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The VAMP — a new device for handling liquids or gases
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Abstract

‘We present a new device, the VAMP, which is both an active microval ve and a forward- and reverse-working micrapump (VAMP = Valve
And MicroPump). Driven by a d.c. voltage, the VAMP operates in its valve mode and is able to control fluid flow in both directions. Driven
by a square wave or a sinusaidal voltage, the VAMP operates in its pump mode and is able to pump fiuids in both directions. The ditection
of fluid transport can be changed by varying the driving frequency of the actuator. We di WO new which in ¢ ination
are responsible for this frequency-dependent pump effect. The VAMP has been successfully tested for liquids (water, oil) and air. Using
water we have achieved maximum pump rates of more than 2000 x1 min™" in the forward direction and 1200 ul min~' in the reverse
direction. The maximum back pressure is 17 kPa (1.7 mH;O) at a supply voltage of 200 V. Pumping air, we have achieved a maximum flow
rate of 8000 ul min~" in both directions. The VAMP has been manufactured in a smali-lot production and is now available for industrial

evaluation.
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1. Introduction

Miniaturized diaphragm pumps usually consist of a peri-
odically working diaphragm and two passive check valves
[ }-8] (or diffuser/nozzle elements {9,10]). The valves or
the diffuser/nozzle elements direct the fluid from the inlet to
the outlet port. Under certain conditions pumps containing
check valves can work in both forward and reverse directions.
This can be achicved by driving the pump with frequencies
higher than the resonance frequency of the check valves in
the fluid environment {2—6 kHz). In this case there is a phase
shift between the valve opening and the pump chamber pres-
sure driving the fluid [ 11]. The change of the pump direction
is a very interesting feature in many fields of application
(miniaturized chemical analysis systems, micro-dosing sys-
tems, etc.). Nevertheless, until now there have been several
practical limitations for using micropumps in commercial
fluid systems. The most important limitations are:

(i) the missing self-priming capacity of the pumps;

(ii) the missing fluid blocking in the forward direction;

(iii) the leakage of the check valves if unfiltered fluids

are used;

(iv) the complexity of the pump structures, which makes

fabrication difficult and expensive.
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Most of these problems can be overcome by the VAMP, a
new device which can be operated as an active microvalve or
even as an active micropump. Two new pumnp mechanisms,
the elastic buffer mechanism [ 12] and the variable gap mech-
anism | 13], are important in order to understand the pump
effect. These two basic mechani are di d in the fol-
iowing two sections using special layout examples.

2. Elastic buffer mechanism

According to the first new mechanism, the device consists
of a pump chamber, bounded by a pump diaphragm (dis-
placement unit), two fluid ports and an elastic Luffer element
(Fig. 1). All these parts can be manufactured by silicon
micromachining, for example. During stand-by, e device is
operated as a microvalve and port 2 is blocked by the pump
diaphragm. This can be achieved by driving the piezo-
bimorph actuator by a negative d.c. voltage. By driving the
displacement unit with a saquare-wave voltage, port 2 is
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\ /
base plate 1 2
Fig. 1. Schermatic of a micropump with the elastic buffer mechanism.
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Fig. 2. Schematic for demonstration of the elastic buffer mechanism.

opened and shut periodically while port 1 is open all the time.
This leads to a pumping effect as shown in Fig, 2.

In a first step the displacement unit is switched within a
very short time (<1 ms) and the comresponding volume
displacement of the diaphragm is compensated by the defor-
mation of the elastic buffer (Fig. 2(b) ). Due to the inertia of
the fluid, the volume flow through the ports is negligible
within the short switching time. In a second step, fluid is
sucked in through both ports, driven by the relaxation of the
buffer element (Fig. 2(c)). Inthe third step, port 2 is blocked
within a very short time ( <1 ms) and again the correspond-
ing volume displacement is compensated by the deformation
of the elastic buffer (Fig. 2(d)). During the last step the
relaxation of the buffer drives all the fluid through port 1
(Fig. 2(e)). This gives rise to a pumping effect (port
2—sport 1), because Auid is sucked in through both ports and
pushed out only through port 1. The pump direction can be
switched by driving the displacement unit with frequencies
higher than a resonance frequency determined by the fluid
and the buffer element [ 14]. In this case there is a phase shift
between the movement of the buffer and the opening of pont
2. A typical resonance. frequency is in the range 30-150 Hz,
as tests have shown. These frequencies are much lower than
the resonance frequency of passive check valves as described
in Refs. {7] and {11] (800-2000 Hz).

If compressible fluids have to be pumped (¢.g., air), the
fluid itself can be used as a buffer. In this case a mechanical
buffer structure (diaphragm) as depicted in Figs. 1 and 2 is
not necessary.

3. Variable gap mechanism

According to the second new mechanism an clastic buffer
is completely unnecessary (Fig. 3). The pumping effect can
be explained by calculating the volume flow through port 2
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Fig. 3. Schematic of a micropump wilh the variable gap mechanism.
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Fig. 4. Schematic for demonsiration of the variahle gap mechanism.

and integrating it duriug a pump cycle. Assuming laminar
conditions, the volume flow through port 2 is given by
_1wh’(p--pa)

D= 3 —_"b N
where p,, p, and p correspond to the hydrostatic pressures in
the fluid channels 1 and 2 and in the pump chamber. % is the
dynamic viscosity of the fluid, w denotes the width of fluid
port 2, and 4 and b refer to the height and the length of the
gap between the pump diaphragm and the sealing area of port
2.

When the piezo-bimorph actuator is driven by a pulsed d.c.
voltage and the pump chamber is completely filled with lig-
uid, the transient behaviour of h and p, respectively, is
depicted in Fig. 4(a) and (b). The variable gap mechanism
can be divided into two steps, a supply step and a pump step.
During the opening of port 2 (supply step) there is a low
pressure in the pump chamber (Fig. 4 (b)) and the gap height
h is increasing (Fig. 4(a)). During the closing of port 2
(pump mode) there is an overpressure in the pump chamber
(Fig. 4(b)) and the gap height 4 is decreasing (Fig. 4(a)).
The factor ph?® is a measure of the fluid flow through port 2
and is depicled in Fig, 4(c). Integrating a pump cycle, itcan
be seen that there is a net fluid flow directed from port 1 to

port 2. This is just the opposite direction to that of the elastic
buffer mechanism.

4, Fabrication

For experimental analysis, scveral different types of
VAMP have been fabricated. All devices contain a base plate
made of Perspex and a bossed diaphragm isade of micro-
machined silicon. The bossed diaphragm, base plate and
piezo-bimorph actuator were assembled by using adhesives
(Fig. 5). Tubes were connected to the base plate by MIN-
STAC 062 fittings. The layouts tested differ in the fabrication
and geometry of the fluid ports 1 and 2 as well as in the
stiffness of the bossed diaphragm. It is important to mention
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Fig. 5. Photograph of a device (type A).
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Fig. 6. Schematics of different layouts: (a) devices corresponding 10 type
A; (b) devices corresponding to type B.

that neither type A nor type B devices contain special buffer
elements as depicted in Figs. 1 and 2. However, in both cases
the bossed diaphragm is working as a buffer too. Thus, in any
given device, the resulting pumnp behaviour is always a super-
imposition of both the elastic buifer and variable gap mech-
anisms, although typically one of the (wo mechanisms
predominates,

For devices comresponding to type A (Fig. 6(a)) the fluid
ports 1 and 2 have been made by drilling in the base plate
(diamcter 0.6 mm). Three different geometries of the dia-
phragm were tested (type Al,7.3 mm > 7.3 mm % 0.020 mm;
type A2, 5.3 mmX5.3 mmXx0.025 mm; type A3, 53
mri X 5.3 Tom X 0.018 mm). The boss width of all devices is
2.1 mm. Devices of type B (Fig. 6(b)) contain a second
silicon chip with fluid ports manufactured by anisotropic
etching of silicon. Different widths of fluid ports 1 and 2 were
tested (type B1, 200 pm; type B2, 460 um; type B3, 800
um). All devices of type B contain a bossed diaphragm with
the dimeasions 5.3 mm < 5.3 mm X 0.018 mm (boss width
2.1 mm) The dependence of gap height & on driving voliage
Vfor all types is depicted in Fig. 7. A variation in the stiffness
of the bossed diaphragm can clearly be seen.

gap height h [um]

50 100 150 200

supply voltage [V}
Fig. 7. Gap height & vs. supply voltage for different types.

5. Experimental results

The fAlow characteristic of the device, operated in the valve
mode, is depicted in Fig. 8. Driven by a positive d.c. supply
voltage, fluid flow is possible in both directions. Driven by a
negative d.c. supply voltage, the flow is blocked. Due to the
piezoelectric actuation principle, the power consumption is
negligible ( <1 mW) in this operation mode. A small leakage
of less than 0.5% of the open flow rate can be detected for
devices corresponding to type A because the Perspex base
plate is not flat encugh to ensure perfect sealing. Due to the
flatness of polished silicon, the sealing is significantly better
for type B devices.

The frequency-dependent pump rate of the device when
operated in the pump mode (pulsed d.c. voltage) is depicted
in Fig. 9. For lower actuation frequencies the fluid transport
is directed from port 1 to port 2 if liquids are pumped. This
indicates that the variable gap ism is the predomi
effect. For higher driving frequencies the pump direction
changes. This is due to dynamic effects (for more details see
Ref. {14]).

Very similar to other micropumps, there is nearly a linear
dependence between pump rate and hydrostatic back pressure
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Fig. 8. Vaive charmacteristic of the device {(type Al).
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Fig. 9. Frequency characteristic  fluid, water; device Al).
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Fig. 10. Back-pressure characteristic (fluid, water; device Al).
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Fig. 11. Back-pressure chasacteristic {fluid, water; device A2).
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Fig. 12. Frequency characteristics for different types of devices {fluid,
water).

working against the flow direction (Fig. 10). The maxisnum
back pressures in forward and reverse directions ar¢ 6 and 3
kPa for type Al devices at a supply voltage of 150 V. The
maximum back pressure can be increased by increasing either
the stiffness of the diaphragm (type A2) and/or the ampli-
tude of the supply voltage (Fig. 11). A maximum back pres-
sure of 17 kPa has been achieved for a type A2 device at a
supply vollage of 200 V.

The variation of the width w of the fluid ports 1 and 2 has
been studied on type B devices. 1t can be clearly seen from
Fig. 12 that the maximum pump rate can be increased by
larger fluid ports. The influence of the kinematic viscosities
of liquids on the frequency-dependent pump characteristic
have been studied on a type A3 device. The pump rate
decreases with increasing viscosity as depicted in Fig. 13. A
maximum pump rate of 20 gl min~" has been achieved for
a kinematic viscosity of 22 mm? s ~'. This pump rate is high
enough for the dosage of lubrication oils, for example.

The devices (type A and B) have additionally been tested
for air. Due to its compressibility, air works as an elastic
buffer and thus we obtain the pump characteristic depictedin
Fig. 14. Itis very significant that the frequencies for pumping
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Fig. 13. Frequency characteristics for di ic vi ities of llq»

uids (device A3; voltage, 150 V; water, v =1 mm®s~"; oil 1, v=4.4 mm*
s~ %00l 2. p=22.0mm*s ).
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Fig. 14. Frequency characteristic (fluid, air; device B2).

gases (1-2 kHz) are much higher than the frequencies for
pumping liquids (10-200 Hz). However, the most important
cffect is that the gas transport at lower frequencies is directed
from port 2 to port t. This contrasts with the behaviour for
liquids and indicates that the elastic buffer mechanism dom-
inates the variable gap mechanism when gases are pumped.

6. Self priming

Some of the published micropumps are abie to pump both
liquids and gases, Nevertheless, self priming of these pumps
with liquids has never been reported. On the contrary, priming
of micropumps is quite often very laborious, especially when
they include passive check valves. The reason is thatcapillary
forces prevent the flow when the liquid surface reaches the
movable valve part. As has been calculated in Ref. [1], a
large force is needed to overcome the capillary forces. The
force generated by the driving units of micropumps is not
large encugh. This is due to two effects:

(i) the force generated by the driving unit is converted {0
a gas pressure inside the pump chamber;

(ii) the gas pressure inside the pump chamber is converted
to a force acting on the microvalve.

Both conversions in typical micropump designs are com-~
bined with large losses due to the compressibility of the air
inside the pump chamber and due tc the small active area of
a check valve (e.g. Ref. [7], 0.4 mm X 0.4 mm). Using the
devices discussed in this paper, there is no loss caused by the
effects (i) and (ii), because the whole force generated by
the piezo-bimorph actuator is used directly 10 open port 2
(Fig. 3).
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Nevertheless, the pumnp chamber geemetry of type A and
B devices is unsuited to ensure self priming due to the large
peripheral cavities. As a next step the height of the pump
chamber has to be optimized in such a way that the capillary
forces inside the pump chamber support the priming proce-
dure when the fluid level enters the chamber. In a ficst crude
experiment, the bossed diaphragm of a type A device
(Fig. 6(a)) was mounted upside down on top of the base
plate leading to a pump chamber height in the micrometre
range. In this experiment the pump chamber was instantly
completely filled with water when the fluid level reached port
2. It has been proved that self priming of the VAMP element
with liquids is very reproducible for this new design if lhe
pump chamber is dry. However, if there is any remai

will significantly facilitate the handling of micropumps in
microfluid systems. The VAMP has been manufactured in 2
small-lot preduciion and is now available for industrial
evaluation.
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