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(57) Abstract: A dispenser (1) for liquid droplets of the order of 30 pl or less in volume. The dispenser (1) comprises a metering
valve body (2) having a main bore (3) connected by a pipe (4) to a pressurised liquid delivery source (not shown). The body (2)
comprises a base (5) from which is mounted a nozzle (6) projecting above the base (5) to form a valve seat (7). An actuating coil
assembly (11) is mounted on the exterior of the body (2) for moving a floating valve boss (15) of a ferromagnetic material. Sensing

coils (20, 21) are mounted around and spacedapart along the body

(2) forming part of a valve boss detector. The valve boss detector

acts as a positional movement detector so that the opening and closing of the valve can be accurately controlled and bouncing of
the valve boss (15) either against an end stop (9) or on the valve seat (7) can be greatly minimized, if not prevented fully, by careful

operation of the actuating coil assembly (11 ).
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The present invention relates to a dispensing assembly for liquid droplets of the
order of 30 pl in volume and as low as 10 nl or even smaller in volume comprising:

a pressurised liquid delivery source;

a metering valve body connected to the liquid delivery source, the valve body
comprising an elongate body member having an internal main bore and a
ba,selforr'ning an apertured valve seat; '

a valve boss in the main bore, the cross-sectional area of the valve boss being
sufficiently less than that of the main bore to permit the free passage of liquid
therebetween; '

a nozzle mounted on the base of the valve body comprising a dispensing tip
and having a-nozzle bore communicating between the valve seat and the
dispensing tfp; and ‘

a.variable power output valve hoss actuator for moving the valve boss in the
main bore between a closed position engaging the valve seat and an open
position spaced-apart from the valve seat.’

Further, the invention is directed towards providing a method for dispensing such
liquids and measurement of their properties.

The present invention relates fo an assembly for dispensing and aspirating small
volumes of liquid as used extensively for drug development in pharmacéutical,
medical ql_iag'nostics and biotechnology applications. Indeed small droplets of liquid
as used extensively for many techniques in industry. Particular examples of this are
High Throughput. ,Screeriing "(HTS), Polymerase Chain Reaction (PCR),
combinatorial chemistry, microarraying, and proteomics, although obviously not
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limited to these. In the area of high throughput screening, PCR, proteomics and
combinatorial chemistry, the typical application for such a liquid handling system is in
dispensing of small volumes of liquids, for example, 1 ml and smallér and in
particular volumes around 1 pl and smaller. The invention is also directed to the
aspiration of liquids from sample wells so that the liquids can be transferred between
wells. The invention relates also to microarray technology, a recent advance in the
field of high throughput screening and genomics. Microarray technology is being
used for applications such as DNA and protein arrays: in this technology the arrays
are created on glass or polymer slides. The liquid handling system for this
tech‘nology is. directed to dispensing consistent droplets of liquids of submicrolitre
volume. The present invention is also directed to medical diagnostics, for example,

for applications such as single nucleotide polymorphism or others.

The present invention may also be used outside the area of life sciences. For
example, it could be used for coating of microparts with polymer layers. One
example of such applications is coating of microelectrodes for electrochemical

applications by insulating polymers.

Development of instrumentation for dispensing of minute volumes of liquids has
been an important area of technological activity for some time. Numerous devices
for the controlled dispensing of small volumes of liquids (in the range of 1yl and
smaller) for ink jet printing application have been developed over the past twenty five
years. More recently, a wide range of new areas of applications has emerged for

devices handling liquids in the low microlitre range.

‘The requirements of a dispensing system vary significantly depending on the

application. For example, the main requirement of a dispensing system for ink jet

-applications is to deliver droplets of a fixed volume with a high repetition rate. The
‘separation between individual nozzles should be as small as possible so that many
. nozzl'e,s can be accommodated on a single printing'cartridg'e. On the other hand in

this application the task is simplified by the fact that the mechanical properties of the
liquid dispensed namely ink are well-defined and consistent. Also in most cases the
device used in the ink jet applicatioris does not need to aspire the liguid through the

nozzle fo? the cartridge refill.
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For biomedical applications such as High Throughput Screening (HTS), the
requiremenis imposed on a dispensing system are completely different. The system
should be capable of handling a variety of reagents with different mechanical
properties e.g. viscosity. Usually these systems should also be capable of aspiring
the liquids through the nozzle from a Wellﬂ. On the other hand there is not such a
demanding requirement for the high repetition rate of drops as 'in ink jet applications.
Another requirement in the HTS applications is that cross contamination, between
different wells served by the same dispensing device, be avoided as much as
possible.

The most common method of liquid handling for the HTS applications is based on a
positive displacement pump such as described in US Patent Specification No. US
5,744,099 (Chase et al). The pump consists of a syringe with a plunger driven by a
motor, usually‘a stepper or servo-motor. The syringe is usually connected to the
nozzle of the liquid handling system by means of flexible polymer tubing. The nozzle
is typically attached to an arm of a robotic system which carries it between different
wells for aspiring and dispensing the liquids. The syringe is filled with a system liquid.
such as water. The system liquid continuously extends through the flexible tubing
into the nozzle down towards the tip. The liquid reagent which needs to be
dispensed, fills up into the nozzle from the tip. In order to avoid mixing of the system
liquid and the sample liquid and therefore cross-contamination, an air bubble or
bubble of another gas is usually left between them. This method does not ailow
reliable dispensing of droplets in the volume range below sdme 1 to 5 microlitres.
Somewhat smaller volumes can be dispensed if the tip of the dispenser touches the
substrate to release the drop. The compressibility of the gas bubble between the
reagent and the’ system liquid is a significant source of error. Examples of such
positive displacement pumps are shown in US Patent Specification No. 5744098
(Chase et al). Similarly the problems of dispensing drops of small volume are also
described and discussed in U.S. Patent Specification Nos. 4574850 (Davis) and

5035150 (Tomkins).

Dispensing of drops of liquids using a conventional solenoid valve is well known. It

has been used in ink printing applications for more than a decade. As explained
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below, there are’ still major problems associated with the use of a conventional
solenoid valve for dispensing of minute droplets of reagents for bio-medical and

pharmaceutical applications.

U.S. Patent Specification No. 5741554 (Tisone) describes another method of
dispensing submicrolitre volumes of fluids for biomedical application and in particular
for depositing bodily fluids and reégents on diagnostic test strips. This method
combines a positive displacement pump and a conventional solenocid valve. The
positive displacement pump is a syringe pump filled with a fluid to be dispensed.
The pump is connected to tubing at the other end which there is a solenoid valve
located close to the ejection nozzle. The tubing is also filled with the fluid to be
dispensed. In this method the piston of the pump is driven by a motor with a well-
defined constant speed. The speed determines the flow rate of the fluid from the
nozzle provided the solenoid valve is opened frequently enough and the duty cycle
between “opening and closing of the valve is long enough. The solenoid valve is
actuated with a defined repetition rate. The repetition rate of the valve and the flow
rate of the pump determine the size of each drop. For example, if the pump operates
at a flow rate of 1yl per second and the repetition rate is 100 open-close cycles per
second, then the size of each drop in theory is 10 nl. This method is suitable for
dispensing of large number of identical droplets. Howevef,'for dispensing of liquids
for HTS applications, this method is often inappropriate since it is commonly required

to asplre a liquid through the nozzle in small quantities (say 1 pl) and then dispense

it in fractions of this quantlty, say in a series of only five drops or even a smgle drop
on demand. To avoid mixing of the liquid aspired with the one in the syringe pump, it
is probably necessary to place a bubble of gas in the tube with the attendant
problems described above. Without such a bubble, if the solenoid valve open time
and/or operating frequency are too small for a given pump flow rate, the pressure in
the dis’penser will become too great, causing possible rupture or malfunctioning of
the system Ahother disadvantage of this solution is that the heat from the coil
actuating the plunger of the valve may cause a heating of the liquid in the valve that
can be a serious problem for some applications. Besides, for some regimes of
operation the drops may amalgamate, e.g. one drop will be released for every two or

three actuations of the valve.
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As the solenoid valve is normally not used as a disposable element due to its high -
cost, the used portion or potentially contaminated chamber of the valve needs to be
washed frequently to avoid cross contamination. This is a major issue for HTS
applications and microarraying as the dispenser typically switches from one liquid to
another up to several times a minute. The fluid path in the valve is torturous, the
valve cor;tains a number of parts and pockets where the contamination can build up
complicating the cleaning routine.

Various attempts in the past have beeﬁ made to address the problem of such
conventional solenoid valves. A typical exémple of these is the invention described
in PCT Patent Specification No. WO 99/42752 (Labudde). This patent specification
discusses the problems associated with using conventional solenoid valves for many
HTS applications. Various solutions to the problem are proposed. It is suggested
that none of these overcome the major problems of the use of conventional solenoid
valves for these applications. Relatively complex con’structions'of actuator and
plungers with diaphragms are described. The invention of this patent specification is
directed to the problem of bubble formation in the valve and aspiration. WO
99/42752 (Labudde) discusses in some detail the problems relating to the structure
and geometry of the valve. The solution proposed is to desigh a “non torturous” flow

" path for the liquid. In this patent specification, the effect of the use of a blunt or

rounded valve seat is discussed as well as the effect of the area of the valve seat
orifice opening. This specification discloses a valve seat with an internal diameter of
the order of 7.5 mm. Further, in this latter patent specification, the plunger of the
valve is attached to a diaphragm limiting its movement. The displacement of the
plunger between the open and closed position is of the arder of 50 ym. There is also
a discussion in this patent specification of the heating effects and a solution is
proposed by separating the actuating coil from the valve. US Patent Specification
No. 5,741 554 (Tisone) again describes substantially the same construction.

Patent Specification No. WO 98/52640 (Shalom) describes a flow control device for
medical infusion systems. These systems are used for the slow injection of relatively
large volumes, namely millilitres up to a litre, into @ patient over a relatively long
period of-minutes, if not hours. Essentially, there is descrlbed a system for the slow

injection of fluids into a patient with real time control of the process. The system
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uses valves to mix or select fluids coming from a number of inlets and to route their

‘ flow via selected outlets. It is suggested that this specification does not teach that

such a valve would be suitable for the dispensing of droplets of liquid with volumes of
the order of 10 nl at a high frequency. In this patent specification, there is illustrated
an actuation coil embedded in the body of the valve and the use of spherical
magnetic boss or a multi’rude of bosses, to increase the resistance of fluid flow
through the valve.

US Patent No 5,758,666 (Larson et al) describes a surgically implantable reciprocating
pump having a floating piston made of a permanent magnetic material and
incorporating a check valve. The piston can be moved by means of energising coils in
a suitable timing sequence. The piston allows the flow of liquid through it when it
moves in one direction as the check valve is open, and when it moves in the opposite

direction, the check valve is closed and the liquid is pumped by the piston.

US Patent No 4,541,787 (DeLong) describes an electromagnetic reciprocating pumo
with a “magnetically responsive” piston so called as it contains some ferromagnetic
material. The piston is actua’red by at least two coils located outside the cylinder
containing the piston. The coils are energised by a current with a required timing.

It has become apparent that accurate control of the valve boss is all important. Indeed,
there are known linear and rotary motors in which movement of a piston or & shaft of a
permanent magnetic material is controlled by a series of driving coils. To achieve
reliable operation of the motor, signals applied to coils must be synchronised with the
movement of the shaft. For-example, there can be ten or so driving coils spaced apart
and positioned along the length of the motor to achieve a significant stroke of the shaft.
It is clear that at any given moment only those one or two coils that are positioned
close to the shaft. ‘must be energised and the one or two coils [ocated just behind the
shaft must be de-energised. As the shaft moves, successrve one or two coils located
further down its path are energised and so on. Therefore the motor controller must
follow movement of thé shaft and must be aware of its current position. This is
achieved by detecting electromotive force induced in the driving coils. US Patent No

4,965,864 (Roth et al) is an example of this type of motor. This patent however, does

. not deal with dispensing of small volumes of liquids.
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There are also known other devices for the detection of movement of a magnetic

- shaft. In a typical embodiment disciosed in European Patent Specification No 457,

389 A1 (van Alem) there are three coils driving a shaft of a magnetic material. The
coils are posmoned along the length of the shaft’s path. The central of the three
driving coils is also supplied with an AC current. Electromagnetic coupling between
the driving coils depends on the position of the shaft. This patent does not deal with
dispensing of small voluhes of liguids. The device described in this patent
specification falls under the category of devices called Linear Variable Differential
Transformers (LVDT). These devices are used as position sensors and are
manufactured by a number of companies such as e.g. Solartron Metrology Ltd
(LVDT type SMI manufactured by Solartron Metrology Ltd, Steyning Way, Southern
Cross Industrial Estate, Bognor Regis, PO22 9ST West Sussex, UK) .

In summary, there is a major problem in finding a swtable way of dispensing
submicrolitre volumes for applications as described above such as HTS applications.
This problem can be said to be currently the bottleneck in changing to assay formats
of higher density. Numerous publications in the specialised literature indicate that a
technical solution to this problem has not been found so ‘far and further that it is
necessary to find them. Our work to date indicates that if accurate dispensing of
submicrolitre volumes is to be achieved, it can only be done with solenoid valves
having a floating boss. | ' ‘ '

Other nﬁethods of dispensing of small volumes of liquids were proposed recently in
various patent specifications (EPO 00650123.3 and EPO 99650106.0, Shvets). The
methods are based on a floating boss valve. In a typical dispensing assembly, the
boss, ‘made of a ferromagnetic material, is placed inside a body member of a
dispenser mounting a nozzle. The boss is actuated by an external magnetic field. As
a result the boss can close and open the nozzle bore of the dispenser. The liquid in
the dispensing assembly is pressurized by a pressure source. When the boss is
removed from the nozzle bore, the liquid is transported by pressure towards the
dispensing tip resulting in a dispensing of a drop or droplét of the liquid stored in the
dispensing assembly. The source of the magnetic field actuating the boss is located
adjacent to the body member of the dispensing assembly and the magnetic boss. It
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could consist of a magnetic coil or an assembly of magnetic coils or coils wound on a

core of magnetic material. Alternatively it could consist of an assembly of permanent
magnets coupled by magnetostatic forces with the boss. Such a magnetic assembly

can be caused to move by using, for example, a pneumatic actuator thus causing the

‘movement of the boss. The means are also provided to detach the droplet from the

nozzle by using the electrostatic field generated at the end of the tip. There are also
means provided to measure the mass of the droplet through the measurement of the
charge carried by the droplet. There are also means provided for navigating droplets
to desired locations within the well plate. It should be pointed that there are also
other embodiments described in the patent applications EPO 00650123.3 and EPO
00650106.0 that are not based on a floating boss. The common feature of most
embodiments is a soft compressible seal between portion of a capillary forming a
nozzle bore and a boss or plunger. This portion of the nozzle forms a vélve seat. In
the preferred embodiment of EPO 00650123.3, the compressible seal is formed
between a valve seat formed by part of a rigid capillary forming the nozzle bore and
a soft polymer attached to the surface of the boss/plunger coming in contaét with the
capillary. In most embodiments there is also a stopper located inside the body
member of the dispenser to ensure that the boss always remains positioned in the
area whete it can be efficiently coupled to the source of magnetic field actuating the
boss. It is clear from Mthe technical disclosure of these patent applications that the
accuracy of dispensing critically depends on the accuracy of the time interval during
which the nozzle bore is open during the dispensing. The time interval during which
the nozzle bore is open, is determined by the pattern of the current in the coil
assembly actuating the boss/plunger. ‘

Unfortunately it is difficult to predict and thus know the moment of opening and
closing of the valve seat even if the current actuating the boss is known. This is
caused by the fact that one of the two elements: the boss or the valvé seat, must be
made of a soft material to ensure that the seal of the boss against the nozzle bore is
pneumatically tight. This soft material is compréssed when the boss is pressed
against the nozzle bore. As a result, movement of the boss away from the valve seat
at the ‘start of the dispensation does not immediately result in the opening of the
valve sea;t and flow of the liquid through the nozzle bore. There is a time delay

between the start of the movement of the boss and the separation from the valve
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seat that depends mainly on the compressibility of the seal and the pressure in the
dispenser. This time delay between the two events can have a particularly significant
effect on the accuracy of dispensing for drops of small volume, as the opening time
required to deliver a smali drop to the end of the noiz(e is particularly short. Indeed,
for dispensing of drops in the volume range of 10 nl, the desired opening time
interval of the dispenser could be as short as some 0.1 ms or even smaller. This time
depends on the diameter of the nozzle, length of the capillary and viscosity of the
liquid dispensed. For droplets of submicrolitre volume, the inaccuracy in the control
of the 'mqment of opening of the vélve seat can, in some circumstances, lead to a

significant source of error.

Additional loss of accuracy of dispensing comes at the moment of closing of the

valve seat. The reason is that at the moment when the current in the actuating coil

is sent to close the valve seat, the position of the boss is not known. For example if

the valve was only open for a short time prior to the moment of closure, the boss

- would not move far away from the valve seat and would not come to rest against a

stopper. Therefore in this case it would take it a shorter time to reach back the valve
seat and close the ‘valve than if it was pressed against the stopper. The position of
the boss is difficult to predict on the basis of the time that has elapsed since fhe '
moment of opening of the valve. The position will. depend on a number of factors
including, for example, viscosity of the liquid in the dispenser. If the time between the
moments of opening'and closing of the vélve boss is sufficiently long so that the
boss has.come in contact with the stopper, an additional sodrce of error will come-
from the fact that the boss can bounce back from the stopper. If the boss bounces
back from the stopper, then in contrast to common sense expectations, increasing of
the time interval during which the boss is open could, as we have found, results in

" decrease in the volume of the liquid dispensed. This is discussed in more detail

below.

" Another source ofv error comes from the fact that the boss can also bounce back

when it reaches the valve seat. If the bouncing is significant, then this could result in
an additional uncontrollable opening of the valve and therefore, additional
uncontrollable delivery of the liquid through the nozzle to the tip.
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Most of these factors become more significant for droplets of small volume for at
least two reasons. Firstly, the opening time of the valve for droplets of small volume
is shorter than for droplets of large volume and the volume of the drop is proportional
to the opening time of the valve. Therefore the time inaccuracies associated with
bouncing of the boss and compressibility of the valve seél increase relatively in
comparison with the opening time of the valve. Secondly, to ensure a shorier
opening time of the valve, the boss must move faster. Therefore, as the velocity of
the boss increases, so will the tendency of the boss to bounce back from both the
valve éeat and the stopper.

it would be advantageous to measure properties of the fiquid during the dispensing
such as, for example, its viscosity. Simplistically, if one knew the viscosity of the liquid,
then one would know firstly when the liquid had become diluted or had changed its
properties or alternatively one would know, for example, when there was no liquid in
the dispenser. Mosf of the current dispensing technologies do not allow for this kind of
measurement. ’

The present invention. is directed towards providing an improved method and
apparatus for dispensing droplets as small‘as 10 ni (10’8l) or even smaller, while at the

same time it should be possible to dispense larger droplets such as those as large as

10 micro litres or even greater.

Another objective is to provide a method where the quantity of the liquid dispensed can
be freely selected by the operator and accurately controlled by the dispensing system.
The system should be capable of dispensing a drop of one size followed by a drop of a

_ widely differing size, for example, a 10 ni drop followed by a 500 nl one.

The invention is also directed towards providing a method where the liquid can be -
dispensed on .dema‘nd, i.e. one quantity can be dispensed at a required time as
opposed o a series of dispensations with set periodic time intervals between them.
Yet, the method should also allow for dispensation of doses with regular intervals
between subsequent dispensations, for example, printing with liquids.
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* Another objective of the present invention is to provide a method and a dispensing

device suitable for dispensing a liquid from a supply line o a target well and also for
aspiring a llqwd from the sample well into the supply line. The device should ideally be
able 1 control accurately the amount of the liquid aspired into the nozzle of the
d:spenser from a supply well.

Another objective is to provide a method for handling liquids in a robotic system for
high throughput screening or microarraying which would be suitable for accurate
dispensingrand_aspiringﬂfelumessmaﬂeﬁhan~the—onesobtainablewith*éarrent"p’osiﬁve‘”
displacement pumps.

Yet another objective is to provide means of measurement of viscosity and density of
the liquid dispensed during the dispensations. Another objective is to enable

detection of the moment when the dispenser runs out of liquid and requires refill.

Statements of Invention

A dispén§ing assembly for liquid droplets of the order of 30 pl or less in volume of
the type hereinbefore described is provided in which:-

a valve boss detector for determining the movement of the valve boss within
the main bore; and

a controller connected to the valve boss detector and to the valve boss actuator
for varying the power input to the valve boss actuator depending on the
movement of the valve boss within the main bore.

By being able to vary the power input, it is possible to control accurately the reliable
operation of the valve and the problems, as related above, in respect of the fact that at
least one of either the boss or the valve seat must be of a soft' fnaterial and further,
because of the time delays between the start of the movement of the boss and the
separation of the valve seat which depends on compressibility of the seal and the
pressure in the dispénser. Finally, for droplets of submicrolitre volume, the inaccuracy
in the control of the moment of opening of the valve Seat can, in some
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circumsiances, lead to a significant source of error. Further, additional loss of
accuracy of dispensing comes at the moment of closing of the vaive. All of this has
been described in great detail above. Further, in the present invention, by being able
to control and véry the power input to the valve boss actuation, it is possible to
reduce bouncing of the boss on the valve seat significantly. These are very
significant sources of error for droplets of this size.

The valve boss detector can be a position sensor, a velocity sensor or an
acceleration sensor. Indeed, it can be a combination of two or more of them. This is
particularly important for increasing the relative efficiency of the dispensation.

In one embodiment of the invention, at least portion of thg:- valve boss is of a
ferromagnetic material and the valve boss detector comprises means for measurement
of the .eleciromotive force generated by the valve boss. Measurement of the
electromotive force is partiéularly advéntageous. For example, the valve boss deteqtor :

may be one or more Hall sensors.

In one embodiment of the invention, the valve boss actuator comprises a pair of
spaced-apart actuating coil assemblies; and one of the actuating coil assemblies
comprises a source of alternating current to allow the position of the valve boss be
detected by measurihg the electromagnetic field generated in the other actuating coil
assembly. . ‘

in another embodiment, the valve boss detector comprises a pair of spaced-apart
sensing coils and a separate éxcitation coil for generating an oscillating magnetic
field for the valve boss detector.

In another embodiment, the valve boss detector comprises a pair of sensing coils for )
detecting changes in the maghetic flux through the coils caused by the moving valve
boss and at least one actuating coil. |

In a still further embodiment, the valve boss actuator comprises.a pair of spaced-apart
actuating coil assemblies, at least one of which is additionally powered with alternating
c‘u}rrent and the valve boss detector comprises a sensing coil adjacent the body
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member for receiving the signal induced in the boss by the alternating current.

in another embodiment, it may comprise a parametric oscillator circuit forming the
position sensor, the circuit comprising at least one element coupled to the valve
boss, the element being such as to be effected by the position of the valve boss
relative thereto fo change the characteristics of the oscillations.

In a still further embodiment, the valve boss comprises a ferromagnetic material
encased in an electrically conducting material, the valve boss actuator comprises at
least one actuating coil assembly; and the valve boss detector comprises a pair of
sensing coils coupled with each other by means of eddy currents induced in the boss
by ane of them.. Ideally, the pair of sensing coils are at least partially surrounded by
a conducting shield adjacent the body member. All of these detection methods are

particularly suitable for ensuring that accurate dispensation oceurs.

In one embodiment, the valve boss actuator comprises at least one actuating coil
assembly, which actuating coil assembly is provided with a shield of a-soft magnetic
material. The advantage of this is that a stronger field gradient is formed and thus the
force acting on the boss increases.

Preferably, portion of the length of the nozzle adjacent the dispensing tip is of a
hydrophobic material. The advantage of this is f'that droplets will be detached more
easily from the nozzle. '

In another embodiment of the invention, the nozzle is a multi nozzle dispensing head
comprising:-

a primary nozzle, having an internal liquid dispensing primary nozzle bore,
- connected to the metering valve body adjacent its proximal end at the valve
seat;

a manifold connected to the primary nozzle adjacent its distal end and forming
" an internal split channel for reception of fiquid from the primary nozzle bore;
and
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a plurality of secondary nozzies, each having an internal fiquid dispensing

_secondary nozzle bore, each secondary nozzle being connected adjacent its

proximal end fo the manifold for reception of liquid therefrom and having a

dispensing tip adjacent its distal end in which the aggregate resistance to flow

in all the secondary nozzle bores is greater than the resistance to flow in the
split channel. 4

It is envisaged that there can be a plurality of mefering valve bodies all connected to
the oné controller. With a plurality of metering valve bodies, one embodiment provides
that each of the metering valve bodies has its own separate variable power output
valve boss actuator and in which the controller is connected to each of the additional
valve boss actuators for varying the power input to each of the additional valve boss
actuators depending on the movement of the valve boss within the main bore of at
least one valve body as detected by its respective valve boss detector. This can be
advantageous to avoid unnecessary expense. Ideally, the valve boss actuators are
identical.

Further, the invention provides a method of dispensing liquid droplets of the order of
30 pl or less in volume in a dispensing assembly using a pressurised delivery source
feeding a metering valve body, the valve body comprising an elongate body member
having an internal main bore, a base forming an apertured valve seat;'a valve boss,
at least portion of which comprises a ferromagnetic material in the main bore, the
cross-sectional area of which is sufficiently less than that of the main bore to allow
the passage of liquid therebetween, a nozzle mounted on the base comprising an \
elongate needle-like member having a nozzle bore communicating between the
valve seat and a dispensing tip and a variable power actuator for moving the valve
boss in tﬁe bore between a closed position in engagement with the valve seat and an
open position spaced-apart from the valve seat, the variable power actuator moving
the valve boss by applying a magnetic field to the valve boss characterized in that
the method comprises recording the movement of the valve boss within the main
bore of tﬁe body member throughout the dispensing cycle and using the information
on the positioh of the valve boss within the bore to vary the force to be exerted on

the valve boss between one force on engagement and disengagement of the valve
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. boss with the valve seat and a lower force needed to keep the valve boss in spaced

refation

sequen

ship with the valve seat to méintain the valve open: the method comprises
tially carrying out the 'steps of:-

opening the metering valve by exerting a disengaging force on the valve boss
to separate the valve boss from the valve seat;

4on' sensing the opening of the metering valve, exerting an opening force to

remove the valve boss to a fully open position remote from the valve seat;

exerting a valve open maintaining force on the valve boss to retain the valve
boss in the fully open position;

e)kerting a closing force on the valve boss to move the valve boss close fo the
valve seat;

on sensing the valve boss being about to contact the valve seat, exerting a
valve seat engaging force on the valve boss; and

on sensing the valve boss is stationary, exerting a valve closed retaining

‘force on the valve boss.

atter method, it is preferable that the valve seat engaging force is sufficient to

prevent the valve boss from disengaging from the valve seat.

method according to the invention, there is a boss stopper in the main bore
-apart from the base and when in the fully open position, the valve boss

engages the boss stopper, then the additional steps are performed of:-

5
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on sensing the valve boss being about to contact the boss stopper, exerting a
variable boss stopper engaging force on the valve seat to cause zero boss .
velocity; and

on sensing thé valve boss is stationary, exerting the valve open retaining
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force on the \(alve boss.

Ideally, the boss stopper engaging force is sufficient to prevent the valve boss from

r disengaging from the valve stopper.

in one embodiment of the invention, the position of the valve boss within the main
bore is determined from the velocity of the valve boss and the time traveled. In
another embodiment, the position of the valve bass within the bore is determined
from the acceleration of the valve boss and the time it has been traveling.

In another embodiment of the invention, the viscosity of the liquid is determined from
the force required to move the valve boss at a sensed velocity through the main

bore.

In a still further embodiment, the volume of droplet dispensed is measured by

‘measuring the difference between the opening force and the closing force.

Neediess to say, all of these may be combined in the one method.

~ In a further embodiment of the invention, the volume is calculated as:-

Vaisp = Us*Sg*t

and

Fro ~ Fme = K*n*2*Uy,

Where:
| n=  viscosity of liquid, _

k= constant dependent on boss and main bore dimensions.

Us= flow velocity in the gap between the boss and the body
member due to the delivery of liquid to the tip of the dispenser.

Sg = cross sectional area of gap between the valve boss and the
main bore. - ‘ 4 )

Fmo = Opening magnetic force.

Fmc= closing magnetic force required to move the valve boss with
the same velocity as on opening.

t = time during which the dispenser is open and
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* = the multiplication symbol
AItemétngely, the volume may be calculated from:-
Viisp = Qnozzie * t
where
Quozzie is flow rate through nozzle bore
t = time during which the dispenser is open
and Quozze = 1 * 8P 1*/(8*Lo*n)
where
5P = pressure difference along nozzle from seat to tip
= nozzle bore radius,
L,= nozzle length,
= 3.1415and
*=  the multiplication symbol
In a still further embodiment, additionally the density of liquid being dispensed is
obtained by measuring the current required to move the boss at a constant relatively
low velocity and the density is calculated from
km = Vb *g* (Po— P))
‘Where:
| = current through the actuating coils,

km = coefficient dependent on actuating coils,

V= volume of boss,
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Py = density of boss,
P, = density of liquid,

g = acceleration due to gravity, and

* = is the multiplication symbol

It is preferably that the presence of the liquid being dispensed is detected by
monitoring the difference between the opening force and the closing force for each
droplet dispensed.

In summary the operation of the present invention is, we suggest counterintuitive.
Indeed, in order to dispense small volumes of liquids using a valve, one would try to
actuate the valve as fast as possible in order to shorten the ftransition time and
therefore more accurately control the time during which the valve is open. Here we
qnderstand by the transition time, the time between the fully defined open and.closed
positions of {he valve. Therefore, the natural, intuitive suggestion would be to
shorten the duration of the transition process so that its duration can be disregarded
by comparison with the time during which the valve is open. We have shown by our
experimental results presented in the specification, that this approach actually does
not work. By openihg and closing the valve as fast as possible, we excite
uncontroﬁéble movements of the boss (e.g. the faster the boss moves, the harder it

. bounces from the stopper) and therefore make control of the time during which the

valve is open less accurate. We therefore have taken a completely opposite
approach in the present invention which monitors the transition process and instead
of trying to shorten it, we time it accurately using our valve boss system.

' Detailed Description of the Inventi

The invention will be more clearly understood from the folloWing' description of some
embodiments thereof given by way of example only with reference to the
accompanying drawings in which:- '

Fig. 1 is a side part sectional view, with sectional lines omitted, of a dispenser
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according to the invention,

Fig. 2 is an end view of a stopper used in the dispenser of Fig. 1,

Fig. 3 is a schematic view of a control circuit used with the dispenser of Fig.

A,

Fig. 4 is a graph of volume dispensed over time of valve opening for a

dispenser working without feedback and valve boss detector,

Fig. 5 shows typical boss movement over time,

Fig. 6 illustrates boss movement around the moment of the separation of the
valve boss from the valve seat,

Fig. 7 shows the valve boss position over time,
Fig. 8 illustrates valve boss velocity over time,
Fig. 9 illustrates the force exerted on the valve boss over time,

F'ig. 10 shows the position of the valve boss over- time for dispensing a
volume of liquid different to that illustrated in Fig. 7,

Fig. 11 illustrates boss velocity over time for dispensing a volume of liquid
different to that illustrated in Fig. 8,

Fig. 12 is a more detailed schematic view of a control circuit for operating the
dispenser of Fig. 1,

Fig. 13 is a schematic view of a dispensing assembly according to the

invention,

\ Fig. 14 illustrates an alternative construction of dispenser,



WO 02/076615 PCT/IE02/00039

10

15

20

25

30

- 20 -
Fig. 15 is a block diagrammatic view of a controller for .use with the dispenser
of Fig. 14,

Fig. 16 is a view of an alternative construction of dispenser according to the .
invention,

Fig. 17 is a block diagram of an electronic circuit used in the dispenser of Fig.
186, ‘

Fig. 18 is a view of an alternative construction of dispenser according to the
invention,

Fig. 19 is a general block diagram of an electronic circuit for use with the
dispenser of Fig. 18,

Fi'g}. 20 is a view of a still further alternative construction of dispenser
according to the invention,

- Fig. 21 is a view of a still further construction of dispenser,

Fig. 22 is a block diagram of an electronic circuit suitable -for use.with the
dispenser shown in Fig. 20, '

Fig. 23 is an electronic circuit for use with the dispenser of Fig. 21,

Fig. 24 illustrates a still further construction of dispenser,

~ Fig. 25 is a block diagram of control means for the dispenser of Fig. 21 in
‘ ‘whlch the valve boss detector functions in a different manner,

Fig. 26 is a view of another dispenser,

Fig. 27 is a view of a still further dispenser,
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Fig. 28 is a view of a still further dispenser,

Fig. 29 is a view of a still further dispenser,

Fig. 30 is a block diagram of the controller of the dispenser of Fig. 28,

Fig. 31 is an electronic circuit used in the control of the dispenser of Fig. 28,
Fig. 32 is a view of another dispenser,
Fig. 33 shows, in block diagram form, a controller for the dispenser of Fig. 32,

Fig. 34 illustrates another electronic circuit forming control means of the
dispenser of Fig. 32,

Fig. 35 is a circuit for a parametric oscillator,
Fig. 36 is another parametric oscillator circuit,

Figs. 37, 38 and 39 are various circuits of controller using parametric
oscillators, '

Fig. 40 illustrates an alternative construction of the actuating coil using a soft
magnetic shield,

Fig. 41 illustrates a still further dispenser according to the invention,
Fig.42is a croés section through another dispenser, -

Fig. 43 illustrates an arrangement of a number of dispensers according to the

invention,

‘Fig. 44 is a sectional view of portion of a multi nozzle dispensing head
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according to the invention, and

Fig. 45 is a detailed view of a circled portion of the multi nozzle dispensing
head of Fig. 44

Referring to the drawings and initially o Fig. 1, there is illustrated a diépenser, :
indicated generally by the reference numeral 1 comprising a metering vaive body 2
having a main bore 3 connected by a pipe 4 to a pressurised liquid delivery or
vacuum source (not shown) forming, with a control circuit, a dispensing assembly.
The body 2 comprises a base 5 in which is mounted a nozzle 6 having a nozzle bore
6(a). Thé nozzle 6 projects above the base 5 to form a valve seat 7. The nozzle 6
terminates in a dispensing tip 8. The main bore 3 mounts a valve boss stopper 9
having through holes 10 for the passage of liquid therethrough. A wvariable power
output valve boss actuator including a power source (not shown) and an actuating
coil assembly 11 is mounted on the exterior of the body 2 and surrounds it. In some
of the Figs. of this specification, not all of the actuating coil assembly is shown but

“only the coils forming part of the assembly. However, for simplicity, no distinction is

made. Generally, power sources, being an obvious requirement, are not shown. A
pair of sensing coils, namely, a front sensing coil 20 and a rear sensing coil '21 are
mounted around and spaced-apart along the body 2 forming part of a valve boss -
detector, identified generally by the reference numeral 25. Within the main bore 3,
there is mounted a valve boss 15 of a ferromagnetic material with hard magnetic
properties covered by a soft polymer coating 16. All of these except for the sensing
coils 20 and 21 have already been disclosed in co-pending US and other patent
applicaﬁc):rus. Fig. 2 shows example of a front view of a stopper 9 placed inside the
valve body 2.

A complete liquid dispensing assembly is described below with reference to Fig. 13.

‘ Referring now to Fig. 3, there is illustrated in general form a control circuit forming

the valve boss detector and control means of the dispensing assembly according to
the present invention and the various parts already described are identified by the
same reference numerals. There is provided a feedback controlier 30 connected to
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a signal amplifier circuit 31 shown in the drawing by interrupted lines surrounding it
which incprporates a compensation potentiometer 32. The feedback controller 30 is
connected to a power amplifier 33 which feeds the actuating coil assembly 11. In
use, the power amplifier 33 delivers power to the actuating coil assembly 11 which
then in turn moves the valve boss 15. If the current through the actuating coil
assembly 11 changes, it induces voltage in the sensing coils 20 and 21. This
voltage is a result of the inductive coupling of the sensing coils 20 and 21 with the
actuating coil assembly 11. Then, if the separations between each of the sensing
coils 20 and 21 and the actuating coil assembly 11 are equal and if the sizes of the
two sensing coils 20 and 21 are equal as well as the number of windings on the two
coils 20 and 21, the voltage values induced in the coils 20 and 21 will be substantially
equal. However, this takes no account of the valve boss 15. For example, in Fig. 1,
the valve boss 15 is much closer to the sensing coil 20 than to the sensing coil 21.

~ Therefore, movement of the valve boss 15 produces different voltages in the sensing

coils 20 and 21. For any position of the valve boss 15, the difference between the
voltages induced in the sensing coils 20 and 21 depends on the velocity of the valve
boss 15 and this voltage difference is virtually proportional to the velocity of the valve
boss 15. Thus, by integrating the difference between the voltages induced in the
coils 20 and 21 over time, it is possible to calculate the actual position of the valve
boss 15 at any given time provided that its initial position is known. For example,
suppose the dispenser 1 was initially closed with the valve boss 15 resting on the
valve seat 7. As the actuating coil assembly 11 starts moving the valve boss 15

- away from the valve seat 7, the position of the boss 15 can be calculated at each

sﬁbsequent moment of time. Therefore, the current through the actuating coil
assembly 11 can be adjusted in such a way that the moment of closure of the
dispenser is well timed.

As the position of the valve boss 15 is known with the use of the sensing coils 20

and 21, one can avoid negative effects such as bouncing of the boss at the moment

of making contact with the valve seat 7. The bouncing results in additional
uncontroliable openings of the dispenser as the boss makes a few oscillations
coming in and out of contact with the valve seat before eventually coming to an
equilibrium position. Another undesirable effect that can be avoided if the position of
the valve boss 15 is known, is bouncing of the boss on the stopper 9. This bouncing
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. also has a detrimental effect on the accuracy of the dispensing in particular for

droplets of smaller volumes because as a result of the bouncing, the distance
between the boss and the valve seat is not well defined. Therefore, at the moment
when the current in the actuating coil assembly reverses to bring the boss back to
the valve seat for the closure of the dispenser, the time required for the boss to
reach the valve seat is similarly not well defined.

Referring to Fig. 4, there is illustrated the volume dispensed over valve opening time.
The liquid dispensed in this experiment was water. The diameter of the nozzle bore
was approximately 150 um; the length of the nozzle was approximately 30 mm; and
the pressure in the dispenser was approximately 2 bar. The dispenser operated with
no feedback control. Valve opening time was defined as twice the duration of the

‘valve opening phase when the current in the actuating coil assembly was supplied to

move the boss away from the valve seat. Up to the opening time of about 13
milliseconds, namely, to the point A, it can be seen that with the particular disbenser
in question, the dependency is monotonous. The greater the opening time, the
greater the volume dispensed: However, once the valve boss has reached the
stopper, it bounces and moves back to the valve seat. Therefore, to return to the
valve seat, it has to travel a shorter distance thus arriving to the valve seat earlier ,
and as a result reducing the volume dispensed. Therefore, the dependency is no
longer monotonous. The time required to reach the stopper depends on the shape
of the boss, dimensions of the dispenser and the actuating coil. It also depends on
the amplitude of the current supplied to the actuating coil and the viscosity of the
liquid in the dispenser. In general, the greater the current, the sooner the boss
reaches the stopper. The specific shape of the graph shown in Fig. 4 depends on
the type of dispenser and the liquid dispensed. These results clearly demonstrate
the advantage of using sensors of the boss position and/or velocity and/or

acceleration as described above. By monitoring movement of the boss and by using

“a feedback, the accuracy of dispensing is improved.

By using the signal from the sensing coils 20 and 21, bouncing of the boss against
the stopper and against the valve seat can be avoided as the current in the actuating
coil assembly can be adjusted in such a way as to dampen the bouncing. Additional
benefiéia[_effect of the feedback is in the fact that the actuating coil assembly can be
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safely supplied with a higher value of the current at the moment when a large force is

required to accelerate the boss. Such a large force is desirable at the moment of
opening of the valve seat and also at the initial moment of moving the boss to close
the valve seat. Therefore, it may be desirable to drive current as large as possible
through the actuating coil assembly to time accurately the moments of opening and
closing of the valve seat. However, driving large current over extended periods of
time may destroy the actuating coil assembly especially during the dispensing of
large droplets and aspiration of liquid. Therefore, it may be desirable to reduce the
current through the actuating coil assembly to a relatively small level when the boss
reaches the stopper. This can be done readily if the position and/or velocity and/or
accelefat.i_on of the boss are being continuously measured uéing the sensing coils.
The moment when the boss reaches the stopper, the velocity is reduced
considerably. It is important to appreciate that the timing required for the boss to
travel between the stopper and the valve seat does not only depend on the current
through the actuating coil assembly, shape and type of the boss but also on the
viscosity of the liquid filling the dispenser. In general it is difficult to predict the
position of the boss within the dispenser at every given moment of time on the basis

- of only current in the acttiating coil assembly and calibration tables characterising the

dispenser. Therefore, measurement of the position of the boss in real time is highly

beneficial. As a result of the measurement, the current through the actuating coil -

assembly can be adjusted to achieve the desired movement pattern as a function of
time resulting in turn in a more accurate control of time interval during which the
valve is open.

The apparatus of Fig. 1 was then used to dispense with the feedback disabled and
with the feedback enabled. Table 1 shows the results with feedback disabled and
Table 2 with it enabled.
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Test conditions were as follows.

The pressure in the pressuré/vacuum pipe was 2 Bar. The boss was a cylinder with
the diameter of 1.7 mm and length of 7 mm. The travel length of the boss between
the fully open and fully closed positions of the dispenser was 1 mm. The actuating
coil assembly consisted of a single coil having 150 turns, its internal diameter was
4.3 mm, length 5 mm, outside diameter 8 mm. The two sensing coils are identical,
their internal diameter is 4.3 mm, outside diameter is 7 mm and length is 4 mm.
Each of the sensing coils has 25 turhs. The dispensations were performed in a 384
format well plate. The liquid dispensed was concentrated dimethyl siloxane
(DMSO0).” This liquid is commonly used in life sciences and pharmaceutical
industry. A fluorescent marker, namely, rhodamin was added to the DMSO in the
concentration of 20 micromoleflitre. After dispensing of 0.5 microlitre of DMSO with
rhodamin into each well plate 8 microlitre of distilied water was added into each
plate in accordance with the standard procedure for measurement using well plates
and optical readers. The reason for adding water is to ensure that the volume of
the liquid in each well plate takes a significant fraction of the well plate. Otherwise,

the accuracy of measurements would be compromised. The volume readout was
performed using an optical reader, in this case Spectra Fluor Plus from Tecan

The first eight columns in each table indicate infensity of the optical fluorescence
signal as measured by the reader. This intensity is approximately proportional o
the volume of DMSO in eéch well. Each of the first eight columns consists of 24
rows representing readings for 24 separate wells. The ninth column represents the
average for each row and the 25" row represents the average for each column.
The 27" row represents the sigma error for each column. The 11" column
represents the sigma error for each row. The overall sigma error in the table 1 is
12.16% and the optical signal averaged over the whole table is 3695. In Table 2,
these values are respectively 1,75% and 3730.

Another beneficial effect that can be achie\)ed by using the signal from the sensing

. coils is on-line measurement of the properties of liquid dispensed such as, for

example, its viscosity. As the force acting on the boss moving within a liquid
depends on the viscosity of the liquid, and as one can measure the force and
velocity simultaneously using the value of the current in the actuating coil assembly
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and the signal from the sensing coil respectively, the viscosity can be calculated. In
a similar';/vay, density of the liquid, P, , can be measured through the detection of
the Archimedes force acting on the boss. To explain the method of measurement
of these values, we need to consider forces acting on the boss in detail. During
movement of the boss within the dispenser, the total force F; acting on the boss is
described within an approximation as follows:

FesF -k n*(U-V)+Fatmy*g+Fy (1)

where Fq, is the magnetic force from the actuating coil assembily, 1 is the viscosity
of liquid, k is a constant determined by the shape of the boss and separation
between the walls of the boss and the inner walls of the dispenser, U is the flow
velocity of the liquid inside the body of the dispenser relative to the walls of the
dispenser, V is the velocity of the boss relative to the walls of the dispenser, F; is
the Archimedes force resultihg from the liquid in the dispensér, mp is the mass of
the boss, and g is acceleration due to gravity, Fr is a frictional force between the
boss and the walls of the body member when they come in contact with each other
and * is the multiplication symbol. Here we made an assumption that the boss
moves up and down along the vertical axis which is almost always fulfilled in .
practice. The second term in the right part of the equation (1): K*n*(U-V) defines
the viscous force acting on the boss. The viscous force is proportional to the
velocity of the boss relative to the velocity of the flow of liquid: U-V. The next term
mp*g defines the gravity force abting on the boss. On the basis of the fundamental
laws of physics one can state that i the boss moves with a constant velocity then
the total for,ce'Ft is equal to zero.

It can be advantageous to perform the detection of viscosity n and density P of the
liquid at different stages of the boss movement. The viscosity could be easier
measured when the boss moves with a relatively high velocity and the viscous force

- is significant by comparison with other forces in equation (1). In this case we can

neglect the forces Fa, my*g and Fr. We then get the equation

Frmkn*(UV) @)
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The fiow velocity U of liquid in the body of dispenser is not nécessari(y much
smaller than velocity V of the boss. There are two significant contributions to the
velocity U. Therefore, within an approximation, U can be defined as: U=U;+U, (or
U=U.-U, depending on the direction of flow as explained below). Here U; is the
contribution due to the flow of liquid passing the boss to the tip and to the outside
of the dispenser. The value of U depends on the diameters of the nozzle bare and
body member of the dispenser, length of the nozzle and pressure value in the
pressure/vacuum pipe. in a typical embodiment with the boss of 2 mm in diameter
and a gap of 0.2 mm between the boss and the walls of the body member,
pressure of 1 to 3 Bar, nozzle bore of 150 ym, and nozzle length of some 30 mm,
the value of Uq is in the range of 10?2 to 2*10™ m/sec. This is relatively small by
comparison with the value of V that can typically be in the range of up to 1 m/sec.
The contribution U, is due to the flow of liquid that is being displaced within the
main bore of the dispenser by the moving boss. To understand better the
contribution U, it is advantageous to imagine for a moment that the nozzlel of the
dispenser is blocked and therefore there is no flow of liquid to the outside of the
dispenser. In this case U, is equal to zero. One can appreciate that as the boss
moves away from the valve seat, there will be a flow of liquid in the opposite
direction to fill the vacuum gap created by displacement of the boss. This flow will
result in the velocity U that can be calculated from the conservation of volume:

U,*Sg=V*S,,

Here S, is the cross sectional area of the gap within the main bore of the dispenser
between the boss and the inner walls of the valve body , S; is the cross sectional

_ area of the boss. In a typical embodiment, the value of the S (6*107 to 10° md)is
smaller than the value of Sy (10° to 5*10° m®). Therefore the value of U; is

typically greater than that of V. As the boss moves away from the valve seat all the
three contributions add together and the relative velocity of the liquid relative to the
boss is V+U1+U; giving the viscous force:

Fmi=k*n*(Us+Uz+V)=ki* (V*S/Sy+ UV,

As Uy is often small by comparison with V, this formula can be simplified to:
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Fm=k*’l’] *V*(Sbng+ 1 ) .

As the boss moves away from the valve seat, all the three contributions: V, U, and
U,, must be added together as the contributions U; and U; result in the movement

~of liquid in the direction opposite to the movement of the boss. As the boss moves

towards the valve seat, the relative velocity of the liquid is Ux-U4 resulting in the
viscous force:

Frg=k*n*(Uz-Ur#V)=k*n*(V*Sp/Sy-Ur+V).

As Uy is often small by comparison with V, this formula can again be simplified to:
Fa=k*n*™V(Ss/Sg+1). 3)

On the other hand, Fy is proportional to the current l in the actuating coil assefnbly:
Fm= km*l,

where km is a coefficient defining mainly the shape énd size of the actuating coils
and the boss and also the magnetic characteristics of the boss, i.e. magnetisation.
As the current |l is known,‘the value of n can be obtained from equation (3). ltis
clear that this method requires calibration of the dispenser if a numerical value of n
is required, not just a value in arbitrary units. One of the methods of calibrating the
dispenser consists of filling it with a liquid with a known value of viscosity 7,
measuring the current | required to move the boss with a constant velocity V of a
significant Value when the conditions described above are fulfilled, and measuring
the value of kfkm . |

When the boss moves with constant velocity V, the values 6f viscous force acting

* on the boss during its movement away and towards the valve seat, are different.

They are equal respectively to:

ke *(V*Su/Sy+Ur+V) and Kn*(V*8y/Sy-Ur+V).
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Therefore, by measuring the difference between the forces exerted on the boss by
the actuating coil assembly . Fnq and Fmz2 , equal to these viscous forces and by
taking the difference between them, one can measure velocity U, directly:

Fr-Fme= Kn*2*Uy

Therefore, the simplest algorithm for measurement of velocity Us is to move the
boss from the valve seat and towards it with the same constant velocity, and
measure the difference between the currents in the actuating coil assembly during
these two stages of movement. It may be advantageous to calibrate the dispenser,
i.e. to measure the value of U; independently in order {o establish the value of k*n.
Using the formulas for the forces Fns and Frne one can readily devise numerous
other algorithms for measurement of the value of U;. One can appreciate that this
algorithm’ for measurement of velocity U enables a direct measurement of the
volume of the liquid dispensed. Indeed, the volume dispensed Vg is equal to the
U.*Sg*t , where t is the time of the opening of the dispenser.

The volume dispensed can also be measured using a different method. Once the
viscosity of the liquid is measured, and the opening time of the dispenser is known,

‘the volume dispensed is Viip=Qnozze*t, Where Quozie is the flow rate through the

nozzle bore and t is the time during which the dispenser is open. As the nozzle

- produces the main contribution to the flow resistance due to its small cross section

and large length, the flow rate is determined mainly by the dimensions of the
nozzie. Within an approximation, the value of Q can be calculated as:

Qrozze=n*8P*r, n4/ (8*Lnozzle*n).
Here 6P is the pressure difference along the nozzle between the valve seat and the
end of the tip, Laoze is the length of the nozzle, r, is the radius of the nozzle bore, #

is the constant equal to approximately 3.1415.

Measurement of the density of the liquid in the dispenser can be also performed
according to, for example, the method described below. It is better to measure the
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density when the velocity is low and the relative value of the Archimedes force
increases in comparison with the viscous force. In this case the terms k*n*(U-V)
and F¢ are small and therefore

v Frp:Fa""mb*g 4)

Faé -Vu*g*Pi , where Vi is the volume of the boss, and p is the density of liquid in
the dispenser. The mass of the boss is also proportional to its volume: my=V,*Py ,
where Py is the density of the boss. Therefore, Fn= Vp*g*(Py-P)). On the other hand,
Fm is proportional to the current | through the actuating coil: F= *kn, where kn, is a
coefficient defined mainly by the shape and size of the actuating coils and of the
boss and also the magnetic characteristics of the boss. Therefore, by measuring

current | required to move the boss with a constant low velocity up or down, one

~ can determine the value of P, as all the other values involved in the equation:

Pk = Vi*g*(Po-P), ()

are known or can be measured. It can be advantageous to calibrate the dispenser
with a liquid having a known density P,. This allows measuring the value of Vp*g/kn
that can then be used to measure densities of unknown liquids. ‘

Another benefit that can be achieved by using the signal from the sensing coils is
the ability to detect the moment when the dispensér"runs out of liquid. The
detection is based on the fact that the viscous force acting on the boss will change
as the dispenser runs out of liquid. More generally this can be expressed as a

" change in the movement pattern of the boss that is monitored by using the sensing

coils. In a similar manner the filling of the dispenser with liquid during aspiration
could be confirmed enabling detecﬁon of a malfunction caused by, for example,

blockage of the nozzle or by attempt of aspirating from an empty well.

The same approach to the measurements of the viscosity of the liquid, its density
and flow velocity can be applied to dispensers in which sensing of the boss position
and/or velocity and/or acceleration is achieved by means of other sensors
described in detail in the embodiments below.
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The above ‘discussion related to measurement of the difference between the

- voltages induced in the sensing coils 20 and 21, one could apply the same

consideration to an arrangement in which the sum of the two voltages is measured,
not the difference. This would only require turning one of the two sensing coils by
180 degrees perpendicuiar to its axis. In this case taking the sum of the voltages
iﬁduced in the two coils would compensate for the electromotive force induced by a
changing current in the éctuating coil.

Referring’ now to Fig. 5, there is illustrated a graph of a typical pattern of boss
movement showing the position of the boss as a function of time according fo the
invention. At the moment t, the boss moves under a disengaging force and the
dispenser valve staris to open. At the moment t; the boss’ velocity reaches the
required value and then the boss continues moving with a constant velocity. This
continues through t; to t. when the opening of the metering valve is sensed. By
then the boss has travelled the distance lp. The position l; at which the seal is
broken is mainly determined by the compressibility of the soft coating on the boss
and shape of the valve seat. The boss then moves with a constant velocity whose
value is determined by the circuit of Fig. 3. At the moment t; the boss makes
contact with the stopper. The time interval between the instants ts and to is known
or it can be measured in real time as will be described in more detail below. It is
dependent on the dimehsions of the dispenser and most importantly:on.the length
that the boss can travel between the valve seat and the stopper. If the velocity of
the boss is known, and the dimensions of the dispenser are also known, this time is
well defined. Therefore, the moment t; can be introduced into a suitable control

* algorithm. At the moment t; or close to it, the controller switches off the regime of

the velocity control of the boss and switches on the regime of defined force acting
on the boss so that the boss presses on the stopper with a certain small force
keeping it in this well-defined position, referring o curve a of Fig. 5. As the boss

~ comes into confact with the stopper, it may bounce back as seen in Fig 5 and result

in an oscillation just after the time t;. After a short time this oscillation will dissipate.
In some embodiments, the oscillation can be damped faster by changing the value
of the regulated velocity to zero for a short duration of time of some few ms. After

" the damping phase, the controller is switched to the regime of the constant force,
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namely, ; valve open retaining force pressing the boss against the stopper. To
prevent the danger of the burnout of the actuating coil assembily it is advantageous
to limit the current through the actuating coil and not to use excessive force acting
on the boss. The boss stays essentially pressed against the stopper until the
moment 1, at which the controller is again switched into the mode of velocity
control. The boss is accelerated immediately after the moment t, and then moves
back to follow the pre-calculated velocity profile. In Fig. 5 this velocity profile is a
movement with a constant velocity that is a convenient choice due to its simplicity.
Clearly, other patterns of movement can be defined. At the moment t; the soft
coating on the boss comes into contact with the valve seat and forms the seal. At
this moment the valve is closed again. The movement of the boss still continues in
the same direction due to the compressibility of the coating on the boss and its

inertia. At the moment t; or close to it, the controller is again switched from the

velocity control mode into the force mode. It may be advantageous to set the value

of the regulated velocity to zero straight after the moment ts for a short duration of
time. This will reduce the amplitude of the bouncing of the boss on the valve seat.
Due to its inertia, the boss will be pressed harder into the valve seat immediately
after the moment te. The boss will be normally pressed so as to compress and thus
to reach the negative I3 position as shown for a short time after the moment ts.
However, if the final value of the force acting on the boss is the same as at the

~initial moment, f,, the position of the boss after the completion of the
+ oscillations/bouncing on the valve seat will be.same as at the initial moment of time

to. The oscillation/bouncing of the boss with small amplitude just after the moment
ts will not result in any additional liquid dispensing. This is because these
oscillations still occur on the fully closed valve seat. If the amplitude of the
bouncing/oscillations exceeds the value of ly, then indeed additional uncontrollable
opening of the valve takes place and the accuracy of the dispensing is
compromised. The volume dispensed is determined within a reasonable accuracy
by the time interval between the instants ts and to. |

For dispensing of droplets of smaller volumes, the time difference between the
instants s and 1, is reduced. In this case the boss may not reach the position of the
stopper |y at all. This is shown in Fig. 5 by the curve b. The moments tis, tis, 115
have the same meaning as the moments 1, ts, ts respectively.
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It has been found that in most situations where the diameter of the magnetic boss
is some 1.5 to 2 mm and its length is 5 o 7 mm, a damping time of 0.5 to 3
millisecond is appropriate. A significantly shorter time may not fully damp out the
velocity and kinetic energy of the boss and a significantly longer damping time is an
unnecessary increase in the dispensing time. This time is clearly dependent on the
velocity of the boss. If the velocity increases significantly, this time may need to be
increased. The values of 0.5 to 1 millisecond correspond to a velocity of up to some
0.5 to 1 m/sec. The boss will bounce on the valve seat with the frequency of some
0.1 to 10 kHz. This frequency depends primarily on the shape of the valve seat,

mass of the boss, thickness and type of the soft polymer coating on the boss.

Essentially, therefore, what happens in accordance with the invention is that the
position of the valve boss within the main bore of the body member is recorded
throughout the dispensing cycle and using the information on the position of the
valve boss within the bore o vary the force to be exerted on the valve boss
between a highest force needed to accelerate the valve boss during the initial
moments of dispenser's opening and closihg stages, that is to say, on
disengagement and engagement of boss and valve seat and a lowest force needed
to keep the valve boss in spaced relationship with the valve seat o maintain the “
valve open. Then, various steps are parried out séquentiaﬂy of opening .the
metering valve by exerting a disengaging force on the valve boss to separate the
valve boss from the valve seat. Then when the opening of the metering valve is
sensed, a controlled opening force which is much smaller is used to remove the
valve boss to a position fully remote from the valve seat. This will be done
preferably at a constant velocity. Then, the valve is maintained in the open position
by exerting a maintaining force on the valve boss to retain the valve boss ih the
fully. open position. Then, this force is reversed and a closing force is exerted on
the valve boss to move the valve boss close to the valve seat. Then, on sensing
the valve boss is about to contact the valve seat, a valve seat engaging force is
exerted on the valve boss and on sensing the valve boss is stationary, then a valve

closed maintaining force is exerted on the valve boss.

Fig. 6 illustrates the actual separation of the valve boss from the valve seat which is
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not instantaneous as shown at the time t; in Fig. 5 but in fact there is usually a
slight lag with the movement of the boss impeded until the boss fu"y separates
from the valve seat. This lag is due to sticking of the boss to the valve seat. The
results are presented for the movement algorithm whereby a constant force is
applied to the boss around the time fo. It is clear that the specific values of time
along the X-axis of the graph depénd on the compressibility of the valve seal.

Figé. 7 and 8 show firstly the boss position against time and the boss velocity
against time respectively. In each case, there is a droplet of 10 pl of water
dispensed under the conditions described above. '

- Fig. 9 illustrates the value of the force from the actuating coil assembly exerted on

the boss during its movement described by Figs. 7 and 8.

Figs. 10 and 11 show respectively identical situations as illustrated in Figs. 7 and 8
except that now 1 pl of water is dispensed.

in a typical embodiment, the valve boss is a cylinder with the length of some 5 to 8
mm and diameter of 1.5 to 2.0 mm although many other dimensions well outside
this range could also be practical. The soft coating on the boss is typically of a
silicon rubber or another suitable polymer with the thickness of some 1 mm or 0.1
mm or even smaller. The internal diameter of the vaive body member is 2 to 3.mm .
depending on the diameter of the boss and the thickness of the coating on the
cylindrical side of the boss. The boss is made of SmCo magnet axially magnetised.
The nozzle is a stainless steel capillary with the internal diameter of some 0.15 mm.
The typical travel range of the boss is limited by the stopper on one side and the
valve seat on the other and it is about 0.5 to 3 mm. The actuating coil has an
internal diameter of 4.3 mm and consists of 150 windings. Each of the two sensing
coils has an internal diameter of 4.3 mm and consists of 25 windings. The outside
diameter of all the coils is about 8 mm. Separation between the sensing and the
actuating coils is about 1 to 3 mm. The excess pressure in the pressure/vacuum
pipe is about 1 to 4 Bar. The required excess pressure depends to some extent on

the viscosity of the liquid dispensed. When dispensing liquids of higher viscosity

such as concentrated glycerine or dimethyl siloxane (DMSO), it could be
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advantageous to increase the pressure in the pressure/vacuum pipe. This reduces

the dispensing time and makes separation of the drop from the tip more reliable.

The preferred thickness of soft coating on the boss depends on the smoothness
and shape of the valve seat and elasticity of the coating. We have found that silicon
adhesive (for example, type Q3-6611 from Dow Corning) with the thickness of 200

~ t0 800 pum works well for a typical valve seat formed by the polished edge of a steel

capillary with an internal diameter of some 50 to150 um and an external diameter
of some 200 to 500 ym. Many other soft polymer materials are equally 'appropriate
for coating the boss.

Many circuits are described in this specification, however, they are simply typical
circuits which anyone skilled in the art would devise. Indeed, as more and different
electrical“and electronic components and circuits are devised, they could change
radically in format and arrangement but not in functionality. Most of the circuits
illustrate the circuit for the valve boss detector, the controller and portion in effect of
the variable power output valve boss actuator, hereinafter often referred to as the
circuit of the controller.

In this specification, the term “ferromagnetic material” is used to cover all magnetic
mateﬁals such as, for example, ferrite or ferrimagnetic materials which are
sometimes distinguished from ferromagnetic materials. However, in this
specification, no such distinction is made. Thhé, the term “ferromagnetic material’
has to be given the widest possible interpretation. The nozzle is preferably made of
a hydrophobic material, at least the dispensing tip thereof could be so as to ensure
efficient separation of the droplet from the dispensing tip.

Fig. 12 shows in more detail schematically a circuit, indicated generally by the
reference numeral 30, for measurement of voltage difference between the sensing
coils 20 and 21 and controlling the current through the actuating coil assembly 11.
The two signals are compared on a compensation potentiometer 32. A velocity
sensing operational amplifier 34 amplifies the differencé befween the voltage
signals induced in the sensing coils 20 and 21. The ampilification gain is determined

- by a feedback gain resistor 35. The output from the velocity sensing operational
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amplifier 34 is connected to one of the inputs of a feedback operational-ampliﬁer 36

through a switch 37. The switch 37 and a further switch 38 are controlied by a

Digital Signal Processor (DSP) 39. The output from the feedback operational
amplifier 36 controls current through the actuating coil assembly 11. In the circuit
shown ir{ Fig. 12 this is done not directly but through an optional sub-circuit
consisting of a power operational amplifier 40, gain resistor 41 and resistor 42. This
sub-circuit operates as an additional fast feedback controlling the voltage applied to
the actuating coil assembly 11. The purpose of this feedback is to increase
considerably the value of the voltage applied to the actuating coil assembly 11 at
the initial moments of opening and closing of the dispenser when the boss is.
beginning to move away from or towards the valve seat. As the velocity of the boss
increases, the voltage applied to the actuating coil assembly decreases to protect
them from burnout. This sub-circuit therefore helps to accelerate the boss faster at
the start of the movement of the boss and as a result improves the accuracy of the
timing of the opening and closing of the valve seat and thus the accuracy of the
dispensing.

If the éwi_tch 37 is closed, and if the output of the-DSP 39 supblies the profile of the
desired velocity of the boss as a function of time, the circuit operates as an
analogue feedback ensuring. that the actual velocity of the boss is equal to the
desired velocity. For example, if the actual velocity is smaller than the desired one,
the feedback operational amplifier 36 will supply an increased current through the
actuating coil asserﬁbly 11 and vice versa. The signal proportioﬁal to the velocity of
the boss is also supplied into the DSP 39 through an Analogue-to-Digital Converter

- (ADC) 45. In this embodiment this is done so that the processor would also be

able to receive information about actual velocity of the boss in real time for

‘additional monitoring.

. The circuit contains an optional switch 38. Switches 37 and 38 are closed and

opened at the same instant. The purpose of the switch 38 is to supply a constant
current into the actuating coil assembly 11 resulting in a constant force acting on
the boss.-~This constant force is applied to the boss while it moves in the regime of
the velocity control. The purpose of this is that it may be advantageous to offset the
weight of the boss with this force for a more accurate control of the boss
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movement.

The circuit will operate in the regime of velocity control from the moment of opening
the valve seat and until the moment when the boss reaches the stopper. Once the
boss has reached the stopper, the DSP 39 will open the switches 37 and 38 and
then the output of the DSP 39 will no longer supply the pattern of the desired
velocity of the boss. to the feedback opérational amplifier but rather a different
signal defining the force acting on the boss. As stated above, in order to dampen
the bouncing of the boss against the stopper, in some embodiments the feedback
is set to regulate the velocity of the boss to zero for a certain duration of time right
after the moment when the boss reaches the stopper. For the duration of the
damping, the switch 37 rémains closed and after the périod of damping it will open
as specified above. For the duration of the damping, the DSP 39 still supplies the
value of velocity to the amplifier 36. Damping is achieved as follows. Bouncing is

- equivalent to a non-zero velocity. Therefore, if the time response of the feedback is

sufficiently short, then the time dependency of the force generated by the actuating
coil will be such that the boss will atrive to the stopper and will rapidly lose all the
velocity. The desired value for the zero velocity is supplied by the DSP 39 through
a Digital-to-Analogue Converter (DAC) 46 and compared with the actual
instantaneous velocity as described above. After the completion of the time interval
necessary to dampen the velocity of the boss, the switch 37 is open, the magnitude
of the force is reduced to a smaller constant value sufficient to keep the boss inthe
open pos’ition pressing it gently against the stopper so that the current through the
actuating coil is within safe limits and the actuating coil does not burn out. The

' magnitude of the force is controlled using the signal from the DSP 39 supplied to

the DAC 46 and feedback operational amplifier 36.

When the time is right for closing the valve seat, the DSP 39 closes switches 37

- and 38 again. The boss travels back from the stopper to the valve seét according

to the velocity .control algorithm with the velocity feedback engaged. During this
time, the DSP 39 again supplies the circuit with the signal proportional to the
desired velocity of the bass. Then the feedback ensures that the boss follows the
desired pattern of movement and therefore arrives to the valve seat at the required
moment of time. When the boss reaches thé valve seat, the DSP 39 opens the



WO 02/076615 PCT/IE02/00039

10

15

20

25

30

_41_

switches 37 and 38 again. The circuit switches from the regime of velocfty control
to the .regime of constant force acting on the boss. At the initial moment,
immediately after the instant when the boss comes in contact with the valve seat,
as with the stopper, it may be advantageous not fo switch directly to a the regime of
the constant force acting on the boss but instead to a regime of constant velocity

- and regulate the velocity to zero value. This can prevent bouncing of the boss

against the valve seat and therefore prevent uncontrollable opening of the valve. If
this algorithm is employed, then after the time interval required for damping the
bouncing, it may be beneficial to control the boss in the regime of a small constant
force acting on it and pressing the boss against the valve seat. The typical duration
of the stage when the bouncing is damped is in the range of some 0.1 to &
millisecond. After the damping stage, the value of the current in the actuating coil
assembly. should be such that there is a sufficient force exerted on the boss
causing a reliable seal of the dispenser with no leaks and at the same time it is not
excessive so that the actuation coil is not in danger of burnout.

It should be appreciated, as already mentioned, that during dispensing of small
droplets, the boss may not reach the stopper at all. In this case the aigorithm of
dispensingv is composed in such a way that the boss continuously moves in the
regime of velocity/position control until such moment that the boss returns to the
valve seaf.

In the embodiment shown in Fig. 12, the timing of all transfersl between different
regimes of boss control, is détermined by the DSP 39. The timing depends on the
required volume of dispenéing and is calculated by the DSP 39 using a suitable
software algorithm. Essentially the sofiware has plugged-in pre-calculated values
for the all the moments of transfer. The timing depends on the dimensions of the
dispenser and some other parameters such as dimensions of the actuating coi
assembly. It is advantageous to obtain all the values for the timing of the transfers
using a calibration of the dispenser. The control of the movement of the boss
between the transfers is doné using the analogue feedback. The feedback does
not involve the DSP 39 actively but rather takes from DSP 39 input parameter that
needs to be regulated, namely, velocity and force. Using this type of hybrid
feedback having analogue and digital parts, one can obtain a faster and more
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accurate feedbagk performance given the same computing power of the DSP 39.

It should be noticed that embodiments of dispenser utilising a completely digital
feedback-can be devised. A prototype of such a dispenser is currently being tested
by the beneficiary of this application. The choice for either analog or digital
feedback is dictated by the considerations of manufacturing convenience, costs
and performance.

Different regimes of control such as velocity control, constant force and damping of
bouncing as described in this embodiment, directly apply to other embodiments, not
based on sensing coils but rather on other types of sensors of boss
velocity/position. These details are not repeated when discussing such further
embodiments as this would serve no useful purpose.

In a typical embodiment, the electromotive force induced in the sensing coils is
some 0.3 to 20 mV. The value of the electromotive force clearly depends on the
size of the boss, size of the sensing coil 'and number of Windings in the sensing
coil. These values are given for a typical boss size of some 1.5 to 2.5 mm in
diameter, length of 5 to 8 mm, made from a material such as.high performance
SmCo or NdFeB permanent magnet. The boss is magnetised along the axis.
Typical velocity‘ of the boss is up to several metres per second.

Referring to Fig. 13, parts similar to those described with reference to the Fig. 1 are
identified by the same reference numerals. In this embodiment, there is illustrated
a dispensing assembly for liquid droplets according to the invention, indicated
generally by the reference numeral 50. The dispensing assembly 50 comprises a
pressurised liquid delivery source indicated generally by the reference numeral 51
which, in turn, comprises a pressure source 52 feeding a pressure regulator 83 and

a pressure readout device 54 all connected to an electronic controller 55. The

‘pressure readout device 54 in turn feeds through a high pressure airline 56, a

switch 57 which is also fed by a vacuum pump 58 and vacuum line 59. The éwitch
57 is alsc.) connected to the electronic controller 55. The switch 57 connects by a
further airline 60 to a sample liquid reservoir 61 which in turn feeds by a
pressure/vacuum pipe 62, the dispenser again indicated generally by the reference
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numeral 1, with a coil actuating assembly 11 and sensing coils 20 and 21. Such a
sample liquid reservoir 61 will normally only be used where there is a relatively'

large amount of liquid been used. Signals from the sensing coils 20, 21 are

conditioned and processed by the electronic controller 55. The electronic controller
55 adjusts the current through the coil assembly 11 to achieve the desired profile of
the movement of the boss and therefore more accurate timing of the opening of the
valve, This could be provided by the circuits of Figs. 3 and 12.

All the methods of electrostatic drop off, droplet navigation, and measurement of
the volume of the drop as described in detail in the patent applications EPO
00650123.3 and EPO 99650108.0 can be also used with the present invention. For
this purpose additional elements can be included in the dispensing assembly as
briefly described below.

Again referring to Fig. 13 a droplet receiving substrate 75, for example, in the form
of a series of wells is mounted below the dispensing tip 8 and above a conducting

- plate 76. The conducting plate 76 is connected to the electronic controller 55

through a high voltage source 77. Liquid when in the form of droplets is identified
by the reference numeral 78 in Fig. 13. It will be noted that the dispenser 1 is
grounded to earth through an earthline 79, in effect making the dispensing tip 8 an
electrode. In some cases, the tip may have to be made_out of a conducting
material such as metal or an electrically conducting polymer.

In operation, the liquid is stored in the main bore 3 of the body member 2 and the
controller 55 is operated to activate the coil actuating assembly 11 to raise the
valve boss 15 off the valve seat 7 and to allow the liquid to pass between the valve
boss 15 and the walls of the main bore 3 down into the bore of the nozzle 6 until
the dispensing coil assembly 11 is activated again to shut off the valve by lowering

) _the valve boss 15. As the valve opens the liquid is supplied to the dispensing tip 8

and the droplet 78 grows. The volume of the droplet 78 is obviously determined by

the length of time the valve is open and, the viscosity of the liquid, the cross-

sectional area of the nozzle bore, its length and also the pressure exeried on the
liquid through the valve from the switch 57. It will be appreciated that if the

pressure exerted on the liquid is sufficiently above ambient which is normally
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atmospheric (1 bar) the droplet will be ejected from the tip 8. However, in many
instances, when the pressure is too low or in any case for accuracy, applying a
relatively high voitage to the conducting plate 76 will cause an electrostatic field to
be exerted between the dispensing tip 8 and the subsirate 75 thus causing the
droplet 78 to be pulled downwards onto the substrate 75 by a force considerably in

 excess of gravity. Aspects of electrostatic drop off are discussed in detail in the

patent applications EPO 00650123.3 and EPO 89650106.0.

To aspire liquid from a substrate or indeed from any reservoir or container, the
vacuum pump 58 is operated and the switch 57 used fo ensure that the vacuum
pump 58 and vacuum line 59 are connected to the dispensing assembly 50 and the
pressure line is disconnected from it. The valve is opened and the liquid sucked up
into the dispenser 1.

Referring to Fig. 14, there is illustrated an alternative construction of dispenser,
again indicated generally by the reference numeral 1. The dispenser and its boss
which vary little in construction, are identified throughout the specification by the
same reference numerals as almost all the constructional and functional
differences between the embodiments relate to the valve boss detector and the
controller. Parts generally similar to those described already are, as stated,
identified by the same reference numerals. In this embodiment, there is provided a
spherical valve boss 15 of a magnetically soft ferromagnetic material such as
permalloy or a soft magnetic ferrite which is covered with a soft polymer material
16. The variable power output valve boss actuator comprises a pair of actuating
coil assemblies 11a and 11b. The coil assemblies 11a and 11b are also connected
to the electronic controller. The purpose of the coil assemblies 11a and 11b is to
actuate tf;e boss, moving it towards to and away from the valve seat 7 and to keep
it stable in the positions in which the dispenser is open or closed. In a typical
arrangement, the coil 11a is energised to move the boss upwards and the coil 11b
is energised to move it downwards. The coil assemblies 11a and 11b also detect
the position and/or velocity and/or acceleration of the boss. For this purpose, each
of the coils 11a and 11b can operate as an acfuating and also as a sensing coil.
Suppose, the boss 15 is to move up to open the valve seat. In this case the coil
11ais supplied with a current that generates a gradient magnetic field attracting the
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boss 15 upwards. At the same time the coil 11b operates as a sensing coil. Itis
then connected to a circuit which can measure the voltage induced in the coil 11b.
This voltage has a contribution Ving from the direct inductive coupling between the
coils 11a;and 11b and also a contribution Vpess that is dependent on the velocity of

" the boss. The first contribution Ving can be measured and subtracted from the total

volfage induced in the coil 11b as it is proportional to the rate of the current change
in the coil 11a and mutual inductance M between the coils 11a and 11b:
Vine=M*di/dt. Thus, both values, that of M and that of di/dt can be measured. In
this way, it is possible to exiract the contribution resulting from the moving boss
Vhess. The contribution Vpess is analysed as explained already. It depends
essentially on the velocity of the boss and to an approximation is proportional to the
velocity of the boss. The velocity can be integrated to obtain the position of the
boss in real time if required. The velocity can also be differentiated to obtain the
acceleration of the boss if required. Since the boss in this embodiment is made of a
soft magnetic material, there is alsd potentially an additional contribution resulting
from the fact that the mutual inductance M between the actuating coil assemblies
11a and 11b depends on the position of the boss 15. It may he advantageous to
reduce this contribution resulting from the position of the boss and concentrate on
the control based on the velocity of the boss 15 alone. This could be achieved by
minimising the travel length of the boss 15 and by other means known to those
skilled in the art of magnetic materials and devices such as reducing magnetic
permeability of the boss. For moving the boss down to close the valve seat, the
roles of the two coils are reversed. Coil 11b is now connected to the current supply
and functions as the actuating coil. Coil 11a in turn is connected to the circuit
measuring the voltage induced in it and functions as a sensing coil.

Fig. 15 shows, in block diagram form, an electronic circuit forming a controller and
detector for the dispenser of Fig. 14. In this case each of the two coils 11a and 11b
work as an actuaﬁng coil assembly and also as a sensing-coil. When one of them
is connected to a power amplifier 80, it works as an actuating coil and the other one
works as-a sensing coil. Connection of the actuating coil assemblies 11a and 11b
to the power amplifier 80 and a sensing circuit is carried out by switches 81, 82, 83
and 84 controlied by a feedback controller 85. When, at a particular instant, the coil
11a is connected to the power amplifier 80 to function as the actuating coll
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assembly, the coil 11b is connected to a signal amplifier 86 to function as a sensing
coil and vice versa.

The signal in the coil assembly 11b, acting as the sensing coil, is added to the
signal proportional to the derivative of the current in the actuating coil 11a di/dt
produced by a differentiator 87. Addition of the two signals takes place on a
compensation potentiometer 88. The addition compensates for the voltage Vi
induced in the sensing coil due to the direct inductive coupling of the coils 11a and
11b. The same calculations are carried out as heretofore. The output voitage from
the differentiator 87 is controlled by a gain resistor 89. The desirable values of the
gain resistor 89 and compensation potentiometer 88 c_lepend on the mutual
inductance M of the sensing and actuating coils. These values can be optimizéd
using a number of different techniques. For example the boss could be jammed
mechanically in one position and an AC current at the frequency of some 1 to 10
kHz could be applied to the actuating coil assembly. This is a typical frequency of
spectrum of current in the actuating coil assembly during operation of the
dispenser. The compensation potentiometer 88 and gain resistor 89 can be
adjusted to minimize the output voltage from the signal amplifier 86. After the
compensation, the voltage is amplified by the signal amplifier 86 and sent to the
input of the feedback controller 85. The output of the”feedback controller is
supplied to the power amplifier 80 and then to the actuating coil 11a, as described
already. ”

Referring now to Fig. 16, there is illustrated another dispenser, again identified by
the reference numeral 1, substantially similar to the embodiment already described
in Fig. 14, except that additionally there is provided a further sensing coil 20. Again
the actuating coil assemblies 11a and 11b are used to move the valve boss 15.
However, in this latter embodiment, they are not used to sense the position and/or

velocity of the boss. The sensing coil 20 is connected to a suitable circuit for

. measuring the voltage induced in it.

It is clear that the voltage induced in the coil 20 will have a contribution from the
inductive coupling between the pair of coils 11b and 20 and also from the coupling
between the pair of coils 11a and 20. As explained already, these contributions are
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described by the formula Vi,g=M*di/dt where i is current in the actuating coil, and M
is the mutual inductance between the actuating and sensing coils. Voliage induced
in the sensing coil 20 will also have a contribution from the moving boss Vposs
dependent on the velocity of the boss and its position. These contributions are
described above. The contribution resulting from the inductive coupling of the coil
20 with the coil assemblies 11a and 11b, can readily be taken into account as the
currents and rates of the current change di/dt in the coils 11b and 11a can readily
be measured. Therefore, the contribution resulting from the moving boss Viess ¢an
be readily isolated, thus giving the position and/or velocity of the boss. The current
in the coils 11a and 11b can then be continuously adjusted by the feedback
controller to achieve movement of the boss in accordanc_:e with the required
schedule.-of movement. The embodiment presented in Fig. 16 has advantages
over that of Fig. 14 in that the sensing coil 20 is separate from the actuating coils
and therefore better optimisation of the sensing circuit could be achieved. Besides,
as there are two actuating coil assemblies instead of a single one, acceleration and
deceleration of the boss could be achieved during the upwards and downwards
movement of the boss even for a boss of a soft magnetic material. In the
embodiment of Fig. 16, the valve seat does not protrude from the base 5.

Fig 17 shows block diagram of elecironic circuit for use with the dispenser of Fig.
16. In this embodiment, there are two power amplifiers 90, 91 connected to the two
actuating coil assemblies 11a and 11b. Differentiators 92 and 93, delineated by
interrupted lines, form signals proportional to the derivatives over time of the
current values in the actuating coils 11a and 11b. The signals proportional to the
derivatives of the currents in the two actuating coils are added on a compensation
potentionieter 94. This will imitate any signal induced in the sensing coil 20 by the
currents changing in the two actuating coil assemblies 11a and 11b. This signal is
then added to the signal from the sensing coil 20. The addition of the two signals
takes place on a compensation potentiometer 95. The addition compensates for
the véltage induced in the sensing coil 20 due to its direct inductive coupling with
the actuating coils. After the compensation, the voltage is amplified by a signal
ampﬁﬁer 96 and sent to the input of a feedback controller 97. The outputs of the
feedback controller 97 are supplied to the power amplifiers 90 and 91 and then to
the actuating coil assemblies 11a and 11b. This has been described in detail
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above. Since inductive coupling between the coils 20 and 11b is different from the
coupling between the coils 20 and 11a, the signals from the differentiators 92 and
93 may need to be added with different weights. For this purpose there are two
compensation amplifiers 98 and 99. The gain of the amplifiers 98 and 99 depends
on the mutual inductance of the sensing and actuating coils. The appropriate gain
of the compensation amplifiers 98 and 99 could be selected using a number of
different methods. For example, the boss could be jammed mechanically in one
position, and an AC current could be applied to the coil 11a at the frequency of
some 1 to 10 kHz. The value of the compensation amplifier 88 could be then
adjusted to minimize the output voltage from the signal amplifier 96. Then a similar
procedure could be repeated for the coil 11b and the compensation amplifier 99. To
some extent the functions of the compensation amplifiers 98 and 99 could be
performed by the compensation potentiometers 94 and 95. it may be often
desirable to include the compensation potentiometers in the circuit for the ease of
adjustment of the circuit.

it is envfi%aged that the pressurised liquid delivery source could be a positive
displacement liquid handling system using a stepper motor incorporating suitable
controls operating a piston and a pump containing water or system liquid delivered
through flexible tubing to the dispenser. An air bubble could be used to separate
the water or system liquid from the sample liquid.

- Referring to Fig. 18, in which parts similar to those described with reference to the

previous drawings are identified by the same reference numerals, there is
ilustrated a construction of dispenser 1 having one actuating coil assembly 11 and
one sensing coil 20 for measurement of the movement of the valve boss 15
whether it be its position, velocity or acceleration. This measurement may be
achieved in a number of different ways. When the boss 15 is of a permanent
magnetic material, it may be advantageous to measure the total electromotive force
Vioiai induced in the sensing coil 20 and extract from it the component of the
electromotive force due to the moving boss Vpess. TO extract the component due to
the moving boss, one could add a compensation signal to Vi As explained
already, the compensation signal is to offset the electromotive force induced
directly by the actuating coil assembly in the sensing coil that is proportional to the
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mutual inductance M of the actuating and sensing coils and time derivative of the
current in the actuating coil assembly di/dt. To a good approximation, after the
compensation the signal detected by the sensing coil due to the moving boss Vposs
is proportional to the velocity of the boss for any position of the boss inside the
dispenser.

Fig. 19 is a general block diagram of the electronic circuit tﬁat can work with the
dispenser shown in Fig. 18. In this case the signal from the sensing coil 20 is
added to the signal that is proportional to the derivative of the current in the
actuating coil assembly 11 produced by a differentiator 100. Addition of the two
signals takes place on a compensation potentiometer 101. The addition
compensates for the voltage induced in the sensing coil 20 due to the direct
inductive coupling of the sensing coil 20 with the actuating coil assembly 11. Then
there is added the voltage proportional to the derivative of the current in the
actuating coil assembly due to the fact that the voltage induced in the sensing coil
due to the inductive coupling of the sensing and actuating coils assembly is
essentially proportional to the derivative of the current in the latter di/dt. The output
voltage from the differentiator 100 is controlled by a gain resistor 102 and aiso the
required setting of the compensation potentiometer 101 depends on the mutual
inductance M of the sensing coil 20 and actuating coil assembly 11. The procedure
for their adjustment is as described already. After the compensation, the voltage is
amplified by a signal amplifier 103 and sent to the input of a feedback coniroller
104. The output of the feedback controller 104 is again supplied fo a power
amplifier 106 and then to the actuating coil assembly 11.

Referring now fo Fig. 20, there is illustrated an alternative construction of dispenser

again indicated generally by the reference numeral 1 in which parts similar to those

described already are identified by the same reference numerals. in this
embodiment, there is provided a cylindrical valve boss 15 of a ferromagnetic
material surrounded by a polymer coating 16. There is also provided the boss
stopper 9 which i.s mounted in the main bore 3 remote from the base 5. In this
embodiment, the nozzle 64 is formed from a capillary tube which also forms the
valve seat 43 which, it will be noted, projects a distance | above the base 5. Both
coils 11a and 11b function as actuating coils and they move the boss 15 up and
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down by means of a gradient magnetic field. Additional sensing coils 20a and 20b
are provided. One of theA sensing coils, e.g. the coil 20a is supplied with AC current
at a frequency fo , say 50 kHz or 200 kHz. Coil 20b collects the signal at the
frequency f, to identify position of the boss. The signal from the coil 20b is supplied
to a lock-in amplifier (or another suitable sensitive amplifier) measuring the voltage
at the same reference frequency fo. The signal induced in the coil 20b is a resuit of
direct electromagnetic inductive coupling between the coils 20a and 20b and also
oscillation of magnetisation of the boss 15 changing the flux through the coil 20b.
The reason for this is clear: the boss 15 is placed in the oscillating field of the coil
20a. This field oscillating at the frequency f, will induce the oscillating magnetic
moment at the boss 15 which will in turn induce oscillating magnetic flux through
the coil éOb at the same frequency f,. In other words, the additional field induced
by the boss in the coil 20b is due to the magnetic permeability of the boss. The
boss 15 is made of ferromagnetic material and therefore 'its permeability is
cdnsiderably different from that of air or any other material positioned between the
coils 20a and 20b such as biological liquids or polymer materials. As the signal
induced in the coil 20b is dependent on the position of the boss 15, this position
can be calculated from the measurements. The current supplied to the actuating
coils 11a and 11b can be changed accordingly to adjust movement of the boss to
follow the required schedule. '

Functionally coils 11a and 20a could be combined in one coil, in the same way as
the coils 11b and 20b could be also combined. This would require a different
electronic circthit’ capable of separating the voltage due to the actuating current
from the voltage induced at the frequency fo. ‘

Unlike in the previous embodiment where the velocity of the boss was monitored, in
this embodiment involving applying oscillating field at the frequency fo, the position
of the boss is directly monitored. Velocity and acceleration of the boss may be
readily calculated from its position if so required. The value of the frequency f,
depends on the required speed of the dispenser controller. If the frequency f, is too
low, the amplifier measuring the signal from the sensing coil will not be able to
perform measurements fast encugh. For this reason, it has been found convenient

to have the frequency f, in the range of 50 kHz or greater. In this case the lock-in
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amplifier can readily perform measurements with a time constant faster than a
fractioh of a milisecond making it adequate for a typicai dispenser with the
dimensions as described above. On the other hand, if the frequency f, is too high,
such as in excess of 500 kHz, the magnetic permeability of some suitable materials
is reduced at this frequency thus decreasing the'signal detected by the sensing
coil. Lock-in amplifiers suitable for frequencies in excess of 500 kHz tend to be
more exbensive devices.

" It may be thérefore beneficial to use for the boss a soft ferromagnetic material or

fetrite héving high magnetic permeability at the frequency f.. There are many -
suitable materials for this purpose such as soft ferrites, soft iron-nickel alloys and
others. The list of suitable materials includes soft magnetic alloys such as sold
under the Trade Marks MUMETAL, VACOPERM, ULTRAPERM, PERMENORM, by
Vacuumscmelze GmbH, Germany. Numerous other companies manufacture soft
magnetic materials such as Kane Magnetics, USA; Fair-Rite Products Corp, USA
or Dexter Magnetic Materials, UK. When choosing a material for its magnetic
permeability one has to appreciate that in the applications of the invention, the real
value for permeability can be lower than the values indicated by manufacturers.
The reason is that the boss is placed in a magnetic field of the actuating coil
assembly. When materials with high permeability are placed in an offset magnetic
field, their permeability often decreases. In the embodiment of Fig. 21 described in
more detail below, a marker of soft magnetic material 17 is attached to a boss of a
permanent magnetic material. In this case, the marker is placed in a DC magnetic
field produced, for example, by the rest of the boss. This can also reduce the
effective magnetic permeability of the marker.

While all the bosses described above have been either spherical or cylindrical and
thus circular in cross-section and similarly all the bores have been circular in cross-
section, this is not necessarily essential. For example a boss could be made of any
suitable shape. It could be square, rectangular or polygonal in cross;sectiion.
Similarly the bore does not have to be circular in cross-section. Nor indeed do both
the bore and the boss have to be of the same shape in cross-section. Essentially
the boss can form an elongate plug-like member which effectively is constructed for
limited movement at a line with the main bore.
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Referring to Fig. 21, there ié illustrated a dispenser, again indicated generally by
the reference numeral 1 which is identical to the dispenser, at least physically, of
Fig. 1 except that the boss 15 includes a marker 17 of a soft magnetic material and
the remainder of the boss 15 is of a hard magnetic material, again covered by a
soft polymer material 16. In this embodiment there are two sensing coils 20 and 21
located at two opposite ends of the actuating coil assembly 11. The actuating coil ‘
assembly 11 is supplied with a current to move the boss 15 within the dispenser
and also with a superimposed oscillating current at a frequency f,, generally
between 30 kHz and 200 kHz. if will be appreciated that numerous other
appropriate values of the frequency f, could be selected by those skilled in the art.
The oscillating current will generate an oscillating magnetic field at the frequency f,

~ which will modulate the magnetisation in the boss at the same frequency. The two

sensing coils, namely, the sensing coil 20 and sensing coil 21 receive a signal

resulting from several contributions. The important contributions are:

1. contribution from the varying actuating current in the actuating coil
assembly 11 moving the boss 15;\ ‘

42.. contribution from the oscillating cumrent at the frequency f
superimposed on the actuating current. This causes oscillating
magnetic flux through the sensing coils 20 and 21;

3. contribution from the moving boss 15. This contribution has been
described in detail in discussion related to Fig. 1; and

4. “contribution from the oscillating ‘magnetic moment of the boss
caused by the oscillating magnetic field at the frequency fo. This will
cause the electromotive force at the same frequency fo.

The contributions 1 and 2 can be cancelled by taking the difference between the
electromotive forces induced in the sensing coils 20 and 21. This may be
particularly easy to achieve if the two sensing coils are identical and are located at

the same.distance from the actuating coil assembly 11. Even if this is not the case,
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effective cancellation of the contributions 20 and 21 could be achieved in many
instances. At the same time, the confributions 3 and 4 contain information about
the moving boss 15. The contribution 3 is a function of the boss’ position and
velocity. The contribution 4 is effectively dependent on the position of the boss only.
One can readily separate the contributions 3 and 4 since they have completely
different spectra: contribution 4 is a narrow-band signal with the spectrum centred
around the frequency f,. Therefore, by measuring the amplitude of the
electromotive force in the sensing coils 20 and 21, at the frequency fo, and by

* calculating the difference between the fwo coils, the position of the boss can be

recorded and measured at any given instant.

it is envisaged that it may be advantageous to measure both contributions 3 and 4
simultaneously. In this case the feedback could be based on both values: velocity
of the boss and its position. To increase the signal contribution 4 it could be
advantageous as in this embodiment to attach a marker of a soft magnetic material
to the boss. This could be, for example, a layer of iron, permalloy or soft ferrite as
shown with the numeral 17 in Fig. 21. The reason for this is that magnetic
permeability of many hard magnetic materials is not very high. The contribution 4
into the signal is dependent on the magnetic permeability of the boss. In many
instances the contribution 4 is directly proportional to the magnetic permeability.

There are many ways of placing the magnetic marker on the boss and many
focations where the marker could be placed. A plurality of markers could be placed
instead of a single one. One can appreciate that there numerous other ways of
increasing the magnetic permeability of the boss. For example one could use a
composite magnetic material that although being regarded a permanent magnetic
material still has a considerable magnetic permeability. Magnetic permeability of
many magnetic materials is a function of the frequency of the excitation magnetic
field. It is thus important to ensure that the magnetic permeability of the marker
material is high at the frequency f, and not just in a DC magnetic field. The

~ frequency dependency of the marker material can be an important consideration in

the overall choice of the operating frequency f..

It is necessary to appreciate that the two sensing coils do not need to be identical
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and do not need to be located at the same distance from the actuating coil
assembly. In fact, in one embodiment of the invention, the sensing coil 20 is
smaller in diameter than the sensing coil 21. This difference is due to the shape of
the dispenser that favours such a solution. From the point of measurement of the
boss position, there is no need to make the cails identical. As will be clear from the
description above, the contributions 1 and 2 can still be cancelled by adjustment of
a balance potentiometer.

it should be appreciated that it is not necessary to cancel both the contributions 1
and 2 listed above simultaneously. If the readout of the boss position is based on
measurement of the contribution 4, then it is sufficient to compensate for the
confribution 2. The reason being that the contribution 1 has a different frequency
spectrum from the signal contribution 4. Therefore, one can readily extract the
coniribution 4 by measuring the electromotive force induced in the coils 20 and 21
in a narrow frequency window around f,, even if the contribution 1is not
compens;ted

Fig 22 illustrates block diagram of an electronic circuit suitable for the dispenser
shown in Fig. 21. A sine wave oscillator 110 generates a signal at frequency f.
This signal is mixed at a mixer 111 with the signal supplying current to the
actuating coil assembly 11. The signal is then ampilified by a power amplifier 112
and supplied to the actuating coil assembly 11. Voltages from the sensing coils 20
and 21 are added together at a balance potentiometer 113. This is then passed
through a band-pass filter 114 tuned tonass the signal at the frequency fo. After the
band-pass filter 114 the signal is supplied to a synchronous detector 115 (this
device is also known as a lock-in amplifier) comprising a fast analogue multiplier or
demodulator 118 and a jow-pass fifter 119. The analogue muitiplier or demodulator
also requires the reference signal. The reference signal is supplied to it from the
sine wave oscilfator 110 through a phase shifter 116. The signal from the lock-in
amplifier 115 is supplied to a feedback controller 117. The feedback controller 117
produces an output signal proportional to the current that is necessary to move the
boss as required. It will be appreciated that one could readily design a circuit in
which the AC signal mixed with the actuating signal is not a sine wave but a
modulation periodic signal of a different shape.
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Fig. 23 shows an electronic circuit in more detail that can operate with dispenser
shown in Fig. 21. A sine wave oscillator 120 generates a signal at the frequency f,.
This is supplied {o the actuating coil assembly 11 through a variable resistor 121
and then through a power ampilifier 122. This signal is also supplied to a lock-in
amplifier 123 through a phase shifter 124 as a reference signé!. Voitages from the
sensing coils 20 and 21 are added together at a balance potentiometer 125. This is
then passed through a band-pass filiter 126 tuned to pass the signal at the
frequency fo. The purpose of the filter 126 is fo improve the signal to noise ratio.
After the band-pass filter 126 the signal is amplified by an amplifier 127 and
supplied to the lock-in amplifier 123. The signal' from the lock-in amplifier 123 is
supplied to a low-pass filter 128 that allows passing through frequencies of up fo
some 5 or 10 KHz. The signal is then amplified by a further amplifier 129 and
supplied through an ADC 130 to a DSP 131. At the output of the DSP 131 the
signal is supplied to a DAC 132. Then it is passed through a )low-pass filter 133 .
cutting the frequency spectrum above 0.5f,. This is done to avoid cross-over of the
spectrum of the actuating current and the modulation current at the frequency fo.
The signal is then supplied through a potentiometer 134 to the power operational
amplifier 122 and then to the actuating coil assembly 11. A gain resistor 135
determines the gain of the power ampilifier 122. The DSP 131 is supplied with the
desired movement algorithm that should take into account dimensions of the
dispenser and the bosé, and should be calibrated so that the signals corresponding
to the boss when in the fully open and fully closed positions are known. The low
pass filter 133 is an optional feature and is not essential. The frequency is
determined by the required speed of the dispenser. If this frequency is set too low,
the circuit sensing movement of the boss will have a too large time constant and
this will slow down the whole operation. A potentiometer 136 is used to facilitate
adjustment and calibration of the circuit.

Fig. 24 illustrates an embodiment of a dispenser substantially identical to the
dispenser of Fig. 21 again having two sensing coils 20 and 21 for readout of the
position of the boss 15, an actuation coil assembly 11 and a separate excitation coil
11¢ for generating the oscillating magnetic field at the frequency fo. The principle of
operation"of this dispenser is similar to that of Fig. 21 except the excitation coil 11¢c
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is separate from the actuating coil. This may simplify the electronic circuit of the
controller for the dispenser. The electronic circut for this dispenser is not shown
here as it is obvious from the description of Figs. 21, 22 and 23.

Fig. 25 shows a block diagram of control means for the dispenser that.is now used
in a manner different from the one related to Figs. 21. Two sensing coils 20 and
21 are inductively coupled with each other. In this embodiment, the principle of the '
valve boss detector is based on the fact that mutual inductance ‘between the coils
20 and 21 depends on the position of the boss 15. A sine wave oscillator 140
supplies AC current through the sensing coil 20. A signal from the sensing coil 21 is
supplied to a band-pass filter 141 and then to a lock-in amplifier 142. A sighal from
the output of the lock-in amplifier 142 is supplied to a feedback controller 143.
Output from the feedback controller is supplied to a powerV amplifier 144 and then
to the actuating coil assembly 11. A reference signal is supplied from the sine wave
oscillator to the lock-in amplifier 142 through a phase shifter 145. There is a
compensator 146 installed between the output from the lock-in amplifier 142 and

. the feedback controller 143. The purpose of this is {o offset the signal induced in

the sensing coil 21 by the sensing coil 20 and the boss at the initial position (for
example, fully closed dispenser). The compensator 146 is optional. After the
compensation, the signal supplied to the input of the feedback controller 143 is set
to zero for the initial position of the boss 15. Movement of the boss from the initial
position will resu‘lt in a net signal appearing at the input of the feedback controller
143 that is dependent on the position of the boss 15. An optional low-pass filter
147 méy be used. '

The invention, it should be noted, uses the principle that the electromotive force
induced in a sensing coil depends on the position of the boss relative to the coil and
its velocity. For improved accuracy of the boss control, it is envisaged that in many
instances, it may be advantageoﬁs to use two sensors simultaneously: one for the
velocity control and the other one for the position control. The controller could
collect a signal from the two sensors simultaneously and process the data in such a
way that the signal sent to the actuating coil assembly enables a more accurate
movement of the boss in line with the required schedule to achieve the desired
volume of dispensing.
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Referring to Fig. 26, there is illustrated an alternative construction of dispenser.
The sensing coils 21 and 20 located close to the valve seat 7 are housed within a

* conducting shield 26. This dispenser works using the sensing coils as part of an

Eddy current sensor.

One of the sensing coils 20 is excited with an AC current at a frequency fi, for
example, 100 KHz. Electromotive force at the séme frequency f1 is induced in the
other sensing coil 21. This electromotive force is measured using an extefnal
controlier. {f a conducting boss is brought into direct proximity of the sensing coil
20, there will be a pattern of eddy (image) current induced in the boss 15. This
pattern will generate its own AC magnetic field at the same frequency fi. In most
cases this additional magnetic field will be directed in such a way as to partially
cancel the AC magnetic field directly induced in the sensing coil 21 by the sensing
coil 20. -Therefore, as the conducting boss approaches the valve seat, the
electromotive force induced in the sensing coil 21 will change. Generally it will
decrease. Therefore, by monitoring the electromative force induced in the sensing
coil 21 at the frequency s, one can identify the instant position of the boss. The
valve hoss, again identified by the reference numeral 15, includes as well as an
outer soft polymer layer 16, a layer 18 of high conductivity material such as copper,
silver or aluminium.

The layer 18 can be required with those some permanent magnetic materials which
have rather low conductivity. The conducting shield 26 reduces the influence of
other conducting objects approaching the dispenser 1. The boss in this
embodiment is actuated using an actuating coil assembly 22 in the same way as in
the previous embodiments.

The contfoller illustrated in Fig. 25 with some optional minor changes can be also
used for control of the dispenser of Fig. 26. Clearly, this is only one possible circuit.
Other circuits could be designed by any skilled circuit developer. Detection can be
linked to the magnetic permeability of the boss or to its conductivity. Similar control
circuits can be applied in both cases as in both cases the boss movement will result
in a change in electromotive force induced in a sensing coil 21 at the frequency of
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excitation of the other sensing coil 20. Movement of the boss in both cases is
accomplished by using the same mechanism of changing current in the actuating
coil assembly. In both cases, the direct inductive coupling between the sensing
coils for a well-defined position of the boss, can be compensated by a compensator
circuit such as, for example, shown in Fig. 25.

Calibration of the dispensers could be achieved, for example, as follows. The signal
induced in one of the sensing coils is recorded for two positions of the boss: (i)
boss pressing against the valve seat (fully closed dispenser) and (i) boss pressing
against the stopper (fully open dispenser). Then a linear approximation of the
amplitude of the signal is taken as a function of the boss position between these
two extreme positions (i) and (ii). If the circuit employs a compensator as shown in
Fig. 25, then the compensator could be adjusted to batance the signal for one of
these two positions, for example, boss pressing against the valve seat. Then a
linear approximation could still be used in which the signal after the compensator is
equal to zero for the fully closed dispenser and gradually increases/decreases to a
certain value as the boss moves towards the stopper to fuily open the dispenser.

Referring to Fig. 27, there is illustrated an alternative construction of dispenser
substantially similar to the dispenser illustrated in Fig. 26. In this embodiment,
there are two eddy current sensors. One of them consists of a pair of coils 20a and

'20b and the other consists of a pair of coils 21a and 21b. Again, both sensors are

enclosed within a shield 26.

Fig. 28 illustrates another dispenser similar to the dispenser 27 except that there is

~ one sensing coil 20 mounted on the side of the dispenser 1. Further, a conducting

metal shield 19 encloses part of the boss 15.

Fig. 29 illustrates a dispenser again identified by the reference numeral 1 and parts -
simifar to those described with reference to the previous drawings are identified by
the same reference numerals. The dispenser 1 uses a Hall sensor 24 for detecting
the position of the valve boss 15. It could be advantageous to position the Hall
sensor in-such a way that it is relatively insensitive to the magnetic field generated
by the actuating coil assembly and highly sensitive to the magnetic field of the
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moving boss. Not only the position, but also the rotational orientation of the Hall

sensor with respect to the dispenser, can be used to minimize the magnetic field

" from the actuating coil assembly by comparison with the field from the boss as

measured by the sensor.

It is important to appreciate that there are other types of sensors of magnetic field
that could also be used for measurement of the position of the boss. These could
bé, for example, magnetoresistors, magnetodiodes, magnetotransistors, carrier-
domain magnetic field sensors, surface acoustic wave sensors or other suitable
sensors. - The embodiment presented in Fig. 29 operates as follows. For .
calibration of the dispenser, the magnetic field corresponding to different positions
of the boss as measured by the sensor, is recorded. It is clear this dependency will
be different for a boss of a different material, shape or size. If the travel length
between the boss in the fully closed and fully open positions of the dispenser is not
significant by comparison with the length of the boss itself, one could measure
magnetic field for the two exireme positions of the boss and use a linear
approximation to work out thé dependency of the field as a function of position. If
the actuating coil assembly 11 produces a significant magnetic field at the Hall
sensor,. ihis contribution could be taken into account. For this purpose, the
magnetic field signal due to the actuating coil assembly 11 is measured at different
values of the current through the actuating coil assembly 11. During operation of
the dispenser 1 the current through the actuating coil assembly 11 can be
measured at any given instant. Therefore, the contribution resulting from the
actuating”coil assembly 11 can be readily subtracted from the total signal of the
Hall sensor leaving just the contribution from the magneétic field of the boss. The
signal from the sensor is compared with the desired signal for this instant. It can
also be processed to work out the position of the boss at this instant. The current
through the actuating coil assembly 11 can be then adjusted accordingly as
described in the previous embodimenté to ensure that the boss moves albng the

i bady member according to the desired schedule.

Fig. 30 shows a block diagram of the control of the dispenser of Fig. 29. A constant
current is driven through the Hall sensor 24 as shown by the symbol . Current
source generating current | is not shown as it is obvious. A voltage signal
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generated at the Hall sensor 24 is amplified by the amplifier 150. A compensation
signal is taken from the input of a power amplifier 151 and added to the output
voltage from the amplifier 150 at a compensation potentiometer 162. After
compensation, it is amplified again by an amplifier 153 and sent to a feedback
controller 154. From the output of the feedback controller 154, the signal is
supplied to the power amplifier 151 and then to the actuating coil assembly 11 to
move the boss 15 in accordance with the required pattern of movement. It is
advantageous that the power amplifier 151 functions in the current mode so that
the output current (not voltage) depends on the input voitage/current. If this |s not
the case, the compensation signal will not be proportional to current through the
actuating coil assembly 11 due to, for example, self-inductance of the actuating coil

assembly 11. If the output current of the power amplifier 151 is not exactly

proportional to the input signal (current/voltage), it is better to take the

compensg’tion signal from the output of the power ampilifier 151 as in the circuit of
Fig. 30 described below and not from its input. Adjustment of position of the
compensation potentiometer 152 could be done in line with the calibration
proéedures described above.

Fig. 31 shows schematically an example of electronic circuit for the control of

dispenser presented in Fig. 29. A constant current is driven through the Hall sensor

- 24 as it is connected to +Vs and —V; terminals. Voltage from the Hall sensor 24 is

sent {o an instrumentation amplifier 160. The magnetic field of the actuating coll
assembly 11 at the Hall sensor 24 is proportional to the current through the
actuating coil assembly 11. Therefore, the compensation signal is aiso proportional
to the current through the actuating coil assembly. The purpose of the
compensation is to offset any magnetic field induced in the Hall sensor directly by

the actuation coil assembly 11. A voltage proportional to the current through the

_ actuating.coil assembly 11 is produced at a current resistor 161. The output voltage

from the instrumentation amplifier 160 is added to the compensation voltage at a
compensation potentiometer 162. After the compensation, the voltage is amplified
by an operational amplifier 163. This voltage represents the magnetic field of the
boss 15 detected by the Hall sensor 24 and therefore, is a function of the boss
position. From the output of the operational amplifier 163 the voltage is supplied to
the input of a feedback controller 168 consisting of an ADC 164, DSP 165 and DAC
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166. Ffom the output of the feedback controller the signal is supplied to a power
amplifier 167 and then to the actuating coil assembly 11. At the output from the
operational ampilifier 163, one could also add an analog signal to offset the
magnetic field produced by the boss at a well-defined position. For example, one
could add a signal to compensate for the magnetic field of the boss 15 at the fully
closed position of the valve. Then the ADC 164 would receive zero signal any time
the dispenser is closed. Movement of the boss will result in a signal change at the
input of the feedback coniroller. Alternatively, this compensation could be done
directly at the feedback controlier digitally as a part of the calibration routine.

Referring to Fig. 32, there is illustrated an alternative construction of dispenser,
again identified by the reference numeral 1 and substantially similar to the
dispenser illustrated in Fig. 29 except that there are now two Hall sensors 24 and
24a. Again, parts similar to those described with reference to the previous
drawings are identified by the same reference numerals. The purpose of using two
sensors is to cancel the magnetic field of the actuating coil assembly 11. To
achieve this, the two sensors 24 and 24a are positioned at the same distance from
the actuating coil assembly in éuch a way that one of them is positioned much
closer to the boss than the other one. In this case the two Hall sensors 24 and 24a
have comparable sensitivity to the magnetic field of the actuating coil assembly 11,
and one of them is a ot more sensitive to the field of the boss 15. To compensate
for the magnetic field of the actuating coil assembly 11, the difference between the
two sensors 24 and 24a is measured. This difference is then due to the magnetic

field of the boss. There may be provided a dispenser in which the two sensors are

~ not identical and their distances from the actuating coil assembly 11 are not equal.

Again other sensors of magnetic field, not based on Hall effect could be used such
as, for example, magnetoresistors, magnetodiodes, magnetotransistors, carrier-
domain magnetic field sensors, surface acoustic wave sensors or other suitable

sensors.

Fig. 33 shows a block diaéram of a controller for the dispenser shown in Fig. 32. A
constant current is driven through the Hall sensors 24 and 24a. A voltage signal
generatea at the Hall sensors 24 and 24a, is amplified by ampilifiers 170 and 171
respectively. After the amplifiers 170 and 171, the voltages are added at a
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compensation potentiometer 172. After the compensation, the signal is amplified
again by an amplifier 173 and sent to a feedback controller 174. From the output of
the feedback controller the signal is, as usual, supplied to a power amplifier 175
and then to the actuating coil assembly 11 to move the boss 15 in accordancé with
the required pattern of movement. Adjustment of the compensation potentiometer
172 could be done in line with the calibration procedures described above.

Fig. 34 illustrates an electronic circuit forming control means for the dispenser of
Fig. 32. The Hall sensors 24 and 24a are supplied with a constant current through
the terminals +Vs and -V.. The Qignals induced in the sensors are supplied to the
amplifiers 180 and 181 respectively. The amplifiers 180 and 181 are
instrumentation amplifiers. Then the signals are added together on a compensation
potentiometer 182 and amplified by a further amplifier 183. From the output of the
amplifier 183, the voltage is supplied to the input of a feedback controfier 168
consisting of an ADC 184, DSP 185 and DAC 186. From the output of the feedback
controller the signal is supplied to a power amplifier 187 and then to the actuating
coil assembly 11. |f the polarities of the signals generated by the Hall sensors 24
and 24a are incorrect, one of the sensors could be reconnected so that the
direction of the current in it is reversed. If the two Hall sensors are not identical or
not located at the same distance from the actuating coil assembly, this can be
corrected by means of adjusting the gain of the amplifiers 180 and 181 and
compensation “potentiometer 182. These could be calibrated/adjusted as follows.
Suppose the boss is made of a permanent magnetic material With low permeability.
Then the presence of the boss would not change the magnetic field of the actuating
coil assembly 11 but rather superimpose on it. To cancel the magnetic field of the
actuating coil assembly 11, the boss 15 is removed from the dispenser tip. A
constant current is supplied through the actuating coil assembly 11 and this
produces a voltage in the two sensors. The gain of each of the amplifiers 180 and
18'1 is adjusted in such a way that their output voltages have approximately equal
values. Then the by adjusting the compensation potentiometer 182, the signal at
the output of the amplifier 183 is set to zero.

When sensing coils are used, they may be located outside the body of the
dispenser. Many positions can be readily found. Clearly, any arrangement with a
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multiplicity of coils positioned outside the sensor can be readily devised. They

could, for example, also operate as a variable inductance sensor as described

above or indeed could function using a parametric oscillator.

The principle of using a parametric oscillator as a boss position sensor is such that

the boss is coupled to at least one element of the oscillator circuit and therefore

(0

changes the oscillator’s operation as it moves. For example:

The moving boss can change the effective inductance Lyes of the
inductor forming a part of the oscillator's resonator. Then, in
response to the boss movement, the frequency of the oscillator
changes as it is determined by the value of the inductance
included in the resonator. Within common approximation that can
be found in conventional textbooks on electronics, the resonance
frequency of the oscillator is determined by the formula

fres=1 / (Z*R*(Ll‘ BS*C) 112) .

Here C is capacitance forming a part of the oscillator's resonator.
The value of the inductance Ls can change due to, for example,

* magnetic permeability of the boss. If the boss has a considerable

magnetic permeability, the inductance of the coil changes when
the boss is displaced in the vicinity of the resonator’s coil. The
value of inductance can also change due to eddy current being
induced in the boss. By bringing a conducting object to an
inductor and by inducing a pattern of eddy current in the object,
one can change the effective inductance of the inductor. This is a
consequence of the fact that the pattern of eddy current then
changes the pattern of AC magnetic field around the inductor. As
the boss moves in the vicinity of the resonator’s inductor coil, the
pattérn of eddy current and therefore inductance of the inductor
coil, change. To sense the change, the oscillator's resonator
must have inductive coupling with the dispenser and boss inside

it, Le. coupling through the AC magnetic field of the
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(i) The moving boss can also change the capaciténce of some

' elements of the oscillator’s circuit. This effect can be exploited
more readily at a high frequency, say above 1 GHz, but not
exclusively. This change is due to the fact that the dielectric
constant of the boss is different from that of the dispenser and
the liquid inside it. To sense the change, the oscillator’s resonator
must have capacitive coupling with the dispenser and the
material inside it, i.e. coupling through the AC electric field of the
resonator.

(i) As the boss is displaced, the quality factor of oscillator's
' resonator can change. This change can primarily result from

three sources.

Firstly, the imaginary part of the dielectric constant of the media in the vicinity of the
resonétox:, can change as a result of the boss movement. Thevimaginary part of the
dielectric constant is directly related to dielectric losses in the resonator. This
change is due to the fact that the dieleciric properties of the boss are different from

the ones of the dispenser and the liquid inside the dispenser. For example, water

‘cah résult in significant dielectric losses especially af frequencies above 1 GHz.

Therefore, if the boss is made of a material having dielectric losses lower than
those of water, the overall losses increase as the boss moves and the space in the

* vicinity of the sensitive element of the resonator is filled with a water-based sample

liquid. For example, with the sensor adjacent the valve seat and the valve boss
sitting on the valve seat, there will be one value of dielectric loss. However, when

the valve boss is raised off the vaive seat, then the overall dielectric loss is

" increased. Dielectric losses are also commonly characterised by thé loss tangent

defined as the ratio of imaginary and real parts of the dielectric constant. It is
advantageous to design the boss in such a way that its diglectric losses are in
contrast to the values for the dispenser and liquid filling the dispenser. To sense
the change in the dielectric constants caused by the moving boss, the oscillator's
resonator must have capacitive coupling with the dispenser, i.e. coupling through
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the AC electric field of the resonator. The methods of capacitive coupling between
microwave strip lines and dielectric resonators are described in various texts.

The second reason for the change in the quality factor of the oscillator is that, as
the boss is displaced, the losses due to magnetic permeability of the media in the
vicinity of the oscillator’s resonator can change. As indicated below the boss can be
readily fabricated in such a way that it has a significant magnetic permeability
especially at frequencies below 100 MHz. Therefore, it can have a significant
imaginary component of magnétic permeability that is responsibie for the magnetic
losses in AC magnetic field. In the same way as with the dielectric losses, the
magnetic losses are described by the tangent of magnetic losses given by the ratio
of imaginary and real parts of magnetic permeability. To detect the change in the
quality factor of the oscillator due to the magnetic permeability of the boss, the
oscillator's resonator must be inductively coupled with the dispenser, i.e. coupled

~ through the AC magnetic field of the resonator. The general theory of losses due o

magnetic permeability in magnetic materials is explained in numerous text books.
The data on the high frequency magnetic losses are available similarly in the
literature. ‘

The third reason why the quality factor can change as a result of the boss
displacement, is because of the losses due to eddy current in the boss. These
depend on the electrical resistance of the boss. The nature of these losses is easy
to understand. The AC field of the resonator induces AC current in the boss
resulting in the ohmic losses of energy. As the position of the boss changes, the
ohmic losses will also change. If the resistance of the boss material is high, it may
be advantageous to coat the boss with a layer of material with high conductivity
such as copper or aluminium. It may be advantageous to then coat this layer of
material with high conductivity with second layer of chemically resistant coating to
achieve the chemical inertness of the boss.

These changes can result in changes in the frequency of the oscillator. The
changes in capacitance C and inductance L.s of the oscillator can result in a
change in resonance frequency as these are involved in the formula:
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fres=1/(2*7*(Lres*C) ")
describing the frequency of oscillations in a lossless ascillator. The changes in the

quality factor Qs of the resonator can also result in changes of the oscillator's
frequency. Within an approximation, the frequency of an oscillator with losses is

- given by a formula:

fosczfres*(Qresz""] ) Qres2.

Here Qs is the quality factor of oscillator circuit. The theory of oscillators can be
found in the literature. By measuring the oscillator’s frequency one can detect the
position of the boss. The changes in Qus can also change the amplitude of
oscillaﬁoqs or power consumed by the oscillator. ‘

Referring to Fig. 35, theré is iflustrated a parametric oscillator, identified generally
by the reference numeral 200, delineated by interrupted lines. The parametric
oscillator 200 comprises an ampfifier 201, a nonliinear element 202 and a resonator
203. The resonator 203 is coupled fo the boss 15 by electromagnetic coupling, as
shown schematically by a two-sided thick arrow. The frequency of the oscillator

" 200 which is dependant on the position of the boss is measured using a frequency-

to-voltage converter 204. Therefore, the output of the frequency-to-voltage
converter 204 contains information about the movement and thus the current
position of the boss. Then the signal is sent to a feedback controller indicated
generally by the reference numeral 205, again surrounded by interrupted lines, and
comprising an ADC 208, DSP 207 and DAC 208 in the same way as in many
previous embodiments described above. After that, the signal is sent to a power
amplifier 209 and then to the actuating coil assembly 11. The controller can be
calibrated using a routine similar to the ones described above. For example,
fréquency of the oscillator could be measured for two positions of the boss: boss
pressing against the valve seat and boss pressing against the stopper. Then the
linear approximation could be employed to work out the position of the boss using
the frequency readout. The frequency-to-voltage converter 204 could be
substituted by a frequency counter. Indeed, many other circuits could be provided.
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In this circuit it is not fundamentally important to determine which of the factors
described in detail above results in the change of the frequency of the parametric
oscillator. It could well happen, that more than one factor is responsible. For
example,“the value of the quality factor Qs could change due to the eddy current
losses and also due to the magnetic losses. Possibly in addition to this, the value of
inductance L or capacitance C could also change. In practice one of the factors
will usually dominate depending on the materials used, the type of resonator and
the type of coupling between the resonator and the boss. In practice if is not always
necessary to know exactly the reason causing the change ‘in the frequency. The

* -most important point is to relate the frequency change with the position of the boss.

This can be done by calibration and this information is then introduced in the
feedback controller. ‘

it is important to appreciate that not only frequency but also amplitude of the
oscillations can depend on the position of the boss. The amplitude of the
oscillations can also depend on the values of inductance and capacitance, namely,

Lrs and C, and the quality factor Qs of the oscillator.

This principle is used in the embodiment of Fig. 36. In this embodiment, there is
illustrated a parametric oscillator, again identified by the reference numeraf 200 and
a feedback controller, indicated generally by the reference numeral 205. All
perform-the same functions as in the embodiment of Fig. 35. The parametric
oscillator 200 consists again of the amplifier 201, the non-linear element 202 and

_ the resonator 203. The difference is in the operation of this embodiment in that

instead of measuring the frequency of the oscillator, the output power Poy of the
oscillator is kept constant. This is done by measuring the output voltage/power of
the oscillator with an AC-to-DC converter or power meter 210 and by sending the
feedback signal to the amplifier 201 of the oscillator 200 to adjust its gain

‘accordingly to keep the power of the oscillator constant. If the quality factor Q of

the oscillator changes and its output power Pou, is kept constant, the power
supplied from a power source 212 into the oscillator Pi, changes. Therefore, the
power le\-/el Pin measured by a power meter 211 depends on the position of the
boss. The output voltage/current from the power meter 211 is sent to the feedback
controller 205 in the same way as in the previous embodiments. The power meter
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210 couples into a matched load 213 to avoid reflection of power back into the

oscillator.

One could desigh numerous other circuits of dispenser controllers using the same
principle of change in the power generated by the osciliator. For example the
output power does not have to be kept constant. Instead one can measure the level
of output power from the oscillator. The change in the power level generated by the
oscillator:in response to change in the parameters of the resonator is usually
greater if the oscillator is tuned in such a way that gain of the amplifier included in
the oscillator is only marginaily above the critical value that is required for a stable .
generation of AC voltage. ’

Depending mainly on the coupling between the actuating coil assembly and the

resonator but also on other factors such as type of the parametric oscillator,

- material and shape of the boss, the controller of Fig. 35 may require a

compensation circuit. The reason is that the rapidly changing magnetic field of the
adtuating coil assembly could also influence the parametric oscillator. In particular it
could affect the output powe? of the oscillator. This can be readily corrected using,
for example, the same approach as in some previous embodiments described in
this document. For example, two identical oscillators can be positioned at the same
distance from the actuating coil assembly in such a way that they are both equally
sensitive to the magnetic field of the actuating coil assembly and yet-one of them is -
more sensitive to the boss than the other one. Then the power levels generated by
the two oscillators can be compared and difference signal between the two power
levels can be sent to the feedback controller. These dispensers are not included in

the document, as this would increase its size without adding new information.

Figs 37, 38 and 39 show some examples of the circuits of controllers using
parametric oscillators. Numerous other examples can be readily developed by
those skilled in the art of electronics. For example, the circuit can be built around
well-known types of oscillators to include a Hartley oscillator, a Colpitts oscillator, a
Clapp oscillator, a Pierce oscillator, a tuned input-tuned output oscillator, an RC
phase shift oscillator, a Wien bridge oscillator, a stable multivibrator, or a crystal
oscillator. Detailed description of these oscillators can be found in the literature.
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Fig. 37 illustrates another embodiment of controller. The circuit of the boss position
sensor is based around a standard Colpitts high-frequency oscillator, indicated
generally by the reference numeral 220, with the resonance circuit connected
&betwe’en the drain and gate of a GaAs MESFET transistor 221. Other parts of the
circuit similar to those described with reference to Figs. 33 and 34 are identified by
the same reference numerals. The resonance circuit consists of inductor L1 and
two capacitors C1. The oscillation frequency can be selected by tuning the values
of L1 and C1. The oscillation frequency also depends on the quality factor Qs of
the resonance circuit that is given by the formula:

Qres;'(o*L1/R1 s

Where o is the oscillation frequency and R1 is the value characterising the losses
in the resonance circuit that in turn is dependent on the active resistance of the coil,
imaginary com‘ponents of electric and magnetic susceptibility of the boss if it is
coupled to the resonator. A resistor Rn with the value of some 10 to 100 Ohm and-
a small choke inductor L2 help to achieve a more stable operation of the oscillator.
The resistor R1 with the value of some 100 kQ is installed to achieve the voltage
biasing on the gate of the MESFET 221. Good operating conditions are achieved
for the value of V. between 1.7 and 2.1 V. We have found that good sensiti\)ity to
the boss movement is achieved.for the frequency of the oscillator in the range of 2
to 4 GHz. This does not exclude operating at other frequencies. In this circuit, the
amount of power consumed by the circuit depends on the quality factor Qres. This
power is taken from the voltage source V. and the power level is measured using a
power meter 222, Since the quality factor of the resonance circuit depends on the
position 5f the boss, the output from thg power meter 222 is also an indication of
the boss position. The output from the power meter 222 is amplified by an amplifier
223 and then connected to the feedback controller 205 in the same way as in many
previous embodiments. "

We have found that the following values result in a suitable operation of the circuit:

. Cq is 40 to 80 picoFarad, C1 is 2 to 3 picoFarad, L1 is 3 to 8 nanoHenry. The active

resistance of the resonator circuit of some 0.2 to 0.4 O results in a stable detection
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of the boss movement. The coil 20 consists of only 1 to 3 windings of copper wire.
The coil 20 diameter is 1 to 3 mm. Alternatively it is made on a standard substrate
for makin_g microwave PCB boards. The size of the boss is in the same range as in
the previbus embodiments: it is a cylinder with the diameter of 1 to 3 mm and the
length of 5 to 10 mm. The coil 20 is mounted facing the lower end of the dispenser
and is brought close to the body of the dispenser.

Fig 38 shows another circuit of the controller. Again, elements already illustrated in
Fig. 34 are identified by the same reference numerals. It is based on an oscillator

- 230 whose frequency depends on the value of inductance L1 of one sensing coil

20. The resonance contour consists of inductance L1 and capacitors C1 and C2.
The oscillator 230 is based on the transistor Q1. The gain of the oscillator is
determined by the potentiometer R1. As the boss position is changed, the
inductance value L1 changes due to magnetic permeability of the boss and also the
eddy current induced in the boss. The frequency of the oscillator is measured using
a frequency-to-voltage converter 231 and then sent to the feedback controller 205
consisﬁng of the ADC 206, DSP 207 and DAC 208. Then tHe signal is sent to a
power amplifier 232 and then to the actuating coil assembly 11. This controller can
work with several embodiments of the dispensers already described.

Fig. 39 shbws another embodiment of the dispenser using an oscillator 235 with
two sensing coils 20 and 21. Again, parts similar to those described with reference
to Fig. 37 are identified by the same reference numerals. In this dispenser, the
mutual inductancé between the sensing coils 20 and 21 depends on the position of
the boss 15. To increase the mutual inductance, the marker 17 of a soft magnetic
material with high permeability is attached to the boss. The controller uses the
oscillator 235 built around a tfransistor Q1 and sensing coils 20 and 21. The
inductive coupling between the coils 20 and 21 determines gain of the circuit.

" Therefore the gain of certain minimum value is required to achieve stable

oscillations. A potentiometer R1 also determines the gain of the circuit. The
frequency of the oscillations is determined by the resonance contour consisting of
the sensing coil 20 and capacitor C1. If the position of the potentiometer R1 is
chosen correctly, the amplitude of the oscillations depends on the inductive
coupling between the sensing coils 20 ahd 21. The amplitude of the oscillations is
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" measured by using an amplitude detector 236. Then the rectified signal is sent to

the feedback controller 205 as in many previous embodiments. During the
calibration of the circuit, the potentiometer R1 should be set to such a position, in
which movement of the boss between the fully open and fully closed dispenser
results in a significant change in the amplitude of the oscillations and yet, the
oscillator produces a stable oscillation signal. Therefore, the sensitivity of the circuit
may need to be compromised to achieve better robustness of the oscillator.
Alternatively, the frequency of the oscillations could be measured. In this case a
frequency-to-amplitude converter could be used instead of the amplitude detector.

As suggested already, the actuating coil assembly can comprise two assembilies,
The two actuating coil assemblies can be actuated simultaneously in anti-phase,
one of them pushing the boss and the other pulling it. Similarly, they can be

connhected in series or in parallel.

Fig. 40 shows an embodiment of actuating coil assembly again identified by the
reference numeral 11 and parts similar to those described with reference to the
previous drawings are identified by the same reference numerals. In this
embodiment, the actuating coil assembly 11 is provided with a shield 19 of a soft
magnetic material. This creates a magnetic field with a strong gradient at the
location A. As the force acting on a permanent magnetic material placed in a
magnetic:field is proportional to the gradient of the magnetic field, increasing the
gradient can increase the force. Us'ing a shield with high permeability around the ‘
actuating coalil is likely to change the inductance of the coil. Therefore, this may
require changes in the actuating coil controller. It is important to appreciate that this
embodiment of the actuating coil assembly 11 can be used with a number of
different embodiments of the sensor of position of the boss.

Referring to Fig, 41, there is illustrated an alternative construction of dispe_hser,
indicated generally by the reference numeral 1a, which dispenser has a plurality of
nozzles 6. The dispenser 1a may be substituted for the dispenser 1 in any of the
embodiments. In this embodiment, the boss 15 is provided with optional rims 16a
in its soft polymer coating 16 to form a reasonably close fit within the main bore 3.
To allow the flow of liquid to bypass the boss 15, the boss 15 could have holes in it
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or longitudinally arranged channels or grooves {o permi’g the passage of liquid
therebetween.

Fig. 42 shows in cross section a cylindrical boss 15 within a metering valve body 2

- incorporating a plurality of channels 32 within the main bore 3 formed by ribs 2a in

the valve body 2. The purpose of the channels is to increase the cross sectional
area through which liquid in the dispenser can be displaced during movement of
the boss 15. This increase leads to a reduction in the viscous force acting on the
boss and as a result allows for its faster movement. In a typical such embodiment,
there are four channels with the depth of 0.4 mm and width of 1.2 mm for the boss
with the diameter of 2 mm. It is important to appreciate that increasing the cross
sectioh of the area through which the liquid can be displaced in the dispenser by
way of making channels in the walls of the body member can be more beneficial
than just uniformly increasing its inner diameter. The reason is that increasi\ng the
inner diameter of the body member may.result in an undesirable iateral movement
of the boss perpendicular to the axis of the dispenser whereas with the help of the
channels, the boss movement can be still restricted to essentially a . one-
dimensional movement along the axis of the dispenser.

Referring to Fig. 43, there is illustrated a plurality of dispensers, all indicated by the
referenpe numeral 1b, and one dispenser indicated by the reference numeral 1,
which dispenser has sensing coils 20 and 21 which sensing coils are connected to
the controller. Effectively, the dispenser 1 is a master dispenser and the remainder
of the dispensers 1b are slave dispensers, the actuating coil assemblies being
connected to the controller which varies the power exerted on the respective valve

bosses 18, depending on the position of the valve boss 15 of the dispenser 1a.

Referring to Figs. 44 and 45, there is illustrated a multi nozzle dispensing head,

~ indicated generally by the reference numeral 300. Effectively, this forms an

extension of the nozzle 6, for example, as illustrated in Fig. 1. The nozzle 6 of Fig.
1 effectively forms an upper primary nozzle portion or proximal to the metering

valve and is inserted into- the-multi-nozzle-dispensing-head 300 through a female

recess 301 which communicates with a further primary nozzle portion 302 which is
connected to a manifold 303 which forms a split channel feeding a plurality of
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secondary nozzles 304, each having a dispensing tip 305. It will be noted that the
dispensing tip is rounded.

As described in more detail in our co-pending US Patent Application filed a few
days prior to the filing of this patent application, there is demonstrated and
explained quite clearly that it has been established experimentally that:-

1. Resistance to the flow of all the secondary nozzles should be preferably
identical.
2. Resistance to the flow from the manifold forming split channel must be

considerably smaller than the equivalent resistance to the flow from the
secondary nozzles. Therefore if the resistance from a single secondary
nozzle is Rsec and the number of secondary nozzles is nsc and the
resistance of the split channel is Rspm, then the condition can be written as:

Rsec/Nsec™>Rypiit

3. During the dispensing, resistance to the flow in the secondary channel
divided by the number of channels should be preferably greater than the
resistance to the flow in the primary channel.

As has been quite clearly identified in this co-pending patent application, the
manner in which the multi-nozzle dispensing head is constructed is particular
sensitive and requires considerable accuracy and care. Further, it will be
appreciated that because of the conditions that are encountered with multi-nozzle
dispensing heads, the use of a dispensing assembly in accordance with the present
invention, in conjunction with a multi nozzle dispensing head, will be particularly
advanfag_gaous. All the various features of such multi nozzle dispensing heads are
described in more detail in this co-pending US patent application. '

Preferably the dispenser in so far as it comprises the elongate body member the
valve seat and nozzle can be manufactured from a suitable polymer material by
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precision machining or indeed any standard polymer mass production technique
such as injection moulding. The purpose of this is to provide a disposable
dispenser. The body of the dispenser could be also manufactured of other
materials such as steel.

The valve boss as will be appreciated from the description above can be cylindrical,
spheriéal__or indeed a body of any geometric shape made from magnetic material
for example iron, soft or hard magnetic ferrite, SmCo or NdFeB. It is preferably
coated with a polymer or inert layer of another material to prevent chemical reaction
between the boss and the liquid dispensed. In arder to obtain a good seal with the
valve seat, the valve boss may need to be coated with a specially selected soft
polymer such as chemically inert rubber. The choice of the materials for the
coating on the boss depends on the requirements of the fliquids that must be
handled by the dispenser. Suitable materials include fluoroelastomers such as
VITON, perfluoroelastomers such as KALREZ and ZALAK and for less demanding
applications, materials with lower cost could be considered such as NITRILE.
TEFLON (PTFE) could be used in conjunction with chemically aggressive liquids.
VITON, KALREZ, TEFLON and ZALAK are Du Pont registered trademarks.

The valve boss may be made of magnetic material bonded in a flexible polymer.
These materials can have either hard or soft magnetic properties as required. The
specific choice of material will be determined by the cost-performance
considerations. Materials of families FX, FXSC, FXND manufactured by Kane
Magnetics are suitable for certain applications. Other materials such as magnetic
rubbers can be also used for certain designs. Making the boss of a mechanically
soft material can improve the performance of the seal.

It is important to appreciate that the polymer coating on the boss can consist of two

- or more layers of different polymers. For example, the first layer could be
5 deposited on the boss to improve the adhesion of the second outer layer with the

first one. For certain applications it may be advantageous to have the second layer
deposited only on that part of the boss that comes in contact with the seat 7 and in
the immediate vicinity.
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It will also be appreciated in accordance with the present invention that it does not
rely on a positive displacement pump nor indeed does it rely on the conventional
normal construction of solenoid valve. At the same time the present invention can,
as shown above, be applied with advantage to positive displacement pump
assemblies. The essential point then is that the positive displacement pump
operates ‘as a source of pressure difference, not as a metering device. Unlike in
the conventional solenoid valve, there is no mechanical connection between the
valve boss and other parts of the dispenser, similarly there is no mechanically
actuated means involved or a spring for closing a valve boss. There is virtually
zero dead volume in the apparatus according to the present invention which
increases the accuracy particularly where smaller volumes are required. By having
the dispenser separate from the actuating coils etc., it is possible to produce a very

low cost dispenser which can be easily and rapidly removed thus avoiding cost and

~ cross contamination problems. There is thus great disposability with the present

invention. It is also advantageous that the present invention can work at both high
and low pressures. ' ’

- In the specification the terms “comprise, comprises, comprised and comprising” or

any variation thereof and the terms “include, includes, included and including” or any
variation thereof are considered to be totally interchangeable and they should all be
afforded the widest possible interpretation and vice versa.

The invention is not limited to the embodiment hereinbefore described, but may be

varied in poth construction and detail within the scope of the claims.



10

15

20

25

30

WO 02/076615 PCT/IE02/00039

- 76 ~

CLAIMS

1.

2.

A dispensing assembly (50) for liquid droplets of the order of 30 pl or less in
volume comprising:-

a pressurised liquid delivery source (51);

a metering valve body (2) connected to the liquid delivery source (51), the

valve body (2) comprising an elongate body member having an internal

main bore (3) and a base (5) forming an apertured valve seat (7);

é valve boss (15) in the main bore (3), the cross-sectional area of the valve
boss (15) being suﬁiciently less than that of the main bore (3) to permit the
free passage of liquid therebetween;

a.nozzle (6) mounted on the base (5) of the valve body (2) comprising a

dispensing tip (8) and havi'ng a nozzle bore (6(a)) communicating between the
valve seat (7) and the dispensing tip (8); and

a variable power output valve boss actuator for moving the valve boss (15) in
the main bore (3) between a closed position engaging the valve seat (7) and

“an open position spaced-apart from the valve seat (7), characterised in that

there is provided:-

a valve boss detector (25) for determining the movement of the valve
boss (15) within the main bore (3); and

a controller (55) connected to the valve boss detector (25) and to the
valve boss actuator for varying the power input to the valve boss
actuator depending on the movement of the valve boss (15) within the
main bore (3).

A dispensing assembly (50) for liquid droplets as claimed in claim 1 in which

the valve boss detector (25) is a position sensor.,
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A dispensing assembly (50) as claimed in claim 1 or 2, in which the valve
boss detector (25) is a velocity sensor.

A dispensing assembly (50) as claimed in any of claims 1 to 3, in which the

‘valve boss detector (25) is an acceleration sensor.

A dispensing assembly (50) as claimed in any preceding claim, in which at
least portion of the valve boss (15) is of a ferromagnetic material and the
valve boss detector (25) comprises means for measurement of the

electromotive force generated by the valve boss (15).

A dispensing assembly (50) for liquid droplets as claimed in any preceding
claim in which the valve boss detector is a Hall sensor (24).

A diépensing assembly (50) for liquid droplets as claimed in claim 6
comprising two spaced-apart Hall sensors (24, 24a). '

A dispensing assembly for liquid droplets as claimed in claim 5, in which the

'vajve boss actuator comprises a pair of spaced-apart actuating coil (11a,

1ib) assemblies; and one of the actuating coil assemblies (11a, 11b)
comprises a source of alternating current to allow the position of the valve
boss (15) be detected by measuring the electromagnetic field generated in
the other actuating coil assembly (11a, 11b).

A dispensing assembly (50) for liquid droplets as claimed in claim 5 in which
the valve boss detector (25) comprises a pair of spaced-apart sensing coils
(20, 21) and a separate excitation coil for generating an oscillating

- magnetic field for the valve boss détector.

A dispensing assembly (50) for fiquid droplets as claimed in claim 5, in
which the valve boss detector (25) comprises a pair of sensing coils for
detecting changes in the magnetic flux through the sensing coils (20, 21)
caused by the moving valve boss (15) and at least one actuating coil (11,
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11b).

A dispensing assembly (50) for liquid droplets as claimed in claim 5 in which
the valve boss aciuator comprises a pair of spaced-apart actuating coil
assemblies (11a, 11b), at least one of which is additionally powered with
alternating current and the valve boss detector comprises a sensing coil
adjacent the body member for receiving the signal induced in the boss by the
alternating current.

A dispensing assembly (50) for liquid droplets as claimed in claim 5 in which
the valve boss detector comprises a parametric oscillator circuit  (200)
forming the position sensor, the circuit comprising at least one element
coupled to the valve boss (15), the element being such as to be effected by
the position of the valve boss (15) relative thereto to change the
characteristics of the oscillations. '

A dispensing assembly (50) for liquid droplets as claimed in claim 5, in
which the valve boss (15) comprises a ferromagnetic material encased in an
electrically conducting material, the valve boss actuator comprises at least
one actuating coil assembly; and the valve boss detector comprises a pair
of sensing coils (20, 21) coupled with each other by means of eddy currents
induced in the vélve boss (15) by one of them.

A dispensing assembly (50) for liquid droplets as claimed in claim 13, in which
the pair of sensing coils (20, 21) are at least partially surrounded by a
conducting shield (26) adjacent the body member.

A dispensing assembly (50) as claimed in any preceding claim, in which the
valve boss actuator comprises at least one actuating coil assembly (11),
which actuating coil assembly (11) is provided with a shield (19) of a soft

magnetic material.

A dispensing assembly (50) as claimed in any preceding claim in which at
least portion of the length of the nozzle (6) adjacent the dispensing tip (8) is of
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-a hydrophobic material.

A dispensing assembly (50) as claimed in any preceding claim, in which the
nozzle is a multi nozzle dispensing head (300) comprising:-

a primary nozzle (6, 302), having an internal liquid dispensing primary
nozzle bore (6a), connected to the metering valve body (2) adjaceht
its proximal end at the valve seat (7);

a manifold (303) connected to the primary nozzle (302) adjacent its
distal end and forming an internal split channel for reception of liquid
from the primary nozzle bore (6a); and

a plurality of secondary nozzles (304), each having an internal liquid
dispensing secondary nozzle bore, each secondary nozzie (304) being
connected adjacent its proximal end to the manifold (303) for
reception of liquid therefrom and having a dispensing tip (305)
adjacent its distal end in which the aggregate resistance to flow in all
the secondary nozzle bores is greater than the resistance to flow in
the split channel.

A dispensing assembly (50) for liquid droplets as claimed in any preceding
claim, in which there are a piurality of metering valve bodies (2) all connected

to the one controller (55).

A dispensing assembly (50) for liquid droplets as claimed in claim 18, in which
each of the metering valve bodies (2) has its own separate variable power
‘output valve boss actuator and in which the controller (55) is connected to
each of the additional valve boss actuators for varying the power input to each
of the additional valve boss actuators depending on the movement of the
valve boss (15) within the main bore (3) of at least one valve body as detected
by its respective valve boss detector (25).

A dispensing assembly (50) for liquid droplets as claimed in claim 19, in which
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the valve boss actuators are identical.

A method of dispensing liquid droplets of the order of 30 pl or less in volume
in a dispensing assembly using a pressurised delivery source feeding a
metering valve body, the valve body comprising an elongate body member
having an internal main bore, a base forming an apertured valve seat; a
valve boss, at least portion of which comprises a ferromagnetic material in
the main bore, the cross-sectional area of which is sufficiently less than that
of the main bore to allow the passage of liquid therebetween, a nozzle
mounted on the base comprising an elongate needle-like member having a
nozzle bore communicating between the valve seat and a dispensing tip
and a variable power actuator for moving the valve boss in the bore
between a closed position in engagement with the valve seat and an open
position spaced-apart from the valve seat, the variable power actuator
moving the valve boss by applying a magnetic field to the valve boss
characterized in that the method comprises recording the movement of the
valve boss within the main bore of the body member throughout the
dispensing cycle and using the information on the position of the valve boss
within the bore to vary the force to be exerted on the valve boss between
orie force on engagement and disengagement of the valve boss with the
valve seat and a lower force needed to keep the valve boss in spaced
relationship with the valve seat to maintain the valve open: the method
comprises sequentially carrying out the steps of:-

opening the metering vaive by exerting a disengaging force on the
valve boss to separate the valve boss from the valve seat;

on sensing the opening of the metering valve, exerting an opening
force to remove the valve boss to a fully open position remote from
the valve seat;

exerting a valve open maintaining force on the valve boss to retain
the valve boss in the fully open position;
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exerting a closing force on the valve boss to move the valve boss
close to the valve seat;

on sensing the valve boss being about to contact the valve seat,

exerting a valve seat engaging force on the valve boss; and

on sensing the valve boss is stationary, exerting a valve closed
_retaining force on the valve boss.

A method as claimed in claim 21, in which the valve seat engaging force is

sufficient to prevent the valve boss from disengaging from the valve seat.

A method as claimed in claim 21 or 22, in which there is a boss stopper in
the main bore spaced-apart from the base and when in the fully open
position, the valve boss engages the boss stopper, then the additional steps
are performed of:-

on sensing the valve boss being about to contact the boss stopper,
exerting a variable boss stopper engaging force on the valve seat o

cause zero boss velocity; and

on sensing the valve boss is stationary, exerting the valve open
retaining force on the valve boss.

A method as claimed in any of claims 21 to 23, in which the hoss stopper
engaging force is sufficient to prevent the valve boss from disengaging from
the valve stopper.

A method as claimed in any of claims 21 to 24, in which the position of the
valve boss within the main bore is determined from the velocity of the valve
boss and the time traveled.

A method as claimed in any of claims 21 to 25, in which the viscosity of the
liquid is determined from the force required to move the valve boss at a
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sensed velocity through the main bore.
A method as claimed in any of claims 21 to 26, in which the position of the
valve boss within the bore is determined from the acceleration of the valve
boss and the time it has been traveling.
A method as claimed in any of claims 21 to 27, in which the volume of
droplet dispensed is measured by measuring the difference between the

opening force and the closing force.

A method as claimed in claim 21 to 28, in which the volume is calculated

as:~
Vaisp = U1*Sg*t
and
Fmo = Fme = k*n*Z*U1,
- Where:

n=  viscosity of liquid.

k= constant dependent on boss and main bore dimensions.

U= flow velocity in the gap between the boss and the body.
member due to the delivery of liquid to the tip of the
dispenser. '

Sg = cross sectional area of gap between the valve boss and the
main bore.

Fmo = opening magnetic force.

Fme = closing magnetic force required o move the valve boss with
the same velocity as on opening.

t = time during which the dispenser is open and

* = the multiplication symbol
A method as claimed in claim 29, in which the volume is calculated from:-

Vdisp = Qnozzie * t
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where
Qrozze is flow rate through nozzle bore
t = time during which the dispenser is open
and Quozzie = 7 * 5P I /(8*La*)

where

8P = . pressure difference along nozzle from seat fo tip

In nozzle bore radius

-
>
|

nozzle length
3.1415 and
the multiplication symbol

* A
1]

]

A method as claimed in any of claims 21 to 30 in which the density of a

liquid being dispensed is obtained by measuring the current required to

move the boss at a constant relatively low velocity and the density is
calculated from

*Km = Vb *g* (P~ P)
Where
| = current through the actuating coils
km = coefficient dependent on actuating coils
Vb = volume of boss
Pg = density of boss

Pi = density of liquid

g = acceleration due to gravity and
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K

= is the multiplication symbol

32. A method as claimed in any of claims 21 to 31, in which the presence of the
5 liquid being dispensed is detected by monitoring the difference between the
opening force and the closing force for each droplet dispensed.
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