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A ball valve micropump in glass fabricated by powder blasting
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Abstract

We present the microfabrication and characterization of a ball valve micropump in glass, which is magnetically actuated using the sinusoidal
current of an external electromagnet. We employ the use of a simple powder blasting technology for microstructuring the glass substrates and
fusion bonding for assembly of the multi-layered microfluidic chip. The use of a polymer membrane with embedded permanent magnet gives
rise to a large actuation stroke, making the micropump bubble-tolerant and self-priming. The micropump exhibits a backpressure as high as
280 mbar and water flow rates up to 5 mL/min thanks to the large magnetic actuation force and the use of high-efficiency ball valves. The
frequency-dependent characteristics are in excellent agreement with a hydrodynamic damped oscillator model.
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. Introduction

Pumping is one of the most common and elementary func-
ion in microfluidics. Although external (syringe or peri-
taltic) pumps are mostly used in laboratory experiments
or the precise dispensing of fluids, the realization of minia-
urized pumps has attracted attention in the development of
ntegrated lab-on-a-chip (LOC) systems[1]. Since the first
ilicon micropump by van Lintel et al.[2], multiple microp-
mps have been reported. A majority of these are piezoelec-

rically actuated reciprocating pumps and are fabricated out
f silicon [3–5] (the recent review of Laser and Santiago

3], in particular, gives a good overview on the topic of mi-
ropumps). Motivated by biochemical applications and the
mergence of LOC systems, new devices microfabrication

echnologies have been developed and pumping principles,
ctuation methods as well as valving principles have been di-
ersified. Unger et al.[6], for example, used soft lithography
o construct multiple layer microfluidic systems containing
neumatically actuated active valves and peristaltic pumps
ntirely made out of silicone elastomer.

For reciprocating micropumps, magnetic actuation m
ods have been proposed[7,8] and plastic and glass materi
have become the preferred choice[3]. In particular, glass i
a very promising material for LOC applications, since
chemically inert and sterilizable at high temperature. H
ever, a practical self-priming glass micropump capabl
delivering a high backpressure has not been reported s
In a reciprocating micropump, a high backpressure ca
achieved by a large membrane actuation force in com
tion with the use of high-efficiency unidirectional valves.
though ball valves are excellent candidates for the ge
tion of unidirectional pumping flows, they have been ra
used in micropumps, probably because of their non-tr
combination with classical two-dimensional microfabri
tion techniques. A first type of ball valve micropump w
made by stereolithography[9] and a second type was ma
in silicon/glass and had one active electromagnetically
tuated ball valve[10]. Recently, a polymethylmethacryla
(PMMA) ball valve micropump with a pneumatically ac
ated membrane was reported[11].

In this paper, we have used a simple powder blasting
∗ Corresponding author. Tel.: +41 21 6936734; fax: +41 21 6935950.
E-mail address:martin.gijs@epfl.ch (M.A.M. Gijs).

cess for the three-dimensional microstructuring of glass. The
technique naturally generates conical udder-shaped holes that
can be straightforwardly combined with a sphere, resulting
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in a high-efficiency ball valve. Glass fusion bonding was
used for assembly of the multi-layered microfluidic chip. A
high-temperature resistant and biocompatible polydimethyl-
siloxane (PDMS) membrane with embedded permanent mag-
net was plasma-bonded with the glass structure giving rise
to a large actuation stroke, making the micropump bubble-
tolerant and self-priming. We obtained a backpressure as high
as 280 mbar and water flow rates up to 5 mL/min thanks to the
large magnetic actuation force and the use of the ball valves.
The frequency-dependent flow characteristics are explained
using a hydrodynamic damped oscillator model.

2. Working principle and design

Our micropump is of the reciprocating type (seeFig. 1a):
the oscillation of a flexible diaphragm results in the periodic
increase and decrease of the pumping chamber volume. Two
passive ball valves are placed at the entrance and exit of the
pumping chamber to rectify the pulsed flow. The actuation
of the PDMS membrane with embedded permanent magnet
was done using an external electromagnet fed by a sinusoidal
current. The microfluidic circuit which is necessary to operate
the micropump with the two ball valves was based on the
three-dimensional micromachining and subsequent bonding
of three glass layers (seeFig. 1b).

3. Microfluidic chip fabrication

3.1. Powder blasting erosion process

Powder blasting has been demonstrated to be a low cost
tool for the microfabrication of micromechanical[12] and
microfluidic [13] devices in brittle materials. For all our ex-
periments, we used an ‘HP-2 Texas Airsonics’ abrasive jet
machine connected to a pressurized air source. The eroding
powder consists of 30�m size alumina particles (Al2O3) and
was dosed to a 2 mm wide exit nozzle by a vibration feeder
in an air jet. We have always applied a pressure of 3 bar to
the nozzle; the distance from the nozzle exit to the substrate
was 8 cm. In our experiments, we have usedBorofloat® 33
borosilicate glass (Schott AG, Mainz, Germany).

When the glass wafer is covered by an erosion-resistant
polymer mask, containing a circular aperture, the hole eroded
in the glass has a rounded shape originating from the reduced
normal impact of the particles near the mask edge[14,15].
Fig. 2a and b shows the time evolution of a hole made with
a 1 mm wide mask aperture, obtained using a static powder
beam. After about 20 s, a udder-like erosion profile develops
at the bottom of the hole, resulting from the secondary impact
of particles that are reflected from the side wall of the hole
(see arrows inFig. 2a). Evidently, this ‘natural’ shape is ideal
for the realization of a ball valve seat.

F
b

ig. 1. (a) Schematic diagram of the ball valve micropump with external elect
all valve micropump.
romagnetic actuation of the magnetic membrane. (b) Principle of the glass trilayer
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Fig. 2. (a) Evolution of the erosion profile in glass material; (b) obtained profiles in the presence of the secondary impact effect and (d) without rebounding
effect. Experimental data of (d) were obtained by positioning the mask aperture at the edge of the substrate, as illustrated in (c).

The essential role of the secondary particle impact can be
illustrated by positioning the mask aperture at the edge of the
substrate, as shown inFig. 2c. In this case, the particle’s sec-
ondary impact is eliminated, as proven by the time-dependent
erosion profiles ofFig. 2d. In Fig. 3, we report the time-
dependent hole depth obtained from the experimental results
represented inFig. 2b and d. The full curve confirms the theo-
retical model form Slikkerveer and in’t Veld[14], which only
takes into account the primary impact of particles.

Fig. 3. The depth of powder blasted holes as a function of time in the case of
second impact effect (dotted line) and without the second impact of particles
(

3.2. Glass fusion bonding

Our glass bonding process was based on the bonding ex-
periments of Solignac[16]. After cleaning the glass plates
with isopropanol and a Piranha solution, the different layers
were stacked and aligned together. Finally, we carried out
a high-temperature fusion bonding step of the assembly at
600◦C [17]. The thermal treatment process is given inFig. 4.

Three glass layers have been successfully bonded in a sin-
gle step by this method. One should note that this bonding
is only possible with materials having very close thermal ex-
full line).
 Fig. 4. Thermal treatment for borosilicate glass substrates.
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Fig. 5. (a) Photograph of the integrated ball valve. We distinguish the three
different layers which are 0.7 mm (bottom and top) and 1.1 mm (middle)
thick. (b) PDMS membrane with embedded rare earth magnet. (c) Photo-
graph of the ball valve micropump.

pansion coefficients.Fig. 5a shows a photograph of an assem-
bled ball valve made by micropatterning and fusion bonding
of three glass substrates. The sphere was a Ø0.7 mm stain
less steel ball (Kellenberg Roll-Technik AG, Oetwil am See,
Switzerland).

3.3. Membrane fabrication and final assembly

In order to have reliable pumping, self-priming and bub-
ble tolerance of the pump, a flexible membrane with large
deflection amplitude is important[18]. The PDMS elastomer

Sylgard 184(Dow Corning Corp., Midland, Michigan, USA)
has been chosen for its high flexibility and its compatibil-
ity with a hot sterilization treatment (130◦C). For actuation
of the membrane, we have chosen a cylindricalNdFeB/N48
(Maurer Magnetic AG, Gr̈uningen, Switzerland) neodymium
rare-earth permanent magnet (Ø3 mm, height = 3 mm, rema-
nenceBr = 1.42 T), the magnetic properties of which are not
affected by the heat treatment. We integrated the magnet in
the membrane using a two-step molding process. We first
partially filled a first mold with the PDMS solution and cen-
tred the magnet with a counter-piece. After partial poly-
merization of the PDMS, the magnet remained entrapped
and the molding process could be completed using a sec-
ond mold. The final membrane (seeFig. 5b) had an ex-
ternal diameter of 10 mm, a dimension which was higher
than the diameter of the chamber (Øm7 mm) for bonding to
the glass stack. The membrane rigidity was measured to be
K= 800 N/m, corresponding to a diaphragm spring constant
Kp =K/Am = 20 MPa/m, whereAm is the membrane surface.
The membrane weight isMm = 0.25 g.

The PDMS membrane was plasma-bonded on the glass
surface using a ‘Scancoat Six’ plasma treatment machine
(BOC Edwards, Crawley, UK). The surface of the glass sub-
strate was first treated with an air plasma for 60 s at 0.4 mbar
and 20 mA (500 V). The PDMS membrane was subjected to
the same plasma treatment, but only for 10 s. After a ther-
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al annealing at 100◦C, a hermetic and irreversible bond
etween the glass and the PDMS was then obtained.

For the fluidic connections to the chip surface, cylindr
lass connectors were polished and glued with epoxy

ion at 80◦C for 2 h (Epo-Tek 301-2, Epoxy Technology Inc
illerica, Massachusetts, USA).Fig. 5c shows a photograp
f the assembled glass ball valve micropump. The ext
imensions of the chip are 36 mm× 22 mm× 2.5 mm.

. Results and discussion

.1. Ball valve characterization

The flow rectification efficiency of the ball valve was ev
ated on a separate device and its static flow rate–pre
haracteristic is shown inFig. 6. The fluidic resistance in th
orward direction is measured to beRd = 3× 1010 N m−5 s.
nowing that the overall dimension of the fluidic acc
hannel to the ball valve is 22 mm× 1 mm× 0.4 mm and as
uming a laminar Hagen–Poiseuille flow, the total theore
uidic resistance is thenRc = 8.4× 109 N m−5 s (rectangula
uct). If we do not take into account the resistive effect o
hannels, we can evaluate fromFig. 6the valve efficiencyε as
he ratio of the flow rates in the forward and reverse direc
or a given differential pressure:

= Q+(P)

Q−(−P)
≈ 20 mL/min

0.25 mL/min
= 80 (1)
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Fig. 6. Water flow rate–pressure characteristic of the ball valve.

whereQ+ andQ− are the flow rates in the forward and reverse
direction, respectively andP the differential pressure applied
to the ball valve.

4.2. Micropump characterization

For the actuation of the micropump, a 100 mA sinusoidal
current was applied to a 4800 turn commercial coil having
an internal resistance of 370� (Atam Windings s.r.l., Agrate
Brianza, Italy). To focus and amplify the magnetic field, a
soft magnetic iron core was placed into the centre of the
coil. Fig. 7a represents the water flow rate characteristic of
the pump measured for different actuation frequencies of the
electromagnet. A flow rate of about 5 mL/min was measured
atf= 30 Hz, which is the resonance frequency of the pump. In
Fig. 7b, we report the maximum obtained backpressure (at no
flow rate) versus frequency for a 100 mA sinusoidal excitation
of the electromagnet. At resonance, a maximum pressure of
280 mbar was measured using a pressure sensor connected to
the outlet of the chip. The water flow rate–backpressure char-
acteristic of the ball valve micropump is shown inFig. 7c for
an actuation frequencyf= 30 Hz. The hydrostatic backpres-
sure was generated with a column of water. The linear-like
decrease of the flow rate with backpressure can be explained
by the fact that the flow is proportional to the difference be-
t in the
p
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Fig. 7. (a) Water flow rate–frequency characteristic of the micropump. The
dotted line is obtained using Eq.(2) and the parameters ofTable 1. (b)
Backpressure–frequency characteristic of the micropump. The dotted line
is calculated using the frequency dependence of Eq.(2). (c) Water flow
rate–backpressure characteristic of the micropump actuated at 30 Hz. The
full line is a linear regression curve. For all measurements, a sinusoidal
actuation current with an amplitude of 100 mA was used.

Table 1summarizes the equivalence of the hydraulic sys-
tem with a simple electrical RLC model[19]. We can now
calculate the values of the different parameters for our mi-
cropump, as listed inTable 1, using the following parameters:
V is the pumped volume,ρ = 1000 kg m−3 the density of wa-
ter, η = 1.0× 10−3 N m−2 s the dynamic viscosity of water,
l = 6 mm the outlet microfluidic channel length,w = 1 mm
the microfluidic channel width,h= 0.4 mm the microflu-
idic channel depth,A the channel cross section andDH the
ween the mean pressure developed by the membrane
umping chamber and the external pressure.

.3. Damped oscillator model of the ball valve
icropump

The ball valve reciprocating pump can be described
second order damped oscillator model. This descri
as also used for modelling reciprocating micropump

umped electrical equivalent circuits[19,20]. The liquid in
he channels induces both a resistive and an inertial e
he membrane plays the role of a capacitance and its

ial effect is limited in comparison with the fluid inertia. F
implification of the model, we are assuming that the va
re ideal diodes.
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Table 1
Equivalence of the hydraulic system with the electrical model

Fluidic model Calculated parameter/comment

Pressure,P Equivalent to voltage

Flow rate,φ = dV

dt
Equivalent to current

Fluid resistor,R = 128ηl

πD4
H

4.4× 109 N m−5 s

Fluid capacitor,C = dV

dP
= A2

m

K
1.85× 10−12 m5 N−1

Fluid inductor,L = ρ l

A
1.5× 107 kg m−4

Valve Diode (see characteristic ofFig. 6)

hydraulic channel diameter (estimated fromw andh for a
rectangular duct with rounded corners).

The dependence of the normalized flow rate of the pump
Q/Q0 on membrane pulsationω is given in the following
equation[20]:

Q(ω)

Q0
=

√√√√√
ω2

ω2 +
(

L
R
ω2 − 1

RC

)2 (2)

The dotted curve inFig. 7a is directly calculated from Eq.
(2), using the parameters ofTable 1. The calculated resonance
frequency isfo = 30 Hz. Although only the damping effect of
the fluidic channel was taken into account, the calculated
position and width of the resonant peak are in agreement
with the experimental data. The frequency dependence of
the outlet pressure data ofFig. 7b can be described by an
expression with similar frequency dependence as Eq.(2). We
can finally note from these data that the micropump shows
optimum behaviour at the resonance frequency of the fluidic
circuit [20].

5. Conclusion
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