an external control voltage is applied on the electrode and therefore the liquid droplet tends to get flattened. The relation among contact angle, surface tension and applied voltage can be described by Lippmann–Young equation as follows [98]:
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where θ is the contact angle, θ0 the equilibrium contact angle at V = 0V, γls the liquid–solid interfacial tension and C is the specific capacitance of the dielectric layer.
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Fig. 18: Digital electrowetting.
  Continuous EW is usually applied to adjust the surface ten​sion between two immiscible liquids such as liquid-phased metal (e.g., mercury) and electrolyte. Its interface is referred to as “electric double layer” as shown in Fig. 19. 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, like a stone rolls down from hill.
[image: image29.png]
Fig. 19: Continuous electrowetting.
  Yun et al. presented a continuous EW micro pump [89] as shown in Fig. 20. The volumetric flow rate reaches up to 70 μl/min at driving voltage 2.3 V and power consumption of 170 μW. The maximum pressure is about 800 Pa by applying voltage 2.3 V with frequency 25 Hz.

[image: image30.png]
Fig. 20: EW micropump.
5.5. Bubble type:
  Tsai and Lin reported a bubble pump [90] consisting of a pair of diffuser and nozzle and a reaction chamber. As shown in Fig. 21, the bubbles are generated by heating process. The bubbles are expanded and collapsed in volume, periodically by a controlled voltage input. The volume change in chamber is incorporated with the diffuser/nozzle mechanism that is used to determine the direction of fluidic flow.

  The maximum value of the flow rate of the bubble-type micro pump is 5 μl/min as the applied voltage was exerted periodically at 250 Hz with 10% duty cycle and power consumption 1 W. The most attractive feature of bubble-type micro pump is that two or more kinds of doses can be thus mixed up during the expanding/collapsing cycles. This kind of pumps always needs to be heated so that its application scope is limited in case heating process is not allowed or preferred.



Fig. 21: A bubble micropump.
  Zahn et al. [91] 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 μl/min with a pressure of 3.9 kPa. Drug delivery system such as reported in Ref. [91] 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 [99] 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 μm 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 μm, pumping rates of sev​eral tens of μl/min and pressure differences of several kPa were 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.
 Geng et al. [100] 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 μl/min. However high local temperature was observed due to a high AC voltage applied between two channels.

 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 μl/min at 60% duty ratio for the circular cham​ber and 8 μl/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. 22. 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 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. [92]. 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 μl/min. Nguyen et al. [93] 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 μm. The microfluidic system having a size of 10 mm × 10 mm was fabricated using common fabrication techniques. The FPW micropump required low operating voltage and less power consumption (less than 10 mW). The micropump was suitable for delivering sensitive biomaterials. Potential applications include micrototal analysis system (μTAS), cell manipulating systems, and drug delivery systems.

[image: image31.png]
Fig. 22: Schematic illustration of acoustic streaming.
5.7. Electrochemical:

 The most common feature of electrochemical micropumps [103, 104] is the generation of bubbles by electrolysis. In addition to the chemical reaction mechanism, the other key component is a bubble reservoir, filled with redox electrolyte solution. The reaction of electrolysis can be roughly described by:
Anode:     
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     Bohm et al. [105] presented an electro-chemical pump for micro-dosing system (as shown in Fig. 23). The rate of bubble generation is about 0.02 nl/s. The advantages of chemical micro pump are relatively simple structure and easier to be integrated with other microfluidic devices. The drawback, depending on bubble generation rate, is that the born bubbles might partially collapse and become water as long as the chemical reaction in Eq. (12) is reversed due to any possible reasons. Hence, the releas​ing of drug is not completely reliable and not ensured to retain steady.


Fig. 23: Electrochemical micropump.
  Yoshimi et al. [106] 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 μm 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.

3.8. 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. 24.
  Effenhauser et al. [97] 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 liq​uid was continuously replaced by flow of liquid through the microfluidic system such as microdialysis catheter. The average flow rate of 0.35 μl/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.
[image: image34.png]
Fig. 24: Schematic illustration of evaporation based micropump.
6. Bio-compatibility of MEMS materials:

MEMS-based micro-dosing/drug delivery devices can be either implanted or just placed under the skin. A key issue for both cases to be seriously taken into account is bio-compatibility. Even with special surface treatment [107–109], the MEMS devices can still be treated as an external intruder and attacked by immu​nization system. As time goes by, a fouled or corruptive medical device thus becomes malfunction. Hence, more rigorous bio​compatibility and bio-stability requirements have to be fulfilled. A common index for bio-compatibility is called Foreign Body Giant Cells (FBGC) density that can be usually used to evalu​ate the feasibility of designed devices and materials. Secondly, in addition to bio-compatibility, a certain degree of toxicity to tissues is strictly forbidden and this has to be counted in at the very beginning to assign a specific material. Another concern is to reduce the mechanical stress induced by the micro pumps dynamics by all means. Recently, polymer-MEMS becomes more and more popular mainly because it has a very low stiffness and inherently provides adequate flexibility. Currently, polymer material, such as Poly Methyl Methacrylate (PMMA), Poly-Dimethylsiloxane (PDMS), SU-8 photo resist, or Parylene C, is gradually proven to possess relatively better bio-compatibility and flexibility. They have the potential to be upgraded to be officially applied in biomedical MEMS devices. Table 3 lists a summary of bio-MEMS materials from the viewpoint of appli​cation fields and their main characteristics.
Table 3: Bio-compatibility materials for MEMS.

	Materials
	Bio-compatibility
	Characteristic
	Application

	PDDA

PDMS

SU-8 (PR)

PMMA

ICPF

TiN alloy

Au

Al2O3
Pt

Ti
	Good

Good

Good

Good

Very good

Good

Good

Very good

Good

Good
	Porous material

Ultra-thin active layer

Thick-PR (high aspect ratio)

Simply fabrication (hot embossing)

Difficult to fabrication (replica or modeling)

Shape memory effect

Simply fabrication (low resistivity)

Brittle

Simply fabrication (low resistivity)

Simply fabrication
	Reduce toxicity of nano particle

Osmotic membrane (soft lithography)
Microfluidic structure

Microfluidic structure

Sensor actuator

Actuator

Electrode connection

Microfluidic structure

Temperature sensor heater

Heater


7. Conclusion:

    The brief survey given in this review article reveals an astonishing multitude of micropump concepts, fabrication technologies, devices and applications. As outlined before, the pioneering work has started around 1975 and was shifted towards the MEMS area around 1990. From this time on the exploratory aspect definitely has been the first main driver. Research at that time shows the charac​ter of a scientific playground in its most positive sense and was necessarily performed to explore the whole spectrum of micropump concepts, actuation principles, valve designs and fabrication technologies conceivable. The primary goal was to realize a novel microfluidic device and to improve its performance. Aside from that, the mixture of microactua​tion, microfluidics, microfabrication and application-related aspects present in a micropump has generated an ideal “workbench” for a wide range of MEMS research until today.

 The first explorative research phase has soon revealed the advantages and drawbacks of the various micropump con​cepts. A second phase has started around 1995 with the study of alternative fabrication technologies and genuine micropump-related problems. As a result the performance of micropumps has been constantly increased and features such as self-priming, bubble-tolerance, high flow and pres​sure capabilities or precision dosing have been addressed and solved.
    The applied voltage is essentially a key constraint factor for micro-dosing/drug delivery driving power. In other words, the micro pumps have to be limited by low applied voltage, say from 5 to 12 V. Since the micro-dosing and drug delivery sys​tems cannot tolerate any potential detrimental influence from driving forces, the electrostatic micro pumps and piezoelectric micro pumps have to be usually ruled out because of high driv​ing voltage required. EHD and MHD micro pumps have to be incorporated with working fluid with a certain degree of elec​tric conductivity. This would narrow down the application fields, particularly in bio-chips. Bubble-type and other non-mechanical micro pumps need no physical actuation components but its effectiveness, due to long time delay and slow response, are much devalued. The type of SMA micro pumps suffers from a relatively low flow rate and insufficient bio-compatibility. In addition to applied voltage and driving methodology, the other crucial issue for micro-dosing driving power is the degree of bio​compatibility. It would become extremely sensitive and determinative especially for implanting-oriented biological appli​cations. In comparison, ICPF micro pumps possess the most advantages of long stroke, low driving voltage, qualified flexi​bility and bio-compatibility. Bimetallic micro pumps have the superiority on high flow rate and pressure head. If the associated flexibility and bio-compatibility can be further improved, they would become more competitive.

     Looking back at this research history one may criticize that the overall commercialization process is still in its beginning. However, the development of the ISFET has taught us once more that MEMS devices as many other technical products take an astonishing long time from the first scien​tific publication to a commercial product. It is therefore more efficient to count the positive aspects and to point out the remaining deficits. On the positive side, mature multidis​ciplinary knowledge is available today for a number of dif​ferent micropump concepts. In some cases the optimization of the fabrication processes has already reached a high level. Also, the first micropumps have entered the market-place in such promising areas as life sciences and biochemi​cal analysis and others seem to be close to that point. On the other side, cost and fabrication optimized designs and a good performance reproducibility are definitely the next goals to be achieved. Aside from that the perfection of appropriate design and modeling tools is still a need for both commercialization and basic research. And yet, aside from all commercialization issues, there is still enough to learn about the fundamental processes oc​curring in micropumps and other microfluidic components and systems, like influences of media properties, long-term effects or liquid-surface interactions.
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Continuous monitoring DDS/ monitor glucose levels fro diabetes patients
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μTAS, cell manipulating systems, and drug delivery systems.


Drug delivery


Administration of neurotransmitters to neurons. Create Synapses in artificial sensory organs.


Injection of insulin and monitoring of glucose concentration
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