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Description

This invention relates to apparatus and methods for
the production of sprays of liquid or of liquid emulsions
or suspensions (hereinafter called 'liquids’) by means of
an actuator.

It is known to produce fine droplet sprays by the
action of high frequency mechanical oscillations upon a
liquid at its surface with ambient air. Prior art of possible
relevance includes: EP-A-0 432 992, GB-A-2 263 076,
EP-A-0 516 565, US-A-3 738 574, EP-A-0 480 615, US-
A-4 533 082 & US-A-4 605 167.

In some instances (e.g. US-A-3 738 574) the liquid
is introduced as a thin film formed on a plate excited in
bending oscillation by the transmission of ultrasonic
vibrations from a remote piezoelectric transducer
through a solid coupling medium structure.

In some instances (e.g. US-A-4 533 082) the
mechanical oscillations are propagated as sonic or
ultrasonic vibrational waves through the liquid towards a
perforate membrane or plate (hereinafter referred to as
a membrane) that otherwise retains the liquid. The
action of the vibrational waves in the liquid causes the
liquid to be ejected as droplets through the perforations
of the membrane. In these cases, it has been found
advantageous to make the pores decrease in size
towards the 'front’ face (herein defined as that face from
which liquid droplets emerge) from the 'rear’ face
(herein defined as the face opposite the ‘front’ face).

In other instances (e.g. EP-A-0 516 565) which may
be regarded as an amalgamation of the two cases cited
above, the mechanical oscillations pass through a thin
layer of the liquid towards a perforate membrane that
otherwise retains the liquid. In EP-A-0 516 565 there is
no teaching of any advantages or disadvantages for
particular geometrical forms of perforation.

In yet other instances (e.g. GB-A-2 263 076, US-A-
4 605 167 and EP-A-0 432 992) the source of mechan-
ical oscillations is mechanically coupled to a perforate
membrane that otherwise retains the liquid. The action
of the oscillations causes the liquid to be ejected as
droplets through the perforations of the membrane. In
these cases, it again has been found advantageous to
make the perforations decrease in size from the 'rear’
face towards the 'front, droplet-emitting, face of the
membrane.

The devices above can be classified into two types:

Spray devices of the first general type, for example
as disclosed in US-A-3 738 574 and EP-A-0 516
565, transmit the vibration through the liquid to the
liquid surface from which the spray is produced, but
they describe no geometrical features at that sur-
face which influence droplet size. They either have
no perforate membrane to retain the liquid in the
absence of oscillation (as in US-A-3 378 574) or
they do possess a perforate membrane, but the per-
forations do not influence droplet size (as in EP-A-0
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516 565, eg column 6, line 21).

Spray devices of the second general type, for
example as disclosed in US-A-4 605 167, US-A-4
533 082, EP-A-0 432 992 and GB-A-2 263 076,
have a perforate membrane bounding or defining
the liquid surface at which droplets are produced
and the membrane perforations do have an influ-
ence upon droplet size. In these cases the present
inventors have observed that a substantially cylin-
drical fluid jet emerges from the 'small-orifice’ open-
ing in the front face of the membrane and that this
jet oscillates towards and away from the membrane
once per cycle of vibration. When the excitation is
sufficiently strong the end portion of the jet breaks
off to form a free droplet. This behaviour is repre-
sented in Figure 1. In both cases, the droplet diam-
eter typically lies in the range 1.5 to 2 times the
diameter of the small-orifice opening in the 'front’
face of the membrane. This relationship is also well
known in ink jet printing, and has been found in
many studies of the instability of liquid jets. The
benefit to spray production of having orifices that
reduce in size towards the 'front’ face is common to
all these devices and is also known from ink jet
technology. See, for example, US-A-3 683 212.

The first type of device is relatively inefficient in use
of electrical input energy to its (piezoelectric) vibration
actuator. For example a practical device of the type
described in US-A-3 378 574 may atomise 2.5 microli-
tres of water for 1 joule of input energy. The improve-
ment of EP-A-0 516 565 is claimed to allow about 10
microlitres to be so atomised with 1 joule, but limits lig-
uid feed to capillary action requiring a membrane care-
fully separated from the actuator and a relatively
complex construction. Neither provides an apparatus in
which the membrane perforations have a substantial
influence on droplet size. Further, in delivery of suspen-
sion-drugs and in other applications the constraint of
EP-A-0 516 565 to capillary feed and the absence of
function of the perforations to define or to influence the
droplet size can be disadvantageous. It is generally
desirable to be free to select from a wide variety of liquid
feed methods to achieve the most appropriate method
for the application. For example, for sprays of pharma-
ceuticals it is desirable to provide a metered dose of lig-
uid to the atomiser and to avoid 'hang-up’ i.e. residual
drug liquid left on the atomiser that could aid contamina-
tion of subsequent dose deliveries. For other, larger,
suspensates, for example antiperspirant suspensions,
the limited range of capillary-gaps could lead to block-
age of the capillary feed. It is also helpful for the droplet
size to be determined or at least influenced by physical
features of the apparatus, so that by maintaining manu-
facturing quality of the apparatus, repeatability of drop-
let size can be assisted.

Devices of the second type with perforations nar-
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rowing in the direction in which droplets are ejected
generally have larger ratio of droplet size larger than ori-
fice exit diameter. This makes it difficult for such devices
to atomise suspensions into droplets unless the solids
particle size is markedly smaller than the desired drop-
let diameter.

Secondly, devices of the second type are also
poorly adapted to creation of sprays with very small
droplet size. For example, it is desirable to create sprays
of suspensions or of solutions of pharmaceutical drugs
in a form suitable for inhalation by patients. Typically, for
pulmonary delivery of asthmatic drugs, sprays with
mean droplet size in the region of 6um are desirable to
allow ‘targeting’ of the drug delivery to the optimum
region within the pulmonary tract. With devices of the
second type this may require perforations with exit
diameter in the region of 3um to 4um. Membranes of
such small perforation size are difficult and expensive to
manufacture and may not have good repeatability of
perforation size, droplet diameter and therefore of such
‘targeting’. In addition, such suspension drug formula-
tions are often most readily produced with mean solids
size around 2um. With such small orifices and with such
solids particle sizes, blockage or poor delivery can
occur.

Thirdly, even for large droplet sizes, the flow of sol-
ids carried in liquid suspension into a narrowing perfora-
tion can induce blocking, particularly when the solids
size is comparable with the size of the channel. As one
example the relatively large diameter of the perforation
at the rear face of the membrane admits particles too
large to be able to pass through the relatively small per-
foration diameter at the front face. As a second exam-
ple, the narrowing of the perforation may and in general
will bring two or more solid particles into contact both
with each other and with the sidewalls of the perforation.
These may then be unable to continue forward motion
and so induce blocking.

Objects of the present invention include the provi-
sion of a form of spray device that is of low cost, of sim-
ple construction or which is capable of operation with a
wide range of liquids, liquid suspensions and liquid feed
means.

According to a first aspect of the present invention
there is provided a liquid droplet spray device compris-

ing:

a perforate membrane;

an actuator, for vibrating the membrane; and
means for supplying liquid to a surface of the mem-
brane,

characterised in that perforations in the membrane have
a reverse taper, namely a larger cross-sectional area at
that face of the membrane away from which liquid drop-
lets emerge than at the opposite face of the membrane.
Throughout this specification, the term 'membrane’
includes the term ‘plate’.
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The actuator may be a piezoelectric actuator
adapted to operate in the bending mode. Preferably the
thickness of that actuator is substantially smaller than at
least one other dimension.

Preferably, means are provided to create a pres-
sure difference such that the pressure exerted by the
ambient gas either directly or indirectly on the droplet-
emergent surface of the membrane equals or exceeds
the pressure of liquid contacting the opposite mem-
brane surface, but which pressure difference is not sub-
stantially greater than that pressure at which gas
passes through the perforations of the membrane into
said liquid. The pressure exerted by said ambient gas
may be indirectly exerted, for example, when it acts on
a liquid film that itself is formed upon that face of the
membrane. The liquid supply means or the effect of
operation of the device itself to expel droplets of liquid
from a closed reservoir or some other means may be
used to create this pressure difference.

Preferably, the device includes a pressure bias
means providing a lower pressure in the liquid opposing
the passage of the liquid through the perforations.

Advantageously, the perforations, on that face of
the membrane away from which liquid droplets emerge,
are not touching.

The means for supplying liquid to a surface of the
membrane preferably comprises a capillary feed mech-
anism or a bubble-generator feed mechanism.

The device may include both normally tapered and
reverse tapered perforations. The normally tapered per-
forations are the preferably disposed around the outside
of the reverse tapered perforations. The means for sup-
plying liquid to a surface of the membrane may be
adapted to supply said liquid to the face of said mem-
brane away from which liquid droplets emerge.

According to a further aspect of the invention, there
is provided a method of atomising a liquid in which a lig-
uid is caused to pass through tapered perforations in a
vibrating membrane in the direction from that side of the
membrane at which the perforations have a smaller
cross-sectional area to that side of the membrane at
which the perforations have a larger cross-sectional
area.

It is believed by the inventors that apparatus
according to the present invention operates by means of
exciting capillary waves in the liquid to be atomised.
Their understanding of such capillary-wave atomisation
is given below.

Hereinafter, in the text and claims, perforations
which have larger area at the rear face than at the front,
droplet-emergent, face will be referred to as 'normally
tapered' and perforations which have smaller area at the
rear face than at the front face will be referred to as
‘reverse tapered'. We correspondingly define 'reverse-
tapered' and 'normally-tapered’ membranes.

The actuator, its mounting and the electronic drive
circuit for operating the actuator may, for example, take
any of the prior art forms disclosed in WO-A-93 10910,
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EP-A-0 432 992, US-A-4 533 082, US-A-4 605 167 or
other suitable forms that may be convenient. It is found
generally desirable for the actuator and drive electronics
to act cooperatively to produce such resonant vibra-
tional excitation.

One advantage of this arrangement is that simple
and low cost apparatus may be used for production of a
droplet spray of liquid suspensions wherein the ratio of
mean droplet size to mean suspensate particle size can
be reduced over prior art apparatus.

A second advantage of this arrangement is that lig-
uid and liquid suspension sprays of small droplet diam-
eter suitable for pulmonary inhalation can be produced,
using membranes that are easier to manufacture and
which have reduced likelihood in use of blockage of the
perforations.

A third advantage of this arrangement is that rela-
tively low-velocity liquid sprays suitable for uniform coat-
ing of surfaces can be produced.

Preferred embodiments of the invention will now be
described by way of example only and with reference to
the accompanying drawings, in which:

Figures 1 are schematic sections of prior art appa-
ratus showing, in sequence, successive stages of
the ejection of a liquid droplet from perforations
which are smaller in area at the front of the mem-
brane (from which droplets emerge) than at the rear
of the membrane;

Figure 2 shows, in section, a preferred droplet dis-
pensation apparatus;

Figures 3 illustrate, in section, preferred forms of
perforate membrane for the apparatus of figure 2;
Figures 4 are plan and sectional views of a pre-
ferred embodiment of an atomising head;

Figures 5 show schematic sections of alternative
fluid pressure control devices that can be used with
an atomising head to form droplet dispensation
devices according to the invention;

Figures 6 show methods of droplet generation as
understood by the inventors;

Figure 7 is a schematic section of a second droplet
dispensation apparatus; and

Figure 8 illustrates, in section, an alternative mem-
brane structure (for the apparatus of figure 7); and
Figure 9 schematically illustrates in section, droplet
ejection from both 'normally’ tapered and 'reverse'
tapered perforations.

Figure 1 shows a membrane 61 having 'normally’
tapered perforations and in vibratory motion shown by
arrow 58 (in a direction substantially perpendicular to
the plane of the membrane) against a liquid body 2 con-
tacting its rear face. Figures 1ato 1¢ show, in sequence
during one cycle of vibratory motion, the understood
evolution of the liquid meniscus 62 to create a substan-
tially cylindrical jet of fluid 63 from the tapered perfora-
tions and the subsequent formation of a free droplet 64.
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Figure 2 shows a droplet dispensing apparatus 1
comprising an enclosure 3 directly feeding liquid 2 to the
rear face 52 of a perforate membrane 5 and a vibration
means or actuator 7, shown by way of example as an
annular electroacoustic disc and substrate and operable
by an electronic circuit 8. The circuit 8 derives electrical
power from a power supply 9 to vibrate the perforate
membrane 5 substantially perpendicular to the plane of
the membrane, so producing droplets of liquid emerging
away from the front face 51 of the perforate membrane.
Perforate membrane 5 and actuator 7 in combination
are hereinafter referred to as aerosol head 40.

The aerosol head 40 is held captured in a manner
that does not unduly restrict its vibratory motion, for
example by a grooved annular mounting formed of a
soft silicone rubber (not shown). Liquid storage and
delivery to rear face 52 are effected, for example, by an
enclosure 3 as shown in Figure 2.

Figure 3a shows cross-sectional detail of a first
example perforate membrane 5, which is operable to
vibrate substantially in the direction of arrow 58 and
which is suitable for use with droplet dispensing appara-
tus 1 to produce fine aerosol sprays. In one embodiment
the membrane 5 comprises a circular layer of polymer
which contains a plurality of tapered conical perforations
50. Each perforation 50 has openings 53 in the front exit
face and openings 54 in the rear entry face, which per-
forations are laid out in a square lattice. Such perfora-
tions may be introduced into polymer membranes by, for
example, laser-drilling with an excimer laser.

Figure 3b shows cross-sectional detail of a second
example perforate membrane 205 according to the
invention, which membrane is operable to vibrate sub-
stantially and suitable for use with droplet dispensing
apparatus 1 in the direction of arrow 58. The membrane
is formed as a circular disc of diameter 8mm from elec-
troformed nickel, and is manufactured, for example, by
Stork Veco of Eerbeek, The Netherlands. Its thickness
is 70 microns and is formed with a plurality of perfora-
tions shown at 2050 which, at 'front’ face 2051, are of
diameter shown at "a" of 120 microns and at rear’ face
2052 are of diameter shown at "b" of 30 microns. The
perforations are laid out in an equilateral triangular lat-
tice of pitch 170um. The profile of the perforations var-
ies smoothly between the front and rear face diameters
through the membrane thickness with substantially flat
land' regions (shown at "c") of smallest dimension
50um in front face 2051.

Membranes with similar geometrical forms to those
described with reference to Figures 3a,3b, fabricated in
alternative materials such as glass or silicon, may also
be used.

Figure 4 shows a plan and a sectional view through
one appropriate form of the aerosol head 40. This aero-
sol head consists of an electroacoustical disc 70 com-
prising an annulus 71 of nickel-iron alloy known as
'Invar’ to which a piezoelectric ceramic annulus 72 and
the circular perforate membrane 5 are bonded. The per-
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forate membrane is as described with reference to Fig-
ure 3b. The nickel-iron annulus has outside diameter
20mm, thickness 0.2mm and contains a central concen-
tric hole 73 of diameter 4.5mm. The piezoelectric
ceramic is of type P51 from Hoechst CeramTec of Lauf,
Germany and has outside diameter 16mm, internal
diameter 10mm and thickness 0.25mm. The upper sur-
face 74 of the ceramic has two electrodes: a drive elec-
trode 75 and an optional sense electrode 76. The sense
electrode 76 consists of a 1.5mm wide metallisation
that, in this example, extends radially substantially from
the inner to the outer diameter. The drive electrode 75
extends over the rest of the surface and is electrically
insulated from the sense electrode by a 0.5mm air gap.
Electrical contacts are made by soldered connections to
fine wires not shown.

In operation, the drive electrode 75 is driven using
the electronic circuit 8 by a sinusoidal or square-wave
signal at a frequency typically in the range 100 to
300kHz with an amplitude of approximately 30V to pro-
duce a droplet spray emerging away from the front face
51 of the perforate membrane wherein the mean droplet
size is typically in the region of 10 microns. The actuator
head will in general have vibrational resonances at
whose frequencies droplets are produced effectively. At
such resonances the signal from the sense electrode 76
has a local maximum at that frequency. The drive circuit
may be open-loop, not using the feedback signal from
electrode 76, or may be closed-loop using that feed-
back. In each case the electronic drive circuit can be
responsive to the changing electrical behaviour of the
actuator head at resonance so that actuator head and
drive circuit cooperate to maintain resonant vibration of
the actuator head. Closed-loop forms, for example, can
ensure that the piezo actuator maintains resonant vibra-
tion by maintaining a phase angle between the drive
and feedback or sense electrodes that is predetermined
to give maximal delivery.

Figure 5a shows in sectional view, a fluid feed com-
prising a conduit formed of an open-celled capillary
foam. Such a capillary feed may be used to provide lig-
uid pressure control. (The advantage of pressure con-
trol is described below.) By the action of vent 83 and
capillary 81 liquid is contained within capillary 81 at a
pressure below that of the surrounding atmosphere.
The pore size in the capillary foam can be used to con-
trol the value of this pressure. Surrounding capillary 81
is a robust external housing 82. This arrangement is
particularly useful for spray delivery of dangerous, eg
toxic, liquids whilst reducing the danger of other means
of liquid loss. The capillary action of material 81 has an
action to contain the liquid so that liquid escape is
reduced or minimised even if damage to the external
housing 82 occurs. Applications of this benefit are to
retain pharmaceutical or medicinal liquids or flammable
liquids.

Figure 5b shows in sectional view, a so-called 'bub-
ble generator’ device known from the writing instrument
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art that may also be used to provide liquid pressure con-
trol. The action of dispensing liquid from the perfora-
tions in the membrane causes the pressure in the
reservoir 90 and therefore of the liquid 91 contacting the
membrane to decrease below atmospheric pressure.
When the pressure is low enough for air to be sucked in
against the liquid meniscus pressure through either the
membrane perforations or, alternatively through an aux-
iliary opening (or openings) 92, air is ingested as bub-
bles until the reservoir pressure rises sufficiently for the
liquid meniscus to withstand the pressure differential. In
this way the liquid pressure is regulated at a value below
the ambient pressure. (Opening 92 is generally selected
to be small enough that liquid does not easily leak out of
the enclosure.) Both these methods of pressure control,
within the pressure range cited above, have been found
capable to enhance spray delivery from the atomising
head 40 and it is to be understood that other methods
may also be suitable within this invention.

Below follows a description (in relation to figures 6a
to 6g) of methods of operation of the invention. Also
described are the droplet generation mechanisms pro-
vided by the invention as they are presently perceived
by the inventors. These mechanisms are not fully
proven nor are they to be understood to be limiting of
this invention:

When the pressure difference applied to the liquid
is closely zero (ie the pressure of the liquid at the atom-
ising head is closely equal to the pressure on the front
face of the perforate membrane) then liquid 2 contacts
the membrane with menisci 65 attached at rear face 52
of membrane 5 as shown in Figure 6a. It is observed
that, responsively to vibrational excitation 58 of that
membrane liquid flows towards the front face 51 of
membrane 5, as shown in an intermediate position in
Figure 6b.

Most commonly, with a pressure difference small
compared to that needed for air to be drawn in against
the liquid meniscus pressure through the membrane
perforations when the membrane is not vibrated, the
materials of the membrane and the cross-sectional pro-
file of the perforations allow liquid 2 to flow out on to
front face 51 of the membrane as a thin film as shown in
Figure 6¢. On that face the vibration of membrane 5 can
excite capillary waves in the surface of the liquid menis-
cus 67, as shown in Figure 6d. This has been found to
occur, for example when using polymer material for the
membrane 5 in the aerosol head described according to
Figure 3a. The location of these waves is not con-
strained by the sidewalls of the perforations 50 or their
intersection with the front face 51 that bound the open-
ings 53. If the vibrational amplitude of the liquid menis-
cus 67 is large enough, droplets will be emitted, typically
with a droplet diameter approximately one third of the
capillary wavelength (see for example Rozenberg -
Principles of Ultrasonic Technology). The perforate form
enables effective replenishment of liquid lost as droplets
from meniscus 67.
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The membrane form enables efficient vibrational
excitation.

Preferably face 51 is not completely filled with per-
forations, but the liquid is free to spread out over an area
of face 51 larger than the perforation area. This feature
allows a balance to be achieved between the rate of flow
responsive to vibration 58 (through perforations 50) and
the rate at which liquid is sprayed as droplets from cap-
illary waves in meniscus 67. This balance may, alterna-
tively or in combination with the above method, be
achieved by use of a pressure differential (opposing the
flow through perforations responsively to vibration)
small enough that a thin film still forms on face 51. By
means of this balance, the flow of excessive liquid onto
front face 51, which can inhibit the formation of a droplet
spray, is prevented.

The pressure differential opposing flow through
perforations 50 may alternatively be selected so that
bulk liquid does not flow onto front face 51 of the mem-
brane 5 but has menisci 66 that contact the membrane
5 at or between the front 51 and rear 52 faces of the
membrane, as shown in Figure 6e. In this event the
vibration of the membrane can excite vibration in each
of the liquid menisci 66 as shown in Figure 6e. (Typically
this requires a pressure differential comparable to, but
not larger than that needed for air to be drawn in through
the perforations against the maximum liquid meniscus
pressure in the perforations when the membrane is not
vibrated.) The coupling of the vibration of the membrane
into the liquid is particularly efficient in this case since
the geometry of the perforations complements the
geometry of the fluid menisci. The induced excitation of
the liquid menisci takes the form of capillary waves.
Preferably an integer number of such capillary waves fit'
within the perforations. In this way the geometry of the
perforations is a good match to that of the menisci when
excited with capillary waves and those waves are cre-
ated efficiently. Again droplet ejection is observed with
appropriate frequency and amplitude of vibration.

In Figures 6f and 6g are shown special cases
according to Figure 6e in which the pressure differential
is selected so that the meniscus of liquid is retained
either at or in the vicinity of the intersection of the perfo-
rations 50 with the rear face 52 (Figure 6f) or with the
front face 51 (Figure 6g) of the perforate membrane;
whilst capillary waves are formed in that meniscus
through the action of vibration 58. Again, this enables
efficient vibrational excitation of the meniscus and if the
amplitude and frequency of vibration 58 are appropri-
ate, the droplets of liquid are ejected. It is found that a
value of pressure differential between zero and that
pressure necessary to draw air (or other ambient gas) in
through the membrane perforations against the action
of the surface tension of the liquid contacting those per-
forations acts to improve the effectiveness of droplet
generation.

In the cases shown in figures 6e, 6f and 6g, conven-
iently, only a single capillary-wave (i.e. one capillary
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wavelength) fits within the diameter of the perforation
between openings 53 and 54 although, if desired,
higher-frequency excitation may be employed so that
more than one such capillary-wave so fits. This can be
expressed by requiring the following relation approxi-
mately to hold at the frequency of vibrational excitation:

® =nh,

where:

D= the diameter of the tapered perforation at some
point between the front and the rear face of the
membrane

n= an integer

A= the wavelength of capillary waves in the liquid

The relationship between the wavelength A of cap-
illary waves and the excitation frequency, f, is given by:

¢

Ao 2 8nclp

where: o =fluid surface tension (at frequency f)
p = fluid density.

We find that this relation also holds approximately
in the case of capillary waves bounded by the perfora-
tions as described above. Therefore, for tapered perfo-
ration of diameter @ as defined above, it is desirable that
the apparatus is designed and operated such that:

3
fzq)s - 8non
P

Corresponding to the approximate nature of the
relation @ = n); noted above, operation is found to be
satisfactory when this relation holds in this range

3
smon_ 42

3
<f (1)3 < 12non

In devices where it is advantageous to ensure that
only a particular number p, of capillary waves can form
within a tapered perforation, the ratio of the large diam-
eter of the perforation (shown at 53) to the small diame-
ter of the perforation should lie in the range 1 to (p+1)/p.
This is most effective for small integer values of p.

Since capillary-wave droplets have diameter
approximately one-third of the capillary wavelength, 2,
apparatus according to the present invention allows
droplets to be produced whose diameter is approxi-
mately one-third or less of diameter of the exit openings
53. (When the liquid meniscus is maintained at or close
to openings 54 in rear face 52 of the membrane, appa-
ratus according to the present invention allows droplets
to be produced whose diameter is approximately one-
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third or less of the diameter of the smaller openings 54.
Unlike prior art devices, the dimensions of the perfora-
tions then have an influence upon the droplet size and
can therefore advantageously be selected to assist in
the creation of droplets of the desired diameter.) The
apparatus is especially useful for producing small drop-
lets, as required for example in pulmonary drug delivery
applications.

Droplet generation occurs according to the appara-
tus and methods described with regard to Figures 6e, 6f
and 6g when using a perforate membrane described
with reference to Figure 3b, an atomising head
described with reference to Figure 4 and a bubble gen-
erator described with reference to Figure 5b. When
spraying water from such a device optimum spraying
commenced at a pressure differential (opposing fluid
flow out onto the front face of the membrane) of -
30mbar. As the pressure differential increased, spray
flow rate and efficiency improved up to a pressure differ-
ential of -76mbar. At that pressure the perforate mem-
brane acted as bubble generator and optimum spraying
was achieved. This behaviour is typical. Bubble genera-
tor, capillary feeds and other means for providing a
pressure differential opposing flow therefore give partic-
ular advantage for the present invention. Spray opera-
tion for this device was achieved with sinusoidal
excitation of 30V amplitude at frequencies of 115, 137,
204 and 262kHz with corresponding calculated capillary
wavelengths in the range 51um to 30um. The latter
wavelength corresponds to the minimum opening
dimension of the perforations and produces droplets of
approximate size 10p microns. This device is the best
embodiment of the invention known to the inventors for
producing droplets in the region of 10 microns.

In these various embodiments, the use of reverse-
tapered' perforations in the present invention helps to
prevent blockage when atomising liquid suspensions:
firstly, unlike prior art devices, the perforations do not
admit solids particles that cannot pass completely
through the membrane (but are agitated by the mem-
brane vibration so not to permanently obscure the per-
foration); secondly two or more solids particles are not
induced to come into contact both with each other and
with the sidewalls of the perforations and so block the
perforation; thirdly to produce a given droplet size rela-
tively large perforations can be used and so pass rela-
tively large solids particles in liquid suspension without
blockage. Apparatus according to this invention further
enables relative ease of membrane manufacturing
when small droplets, such as those desired for pulmo-
nary drug delivery, as required.

There is also distinction between the relative drop-
let emission frequencies of the present apparatus and
prior art apparatus of similar perforation size. For exam-
ple, with minimum perforation diameters of 15um, prior
art apparatus generally is found to operate to eject drop-
lets at frequencies in the region of 40kHz. With the
present apparatus, droplet ejection typically occurs in
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the region 400-700kHz.

Further distinction from prior art apparatus is seen
from the actions of the negative liquid bias pressure
referred to above. With the prior art devices, eg as
shown in Figure 1, it is known to use negative bias pres-
sures, especially to prevent wetting of the front face of
the membrane. However, such bias does not provide for
the meniscus to be withdrawn to a new equilibrium posi-
tion within the perforation - with prior art devices as
soon as the bias pressure is sufficient to detach the
edge of the meniscus from the intersection of the perfo-
rations with the front face of the membrane, the menis-
cus pulls completely away from the perforation and
spray operation is prevented. With the present inven-
tion, the pressure difference either is selected still to
allow a wetted front face of the membrane or, (in the
case where that pressure difference is sufficient to pull
the fluid meniscus back within the tapered perforations)
enables the fluid meniscus to reach a new equilibrium
position within the tapered perforation and thereby
maintain stable droplet emission. The latter is believed
also enables combinations of bias pressure and fre-
quency to be established at which an integer number of
capillary wavelengths 'fit' within the perforation and effi-
ciently eject droplets.

Figure 7 shows a second droplet dispensing appa-
ratus 101 with an alternative liquid feed. The liquid feed
includes feed pipe 103, and annular plate 102 acting
together with face 1051 of membrane 105 to provide a
capillary liquid channel to holes 1060 in membrane 105.
Membrane 105 is coupled to a vibration means or actu-
ator 107. Actuator 107 is coupled to sealing support and
mount 108, electronic circuit 8 and thence to power sup-
ply 9. Feed pipe 103 may be mounted relative to sealing
support 108; this is not shown. Circuit 8 and power sup-
ply 9 may for example be similar to that shown in the first
example apparatus. Vibration of the perforate mem-
brane 105 substantially perpendicular to the plane of
the membrane in the direction of arrow 58 produces
droplets of liquid 1010 from the front face 1051 of the
membrane. Perforate membrane 105 and actuator 107
in combination are hereinafter referred to as aerosol
head 1040.

Figure 8 shows cross-sectional detail of liquid in
contact with the perforate membrane 105. The mem-
brane 105 comprises a layer of polymer which contains
a plurality each of normally-tapered and reverse-
tapered conical perforations shown at 1060 and 1050.
The reverse-tapered perforations 1050 are positioned to
be free of liquid on the front face of the membrane. The
normally-tapered perforations 1060 are positioned to
receive liquid from the front face of the membrane and
may, for example, conveniently be laid out peripherally
around the reverse-tapered perforations 1050.

In this second droplet dispensation apparatus the
droplet generation mechanisms described above for the
first example apparatus may be employed. The pres-
ence of holes of type 1060 however enables a variety of
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liquid feeds to the front of the membrane 5 to be
employed. Liquid feed is to holes of type 1060 in the
front face of the membrane. Conveniently one liquid
delivery means may be capillary feed means compris-
ing annular plate 102 acting together with face 1051 of
membrane 105. In use, this second example droplet dis-
pensation apparatus acts to transmit liquid through
holes type 1060 to the rear face 1052 of membrane 105
and so by liquid wetting action maintains holes type
1050 in the rear face 1052 of said membrane in contact
with the liquid, enabling droplet dispensation from the
front face of holes 1050 in a manner similar to that of the
first example droplet dispensation apparatus. Other
details follow those for the first droplet dispensation
apparatus described above.

Figure 9 illustrates a second use of membranes in
which the perforations are both 'normally’ and reverse’
tapered. This allows the combination in a single device
of both the conventional mechanism of droplet genera-
tion shown as understood in Figure 1 and Figure 6. The
‘forward’ and the 'reverse’ tapered perforations may be
of roughly similar sizes or of differing sizes. Accordingly,
such devices are capable of creating droplets by one
mechanism at one operating frequency and by the other
mechanism at another frequency. Similarly, such
devices are capable to create droplets 1011 of relatively
large size from normally tapered perforations 1060 by
one mechanism and droplets 1010 of relatively small
size from 'reverse’ tapered perforations 1050 by the
other mechanism. Further, it is possible to create sprays
of relatively high velocity by one mechanism and of rel-
atively small velocity by the other mechanism. Other
combinations of droplet size, operating frequency and
droplet velocity will be apparent. Finally the droplet pro-
duction mechanism of the 'normally’ tapered perfora-
tions 1060 can also, for example in a bubble-generator
enclosure design as described above, be used to create
a negative pressure bias for improved droplet genera-
tion from the 'reverse’ tapered regions of the membrane.

The best conditions and details of the atomising
head of that apparatus currently known to the inventors
have been described with reference to Figures 3b, 4, 5b
and 6e to 6g above.

Notwithstanding the drawings, it is to be understood
that devices according to the present invention may be
operated in a range of orientations, spraying down-
wards, sidewards or upwards.

Claims
1. Aliquid droplet spray device comprising:

a perforate membrane (5; 105; 205);
an actuator (7; 107), for vibrating the mem-
brane; and
means (3; 103) for supplying liquid to a surface
of the membrane,

characterised in that
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10.

11.

12

14

perforations (50; 1050; 2050) in the membrane
have a reverse taper, namely a larger cross-
sectional area at that face of the membrane
away from which liquid droplets emerge than at
the opposite face of the membrane, from which
opposite face liquid flows in use to replace that
in the emerging droplet spray.

A device according to claim 1, further including a
pressure bias means (81; 90-92) providing reduced
pressure in the liquid contacting that face of the
membrane which is opposite to the face away from
which the liquid droplets emerge.

A device according to claim 2, wherein the reduced
pressure lies in the range zero to that pressure at
which air is drawn through the perforations of the
membrane contacted by fluid.

A device according to any of claims 1 to 3, wherein
the perforations, on that face of the membrane
away from which liquid droplets emerge, are not
touching.

A device according to any of claims 1 to 4, wherein
the actuator (7; 107) is a piezoelectric actuator.

A device according to claim 5, wherein the piezoe-
lectric actuator is adapted to operate in the bending
mode.

A device according to any of claims 1 to 6, wherein
the means for supplying liquid to a surface of the
membrane comprises a capillary feed mechanism
(81).

A device according to any of claims 1 to 6, wherein
the means for supplying liquid to a surface of the
membrane comprises a bubble-generator feed
mechanism (90-93).

A device according to any of claims 1 to 8, wherein
all the perforations have a reverse taper.

A device according to any of claims 1 to 8, wherein
the membrane further includes normally tapered
perforations (1060).

A device according to claim 10, wherein the nor-
mally tapered perforations (1060) are disclosed
around the outside of the reverse tapered perfora-
tions (1050).

A device according to claim 10 or claim 11, wherein
the means for supplying liquid to a surface of the
membrane is adapted to supply said liquid to the
face of said membrane away from which liquid
droplets emerge.
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21.
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A device according to any of claims 1 to 11, wherein
the means for supplying liquid to a surface of the
membrane is adapted to supply said liquid to the
face of said membrane opposite to the face away
from which liquid droplets emerge.

A device according to any of claims 1 to 13, wherein
the actuator is arranged to vibrate said membrane
such that the following relation is satisfied:

3
12non 2.3

3
> D" > Smon_

where:

D= the diameter of the tapered perforation at
some point between the front and the rear
face of the membrane

= an integer

Ac= the wavelength of capillary waves in the lig-
uid

o= fluid surface tension (at frequency f)

p= fluid density.

A device according to any of claims 1 to 14, wherein
the actuator is arranged to vibrate said membrane
in a frequency range of 20kHz to 7MHz.

A method of atomising a liquid in which a liquid is
caused to pass through tapered perforations in a
vibrating membrane in the direction from that side
of the membrane at which the perforations have a
smaller cross-sectional area to that side of the
membrane at which the perforations have a larger
cross-sectional area.

A method according to claim 16, wherein a pres-
sure bias is provided in the liquid opposing the pas-
sage of the liquid through the perforations.

A method according to claim 17, wherein the pres-
sure bias lies in the range zero to that pressure at
which air is drawn through the perforations of the
membrane contacted by fluid.

A method according to claim 16, wherein the actua-
tor is a piezoelectric actuator and is caused to oper-
ate in the bending mode.

A method according to any of claims 16 to 19,
wherein the liquid is supplied to a surface of the
membrane through a capillary feed mechanism.

A method according to any of claims 16 to 19,
wherein the liquid is supplied to a surface of the
membrane through a bubble-generator feed mech-
anism.
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22,

23.

24,

25.

16

A method according to any of claims 16 to 21,
wherein the liquid is supplied to the face of said
membrane away from which liquid droplets emerge.

A method according to any of claims 16 to 21,
wherein the liquid is supplied to the face of said
membrane opposite that face away from which lig-
uid droplets emerge.

A method according to any of claims 16 to 23,
wherein the actuator causes said membrane to
vibrate such that the following relation is satisfied:

2.3

3
12non > 2@

3
Ston
> —

where:

the diameter of the tapered perforation at
some point between the front and the rear
face of the membrane

= an integer
A= the wavelength of capillary waves in the lig-
uid
o= fluid surface tension (at frequency f)
p= fluid density.

A method according to any of claims 16 to 24,
wherein the membrane is vibrated at a frequency in
the range of 20kHz to 7MHz.

Patentanspriiche

1.

2.

Spruhvorrichtung fur Flussigkeitstrépfchen, mit:

einer perforierten Membran (5; 105; 205);
einer Betatigungseinrichtung (7; 107), um die
Membran schwingen zu lassen; und
Mitteln (3, 103) zum Zufihren von Fllssigkeit
zu einer Oberflache der Membran,

dadurch gekennzeichnet daB,
Perforierungen (50; 1050; 2050) in der Mem-
bran eine umgekehrte Verjiingung aufweisen,
namlich eine groBere Querschnittsflache an
der Stirnflache der Membran, aus der die Flus-
sigkeitstrépfchen austreten, als an der gegen-
Uberliegenden Stirnfliche der Membran, aus
der die Flussigkeit im Gebrauch flieBt, um die
zu ersetzen, die im Tropfchensprihnebel aus-
tritt.

Vorrichtung nach Anspruch 1, ferner mit einer
Druck-Vorbelastungseinrichtung (81; 90-92), die far
einen verringerten Druck in der Flissigkeit sorgt,
die die Stirnflache der Membran berihrt, welche
der Stirnflaiche entgegengesetzt ist, aus der die
Flussigkeitstrépfchen austreten.
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Vorrichtung nach Anspruch 2, worin der verwen-
dete Druck im Bereich von Null bis zu dem Druck
liegt, bei dem Luft durch die Perforierungen der
Membran gesaugt wird, die von der Flissigkeit
berahrt sind.

Vorrichtung nach irgendeinem der Anspriiche 1 bis
3, worin die Perforierungen an der Stirnflache der
Membran, aus der die Flussigkeitstropfchen austre-
ten, einander nicht berthren.

Vorrichtung nach irgendeinem der Anspriiche 1 bis
4, worin die Betatigungseinrichtung (7; 107) eine
piezoelektrische Betatigungseinrichtung ist.

Vorrichtung nach Anspruch 5, worin die piezoelek-
trische Betéatigungseinrichtung dazu eingerichtet
ist, im Biegebetrieb zu arbeiten.

Vorrichtung irgendeinem der Anspriche 1 bis 6,
worin die Mittel zum Zuflhren von Flussigkeit zu
einer Oberflaiche der Membran einen Kapillar-
Zufihrmechanismus (81) umfassen.

Vorrichtung nach irgendeinem der Anspriiche 1 bis
6, worin die Mittel zum Zufthren von Flissigkeit zu
einer Oberflache der Membran einen Blasengene-
rator-Einspeisungsmechanismus (90-93) umfas-
sen.

Vorrichtung nach irgendeinem der Anspriiche 1 bis
8, worin alle Perforierungen eine umgekehrte Ver-
jingung aufweisen.

Vorrichtung nach irgendeinem der Anspriiche 1 bis
8, worin die Membran ferner normal verjingte Per-
forierungen (1060) aufweist.

Vorrichtung nach Anspruch 10, worin die normal
verjingten Perforierungen (1060) rund um die
AuBenseite der umgekehrt verjingten Perforierun-
gen (1050) angeordnet sind.

Vorrichtung nach Anspruch 10 oder Anspruch 11,
worin die Mittel zum Zuflhren von Flussigkeit zu
einer Oberflaiche der Membran dazu eingerichtet
sind, die genannte Fliissigkeit zu der Stirnflache
der genannten Membran zuzufihren, aus der die
Flussigkeitstrépfchen austreten.

Vorrichtung nach irgendeinem der Anspriiche 1 bis
11, worin die Mittel zum Zufihren von Flissigkeit
zu einer Oberflache der Membran dazu eingerichtet
sind, die genannte Flussigkeit zur Stirnflache der
Membran zuzufihren, die der Flache entgegenge-
setzt ist, aus der die FlUssigkeitstropfchen austre-
ten.
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18.

19.

20.
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Vorrichtung nach irgendeinem der Anspriiche 1 bis
13, worin die Betatigungseinrichtung dazu einge-
richtet ist, die genannte Membran so schwingen zu
lassen, daB der folgenden Zuordnung geniigt ist:

3 3
120 n 3>51r,crn

2
< f-®-

worin:

D= der Durchmesser der verjingten Perforie-
rung an irgendeinem Punkt zwischen der
vorderen und der rlckwaértigen Stirnflache
der Membran

n= eine ganze Zahl

Ag = Wellenlange der Kapillarwellen in der

B Flussigkeit

o= Flussigkeitsoberflachenspannung (bei der
Frequenz f)

p= Flussigkeitsdichte.

Vorrichtung nach irgendeinem der Anspriiche 1 bis
14, worin die Betatigungseinrichtung dazu einge-
richtet ist, die genannte Membran in einem Fre-
quenzbereich von 20kHz bis 7MHz schwingen zu
lassen.

Verfahren zum Zerstduben einer FlUssigkeit, bei
dem eine Flussigkeit veranlaBt wird, durch ver-
jungte Perforierungen in einer schwingenden Mem-
bran in der Richtung von der Seite der Membran,
an der die Perforierungen eine kleinere Quer-
schnittsflache aufweisen, zu der Seite der Mem-
bran hindurchzutreten, an der die Perforierungen
eine gréBere Querschnittsflache haben.

Verfahren nach Anspruch 16, worin eine Druck-Vor-
belastung der Flissigkeit vorgesehen ist, die dem
Durchtritt der Flussigkeit durch die Perforierungen
entgegenwirkt.

Verfahren nach Anspruch 17, worin die Druck-Vor-
belastung im Bereich von Null bis zu dem Druck
liegt, bei dem Luft durch die Perforierungen der
Membran eingesaugt wird, die von der Flissigkeit
berahrt wird.

Verfahren nach Anspruch 16, worin die Betati-
gungseinrichtung eine piezoelekirische Betati-
gungseinrichtung ist und veranlaBt wird, im
Biegebetrieb zu arbeiten.

Verfahren nach irgendeinem der Anspriche 16 bis
19, worin die Flussigkeit einer Oberflache der Mem-
bran durch einen Kapillar-Zufuhrmechanismus
zugefihrt wird.
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Verfahren nach irgendeinem der Anspriiche 16 bis
19, worin die Flussigkeit einer Oberflache der Mem-
bran durch einen Blasengenerator-Zufihrmecha-
nismus zugefahrt wird.

Verfahren nach irgendeinem der Anspriiche 16 bis
21, worin die Flussigkeit der Stirnflache der Mem-
bran zugefihrt wird, aus der die Flussigkeitstropf-
chen austreten.

Verfahren nach irgendeinem der Anspriiche 16 bis
21, worin die Flussigkeit der Stirnflache der Mem-
bran zugefuhrt wird, die von der Stirnflaiche entge-
gengesetzt ist, aus der die Flissigkeitstropfchen
austreten.

Verfahren nach irgendeinem der Anspriiche 16 bis
23, worin die Betéatigungseinrichtung die genannte
Membran veranlaBt, so zu schwingen, daB der fol-
genden Zuordnung genigt wird

3
126 n 2 3

3
<f-®- > Smon_

worin:

D= der Durchmesser der verjingten Perforie-
rung an irgendeinem Punkt zwischen der
vorderen und der riickwaértigen Stirnflache
der Membran

n= eine Zahl

Ag = Wellenlange der Kapillarwellen in der

- Flussigkeit

o= Flussigkeitsoberflachenspannung (bei der
Frequenz f)

p= Flussigkeitsdichte.

Verfahren nach irgendeinem der Anspriiche 16 bis
24, worin man die Membran bei einer Frequenz im
Bereich von 20kHz bis 7MHz schwingen |aBt.

Revendications

1.

Dispositif de vaporisation de gouttelettes de liquide
comprenant:

une membrane perforée (5; 105; 205);
un actionneur (7; 107), pour faire vibrer la
membrane; et
un moyen (3, 103) pour amener du liquide a la
surface de la membrane,

caractérisé en ce que
des perforations (50; 1050; 2050) dans la
membrane ont une conicité inversée, c'est-a-
dire une surface en coupe transversale plus
grande sur la face de la membrane d'ou s'éloi-
gnent en émergeant les gouttelettes de liquide
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10.

11.
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20

que sur la face opposée de la membrane, d'ou
le liquide s'écoule pendant l'utilisation pour
remplacer celui du nuage émergeant de gout-
telettes.

Dispositif selon la revendication 1, incluant de plus
un moyen de décalage de pression (81; 90-92),
fournissant une pression réduite au liquide en con-
tact avec la face de la membrane opposée a la face
d'ou s'éloignent en émergeant les gouttelettes de
liquide.

Dispositif selon la revendication 2, dans lequel la
pression réduite est dans la gamme s'étendant
depuis une pression nulle jusqu'a la pression a
laquelle l'air est aspiré au travers des perforations
de la membrane en contact avec le fluide.

Dispositif selon I'une quelconque des revendica-
tions 1 & 3, dans lequel les perforations, sur la face
de la membrane d'ou s'éloignent en émergeant les
gouttelettes liquides, ne se touchent pas.

Dispositif selon I'une quelconque des revendica-
tions 1 & 4, dans lequel I'actionneur (7; 107) est un
actionneur piézo-électrique.

Dispositif selon la revendication 5, dans lequel
actionneur piézo-électrique est congu pour fonc-
tionner dans le mode de flexion.

Dispositif selon I'une quelconque des revendica-
tions 1 a 6, dans lequel’ le moyen pour amener du
liquide sur une surface de la membrane comprend
un mécanisme d'alimentation par capillarité (81).

Dispositif selon I'une quelconque des revendica-
tions 1 & 6, dans lequel le moyen pour amener du
liquide sur une surface de la membrane comprend
un mécanisme d'alimentation & générateur de bul-
les (90-93).

Dispositif selon I'une quelconque des revendica-
tions 1 & 8, dans lequel toutes les perforations ont
une conicité inverse.

Dispositif selon I'une quelconque des revendica-
tions 1 & 8, dans lequel la membrane comporte de
plus des perforations de conicité normale (1060).

Dispositif selon la revendication 10, dans lequel les
perforations de conicité normale (1060) sont dispo-
sées autour et a I'extérieur des perforations de
conicité inverse (1050).

Dispositif selon la revendication 10 ou 11, dans
lequel le moyen pour amener du liquide sur une
surface de la membrane est congu pour amener
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ledit liquide sur la face de ladite membrane d'ou
s'éloignent en émergeant les gouttelettes de
liquide.

Dispositif selon l'une quelconque des revendica-
tions 1 & 11, dans lequel le moyen pour amener du
liquide sur une surface de la membrane est congu
pour amener ledit liquide sur la face de ladite mem-
brane opposée a la face d'ou s'éloignent en émer-
geant les gouttelettes de liquide.

Dispositif selon l'une quelconque des revendica-
tions 1 a 13, dans lequel l'actionneur est congu
pour faire vibrer ladite membrane de sorte que la
relation suivante soit satisfaite :

12non 3/p > 1202 > 5ron 3/p
Ou:

le diamétre de la perforation conique en un
point entre la face avant et la face arriére
de la membrane

n= un nombre entier

Ag = la longueur d'onde des ondes capillaires
du liquide

tension de surface du fluide (a une fré-
quence f)

densité de fluide.

Dispositif selon l'une quelconque des revendica-
tions 1 a 14, dans lequel l'actionneur est congu
pour faire vibrer ladite membrane dans une gamme
de fréquence de 20 khz 4 7Mhz.

Procédé d'atomisation d'un liquide, dans lequel on
provoque le passage d'un liquide au travers de per-
forations coniques d'une membrane vibrante, dans
la direction allant du c6té de la membrane ou les
perforations ont une surface en coupe transversale
plus petite vers le c6té de la membrane ou les per-
forations ont une surface en coupe transversale
plus grande.

Procédé selon la revendication 16, dans lequel un
décalage de pression est appliqué au liquide,
s'opposant & son passage au travers des perfora-
tions.

Procédé selon la revendication 17, dans lequel la
pression réduite est dans la gamme s'étendant
depuis la pression nulle jusqu'a la pression a
laquelle l'air est aspiré au travers des perforations
de la membrane en contact avec le fluide.

Procédé selon la revendication 16, dans lequel
I'actionneur est un actionneur piézo-électrique que
I'on fait fonctionner dans le mode de flexion.
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Procédé selon I'une quelconque des revendications
16 & 19, dans lequel le liquide est amené sur une
surface de la membrane par un mécanisme d‘ali-
mentation par capillarité.

Procédé selon I'une quelconque des revendications
16 & 19, dans lequel le liquide est amené sur une
surface de la membrane par un mécanisme d‘ali-
mentation & générateur de bulles.

Procédé selon I'une quelconque des revendications
16 4 21, dans lequel le liquide est amené sur la sur-
face de ladite membrane d'ou s'éloignent en émer-
geant les gouttelettes de liquide.

Procédé selon I'une quelconque des revendications
16 221, dans lequel le liquide est amené sur la face
de ladite membrane opposée a la face d'ou s'éloi-
gnent en émergeant les gouttelettes de liquide.

Procédé selon I'une quelconque des revendications
16 a 23, dans lequel I'actionneur fait vibrer ladite
membrane de sorte que la relation suivante soit
satisfaite:

12ncn3/p > t2®° > 5rnon 3/p
Ou:

le diamétre de la perforation conique en un
point entre la face avant et la face arriére
de la membrane

= un nombre entier

la longueur d'onde des ondes capillaires
du liquide

tension de surface du fluide (& une fré-
quence f)

densité de fluide.

Procédé selon I'une quelconque des revendications
16 & 24, dans lequel la membrane vibre a une fré-
quence dans la gamme de fréquences allant de 20
khz & 7Mhz.
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