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Abstract In the present paper, we propose a micro-

vibrating flow pump (micro-VFP), which is a novel

micropump. The micro-VFP is constructed using an actively

vibrating valve that has a cantilever-like structure fixed on

a wall of a microchannel and a slit orifice downstream. The

slit orifice is designed to make the flow asymmetric around

the vibrating valve and to effectively generate a net flow in

one direction. At the same time, the valve works as an

actuator to induce liquid flow in the microchannel. Since

the valve is made of a flexible material including magnetic

particles, it is manipulated by changing the magnetic field

from outside the micro-VFP. This design allows external

operation of the micro-VFP without any electrical or

mechanical connections. In addition, the micro-VFP, which

realizes pumping with a chamber free design, is advanta-

geous for implementation in a small space. In order to

demonstrate its basic pumping performance, a prototype

micro-VFP was fabricated in a microchannel with a cross

section of 240 lm 9 500 lm using microelectromechani-

cal systems technologies. The vibration characteristics of

the valve were investigated using a high-speed camera. The

pump performance at various actuation frequencies in

the range of 5 to 25 Hz was evaluated by measuring the

hydrostatic head and the flow rate. The proposed micro-

VFP design exhibited an increase in performance with the

driving frequency and had a maximum shut-off pressure

of 3.8 ± 0.4 Pa and a maximum flow rate of 0.38 ± 0.02

ll/min at 25 Hz. Furthermore, in order to clarify the

detailed pumping process, the flow characteristics around

the vibrating valve were investigated by analyzing the

velocity field based on micron-resolution particle image

velocimetry (micro-PIV). The validity of the hydrostatic

measurement was confirmed by comparing the volume

flow rate with that estimated from micro-PIV data. The

present study revealed the basic performance of the

developed micro-VFP.

Keywords Micropump � Vibrating flow pump � Valve �
MEMS � Micro-PIV

1 Introduction

Many technologies for micro-biochemical analysis sys-

tems, referred to as micro-total analysis systems (Manz

et al. 1990) or lab on a chip (Stone et al. 2004), have been

developed in recent decades. In these systems, fluid

transportation, mixing, biochemical reactions, separation

and detection are automatically carried out using a small

amount of sample fluids and reagents. The confinement

effect by the microchannel results in the uniformity of

reactions. Therefore, these systems have numerous

advantageous features, such as reduced analysis time, total

cost, and patient pain. For the development of reliable and

fully automated systems, various micropumps, which are a

key technology for transporting fluids at high pressure due

to the very small cross section of the microchannel, i.e.,

head loss, have been proposed (Peter 2005). Previous

micropumps can be roughly divided into two categories:

mechanical pumps and nonmechanical pumps. The first

category usually realizes pumping by pressurizing the

working fluid using check valves, oscillating membranes,

or turbines (van Lintel et al. 1988). The second category
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adds momentum to the fluid by converting another energy

form into kinetic energy. Typical pumps belonging to this

category are electrohydrodynamic micropumps (Bart et al.

1990), electroosmotic micropumps (Liu and Dasgupta

1992), and magnetohydrodynamic pumps (Jang and Lee

2000). However, most current micropumps do not satisfy

the requirements for lab on a chip, such as precise control

of a small flow rate, in the range of microliters per minute

or less, because the size of the present micropumps is

relatively large or because of the lack of a stable pumping

mechanism.

The vibrating flow pump (VFP), which, at present, is a

macroscale pump, was first proposed by Hashimoto et al.

(1994). The working principle of the VFP is to provide

kinetic energy to the working liquid by vibrating a liquid

column in a tube with a valve on its side. The VFP has

many advantageous features such as an extremely simple

structure, self-priming, and controllability of the pumping

performance. The VFP has received considerable attention

in various industrial fields of mechanical and chemical

engineering because of the above advantages. Furthermore,

the VFP has been considered to be a suitable mechanism

for the left ventricular assist device (LVAD) in the field of

artificial organs (Yambe et al. 2003; Kawano et al. 2001;

Shintaku et al. 2010) because the VFP can stably generate

an oscillating flow with various frequencies. The minia-

turized VFP, which is a millimeter-order pump, was

introduced by Kawano et al. and proposed for use as a

booster pump for the external shunt catheter in clinical

applications (Kawano et al. 2003; Kato et al. 2003).

However, application of the VFP to microfluidic systems

requires further miniaturization.

In the present study, we have developed a micro-VFP

fabricated by microelectromechanical systems (MEMS)

technology (Shintaku et al. 2007, 2008; Inaoka et al. 2011)

in order to apply VFP to the application of micro-total

analysis systems or lab on a chip. In contrast to vibrating a

tube in a macro-scale VFP, we vibrate the valve in a micro-

VFP. This modification, vibrating the thin plate valve

instead of the tube, one side of which is fixed to the channel

wall, contributes to a dramatic decrease in size and power

consumption. This novel pump is realized primarily by the

development of a vibrating valve made of poly-

dimethylsiloxane (PDMS), including magnetic particles to

manipulate the valve from outside the pump. The pumping

performance was investigated by measuring the hydrostatic

head generated at various driving frequencies. Further-

more, the fluid dynamics in the micro-VFP were achieved

by a noncontact flow observation based on micron-reso-

lution particle image velocimetry (micro-PIV). The micro-

VFP could precisely control the flow rate in the range of

0.07 ± 0.02 to 0.38 ± 0.02 ll/min. Therefore, the micro-

VFP is useful for accurate control of small amounts of fluid

used in applications such as single-molecule studies (Per-

kins et al. 1995; Nagahiro et al. 2007; Hanasaki et al. 2008;

Doi et al. 2010). The maximum pressure was 3.8 ± 0.4 Pa,

which was sufficiently high to transport the liquid through

the micro-scaled channels. The results obtained herein

provide a basic understanding of the pumping performance

of the micro-VFP.

2 Structure of micro-VFP

Figure 1a shows a schematic diagram of the micro-VFP

and the concept of the pumping operation. The micro-VFP

consists of a cantilever-like vibrating valve and a slit orifice

downstream. As a result of the asymmetric vibration of the

valve between upstream and downstream, and the asym-

metric structure due to the combination of the slit orifice

and the valve, the micro-VFP generates one-directional

flow in the microchannel by providing kinetic energy to

the working fluid. Since the valve is made of a flexible

material, e.g., PDMS, including magnetic particles, the

micro-VFP can be externally operated only by changing

the magnetic field in the vicinity of the valve. Therefore, no

electrical or mechanical connections are needed. In addi-

tion, compared with the conventional micropump based on

a chamber with a diaphragm (van Lintel et al. 1988), the

micro-VFP is relatively small for incorporation into a

microchannel.

Figure 1b shows a three-dimensional illustration of the

micro-VFP and the dimension of the structure. Note that

the flow direction is opposite to that in Fig. 1a in order to

show the details of the vibrating valve and the cross section

of the microchannel. The valve is designed as a cantilever-

like structure fixed to the wall of a microchannel. The valve

is a relatively high-aspect-ratio structure, with a thickness

of 40 lm, a width of 200 lm, and a height of 490 lm, in

order to make the valve flexible enough to vibrate. The

valve is located at the center of the microchannel, which

has a width of 240 lm, a depth of 500 lm, and a length of

5.3 mm. Small clearances between the valve and the walls

are designed with ends of 10 lm and sides of 20 lm. A slit

orifice is designed 50 lm downstream from the valve with

a gap of 50 lm. A schematic diagram of the actuation of

the vibrating valve using an outside permanent magnet

(PM) is shown in Fig. 1c. The motion of the PM changes

the magnetic field in the vicinity of the valve. The valve is

deformed upstream taking a new position when the edge of

the PM is located on the upstream side of the valve as a

result of the attractive force. The valve vibrates around the

new oscillation center according to the PM, due to the

oscillation of the magnetic field. Consequently, the vibra-

tion of the PM results in periodic asymmetric vibration of

the valve.
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3 Fabrication

Figure 2 shows a schematic diagram of the fabrication

procedure. We developed an optimized process conditions

for the SU-8 mold, as described in Table 1 to achieve the

relatively high-aspect-ratio structure of the micro-VFP.

The SU-8 mold had two layers with thicknesses of 10 and

500 lm to fabricate a clearance between the valve tip and

the microchannel wall. The fabrication processing

sequence is as below:

(a) A silicon wafer was cut into square substrates having

sides of 3 cm.

(b) Al thin film was deposited on the substrate by radio-

frequency magnetron sputtering in order to facilitate

the subsequent alignment process.

(c) A 10-lm thick layer of SU-8 (SU-8 3005, Micro-

Chem, USA) was coated on the Al surface using a

spinner and was patterned by standard UV lithography

for the fabrication of the clearance between the tip of

the valve and the microchannel wall.

(d) Development of SU-8.

(e) Except for the region of the clearance and the cross

marks, the Al thin film was etched by a wet process.

The 10-lm thick SU-8 layer for the clearance worked

as an etching mask in this process. The cross marks

helped in the alignment process because the color of

the Al was different from that of the silicon substrate.

The surface was then coated with an adhesion

promoter (OmnicoatTM, MicroChem, USA).

(f) A 500-lm thick SU-8 (SU-8 2150, MicroChem, USA)

was formed over the substrate using a spinner and was

patterned to form the structure of the mold.

(g) Development of SU-8.

(h) The SU-8 mold was used to form the PDMS into the

structure of the micro-VFP. The surface of the SU-8

mold was pretreated with a barrier coat (barrier coat

No. 6, Shin-Etsu Chemical Co., Ltd., Japan) in order

to enhance the removal of the PDMS from the mold.

A liquid PDMS (Sylgard� 184, DowCorning, USA)

was mixed with a curing agent at a volume concen-

tration of 10 % and was degassed in a vacuum before

being cast over the mold. In addition, we prepared a

liquid PDMS including magnetic particles of iron

oxide with a diameter of 1 lm (Fe3O4, Kojundo

Chemical Lab Co., Ltd.). The volume concentration

of the particles in liquid PDMS was 25 %. We

manually placed a drop of the liquid PDMS including

magnetic particles into the hole for the fabrication of

the vibrating valve in the mold. The liquid PDMS

without magnetic particles was then cast over the

entire area of the mold. The mold with the PDMS was

then placed on a hot plate at 65 �C for 45 min to cure.

(i) The cured PDMS was removed from the mold, and

two holes with diameters of 1.0 mm were punched as

a flow inlet and a flow outlet at the ends of the

microchannel, as shown in Fig. 2i.

The micro-VFP fabricated by the PDMS was sealed

with a 1-mm thick glass substrate (Matsunami Glass Ind.,

Ltd., Japan) by oxygen plasma bonding (Kim et al. 2004).

The bonding process started from the plasma treatment on

the surface of the PDMS and the glass substrate under a

pressure of 26.3 Pa and a power of 100 W for 30 s. The

Fig. 1 a Schematic diagram of pumping of the micro-VFP, b the

dimensions of the structure around the vibrating valve, and

c schematic diagram of the actuation of the vibrating valve using

an outside permanent magnet
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PDMS and the glass substrate were then immediately

assembled and baked on a hot plate at 70 �C for 30 min.

Figure 3 shows SEM images of the resultant PDMS

structure around the vibrating valve. Using the optimized

process parameters described above, we successfully

achieved the fabrication of a relatively high-aspect-ratio

structure. This structure is designed to achieve high pump

performance due to the controllability of the flexible valve

motion and a large amplitude, which increases the kinetic

energy given to the liquid. The valve and the slit orifice

were confirmed to have a uniform shape. The SEM images

also show that the structure has vertical sidewalls across

the pattern. The gap between the valve and the sidewalls

was measured to be approximately 23 ± 4 lm.

4 Experimental setup

The experimental setup for driving the micro-VFP and for

the measurement of the pumping performance is shown in

Fig. 4. The PM having a magnetic field strength of 0.3 T is

fixed on the shaft of a high-precision mechanical slider

(EPF 7M, THK Co., Ltd., Japan) installed on an electro-

magnetic actuator (ET-132-2, LabWorks Inc., USA) and is

vibrated horizontally. The voltage for the electromagnetic

actuator is sinusoidal and is generated by a function gen-

erator (WF1945B, NF Corp., Japan) with an amplifier (HAS

4014, NF Corp., Japan). The amplitude of the PM is

maintained at a constant value of 8 mm, while the fre-

quency of actuation is changed from 5 to 25 Hz. The micro-

VFP is fixed to a high-precision stage to control the three-

dimensional position relative to the PM. The axis of the

vibration and the central position of the PM are set along the

microchannel. The vertical distance between the glass

substrate and the PM is 0.3 mm, which is experimentally

determined so as to maximize the vibration of the valve.

From the observation using a microscope, it is confirmed

that the deformation of the microchannel due to the valve

motion is negligible during the operation of the micro-VFP.

The flow outlet and the inlet of the microchannel are,

respectively, connected to reservoirs of 1.14 mm in inner

diameter for the hydrostatic measurement through two tube

connections: 215-mm long polytetrafluoroethylene tubes

with an inner diameter of 0.46 mm and 240-mm long

flexible tubes with an inner diameter of 1 mm.

Despite the simple design of the micro-VFP, a prelim-

inarily experiment using tap water revealed that the valve

sticking to the walls of the slit orifice was a critical issue

because of the nature of the PDMS. In order to address this

problem, ethanol, which has a lower surface tension, was

chosen as a working fluid to reduce the interfacial energy.

The density, q, of ethanol is 786 kg/m3 at the temperature

of 24 �C. Consequently, smooth periodic motion of the

vibrating valve is successfully realized. In a future work,

the sticking problem can be solved by modifying the shape

of the valve, e.g., the edges are modified from straight to

curved ones, which reduces the contact area between the

Fig. 2 Fabrication process of

the two-layered SU-8 mold:

a silicon substrate,

b Al thin film deposition using

radiofrequency magnetron

sputtering, c spin coating and

patterning of a 10-lm thick

layer of SU-8 for clearance,

d development of SU-8,

e etching Al thin film for

alignment, f spin coating and

patterning of a 500-lm thick

SU-8 layer, g development of

SU-8, h pouring PDMS onto the

SU-8 mold, and i punching

holes for the inlet and the outlet

in PDMS

Table 1 Comparison of fabrication processes for a mold with high-

aspect-ratio structure using SU-8 2150

Standard process Optimized process

Spin coating 5 s at 500 rpm

30 s at 1,300 rpm

5 s at 500 rpm

30 s at 1,300 rpm

Soft baking 10 min at 65 �C

120 min at 95 �C

1 h at 65 �C

4 h at 95 �C

Exposure energy 600 mJ/cm2 800 mJ/cm2

divided four times

Post exposure bake 5 min at 65 �C

30 min at 95 �C

1 h at 65 �C

2 h at 95 �C

13 h at 60 �C

Development 28 min 60 min
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valve and the side walls of the microchannel, and enables

the micro-VFP applicable to various working fluids. In

addition, a specific surface treatment (Tan et al. 2010) can

be useful to maintain the hydrophilicity of PDMS surface,

which will enable us to use water as a working fluid. The

motion of the gas–liquid interface in the reservoirs is

observed using a CCD camera (WAT-231S2, Watec Co.,

Ltd., Japan) and is analyzed by in-house software, which

tracks the horizontal gas–liquid interface in real time. The

tracking of the interface is achieved by calculating the

cross-correlation function for the brightness distribution

across the interface. A small amount of red ink is added to

the working fluid to enhance the tracking process. The

spatial resolution of this measurement is 8.3 lm due to the

resolution of the present camera system. The flow field in

the micro-VFP is visualized using polystyrene fluorescent

particles with a diameter of 1.0 lm (F8823, InvitrogenTM,

USA), which are mixed with ethanol at a volume con-

centration of 1.0 9 10-3 %. The flow of the fluorescent

particles is observed using a fluorescent stereo microscope

(SZX7, Olympus Corp., Japan), which has a relatively

large working distance compared with a standard micro-

scope. Since the actuation of the valve occurs from the

glass side, we observe the flow from the PDMS side.

However, since PDMS has a low transparency compared

with glass, in order to obtain a clear image for micro-PIV

analysis we used an EMCCD camera (iXon, Andor, USA),

which has high sensitivity compared with an ordinary CCD

camera. All of the experiments described herein are carried

out at a room temperature of 24 ± 2 �C and a relative

humidity of 60 ± 10 %.

The principle of the hydrostatic head measurement is

shown in Fig. 5. The cross-sectional area of the reservoirs

is 1.02 9 10-6 m2, which is sufficiently wide compared

with that of the microchannel of 1.2 9 10-7 m2, in order to

reduce the effect of the time-dependent pressure in the

reservoirs. Ethanol is used as the working fluid in the

present study in order to easily fill the microchannel with

the liquid. However, ethanol evaporates easily, and the

interfaces in both reservoirs drop, even without operating

the micro-VFP. For this reason, we introduce the

assumption that the evaporation rate from both gas–liquid

interfaces in the reservoirs is the same. Therefore, the

hydrostatic head H generated by the micro-VFP is simply

obtained from the difference in height of the liquid inter-

faces between two reservoirs. The validity of this method is

confirmed by the fact that the increase of H is observed

only when we operate the micro-VFP. The measurement

started under the condition of H = 0, and the variation of

H is measured as a function of the elapsed time t from the

time when the pump started driving. The after load pres-

sure is calculated by qgH, where g is the gravitational

acceleration.

Fig. 3 SEM images of the resultant PDMS structure around a

vibrating valve: a Birdseye view, b 3D view, and c front view

Microfluid Nanofluid (2012) 13:703–713 707
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For the micro-PIV analysis, digital images of 512 9 160

pixels are captured at a frame rate of 110 fps using the

EMCCD camera. From a preliminary observation, the flow

in the microchannel was found to be symmetric with

respect to the x axis but is three-dimensional around the

valve. The pumping effect based on the unidirectional flow,

which is the time-averaged, may be due to the three-

dimensional velocity profile. However, in the present

study, as a first step, we evaluated the pumping perfor-

mance based on the two-dimensional flow field in the

x–y plane. We used volume illumination and captured

images by setting the focus at the middle plane of the

microchannel. The measured depth of field is estimated to

be 64 lm in the z direction according to the equation given

by Meinhart et al. (2000).

5 Results and discussion

5.1 Vibration of the valve

The vibration characteristics of the valve were investi-

gated by mounting a high-speed camera (FASTCAM

APX RS, Photron, Japan) on a fluorescent stereo

microscope instead of the EMCCD camera. We can take

sequential photographs of the phenomena using the high-

speed camera through the objective lens and the obser-

vation angle can be precisely adjusted. Figure 6a, b

shows sequential imaginary illustrations and photographs

indicating the side view and top view, respectively, of

the valve motion at a frequency of f = 10 Hz. The valve

is actuated in accordance with the motion of the PM.

The valve moves roughly parallel to the sidewall of the

microchannel, although the valve sometimes contacts the

sidewall, e.g., t = 80 ms in Fig. 6b, because of the small

clearance between the valve and the sidewall. The dis-

tance L between the valve tip and the left edge of the

slit orifice is measured in order to characterize the valve

motion. Note that the dark color at the valve is due to

the magnetic particles. The dark region does not corre-

spond to the valve shadow, but rather to the area with

numerous magnetic particles, where the more precise

control of the area configuration is quite difficult because

of the very small width of O(100) lm. Note that the

liquid PDMS including magnetic particles is attached to

the valve by hand during the fabrication process. The

force exerted on the valve is derived from that on the

magnetic particles in the valve. Therefore, the distribu-

tion of the magnetic particles is an important factor in

determining as to how the valve is deformed. Since the

cantilever’s deformation is related to the fluid–structure

Fig. 4 Schematic diagram of

the experimental setup: 1 micro-

VFP, 2 permanent magnet,

3 electromagnetic actuator,

4 fluorescent stereo microscope,

5 EMCCD camera, 6 light

source, 7 high-precision stage,

8 reservoirs, 9 CCD camera,

10 computer, 11 function

generator, 12 amplifier, and

13 mechanical slider

Fig. 5 Principle of hydrostatic head measurement using ethanol as a

working liquid
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interaction problem, we need to develop a method to

precisely control the distribution in our future work.

Figure 6c presents the distance L as a function of t. This

figure clearly shows that the vibration of the valve is

periodic. The reason for the non-sinusoidal change of the

distance may be the contact between the valve and the

sidewall. The dependence of vibration on the frequency

f is investigated using the peak-to-peak amplitude A of

the distance, as shown in Fig. 6d. The results indicate

that the amplitude A appears to be constant in the fre-

quency range of the present study. Thus, the resonant

frequency of the vibrating valve is not in the frequency

range used herein. Note that the investigation was carried

out at a driving frequency lower than 25 Hz because of

the limitation in the actuation of the permanent magnet

using the electromagnetic actuator.

5.2 Flow field around the valve

Figure 7a shows the instantaneous velocity field obtained

by the micro-PIV analysis under a driving frequency of

f = 10 Hz. When the PM approaches the valve, the valve

deforms from its original position due to the attraction of

the magnetic particles in the valve to the magnetic field.

The position is decided by the force balance between the

magnetic force and the summation of the elastic force and

hydrodynamic load. By vibrating the PM the valve vibrates

around the new equilibrium point. At t = 0.0 ms, the valve

is located at the new position of x = -400 lm and then

starts to move downstream. At t = 0.0–50.0 ms, while the

valve tip moves upstream, the liquid predominantly flows

in the same direction as the valve motion, i.e., backflow

is induced. At t = 50.0–100 ms, the liquid flows

Fig. 6 a Sequential and imaginary illustrations showing a side view

of the valve motion at f = 10 Hz, b sequential photographs showing a

top view of the valve motion at f = 10 Hz, c valve tip distance L from

the slit orifice as a function of time t, and d valve amplitude A at

various frequencies f. Note that the black area in b corresponds to that

with several magnetic particles, and not to the valve shadow

Microfluid Nanofluid (2012) 13:703–713 709
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downstream. When the valve is close to the slit orifice and

is moving downstream, e.g., t = 80.77 ms in Fig. 7a, pair

tip vortexes are observed around the valve. The flow is

roughly symmetric about the centerline of the microchan-

nel due to the low Reynolds number of O(0.01). These

vortexes are considered to be induced by the leakage of the

liquid through the clearance between the valve and the

walls of the microchannel. When the valve moves down-

stream, the space between the valve and the slit orifice

decreases. At this stage, most of the liquid in the space is

pushed downstream through the slit orifice. However, part

of the volume of the liquid leaks through the clearance,

resulting in the generation of pair tip vortexes. Although

this flow is interesting for enhancing the liquid mixing in

the microchannel (Lambert and Rangel 2010), a detailed

analysis will be conducted in a future study. Figure 7b

shows the experimental path lines in the microchannel,

which are obtained through data processing of the micro-

PIV results. The flow is completely two-dimensional

downstream of the valve. However, upstream, it is difficult

to obtain useful information from either the micro-PIV

results or the results for the path lines, due to the three-

dimensional nature of flow in the upstream.

The relationship between the valve motion and the

liquid flow is also evaluated using the spatial mean velocity

obtained from the sampling area of 148 lm B x B

700 lm, where the flow starts to be fully developed at

x = 148 lm, as indicated in Fig. 7a. Figure 8 shows the

qualitative comparison between the valve tip velocity and

the mean velocity of the liquid flow. Note that the valve

motion and the velocity field are obtained separately from

the different experimental runs. However, the time in the

horizontal axis is matched using the elapsed time t from the

time when the pump starts. The figure indicates that

the velocity of the liquid flow changes in accordance with

the valve motion. Although the fully three-dimensional

valve motion is simply characterized by the velocity of the

valve tip, the valve motion and the mean velocity are in the

same phase. From a quantitative viewpoint, however, there

is a discrepancy of one order in magnitude between the

valve motion and the mean velocity. This may be due to the

fact that the leakage of the liquid through the clearance

reduces the net flow. Three-dimensional flow measurement

should be carried out in the future in order to quantitatively

evaluate the flow phenomena and pump efficiency in detail.

5.3 Pumping performance

Figure 9 presents H as a function of time at different

driving frequencies. The results indicate that each

H increases with time and approaches a certain value. This

phenomenon can be understood by the following expla-

nation. Before the operation of the micro-VFP, the

pressures exerted on the inlet and the outlet are balanced

and no net flow is generated in the microchannel. When the

micro-VFP starts to operate at t = 0 s, the liquid in the

upstream reservoir is transported downstream. The trans-

ported liquid increases the hydrostatic head exerted on the

flow outlet and decreased the head in the flow entry.

Therefore, at first, H increases with t under the operation of

Fig. 7 a Instantaneous velocity field obtained by micro-PIV analysis

at a frequency of f = 10 Hz and b experimental path lines in the

microchannel
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the micro-VFP. In addition, the results show that

H depends on the driving frequency. The value of dH/dt is

related to flow rate Q as dH/dt = 2Q/S, where S is the area

of the cross section of the reservoir. Therefore, the data is

also interpreted such that Q is the highest when the pump

starts, i.e., under the zero-head condition, and Q decreases

with time, because of the increase of the hydrostatic head.

In the steady state, namely t [ 200 s, the liquid in the

upstream reservoir is no longer transported, meaning that

there is no net flow in the microchannel. This situation

must correspond to the shut-off condition of the pump.

Using the data shown in Fig. 9, the pumping perfor-

mance of the micro-VFP is evaluated in two limiting cases:

t = 0 s and the steady state. The value of H at the steady

state is used to calculate the shut-off pressure Ps, which is

the highest achievable pressure by the micro-VFP at a

driving frequency. Figure 10 shows the relationship

between Ps and f. The figure shows that Ps increases with

the driving frequency f in the range of approximately

1–4 Pa. The highest Qmax under the zero-head condition is

shown in Fig. 11. It is found that Qmax increases with the

driving frequency. Furthermore, we compare Qmax with the

estimated flow rate from the micro-PIV data at

0 s B t B 4.75 s, where H in Fig. 9 appears to increase

linearly with t in this time period. Another estimation of

Qmax is performed by multiplying the cross-sectional area of

the microchannel by the spatiotemporally averaged velocity

in the sampling area. The comparison appears to be in

relatively good agreement, which supports the validity of

the assumption that the evaporation from both interfaces

was the same and that H generated by the micro-VFP was

simply obtained from the difference in height of the liquid

interfaces between two reservoirs. The flow rate from the

micro-PIV is slightly higher than that obtained from

hydrostatic head measurement. This is because the flow rate

from the micro-PIV is obtained using only the velocity on

the middle plane of the microchannel in the z direction

without taking into account the three-dimensional flow

field. Based on the data in Figs. 10 and 11, the micro-VFP

can realize better pumping performance at a higher driving

frequency. The pumping performance is expected to con-

tinue to improve by increasing beyond the driving fre-

quency used herein. In the future, we would like to explore

the effects of the driving frequency and the vibrating

amplitude of the valve on the pumping performance.

Using the micro-VFP, the maximum shut-off pressure Ps

and flow rate Q were obtained as 3.8 ± 0.4 Pa and

6.38 9 10-12 ± 3.8 9 10-13 m3/s (0.38 ± 0.02 ll/min),

respectively, at a driving frequency of 25 Hz. These values

are relatively small compared to those of previously pro-

posed micropumps. However, from the viewpoint of the

flow rate per planform area (Iverson and Garimella 2008),

which is calculated as 3.17 ± 0.17 ll/(min mm2), the

value is relatively large and is in the same range of the

Fig. 8 Relationship between the mean velocity in the sampling area

148 lm B x B 700 lm and the valve tip velocity

Fig. 9 Variation of hydrostatic head H as a function of time t at

various driving frequencies f
Fig. 10 Shut-off pressure Ps at various driving frequencies f under

the steady state
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conventional diaphragm pumps (Yoon et al. 2007). This

means that the micro-VFP can generate a relatively high

flow rate for its small size. Furthermore, since the micro-

VFP can precisely control the liquid flow at a relatively low

flow rate range by changing only the driving frequency, the

micro-VFP can be used for emerging biological applica-

tions, such as single-molecule analysis (Perkins et al. 1995;

Doi et al. 2011; Uehara et al. 2011), glucose monitoring

(Hsieh and Zahn 2007; Shintaku et al. 2009), and cell-

based assay (Wu et al. 2008), where these applications

require the generation of flow ranging from O(0.01) ll/min

to O(1) ll/min for a long period of time. In addition, the

micro-VFP developed herein exhibits no degradation in

pumping performance for a cumulative working time of

more than 100 h, implying the feasibility of the micro-VFP

for practical applications.

6 Conclusions

In the present study, we developed a novel micropump

called the micro-VFP. The main advantage of the micro-

VFP is that the operation is performed externally only by

changing the magnetic field in the vicinity of the vibrating

valve without any electrical or mechanical connections. In

addition, the micro-VFP is small enough to be incorporated

into a relatively tight space because of the simple structure

consisting of the valve and slit orifice in the microchannel.

The performance of the micro-VFP was investigated under

driving frequencies from 5 to 25 Hz by hydrostatic head

measurement and two-dimensional flow field analysis

around the valve based on micro-PIV. The results provided

the basic design data of performance in the developed

micro-VFP and are summarized as follows:

1. A novel micropump, called the micro-VFP, has been

developed. In order to demonstrate the applicability of

the micro-VFP, a prototype was fabricated using UV

lithography and molding in a microchannel with a

cross section of 240 lm 9 500 lm.

2. The results revealed that the pumping performance

improved as the driving frequency increased. The

maximum shut-off pressure and flow rate were

3.8 ± 0.4 Pa and 0.38 ± 0.02 ll/min, respectively, at

a driving frequency of 25 Hz.

3. The hydrostatic head measurement was performed by

obtaining the time-dependent height difference of the

gas–liquid interfaces between the two reservoirs. The

flow rates obtained from the hydrostatic head mea-

surement and from the micro-PIV results were in good

agreement. The validity of the measurement methods

were confirmed from the viewpoint of practical

applications.
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