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METHOD AND APPARATUS FOR DISPENSING 
SMALL VOLUME OF LIQUID, SUCH AS WITH A 

WETING-RESISTANT NOZZLE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of Provisional 
Application No. 60/247,176, ?led on Nov. 10, 2000, and 
Provisional Application No. 60/284,783, ?led Apr.18, 2001, 
and Provisional Application No. 60/288,025, ?led May 1, 
2001, each of Which is incorporated herein by reference in 
its entirety. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] This invention relates to dispensing liquids in small 
volume droplets or narroW diameter jets, and more particu 
larly, to a Wetting-resistant noZZle capable of dispensing 
small volume droplets or narroW diameter jets, Wherein the 
noZZle has a loW surface energy coating and/or a noZZle 
geometry to provide Wetting resistance. 

[0004] 2. Description of the Related Art 

[0005] Dispensing liquids is important in various tech 
nologies. Ink-jet printing is a major application involving 
the precise dispensing of tiny drops. Another application is 
three-dimensional printing (3DP), in Which layers of poWder 
are bound together in by precisely dispensed binder liquid to 
form three-dimensional objects. Yet another application is 
dispensing of pharmaceuticals and other liquids for manu 
facturing medical devices and dosage forms. 

[0006] Dispensing small volume droplets to create printed 
displays, pharmaceuticals, medical devices and the like, 
requires precise, predetermined quantities of liquid deliv 
ered in precise, predetermined locations. One problem cur 
rently encountered in dispensing small volume droplets has 
been the uncontrolled and inconsistent degree to Which the 
dispensed liquid Wets or does not Wet the exterior surface of 
the noZZle. Wetting is undesirable for precision dispensing 
of liquids because it is a randomiZing in?uence. Ideally, 
liquid that passes through the passageWay of the noZZle 
should be ejected toWard the target as soon as it is dispensed, 
in a predetermined quantity and directed to a speci?c 
location. HoWever, if Wetting occurs, a puddle forms at the 
noZZle eXit, and When the liquid from the dispenser enters 
the puddle it may or may not immediately eXit the puddle 
because the puddle has variable volume. Some or even all of 
the liquid may go to changing the siZe of the puddle rather 
than being dispensed. Most or all of the puddle Will even 
tually be ejected as a very large drop, Which is especially 
undesirable. 

[0007] In addition to introducing a randomiZing in?uence 
on the quantitative dispensing of a liquid, Wetting or the 
presence of a puddle can effect the direction of dispensed 
liquid. Misdirection is a change in the angle of the stream, 
so that the direction of the stream’s travel after leaving the 
noZZle is different from the direction of the passageWay 
through the noZZle. Split-streaming occurs When the liquid 
dispenses as tWo distinct streams virtually simultaneously. 
These effects are undesirable in drop-on-demand applica 
tions, in Which each drop is dispensed by directed action of 
the valve or dispenser, as Well as other forms of dispensing. 
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Another undesirable effect that can also occur is called 
sWingback and is described later. 

[0008] Typical ink-jet ink has a surface tension of 33 
dyne/cm and a viscosity of 8 centiPoise (at room tempera 
ture), While Water has a surface tension at room temperature 
of 73 dyne/cm. Achieving non-Wetting dispensing becomes 
increasingly more difficult When dispensing ink beloW the 
mid-30’s for surface tension of the liquid. Current ink-jet 
printing technology uses noZZles With various coatings and 
designs to print liquids With surface tensions doWn to the 
30’s of dyne/cm. 

[0009] With traditional ink printing, the ink has been 
designed to meet the limitations of the noZZle. For eXample, 
for a given noZZle design, the composition of the ink Will be 
engineered and modi?ed With additives to achieve the 
performance characteristics required to print With a given 
noZZle. Thus, ink compositions are engineered to keep 
surface tension and viscosity above certain minimum values, 
namely, 30’s of dyne/cm. Commercial ink-jet developers 
have thus avoided designing noZZles for the region of ?uid 
properties that have surface tensions beloW 30 dyne/cm by 
developing aqueous based inks that are elaborately engi 
neered With combinations of additives. 

[0010] Organic solvents have thus been particularly dif? 
cult to dispense. Organic solvents may have both loW 
surface tension and loW viscosity. The organic solvents of 
greatest practical interest have surface tensions in the 20’s 
dyne/cm and viscosity around or less than 1 cP. Their loW 
surface tension makes the liquid Want to Wet or form a 
puddle at the noZZle eXit, and inhibits droplet break off. The 
viscosity of the liquid helps to pull liquid off of the eXit 
region, overcoming surface tension and forming drops. If the 
viscosity is loW, the ?uid stream may not break into droplets, 
but instead may stretch and display related problems. This 
combination makes organic solvents more likely than Water 
to Wet the noZZle during dispensing. Organic solvent are 
important in manufacturing medical products by 3DP 
because some substances of medical interest are soluble only 
in such solvents, not in Water. 

[0011] One consideration in controlling Wetting behavior 
is the geometric design of the noZZle. The simplest possible 
noZZle design is a simple ori?ce, for eXample, a hole through 
a large ?at surface. Such noZZles are commonly used in 
applications such as Waterjet cutting and are typically made 
of sapphire or ruby With a hole drilled through a ?at eXit 
surface. These ori?ces are only available With a ?at eXit 
surface or With a recessed eXit. The jeWel is typically held in 
the end of a tube of outside diameter such as 0.050-inch 
Whose edge is typically crimped over the edge of the jeWel. 
In applications involving dispensing of drops, such noZZles 
are prone to Wetting because of the ?at eXit geometry and the 
fact that the jeWel is not a particularly loW-surface-energy 
material. 

[0012] FIG. 1 illustrates unsatisfactory noZZle perfor 
mance of a ?at eXit surface noZZle 100. As shoWn, a puddle 
120 much larger than the dispensed drop 130 forms at the 
?at eXit surface 110. Especially With organic solvents, such 
an ori?ce suffers signi?cantly from Wetting With the estab 
lishment of an ongoing puddle that contributes to inconsis 
tent dispensing of the drops. Thus, such ?at eXit surface 
noZZles are not optimal for precision ?uid dispensing, espe 
cially of organic solvents. 
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[0013] Another nozzle currently in use has a sharply 
tapered cone having typically 30 degrees total included 
angle; an internal passageway With a gradual transition of 
cross-sectional area inside the body of the noZZle, being 
narroWest at the tip of the noZZle; and a ?lleted transition 
region betWeen the internal passageWay and the external 
surface. These noZZles have been typically made for use as 
Wire-bonding tools in the microelectronics industry; thus, 
the design is not optimal for limiting the spread of the liquid 
When printing. 

[0014] Some other commercially available noZZles have 
been made With a ?at end (land), and are intended for use as 
vacuum pick-up tools. Materials from Which they are com 
mercially manufactured include tungsten carbide, DelrinTM 
(an acetal polymer), and alumina (aluminum oxide). In such 
noZZle geometry, particularly the vacuum pick-up tools that 
are ?at-ended, the much-reduced siZe of tip together With its 
sharp edges can help limit the siZe of the puddle that may 
form. HoWever, such geometry can exhibit another problem, 
namely, sWingback. SWingback is illustrated in FIGS. 
2A-2C. 

[0015] FIGS. 2A-2C are illustrations of dispensed liquid 
from a commercially available noZZle illustrated as still 
frames of video taken at a capture rate of 30 frames per 
second. The noZZle illustrated in FIGS. 2A-2C Were made of 
DelrinTM an acetal polymer. The liquid being dispensed Was 
a solution of 40% ethanol, 60% Water, and has surface 
tension and viscosity closer to the properties of pure ethanol 
than to the properties of pure Water. The inside diameter of 
the noZZle ori?ce Was 0.006 inch (152 microns). The exit 
geometry Was a ?at cutoff (sharp-edged) as in a vacuum 
pick-up tool, With the outside diameter of the land (?at 
region) measuring 0.010 inch (254 microns). After the small 
?at land, the noZZle exterior sloped back With a total 
included angle of 30 degrees (15 degree half-angle). The 
direction of dispensing Was vertically doWnWard. 

[0016] In FIG. 2A, the stream of liquid 210 is dispensing 
from the noZZle 220 and the exterior conical surface 205 of 
the noZZle 220 is dry. In FIG. 2B, the stream of ?uid 210 has 
shut off and a drop of liquid 230 has sWung up onto the 
conical exterior 205 of the noZZle 220. FIG. 2C illustrates 
that the sWung-back drop of liquid 230 pulls a subsequent 
stream of ?uid off-axis. 

[0017] If this sequence is repeated, the sWung-back drop 
on the external conical surface can groW With incorporation 
of additional liquid at each shutoff. The sWung-back drop is 
a source of asymmetry on an otherWise symmetrical noZZle 
and it interferes With precise dispensing by causing misdi 
rection and/or split-streaming. Additionally, the sWung-back 
drop detaches randomly as a dispensed large drop. 

[0018] Dispensed liquid exits the noZZle and moves doWn 
Ward due to both gravity and momentum from the pressure 
driven ?oW. Liquid has to move upWard in opposition of 
both the direction of gravity and the direction of the dis 
pensed momentum in order for sWingback to occur. The 
dominant physical mechanism causing sWingback is the 
surface tension of the liquid. 

[0019] Similar noZZles made of tungsten carbide With ?at 
ends Were tested and also exhibited results that Were unsat 
isfactory and in some cases, the results Were Worse. Similar 
noZZles of polished alumina but With ?llets also exhibited 
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unsatisfactory performance. Polished alumina is believed to 
be slightly better than DelrinTM as far as surface energy, 
While the geometry involving ?llets is believed to be slightly 
less favorable than the sharp-edged geometry. The ?lleted 
geometry is manufactured because it is useful for Wire-bond 
tools and With alumina it is not possible to manufacture 
sharp-edged noZZles. Thus, even though all of these noZZles 
have a small-tip externally tapered geometry that can be 
expected to be more advantageous than the noZZle of FIG. 
1, When used With organic solvents they still suffer from 
Wetting or sWingback. 

[0020] Extensive testing has shoWn that With many of the 
organic solvents of interest, the noZZles made from all of 
these commercially available materials still suffer Wetting of 
the outside cone, and in particular suffer sWingback of the 
last little bit of liquid upon shutoff. 

[0021] The literature contains a variety of materials and 
coatings that have been developed to attain loW surface 
energy and good non-Wetting characteristics. A convenient 
reference point is the Well-known material Te?onTM (poly 
tetra?uoroethylene), Which has a surface energy variously 
quoted as 18-22 dyne/cm, most frequently 18 dyne/cm, and 
has a contact angle With Water of 100 degrees. Of materials 
that are Widely knoWn and available, Te?on is perhaps the 
most hydrophobic. 
[0022] In Physical Chemistry of Surfaces by Arthur W. 
Adamson and Alice P. Gast (John Wiley, NeW York, 1997) 
p. 356, referencing E. G. Shafrin and W. A. Zisman, J. Phys. 
Chem., 64, 519 (1960), there is a chart summariZing hydro 
phobic polymers by chemical family and by the particular 
atomic constitution at the surface. Of the chemical families 
in that chart, ?uoropolymers are in general the most hydro 
phobic. The surface constitution —CF2—, is listed on that 
chart With a surface energy of 18 dyne/cm and is described 
as representing Te?onTM (polytetra?uoroethylene and 
related substances). Te?on has a suf?ciently loW surface 
energy that noZZles made of it alone can perform reasonably 
Well With aqueous solutions. HoWever, even Te?on is not of 
suf?ciently loW surface energy to perform satisfactorily With 
most organic solvents. 

[0023] In the same chart, the chemical radical With the 
loWest surface energy is the terminal tri?uoromethyl group 
—CF3. Zisman concludes that the best surface constitution 
for non-Wetting is terminal tri?uoromethyl groups (—CF3). 
The radical Which is terminal —CF2H groups is not as 
hydrophobic as terminal tri?uoromethyl groups but is mar 
ginally better than the —CF2— groups Which describe 
Te?on. 

[0024] Afamily of especially loW surface energy materials 
is available from the Cytonix Corporation, Beltsville, Md. 
The materials are described in US. Pat. Nos. 5,853,894 and 
6,037,168. These substances are characteriZed by having a 
terminal tri?uoromethyl group, and in particular by having 
the exposed surface contain a high fraction of these terminal 
tri?uoromethyl groups. These are believed to be essentially 
the loWest surface energy materials knoWn. It is possible to 
achieve surface energies as loW as 10 or even 6 dyne/cm. 
The most hydrophobic properties are achieved When the 
coating has an exposed surface consisting almost entirely of 
tri?uoromethyl (—CF3) groups, that is, 100% of the area, 
With no other substituent groups exposed at the surface. 

[0025] Other nonWetting substances are also listed in these 
patents. In particular, for these materials, it is found that the 
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surface energy is lowest on the surface that is exposed to the 
atmosphere While curing or drying. At surfaces Which Were 
not created during the curing or drying process but rather 
Were exposed later such as by a machining or cutting 
operation, the surface energy is not so loW, i.e., the material 
is not so hydrophobic. Under best conditions, the surface 
energy achievable With these ?uoropolymers at the cured 
surface is 6 to 12 dyne/cm. Expressed in terms of contact 
angle, these substances have reached contact angles for 
Water as high as 150 degrees. There are various formulations 
including highly ?uorinated epoxy (?uoroepoxy), polymer 
Which is heat-curable or curable by exposure to ultraviolet 
light With the curing causing polymeriZation, polymer Which 
is already polymeriZed and dissolved in a ?uorosolvent, 
resins of varying viscosities, etc. 

[0026] Other substances have also been investigated in the 
literature. While the materials listed beloW do not have 
surface energies as loW as that of the Cytonix materials, still 
they are in most cases more hydrophobic than Te?on. What 
is listed here is sometimes surface energy or critical surface 
tension and sometimes, contact angle, Whichever is reported 
in the literature. 

[0027] US. Pat. Nos. 4,344,993, 4,764,564 and 4,554,325, 
all titled “Per?uorocarbon based polymeric coatings having 
loW critical surface tensions,” disclose substances Which are 
modi?cations of per?uorocarbon and Which have critical 
surface tension less than approximately 14 to 15 dyne/cm, 
Which is described as being loWer than that of pure per?uo 
rocarbon. 

[0028] US. Pat. No. 5,426,458 describes a coating of 
poly-p-xylylene, Which is available under the trade name 
Parylene N and is intended for adhesion resistance and 
corrosion resistance, having a contact angle With Water of 
110 degrees. 

[0029] US. Pat. No. 5,073,785 comprises applying a 
coating of amorphous or diamond-like carbon folloWed by 
?uorination of this layer, having a contact angle With Water 
of about 105° (100°:5 degrees). US. Pat. No. 5,900,342 
also discloses diamond-like carbon. 

[0030] US. Pat. No. 4,120,995 achieves a Wetting angle 
for Water of 105+/—5 degrees that is slightly better than that 
of Te?onTM (polytetra?uoroethylene). Other patents of inter 
est are US. Pat. Nos. 5,942,317, 4,565,714, and 5,900,342. 
US. Pat. No. 5,736,249 discloses a siliconic polymer having 
surface energy of 18-21 dyne/cm. The following US. Pat. 
Nos. are for noZZle plates for ink-jet printing, all in a ?at 
geometry: 5,812,158 (a loW surface energy polymer coating 
and also a coating of tantalum instead of gold); 5,350,616 (a 
Kapton ?lm); 4,643,948 (coatings for ink jet noZZles, par 
tially ?uorinated alkyl silane and a per?uorinated alkane). 
Other patents for coatings include US. Pat. Nos. 5,608,003; 
5,266,222; 4,716,059; 5,942,317; and 4,565,714. Efforts 
have also been made to modify the surface properties of 
silicon for making noZZles, such as in US. Pat. No. 4,623, 
906 Which discloses a Wetting-resistant coating Which tran 
sitions from silicon to silicon nitride to aluminum nitride, 
but the ?nal surface of aluminum nitride is not adequate to 
resist Wetting by organic solvents. 

[0031] There is yet another factor Which in?uences surface 
hydrohobicity, namely surface microgeometry. If a surface is 
made of a material that is already hydrophilic, roughness 
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makes it more hydrophilic. Conversely, if a surface is made 
of a material that is already hydrophobic, roughness makes 
it more hydrophobic. This is described in Physical Chem 
istry of Surfaces by Arthur W. Adamson and Alice P. Gast 
(John Wiley, NeW York, 1997) and also in Principles of 
Colloid and Surface Chemistry, Third Edition, by Paul C. 
HeimenZ and Raj Rajagopalan, (Marcel Dekker Inc., 1997). 
Roughness of hydrophobic surfaces is cited in US. Pat. No. 
6,037,168, Which describes rough hydrophobic surfaces for 
use in making inexpensive laboratory vessels. 

[0032] In addition to these various geometry and surface 
properties, there is also yet another factor Which in?uences 
sWingback and may be someWhat related to the particular 
technique used for dispensing. It appears that the velocity or 
momentum of the departing liquid also has an in?uence on 
sWingback. In particular, under any circumstances and for 
any liquid, extremely sloW ?oW is unlikely to break aWay 
from the noZZle as a small drop but rather is likely to remain 
on the noZZle due to lack of momentum. If dispensing is 
done through a microvalve and the shutoff of ?oW of liquid 
is not abrupt but instead continues gradually after nominal 
shutoff, or if there is any leakage or out?oW of ?uid betWeen 
commanded dispensings, this can aggravate or cause sWing 
back. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

[0033] FIG. 1 is an illustration of the operation of a prior 
art noZZle With a jeWel noZZle opening and ?at exit geom 
etry. 

[0034] FIG. 2 is an illustration of the operation of a prior 
art noZZle With an externally tapered noZZle. 

[0035] FIG. 3 illustrates a cross section of one embodi 
ment of a noZZle, the noZZle incorporating a pre-manufac 
tured externally tapered end and an exterior coating in 
accordance With the principles of the present invention. 

[0036] FIG. 4 illustrates the surface tangent angle of the 
noZZle of FIG. 3 in accordance With the principles of the 
present invention. 

[0037] FIG. 5 is a photograph of the dispensing end of the 
noZZle of FIG. 3. 

[0038] FIGS. 6A-6C shoW a sequence of operation detail 
ing initial, steady-state, and shut-off ?oW of ethanol through 
the noZZle of FIG. 3. 

[0039] FIG. 7 shoWs the electrical Waveform applied to 
the valves in accordance With the principals of the present 
invention. 

[0040] FIG. 8 illustrates a typical appearance of ?uid 
stream With organic solvents in response to the Waveforms 
of FIG. 7 in accordance With the principles of the present 
invention. 

[0041] FIGS. 9A-9C are photographs of roughened and 
coated noZZles in accordance With the principles of the 
present invention. 

[0042] FIGS. 10A and 10B shoW noZZles roughened by 
laser-machining circumferential grooves in accordance With 
the principles of the present invention. 
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[0043] FIG. 11 shows a nozzle roughened by laser-ma 
chining both circumferential and slant-height grooves in 
accordance With the principles of the present invention. 

[0044] FIG. 12 illustrates one method of applying a coat 
ing to a noZZle in accordance With the principles of the 
present invention. 

[0045] FIG. 13 is a schematic vieW of an apparatus for 
applying the coating illustrated in FIG. 12. 

[0046] FIGS. 14A-14C illustrate cross sections of various 
alternate geometries of noZZles in accordance With the 
principles of the present invention. 

[0047] FIGS. 15A-15C illustrate a noZZle made of loW 
surface-energy resin as a bulk material making up the entire 
tip of the noZZle in accordance With the principles of the 
present invention. 

[0048] FIGS. 16A-16C illustrate various geometric calcu 
lations related to FIGS. 15A-15C in accordance With prin 
ciples of the present invention. 

[0049] FIGS. 17A-17G illustrate alternate manufacturing 
forms of FIGS. 15A-15C in accordance With principles of 
the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0050] A Wetting-resistant noZZle, and in particular, an 
apparatus and corresponding method for manufacturing a 
Wetting-resistant noZZle for use in dispensing loW surface 
energy ?uids Wherein the noZZle includes an exceptionally 
loW surface energy (hydrophobic) coating and speci?c 
noZZle geometry, is described in detail herein. In the fol 
loWing description, numerous speci?c details are provided, 
such as speci?c coatings, speci?c geometric noZZle con?gu 
rations, dimensions, speci?c dispensed ?uids, and the like, 
to provide a thorough understanding of the embodiments of 
the invention. One skilled in the relevant art, hoWever, Will 
recogniZe that the invention can be practiced Without one or 
more of the speci?c details, or With other coatings, dis 
pensed liquids and the like. In other instances, Well-knoWn 
structures or operations are not shoWn or not described in 
detail to avoid obscuring aspects of the invention. 

[0051] One embodiment of the present invention includes 
a Wetting-resistant noZZle for accurately and precisely dis 
pensing small volumes of liquids. The noZZle comprises an 
internal ?oWpath, and an external surface that recedes from 
the discharge point at an angle greater than 90 degrees, and 
an exceptionally loW surface energy for the external surface. 
The loW surface energy material may exist as a coating on 
top of a shaped substrate. A ?at land region may be included 
and may have sharp edges, one of Which may de?ne the 
boundary of the loW surface energy region. Another embodi 
ment includes the loW surface energy material as a bulk 
material through Which a hole is drilled. In yet another 
embodiment, the internal ?oWpath inside the noZZle may be 
smoothly tapered. Additional aspects such as surface rough 
ening, surface tangent angles, coatings and geometric con 
?gurations are described herein in more detail With reference 
to the Figures and Examples. NoZZles in accordance With the 
principles of the present invention provide improved dis 
pensing of liquids that have both loW surface tension and 
loW viscosity, such as organic solvents. 
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[0052] The noZZle described herein in accordance With 
aspects of the present invention may be axisymmetric hav 
ing cylindrical symmetry around an axis. The axisymmetric 
external surface may be frusto-conical or it may be of other 
curved shape having axisymmetry. The axes of symmetry of 
both the internal ?oWpath and the external surface may be 
identical. The noZZle may have a surface tangent angle, as 
de?ned for particular tip geometry, Which is greater than 90 
degrees and perhaps substantially greater than 90 degrees. 

[0053] The noZZle described herein in accordance With 
aspects of the present invention may be made of a bulk 
material Which is suitable for Whatever manufacturing 
operations may be desired to produce the desired geometry, 
While its surface attains the desired surface energy properties 
in appropriate places by means of a coating of a material 
having loW surface energy. Alternatively, the noZZle may use 
a loW surface energy material as a bulk material that is used 
to make essentially all of the noZZle tip including its surface. 

[0054] Several embodiments of noZZle geometry are 
de?ned herein in according to the geometric nature of the 
transition betWeen the How passageWay and the noZZle 
exterior. One embodiment of the noZZle includes a sharp, 
essentially knife-edge as the transition. Due to manufactur 
ing limitations it should be considered that any real tip 
Would have a transition region Which is either a ?nite 
(non-Zero) radius of curvature or a ?nite (non-Zero) Width of 
?at region, but in some circumstances the dimension of the 
radius of curvature or land Width may be very small in 
comparison to the diameter of the ori?ce, and this can be 
considered a knife edge. In such a case the detailed shape of 
the transition region is less important to the ?nal dispensed 
?uid. For example, manufacturing a knife-edge ori?ce 
Would be possible if the ori?ce diameter Were of a moderate 
siZe rather than extremely small. Appropriate regions of the 
noZZle Would include surfaces of a loW surface energy. 

[0055] Alternative embodiments of noZZles have small 
diameter ori?ces such that, given the manufacturing limita 
tions applicable to manufacturing the tip, it is not possible to 
attain the limiting situation of a knife-edge. In such a case, 
the noZZle may comprise a small land that provides minimal 
space for development of a persistent drop. A land is a ?at 
region essentially perpendicular to the principal ?oW direc 
tion of the noZZle. Asharp edge at the outer edge of the land 
may help to discourage the liquid from advancing beyond 
that edge, as does a receding, possibly tapered (or other 
shaped) exterior. Appropriate regions of the noZZles Would 
have a loW surface energy. The noZZles of the ?rst several 
examples are for the case Where a ?at surface is deliberately 
manufactured at the tip. 

[0056] In accordance With yet another embodiment of the 
present invention, there is a noZZle con?guration Wherein 
the noZZle exterior is essentially a portion of a sphere, 
namely, curved, having loW surface energy, and then a hole 
is drilled through the curved material. A fairly sharp corner 
or edge may be assumed to exist Where the hole meets the 
curve. Alternatively, noZZles With ?llets are also possible, 
having loW surface energy in appropriate regions. 

[0057] In accordance With another aspect of the invention, 
another consideration that in?uences the Wetting of a solid 
by a liquid is the surface energy of the noZZle surface 
material, or, more exactly, the comparison betWeen the 
values of the surface tension of the liquid and the surface 
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energy of the solid. Both of these properties are expressed in 
units of dyne/cm or equivalent units. The surface tension is 
a property of a liquid, Which is determined largely by 
chemistry and can be signi?cantly in?uenced by additives 
(e.g., surfactants). The surface energy of a solid is a material 
property that is determined in large part by chemistry but 
also is in?uenced to some degree by surface ?nish or 
microstructure, crystal orientation, manufacturing methods, 
cleanliness/contaminants, etc. If the solid surface energy is 
someWhat greater than the liquid surface tension, by 
approximately 10 dyne/cm, then Wetting typically occurs. If 
the solid surface energy is someWhat loWer than the liquid 
surface energy, then Wetting typically does not occur. There 
is a range of partial Wetting When the tWo quantities are in 
the same range of magnitude as each other. 

[0058] In accordance With another aspect of the invention, 
Wetting is also quanti?ed by the contact angle. The surface 
contact angle is the tangent angle Where the surface of a 
liquid drop meets the solid surface. Non-Wetting is charac 
teriZed by liquid droplets “beading up” When they are 
dispensed onto the solid surface. Contact angles approxi 
mately equal to or greater than 90 degrees are considered 
non-Wetting or minimally Wetting. LoW contact angles of 
several tens of degrees indicate behavior that is almost 
Wetting. At even loWer contact angles or greater excess of 
the surface energy over the surface tension, liquids spread 
rapidly over the solid surface. Smaller surface energy and 
larger contact angle are associated With non-Wetting behav 
ior. The relation betWeen solid surface energy, liquid surface 
tension and contact angle is knoWn as Young’s equation. 

[0059] Under aspect of the present invention, various 
available formulations of loW surface energy materials are 
discussed herein. In general, the surface could be made of 
any material mentioned herein or in the incorporated refer 
ences Which has a surface energy of 17 dyne/cm or smaller 
(less than that of the commonly available Te?on). A par 
ticular material Which may be used here is a highly ?uori 
nated epoxy (?uoroepoxy). A material that may be used is a 
material having a large fraction of terminal tri?uoromethyl 
groups at its surface such as is available from the Cytonix 
Corp. Many of these are curable materials, typically heat 
curable or curable by application of ultraviolet light. 
Another version is already polymeriZed and is dissolved in 
a ?uorosolvent for purposes of application, With the ?uoro 
solvent then disappearing by evaporation (possibly at 
elevated temperature). 

[0060] In particular, for these materials, it is found that the 
surface energy is loWest on the surface that is exposed to the 
atmosphere While curing or drying, Which is associated With 
the preferred orientation of the terminal tri?uoromethyl 
group. At surfaces Which are exposed after curing or drying, 
as a result of a machining or cutting operation, the surface 
energy is not so loW, i.e., the material is not so hydrophobic, 
Which is less favorable for resisting Wetting. At surfaces that 
are cut or otherWise exposed after curing, the surface energy 
is approximately in the range of the surface energy of 
conventional Te?on. This means that design and processing 
techniques may be arranged so that the ?nal surface in the 
desired parts of the noZZle is an as-cured surface. One Way 
of achieving this is to apply the material as a coating on a 
substrate that is already in the desired ?nal shape. 

[0061] Under best conditions, the surface energy achiev 
able With these ?uoropolymers at the cured surface is 6 to 12 
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dyne/cm. Expressed alternatively in terms of contact angle, 
these substances have reached contact angles for Water as 
high as 150 degrees. In addition, the ?uoroepoxy materials 
are suitably hard and able to be drilled if necessary. The 
?uoropolymers can also be put onto a surface in a thin layer 
and cured to form a coating. They are also immune to 
organic solvents of interest including alcohols and chloro 
form. 

[0062] Except Where stated otherWise, the data presented 
herein is for noZZles Which have been coated With a Cytonix 
?uoropolymer FluoroPelTM PFC1604A, involving an oligo 
mer With a carbon chain length 5 to 18, Which Was applied 
as a liquid resin having a loW viscosity similar to that of 
Water. This substance is already polymeriZed and is dis 
solved in a ?uorosolvent. In such a case heat is used to 
evaporate the solvent but heat is not needed for curing (i.e., 
polymeriZation). Another available formulation used for one 
example is designated GHOOO (heat curable) With the curing 
causing polymeriZation. Ultraviolet curing formulations are 
also available. 

[0063] In the data reported here, liquid Was dispensed 
through miniature solenoid-operated valves. Fluid Was 
caused to ?oW through the valve under action of a steadily 
maintained pressure from a ?uid reservoir. When electric 
poWer to the valve is on, the plunger of the valve lifts up 
from the seat all the Way or at least partWay. When electrical 
poWer is off, the plunger returns and closes due to the action 
of a spring and also ?uid pressure. TWo siZes or designs of 
valves Were used during this Work. One type of microvalve 
had valve seats made of Viton-GF so as to be chloroform 
compatible and it Was used in experiments involving chlo 
roform. The other type of valve used in the present Work has 
the smallest seat siZe of any standard design currently 
available. In this case the seat Was made of EPDM (ethylene 
propylene diene rubber). These latter valves Were used With 
ethanol and ethanol-Water mixtures. All data reported here 
Were taken With the microvalve being driven by a pulse 
Width modulated driving Waveform, With a microvalve 
actuation frequency of 800 HZ, pulse Width approximately 
200 microseconds, and a voltage magnitude of pulse of 40 
Volts. 

[0064] The invention is further described, but is in no Way 
limited, by the folloWing examples. 

EXAMPLE 1 

Smooth, Tapered, Coated NoZZle 

[0065] In one embodiment of the present invention, the 
noZZle design includes several features that together result in 
an improved Wetting resistant noZZle performance. The 
features of the present embodiment are summariZed in FIG. 
3. The overall bulk shape or body of the noZZle is made of 
a material Which is selected in part for its ability to be 
manufactured in the desired shape. The desired surface 
properties may be obtained by applying a coating to selected 
places on the noZZle. 

[0066] FIG. 3 illustrates one noZZle con?guration in 
accordance With the principles of the present invention. The 
noZZle 300 has an external surface 310, an internal passage 
Way or ?oWpath 320, an inlet 305 and an outlet 315. The 
internal ?oWpath 320 in the present embodiment is smoothly 
contoured and tapered to alloW laminar ?oW of ?uid. The 


































