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Abstract 

Micro- and nano-electromechanical systems (MEMS or NEMS)-based fuel delivery in direct methanol fuel cell (DMFC) 

devices offer opportunities to address unmet fuel cells related to fuel delivery. By applying an alternating electrical field across 

the actuator, the resultant reciprocating movement of the pump diaphragm can be converted into pumping effect. 

Nozzle/diffuser elements are used to direct the flow. To make the power system applicable for portable electronic devices, the 

micropump needs to meet some specific requirements: low power consumption but sufficient fuel flow rate. In this study, a 

theoretical method have been used to investigate the effects of materials properties, actuator dimensions, driving voltage, driving 

frequency, nozzle/diffuser dimension, and other factors on the performance of the whole system. As a result, a viable design of 

micropump system for fuel delivery in DMFC devices has been achieved and some further improvements are suggested. A 

mathematical model was used to simulate the behaviour of the micropump. The results of mechanical calculations and 

simulations show good agreement with the actual behaviour of the pumps. 
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1. Introduction 

 The piezoelectric effect is the ability of certain materials 

to produce an electric charge proportional to an applied 

mechanical stress. This is known as the direct piezoelectric 

effect. The electric charge can also be produced in the 

reverse direction, by reversing the direction of applied 

stress. The piezoelectric effect is reversible which implies 

that when an electric field is applied a mechanical strain is 

created in the material. The piezoelectric effect is defined 

as a linear relationship between a mechanical variable and 

an electric variable. Piezoelectric thick films are of major 

interest in the actuation of active structures in MEMS, they 

have been widely applied to micropumps, ultrasonic 

motors, resonators, microfluidic separators, high-frequency 

transducers, and energy harvesting, [1] because they exhibit 

properties such as larger displacement and quick response, 

high frequency, and can be precisely controlled. 

The development of pumping devices in microscale is a 

part of the emerging research field of microfluidics [2]. 

Besides stand-alone micropumps, simple pump designs are 

required for integration in miniaturized chemical analyzers, 

which are often called micro total analysis systems (μTAS) 

or lab on a chip (LOC). Low-voltage and low-power 

actuating schemes for the pump are needed for the use in 

hand-held devices which are usually powered by batteries. 

Micropumps with surface mounted piezoelectric 

membrane actuation were first reported by van Lintel et al. 

[3]. Piezopumps have been considerably developed over 

the past several years. They have many excellent abilities 

such as liquid handling in small and precise volume, 

providing a high actuation force with a relative fast 

mechanical response at high operation frequency, and 

miniaturization in a small size, etc. [4–6]. Therefore, they 

are able to serve in chemical, medical, and biomedical 

applications with great scientific and commercial potential 

[7–9]. 

A fuel cell is a kind of electrochemical device that 

converts the chemical energy of reactants directly into 

electricity, which offers advantages of high energy density, 

low volume and weight, no moving parts and no harmful 

emissions. Recently, miniature fuel cells have been drawing 

increasing attention as a possible solution to the search for 

improved power sources for portable power systems [10]. 

The direct methanol fuel cell (DMFC) is one of the fuel 

cells which have the potential to be miniaturized. The 

chemical reaction in DMFC is as follows: 

Anode: CH3OH + H2O → CO2 +6H
+

 +6e
−
 

Cathode: 3/2O2 + 6H
+

 + 6e
−
 → 3H2O 

Overall reaction: CH3OH + 3/2O2 → CO2 + 2H2O  

From the equation above, it holds true that in a 

completely passive system, the entire surface area of the 

fuel cell cathode must be exposed to the exterior to allow 

air to reach the catalyst layer. For longer durations, 

however, in the absence of convection, the local oxygen 

concentration adjacent to the cathode will be depleted. So, 

one of the key technologies has been that of an active air 
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supply device which can feed sufficient air into the DMFC 

pack. 

The cross-section of the DMFC power system with 

valveless piezoelectric micropump is shown schematically in 

Fig. 1. This system mainly consists of the following parts: 

fuel cell membrane electrode assembly (MEA), fuel 

chamber, nozzle/diffuser, micropump and pump chamber, 

and fuel supply manifold. All these parts are fabricated in a 

multi-layer structure to obtain a compact system. The fuel 

cell MEA is made of a Nafion117 membrane layer 

sandwiched by two electrode layers with catalysts deposited 

on them. And the micropump is fabricated by bonding a 

thin piezoelectric disk on a metal diaphragm. When 

applying an alternating voltage to the piezoelectric disk, the 

diaphragm is actuated to produce bending deformation that 

causes the volume change of pump chamber. By selecting 

appropriate shape and dimension of the nozzle/diffuser 

between pump chamber and fuel chamber, the fuel can 

circulate in the desired direction. And the fuel supply from 

the right chamber can compensate the fuel consumption. 

 
Fig. 1: Schematic of the miniaturized DMFC system driven 

by piezoelectric valveless micropump. 

2. Model of micropump 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Schematic of the piezoelectric micropump actuator. 

 

 

 

 

 

 

 

Fig. 2(a): Disk-type bending actuator. 

 

 

 

 

 

 

 

Fig. 2(b): Ring-type bending actuator. 

 
     The most important part of a micropump is the 

actuator, which in this case is actually a piezoelectric 

bending actuator made of three layers: PZT layer, bonding 

layer and passive plate. When applying an alternating 

electrical field across the PZT layer, it will generate a 

reciprocating deflection in the direction vertical to the 

surface of the actuator. This deflection is then transferred 

to the pumping effect that drives the fluid inside the pump 

chamber flowing through the inlet/outlet. Therefore the 

first thing need to do in the micropump modeling is to 

calculate this deflection. In most of the applications for 

micropumps, the PZT disk is smaller than the passive plate 

and therefore the edge of the PZT disk is often considered 

to be free. The schematic of the actuator part is illustrated 

in Fig. 2. As shown in the figure, the PZT disk is adhered to 

the passive plate by a thin layer of conductive epoxy. 

     The modeling process can be simplified assuming the 

whole structure is circumferentially symmetrical, the 

bonding between the PZT disk and the passive plate is 

perfect and the outer edge of the passive plate is fixed. 

2.1. Desk-type deflection 

      The model developed by [11] for deflection caused by 

the applied voltage can be adopted here directly. The 

intermediate moment caused by the actuation of the PZT 

is: 
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The bonding moment M1, as delivered by Li et al [12] is: 
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     The defection can be determined by the following 

equations: 
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     The deflection W2 for the three-layer structure can be 

expressed as follows [13]: 
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The continuity condition is: 
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The moment M11 can be expressed as follows: 
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The deflection equation can be rewritten as: 
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      Under constant pressure difference p, the deflection of 

the passive plate is: 
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Where M2 and M21 are two intermediate bending moments, 

the continuity condition of the slope of the deflection at r = 

a can be used to determine M2 and the other moment can 

be expressed as: 
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The deflection of the three-layer structure can be expressed 

as follows: 
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For the bonding material, the stress follows: 
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where εb is the strain of the bonding material. 

2.2. Ring-type deflection 

       Assuming the whole system is linear, the deflection 

equations for the ring-type actuator can be expressed as 

follow: 
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The deflection caused by pressure difference can be 

expressed similar to the case of disk-type actuator; the 

deflection induced by mechanical pressure can be 

determined by using the superposition method as follows: 
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Where, M' and M" are two intermediate bending moments, 

of which 
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     The relation between the total generated current and the 

methanol solution flow rate can be written as: 

FDQI M  6                                                   (21) 

(where DM is the mole density of methanol solution and F is 

Faraday's constant). 

3. Model validation and predicted results 

      Water is used as working fluid whose property is quite 

close to that of the methanol water solution. Comparison 

between the measured water flow-rate [14] under different 

pressure head were compared with the predicted results as 

shown in Figure 3. The larger flow rate corresponds to the 

lower pressure head. As shown in the figure there is a good 

agreement between the experimental and predicted results. 

 
Fig. 3: Flow rate versus pressure head, f = 200 Hz. 

 

 
Fig. 4: Comparison between experimental and numerical 

results of the diaphragm deflections. 

 

       Figure 4 shows a comparison of the deflection of the 

diaphragm between the predicted results of the present 

model and the experimental results of Zhang et al. [15]. 

The predicted results have the same trend of the 

experimental data and the maximum deflection always 

appears at the center. The numerical deflection is smaller 

than the experimental this may tends to the fabrication 

process may result in some residual stress or strain and the 

boundary conditions are not ideal fixed. Also the actual 

deformation of the bending actuator in three-dimensional 

but the numerical result is two-dimensional. Furthermore, 

there may be defections and non-uniformities in the 

materials used for experiments therefore the experimental 

data will not be accurate.  
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Fig. 5: Center deflection results of the diaphragm under 

different voltage. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
Fig. 6: Output power under different operation conditions, 

f = 100 Hz. 

 

      The predicted center deflection of the micropump and 

the applied voltage is linear as shown if Fig. 5. Increasing 

the applied voltage will increase the applied electric field; 

therefore the deflection and the volume displacement will 

increase. The applied electrical field cannot exceed a 

certain limit or the PZT material will be depolarized. The 

applied AC voltage is sinusoidal and the frequency is 100 

Hz give much larger deflections as shown in Fig. 5. The 

output power under different conditions consumed by the 

piezoelectric micropump from the total power generated by 

fuel cell is shown in Fig.6. The power generated by the fuel 

cell is not enough to drive the micropump for both 2 and 4 

ml/min then the flow rate must be less than these values to 

get positive output power.  

 

4. Conclusions 

      This research is focused on the development of a 

valveless piezoelectric micropump for miniaturized direct 

methanol fuel cell system as power source for portable 

electronics. A theoretical study is conducted to design, 

optimize, and characterize such a system. This work 

demonstrates that the working principle of the whole 

system design is sound and viable. A mathematical model 

was used to simulate the behavior of the micropump. The 

results of mechanical calculations and simulations show 

good agreement with the actual behavior of the pumps. 
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