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METHOD AND SYSTEM FOR PRECISE DISPENSATION OF A LIQUID

BACKGROUND OF THE INVENTION

FIELD OF THE INVENTION

[0001] This invention relates in general to the controlled dispensing of small volumes of
liquid, and more particularly, to precisely metering the volume of liquid dispensed by a
ﬂuid‘microdispenser. Even more particularly, this invention relates to reproducibly

controlling sub-nanoliter liquid drop size in a fluid microdispenser.

DESCRIPTION OF THE RELATED ART

[0002] Dispensing liquid volumes of less than 1 nanoliter accurately and reproducibly in a
single drop is a ‘long-sought goal in areas as diverse as chemical screening for drug
discovery, pharmaceutical formulation, agricultural chemistry, cosmetic and food
pfocessing, and ink-jet printing. In drug discovery, for example, small quantities of
chemical substances dissolved in liquid at large concentration are distributed to a large
number of reaction wells each with a volume capacity of 1 pl, in which a biological assay
is replicated many times. These concentrates include test chemical compounds with
unknown biochemical or physiological effects in which it is desired to construct many

reactions with the same concentration of the test chemical compound in each reaction.

[0003] Precise metering is also useful in analytical chemistry to distribute small quantities
of concentrates of fluorimetric or radiometric indicator compounds used to measure the
rate and extent of a chemical, biochemical, or physiological reaction. In cell culture, it is
desired to deliver small quantities of valuable biological reagents necessary for the
survival of cells or tissue explants cultured to provide a platform for biological assays. In
large-format automated arrays of liquid dispensers in which the intrinsic drop volume is
different from dispenser to dispenser, it is desirable to adjust the drop volume delivered by
each dispenser so that all dispensers are “tuned” to deliver droplets of identical or nearly

identical volume.
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[0004] In all these applications, the crucial demand is delivery of sub-nanoliter liquid
drops in which the volume of each drop is identical (or nearly so) and can be adjusted to
the needs of the application. Many designs for dispensers have been utilized for producing
sub;nanoliter-volume drops. In many circumstances, a piezoélectric actuator is coupled to
a liquid filled tube that contains a circular orifice at one end from which liquid drops are
ej' ected. When the piezoelectric material is actuated by an electrical voltage pulse, the
biezoelectric material increases in thickness and compresses the liquid-filled tube by
decreasing its volume. This compression induces a pressure increase in the liquid that
tfavels throughout the interior of the tube to the liquid-vapor interface that spans the
orifice at the dispensing end of the tube. If the magnitude of the pressure is sufficient to
overcome the forces that limit the formation of a liquid drop, such as the interfacial
tension required to increase the area of liquid surface in contact with air, the viscous drag
of pressure-driven liquid movement, and the inertia inherent in causing a mass of liquid to
move, then a liquid drop is ejected from the orifice. Such systems are described in Pat.
Nos. 3,683,212 to Zoltan, 3,946,398 to Kyser et al, and 4,877,745 to Hayes et al, which

are hereby incorporated herein by reference in their entirety.

[0005] These methods of liquid dispensation involve several complications. Firstly, there
are several modes of drop formation. When the piezoelectric element is actuated with a
voltage pulse of low amplitude, drop formation is intermittent, in that not every actuation
pulse elicits ejection of a single drop. Identically sized pulses may elicit drops with
different volumes. With an actuation pulse of large amplitude, a large volume of liquid
may be ejected from the orifice, resulting in the formation of multiple drops for each pulse
(such as satellites). These drops may have different trajectories, resulting in the possibility
that some of the ejected liquid may miss its desired target. In between these small and
l'arge‘ actuation pulse amplitudes is a range over which each pulse elicits dispensing of a
sirigle dfép that is identical upon each actuation. As the pulse amplitude is increased or
decreased, the volume of the ejected drop is increased or decreased in proportion. This
uniform mode of dispensing is most desired when it is imperative to deliver a fixed

quantity of liquid to the same location on each actuation.

[0006] A further complication with these systems is the shape of the lumen of the fluid

reservoir. The choice of fluid reservoir lumen diameter is determined by many factors.
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These factors may include the need for a low hydraulic resistance to facilitate the
movement of system fluid and sample liquid into and out of the fluid reservoir for washing
as well as the expense and ability to create a lumen of desired uniform diameter and
smoothness. Inaddition, a larger lumen will prevent obstruction by the aggrégation of
éolid or colloidal material that may be present in the sample. The diameter of the orifice,
however, is selected on the basis of the desired drop volume, which usually scales as
volume - (diameter)’ (Hayes et al). Therefore, to eject drops with volumes on the order of
less than 1 nl requites an orifice diameter less than 100pm. Since lumenal diameters of
the fluid reservoir may approach 1 mm or greater, fhere is often a mismatch in diameter of

the components in the pathway along which the actuation pressure is transmitted.

i0007 ] Thé way that this mismatch is accommodated in a dispenser may determine the
effectiveness of the actuation pulse. For example, in the piezo dispensers of Bogy and
Talke and Zoltan, the orifice was drilled through a plate that was then cemented over one
end of a 1 mm-diameter tube reservoir. These dispensers required voltage pulses across
the piezoelectric elements in excess of 300 V to actuate drop ejection. Other methods to
create a taper in the lumen of the tube include heating a small region of a glass tube and
then drawing the tube so that the lumen narrows to the necessary orifice diameter.
However, this tyiae of heating-pulling method may result in a variable change in radius as
a function of longitudinal distance down the tube as the orifice is approached, so that each
drawn tube may have a different taper shape and hence, different dispensing

characteristics.

[0008] The taper shape in turn influences the hydrodynamic mechanism of the pump. To
form a nozile, the tube lumen narrows and terminates as an orifice of diameter less than
;the diameter of the tube lumen in its straight portion. Where the tube radius begins to
decrease, the fluid s;cream turns toward the nozzle. Restriction to flow in the longitudinal
direction creates flow in the radial direction due to the buildup of a pressure gradient in the
radial direction. This radial gradient of pressure has the effect of decreasing the
lbngitudinally directed pressure gradient. If the longitudinal pressure gradient is decreased

too much, then it will be insufficient to push enough liquid out the orifice to create a drop.
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SUMMARY OF THE INVENTION

[0009] Devices, systems, and methods are disclosed which reproducibly meter the precise
volume of drops ejected by a microfluid dispenser. In many embodiments, a tip is utilized
for the dispensation of the liquid, the tip contains an orifice, a first region that
accommodates a discharge end of a fluid reservoir, and a second région between the first
region and the orifice. The second region tapers to the orifice at an angle that maximizes

the longitudinal.component of the actuation pressure at the orifice.

[0010] Additionally, systems and methods are presented which utilize tips of this type to

precisely meter the dispensation of liquid from a fluid microdispenser.

[0011] In some embodiments, the first region is cylindrically shaped and the discharge end
of the fluid reservoir is cylindrically shaped, the inner diameter of the first region is
greater than the outer diameter of the discharge end of the fluid reservoir and the first

region has a nib to secure the tip to the discharge end of the fluid reservoir.

[0012] In other emBodiments, these types of tips are used with a fluid reservoir and an

actuator to precisely meter the volume of a dispensed liquid.

[0013] These, and other, aspects of the invention will be better appreciated and understood
when considered in conjunction with the following description and the accompanying
'd‘rawings, It should be understood, howevér, that the following description, while
indicafcing vérious embodiments of the invention and numerous specific details thereof, is
'givAen by way of illustration and not of limitation. Many substitutions, modiﬁcétions,
additions and/or rearrangements may be made within the scope of the invention without
departing from the spirit thereof, and the invention includes all such substitutions,

modifications, additions and/or rearrangements.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The drawings accompanying and forming part of this specification are included to
depict certain aspects of the invention. A clearer conception of the invention, and of the
components and operation of systems provided with the invention, will become more
readily apparent by referring to the exemplary, and therefore nonlimiting, embodiments
illustrated in the drawings, wherein identical reference numerals designate the same
components. The invention may be better understood by reference to one or more of these
drawings in combination with the description presented herein. It should be noted that the

features illustrated in the drawings are not necessarily drawn to scale.

[0015] FIGURE 1.is a cross-sectional view of one embodiment of the fluid dispensing

device of the present invention;

[0016] FIGURE 2 is a cross-sectional close up of an orifice and taper zone for an

embodiment of the present invention;

[0017] FIGURE 3 is a cross-sectional view of the transition from tip to fluid reservoir in

certain embodiments of the present invention;

[0018] FIGURE 4 is a depiction of one embodiment of a liquid dispensing system

according to the present invention;

[0019] FIGURE 5 is a graph of the control of drop volume by stimulus amplitude for

certain embodiments of the present invention;

[0020] FIGURE 6 is a graph of the control of drop volume by stimulus amplitude for

certain prior art systems;

[0021] FIGURE 7 is a graph of the control of drop volume by stimulus amplitude for

certain other embodiments of the present invention; and

[0022] FIGURE 8 is a micrograph of certain embodiment of the present invention

fabricated by an insert-fusion method of controlling the taper to the orifice.
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DESCRIPTION OF PREFERRED EMBODIMENTS

[0023] The invention and the various features and advantageous details thereof are
explained more fully with reference to the nonlimiting embodiments that are illustrated in
the accompanying drawings and detailed in the following description. Descriptions of
well known starting materials, processing techniques, components, and equipment are
omitted so as not to unnecessarily obscure the invention in detail. It should be understood,
however, that the detailed description and the specific examples, while indicating
preferred embodiments of the invention, are given by way of illustration only and not by
way of limitation. Various substitutions, modifications, additions and/or rearrangements
within the spirit and/or scope of the underlying inventive concept will become apparent to

those skilled in the art from this disclosure.

[0024] Attention is now directed to devices, systems, and methods for preciseiy
éontrolling the volume of a dispensed liquid. The liquid is passed through a tip which is
optimally shaped to pass an actuation pressure to the orifice of the tip. It will be
understood by those skilled in the art that the same devices, systems, and methods can be

used to create desired dispensing characteristics for a variety of liquids and applications.

[0025] FIGURE 1 is a cross sectional view of one embodiment of an optimally shaped
device (tip) 100 that can be attached to the discharge end of the fluid reservoir component
of e"t'ﬂuid disperiser. The tip 100 comprises two regions, a first region (sleeve) 110
in¢1uding body 118, an interior cavity 112, and nibs 130, 140; and a second region 120
including body 118, and a lumen 122 that comprises a sample cavity 210, an orifice 220,

and a taper zone 230.

[0026] The interior cavity 112 of the first region 110 can accommodate the discharge end
330 of a cylindrically shaped liquid-filled tube 320 of a dispenser 400 (see FIGURES 3
and 4). In one embodiment, the inner diameter of the first region 110 is greater than the
outer diameter of the tube 320, so that it serves as a sleeve. At the end of the first region
110, proximate the tube 320, the inner diameter of the first region 110 may decrease over a
short longitudinal distance to proQide a stop when the tube 320 is inserted into the first
region 110. The first region 110 may contain at least two circular nibs 130, 140 that

extend circumferentially around the entire inner surface of the first region 110. The radial
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extent of each nib 130, 140 away from the inner surface of the first region 110 is matched
to the outer diameter of the inserted tube 320 so that the outer surface of the tube 320 is
contacted. Slight compression of the nib 130, 140 material may ensure that a tight grip of
the tube 320 by the tip 100 is maintained after the tube 320 is inserted into the first region
110.’ Mﬁltiple nibs 130, 140 may ensure that the longitudinal axis of the liquid-filled tube
320 is coincident with that of the tip 100.

. [0027] FIGURE 2 is a cross-sectional close up of the portion of the second region 120 of
FIGURE 1. The lumen 122 of the second region 120 contains a taper zone 230 where the
diameter of the lumen 122 decreases from the sample cavity 210 to the orifice 220. In
typical sub-nanoliter dispensing operations, the diameter of the orifice 220 is on the order
of 80;11{1, so as to produce ejected drops with volumes on the order of 500 pL. As is
known to thése skilled in the art, the diameter of the orifice 220 may be selected to enable

dispensing of drops with larger or smaller volumes.

[0028] ‘When one progresses away from thé orifice 220 and toward the sample cavity 210
along the longitudinal axis of the second region 120 (within the taper zone 230), the
diameter of the lumen 122 may increase at the gradient required to achieve the taper angle
needed for propagation of an actuation pressure to the orifice 220 to produce a
’s‘ubstantial'ly uniform droplet size of liquid out of the orifice 220. The length of this
tapered ‘region 230 and the diameter of the lumen 122 where it joins the sample cavity 210
are determined by the ahgle of the taper desired. The optimal angle between the
lbngitudinal axis of the sample cavity 210 and the wall of the lumen 122 in the region
where the lumen 122 radius decreases can be determined through an analytical solution of
Navier-Stokes equations for a nozzle in oblate spheroidal coordinates. Such a solution
indicates that the taper angle that maximizes the longitudinal component of the pressure
nearest the orifice 220 is approximately 41.4 degrees of arc. As will be understood by
those skilled in the art, this taper angle can vary to have higher or lower degrees of arc,
including tapef angles ranging from forty degrees to forty-three degrees, or eveﬁ taper
angles ranging from twenty-five degrees to sixty-seven degrees (see, for example,
FIGURE 7).

[0029] In one embodiment in which the taper angle of the wall is 41.4 degrees of arc, the

length of this taper zone is 0.5 mm. This requirés that the lumen diameter taper with a
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gradient of -0.8816mm over the longitudinal length of 0.5 mm. For an 80um diameter
orifice 220, the lumenal diameter where the taper zone 230 meets the sample cavity 210 is
0.9616 mm to accommodate the dimensions. The taper angle of the taper zone 230 may

be less or more according to need (e.g., 25 degrees of arc as shown in Figure 7).

[0030] FIGURE 3 shows the junction 360 bétx;veen the first region 110 and the second
region 120 for the tip 100. The sample cavity 210 is configured to contain the requisite
volume of sample that will be dispensed. The lumenal diameter of the sample cavity 210
may be constant along the longitudinal axis, or it may gradually change from the junction
360 between the sample cavity 210 and the first region 110, to where the taper zone 230
near the orifice 220 meets the sample cavity 210. In the preferred embodiment, junction
360 between the first region 110 and the sample cavity 210 is tapered so that the diameter
Qf the sample cavity 210 is identical (or approximately so) to that of the ﬂuici reservoir 350
where the dispense is actuated. This enables the actuation pressure wéve generated in the
Hquid by the actuation event to pfopagate from the fluid reservoir tube 320 into the sample
cavity 210 with little or no decrement possibly caused by an area dilation of the liquid
pathway at the junction 360 between where the liquid-filled tube 320 is inserted in the first
region 110 and the point where the tube 320 and the sample cavity 210 are joined.

[0031] In the preferred embodiment, the length‘and diameter of the sample cavfty 210 are
selected so that a desired volume of sample can be aspirated through the orifice 220 and
then repeatedly dispensed, drop by drop, to a large number of sample destinations. For a
sample cavity 210 length of 9 mm and é sample cavity 210 diameter of 0.8 mm, the
resulting 4.5 pL volume is sufficient for ejecting 22,000 drops each 500 pL in volume.

[0032] The tip 100 may be designed to slip over the discharge end 330 of the liquid filled
tube 320 to which actuators are coupled. In the preferred embodiment, the fluid reservoir
tube 320 is a quartz microcapillary of 73 mm length, an outer diameter of 1.0 mm and an
inner diameter of 0.8 mm. The tube 320 may be filled with a system liquid that serves to
propagate the actuation pressure wave generated by the actuator to the sample maintained
behind the orifice 220. It is well appreciated by those skilled in the art that a major
problem with liquid chemical reagent dispensing is contamination of a dispenser 400 by
carryover of remnants of previously dispensed samples in the parts of the dispenser 400

exposed to the samples.
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[0033] Embodiments of this invention obviate this problem with liquid dispensing because
the tip 100 may slip on to the main fluid reservoir tube 320. The sample cavity 210 can be
filled with liquid from the main tube 320 and then the sample aspirated from‘ the sample
cavity 210 through the orifice 220 from an external source of sample. Then the sample
can be dispensed. Since the system liquid that comes into contact with the sample was
pushed into the slip-on tip 100, contaminated system liquid remains in either the sample
cavity 210, or in the junction region 360 between the sample cavity 210 and the first
region 110. In either case, the contaminated system liquid is removed when fhe tip 100 is
slipped off the main tube 320. Since the sample is never introduced into the main tube

320 but only into slipped-on the tip 100, the invention avoids carryover contamination

between different samples dispensed by the dispenser 400.

[0034] With reference to FIGURE 1, the slip-on feature may be accommodated by the
nibs 136, 140 that protrude into the internal cavity 112 of the first region 110 intd which
'ﬂ‘le discharge end 330 of the tube 320 is inserted. I n the preferred embodiment, the nibs
130, 140 are éylindrical in shape to fit completely around and contact the inserted tube
320. Although the inner diameter of the first region 110 may be greater than the outer
diameter of the tube 320 in order to facilitate insertion, each nib 130, 140 protrudes into
the internal cavity 112 of the first region 110 so that the inner diameter of each nib 130,
140 is slightly smaller than the outside diameter of the tube 320. The nibs 130, 140 may
be éompressible so that insertion of the tube 320 presses each nib 130, 140 radially and
achieves aﬁ expansive seal between the nib 130, 140 and the outer surface of the tube 320.
Thus, eéch dispenser 400 can be assembled by pressing the tubé 320 into thé first region
'1 10 of the tip 100. During dispensing operation, the removal of a used tip 100 and the
attachment of a fresh unused tip 100 can be automated for a large array of multiple

dispensers.

[0035] It will be appreciated by those skilled in the art that a wide variety of material can
be uscd’ for the construction of the dispenser tip 100 described. The same materials used
for the liquid-holding tube 320 of dispenser 400 can be used for the tip 100. Fabrication
of a large number of identical tips 100 at reasbnable expense and with reasonable ease is
achieved by molding the tip 100 into the described design with plastics. These include
thermoplastics such as polyethylenes, polypropylenes, cyclo-olefins, polymethylpentenes
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as well as thermosetting plastics such as fluoroethylenes, polyetheretherketones (PEEK),
and polycarbonates, in addition to ceramic materials such as alumina, glass, and quartz
that can be melted to Jow viscosity and then injected into a mold of the tip 100 design.
The choice of materials is determined by both the desired structural rigidity of the tip 100

and the required resistance to chemicals.

[0036] In one preferred embodiment, the tip 100 is fabricated from injection-molded
PEEK. This plastic maintains structural rigidity even at the narrow diameter of the tip 100
iﬁ the vicinity of the orifice 220. The rigidity is important for automated location and ‘
pladement of the tip 100 into extémal reservoirs of sample liquid that are miniaturized and
may have cross-sectional diameters on the order of 1 mm. The rigid material of the tip
100 prevents the development of bends along the tip 100. Furthermore, PEEK is resistant
to dimeﬁlylsulfoxide, the most common diluent liquid used for storage of concentrates of

6;gar'1ic chemical compounds which are samples used for drug discovery.

[0037] In another embodiment, the tip 100 is manufactured from polypropylene, which is
advantageous for the purpose of injection molding. In addition to its resistance to organic
solvent, the mechanical compliance of polypropylene enables the first region 110 of the‘tip
100 to expand when the liquid-carrying tube 320 is inserted, and its elasticity ensures that
a tight, liquid-impermeable seal is formed between the microcalﬁillary and the tip 100 to
prevent the unwanted loss of either system liquid present in the tube 320, or sample that is
drawn up into the tip 100 past the sample cavity 210. It should be understood, however,
that other plastics may be used because of desirable characteristics such as cost, or

wettability or non-wettability of the sample liquid.

'[0038] FIGURE 4 shows one embodiment of the fluid microdispenser 400 with the slip-on
tip 100. | The microcapillary tube 320 is inserted into the first region 110 of the tip 100, as
shown in FIGURE 3. Actuators 410, 420 may be two (or more) annular, radially polled
piezoelectric elements of the piezoelectric material PZT-5SA obtained from Morgan
Electroceramics Co. The end of the actuator 410 nearest the tip 100 can be positioned
approximately 16 mm away from the tip 100 so that the tip 100 can be submerged into
liquid without compromising the electrical actuation of dispensing by inadvertent wetting
of the portion of the tip 100 not submerged in chemical sample. Electrification may be

achieved by known means, such as a thin deposition of nickel metal on the entire outer and
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iilner surfaces of each cylinder. These metal layers serve as electrodes, and are connected
to an external driver circuit that delivers a voltage pulse for actuation of dispensing. The
inner deposition layer is continuous across one of the cut ends of each cylinder and so
joins an approximately 3 mm length of the outer surface that is in electrical continuity with
the inner surface. This electrode is separated from the remainder of the outer surface by a
non-electrically conductive ceramic ring embedded in the piezo material in order to isolate

the outer and inner electrodes.

[0039] At the opposite cut end 430 of the tube cylinder, a cut is made so as to physically
“se'parate the outer and inner depositions of metal. The portion of the inner electrode, in
continuity with thg small outer portion of the surface, serves to enable electrical
connection between the inner electrode and the external driver. The two pieéo cylinders
are brought into abutment with each other at their respective ends where the metal
deposition is continuous between the outer and inner surfaces. To actuate dispénsing, the
positive-going electrical pulse from the driver circuit is applied so that the inner electrode
is tﬁe anodé (positive sign of voltage with respect to the outer electrode). This causes the
annular piezo to thicken so that its inner radius decreases and it compresses the fluid

reservoir ‘3 50.

[0040] FIGURE 5 is a graph étating, the control of drop volume by stimulus amplitude is
shown for a fluid microdispenser 400 fabricated with an embodiment of the slip-on tip 100
of the present invention. To aid in judgment of the overall ability of the dispenser 400 to
transduce the mechanical energy imparted by actuation into fluid movement, the kinetic
energy of the single drop ejected by the stimulus is superimposed on the figure. The
stimulus ioulse was a shaped square wave that increased to the maximum voltage 7
ampﬁtude shown at a rate of 3.5V/p. The pulse dwelled at this voltage for a total time of

0.5 msec, and then declined with an exponential time constant of 1.2 msec.

[0041] For comparison, the same relations in FIGURE 6 are shown for a prior art
microdispenser without the slip-on tip 100 and controlled taper of the present invention.
The end of a glass microcapillary was heated and drawn to a tip with an orifice diameter of
80um. It can be seen that the slip-on tip 100 of embodiments of the present invention
provides twice as much change in volume for an equal change in stimulus voltage as the

drawn tip with the uncontrolled taper.
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[0042] FIGURE 7 is a graph illustrating dispensing results for another embodiment of the
present invention having a tip 100 where the taper was fabricated by chamfering the flat
end of a microcapillary having an inner diameter of 0.08 mm and an outer diameter of 0.8
mm with a carbon dioxide laser beam into a V-shaped taper with taper angle of 42‘ degrees
of arc. The chamfered end was inserted 0.5 mm into the open end of a 0.8 mm inner
diameter microcapillary and then fused by heating with a laser beam the entire
circumference of the region where the insert was in contact with the outer glass sleeve.
’fhis embodiment exhibits dispensing at lower voltages relative to the other two, and
éxhibits approximately the same gain of drop volume with stimulus voltage as the slip-on

tip 100 with the 25 degree taper.

[0043] FIGURE 8 is a micrograph of the tip 100 of FIGURE 7 fabricated by this insert-
fusion method of controlling the taper to the orifice 220.

t0044] In the foregoing specification, the invention has been describéd with reference to
speciﬁc embodiments. However, one of ordinary skill in the art appreciates that various
modifications and changes can be made without departing from the scope of the invention
as set foﬁh in the claims below. Accordingly, the specification and figures are to be
r,egarded in an illustrative rather than a restrictive sense, and all such modifications are

intended to be included within the scope of invention.

[0045] Benefits, other advantages, and solutions to problems have been described aboye
with regard to specific embodiments. However, the benefits, advantages, solutions to
pfoblems; and any component(s) that may cause any benefit, advantage, or solution to
occur or become more pronounced are not to be construed as a critical, required, or

essential feature or component of any or all the claims.
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WHAT IS CLAIMED IS:

1. An apparatus for dispensing droplets of fluid, comprising:

an orifice;

a first region operable to accommodate a discharge end of a fluid reservoir; and

a second region between the first region and the orifice further comprising a
lumen, the lumen having a taper zone wherein the lumen tapers to the orifice at a taper
angle that propagates an actuation pressure to the orifice to produce a substantially

uniform drop size.

2. The apparatus of claim 1, wherein the taper angle is between approximately 25 degrees
and approximately 67 degrees.

3. The apparatus of claim 1, wherein the taper angle is between approximately 40 and
approximately 43 degrees.

4. The apparatus of claim 1, wherein the taper angle maximizes the longitudinal

componént of the actuation pressure at the orifice.
5. The apparatus of claim 1, wherein the taper angle is approximately 41.4 degrees.
6. The apparatus of claim 5, wherein the orifice is 80 pm.

7. The apparatus of claim 6, wherein the lumen tapers with a gradient of —0.8816 mm over

a longitudinal length of .5 mm.
8. The apparatus of claim 7, wherein the discharge end of the fluid reservoir is a quartz
microcapillary of 73 mm length, an outer diameter of 1.0 mm, and an inner diameter of .8

mim.

9. The apparatus of claim 1, wherein the tip is detachable from the fluid reservoir.
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10. The apparatus of claim 9, wherein the first region slips onto the discharge end.

11. The apparatus of claim 10, wherein the first region further comprises:
a stop for the discharge end; and

a nib operable to secure the tip to the discharge end.

12. The apparatus of claim 1, wherein the diameter of the end of the lumen distal from the

orifice is approximately the same diameter as the discharge end.

13. The apparatus of claim 1, wherein the second region is operable to contain a defined

volume of liquid to be dispensed.

14. The apparatus of claim 1, wherein the lumen is either a constant diameter between the

first fegioh and the taper zone or is tapered between the first region and the taper zone.

15. The apparatus of claim 1, wherein the tip is fabricated from injection-molded

pblyctheretherketones, polyethylene, cyélo-oleﬁn copolymers or polypropylene.

16. The apparatus of claim 1 fabricated using an insert-fusion method to control the taper
angle.
17. A system for dispensing a liquid, compfising:
;a. fluid reservoir; |
an actuator; and
a tip Wherein the tip further comprises
an orifice;
a first region operable to accommodate a discharge end of the fluid
reservoir; and
a second region between the first region and the orifice further comprising
a lumen, the lumen having a taper zone wherein the lumen tapets to the orifice at a taper
angle that propagétes an actuation pressure to the orifice to produce a substantially

uniform drop size.
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18. The system of claim 17, wherein the taper angle is between approximately 25 and

aﬁproximately 67 degrees.

19. The system of claim 17, wherein the taper angle is between approximately 40 degrees
and approximately 43 degrees.

20. The system of claim 17, wherein the taper angle maximizes the longitudinal

component of the actuation pressure at the orifice.
21. The system of claim 20, wherein the taper angle is approximately 41.4 degrees.
22. Thesystem of claim 21, wherein the orifice is 80 pm.

23. The system of claim 22, wherein the lumen tapers with a gradient of —0.8816 mm over

a longitudinal length of .5 mm.
24. The system of claim 23, wherein the discharge end of the fluid reservoir is a quartz
microcapillary of 73 mm length, an outer diameter of 1.0 mm, and an inner diameter of .8
mm.
25. The system of claim 17, wherein the tip is detachable from the fluid reservoir.
26. The system of claim 25, wherein the first region slips onto the discharge end.
27. The system of claim 26, wherein the first region further comprises:
a stop for the discharge end; and

a nib operable to secure the tip to the discharge end.

28. The system of claim 17, wherein the diameter of the end of the lumen distal from the

orifice is approximately the same diameter as the discharge ends.
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29. The system of claim 17, wherein the second region is operable to contain a defined

volume of liquid to be dispensed.

30. The system of claim 17, wherein the lumen is either a constant diameter between the

first region and the taper zone or is tapered between the first region and the taper zone.

31. The system of claim 17, wherein the tip is fabricated from injection-molded

polyetheretherketones, polyethylene, cyclo-olefin copolymers or polypropylene.

32. The system of claim 17, wherein the actuator is an annular, radially polled

piezoelectric element.

33. A method for dispensing a liquid, comprising:

applying an actuation pressure to a fluid reservoir;

propagating the actuation pressure to a sample contained in a tip having a lumen;

propelling the sample through a lumen having a taper zone wherein the lumen
tapers to an orifice at a taper angle that propagates an actuation pressure to the orifice to
produce a substantially uniform drop size; and

- dispensing a desired volume of the sample through the orifice.

34. The method of claim 33, wherein the taper angle is between approximately 25 and
approximately 67 degrees.

35. The method of claim 33, wherein the taper angle is between approximately 40 and
approximately 43 degrees.

36. The method of claim 33, wherein the taper angle maximizes the longitudinal

component of the actuation pressure at the orifice.
37. The method of claim 36, wherein the taper angle is approximately 41.4 degrees.

38. The method of claim 37, wherein the orifice is 80 um.
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39. The method of claim 38, wherein the lumen tapers with a gradient of —0.8816 mm over

a longitudinal length of .5 mm.
40. The method of claim 39, wherein the discharge end of the fluid reservoir is a quartz
microcapillary of 73 mm length, an outer diameter of 1.0 mm, and an inner diameter of .8
mm.
41. The method of claim 33, wherein the tip is detachable from the fluid reservoir.
42. The method of claim 41, wherein the first region slips onto the discharge end.
43, The method of claim 42, wherein the first region further comprises:
a stop for the discharge end; and

a nib operable to secure the tip to the discharge end.

44. The method of claim 33, wherein the diameter of the end of the lumen distal from the

orifice is approximately as the diameter of the discharge end.

45. The method of claim 33, wherein the second region is operable to contain a defined

volume of liquid to be dispensed.

46. The method of claim 33, wherein the lumen is either a constant diameter between the

first region and the taper zone or is tapered between the first region and the taper zone.

47. The method of claim 33, wherein the tip is fabricated from injection-molded
polyetheretherketones, polyethylene, cyclo-olefin 60polymers or polypropylene.

48. The method of claim 33, wherein the actuator is an annular, radially polled

piezoelectric element.
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