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Description

[0001] This invention relates to apparatus and a meth-
od for inducing motion of charged particles using an elec-
tric field. It relates particularly but not exclusively to ap-
paratus for inducing a liquid flow using an electric field
and to a method of inducing a liquid flow using an electric
field. It relates for example to pump or mixers for use in
microfluidics.
[0002] Electrokinetic pumps use electrokinetic phe-
nomena to provide electrically driven fluid flows by ap-
plying a voltage and hence an electric field to the fluid.
A particular example of electrokinetic phenomena is elec-
tro-osmosis. This is a well known phenomenon and is
used in many different fields. It relates to the motion of
polar liquid through a porous structure under the influ-
ence of an applied electric field. Most surfaces possess
a negative charge due to surface ionisation. When an
ionic fluid is placed in contact with the surface, a layer of
cations builds up near the surface to screen this negative
charge and maintain the charge balance. This creates
an electric double layer (EDL). When an electric field is
applied across the surface, the ions in the EDL are at-
tracted towards the oppositely charged electrode, drag-
ging the surrounding medium with them due to viscous
forces. This causes the fluid to move towards the nega-
tively charged electrode.
[0003] Therefore, electro-osmosis can be used to con-
trol the movement of fluid. This has particular benefits in
the field of microfluidics. Microfluidic structures, or mi-
crosystems, consist of a series of microchannels and res-
ervoirs, at least one dimension of which is generally in
the micro- or nano-meter range and not greater than 1-2
mm. Fluids can be directed through these microchannels
and subjected to a variety of actions such as mixing,
screening, detection, separation, reaction etc. Such
microstructures are of growing importance in chemical
and biotechnical fields as they allow tests and analysis
to be carried out on a very small scale, thus reducing the
amount of sample and reagents consumed in each op-
eration. This means work can be carried out quickly and
at less expense than previously, with the production of
fewer waste materials. Such microsystems are often re-
ferred to as "lab-on-a-chip", or Micro-Total-Analysis Sys-
tems (mTAS).
[0004] The use of microfluidic pumps which utilise elec-
tro-osmosis is considered a promising technology for
many microsystem applications, as these pumps are rel-
atively simple to fabricate and a good performance can
be obtained for a wide range of ionic concentrations.
[0005] Examples of electro-osmositic pumps are
shown in WO 2004/007348.
[0006] It is known from Ponnambalam Selvaganpathy
et al: "Bubble-Free Electrokinetic Pumping", Journal of
Microelectrical Systems, IEEE Service Center, Piscata-
way, NJ, US, vol. 11, no. 5 1 October 2002 (2002-10-01),
pages 448-453, XP011064798 to provide an electroos-
motic pump, i.e. an apparatus for inducing motion of

charged particles in a liquid or gel using an electric field,
the apparatus comprising a region in which the motion
is to be induced, first and second electrodes for gener-
ating the electric field in the region whereby a current
passes between the electrodes so as to induce the
charged particle motion and so as to cause ions to be
received at the second electrode.
[0007] A problem that arises in the operation of elec-
trokinetic apparatus is that gas bubbles may be gener-
ated electrochemically and can block the flow path. There
is a particular problem caused by the generation of hy-
drogen at the negative electrode. It has been proposed
to address this problem by using certain electrode met-
als, such as palladium, which absorb hydrogen. Howev-
er, after a period of operation the electrode becomes sat-
urated with hydrogen, and then hydrogen gas starts to
form. Also, the electrode can become damaged by hold-
ing a concentration of hydrogen which is too high, causing
the metal lattice to expand irreversibly. For a typical elec-
tro-osmotic pump, saturation and bubble formation takes
place after several hours.
[0008] The invention provides apparatus for inducing
motion of charged particles in a liquid or gel using an
electric field, the apparatus comprising a region in which
the motion is to be induced, and first and second elec-
trodes for generating the electric field in the region where-
by a current passes between the electrodes so as to in-
duce the charged particle motion and so as to cause ions
to be received at the second electrode, characterised by
measurement means arranged to measure the amount
of charge transferred between the first and second elec-
trodes during an induced charged particle motion oper-
ation, the measurement means being able to take ac-
count of any variation in current or voltage during the
induced charged particle motion operation, and control
means arranged to control a regenerating operation to
regenerate the second electrode by transferring via it an
amount of charge substantially equal to the measured
amount so as to cause ions to be removed from the sec-
ond electrode and thereby regenerate the electrode.
[0009] The invention also provides a method of induc-
ing motion of charged particles in a liquid or gel using an
electric field, comprising applying a voltage to first and
second electrodes for generating the electric field where-
by a current passes between the electrodes so as to in-
duce the charged particle motion and so as to cause ions
to be received at the second electrode, characterised by
measuring the amount of charge transferred between the
first and second electrodes during an induced charged
particle motion operation, whilst taking account of any
variation in current or voltage during the induced charged
particle motion operation, and controlling a regenerating
operation which regenerates the second electrode by
transferring via the second electrode an amount of
charge substantially equal to the measured amount so
as to cause ions to be removed from the second electrode
and thereby regenerate the electrode.
[0010] Such a system can avoid or minimise the for-
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mation of gas bubbles at the second electrode. By re-
generating the second electrode it is possible to avoid it
becoming saturated with material carried there as ions,
for example hydrogen, and then releasing the material
as gas bubbles. It is also possible to minimise or avoid
damage to the second electrode by it holding an excess
of the material. In one example, the first electrode is the
positive electrode and the second electrode is the neg-
ative electrode.
[0011] For many liquids or gels the main electrochem-
ical electrode reaction will be the generation of hydrogen
at the negative electrode. The invention can thus avoid
the formation of hydrogen bubbles at the negative elec-
trode, and also of other gases at the positive electrode
such as oxygen in the case of aqueous solutions and
carbon dioxide in the case of alcohol solutions.
[0012] The second electrode is preferably made of a
substance capable of absorbing the material arriving at
the electrode as ions. For example a palladium electrode
will absorb hydrogen which arrives in the form of hydro-
gen ions.
[0013] A microfluidic pumping scheme has been pro-
posed in a PhD thesis by Anders Brask of the Technical
University of Denmark dated 31 August 2005. This in-
volved the use of an electro-osmotic pump having a neg-
ative electrode made of palladium and in which the ap-
plied voltage was periodically reversed in order to regen-
erate the electrode. Liquid flow in the same direction was
maintained by an arrangement of check valves, effec-
tively rectifying the flow. The voltage was kept constant
and equal in the forward and reverse phases and each
phase was of equal duration.
[0014] The amount of charge transferred between the
electrodes was not measured in this system. This amount
will depend on the current. The.present inventor has rec-
ognised that the current will vary over time even for a
constant voltage and constant liquid composition, be-
cause of a time dependent change in the electrodes, e.g.
electrode degradation. The fluid composition may also
vary with time, depending on the use to which the pump
is being put. It may also be desirable to vary the supplied
voltage with time, to change the pumping pressure and
flow, again in accordance with the required use of the
pump.
[0015] The present invention does not rely on steady
conditions during the induced charged particle motion
operation e.g. liquid pumping or mixing operation. By
measuring the amount of charge transferred between the
electrodes during an induced charged particle motion op-
eration, regeneration of an electrode can be controlled
in a precise and reliable manner.
[0016] The term "region" as used in this specification
is intended to mean a region where the electric field is
generated by the electrodes, i.e. the region generally be-
tween the first and second electrodes.
[0017] In certain preferred embodiments, the appara-
tus is arranged to be adjustable during the induced
charged particle motion operation by varying the voltage

applied to generate the electric field. Thus it will be pos-
sible to operate the apparatus at varying pressures and
movement rates. This is useful for an e.g. microfluidic
pump, whether it is to be automatically operated as part
of a lab-on-a-chip or microfuel cell, or used as a manually
operated laboratory pump. Even if there is a varying field
strength leading to a varying electric current, the meas-
urement means takes account of this and measures the
amount of charge transferred, enabling electrode regen-
eration with the same amount of charge transfer.
[0018] The measurement of the charge transfer can
for example be done by standard techniques for integrat-
ing the current over a period of time. The apparatus will
therefore be arranged to measure the current over a pe-
riod of time so as to determine the amount of charge
transferred. The measurement means can be arranged
to measure automatically the amount of charge trans-
ferred between the first and second electrodes during an
induced charged particle motion operation. The appara-
tus, for example the control means, may store that
amount in a memory. The stored amount may be for use
in a later regeneration operation, or the apparatus may
transfer charge away from the second electrode at the
same rate at which charge arrives at that electrode, taking
account of any variations.
[0019] In certain forms of the invention, the control
means is arranged to control the regenerating operation
by effecting a current reversal between the first and sec-
ond electrodes. The system is able to compensate for
any variation of voltage over time which is necessary for
example to adjust the induced liquid movement rate, and
to compensate for any change of the current/voltage re-
lationship over time, for example due to a change of fluid
or fluid properties or a change of the apparatus properties
such as degradation of the electrodes or other materials.
[0020] The induced charged particle motion may be
used to induce liquid movement. In the case of directional
induced liquid flow systems, preferably a valve arrange-
ment is provided so that liquid flow during the regener-
ating operation is in the same direction as liquid flow in
the induced liquid flow operation. However, this is not
essential, since it may be possible for the induced liquid
flow operation to take place over an extended period, for
example several hours, and then for the regenerating
operation to take place at a convenient time, for example
overnight. A simple check valve may be used to prevent
reverse flow during the regenerating operation. Alterna-
tively the reverse voltage may be selected to be below a
minimum value which will cause flow to be generated. In
the case of electro-osmotic pumps, for example, there is
usually a minimum voltage which will generate flow.
[0021] Where current reversal is to be effected, the
control means may be arranged to control the regener-
ating operation such that the regenerating operation
takes place over a longer period than the induced liquid
movement operation. Thus a lower average voltage, and
current, may be used over a longer period during the
regenerating operation.
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[0022] The control means may be arranged automat-
ically to switch the apparatus from the induced charged
particle motion operation to the regenerating operation.
This can avoid the system getting to a stage where gas
bubbles are generated. It may be desirable to incorporate
an indicator, which may be audible and/or visual, for in-
dicating the status of the system, for example the amount
of induced liquid movement capacity remaining available
prior to a requirement for the regenerating operation to
take place. Thus, for example, an alarm may be gener-
ated a certain time before regeneration will be required.
[0023] In certain preferred embodiments, the appara-
tus comprises a third electrode and the control means is
arranged to control the regenerating operation by pass-
ing a current between the second electrode and a third
electrode. In such a system, there is no need to reverse
the current between the first and second electrodes in
order to regenerate the second electrode. Thus, in the
case of systems having directional liquid flow, the appa-
ratus can be operated without a check valve system for
rectifying the liquid flow during current reversal.
[0024] The method may comprise using measured
charge data, which relates to the measured amount of
charge transferred between the first and second elec-
trodes during the induced charged particle motion oper-
ation, to control the regenerating operation:

by effecting a current reversal between the first and
second electrodes; or
by passing a current between the second electrode
and a third electrode.

[0025] As mentioned above the use of a third electrode
has the advantage of avoiding a need for current reversal
to effect electrode regeneration. There is an additional
benefit. In a brand new system involving two electrodes
only and current reversal for regeneration, such as a
pump with e.g. palladium electrodes having no absorbed
hydrogen, electrolysis of the fluid takes place as a current
is passed. Then, in the first reversal of voltage and hence
current, the current is usually (depending on the fluid)
mostly due to the transport of hydrogen ions from one
electrode to the other. However, electrolysis continues
to occur, creating more and more hydrogen. So in the
two electrode setup, it is possible to achieve greater ap-
paratus and electrode longevity by using the voltage re-
versal process, and this increase in longevity can be in-
creased with an increased absorbance capacity, i.e. vol-
ume, of the electrodes. However, the electrodes eventu-
ally become saturated with hydrogen after a given
number of cycles, after which they are no longer bubble-
free, or the electrodes disintegrate due to an excess of
absorbed hydrogen. Thus, it is only possible to buy time
by using the current reversal approach to electrode re-
generation and the apparatus and/or the electrodes ulti-
mately have a limited lifetime.
[0026] In certain embodiments of the first aspect of the
invention, a third electrode is used. Any material ab-

sorbed by the second electrode as a result of the current
passed for inducing charged particle motion may be ef-
fectively removed and passed to the third electrode. Ma-
terial passed from the second electrode to the third elec-
trode may be released at the third electrode and allowed
to exit the apparatus. The material may for example be
hydrogen. In the case of hydrogen, gas may be released
at the third electrode and allowed to exit the system. Thus
hydrogen accumulation in the first and second electrodes
over a period of time can be avoided.
[0027] In a system having a third electrode, it would be
possible to carry out an induced charged particle motion
operation and then subsequently a regeneration opera-
tion, in order to regenerate the second electrode. How-
ever, in preferred embodiments the apparatus is ar-
ranged such that the regenerating operation takes place
at the same time as the induced charged particle motion
operation. In such arrangements, the apparatus can be
operated without interruption for a regeneration phase.
This avoids any inconvenience caused by interruptions
and provides a continual operation capability. If regen-
eration is carried out at the same time as the induced
charged particle motion operation, an accumulation of
absorbed material into the second electrode can be
avoided. This reduces the risk of damage to the second
electrode. The system may therefore have a much longer
bubble free lifetime, and the electrodes can last longer.
[0028] The third electrode may be made of an inert
material without an appreciable hydrogen absorption ca-
pability, for example platinum. Thus hydrogen may form
bubbles at this electrode, and the hydrogen may be vent-
ed from the apparatus. The first electrode may be made
of an inert material without an appreciable hydrogen ab-
sorption capability, for example platinum. In a system
having a third electrode, it is desirable to use a stable
and inert material as the first electrode, since it is not
required to store material such as hydrogen.
[0029] Preferably, in those embodiments where meas-
urement means and control means are provided, the
measurement means is arranged to measure the current
passing between the first and second electrodes, and
the control means is arranged to cause an equal current
to pass between the second and third electrodes at any
given time. This arrangement can ensure that regener-
ation occurs in real time at the rate required to maintain
the second electrode in equilibrium.
[0030] In general, the potential of the second electrode
will be intermediate that of the first electrode and the third
electrode. For example, the second electrode may be
negative relative to the first electrode and positive relative
to the third electrode.
[0031] The difference in potential between the first and
second electrodes is selected to obtain the desired per-
formance of the apparatus, while the difference in poten-
tial between the second and third electrodes is preferably
adjusted so as to maintain equal the amount of material
absorbed by the second electrode as a result of induced
charged particle motion and the amount of material re-
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moved from the second electrode as a result of regen-
eration, i.e. to maintain the second electrode in equilib-
rium. This will generally mean that the electric current
between the first and second electrodes and the electric
current between the second and third electrodes are
equal.
[0032] The region in which the charged particle motion
is to be induced may be defined in or contained in a pas-
sage. In certain embodiments, the induced charged par-
ticle motion is a directional flow along the passage, and
so the apparatus may operate as a pump. In other em-
bodiments, the induced charged particle motion takes
place within the passage to achieve mixing, and so is not
a directed flow along the passage. These comments
about the motion in the passage are applicable to the
first aspect of the invention and also the second aspect.
[0033] The third electrode is preferably contained in a
chamber separate from the passage. The chamber may
for example contain a buffered aqueous solution. The
chamber may be vented to allow escape of gas there-
from. For example it may be provided with a hydrophobic
porous membrane, such as Gore-Tex(™). The vent can
be used to vent hydrogen from the chamber, for example.
The vent may be to atmosphere.
[0034] The second electrode may have a portion ex-
posed to the liquid in the passage ("a passage portion")
and a portion exposed to the inside of the chamber ("a
chamber portion"). Material absorbed onto the second
electrode during the induced charged particle motion op-
eration can then be transported by diffusion to the elec-
trode chamber portion. For example, hydrogen deposited
at a second electrode made of palladium can be trans-
ported in the electrode by diffusion.
[0035] The chamber is preferably provided adjacent to
the passage. It may simply be positioned to one side of
the passage. In some embodiments, the chamber could
have an annular form, fully or partly extending round the
passage. The second electrode may then extend circum-
ferentially or part-circumferentially around the passage.
For example, in a passage having a circular cross sec-
tion, the second electrode may be a circular disk with a
greater diameter than that of the passage, so as to extend
radially into the chamber. Such an arrangement provides
ample opportunity for the diffusion process in the second
electrode, carrying absorbed material out of the passage
and into the chamber. Of course, the passage and/or the
electrode can have other geometries, for example rec-
tangular or square in cross-section.
[0036] The second electrode and /or the first electrode
may extend into the passage. This applies both to those
embodiments in which regenerating is effected by current
reversal between the first and second electrodes, and
those embodiments in which a third electrode is provided
for regeneration of the second electrode. Such an ar-
rangement can provide a good current distribution across
the passage cross-section, which may be desirable for
certain types of apparatus. For example, the first elec-
trode and/or the second electrode may be perforated to

allow liquid flow therethrough, whilst extending laterally
of the passage, preferably across the entire passage, to
provide an even current distribution.
[0037] In embodiments where the second electrode
extends across or partially across the liquid passage, ma-
terial absorbed into the electrode during the induced
charged particle motion operation has to be transported
laterally towards the third electrode, e.g. towards the
chamber. This may happen by a diffusion process. If how-
ever the second electrode forms a part of a wall defining
the liquid passage, then the transport distance (normally
by diffusion) can be reduced. For example the electrode
may have a small thickness where it separates the pas-
sage and the chamber. It may be in the form of a plate,
sheet or foil. It is preferably impervious to liquids in normal
use.
[0038] In those embodiments in which the second elec-
trode forms a part of a wall defining the liquid passage,
the entire second electrode may form part of the passage
wall, or alternatively part of the second electrode could
extend into the passage and part of it could form the
passage wall. If the passage is generally straight, extend-
ing longitudinally, then the second electrode (or a part
thereof) forming part of the passage wall may also extend
longitudinally. In an alternative arrangement the passage
may be provided with a change of direction, such as a
bend, allowing the second electrode (or a part thereof)
to be positioned on the outside of the bend and hence
have a relationship with the first electrode providing a
desired electric field geometry. For example, the passage
may have a right-angled bend downstream of the first
electrode, changing from a longitudinal direction to a lat-
eral direction. The second electrode may then extend in
a plane generally parallel to a plane in which the first
electrode extends, both planes being perpendicular to
the longitudinal direction. Whilst e.g. a liquid flow and
pressure for inducing that flow can be generated by the
voltage difference between the first and second elec-
trodes, once the flow reaches the bend it will be diverted
from the longitudinal to the lateral direction. This arrange-
ment can provide a short diffusion path in the second
electrode, whilst at the same time providing a good elec-
tric field geometry.
[0039] Another way of enhancing the electric field ge-
ometry whilst still allowing the second electrode to pro-
vide a short diffusion path (e.g. by forming a part of the
passage wall) is to provide an intermediate electrode in
the passage, between the first electrode and the second
electrode. The intermediate electrode may for example
be perforated to allow flow (of e.g. liquid) therethrough,
whilst extending laterally of the passage, preferably
across the entire passage, to provide an even current
distribution. Material e.g. hydrogen absorbed into the in-
termediate electrode during the induced charged particle
motion operation from the first electrode to the interme-
diate electrode may be stripped from the intermediate
electrode and move as ions towards the second elec-
trode, where it is absorbed and then in turn stripped by
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a transfer of ions to the third electrode.
[0040] The third electrode need not necessarily be pro-
vided in a separate chamber but may be provided in the
passage. The amount of gas e.g. hydrogen generated at
the second electrode is dependent on the current and
the volume of liquid available in which it may dissolve i.e.
the liquid flow. There may therefore exist a current to flow
ratio - a "critical ratio" - below which the gas may dissolve
and so there is no creation of bubbles. Thus, below the
critical ratio, the gas may dissolve in the liquid and be
carried away in the liquid flow. Thus, for certain types of
apparatus, at low current conditions below the critical ra-
tio, bubbles are not created.
[0041] Therefore in low current conditions it would be
possible to induce e.g. liquid movement using only the
first electrode and the third electrode provided in the pas-
sage. No gas bubbles would be generated. At higher cur-
rent conditions, above the critical ratio, it would be pos-
sible to use the first electrode and the second electrode
during an induced liquid movement operation. Then the
regeneration operation would be carried out by applying
a potential difference between the second and third elec-
trodes when inducing liquid movement at low current con-
ditions, stripping material e.g. hydrogen which had been
absorbed into the second electrode when inducing liquid
movement at high current conditions and passing that
material to the third electrode from where it can be dis-
solved and carried away by the flow.
[0042] The apparatus preferably comprises a power
supply for supplying the required potential difference to
the electrodes. The power will normally be supplied to
provide a direct current. The power supply is preferably
part of the control means.
[0043] The charged particles may be ions, polarised
molecules, other polarised particles such as cells, or par-
ticles with ions attached to them.
[0044] In certain embodiments the apparatus of the in-
vention may be intended to generate liquid movement.
When motion of the charged particles is induced, this
may give rise to liquid movement, generally as a result
of viscous effects. Such liquid movement may be used
for mixing in the region between the electrodes, or a di-
rectional flow in the manner of a pump. Thus certain pre-
ferred apparatus is arranged to operate as a pump or
mixer in which liquid movement is generated. Examples
are EO pumps or EO micro mixers. Another example is
electrochromatography, where liquid flow is induced.
However the principles involved for providing bubble free
electrodes are applicable to other systems not necessar-
ily involving liquid movement but where it is desired to
induce motion of charged particles using an electric field.
[0045] The invention is applicable to electrokinetic
processes, electrochemical processes, microfluidic and
nanofluidic devices, or laboratory devices for analysis or
synthesis.
[0046] The invention is applicable for example to elec-
trophoresis or dielectrophoresis, where the first and sec-
ond electrodes would be used to set molecules or

charged particles in motion in a gel, and where separation
is achieved by the different speeds of each species.
[0047] The invention is applicable to systems where
an electric field and/or current needs to be applied to an
ionically conductive system.
[0048] The embodiments described herein are intend-
ed to provide bubble-free electrode systems. These have
great advantages for microfluidic devices, including lab-
on-chip, micro-total-analysis-systems, micro fuel cells
etc., because even small bubbles can block the flow path
and disrupt the operation of such devices.
[0049] The apparatus is applicable to all kinds of elec-
trokinetic micro pumps, including electro-osmotic micro
pumps.
[0050] Furthermore, the apparatus is usable for all
kinds of microfluidic devices and processes requiring
electrodes, including electrophoresis, dipolophoresis,
chromatographic techniques and dielectrophoresis. The
electrodes can be used in all kinds of devices where bub-
ble formation can be a problem. It is not limited to micro-
fluidic devices, but could be used in smaller (nanofluidic)
and larger devices.
[0051] Certain preferred embodiments of the invention
will now be described by way of example and with refer-
ence to the accompanying drawings, in which:

Figures 1 to 8 are respective schematic views of eight
different embodiments of charged particle motion in-
ducing apparatus, in each case being a liquid flow
inducing apparatus.

[0052] Figure 1 shows flow inducing apparatus 10
comprising a liquid flow passage 4, an inlet electrode 1
extending across the passage, and an outlet electrode 2
also extending across the passage and located at a po-
sition downstream of the electrode 1. Arrow 6 indicates
the direction of flow. Each of electrodes 1 and 2 is per-
forated so as to allow flow to pass through the electrodes.
By providing perforated electrodes which extend across
the passage cross section a homogenous voltage distri-
bution, and hence a homogenous current distribution, is
provided across the passage section. This is important
for some pump designs, but is not a requirement for oth-
ers.
[0053] An electro-osmotic pump 5 is provided in the
flow passage. This may be any of the pump types shown
in WO 2004/007348, for example. In this embodiment,
and those that are described below, the concept of pro-
viding bubble-free electrodes is described using electro-
osmotic (EO) pumps. These involve the use of a porous
structure with a negative surface charge, giving rise to a
layer of positive ions building up near the surface to
screen the negative charge and maintain the charge bal-
ance. This creates an electric double layer. When an
electric field is applied, the positive ions are attracted
towards the negatively charged electrode, and as they
move they drag the surrounding liquid medium due to
viscous forces. The liquid therefore is caused to move
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towards the negatively charged electrode. It will be ap-
preciated that in alternative designs of EO pump, the sur-
face charge may be positive, creating an electric double
layer with negative ions outmost and available to be
transported by the electric field. With such pumps, all
potentials would be opposite to those described, in order
to achieve flow in the directions shown.
[0054] A voltage source V is provided between the
electrodes 1 and 2, in order to make electrode 1 positive
and electrode 2 negative. An ammeter 7 is provided in
the circuit between the electrodes 1 and 2 in order the
measure the current which flows. A control system 20 is
provided to receive current data from the ammeter 7 and
to provide a potential difference V between the electrodes
1 and 2.
[0055] The operation of the flow inducing apparatus 10
will now be described. A voltage is applied such that elec-
trode 1 is positive and electrode 2 is negative, giving rise
to the EO pumping effect described above. The flow of
liquid in the passage 4 takes place in the direction of
arrow 6. The voltage V is adjusted, either manually or in
accordance with a program in the control system 20, in
order to obtain the desired pressure and flow rate. Simul-
taneously the current is logged electronically by ammeter
7. During this pumping process, some electrolysis of the
liquid will take place, with the generation of H+ ions at
the positive electrode 1, which move to the negative elec-
trode 2 as current carriers, driving the EO pump in the
passage.
[0056] The electrode 2 is made of a material such as
palladium which is capable of absorbing hydrogen.
Therefore the H+ ions which arrive at electrode 2 combine
with electrons to form hydrogen atoms which are then
stored in electrode 2. However, the electrode is only ca-
pable of storing a certain amount of hydrogen, after which
hydrogen gas would start to form. In addition, if the elec-
trode carries too much hydrogen, its metal lattice can
expand irreversibly and so be damaged.
[0057] In order to regenerate electrode 2, the voltage
V applied by control system 20 is reversed so that elec-
trode 2 becomes positive and electrode 1 becomes neg-
ative. Hydrogen ions form at electrode 2 and are trans-
ported by the electric field towards electrode 1. In order
to avoid back flow of liquid, the apparatus is either
equipped with a check valve (not shown in the Figure),
or the reverse voltage is set below a minimum value for
flow to be generated for the EO pump 5 in use. As in the
pumping operation, the current is monitored by ammeter
7 during the regeneration operation. The regeneration
phase will last until the same amount of charge (and
hence of hydrogen) has been transported towards elec-
trode 1 as was transported in the opposite direction dur-
ing the preceding pumping phase. This is achieved by
reversing the potentials until the product of current and
time for the regeneration phase equals the corresponding
amount for the pumping phase. In other words, the inte-
grated current over the two periods is equal in absolute
value and of opposite sign. In the regeneration phase,

most of the current is carried by the H+ ions generated
from the hydrogen atoms stored in electrode 2.
[0058] If the apparatus were to be operated in the
pumping mode until the electrode 2 approaches satura-
tion by hydrogen, this could cause irreversible damage
to the electrode. Therefore, the control system 20 is ar-
ranged to stop pumping at a time before a predetermined
quantity of hydrogen has been absorbed. It may be ar-
ranged automatically to go into regeneration mode at this
point, or it may give an audible and/or visible signal to a
user. The control system may be set up to give an ad-
vance warning that regeneration will be required.
[0059] The use of a regeneration phase following a
pumping phase can thus avoid generation of hydrogen
bubbles in the apparatus, which could otherwise accu-
mulate and block the flow path. The regeneration scheme
has the additional advantage that for many liquids the
main electrochemical electrode reaction will be the strip-
ping and absorption of hydrogen, instead of the decom-
position of the liquid. Hence, the system will not only avoid
formation of hydrogen bubbles at the negative electrode,
but also of other gases at the positive electrode, such as
oxygen for aqueous solutions and carbon dioxide for al-
cohol solutions. However, as liquid breakdown to gener-
ate hydrogen will still take place at a low rate, the elec-
trodes will eventually be saturated with hydrogen, at
which time the apparatus or the electrodes will normally
have to be replaced.
[0060] An example of the operation of the apparatus
of Figure 1 will now be described. The electrodes 1 and
2 were made of perforated palladium foil each with a
thickness of 25 micrometers. A typical performance at a
5mW power consumption and a 10 volt output from con-
trol system 20, providing a direct current, was a flow rate
of 10 microlitres per minute, at a pressure of 1 psi. The
time before hydrogen bubbles formed at electrode 2, ev-
idencing hydrogen saturation of the electrode, was be-
tween 5 and 10 hours. By using the current reversal
scheme, pumping in the forward direction for a certain
number of hours and then reversing the potential in the
regenerating phase at 5 volts for the necessary amount
of time, the total operation of the apparatus was extended
to four weeks during which the total time of forward pump-
ing was approximately 100 hours.
[0061] The apparatus measured the current at all
times. Therefore, any variations in current were meas-
ured and hence taken account of to ensure that during
the regeneration phase the same amount of charge is
transferred between the electrodes in the opposite direc-
tion as that transferred during the pumping phase. It has
been found that even if a constant voltage is applied the
current may vary due to changes in the liquid properties
or due to long term electrode degradation. The apparatus
of Figure 1 is arranged to allow for such variations. In
addition, it is sometimes desirable to operate the appa-
ratus at varying pressures and flow rates and the appa-
ratus of Figure 1 is able to take account of such variations.
[0062] The apparatus may be a microfluidic pump, ei-
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ther automatically operated as part of a laboratory on a
chip or a microfuel cell. It may be used as a manually
operated laboratory pump.
[0063] In the embodiments described below, an alter-
native method of avoiding bubble formation at the elec-
trodes, and hence in a flow path, is provided. In these
embodiments, current reversal is not required and so
they can provide a more continuous pumping mode. They
can also avoid the need for a check valve system to rectify
the flow during a regeneration phase. Electrode regen-
eration does however take place, and can normally do
so at the same time as pumping, although regeneration
after pumping is an option if desired.
[0064] Referring to Figure 2, this is similar to Figure 1
to the extent that it shows flow inducing apparatus 10
having a flow passage 4, a perforated inlet electrode 1
extending across the passage, a perforated outlet elec-
trode 2 extending across the passage and positioned
downstream of electrode 1, and an EO pump 5 between
the two electrodes. The inlet electrode 1 is made of an
inert metal such as platinum, whilst the outlet electrode
2 is made of a metal capable of absorbing hydrogen such
as palladium. An input voltage (V1) is supplied to the elec-
trodes 1 and 2 by a control system 20. When a voltage
V1 is applied a liquid flow in the direction of arrow 6 is
generated. An ammeter 7 is provided to measure the
current passing between the electrodes 1 and 2.
[0065] In this embodiment the outlet electrode 2 ex-
tends out of the flow passage 4 in sealed manner and
into a separate liquid filled chamber 10. The chamber 10
may contain an aqueous buffer solution. In this chamber
10 a third electrode 3 is provided to form a "bubbling"
electrode. The chamber 3 is closed by a semi permeable
membrane 15 which allows gas to escape in the direction
of arrow 9. The membrane 15 may be a hydrophobic
porous membrane such as Gore-Tex. An ammeter 8 is
provided in the circuit between electrodes 2 and 3 in order
to measure the current passing between those elec-
trodes. The electronic data is fed to control system 20.
A voltage V2 is supplied to the circuit of electrodes 2 and
3 by the control system 20.
[0066] In operation, the voltage V1 is adjusted to obtain
the desired flow rate for the given EO pump 5, while the
current is monitored electronically by ammeter 7. Simul-
taneously, the voltage V2 is adjusted electronically by the
control system 20 so that the current measured by am-
meter 8 is always equal to that measured by the ammeter
7. In this way, the same number of hydrogen atoms ab-
sorbed by the electrode 2 during pumping will be removed
from the part of the same electrode extending into the
separate liquid filled chamber 10 by means of the third
electrode 3. As the electrode 3 is made of an inert metal,
such as platinum, without an appreciable hydrogen ab-
sorption capability, hydrogen will form bubbles at this
electrode, from which it can be vented. The hydrogen is
transported along electrode 2 by diffusion. Electrode 2
will be at a potential which is negative relative to the po-
tential of electrode 1 and positive relative to the potential

of electrode 3.
[0067] Figure 2 shows the separate chamber 10 only
at one side of the passage 4. However, this is of course
just one example. In practice, the chamber 10 could en-
circle the passage 4 or part of it, with the outlet electrode
2 extending out of the passage 4 at every point along the
part or all of the circumference where the chamber 10
lies adjacent to the passage 4. For example, in a micro-
channel with a circular cross-section the electrode 2 may
be a circular disk with a greater diameter, extending into
the separate chamber 3. The flow passage and the elec-
trodes can also have other geometries, for example rec-
tangular.
[0068] It will be noted that the chamber 10 functions
as a degassing chamber.
[0069] In the apparatus of Figure 2, contrary to the two
electrode regeneration scheme of Figure 1, the palladium
electrode 2 will not be saturated with hydrogen even after
long periods (as can happen in the two electrode setup
due to continuing liquid electrolysis as a competing re-
action to the hydrogen stripping and absorption). As new
hydrogen is generated this will be removed in the sepa-
rate chamber 10. However, the generation of other gases
at the inlet electrode 1 may still occur. Often, this is less
of a problem, for example if methanol is being pumped
this has a large capacity for dissolving carbon dioxide
which would otherwise be generated at the inlet electrode
1, so that bubble formation at this electrode can be avoid-
ed.
[0070] It will be appreciated that in the embodiment of
Figure 2 hydrogen absorbed into the electrode 2 diffuses
laterally of the flow passage. This would mean that a
hydrogen atom absorbed into the electrode at the centre
of the passage would have to diffuse by a distance ap-
proximately equal to half the passage diameter in order
to move to the chamber 10. This creates a relatively long
diffusion path, although given that the apparatus may be
extremely small in size this may not be a problem.
[0071] In the embodiment of Figure 3, the geometrical
arrangement is modified to reduce the length of the dif-
fusion path. In most respects, this embodiment has the
same arrangement of Figure 2 and so the description will
not be repeated. The difference is that the second elec-
trode 2 does not extend across the passage and is not
perforated. In the embodiment of Figure 3, the second
electrode 2 forms part of the wall of the passage 4 and
is non-perforated. Such an arrangement greatly reduces
the distance which hydrogen has to diffuse within elec-
trode 2 between the passage 4 and the degassing cham-
ber 10. The electrode may be made of plate or foil and,
as with the other embodiments, is made of a hydrogen
absorbing metal such as palladium. The advantage of
this embodiment over that of Figure 2 is that less elec-
trode metal needs to be used to form the electrode 2,
and electrode metals such as palladium are expensive.
In the embodiment of Figure 2 the thickness of electrode
2 cannot be too small in order to allow sufficient electrode
volume for fast hydrogen diffusion. In addition, with the

13 14 



EP 2 401 809 B1

9

5

10

15

20

25

30

35

40

45

50

55

embodiment of Figure 3 larger currents may be used be-
cause hydrogen may be stripped from the electrode 2
more quickly, avoiding any part of the electrode becom-
ing saturated with hydrogen.
[0072] A drawback of the embodiment of Figure 3 is
that pumps requiring an even current distribution across
the passage cross-section may not perform well with
electrodes which do not extend into the passage.
[0073] This problem is addressed by the embodiment
of Figure 4. This embodiment has the same setup in many
respects as that of Figure 3, and the description of those
features will not be repeated. Figure 4 differs from Figure
3 in that an additional electrode is provided. This is inter-
mediate electrode 2’ which is provided downstream of
the EO pump 5. Intermediate electrode 2’ is perforated
and extends across the passage 4. It is made of a hy-
drogen absorbing material such as palladium.
[0074] The intermediate electrode 2’ is arranged in se-
ries with inlet electrode 1, with the control system 20 ap-
plying a voltage V1 which sets the potential of intermedi-
ate electrode 2’ negative with respect to that of the po-
tential of inlet electrode 1. Intermediate electrode 2’ is
arranged in series with the second electrode 2, with the
control system 20 applying a voltage V3 between these
two electrodes such that electrode 2 has a negative po-
tential relative to intermediate electrode 2’. An ammeter
12 is provided to measure the current flowing between
the second electrode 2 and the intermediate electrode 2’.
[0075] During pumping, hydrogen ions are carried to
intermediate electrode 2’. Because of the potential drop
between electrode 2’ and electrode 2, hydrogen is
stripped from the electrode 2’ and carried towards elec-
trode 2 as hydrogen ions, where it is absorbed into the
electrode. The hydrogen is then stripped from electrode
2 as hydrogen ions and carried to electrode 3 where it
forms hydrogen which may be removed as hydrogen gas.
[0076] This embodiment combines the advantage of
that of Figure 2 of an outlet electrode (in this case, elec-
trode 2’) which extends across the passage and so pro-
vides a good current distribution, with the advantage of
the embodiment of Figure 3 of a short diffusion path
across the electrode 2 in the wall of the passage. Both
electrodes 2’ and 2 must be made of a hydrogen absorb-
ing material such as palladium. As hydrogen stripping is
associated with energy transfer, this scheme (with four
electrodes) will consume more energy that the three elec-
trode systems of Figures 2 or 3.
[0077] In use, the voltage V1 is adjusted to obtain the
desired performance of the pump 5, while the voltages
V2 and V3 are adjusted so that all currents are equal.
[0078] The embodiment of Figure 4 may be modified
such that intermediate electrode 2’is "flouting". It would
not be in an external electrical circuit with electrode 1 or
electrode 2, but would be isolated. There would still be
a potential difference between electrodes 1 and 2 to drive
the flow. Intermediate electrode 2’ would still have the
effect of providing a good current distribution across the
passage. This modified embodiment would thus be more

simple than that of Figure 4, whilst providing similar ad-
vantages.
[0079] Figure 5 shows an embodiment similar to that
of Figure 3 and the description of the corresponding fea-
tures will not be repeated. The difference is that the flow
passage 4 includes a right angled bend. The electrode
2 forms part of the wall of the passage on the outside of
the bend. This allows the electrode 2 to face the EO pump
5 and so provide a good electric field distribution for the
pump. At the same time, the electrode 2 provides a short
diffusion path for material e.g. hydrogen absorbed by the
electrode. As with the embodiment of Figure 3, in use
the voltage V1 is adjusted to obtain the desired perform-
ance of the pump 5, while the voltage V2 is adjusted so
that the currents measured by the ammeters 7 and 8 are
equal.
[0080] In operation of the Figure 5 embodiment, fluid
flows longitudinally in the direction of arrow 6, driven by
the electric field and the pump. When it reaches the im-
pervious electrode 2 it is forced to change direction and
so is diverted in the lateral direction shown by arrow 6a.
[0081] The embodiment of Figure 6 is similar to that of
Figure 5 in many respects and the description of the cor-
responding parts will not be repeated. In the Figure 6
embodiment, the EO pump 5 is placed adjacent to the
second electrode 2. The second electrode 2 has a non-
perforated part 2a and a porous part 2b. The two parts
are formed as two layers arranged face to face. The ar-
rangement allows flow through the EO pump parallel to
the electric field created by electrodes 1 and 2, in the
direction of arrow 6, with the flow then blocked so as to
cause the flow to be diverted perpendicular to the electric
field in the direction of arrow 6a.
[0082] The presence of the porous part 2b of the elec-
trode permits the lateral flow through the porous part.
This makes it possible for the EO pump 5 to be located
directly adjacent to the electrode 2 without blocking the
flow. For some types of pump, it is advantageous to be
able to position the pump directly next to the outlet elec-
trode.
[0083] The embodiment of Figure 7 is similar to that of
Figure 5 in many respects and the description of the cor-
responding parts will not be repeated. In the embodiment
of Figure 7 a single voltage supply V4 is used, connected
with its two poles connected to the first electrode 1 and
the third electrode 3. A voltmeter 11 is provided to meas-
ure the voltage between electrodes 1 and 2.
[0084] In use, as the current will necessarily be the
same between electrodes 1 and 2 as between electrodes
2 and 3, so the hydrogen removal functionality will be
retained when hydrogen is the main positive current car-
rier in both the passage and the separate chamber. The
voltage V4 will be adjusted so as to adjust the voltage
measured at voltmeter 11 and thereby obtain the desired
flow and pressure. The current in the circuit can be meas-
ured by ammeter 7, in order to ensure that it does not
become too high.
[0085] Similarly, only the inlet 1 and degassing 3 elec-
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trodes need be connected to the voltage supply in the
case of four (or more) electrodes e.g. provided along a
passage. The voltage between the two electrodes defin-
ing the voltage across the pump must always be moni-
tored and the voltage supply adjusted to get the desired
voltage across the pump.
[0086] The embodiment of Figure 8 differs from those
of Figures 2-7 in that no separate degassing chamber 3
is provided. This embodiment has a flow passage 4 in
which is provided an EO pump 5 through which liquid
flows during pumping in the direction of arrow 6. An inlet
electrode 1 is provided upstream of the pump 5, a second
electrode 2 forming a first outlet electrode is provided at
a first location downstream of the pump 5, and a third
electrode 3 forming a second outlet electrode is provided
downstream of the second electrode 2. All three elec-
trodes extend across the flow passage to provide an even
current distribution and are perforated to allow flow there-
through. The first and third electrodes are formed of non-
hydrogen absorbing material, such as platinum, whilst
the second electrode is formed of a material capable of
absorbing hydrogen, such as palladium. The control sys-
tem 20 applies a voltage V1 between electrodes 1 and 2
and a voltage V2 between electrodes 2 and 3. An amme-
ter 7 measures the current flowing between electrodes
1 and 2 and an ammeter 8 measures the current flowing
between electrodes 2 and 3.
[0087] The amount of hydrogen generated depends
on the current, and the possibility for hydrogen to be dis-
solved depends on the available liquid volume, i.e. the
flow. There therefore exists a current to flow ratio (a crit-
ical ratio) below which hydrogen generated at an elec-
trode dissolves and so does not create bubbles.
[0088] In the embodiment of Figure 8, if a current is
flowing which is below the critical ratio the electrodes 1
and 3 are used to generate the electric field and operate
the pump 5. Hydrogen ions arriving at the third electrode
3 are converted to hydrogen which dissolves in the liquid
and is carried away.
[0089] When it is desired to increase the flow such that
the current will be above the critical ratio, then electrodes
1 and 2 may be used. Hydrogen ions arriving at electrode
2 are absorbed into the material of the electrode. Then,
when pumping using a current below the critical ratio, a
potential difference may be applied between electrodes
2 and 3 such that the hydrogen absorbed into electrode
2 is stripped away as hydrogen ions which are carried to
electrode 3, where they generate hydrogen which dis-
solves in the liquid. Hydrogen ions will thus arrive at elec-
trode 3 as a result of the current flowing from electrode
1 through the pump and also as a result of hydrogen
being stripped from electrode 2. Therefore the current
flowing between electrodes 1 and 2 needs to be below
the critical ratio with a sufficient margin to allow for the
extra hydrogen which will be carried to electrode 3.
[0090] An optional addition would be to provide a sep-
arate chamber into which electrode 2 would extend, in-
creasing the capacity for hydrogen removal.

[0091] The advantage of the Figure 8 embodiment is
that by dissolving the hydrogen generated in the liquid it
is possible to save energy and make the hydrogen ab-
sorbing material of electrode 2 last longer. The critical
ratio can be calculated when the hydrogen absorbing ca-
pacity of the liquid is known. Alternatively, a commercial
bubble detector can be connected to the control electron-
ics, which will switch to the use of the hydrogen absorbing
electrode to when required.
[0092] The system will typically be controlled by stand-
ard low voltage electronics. The various power supplies
(symbol V), ammeters (A) and voltmeters represent just
functionalities of electronic circuitry. The same circuit will
typically adjust the voltage to obtain the desired liquid
flow and pressure, while automatically taking care of the
electrode regeneration.
[0093] The main features and advantages of the vari-
ous preferred embodiments are as follows.
[0094] The current integration method assures that the
pump can run for long periods without hydrogen satura-
tion (resulting in bubble formation) for the case of a two
electrode system, and indefinitely without bubbles for the
three or more electrode system.
[0095] Although a regeneration scheme with two elec-
trodes has been proposed in the prior art, the method
does not compensate for variation of voltage over time
which is necessary to adjust the pumping rate, and does
also not compensate for the change of the current - volt-
age relation over time (due to change of fluid or change
of the pump properties like long term degradation of elec-
trodes and other materials). This strongly limits the
known method, which is based on applying equal voltage
for equal time in both directions.
[0096] The three (or more) electrode system also has
the new feature that hydrogen will not accumulate slowly
in the electrodes over time, hence the system will have
a much longer bubble free lifetime, and the electrodes
will also last much longer. In addition, there is no need
for reversing the flow to regenerate the electrodes.
[0097] The two electrode system has the advantage
that the current can mainly be carried by hydrogen ions,
which is removed from one electrode and absorbed by
the other. After a short initial hydrogen generation period,
the formation of other gases than hydrogen at the neg-
ative electrode (typically O2 for aqueous and CO2 for al-
cohols) will also be suppressed. For some liquids this
can be important, although in other cases this brings no
advantage as the other gas can be dissolved in the liquid
(for example, methanol and ethanol have large capacities
for absorbing CO2, while much smaller H2 absorbance).
[0098] Bubble free electrodes have great advantages
for microfluidic devices, including lab-on-chip, micro-to-
tal-analysis-systems, micro fuel cells etc, as even small
bubbles can block the flow path and disrupt the operation
of such devices.
[0099] The pump should be ideal for all kinds of elec-
troosmotic / electrokinetic micropumps.
[0100] Further, it should be ideal for all kinds of micro-
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fluidic devices and processes requiring electrodes, in-
cluding electrophoresis, dipolophoresis, chromatograph-
ic techniques, dielectrophoresis.
[0101] The electrodes can be used in all kinds of de-
vices where bubble formation can be a problem. It is not
limited to microfluidic devices, but could be used in small-
er (nanofludic) and larger devices.
[0102] According to the invention, the regenerating op-
eration is controlled so as to regenerate the second elec-
trode by transferring via the second electrode an amount
of charge equal to the amount measured during the in-
duced charged particle motion operation, so as to cause
ions to be removed from the second electrode and there-
by regenerate that electrode.

Claims

1. Apparatus (10) for inducing motion of charged par-
ticles in a liquid or gel using an electric field, the ap-
paratus comprising a region (4) in which the motion
is to be induced, and first and second electrodes (1,
2) for generating the electric field in the region where-
by a current passes between the electrodes so as
to induce the charged particle motion and so as to
cause ions to be received at the second electrode
(2), characterised by measurement means (7) ar-
ranged to measure the amount of charge transferred
between the first and second electrodes (1, 2) during
an induced charged particle motion operation, the
measurement means being able to take account of
any variation in current or voltage during the induced
charged particle motion operation, and control
means (20) arranged to control a regenerating op-
eration to regenerate the second electrode by trans-
ferring via it an amount of charge substantially equal
to the measured amount so as to cause ions to be
removed from the second electrode and thereby re-
generate the electrode.

2. Apparatus as claimed in claim 1, wherein the appa-
ratus (10) is arranged to be adjustable during the
induced charged particle motion operation by vary-
ing the voltage applied to the first and second elec-
trodes.

3. Apparatus as claimed in claim 1 or 2, wherein the
control means (20) is arranged to control the regen-
erating operation by effecting a current reversal be-
tween the first and second electrodes (1, 2).

4. Apparatus as claimed in claim 3, wherein the control
means is arranged to control the regenerating oper-
ation such that the regenerating operation takes
place over a longer period than the induced charged
particle motion operation.

5. Apparatus as claimed in claim 3 or 4, wherein the

control means is arranged automatically to switch
the apparatus from the induced charged particle mo-
tion operation to the regeneration operation.

6. Apparatus as claimed in claim 1 or 2, comprising a
third electrode (3), and wherein the control means
is arranged to control the regenerating operation by
passing a current between the second electrode (2)
and the third electrode (3).

7. Apparatus as claimed in claim 6, wherein the region
in which the charged particle motion is to be induced
is contained in a passage (4).

8. Apparatus as claimed in claim 7, wherein the third
electrode (3) is provided in a chamber (10) separate
from the passage, preferably wherein the chamber
is vented to allow escape of gas therefrom.

9. Apparatus as claimed in claim 8,
wherein the second electrode (2) has a portion ex-
posed to the liquid or gel in the passage (4) and a
portion exposed to the inside of the chamber (10).

10. Apparatus as claimed in claim 7, wherein the third
electrode (3) is provided in the passage.

11. Apparatus as claimed in any of claims 7 to 10, com-
prising an intermediate electrode (2’) in the passage,
between the first and second electrodes (1, 2).

12. A method of inducing motion of charged particles in
a liquid or gel using an electric field, comprising ap-
plying a voltage to first and second electrodes (1, 2)
for generating the electric field whereby a current
passes between the electrodes so as to induce the
charged particle motion and so as to cause ions to
be received at the second electrode, characterised
by measuring the amount of charge transferred be-
tween the first and second electrodes during an in-
duced charged particle motion operation, whilst tak-
ing account of any variation in current or voltage dur-
ing the induced charged particle motion operation,
and controlling a regenerating operation which re-
generates the second electrode by transferring via
the second electrode an amount of charge substan-
tially equal to the measured amount so as to cause
ions to be removed from the second electrode and
thereby regenerate the electrode.

13. A method as claimed in claim 12, comprising varying
the voltage applied to the first and second electrodes
(1, 2) during the induced charged particle motion op-
eration.

14. A method as claimed in claim 12 or 13, comprising
controlling the regenerating operation by effecting a
current reversal between the first and second elec-
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trodes (1, 2), preferably comprising controlling the
regenerating operation such that the regenerating
operation takes place over a longer period than the
induced charged particle motion operation, and/or
preferably comprising automatically switching from
the induced charged particle motion operation to the
regeneration operation.

15. A method as claimed in claim 12 or 13, comprising
controlling the regenerating operation by passing a
current between the second electrode (2) and a third
electrode (3).

Patentansprüche

1. Vorrichtung (10) zum Erzeugen einer Bewegung ge-
ladener Teilchen in einer Flüssigkeit oder in einem
Gel unter der Verwendung von einem elektrischen
Feld, wobei die Vorrichtung eine Region (4) aufweist,
in der die Bewegung erzeugt werden soll, und eine
erste und eine zweite Elektrode (1, 2) zum Erzeugen
von dem elektrischen Feld in der Region aufweist,
wobei ein Strom zwischen den Elektroden fließt, um
die Bewegung der geladenen Teilchen zu erzeugen
und um das Empfangen von Ionen an der zweiten
Elektrode (2) zu bewirken, gekennzeichnet durch
Messmittel (7), die dafür eingerichtet sind, um die
Menge der zwischen der ersten und der zweiten
Elektrode (1, 2) übertragenen Ladungen während
einer Operation zum Erzeugen einer Bewegung ge-
ladener Teilchen zu messen, wobei die Messmittel
dafür eingerichtet sind, jegliche Variation eines
Stroms oder eine Spannung während einer Opera-
tion zum Erzeugen einer Bewegung geladener Teil-
chen zu berücksichtigen; und Kontrollmittel (20), die
dafür eingerichtet sind, um eine Regenerationsope-
ration zu überwachen, um die zweite Elektrode zu
regenerieren, indem über diese eine Menge von La-
dungen übertragen wird, die im Wesentlichen zu der
gemessenen Menge gleich ist, um zu bewirken, dass
Ionen von der zweiten Elektrode entfernt werden und
die Elektrode somit regeneriert wird.

2. Vorrichtung nach Anspruch 1, wobei die Vorrichtung
(10) dafür eingerichtet ist, während der Operation
zum Erzeugen einer Bewegung geladener Teilchen
einstellbar zu sein, indem die an die erste und die
zweite Elektrode angelegte Spannung variiert wird.

3. Vorrichtung nach Anspruch 1 oder 2, wobei die Kon-
trollmittel (20) dafür eingerichtet sind, die Regene-
rationsoperation zu kontrollieren, indem sie eine
Stromumkehr zwischen der ersten und der zweiten
Elektrode (1, 2) bewirken.

4. Vorrichtung nach Anspruch 3, wobei die Kontrollmit-
tel dafür eingerichtet sind, die Regenerationsopera-

tion zu kontrollieren, so dass die Regenerationsope-
ration während eines längeren Zeitraums stattfindet
als die Operation zum Erzeugen einer Bewegung
geladener Teilchen.

5. Vorrichtung nach Anspruch 3 oder 4, wobei die Kon-
trollmittel dafür eingerichtet sind, die Vorrichtung von
der Operation zum Erzeugen einer Bewegung gela-
dener Teilchen automatisch zu der Regenerations-
operation umzuschalten.

6. Vorrichtung nach Anspruch 1 oder 2, aufweisend ei-
ne dritte Elektrode (3), und wobei die Kontrollmittel
dafür eingerichtet sind, die Regenerationsoperation
zu kontrollieren, indem sie einen Strom zwischen der
zweiten Elektrode (2) und der dritten Elektrode (3)
fließen lassen.

7. Vorrichtung nach Anspruch 6, wobei die Region, in
der die Bewegung geladener Teilchen erzeugt wird,
in einem Durchlass (4) angeordnet ist.

8. Vorrichtung nach Anspruch 7, wobei die dritte Elek-
trode (3) in einer von dem Durchlass separaten Kam-
mer (10) bereitgestellt ist, wobei die Kammer bevor-
zugt zum Entlüften eingerichtet ist, um den Abzug
von Gas daraus zu ermöglichen.

9. Vorrichtung nach Anspruch 8, wobei die zweite Elek-
trode (2) einen Abschnitt aufweist, der der Flüssig-
keit oder dem Gel in dem Durchlass (4) ausgesetzt
ist, und einen Abschnitt aufweist, der dem Inneren
der Kammer (10) ausgesetzt ist.

10. Vorrichtung nach Anspruch 7, wobei die dritte Elek-
trode (3) in dem Durchlass bereitgestellt ist.

11. Vorrichtung nach einem der Ansprüche 7 bis 10, auf-
weisend eine Zwischenelektrode (2’) in dem Durch-
lass, zwischen der ersten und der zweiten Elektrode
(1, 2).

12. Ein Verfahren zum Erzeugen einer Bewegung gela-
dener Teilchen in einer Flüssigkeit oder einem Gel
unter der Verwendung von einem elektrischen Feld,
aufweisend das das Anlegen einer Spannung an ei-
ne erste und eine zweite Elektrode (1, 2), zum Er-
zeugen von dem elektrische Feld, wobei ein Strom
zwischen den Elektroden fließt, um die Bewegung
der geladenen Teilchen zu erzeugen und um das
Empfangen von Ionen an der zweiten Elektrode zu
bewirken, gekennzeichnet durch Messen der Men-
ge der zwischen der ersten und der zweiten Elektro-
de übertragenen Ladungen während einer Operati-
on zum Erzeugen einer Bewegung geladener Teil-
chen, wobei jegliche Variation eines Stroms oder ei-
ner Spannung während einer Operation zum Erzeu-
gen einer Bewegung geladener Teilchen berück-
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sichtigt wird; und Kontrollieren einer Regenerations-
operation, welche die zweite Elektrode regeneriert,
indem über diese eine Menge von Ladungen über-
tragen wird, die im Wesentlichen zu der gemessenen
Menge gleich ist, um zu bewirken, dass Ionen von
der zweiten Elektrode entfernt werden und die Elek-
trode somit regeneriert wird.

13. Ein Verfahren nach Anspruch 12, aufweisend das
Variieren der an die erste und an die zweite Elektrode
(1, 2) angelegten Spannung während der Operation
zum Erzeugen einer Bewegung geladener Teilchen.

14. Ein Verfahren nach Anspruch 12 oder 13, aufwei-
send das Kontrollieren der Regenerationsoperation,
indem eine Stromumkehr zwischen der ersten und
der zweiten Elektrode (1, 2) bewirkt wird, bevorzugt
aufweisend das Kontrollieren der Regenerationso-
peration, so dass die Regenerationsoperation über
einen längeren Zeitraum stattfindet als die Operation
zum Erzeugen einer Bewegung geladener Teilchen,
und/oder bevorzugt aufweisend das automatisches
Umschalten von der Operation zum Erzeugen einer
Bewegung geladener Teilchen zu der Regenerati-
onsoperation.

15. Ein Verfahren nach Anspruch 12 oder 13, aufwei-
send das Kontrollieren der Regenerationsoperation,
indem ein Strom zwischen der zweiten Elektrode (2)
und einer dritten Elektrode (3) fließen gelassen wird.

Revendications

1. Appareil (10) d’induction de mouvement de particu-
les chargées dans un liquide ou un gel en utilisant
un champ électrique, l’appareil comprenant une ré-
gion (4) dans laquelle le mouvement doit être induit,
et une première et une deuxième électrode (1, 2)
pour générer le champ électrique dans la région,
moyennant quoi un courant passe entre les électro-
des de manière à induire le mouvement de particules
chargées et à amener les ions à être reçus sur la
seconde électrode (2), caractérisé par des moyens
de mesure (7) aménagés pour mesurer la quantité
de charge transférée entre la première et la deuxiè-
me électrode (1, 2) au cours d’une opération de mou-
vement induit de particules chargées, les moyens
de mesure étant à même de tenir compte d’une va-
riation quelconque de courant ou de tension au cours
de l’opération de mouvement induit de particules
chargées, et des moyens de commande (20) amé-
nagés pour commander une opération de régénéra-
tion afin de régénérer la seconde électrode en trans-
férant via celle-ci une quantité de charge sensible-
ment égale à la quantité mesurée de manière à en-
traîner le retrait des ions de la deuxième électrode
et à régénérer ainsi l’électrode.

2. Appareil selon la revendication 1, dans lequel l’ap-
pareil (10) est aménagé pour être réglable au cours
de l’opération de mouvement induit de particules
chargées en faisant varier la tension appliquée à la
première et à la deuxième électrode.

3. Appareil selon la revendication 1 ou la revendication
2, dans lequel les moyens de commande (20) sont
aménagés pour commander l’opération de régéné-
ration en effectuant une inversion de courant entre
la première et la deuxième électrode (1, 2).

4. Appareil selon la revendication 3, dans lequel les
moyens de commande sont aménagés pour com-
mander l’opération de régénération de sorte que
l’opération de régénération ait lieu sur une plus lon-
gue période que l’opération de mouvement induit de
particules chargées.

5. Appareil selon la revendication 3 ou la revendication
4, dans lequel les moyens de commande sont amé-
nagés pour faire passer automatiquement l’appareil
de l’opération de mouvement induit de particules
chargées à l’opération de régénération.

6. Appareil selon la revendication 1 ou la revendication
2, comprenant une troisième électrode (3) et dans
lequel les moyens de commande sont aménagés
pour commander l’opération de régénération en fai-
sant passer un courant entre la deuxième électrode
(2) et la troisième électrode (3).

7. Appareil selon la revendication 6, dans lequel la ré-
gion dans laquelle le mouvement des particules
chargées doit être induit est confinée dans un pas-
sage (4).

8. Appareil selon la revendication 7, dans lequel la troi-
sième électrode (3) est aménagée dans une cham-
bre (10) séparée du passage, de préférence dans
lequel la chambre est ventilée pour en permettre
l’échappement de gaz.

9. Appareil selon la revendication 8,
dans lequel la deuxième électrode (2) a une partie
exposée au liquide ou au gel dans le passage (4) et
une partie exposée à l’intérieur de la chambre (10).

10. Appareil selon la revendication 7, dans lequel la troi-
sième électrode (3) est aménagée dans le passage.

11. Appareil selon l’une quelconque des revendications
7 à 10, comprenant une électrode intermédiaire (2’)
dans le passage entre la première et la deuxième
électrode (1, 2).

12. Procédé d’induction d’un mouvement de particules
chargées dans un liquide ou un gel en utilisant un
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champ électrique, comprenant l’application d’une
tension à la première et à la deuxième électrode (1,
2) pour générer le champ électrique, moyennant quoi
un courant passe entre les électrodes de manière à
induire le mouvement de particules chargées et à
amener ainsi des ions à être reçus sur la deuxième
électrode, caractérisé par la mesure de la quantité
de charge transférée entre la première et la deuxiè-
me électrode au cours d’une opération de mouve-
ment induit de particules chargées, tout en tenant
compte d’une variation quelconque de courant ou
de tension au cours de l’opération de mouvement
induit de particules chargées, et la commande d’une
opération de régénération qui régénère la deuxième
électrode en transférant via la deuxième électrode
une quantité de charge sensiblement égale à la
quantité mesurée de manière à provoquer le retrait
d’ions à de la deuxième électrode et à régénérer
ainsi l’électrode.

13. Procédé selon la revendication 12, comprenant la
variation de la tension appliquée à la première et à
la deuxième électrode (1, 2) au cours de l’opération
de mouvement induit de particules chargées.

14. Procédé selon la revendication 12 ou la revendica-
tion 13, comprenant la commande de l’opération de
régénération en effectuant une inversion de courant
entre la première et la deuxième électrode (1, 2),
comprenant de préférence la commande de l’opé-
ration de régénération de sorte que l’opération de
régénération ait lieu sur une période plus longue que
celle de l’opération de mouvement induit de particu-
les chargées et/ou comprenant de préférence le pas-
sage automatique de l’opération de mouvement in-
duit de particules chargées à l’opération de régéné-
ration.

15. Procédé selon la revendication 12 ou la revendica-
tion 13, comprenant la commande de l’opération de
régénération en faisant passer un courant entre la
deuxième électrode (2) et une troisième électrode
(3).
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