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(57) Abstract: A method of forming a material structure from structural units contained within a liquid solution in a spray head is
described. The liquid solution includes a solvent and a solute, the solute comprising a plurality of the structural units, the structural
units including monomer units, oligomer units, or combinations thereof. The method comprises forming droplets of the liquid solu-
tion including the structural units, and spraying the droplets on a substrate, thereby substantially increasing the reactivity of the
structural units within the droplets relative to the structural units within the liquid solution in the spray head. The increase in reactiv -
ity can result from the droplets containing an excess of a particular ion, the ion excess resulting from a voltage applied to conductive
walls of the device which dispenses the droplets. The material structure is then formed on the substrate from the more highly reactive
structural units within the droplets.
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AGRICULTURAL SKIN GRAFTING

TECHNICAL FIELD
[0001] Described herein are methods and an apparatus for depositing material on

a substrate, in particular for use in post harvest preservation of produce.

BACKGROUND
[0002] The two leading causes of produce spoilage are water loss via evaporation
through the produce surface, and oxidation via reaction with oxygen gas that has diffused
into the produce. Conventional approaches to preventing spoilage such as refrigeration
or special packaging are costly to implement. Refrigeration requires expensive capital
equipment, must be actively managed, has constant energy demands while operating, and
can cause damage or quality loss to the produce. Special packaging requires expensive
equipment, must be actively managed, and consumes packaging materials. Even with
refrigeration and special packaging, the handling and transportation of the produce causes
surface abrasion or bruising that is aesthetically displeasing to the consumer and serves as
points of ingress for bacteria and fungi.
[0003] As a natural defense against spoilage, the aerial surfaces of all land plants
are covered by a thin, highly cross-linked polyester known as cutin. Depositing an edible
coating atop this cutin layer has been shown to reduce post harvest water loss and
oxidation while helping resist surface abrasion. However, it is difficult to generate these
coatings from non-toxic solvents with optimal diffusion barrier properties, as the films
need to be processable (i.e. they must be highly soluble). Thus, conventional application
of most edible coatings requires two steps; the deposition of the film, followed by a
separate crosslinking step. These multiple processing steps make the use of edible
coatings difficult to commercialize and increase the handling requirements of the

produce.

SUMMARY
[0004] This specification describes methods and apparatus for depositing material
on or applying a coating to a substrate. The coating can, for example, be an edible

coating for produce that is grown at the site of deposition using only a single processing
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step, resulting in reduced water loss and oxidation of the produce while adding
mechanical integrity to the surface. While coatings deposited by other methods are
typically unbound to the coated surface, the methods and apparatus described herein can
result in a coating which is covalently bonded to at least a portion of the surface. This
may result in improved coating properties, such as higher durability and tighter control of
coating permeability and thickness. Furthermore, layer by layer deposition of such
coatings which bind to previously deposited material may be used to build more
sophisticated three-dimensional structures (i.e. used as ink for three dimensional
printing). In addition, the methods described herein enable the increase or decrease of ion
concentrations within a solution immediately prior to contact of the solution with the
substrate, which is useful in applications such as antimicrobial washes.

[0005] In a first aspect, a method of forming a material structure from structural
units contained within a liquid solution in a spray head is described. The liquid solution
includes a solvent and a solute, the solute comprising a plurality of the structural units,
the structural units including monomer units, oligomer units, or combinations thereof.
The method comprises forming droplets of the liquid solution including the structural
units, and spraying the droplets on a substrate, thereby substantially increasing the
reactivity of the structural units within the droplets relative to the structural units within
the liquid solution in the spray head. The material structure is then formed on the
substrate from the structural units within the droplets.

[0006] In a second aspect, a method of forming a coating over a surface of a
substrate from structural units contained within a liquid solution in a spray head is
described. The spray head comprises a dispensing device having an electrically
conductive wall, and the liquid solution includes a solvent and a solute, the solute
comprising a plurality of the structural units. The structural units in the solute include
monomer units, oligomer units, or combinations thereof. The method comprises applying
a voltage between the wall of the dispensing device and either an annular electrode of the
spray head or ground, thereby causing a surface of the liquid solution adjacent to the
dispensing device to become electrically charged. The method also includes forming
droplets from liquid solution at the electrically charged surface, causing the droplets to

have an electrical charge, and directing the droplets to the surface of the substrate,
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wherein the droplets include a plurality of the structural units of the solute. The method
further includes forming the coating over the surface of the substrate from the plurality of
the structural units in the droplets.

[0007] In a third aspect, a method of catalyzing covalent bonding of structural
units on a surface of a substrate is described. The structural units comprise monomer
units, oligomer units, or combinations thereof. The method comprises providing a spray
head which includes a dispensing device having an electrically conductive wall, the spray
head containing a liquid solution which includes a solvent. The method further includes
applying a voltage between the wall of the dispensing device and either a ground or an
annular electrode of the spray head, wherein the applied voltage causes a surface of the
liquid solution adjacent to the dispensing device to have a net electrical charge. The
method also includes forming droplets from liquid solution at the electrically charged
surface adjacent to the dispensing device, causing the droplets to have a net electrical
charge, and spraying the droplets on the surface of the substrate. The method further
includes allowing solvent in the droplets to at least partially evaporate, wherein the net
electrical charge of the droplets causes an ion concentration of the liquid solution
contained within the droplets to change as the solvent evaporates.

[0008] In a fourth aspect, a method of modifying an ion concentration of a liquid
solution is described. The method includes providing an assembly comprising a reservoir
coupled to a dispensing device, the dispensing device comprising an electrically
conductive wall, the reservoir containing the liquid solution. The method also includes
applying a voltage between the wall of the dispensing device and either a ground or an
annular electrode of the assembly, thereby causing a surface of the liquid solution
adjacent to the dispensing device to have a net electrical charge. The method further
includes forming droplets from liquid solution at the electrically charged surface adjacent
to the dispensing device, causing the droplets to have a net electrical charge, and allowing
the droplets to partially evaporate. The partial evaporation of the droplets causes the ion
concentration of the solution in the droplets to differ from the ion concentration of the
solution in the reservoir.

[0009] In a fifth aspect, an assembly adapted for forming a material structure

from a plurality of structural units is described, where the structural units comprise
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monomer units, oligomer units, or combinations thereof. The assembly includes a spray
head adapted to hold a liquid solution including a solvent and a solute, the solute
comprising the structural units in a non-reactive state or in a state of low reactivity, such
that the structural units do not substantially bond with one another, the spray head having
an attached dispensing device whose walls are electrically conductive. The assembly
also includes a voltage supply having a first terminal and a second terminal, with the first
terminal electrically connected to the walls of the dispensing device and the second
terminal electrically connected either to ground or to an annular electrode of the spray
head. The application of a voltage from the voltage supply causes electrically charged
droplets of the liquid solution to be emitted from the dispensing device, thereby changing
the pH of the droplets as solvent in the droplets evaporates.

[0010] The methods, assemblies, and apparatuses described herein can each
include one or more of the following features. Substantially increasing the reactivity of
the structural units can enable the structural units to covalently bond with one another or
with the substrate at a higher rate than before the increase in the reactivity. The material
structure can be a coating, and the coating can be formed over an entirety of and
completely surround the substrate. The substrate can be edible to humans, and the
coating can be an edible coating. The coating can be configured to prevent or suppress
water loss or uptake by the substrate, volatile loss or uptake by the substrate, oxidation
via reaction with oxygen gas that can diffuse into the substrate, or surface abrasion. The
material structure can be a coating, and the coating can be formed over a portion of the
substrate. The spray head can include a capillary electrically connected to a first terminal
of a voltage supply, and voltage provided by the voltage supply can cause a surface of the
liquid solution adjacent to the capillary to have a net electrical charge. The spray head
can further include an annular electrode, and a second terminal of the voltage supply can
be electrically connected to the annular electrode.

[0011] A second terminal of the voltage supply can be electrically connected to
an electrical ground. The droplets can be formed from liquid solution at the surface
adjacent to the capillary, causing the droplets to have a net electrical charge. The method
can further comprise allowing solvent from the droplets to at least partially evaporate,

wherein the net electrical charge of the droplets causes the liquid solution contained
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within the droplets to have a different ion concentration than the liquid solution contained
within the spray head after the at least partial evaporation of the solvent. The difference
in ion concentration between the liquid solution contained within the droplets and the
liquid solution contained within the spray head can cause the structural units in the
droplets to be substantially more reactive than the structural units contained within the
spray head. Forming the material structure can comprise polymerization of the structural
units, wherein the polymerization occurs directly on or adjacent to the surface of the
substrate.

[0012] The forming of the coating can comprise polymerization of the structural
units, wherein the polymerization occurs directly on or adjacent to the surface of the
substrate. The structural units can be monofunctional molecules, and forming the coating
can comprise forming a substantially monolayer coating of the monofunctional
molecules. The forming of the coating can further comprise causing a plurality of the
monofunctional molecules to each form a covalent bond to a bonding site on the surface
of the substrate. The method can further include allowing solvent from the droplets to at
least partially evaporate, wherein the net electrical charge of the droplets causes the liquid
solution contained within the droplets to have a different ion concentration than the liquid
solution contained within the spray head after the at least partial evaporation of the
solvent. The difference in ion concentration between the liquid solution contained within
the droplets and the liquid solution contained within the spray head can cause the
structural units in the droplets to be in a substantially more non-equilibrium state than the
structural units contained within the spray head.

[0013] The substrate can be edible to humans, and the coating can be an edible
coating. The liquid solution within the reservoir can be configured such that the
structural units in the solute within the reservoir are in a substantially equilibrium state,
such that they do not substantially bond with one another. The forming of the droplets
and the causing of the droplets to have a net electrical charge can result in the solution in
the droplets being in a state which is further from equilibrium than a state of the solution
contained within the reservoir, allowing the structural units in the droplets to form
covalent bonds to one another or to the substrate. The dispensing device can comprise a

capillary.
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[0014] The ion concentration of the liquid solution after the at least partial
evaporation of the solvent in the droplets can be within a range that is sufficient to
catalyze the covalent bonding of the structural units adjacent to the droplets on the
surface of the substrate. The catalyzing of the covalent bonding can comprise catalyzing
polymerization of the structural units to form a polymeric material structure on the
surface of the substrate. The catalyzing of the covalent bonding can further comprise
catalyzing the formation of covalent bonds between at least some of the structural units of
the polymeric material structure and the surface of the substrate. The polymeric material
structure can be a protective coating that surrounds the substrate. The method can further
comprise spraying the droplets on a substrate, wherein the droplets serve to sanitize the
substrate. The substrate can comprise agricultural equipment, produce, or medical
equipment.

[0015] The material structure can comprise a polymer formed of the structural
units. The assembly can further comprise a substrate configured to receive the droplets,
wherein the substrate is edible to humans, and the material structure comprises an edible
coating. At least some of the structural units of the edible coating can be covalently
bonded to a surface of the substrate.

[0016] The details of one or more implementations of the invention are set forth
in the accompanying drawings and description below. Other features and advantages of

the invention will be apparent from the description and drawings, and from the claims.

DESCRIPTION OF DRAWINGS
[0017] Figures 1 and 2 are each side views of a deposition system for a coating.
[0018] Figure 3 is a schematic representation of a chemical reaction that leads to
the formation of a coating.
[0019] Figure 4 is a side view of another deposition system for a coating.

[0020] Like reference symbols in the various drawings indicate like elements.
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DETAILED DESCRIPTION
[0021] Described herein are methods and apparatus for depositing material on or
applying a coating to a substrate. The deposited material or coating is formed from a
solution in a reservoir, the solution including a solvent which contains a solute of
monomers and/or oligomers of the material to be coated over or deposited on the
substrate. While in the solvent, the monomers and/or oligomers of the solute are in a
non-reactive state, or in a state of low reactivity, such that they do not substantially bond
with one another and/or with other constituents of the solution. Small droplets of the
solution are then formed and directed towards the surface that is to be coated. As
described in further detail below, the methods by which the droplets are formed cause the
monomers/oligomers in the droplets to become reactive, or to become substantially more
reactive than they were in the solution prior to droplet formation. Thus when the droplets
reach the surface of the substrate, as the solvent evaporates (increasing the
monomer/oligomer concentration within the droplets), the activated monomers/oligomers
covalently bond directly to the surface of the substrate or to previously deposited portions
(i.e., previously deposited monomer/oligomer units) of the coating. In this manner, the
coating is “grown” over the surface of the substrate.
[0022] As used herein, the term “substrate” refers to any object or material to
which the reactive droplets described herein are directed and over which a resultant
coating is formed or material is deposited. Although in many applications the coatings
are formed over the entire outer surface of the substrate, in some applications the coatings
may not cover the entire outer surface or may include apertures or porous regions which
expose a portion of the outer surface of the substrate.
[0023] In some implementations, the substrate is edible to humans, and the
coating is an edible coating. The coating prevents or suppresses water loss from the
substrate via evaporation through the substrate surface (or stem area) as well as oxidation
via reaction with oxygen gas that has diffused into the substrate, and, in addition, it
delays the release of other volatiles, insulates the produce, and can also help prevent
surface abrasion. Examples of edible substrates include fruits, vegetables, produce,

seeds, nuts, beef, poultry, and seafood.
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[0024] In some implementations, the coating is formed as or includes an organic
material, while in other implementations the coating is formed as or includes an inorganic
material. In still other implementations, the coating is formed of or includes both organic
and inorganic material. The substrate may be a plant, such as a picked flower, and the
coating may be a non-toxic coating which serves to increase the lifespan of the plant and
prevent spoilage.

[0025] Referring now to Figure 1, a spray head 100 is used to form reactive
droplets 110 of solution and direct them towards the substrate 112. As used herein, the
term “spray head” refers generally to any vessel or container which is capable of holding
a solution, the solution being a liquid or fluid, and which causes droplets of the solution
to be formed and directed (e.g., “sprayed”) in one or more desired directions. The spray
head 100 includes a reservoir 102 having a dispensing device such as a capillary 104 on
one end. The cross-section of the capillary 104 can be circular, square, rectangular, oval,
or any arbitrary shape. The walls 105 of the capillary 104 are metallic or otherwise
formed of an electrically conductive material, while the walls 103 of the remainder of the
reservoir 102 are formed of an electrically insulating material, such as plastic or any other
sufficiently rigid, insulating material.

[0026] The materials that the walls of the reservoir 102 and capillary 104 are
formed of are chemically inert and should not react with the solution 118 contained
within the reservoir. The spray head 100 optionally includes an annular electrode 108,
which is also metallic or electrically conductive. The capillary 104 and annular electrode
108 are both configured such that their respective average inner diameters are adjustable.
The average inner diameter of the capillary 104 is typically between about 10 microns
and 1 meter, and the average inner diameter of the annular electrode 108 is typically
between about 10 microns and 1 meter. The annular electrode 108 is typically
substantially centered around the tip 106 of the capillary 104, such that the capillary 104
and the annular electrode 108 may be substantially coaxially aligned. The spray head
100 can be configured such that the separation between the annular electrode 108 and the
tip 106 of the capillary 104 is adjustable. Typically the separation between the annular
electrode 108 and the tip 106 of the capillary 104 is between about 10 microns and 10

centimeters.
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[0027] Still referring to Figure 1, the walls of the capillary 104 and the annular
electrode 108 are maintained at a different electric potential by a voltage supply 110
whose output voltage can be varied. As used herein, a “voltage supply” refers to a device
or system that includes two outputs and generates an electric potential difference between
the two outputs. A few examples of voltage supplies include batteries, voltage-variable
power supplies, photovoltaic or thermoelectric generators, gas or diesel generators, and
Kelvin generators. One terminal of the voltage supply 110 is electrically connected to the
walls of the capillary 104, for example with a conductive wire 114, and the opposite
terminal of the voltage supply 110 is electrically connected to the annular electrode 108,
for example with another conductive wire 116.

[0028] As also shown in Figure 1, the reservoir 102 is filled, or at least partially
filled, with a solution including a solvent 118 which contains a solute 120 comprised of
monomers and/or oligomers of the material to be deposited over the surface of the
substrate 112. The pressure within the reservoir 102 is optionally maintained by an
external pump 124.

[0029] As described above, the solute 120 includes monomers and/or oligomers
of the material to be deposited over the surface of the substrate 112. The monomers or
oligomers can, for example, be short chain fatty acids possessing both a carboxyl
functionality and a hydroxyl functionality at or near opposite ends of a saturated or
unsaturated hydrocarbon chain, which may optionally contain additional chemical
constituents (e.g. epoxides, hydroxyls, glycerols, etc.). The monomers may also include
leaving groups bound to one or more of the monomer functionalities, which can be
included to influence reaction kinetics and/or alter monomer solubility. The solvent 118
can be any organic or inorganic solvent which solvates or at least partially solvates the
monomers/oligomers that are pumped into the reservoir 102. The solvent 118 can be any
polar, non-polar, protic, or aprotic solvent, including any combination thereof. Examples
of solvents that can be used include water, methanol, ethanol, acetone, isopropanol (i.c.,
isopropyl alcohol), or combinations thereof.

[0030] During the time that the solution is contained within the reservoir, the
solution is configured such that the monomers/oligomers in the solute 120 are in a non-

reactive state, or in a state of low reactivity, such that they do not substantially bond with
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one another and/or with other constituents of the solution. For example, for some
monomer/oligomer solute compositions, the pH of the solution is sufficiently low (i.e.,
the solution is sufficiently acidic) to catalyze reactions that result in covalent bonding of
the monomers/oligomers to each other or to the substrate. When these
monomer/oligomer solute compositions are used, the solution is configured such that
while it is contained within the reservoir, its pH is sufficiently high (i.c., the solution is
sufficiently neutral/basic) such that the monomers/oligomers in the solute do not
substantially bond with one another and/or with other constituents of the solution. For
other monomer/oligomer solute compositions, the pH of the solution is sufficiently high
(i.e., the solution is sufficiently neutral/basic) in order to catalyze the reactions. When
these other monomer/oligomer solute compositions are used, the solution is configured
such that while it is contained within the reservoir, its pH is sufficiently low (i.c., the
solution is sufficiently neutral/acidic) such that the monomers/oligomers in the solute do
not substantially bond with one another and/or with other constituents of the solution.
[0031] In view of the configuration of the solution described above, without
activating the monomers/oligomers such that they are in a more reactive state, the
monomers/oligomers would be incapable of forming or unlikely to form covalent bonds
to the substrate 112 and/or with each other when applied to the substrate, and therefore
may not form a coating 113 that is sufficiently protective. In the case where the pH of
the solution is above the minimum value required to catalyze a reaction, adding an acid to
the solution can activate the monomers/oligomers and place them in a more reactive state,
such that they are subsequently capable of forming covalent bonds to the substrate 112
and/or to each other. However, such a process is undesirable in many applications. For
example, in post-harvest preservation of produce, use of certain strong acids is prohibited
in food additives, since such a process can result in the produce being classified as unsafe
for human consumption. Furthermore, once the solute is in a more reactive state, the
monomers/oligomers begin to bond with one another indiscriminately and polymerize
prior to being placed on the surface of the substrate 112, which can degrade the properties
of the resultant coating 113, or result in the properties of the coating 113 being less
controllable, as described in more detail below. Similarly, in the case where the pH of

the solution is below the minimum value required to catalyze reactions, adding a base to
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the solution can activate the monomers/oligomers and place them in a more reactive state,
such that they are subsequently capable of forming covalent bonds to the substrate 112.
However, similar concerns and complications to the case described above where an acid
is added to the solution also persist.

[0032] Referring again to Figure 1, in order to form a coating 113 over the
substrate 112, the portion of the substrate 112 being coated may be substantially centered
about the tip 106 of the capillary 104 and held at a controllable distance from the annular
electrode 108, and a voltage between the annular electrode 108 and the capillary 104 is
applied by the voltage supply 110. The distance between the surface of substrate 112
being coated and the annular electrode 108 can be fixed or varied during the deposition
process. Droplets 122 of the solvent 118 and solute 120 are formed and are directed
towards the substrate 112, as shown.

[0033] The droplets 122 are formed by applying a voltage applied between the
annular electrode 108 and the capillary 104, resulting in a net accumulation of electric
charge along the surface of the solution adjacent to the tip 106 of the capillary 104. The
polarity of the charge (i.c., whether it is positive or negative) is determined by the
polarity of the applied voltage. Surface tension effects, in combination with the induced
charge on the surface of the solution at the tip of the capillary, result in formation of
droplets 122. The droplet size and rate of formation can be controlled by adjusting one or
more of the following: (1) the voltage and/or current output by the voltage supply 110
(thereby adjusting the electric field strength and charge density at the surface of the
solution); (2) the rate of rotation or power of the pump 124 (thereby adjusting the
pressure within the reservoir 102); (3) the average radius of the capillary 104; (4) the
average radius of the annular electrode 108; (5) the surface tension of the solvent 118;
and/or (6) the temperature or conductivity of the solution.

[0034] As a result of the applied electric field and resulting charge accumulation
at the surface of the solution, which causes the droplets 122 to form, the droplets possess
excess positive or negative charge. As the solvent evaporates from the charged droplet
122, the charge in the droplet leads to further increased or decreased ion concentrations
within the droplet. For example, in the case where the droplet is positively charged and

the ion is a hydrogen cation, the hydrogen cation concentration in the droplet increases,
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resulting in increased droplet acidity. Alternatively, in the case where the droplet is
negatively charged and the ion is hydroxide, the hydroxide ion concentration in the
droplet increases, resulting in increased droplet basicity. This change in ion
concentration leads to the formation of reaction intermediates and causes the
monomer/oligomer solute 120 within the droplet to be in a non-equilibrium, and therefore
more highly reactive, state. Consequently, when the droplet 122 strikes the surface of the
substrate 112 and the solvent 118 evaporates (or while it is evaporating), the
monomers/oligomers are in an activated, non-equilibrium state, and form covalent bonds
directly to the surface of the substrate 112 or to previously deposited portions (i.c.,
previously deposited monomer/oligomer units) of the coating 113, in an attempt to drive
the system into a state closer to equilibrium. The process by which the
monomer/oligomer units form covalent bonds to the surface of the substrate is commonly
referred to as surface grafting.

[0035] In some implementations, additives such as surfactants, acids, or salts are
added to the solvent 118 in order to adjust the surface tension or conductivity of the
solvent and thereby adjust the size and the rate of formation of the droplets 122. In other
implementations, weak acids, ions, or non-reactive molecules are added to the solution to
control or adjust the properties of the resulting film or coating 113. In still other
implementations, the solution contains pH stabilizers or modifiers. In yet other
implementations, the solution includes additional materials which are also transported to
the surface of the substrate 112 in droplets (or are deposited separately) 122 and are
subsequently encapsulated by the coating 113, i.e., the coating 113 is formed at least
partially around the additional material. Examples of such additional materials include
cells, biological signals, vitamins, minerals, pigments, aromas, enzymes, catalysts, and
time-release drugs. The additional materials can be non-reactive materials, can be
reactive with both the coating 113 and the surface of the substrate 112, can be reactive
with the surface of the substrate 112 but not with the coating 113, or can be reactive with
the coating 113 but not with the surface of the substrate 112.

[0036] In some implementations, oxidation or reduction reactions take place in
the droplets in the solution while the droplets are in or near the spray head, forming

reactive intermediates or leading to the formation of new compounds which subsequently
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react with the substrate. For example, as the solvent evaporates from the charged droplet
122 prior to the droplet reaching the surface of the substrate, ion concentrations in the
droplet increase or decrease, and the state of the solution in the droplet shifts further
towards non-equilibrium relative to solution in the reservoir. This drives the formation of
reactive intermediates or new compounds, since forming these reactive intermediates or
new compounds represents a new equilibrium state within the droplets. An example of
this could include the formation of reactive derivatives of carboxylic acid functionalities
such as acyl halides (e.g. acyl chloride) that react with alcohols or amines to form esters
of amines. Other examples of reactive intermediates include carbocation formation under
high hydrogen cation concentrations within the droplets. In still other implementations,
the reactive intermediate is a salt.

[0037] For many applications, it is desirable that the pH of the solution be very
close to the threshold required to activate the monomers/oligomers in the solute 120
while the solution is contained in the reservoir 102, prior to droplet formation. This is
because the change in pH following droplet formation may be small, so if the pH of the
solution prior to droplet formation is not sufficiently close to the threshold value, the
change in pH following droplet formation may not be adequate to catalyze certain types
of polymerization reactions. For example, if a minimum pH is required to activate the
monomers/oligomers and catalyze reactions, the pH of the solution can be slightly below
this minimum threshold pH value (i.e., between 0.5 and 0.999 times the threshold pH
value). If a pH below some maximum value is required to activate the
monomers/oligomers and catalyze reactions, the pH of the solution can be slightly greater
than this maximum threshold pH value (i.e., between 1.001 and 2 times the threshold pH
value). For example, if a pH below 5 is optimal for catalyzing reactions, the pH of the
solution prior to droplet formation can be between about 5.1 and 8. In some applications
where a minimum pH is required to activate the monomers/oligomers and catalyze a
reaction, the pH of the solution prior to droplet formation can be less than 0.9 times or
less than 0.8 times this minimum threshold pH value. In some applications where the pH
required to activate the monomers/oligomers and catalyze the reaction must be below
some maximum threshold pH value, the pH of the solution prior to droplet formation can

be greater than 1.1 times or greater than 1.3 times this maximum threshold pH value.
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[0038] The pH of the solution while it is contained in the reservoir 102 can be
adjusted by the addition of acids or bases to the solution, either before or after it is placed
in the reservoir. Hence, although the solution may be free of strong acids and bases, in
some cases reasonably small quantities of acids and bases may be added to or included in
the solution in order to better tune the pH of the solution. The ability to externally
modify solution pH with the application of an external field enables molecules with very
high acid dissociation constant (pKa) values (for example, above 15.5) to be added to the
solution in the reservoir without substantially catalyzing reactions within the reservoir
prior to droplet formation, while still allowing for reactions to occur at the surface of the
substrate after the droplets are incident on the substrate.

[0039] Referring now to Figure 2, an alternative configuration for a spray head
200 is shown. Spray head 200 of Figure 2 is similar to spray head 100 of Figure 1,
except that annular electrode 108 shown in Figure 1 does not need to be included
(although it may optionally still be included). Instead, in spray head 200, one terminal of
the voltage supply 110 is electrically connected to the walls 105 of the capillary 104, for
example with a conductive wire 114, and the opposite terminal of the voltage supply 110
is electrically connected to a charge source 208. The charge source 208 can for example
be an electrical ground or a DC voltage plane. The charge source 208 supplies/sinks
electric charge to/from the capillary 104 when a voltage is applied by the voltage supply
110. Similar to the case of spray head 100, the applied voltage between the capillary 104
and the charge source 208 results in a net accumulation of electric charge along the
surface of the solution adjacent to the tip 106 of the capillary 104. The polarity of the
charge (i.c., whether it is positive or negative) is determined by the polarity of the applied
voltage. Capillary surface tension effects, in combination with the charge on the surface
of the solution at the tip of the capillary 104, result in the droplets 122 being formed.
This mode of operation for the spray head is known as conduction mode, while the mode
of operation in which the voltage is applied between the capillary 104 and an annular
electrode 108 (as in Figure 1) is known as induction mode.

[0040] In some implementations, the monomers/oligomers of the solute 120 are
bifunctional or polyfunctional molecules. A bifunctional or polyfunctional molecule is

one which includes two (in the case of bifunctional) or multiple (in the case of
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polyfunctional) bonding sites for forming covalent bonds with other atoms or molecules.
As such, bifunctional and polyfunctional molecules are each able to form covalent bonds
with multiple other atoms or molecules. When bifunctional/polyfunctional molecules are
implemented as the monomers/oligomers of the solute 120, the coating 113 forms as
follows. Some or all of the first reactive monomers/oligomers to reach the surface of the
substrate 112 form covalent bonds to the substrate at a bonding site at the surface of the
substrate (assuming the substrate’s surface is composed of a material capable of reacting
with the incident reactive intermediate). Because each of the monomers/oligomers
include multiple bonding sites, subsequent monomers/oligomers form a covalent bond
either to the substrate 112 at a non-occupied bonding site at the surface of the substrate,
or to a non-occupied bonding site of one of the already bound monomers/oligomers. In
this way, a polymer film coating is “grown” over the surface of the substrate, where a
substantial number of the monomer/oligomer units of the coating 113 are covalently
bonded to one or more neighboring molecules, and the entire coating 113 is tightly bound
to the surface of the substrate 112.

[0041] Coatings formed by the polymerization reaction described above can have
high structural integrity and very low permeability, making them ideal for reducing water
loss and oxidation in produce and other edible products, while also helping prevent
surface abrasion. Because strong acids are not used to catalyze elimination reactions
during the coating growth process, the coatings can be edible and safe to consume. Thus,
in some applications where the coatings are applied to edible products, the coatings can
allow for extended transport of the edible products without or with reduced need for
refrigeration, and the coatings can be safely consumed along with the edible products.
[0042] Various properties of coatings formed by the polymerization reaction
described above can be tuned by adjusting various parameters of the deposition precursor,
as well as parameters of the components of the spray head 100. For example, the rate of
ripening of post-harvest fruit and produce can be adjusted by tuning the cross-link density
of the polymer coating, its thickness, and/or its composition. Polymer coatings grown
from bifunctional or polyfunctional monomer units tend to have higher cross-link
densities than those grown from bifunctional or polyfunctional oligomer units (e.g.,

dimers, trimers, tetramers, polymers, etc.), thereby resulting in slower rates of ripening,
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transpiration, and/or senescence. Hence, when slow ripening rates are desired, solutes
formed of monomer units can be used, while if faster ripening rates are desired, solutes
formed of oligomer units can be used.

[0043] When monomer units are used, the cross-link density can be decreased
slightly by allowing some of the monomers to react with one another and form oligomer
chains prior to reacting at the surface of the substrate 112. For example, in larger droplets
122 (or at higher reservoir concentrations) that contain larger numbers of monomer units,
there is a higher probability of monomers bonding with one another to form oligomer
units prior to reacting with the surface of the substrate 112. Hence, larger droplets, higher
monomer concentrations in the solution within the reservoir, as well as a larger separation
between the tip 106 of the capillary 104 and the substrate 112, tend to lead to lower cross-
link densities.

[0044] Furthermore, because the solvent in the droplets 122 evaporates while the
droplets are traveling between the spray head and the substrate, the concentration of the
solute incident on the surface of the substrate 112 can be tuned by adjusting both the size
of the droplets and the distance that the droplets travel through the air. As previously
described, the droplet size and rate of formation can be controlled by adjusting the
voltage that is output by the voltage supply 110 (thereby adjusting the electric field
strength), the rate of rotation of the pump 124 (thereby adjusting the pressure within the
reservoir 102), the average radius of the capillary 104, the average radius of the annular
electrode 108, and/or the surface tension, conductivity, or temperature of the solvent 118.
[0045] In some implementations, the monomers/oligomers of the solute 120 are
monofunctional molecules. A monofunctional molecule is one which only includes a
single bonding site for forming a covalent bond with another atom or molecule. As such,
once a monofunctional molecule has formed a covalent bond with another atom or
molecule, it will not participate in further reactions. When the monomers/oligomers of
the solute 120 are monofunctional molecules, after being transported to the surface of the
substrate 112 in a charged droplet 122, the reactive monofunctional molecules each form
a covalent bond to a bonding site on the surface of the substrate 112, after which they are
unable to participate in further reactions. As more reactive monofunctional

monomers/oligomers are transported to the surface of the substrate 112, they covalently
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bond to bonding sites of the substrate surface until all of the bonding sites are occupied.
Thus, the resultant coating is comprised of a monolayer of the monomer/oligomer
constituents, rather than being a polymer film. Such films are typically more permeable
than films formed by the polymerization reactions previously described, making them
ideal for applications where faster ripening is desirable. Additionally, these monolayer
films typically require smaller quantities of precursor solution and can be formed in a
shorter time than the polymer films previously described, resulting in reduced cost as
compared to the cost of creating the polymer films. Inclusion of such monofunctional
units in the deposition process may also be used to control crosslinking density of
deposited bifunctional/polyfunctional monomers/oligomers by reducing the effective
number of functional units capable of covalent bonding, as the reaction with
monofunctional units reduces the number of available grafting sites for newly deposited
monomers/oligomers.

[0046] Figure 3 is a schematic representation of an example chemical reaction
that leads to the formation of the organic coatings described above. In this example, the
substrate or previously deposited material is a linear polyester chain represented by the
formula 310 in Figure 3. This polymer chain is covalently bound by ester linkages and is
polyfunctional, containing one carboxylic acid functionality and n+1 hydroxyl
functionalities. The addition of a polyfunctional hydroxy fatty acid chain (shown in
formula 320) in the presence of an acid catalyst results in the formation of an ester bond
between the hydroxyl group of the linear polyester chain and the carboxylic acid group of
the polyfunctional hydroxy fatty acid via an elimination reaction in which water is the
byproduct (shown in formula 330).

[0047] Although Figures 1 and 2 each illustrate a single spray head 100 or 200
being used to apply a coating 113 to a substrate 112, a plurality of spray heads (i.c., at
least 2, as shown in Figure 4), at least 3, or at least 4 spray heads configured in an array
(not shown) can be used to apply the coating 113. In this case, the monomers/oligomers
in the activated droplets from each spray head 400 are able to react with and form
covalent bonds to the substrate 112 and to other activated monomer/oligomer units from
any of the spray heads 400 in the array. While in some cases the solution composition in

cach of the spray heads is similar or substantially the same, in other cases the solution
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compositions in different spray heads of the array may be different. In comparison to
using a single spray head, such an array can reduce the time required to coat a substrate
and can allow for large scale production of the coatings 113, as described herein.

[0048] In addition to forming coatings that surround or at least partially surround
a substrate, the spray heads of Figures 1, 2, and 4, along with the associated methods
described herein, can also be used to form other types of material structures. For
example, the monomer/oligomer units can be used as “ink” in three dimensional printing
systems. That is, a three dimensional material structure can be built from
monomer/oligomer units delivered to a substrate using the systems and methods
described above. Such printed three dimensional polymer structures can be very
inexpensive to fabricate, and can have a degree of structural integrity which can be
modified in-situ due to the ability to form and control the density of tight covalent bonds
formed between the adjacent monomer/oligomer units. In this application, the
monomer/oligomer units may be reactive with one another, but not with the substrate on
which they are deposited, such that the resulting printed three dimensional structure may
casily be separated from the substrate.

[0049] Alternatively, the monomer/oligomer units may be reactive with one
another and also with the substrate on which they are deposited, such that the printed
three dimensional structure is formed as an extension of the substrate. An example of
such an application includes printing tread directly onto a tire (such as a bicycle or
automobile tire made of suitable material), where the tire is smooth prior to the printing
of the tread but includes a tread pattern after printing. As another example, the printed
structures can be used as scaffolds for biological materials such as cells or proteins. In
this example, biocompatible monomer units may be deposited layer by layer or “printed”
into a desired shape which may then serve as a scaffold for cell growth. This technique
has the added advantage that during deposition, peptide sequences, proteins, or other
biological signaling molecules may be covalently bound to specific positions of the
scaffold, thus allowing directed cell growth on the scaffold.

[0050] In still another variation of the systems and methods described herein, the
solution in the spray head reservoir does not contain solute molecules which are capable

of undergoing polymerization reactions. Instead, the solution may contain only solvent
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molecules, ions, acids, and/or other highly non-polymerizable molecules. In this
variation, the droplets which are formed contain no monomer/oligomer units. The field
generated by the voltage supply and the associated charging of the droplets can change
the ion concentration or the acidity or basicity of the solution in the droplets, as compared
to the solution in the reservoir prior to droplet formation. When the droplets are directed
towards a substrate, they can catalyze reactions (e.g. polymerization or depolymerization)
between molecules already on the substrate. This alternative variation may also be used
to modify the substrate surface prior to coating deposition. That is, acidified or basified
solvent droplets without any monomer/oligomer solute can first be applied to the
substrate in order to modify the surface of the substrate, followed by application of
droplets containing both solvent and monomer/oligomer solute in order to form a coating
or other three-dimensional structure. Alternatively, such a process could be used to
sanitize agricultural equipment, produce surfaces, or medical equipment, for example,
without the use of more toxic chemicals.

[0051] The methods described herein allow for the formation of charged droplets
of controllable solvent/solute compositions and concentrations with a controllable level
of acidity or pH or the formation of alternative reactive intermediates (e.g. acyl halides).
In some implementations, these methods provide a physicochemical technique by which
to catalyze elimination reactions without the addition of strong acids. Furthermore, the
methods described herein can allow for the controllable delivery of droplets containing
activated monomers/oligomers that participate in reactions (e.g. elimination reactions)
once they are deposited on a substrate.

[0052] A number of implementations have been described. Nevertheless, it will
be understood that various modifications may be made without departing from the spirit
and scope of the techniques and devices described herein. For example, although in
Figures 1, 2, and 4 the solution is maintained in the reservoir of one or more spray heads
prior to droplet formation, the solution may be maintained in an external reservoir and
provided to the spray head, for example through a tube, or by dripping out of the
reservoir, as additional solution is needed. Additionally, while in Figures 1, 2, and 4 the
droplets are formed and made to be reactive by a voltage applied between the capillary

and either the annular electrode or an electrical ground, other methods of forming
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activated or highly reactive droplets can be implemented. For example, rather than
applying a voltage directly to or between portions of the spray head, an external electric
field can be created, and the surface of the solution at which the droplets are formed is
placed within the electric field. Or, rather than using an electric field to induce formation
of reactive droplets, heat or photoexcitation could be used. That is, the surface of the
solution at which the droplets are formed can be heated, or photons can be directed onto
the surface, in order to induce formation of activated droplets. Other processes may also
be employed to help steer the droplets onto the surface, for example air currents or
additional electric fields. Features shown in each of the implementations may be used
independently or in combination with one another. Accordingly, the invention is only

limited by the scope of the following claims.
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WHAT IS CLAIMED IS:

1. A method of forming a material structure from structural units contained within a
liquid solution in a spray head, the liquid solution including a solvent and a solute, the
solute comprising a plurality of the structural units, the structural units including
monomer units, oligomer units, or combinations thereof, the method comprising:

forming droplets of the liquid solution including the structural units, and spraying
the droplets on a substrate, thereby substantially increasing the reactivity of the structural
units within the droplets relative to the structural units within the liquid solution in the
spray head; wherein

the material structure is formed on the substrate from the structural units within

the droplets.

2. The method of claim 1, wherein substantially increasing the reactivity of the
structural units enables the structural units to covalently bond with one another or with

the substrate at a higher rate than before the increase in the reactivity.

3. The method of claim 1, wherein the material structure is a coating, and the coating

is formed over an entirety of and completely surrounds the substrate.

4. The method of claim 3, wherein the substrate is edible to humans, and the coating

is an edible coating.

5. The method of claim 4, wherein the coating is configured to prevent or suppress
water loss or uptake by the substrate, volatile loss or uptake by the substrate, oxidation

via reaction with oxygen gas that can diffuse into the substrate, or surface abrasion.

6. The method of claim 1, wherein the material structure is a coating, and the coating

is formed over a portion of the substrate.

7. The method of claim 1, wherein the spray head includes a capillary electrically
connected to a first terminal of a voltage supply, and voltage provided by the voltage
supply causes a surface of the liquid solution adjacent to the capillary to have a net

electrical charge.
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8. The method of claim 7, the spray head further including an annular electrode,
wherein a second terminal of the voltage supply is electrically connected to the annular

electrode.

9. The method of claim 7, wherein a second terminal of the voltage supply is

electrically connected to an electrical ground.

10.  The method of claim 7, wherein the droplets are formed from liquid solution at

the surface adjacent to the capillary, causing the droplets to have a net electrical charge.

11.  The method of claim 10, further comprising allowing solvent from the droplets to
at least partially evaporate, wherein the net electrical charge of the droplets causes the
liquid solution contained within the droplets to have a different ion concentration than the
liquid solution contained within the spray head after the at least partial evaporation of the

solvent.

12. The method of claim 11, wherein the difference in ion concentration between the
liquid solution contained within the droplets and the liquid solution contained within the
spray head causes the structural units in the droplets to be substantially more reactive

than the structural units contained within the spray head.

13.  The method of claim 1, wherein forming the material structure comprises
polymerization of the structural units, wherein the polymerization occurs directly on or

adjacent to the surface of the substrate.
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14. A method of forming a coating over a surface of a substrate from structural units
contained within a liquid solution in a spray head, the spray head comprising a dispensing
device having an electrically conductive wall, the liquid solution including a solvent and
a solute, the solute comprising a plurality of the structural units, the structural units in the
solute including monomer units, oligomer units, or combinations thereof, the method
comprising:

applying a voltage between the wall of the dispensing device and either an
annular electrode of the spray head or ground, thereby causing a surface of the liquid
solution adjacent to the dispensing device to become electrically charged;

forming droplets from liquid solution at the electrically charged surface, causing
the droplets to have an electrical charge, and directing the droplets to the surface of the
substrate, wherein the droplets include a plurality of the structural units of the solute; and

forming the coating over the surface of the substrate from the plurality of the

structural units in the droplets.

15.  The method of claim 14, wherein forming the coating comprises polymerization
of the structural units, wherein the polymerization occurs directly on or adjacent to the

surface of the substrate.

16. The method of claim 14, wherein the structural units are monofunctional
molecules, and forming the coating comprises forming a substantially monolayer coating

of the monofunctional molecules.

17.  The method of claim 16, wherein forming the coating further comprises causing a
plurality of the monofunctional molecules to each form a covalent bond to a bonding site

on the surface of the substrate.

18.  The method of claim 14, further comprising allowing solvent from the droplets to
at least partially evaporate, wherein the net electrical charge of the droplets causes the

liquid solution contained within the droplets to have a different ion concentration than the
liquid solution contained within the spray head after the at least partial evaporation of the

solvent.
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19. The method of claim 18, wherein the difference in ion concentration between the
liquid solution contained within the droplets and the liquid solution contained within the
spray head causes the structural units in the droplets to be in a substantially more non-

equilibrium state than the structural units contained within the spray head.

20.  The method of claim 14, wherein the coating is configured to prevent or suppress
water loss or uptake by the substrate, volatile loss or uptake by the substrate, oxidation

via reaction with oxygen gas that can diffuse into the substrate, or surface abrasion.

21. The method of claim 14, wherein the substrate is edible to humans, and the

coating is an edible coating.

22.  The method of claim 14, wherein the liquid solution within the reservoir is
configured such that the structural units in the solute within the reservoir are in a

substantially equilibrium state, such that they do not substantially bond with one another.

23.  The method of claim 22, wherein the forming of the droplets and the causing of
the droplets to have a net electrical charge results in the solution in the droplets being in a
state which is further from equilibrium than a state of the solution contained within the
reservoir, allowing the structural units in the droplets to form covalent bonds to one

another or to the substrate.

24.  The method of claim 14, wherein the dispensing device comprises a capillary.
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25. A method of catalyzing covalent bonding of structural units on a surface of a
substrate, the structural units comprising monomer units, oligomer units, or combinations
thereof, the method comprising:

providing a spray head comprising a dispensing device having an electrically
conductive wall, the spray head containing a liquid solution which includes a solvent;

applying a voltage between the wall of the dispensing device and either a ground
or an annular electrode of the spray head, wherein the applied voltage causes a surface of
the liquid solution adjacent to the dispensing device to have a net electrical charge;

forming droplets from liquid solution at the electrically charged surface adjacent
to the dispensing device, causing the droplets to have a net electrical charge, and spraying
the droplets on the surface of the substrate; and

allowing solvent in the droplets to at least partially evaporate; wherein

the net electrical charge of the droplets causes an ion concentration of the liquid

solution contained within the droplets to change as the solvent evaporates.

26.  The method of claim 25, wherein the ion concentration of the liquid solution after
the at least partial evaporation of the solvent in the droplets is within a range that is
sufficient to catalyze the covalent bonding of the structural units adjacent to the droplets

on the surface of the substrate.

27.  The method of claim 26, wherein the catalyzing of the covalent bonding
comprises catalyzing polymerization of the structural units to form a polymeric material

structure on the surface of the substrate.

28.  The method of claim 27, wherein the catalyzing of the covalent bonding further
comprises catalyzing the formation of covalent bonds between at least some of the

structural units of the polymeric material structure and the surface of the substrate.

29.  The method of claim 27, wherein the polymeric material structure is a protective

coating that surrounds the substrate.
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30.  An assembly adapted for forming a material structure from a plurality of
structural units, the structural units comprising monomer units, oligomer units, or
combinations thereof, the assembly comprising:

a spray head adapted to hold a liquid solution including a solvent and a solute, the
solute comprising the structural units in a non-reactive state or in a state of low reactivity,
such that the structural units do not substantially bond with one another, the spray head
having an attached dispensing device whose walls are electrically conductive; and

a voltage supply having a first terminal and a second terminal, the first terminal
electrically connected to the walls of the dispensing device and the second terminal
electrically connected either to ground or to an annular electrode of the spray head;
wherein

the application of a voltage from the voltage supply causes electrically charged
droplets of the liquid solution to be emitted from the dispensing device, thereby changing

the pH of the droplets as solvent in the droplets evaporates.

31.  The assembly of claim 30, wherein the material structure comprises a polymer

formed of the structural units.

32.  The assembly of claim 30, the assembly further comprising a substrate configured
to receive the droplets, wherein the substrate is edible to humans, and the material

structure comprises an edible coating.

33.  The assembly of claim 32, wherein at least some of the structural units of the

edible coating are covalently bonded to a surface of the substrate.
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34. A method of modifying an ion concentration of a liquid solution, the method
comprising:

providing an assembly comprising a reservoir coupled to a dispensing device, the
dispensing device comprising an electrically conductive wall, the reservoir containing the
liquid solution;

applying a voltage between the wall of the dispensing device and either a ground
or an annular electrode of the assembly, thereby causing a surface of the liquid solution
adjacent to the dispensing device to have a net electrical charge;

forming droplets from liquid solution at the electrically charged surface adjacent
to the dispensing device, causing the droplets to have a net electrical charge; and

allowing the droplets to partially evaporate; wherein

the partial evaporation of the droplets causes the ion concentration of the solution

in the droplets to differ from the ion concentration of the solution in the reservoir.

35.  The method of claim 34, further comprising spraying the droplets on a substrate,

wherein the droplets serve to sanitize the substrate.

36.  The method of claim 35, wherein the substrate comprises agricultural equipment,

produce, or medical equipment.
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