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ABSTRACT 

Systems, methods, compositions of matter, and kits for 
undermedia repellency are disclosed. In some cases, these 
involve a first volume of a first liquid presented in a second 
volume of a second liquid above a first location of a first 
surface. The first liquid, second liquid, and first location can 
have properties sufficient to give rise to undermedia perfect 
liquid repellency. 
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SYSTEMS AND METHODS FOR 
UNDERMEDIA REPELLENCY 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to U.S. Provisional 
Application No. 62/520,533 filed Jun. 15, 2017, which is 
incorporated by reference in its entirety for all purposes. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

[0002] This invention was made with govermnent support 
under CA181648, CA185251 awarded by the National Insti
tutes of Health. The government has certain rights in the 
invention. 

BACKGROUND 

[0003] Systems in nature can provide physical systems 
with phenomenal liquid repellency properties. For example, 
the lotus leaf, when contacted by a droplet of water, strongly 
repels the water, forming a droplet with a contact angle (CA) 
greater than 150°. Another example, the pitcher plant, which 
surface is infused by secreted oil, easily makes a droplet of 
water slide off. 
[0004] In spite of the efforts to date to attempt to replicate 
these effects with man-made materials, predictable perfect 
liquid repellency with 180° CA has never been observed. 
The compromise from perfect liquid repellency can lead to 
failures in many fields of real-life applications, e.g. under
water lifetime dry surface, anti-icing, and anti-biofouling. 
[0005] It would be useful to develop methods and non
natural, man-made systems that are capable of predicting 
and forming perfect liquid repellency, i.e. liquid gets com
pletely repelled by a solid surface in lifetime. 

BRIEF SUMMARY 

[0006] In one aspect, the present disclosure provides a 
method of making a droplet of a first liquid exhibiting 
perfect liquid repellency in a second volume of a second 
liquid covering a first solid surface. The method includes: a) 
introducing a first volume of a first liquid into a second 
volume of a second liquid above a first location on a first 
solid surface. The first liquid and the second liquid have a 
known first liquid-second liquid interfacial tension. The first 
liquid and the first location on the first solid surface have a 
known first liquid-first location interfacial tension. The 
second liquid and the first location on the first solid surface 
have a known second liquid-first location interfacial tension. 
The first liquid-first location interfacial tension is greater 
than or equal to the sum of the first liquid-second liquid 
interfacial tension and the second liquid-first location inter
facial tension, thereby giving rise to perfect liquid repellency 
between the first liquid and the first location on the first solid 
surface. 
[0007] In another aspect, the present disclosure provides a 
method of making multiple droplets of a first liquid exhib
iting perfect liquid repellency in a second volume of a 
second liquid covering a first solid surface. The method 
includes: a) introducing a first volume of the first liquid into 
the second volume of the second liquid above a first location 
on a first solid surface; and b) introducing a third volume of 
the first liquid into the second volume of the second liquid 
above a second location on the first solid surface. The first 
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liquid and the second liquid have a known first liquid-second 
liquid interfacial tension. The first liquid and the first loca
tion on the first solid surface have a known first liquid-first 
location interfacial tension. The second liquid and the first 
location on the first solid surface have a known second 
liquid-first location interfacial tension. The first liquid-first 
location interfacial tension is greater than or equal to the sum 
of the first liquid-second liquid interfacial tension and the 
second liquid-first location interfacial tension, thereby giv
ing rise to perfect liquid repellency between the first liquid 
and the first location on the first solid surface. The first liquid 
and the first location on the first solid surface have a known 
first liquid-first location interfacial tension. The second 
liquid and the first location on the first solid surface have a 
known second liquid-first location interfacial tension. The 
first liquid-first location interfacial tension is greater than or 
equal to the sum of the first liquid-second liquid interfacial 
tension and the second liquid-first location interfacial ten
sion, thereby giving rise to perfect liquid repellency between 
the first volume of the first liquid and the first location on the 
first solid surface. The first liquid and the second location on 
the first solid surface have a known first liquid-second 
location interfacial tension. The second liquid and the sec
ond location on the first solid surface have a known second 
liquid-second location interfacial tension. The first liquid
second location interfacial tension is greater than or equal to 
the sum of the first liquid-second liquid interfacial tension 
and the second liquid-second location interfacial tension, 
thereby giving rise to perfect liquid repellency between the 
third volume of the first liquid and the second location on the 
first solid surface. 

[0008] In yet another aspect, the present disclosure pro
vides a system configured for providing a first droplet of a 
first liquid submerged under a second liquid and exhibiting 
perfect liquid repellency from a first solid surface. The 
system includes a liquid reservoir, the first solid surface, an 
injector, and one or more of the following: an injector 
translator, a physical manipulator, a first solid surface trans
lator, an electrostatic manipulator, a magnetic manipulator, 
an optical tweezers manipulator, an acoustic manipulator, a 
slope introduction actuator, and a pump. The liquid reservoir 
is configured to receive the second liquid. The first solid 
surface is positioned within the liquid reservoir. The first 
solid surface is configured to receive the first droplet of the 
first liquid. The injector is configured to deliver the first 
droplet of the first liquid. The injector translator is coupled 
to the injector. The injector translator is configured to move 
the injector relative to the first solid surface. The physical 
manipulator is configured to contact the first droplet of the 
first liquid and move the first droplet of the first liquid in 
response to movement of the physical manipulator. The first 
solid surface translator is coupled to the first solid surface. 
The first solid surface translator is configured to move the 
first solid surface relative to the injector. The electrostatic 
manipulator is configured to interact electrostatically with 
the first droplet of the first liquid and induce movement of 
the first droplet of the first liquid. The magnetic manipulator 
is configured to interact magnetically with the first droplet of 
the first liquid and induce movement of the first droplet of 
the first liquid. The optical tweezers manipulator is config
ured to project light that functions as an optical tweezers 
with respect to the first droplet of the first liquid. The 
acoustic manipulator is configured to emit acoustic waves 
that interact with the first droplet of the first liquid and 
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induce movement of the first droplet of the first liquid. The 
slope introduction actuator is coupled to the first solid 
surface. The slope introduction actuator is configured to 
introduce a slope to the first solid surface. The pump is 
configured to control fluid movement of the second liquid 
within the reservoir. 
[0009] In yet another aspect, the present disclosure pro
vides a composition of matter. The composition of matter 
includes a first solid surface, a first volume of a first liquid, 
and a second volume of a second liquid. The second volume 
is sufficient to fully encapsulate the first volume. The first 
liquid and the second liquid have a known first liquid-second 
liquid interfacial tension. The first liquid and the first solid 
surface have a known first liquid-solid interfacial tension. 
The second liquid and the first solid surface have a known 
second liquid-solid interfacial tension. The first liquid-solid 
interfacial tension is greater than or equal to the sum of the 
first liquid-second liquid interfacial tension and the second 
liquid-solid interfacial tension, thereby giving rise to perfect 
liquid repellency between the first liquid and the first solid 
surface. 
[0010] In yet a further aspect, the present disclosure pro
vides a kit for providing a droplet of a first liquid submerged 
under a second liquid and exhibiting perfect liquid repel
lency. The kit includes a substrate having a first solid surface 
and a liquid identifier. The liquid identifier identifies the first 
liquid and the second liquid. The first liquid and the second 
liquid have a known first liquid-second liquid interfacial 
tension. The first liquid and the first solid surface have a 
known first liquid-solid interfacial tension. The second liq
uid and the first solid surface have a known second liquid
solid interfacial tension. The first liquid-solid interfacial 
tension is greater than or equal to the sum of the first 
liquid-second liquid interfacial tension and the second liq
uid-solid interfacial tension, thereby giving rise to perfect 
liquid repellency between the first liquid and the first solid 
surface. 
[0011] In an additional aspect, the present disclosure pro
vides a method of making a patterned solid surface. The 
method includes patterning a first solid surface to contain a 
first portion and a second portion. The first portion of the 
first solid surface initiates perfect liquid repellency in a first 
volume of a first liquid positioned in a second volume of a 
second liquid above the first portion of the first solid surface. 
The second portion of the first solid surface initiates finite 
liquid repellency in a fourth volume of the first liquid 
positioned in the second liquid above the second portion of 
the first solid surface. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 includes S/W/O triangles and a Venn dia
gram of undermedia liquid repellency, in accordance with an 
aspect of the present disclosure. 
[0013] FIG. 2 is a diagram of a system, in accordance with 
an aspect of the present disclosure. 
[0014] FIG. 3 is an illustration of exemplary chemically 
patterned surfaces, in accordance with an aspect of the 
present disclosure. 
[0015] FIG. 4 is an illustration of a portion of a method of 
patterning a surface, in accordance with an aspect of the 
present disclosure. 
[0016] FIG. 5 is an illustration of a portion of a method of 
patterning a surface, in accordance with an aspect of the 
present disclosure. 

2 
May 13, 2021 

[0017] FIG. 6 is an illustration of a portion of a method of 
patterning a surface, in accordance with an aspect of the 
present disclosure. 
[0018] FIG. 7 is an illustration of a portion of a method of 
initiating perfect liquid repellency, in accordance with an 
aspect of the present disclosure. 
[0019] FIG. 8 is a 3x3 matrix showing the S/W/O triangles 
for three pairs of liquids and three solid surfaces, in accor
dance with an aspect of the present disclosure. 
[0020] FIG. 9 is a matrix of images of contact angles of 
undermedia repellency for the three pairs of liquids and 
three solid surfaces, in accordance with an aspect of the 
present disclosure. 
[0021] FIG. 10 is an illustration of undermedia perfect 
liquid repellency using polytetrafluoroethylene, in accor
dance with an aspect of the present disclosure. 
[0022] FIG. 11 is an image showing perfect liquid repel
lency of water attained on PDMS-silane-grafted glass under 
silicone oil, in accordance with an aspect of the present 
disclosure. 
[0023] FIG. 12 is an image of long-term stability test 
results, in accordance with an aspect of the present disclo
sure. 

DETAILED DESCRIPTION 

[0024] Before the present invention is described in further 
detail, it is to be understood that the invention is not limited 
to the particular embodiments described. It is also to be 
understood that the terminology used herein is for the 
purpose of describing particular embodiments only, and is 
not intended to be limiting. The scope of the present 
invention will be limited only by the claims. As used herein, 
the singular forms "a", "an", and "the" include plural 
embodiments unless the context clearly dictates otherwise. 
[0025] It should be apparent to those skilled in the art that 
many additional modifications beside those already 
described are possible without departing from the inventive 
concepts. In interpreting this disclosure, all terms should be 
interpreted in the broadest possible manner consistent with 
the context. Variations of the term "comprising", "includ
ing", or "having" should be interpreted as referring to 
elements, components, or steps in a non-exclusive manner, 
so the referenced elements, components, or steps may be 
combined with other elements, components, or steps that are 
not expressly referenced. Embodiments referenced as "com
prising", "including", or "having" certain elements are also 
contemplated as "consisting essentially of' and "consisting 
of' those elements, unless the context clearly dictates oth
erwise. It should be appreciated that aspects of the disclosure 
that are described with respect to a system are applicable to 
the methods, and vice versa, unless the context explicitly 
dictates otherwise. 
[0026] Numeric ranges disclosed herein are inclusive of 
their endpoints. For example, a numeric range of between 1 
and 10 includes the values 1 and 10. When a series of 
numeric ranges are disclosed for a given value, the present 
disclosure expressly contemplates ranges including all com
binations of the upper and lower bounds of those ranges. For 
example, a numeric range of between 1 and 10 or between 
2 and 9 is intended to include the numeric ranges of between 
1 and 9 and between 2 and 10. 
[0027] Aspects of the present disclosure that are described 
in the context of a method are applicable to the systems, 
compositions, and kits described herein, unless the context 
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clearly dictates otherwise. Similarly, aspects of the present 
disclosure that are described in the context of a system are 
applicable to the methods, compositions, and kits described 
herein, unless the context clearly dictates otherwise. The 
same is true for aspects of the present disclosure described 
in the context of compositions and kits. 
[0028] As used herein, "immiscible" refers to incapable of 
being mixed or blended together. Immiscible liquids that are 
shaken together eventually separate into layers. Oil and 
water are immiscible. 
[0029] As used herein, "an aqueous liquid" refers to any 
liquid is composed of water in major and its solutes and/or 
dispersed phases. 
[0030] As used herein, "oil" refers to any liquid immis
cible to water and/or an aqueous liquid. 
[0031] As used herein, "finite liquid repellency" refers to 
a state of matter whereby a three-phase system including a 
solid surface, a drop of liquid and a continuous phase ( either 
gas or liquid) give rise to no or partial separation of the drop 
of liquid by the continuous phase about the solid surface. 
[0032] As used herein, "undermedia perfect liquid repel
lency" refers to a state of matter whereby a three-phase 
system including a solid surface, a dispersed phase of liquid 
and a continuous phase of liquid give rise to complete 
repellency of the drop of dispersed liquid by the continuous 
phase of liquid about the solid surface. 
[0033] As used herein, "stable perfect liquid repellency" 
refers to perfect liquid repellency which is thermodynami
cally favorable without time-dependent decay. In compari
son, "transient perfect liquid repellency" refers to perfect 
liquid repellency which is only dynamically favorable and 
decays and/or disappears over a length of time of observa
tion. 
[0034] As used herein, the subscript "S" refers to solid, the 
subscript "L" refers to liquid, the subscript "G" refers to gas, 
the subscript "W" refers to water or an aqueous liquid, and 
the subscript "O" refers to oil or an oil-based solution or 
suspension. 
[0035] As used herein, the term "solid surface" refers to a 
unified surface composed of a solid phase of matter that can 
have uniform chemical composition or which can have 
varying chemical composition. Solid surfaces can be sub
stantially flat or can have three-dimensional patterning ( such 
as patterned dimples, patterned channels, or the like). To use 
an open-topped box as an example, the entire inner surface 
(i.e., the bottom and four walls) can be considered a solid 
surface or only the bottom surface can be considered a solid 
surface. The term is intended to be interpreted broadly. If the 
chemical composition is different between two areas on a 
solid surface, that can and will be defined herein. 
[0036] As used herein, the term "cell" refers to the bio
logical unit and not a small containing area, unless the 
context clearly dictates otherwise. 
[0037] As used herein, the term "smooth" solid surface 
refers to a surface having average surface roughness com
parable to or less than atomic scale. 
[0038] When reference is made herein to a droplet or 
volume of liquid being "above" a solid surface, it is also 
expressly contemplated that the droplet or volume of liquid 
can be below the solid surface. Above refers to a direction 
relative to the gravitational forces acting on the droplet or 
volume of liquid. Specifically, if the droplet or volume of 
liquid (i.e., the dispersed phase of liquid) has a significantly 
lower density than the continuous phase ofliquid (i.e., if the 
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droplet or volume floats in the continuous phase of liquid), 
then the gravitational forces acting on the droplet or volume 
of liquid are pointed downward, so reference to the droplet 
or volume of liquid being "above" the solid surface refers to 
a downward direction below the surface. 
[0039] The present disclosure provides systems, methods, 
compositions of matter, and kits relating to liquid repellency 
and/or undermedia repellency. 

Undermedia Perfect Liquid Repellency 

[0040] The systems, methods, compositions of matter, and 
kits described herein involve in one way or another the 
concept ofundermedia perfect liquid repellency. It has been 
observed that this undermedia perfect liquid repellency is 
attainable under the right conditions. 
[0041] To explain this behavior we look to two fundamen
tal concepts in thermodynamics-surface and interface. The 
terms surface and interface are often used interchangeably, 
but are different if their thermodynamic boundary conditions 
are considered (See, FIG. 1). For a surface to stably exist, its 
surface tension must be greater than zero. Otherwise the 
atoms constituting a solid or a liquid will quickly diffuse into 
air. However, for an interface formed by two non-gas phases 
( e.g. a S/L interface) the S/L interfacial tension can be either 
positive, negative or zero and is directly determined by the 
interaction between the two phases. If the S/L interfacial 
tension is set equal to the sum of the surface tensions of each 
component phase, the interaction between the two phases is 
negligible ( or zero) compared with the interaction from each 
bulk. In this case, the two phases are completely separated, 
which makes the interface between the two phases disap
pear. 
[0042] In Young's equation YsiLrs;G-1L/Gcos8 (where 
Ys;G is solid surface tension, YLJG is liquid surface tension, 
YsiL is S/L interfacial tension, and 8 is the inherent contact 
angle) and if 8 is set as 180°, then YsiLrsJG+YLJG can be 
derived yet is obviously at odds with the thermodynamic 
boundary condition ofS/L interface (YsiLrs;G+YLIG)- This is 
consistent with empirical observations that no solid can 
perfectly repel liquid in air with long-term stability. Here it's 
interesting to see that ifys/G is set to 8 and YsiL=YLJG, then 
8=180° is achieved. This situation corresponds to a type of 
widely observed wetting phenomena in nature as bouncing 
water drops in air or on a thin film of air with a "disap
peared" S/L interface. 
[0043] Rewriting the subscript of each parameter in 
Young's equation to meet the undermedia condition gives 
Ys!LcpfS!Ldp+YLdp!Lcpcos8. Setting 8 to 180° yields 
Ys!LcpfS!Ldp+YLdp!Lcp- Next, applying the thermodynamic 
boundary conditions of surface (YsJG, YLcp!G, and YLdp!G>0) 

and S/L, LIL interfaces (Ys!Lcp <ysJG+YLcpfG, Ys!Ldp <ys/G+ 
YLdp!G, and YLdp!Lcp <yLdp!G+YLcp!G, it is observed that the 
relationship between Ys!Ldp and Ys!Lcp+YLdp!Lcp can be either 
">", "=" or "<". In other words, Ys!Lcp+YLdp/Lcp"'Ys1Ldp 

becomes obtainable in thermodynamics when the gas phase 
in Young's equation is replaced by a second liquid phase 
predicting that a solid capable of perfectly repelling liquid in 
liquid with long-term stability can exist. 
[0044] Referring to FIG. 1, to illustrate the above discus
sion, a solid-water-oil (S/W/O) triangle and Venn diagram 
graphical representation are introduced to map the parameter 
space of undermedia liquid repellency. The three points of a 
S/W/O triangle correspond to the three phases of S, W, and 
0. Each side is formed by connecting any of two points with 
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a solid line, which represents the corresponding interface, 
i.e. S/W, S/O, and WO. For a given S/W/O triangle, water or 
oil can be set either as continuous phase or dispersed phase. 
Then the relationship between Ys!Ldp and Ys!Lcp+YLdp!Lcp can 
be comparably expressed with triangle inequality (i.e. the 
sum of the lengths of any two sides of a triangle is greater 
than the length of the third side). For example, if a S/W/O 
triangle represents a SLL-3i (i.e. undermedia finite liquid 
repellency with CA<180°, it means all of the three possible 
interfaces (the S/W, S/O, and W/O sides) are present. In this 
case, Ysiw+Ywio7Ysio (when water is continuous phase) and 
Ys;w<Ys!O+Yw/0 (when oil is continuous phase) obey triangle 
inequality (center triangle, FIG. 1). In comparison, ifys1w+ 
YwlD"'Ysio (which disobeys triangle inequality), the S/O 
interface is thermodynamically unfavorable (left triangle, 
FIG. 1). This is illustrated as an absent S/O side in a S/W/O 
triangle. In this case, a SLL-3i degrades to a SLL-2i which 
corresponds to underwater perfect oil repellency. Similarly, 
if y siw-=:Y s/O+y w/0, the S/W side in a S/W /0 triangle or the 
S/W interface will disappear, which represents underoil 
perfect water repellency (right triangle, FIG. 1). 
[0045] The logic discussed above can be further organized 
in a Venn diagram of undermedia liquid repellency. The 
universal set (i.e. undermedia liquid repellency) consists of 
two subsets, subset A for underwater liquid repellency (i.e. 
water continuous phase) and subset B for underoil liquid 
repellency (i.e. oil continuous phase). The intersection of A 
and B (AB) represents undermedia finite liquid repellency 
(i.e. SLL-3i with CA<180° and normal triangle inequality 
(Ysiw+Yw107Ysio and Ys;w<Ys10+Yw10). Undermedia perfect 
liquid repellency is the complement of AB (AB bar) (i.e. 
SLL-2i with CA=180° and abnormal triangle inequality 
(Ys1w+Yw10"'Ys10 and Ys1w-=:Ys10+Yw10)- From De Morgan's 
Law in set theory (AB bar =A bar+B bar), thus, undermedia 
liquid repellency is also equal to the union of the comple
ment of A (A bar) and the complement B (B bar). 
[0046] Referring to FIG. 1, S/W/O triangles and a Venn 
diagram of undermedia liquid repellency are shown. The 
universal set we wish to consider to describe undermedia 
liquid repellency consists of two subsets, subset A for 
underwater liquid repellency and subset B for underoil 
liquid repellency. The intersection of A and B (AB) repre
sents undermedia finite liquid repellency or SLL-3i with 
CA<180°. The complement of AB (AB bar) is undermedia 
perfect liquid repellency or SLL-2i with CA=180°, which is 
also equal to the union of the complement of A (underoil 
perfect water repellency, A bar) and the complement of B 
(underwater perfect oil repellency, B bar). 
[0047] Interfacial tensions can be measured and/or esti
mated by methods known to those having ordinary skill in 
the art. 
[0048] One example of a suitable method for estimating 
interfacial tensions between a liquid and a solid is measuring 
contact angles (8) in air using a goniometer and estimating 
the interfacial tensions using Young's equation. From 
Young's equation YsJGrs;L+YuGcos8, YsiLrs;G-YL!gcos8 
can be easily derived. It is worth noting that the range of 
value of 8 in Young's equation is 0°<8<180°. When 8 is 
measured as 0°, YsiL calculated as YsJG-YLIG represents the 
possible maximum value, Ys!LMax· In that case, the true YsiL 

can be either equal to or smaller than Ys!LMax· 

[0049] Examples of suitable methods for measuring and/ 
or estimating interfacial tensions between two liquids or 
between a liquid and a gas are the Capillary Rise Method, 
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the Drop Volume Method or the Stalagmometric Method, 
the Wilhelmy Plate or Wilhelmy Ring Method, The Ring 
Method or Tensiometric Method using a Du Nouy Ring 
Tensiometer, the Maximum Bubble Pressure Method, meth
ods analyzing the shape of pendant or sessile liquid drops or 
gas bubbles, dynamic methods including analysis of the 
shape of an oscillating liquid jet, or the like. 

Systems 

[0050] Referring to FIG. 2, the present disclosure provides 
a system 10 for providing a first droplet 12 of a first liquid 
14 submerged under a second liquid 16 and exhibiting 
undermedia perfect liquid repellency from a first solid 
surface 18. The system 10 can include a liquid reservoir 20 
configured to receive the second liquid 16. The first solid 
surface 18 can be positioned within the liquid reservoir 20 
and configured to receive the first droplet 12 of the first 
liquid 14. The system 10 can include an injector 22 config
ured to deliver the first droplet 12 of the first liquid 14. 
[0051] The system 10 can include one, two, three, four or 
more, or all of the following features in all possible com
binations. The system 10 can include an injector translator 
24. The system 10 can include a first solid surface translator 
26. The system 10 can include an electrostatic manipulator 
28. The system 10 can include a magnetic manipulator 30. 
The system 10 can include an optical tweezers manipulator 
32. The system 10 can include an acoustic manipulator 34. 
The system 10 can include a slope introduction actuator 36. 
The system 10 can include a pump 38. The system 10 can 
include a first liquid reservoir 40 for retaining the first liquid 
14 and for delivering the first liquid via the injector 22. The 
system 10 can include a physical manipulator 44, which can 
in some cases be the injector 22 or can be an entity that is 
separate from the injector ( not illustrated). 
[0052] The system 10 can include a computer 42. The 
computer 42 can be in electronic communication (not illus
trated) with the injector 22, the injector translator 24, the first 
solid surface translator 26, the electrostatic manipulator 28, 
the magnetic manipulator 30, the optical tweezers manipu
lator 32, the acoustic manipulator 34, the slope introduction 
actuator 36, the pump 38, the first liquid reservoir 40, and/or 
the physical manipulator 44, or various actuators associated 
with one or more of these components. The computer 42 can 
be in wired or wireless communication with the various 
components. 
[0053] The system 10 can include an imaging modality, 
such as one or more cameras 46. The camera(s) 46 can be 
coupled to the computer 42. The camera(s) can be config
ured to acquire images of the contents of the reservoir 20, 
including any droplets 12 that have been deposited therein. 
Various means of manipulating droplets 12 are discussed 
elsewhere herein and the camera(s) 46 can be used in concert 
with the computer 42 (and optionally with the spectroscopic 
system 48 discussed below) as a feedback mechanism 
through which to control the movement of droplets 12. 
[0054] The system 10 can include a spectroscopy system 
48 for interrogating the contents of droplets 12. Suitable 
spectroscopy systems 48 can include, but are not limited to, 
UV-visible spectroscopy systems, infrared spectroscopy sys
tems, Raman spectroscopy systems, fluorescence spectros
copy systems, circular dichroism spectroscopy systems, 
reflectance-mode absorption spectroscopy systems, trans
mission-mode absorption spectroscopy systems, so long as 
the various liquids, surfaces, reservoirs, and the like are 
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sufficiently transm1ss1ve, and the like. The spectroscopy 
system 48 can be integrated into the reservoir 20 or can be 
positioned external to the reservoir 20. 
[0055] The first liquid 14, the second liquid 16, and the 
chemical composition of at least a portion of the first solid 
surface 18 can be a combination that achieves perfect liquid 
repellency as discussed above. The first liquid 14, the second 
liquid 16, and the chemical composition of the at least a 
portion of the first solid surface 18 can be those discussed 
below with respect to the methods and compositions of 
matter. 
[0056] In some cases, the first solid surface 18 has a 
uniform chemical composition that is configured to achieve 
perfect liquid repellency with a predefined first liquid 14 and 
second liquid 16. 
[0057] In some cases, the first solid surface 18 has a first 
portion having a chemical composition that is configured to 
achieve perfect liquid repellency with a predefined first 
liquid 14 and second liquid 16 and a second portion having 
a chemical composition that is configured to achieve finite 
liquid repellency with the predefined first liquid 14 and 
second liquid 16. These solid surfaces can be referred to as 
"chemically patterned surfaces". 
[0058] Referring to FIG. 3, some examples of chemically 
patterned surfaces are shown. In these examples, the white 
area of the first solid surfaces 18 can be chemically modified 
to provide perfect liquid repellency for a predetermined first 
liquid 14 and second liquid 16 and the gray areas can be 
chemically modified to provide finite liquid repellency for 
the predetermined first liquid 14 and second liquid 16, or 
vice versa. These examples are not intended to be limiting 
and are only a few of the nearly infinite number of possi
bilities for patterning of the first solid surface. 
[0059] In some cases, the first solid surface 18 has a 
three-dimensional shape that affords manipulation of the 
first droplet 12 of the first liquid 14 within the second liquid 
16. These solid surfaces can be referred to as "physical 
patterned surfaces". 
[0060] In some cases, the first solid surface 18 is smooth. 
[0061] The injector 22 can be configured to deliver the 
first droplet 12 of the first liquid 14 directly into the second 
liquid 16 (in other words, while the portion of the injector 22 
from which the first liquid 14 emerges is submerged under 
the second liquid 16). In these cases, it can be useful to have 
at least the portion of the injector 22 from which the first 
liquid 14 emerges be composed of an injector material that 
also satisfies the conditions for perfect liquid repellency with 
respect to the first liquid 14 and the second liquid 16. In 
other words, the first liquid 14 and the injector material can 
have a known first liquid-injector interfacial tension, the 
second liquid 16 and the injector material can have a known 
second liquid-injector interfacial tension, the first liquid 14 
and the second liquid 16 can have a known first liquid
second liquid interfacial tension, and the first liquid-injector 
interfacial tension is greater than or equal to the sum of the 
first liquid-second liquid interfacial tension and the second 
liquid-injector interfacial tension. In some cases, the injector 
22 can include a label identifying the specific first liquid 14 
and second liquid 16 for which the injector material is 
configured to satisfy the conditions for perfect liquid repel
lency, so a user can easily identify the appropriate injector 
22 for a given pair of liquids. The label can take any form, 
including a reference number that identifies the pair of 
liquids in a lookup table. It should be appreciated that 

5 
May 13, 2021 

aspects of the injector 22 described above can be applicable 
to an injector tip, which can be a removable and replaceable 
tip and which can be optionally disposable. 
[0062] The injector 22 can be configured to deliver first 
droplet 12 by releasing the first droplet 12 above the second 
liquid 16 and allowing gravity to bring the first droplet 12 
into position. This arrangement is only suitable for condi
tions where the first liquid 14 is sufficiently dense relative to 
the second liquid 16 and a person having ordinary skill in the 
art could determine the conditions under which this is 
achievable either by computational methods or by routine 
experimental optimization. 
[0063] In either instance described above with respect to 
the injector 22, the injector 22 can have a mechanism for 
pushing the first liquid 14 out of the injector. For example, 
non-limiting examples of such a mechanism include a 
plunger mechanism, a pump mechanism, such as a peristal
tic pump, and the like. The computer 42 can be coupled to 
the injector 22 and configured to control introduction of the 
first liquid. 
[0064] In some cases, the injector 22 can be handheld and 
movable by a user. 
[0065] The injector 22 can have an associated first liquid 
reservoir 40, which can be configured to retain a volume of 
the first liquid 14 for introduction via the injector 22. 
[0066] In some cases, the injector 22 can be coupled to an 
injector translator 24. The coupling can be achieved by any 
physical linkage understood to those of ordinary skill in the 
mechanical arts. The injector translator 24 can be configured 
to move the injector 22 relative to the first solid surface 18. 
Non-limiting examples of a suitable injector translator 24 
can include an x-y-z translation stage, a robotic arm, a linear 
actuator, a track-based motion system, and the like. In some 
cases, the injector 22 can be rotatable relative to the first 
solid surface 18. Though not illustrated, non-limiting 
examples of suitable mechanisms for rotating the injector 22 
include a gear-based rotation system, a drive-shaft system, a 
belt-based rotation system, and the like. While the injector 
translator 24 has been described here generally in the 
context of translation in 3-dimensions relative to the first 
solid surface 18 and the rotation of the injector 22 has been 
described in specific contexts, the system 10 can include an 
injector translator 24 that is configured to provide motion to 
the injector 22 with six degrees of freedom (three transla
tional degrees of freedom and three rotational degrees of 
freedom), as will be understood by those having ordinary 
skill in the mechanical arts. The computer 42 can be coupled 
to the injector translator 24 and programmed to control its 
function in ways understood by those having ordinary skill 
in the electrical arts. Movement patterns, rates of speed, and 
the like can all be controlled by the computer 42. 
[0067] The injector 22 can optionally include a mixing 
chamber, where solutes or dispersed phases can be intro
duced into the first liquid 14. The solutes or dispersed phases 
can already be present in the first liquid and no mixing 
chamber would then be required, but a mixing chamber can 
be a means of controllably adjusting the amount of a solute 
or dispersed phase in a given droplet 12. For example, the 
injector 22 can be configured to introduce an increasing 
amount of a solute into the first liquid 14 as time progresses, 
thereby providing an increasing concentration of the solute 
in subsequent droplets 12. Alternatively or in combination, 
the injector 22 can be configured to introduce different 
solutes or dispersed phases into the first liquid. 
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[0068] The first solid surface translator 26 can be coupled 
to the first solid surface 18 and configured to translate the 
first solid surface 18 relative to the injector 22. In some 
cases, the first solid surface translator 26 will also inciden
tally move the reservoir 20, though that is not a necessary 
feature. The first solid surface translator 26 can deploy any 
of the mechanisms of movement described above with 
respect to the injector translator 24, though the movements 
will generally be more limited due to the fact that the motion 
should be controlled to not be overly disturbing to the 
second liquid 16 within the reservoir 18 (though if that is 
desired, the first solid surface translator 26 can be configured 
to disturb the second liquid 16). In some cases, the motion 
of the first solid surface 18 can be controlled to avoid 
movement of any droplets 12 of the first liquid 14 that have 
already been deposited into the second liquid 16. In some 
cases, the motion of the first solid surface 18 can be 
controlled to intentionally induce movement of droplets 12 
of the first liquid 14 that have already been deposited in the 
second liquid 16. The computer 42 can be configured to 
control movement of the first solid surface 18 via the first 
solid surface translator 26. 
[0069] The electrostatic manipulator 28 can be configured 
to interact electrostatically with a droplet 12 to initiate 
movement of the droplet 12. The electrostatic manipulator 
28 can be handheld or can be coupled to an automated 
movement mechanism, such as those described above with 
respect to the injector translator 24. The computer 42 can be 
configured to control electrostatic properties of the electro
static manipulator 28 and/or to control the optional auto
mated movement mechanism with which the electrostatic 
manipulator 28 is associated. 
[0070] In some cases, the electrostatic manipulator 28 can 
be one or more electrodes 50 positioned relative to the first 
solid surface 18 in a fashion suitable to effect an electrostatic 
force on the droplet 12 to initiate movement of the droplet. 
The one or more electrodes 50 can be positioned under the 
first solid surface 18. 
[0071] The magnetic manipulator 30 can be configured to 
interact magnetically with a droplet 12 to initiate movement 
of the droplet 12. The magnetic manipulator 30 can be 
handheld or can be coupled to an automated movement 
mechanism, such as those described above with respect to 
the injector translator 24. The computer 42 can be config
ured to control magnetic properties of the magnetic manipu
lator 30 and/or to control the optional automated movement 
mechanism with which the magnetic manipulator 30 is 
associated. 
[0072] The optical tweezers manipulator 32 can be con
figured to emit one or more optical beams that are configured 
to interact with the droplet 12 and initiate movement of the 
droplet 12 using optical tweezers principles. The optical 
tweezers manipulator 32 can be handheld, can be coupled to 
an automated movement mechanism, such as those 
described above with respect to the injector translator 24, 
and/or can have directional control of its emitted optical 
beam(s). Optical tweezers manipulation of the droplets 12 
can be achieved by methods understood to those having 
ordinary skill in the optical arts. The computer 42 can be 
configured to control optical properties of the light emitted 
from the optical tweezers manipulator 32, such as intensity, 
focus, and direction, and/or to control the optional auto
mated movement mechanism with which the optical twee
zers manipulator 32 is associated. 
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[0073] The acoustic manipulator 34 can be configured to 
emit acoustic waves that are configured to interact with the 
droplet 12 and initiate movement of the droplet 12. The 
acoustic manipulator 34 can be handheld, can be coupled to 
an automated movement mechanism, such as those 
described above with respect to the injector translator 24, 
and/or can have directional control of its emitted acoustic 
waves. Acoustic manipulation of the droplets 12 can be 
achieved by methods understood to those having ordinary 
skill in the acoustic arts. The computer 42 can be configured 
to control the properties of the acoustic waves emitted from 
the acoustic manipulator 34, such as intensity, focus, and 
direction, and/or to control the optional automated move
ment mechanism with which the acoustic manipulator 34 is 
associated. 

[0074] The slope introduction actuator 36 can be coupled 
to the first solid surface 18 and configured to introduce a 
controllable slope to the first solid surface 18. The control
lable slope can be utilized to initiate and/or control move
ment of droplets 12. The computer 42 can be configured to 
control the slope of the first solid surface 18 via the slope 
introduction actuator 36. 

[0075] The pump 38 can be in fluid communication with 
the reservoir 20 and can be configured to initiate a control
lable fluid flow pattern within the reservoir 20. The control
lable fluid flow pattern can be used to control movement of 
droplets 12. The computer 42 can be configured to control 
the fluid flow pattern via the pump 38. 

[0076] The physical manipulator 44 can be configured to 
physically interact with the droplet 12 and initiate movement 
of the droplet 12 via physical forces. In some cases, the 
injector 22 can serve as a physical manipulator 44. The 
physical manipulator 44 can be handheld or can be coupled 
to an automated movement mechanism, such as those 
described above with respect to the injector translator 24. 
The computer 42 can be configured to control the optional 
automated movement mechanism with which the physical 
manipulator 44 is associated. 

Methods 

[0077] This disclosure also provides various methods. In 
one aspect, the present disclosure provides a method of 
patterning a solid surface. In another aspect, the present 
disclosure provides a method of initiating perfect liquid 
repellency. In yet another aspect, the present disclosure 
provides a method of manipulating volumes or droplets of 
liquid that are exhibiting perfect liquid repellency. It should 
be appreciated that aspects of these inventions can be used 
with or without one another. For example, a solid surface 
that is patterned using the methods described herein can be 
used in a method of initiating perfect liquid repellency 
described herein or a method of manipulating volumes or 
droplets of liquid described herein. Similarly, a method of 
initiating perfect liquid repellency can be used in concert 
with a method of manipulating volumes or droplets of liquid 
that are exhibiting perfect liquid repellency. Aspects of one 
given method, such as identifying a particular liquid in a 
given context, can be applicable to other methods in ways 
that are understood to those having ordinary skill in the art. 
For example, a person of ordinary skill would understand 
that a liquid that can be moved while maintaining perfect 
liquid repellency can also be a liquid in a method of 
initiating perfect liquid repellency. 
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[0078] In one aspect, the present disclosure provides a 
method of initiating perfect liquid repellency. The method 
can include introducing a first volume of a first liquid into a 
second volume of a second liquid above a first location on 
a first solid surface. The first liquid and the second liquid 
have a known first liquid-second liquid interfacial tension. 
The first liquid and the first location on the first solid surface 
have a known first liquid-first location interfacial tension. 
The second liquid and the first location on the first solid 
surface have a known second liquid-first location interfacial 
tension. The first liquid-first location interfacial tension is 
greater than or equal to the sum of the first liquid-second 
liquid interfacial tension and the second liquid-first location 
interfacial tension, thereby giving rise to perfect liquid 
repellency between the first liquid and the first location on 
the first solid surface. 
[0079] The method can further include moving the first 
volume of the first liquid from the first location on the first 
solid surface to a second location on the first solid surface. 
The second location is positioned at a first pre-determined 
distance and direction relative to the first location. The first 
liquid and the second location on the first solid surface have 
a known first liquid-second location interfacial tension. The 
second liquid and the second location on the first solid 
surface have a known second liquid-second location inter
facial tension. The first liquid-second location interfacial 
tension is greater than or equal to the sum of the first 
liquid-second liquid interfacial tension and the second liq
uid-second location interfacial tension, thereby giving rise to 
perfect liquid repellency between the first liquid and the 
second location on the first solid surface. 
[0080] The method can further include moving the first 
volume of the first liquid from the first location or the second 
location on the first solid surface to a third location on the 
first solid surface. The third location is positioned at a 
second pre-determined and direction relative to the first or 
second location. The first liquid and the third location on the 
first solid surface have a known first liquid-second location 
interfacial tension. The second liquid and the third location 
on the first solid surface have a known second liquid-third 
location interfacial tension. The first liquid-third location 
interfacial tension is less than the sum of the first liquid
second liquid interfacial tension and the second liquid-third 
location interfacial tension, thereby initiating finite liquid 
repellency between the first volume of the first liquid and the 
third location on the first solid surface. 
[0081] In another aspect, the present disclosure provides a 
method of making a plurality of drops of a first liquid 
exhibiting perfect liquid repellency in a second volume of a 
second liquid covering a first surface. The method can 
include: a) introducing a first volume of the first liquid into 
the second volume of the second liquid above a first location 
on a first solid surface; and b) introducing a third volume of 
the first liquid into the second volume of the second liquid 
above a second location on the first solid surface. The first 
volume of the first liquid and the third volume of the first 
liquid can have material properties relative to the properties 
of the second liquid and the first and second locations of the 
first solid surface that satisfy the conditions necessary to 
achieve perfect liquid repellency, as discussed above and 
elsewhere herein. 
[0082] The introducing of steps a) and b) of the method 
can use an injector. The method can further include moving 
the injector relative to the first solid surface between steps a) 
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and b ). The method can further include moving the first solid 
surface relative to the injector between steps a) and b ). The 
method can further include moving both the injector and the 
first solid surface relative to one another between steps a) 
and b). 
[0083] The method can further include c) introducing a 
plurality of additional volumes of the first liquid into the 
reservoir of the second liquid above a respective plurality of 
locations on the first solid surface. The plurality of addi
tional volumes of the first liquid can have material properties 
relative to the second liquid and the respective plurality of 
additional locations on the first solid surface that satisfy the 
conditions necessary to achieve perfect liquid repellency, as 
discussed above and elsewhere herein. 
[0084] The introducing of step c) can use one or more 
injectors. The method can further include moving the one or 
more injectors relative to the first solid surface during the 
introducing of step c). The method can further include 
moving the first solid surface relative to the one or more 
injectors during the introducing of step c ). The method can 
further include moving both the one or more injectors and 
the first solid surface relative to one another during the 
introducing of step c ). 
[0085] In some cases, the plurality of additional volumes 
are introduced in step c) at a constant rate. In some cases, the 
plurality of additional volumes are introduced in step c) at a 
varying rate. In some cases, the plurality of additional 
volumes have the same volume. In some cases, at least a 
portion of the plurality of additional volumes have different 
volumes. In some cases, the plurality of additional volumes 
can have the same contents. 
[0086] In some cases, at least a portion of the plurality of 
additional volumes can have different contents. The different 
contents can include different concentrations, quantities, 
types, or a combination thereof of one or more components 
within the additional volumes. Volumes of the first liquid 
can contain one or more component. One or more compo
nents can include chemical reactants, ions, salts, buffers, 
cells, biological molecules, particles, tissues, organisms, 
polymers, or other additional components. In some cases, a 
volume of the first liquid can contain at least one cell or one 
and only one cell. In some cases, the biological molecule can 
be a nucleic acid, a protein, or a combination thereof. In 
some cases, the particle can be a magnetic bead. In some 
cases, the polymers can form a polymeric matrix. In some 
cases, the polymeric matrix can be embedded with at least 
one particle or at least one cell. 
[0087] In some cases, the types of cells can be varied 
between different volumes to isolate cells of different types. 
[0088] In cases where the plurality of additional volumes 
have different volumes and/or contents, the method can 
further include sorting the at least a portion of the plurality 
of additional volumes by size and/or content. 
[0089] In some cases, the methods can include splitting a 
volume of the first liquid into two distinct volumes. 
[0090] In some cases, the methods can include extracting 
at least a portion of a volume of the first liquid from the 
second liquid. 

[0091] The first liquid and the second liquid can be 
immiscible. 

[0092] In some cases, the methods can further include 
forming a coating at an interface between one or more of the 
volumes of the first liquid and the second liquid. In some 
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cases, the one or more additional volumes can have different 
contents to form different coatings at their respective inter
faces with the second liquid. 
[0093] The method can include varying ion concentrations 
in the one or more volumes to produce different protein 
crystallization conditions for proteins located within the at 
least a portion of the plurality of additional volumes. 
[0094] The methods can further include observing liquid
liquid interactions at an interface between one or more of the 
volumes of the first liquid and the second liquid. 
[0095] The methods can further include performing a 
chemical reaction at an interface between one or more of the 
volumes of the first liquid and the second liquid. 
[0096] The methods can further include performing a 
chemical reaction in one or more of the volumes of the first 
liquid. 
[0097] The methods can further include moving two vol
umes to cause the two volumes to merge into a unified 
volume. This merger can be utilized to produce unique 
isolated reaction conditions, where reactants are isolated 
until the volumes are merged, and then the progress of the 
reaction is monitored following the merger. 
[0098] Inspired by the atom stacking principle in crystal
lography, spheres of hydrogel can be automatically orga
nized in a designated space ( e.g., a microwell), showing up 
a specific pattern of contact. This stacking technique doesn't 
require individual control of positioning on each component 
sphere and the formed pattern of contact is reliable. 
[0099] The first volume, third volume, or additional vol
umes can be between 1 yoctoliter and 1 yottaliter, between 
1 zeptoliter and 1 zettaliter, between 1 attoliter and 1 
exaliter, between 1 femtoliter and 1 petaliter, between 1 
pico liter and 1 teraliter, between 10 pico liters and 1 gigaliter, 
between 100 picoliters and 1 megaliter, between 1 nanoliter 
and 1 kiloliter, between 10 nano liters and 1 liter, between 
100 nanoliters and 100 milliliters, between 1 microliter and 
10 milliliters, between 5 nano liters and 5 milliliters, between 
50 nano liters and 1 milliliter, between 500 picoliters and 100 
microliters, between 250 pico liters and 10 micro liters, 
between 50 picoleters and 1 microliter, between 5 picoliters 
and 100 micro liters, between 500 femotliters and 10 micro
liters, between 50 femtoliters and 1 microliter, between 5 
femtoliters and 100 nano liters, between 500 attoliters and 10 
nanoliters, between 50 attoliters and 1 nanoliter, between 5 
attoliters and 100 picoleters, up to 10 pico liters, up to 1 
pico liter, up to 100 femtoliters, up to 10 fem to liters, up to 1 
femtoliter, up to 100 attoliters, up to 10 attoliters, up to 1 
attoliter, up to 100 zeptoliters, up to 10 zeptoliters, up to 1 
zeptoliter, up to 100 yoctoliters, up to 10 yoctoliters, and 
other combinations of the bounds of these ranges that are not 
explicitly recited. 
[0100] The second volume can be sufficient to cover the 
first volume. The second volume can be between 1 yoctoliter 
and 1 yottaliter, between 1 zeptoliter and 1 zettaliter, 
between 1 attoliter and 1 exaliter, between 1 femtoliter and 
1 petaliter, between 1 picoliter and 1 teraliter, between 10 
pico liters and 1 gigaliter, between 100 pico liters and 1 
megaliter, between 1 nano liter and 1 kiloliter, between 10 
nano liters and 1 liter, between 100 nano liters and 100 
milliliters, between 1 micro liter and 10 milliliters, between 
5 nanoliters and 5 milliliters, between 50 nanoliters and 1 
milliliter, between 500 pico liters and 100 micro liters, 
between 250 picoliters and 10 microliters, between 50 
picoleters and 1 micro liter, between 5 picoliters and 100 
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microliters, between 500 femotliters and 10 micro liters, 
between 50 femtoliters and 1 microliter, between 5 femto
liters and 100 nanoliters, between 500 attoliters and 10 
nanoliters, between 50 attoliters and 1 nanoliter, between 5 
attoliters and 100 picoleters, up to 10 picoliters, up to 1 
picoliter, up to 100 femtoliters, up to 10 femtoliters, up to 1 
femtoliter, up to 100 attoliters, up to 10 attoliters, up to 1 
attoliter, up to 100 zeptoliters, up to 10 zeptoliters, up to 1 
zeptoliter, up to 100 yoctoliters, up to 10 yoctoliters, and 
other combinations of the bounds of these ranges that are not 
explicitly recited. 
[0101] The first liquid can be an aqueous liquid. The 
second liquid can be an oil, such as a fluorinated oil or 
silicone oil. For example, the first location and/or second 
location on the first solid surface can be polydimethylsi
loxane, polytetrafluoroethylene, and the like. 
[0102] The first liquid can be an oil. The second liquid can 
be an aqueous liquid. The first location and/or second 
location on the first solid surface can be a material which is 
completely wettable by water or an aqueous liquid. For 
example, the first location and/or second location on the first 
solid surface can be an O2 -plasma-treated surface, such as 
0 2 -plasma-treated glass, an acid-treated solid, such as an 
acid-treated metal, silicon, mica, graphene, or polymers, or 
the like. 
[0103] The first liquid can be volatile. The first liquid can 
have a vapor pressure of at least 1 atmosphere at 0° C., 10° 
C., 20° C., 25° C., or 30° C. 
[0104] The first liquid and second liquid can be substan
tially free of surfactants. 
[0105] It should be appreciated that the specific first 
liquids, second liquids, and locations on the first solid 
surface specified herein are merely a subset of the possible 
liquids and chemical compositions of surfaces that can 
achieve perfect liquid repellency. A person having ordinary 
skill in the art could identify more combinations by com
paring physical properties of known materials and experi
mentally testing promising candidates. 
[0106] It should be appreciated that this method can be 
modified to replace the third volume of the first liquid with 
a third volume of a third liquid. The third volume of the third 
liquid can have material properties relative to the properties 
of the second liquid and the second location of the first solid 
surface that satisfy the conditions necessary to achieve 
perfect liquid repellency, as discussed above and elsewhere 
herein. It should also be appreciated that this method can be 
modified to replace the plurality of additional volumes of the 
first liquid with a plurality of additional volumes of addi
tional liquids. The plurality of additional volumes of addi
tional liquids can have material properties relative to the 
properties of the second liquid and the respective plurality of 
locations of the first solid surface that satisfy the conditions 
necessary to achieve perfect liquid repellency, as discussed 
above and elsewhere herein. Generally speaking, the first 
liquid as described herein can be substituted with a different 
liquid that retains the properties necessary to exhibit perfect 
liquid repellency. 
[0107] The methods can include, prior to any steps of 
providing a liquid, selecting the first liquid, the second 
liquid, and a material of the surface to have respective 
interfacial tensions sufficient to give rise to perfect liquid 
repellency. 
[0108] The third location on the first solid surface can be 
a material which is partially wettable by water and oil. The 
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third location can include chemical compositions of surfaces 
that are not suitable for achieving perfect liquid repellency. 
For example, the solid can be polystyrene, which can be 
partially wetted by water and oil, such as fluorinated oil, 
silicone oil, or mineral oil. Finite liquid repellency can be 
exhibited in this case whether water is continuous phase or 
oil is continuous phase. 
[0109] In yet another aspect, the present disclosure pro
vides a method of patterning a first solid surface. 
[0110] The patterning can include selectively depositing a 
modifier molecule onto the first solid surface on the first or 
second portion. Prior to the patterning, the method can 
include applying a mask to the first solid surface to selec
tively block the deposition of the modifier molecule onto the 
first solid surface. 
[0111] The patterning can include depositing a modifier 
molecule onto the first solid surface on the first and second 
portion and selectively removing the modifier molecule 
from the first or second portion. Prior to the selectively 
removing, the method can include applying a mask to the 
first solid surface to selectively block the removal of the 
modifier molecule from the first solid surface. 
[0112] The patterning can include a mask-free method that 
directly adds a modifier molecule to or removes a modifier 
molecule from the first solid surface. The mask-free method 
can include hand writing, stamping, ink printing, fused 
deposition, computer-controlled xurography, computer-con
trolled machining, laser cutting, e-beam direct writing and 
combinations thereof. 
[0113] The patterning can be selected to take any preferred 
shape and can achieve a variety of functions by way of the 
selected pattern. For example, the patterning can be config
ured to provide selective distribution of contents of volumes 
of the first liquid. The contents are the same as those 
described above. As another example, the patterning can be 
configured to provide selective merging or separation of the 
volumes of first liquid. 
[0114] The patterning can include fabrication of two
dimensional continuous fluidic channels for the first liquid to 
form lateral flow in the second liquid on the first solid 
surface. As used herein, "lateral" flow refers to flow that is 
not induced or contributed to by gravitational force. 
[0115] The patterning can include fabricating three-di
mensional continuous fluidic channels for the first liquid to 
form vertical flow in the second liquid on the first solid 
surface. As used herein, "vertical" flow refers to flow that is 
inducted or contributed to by gravitational force. 
[0116] The depositing or selectively depositing can 
include chemical etching, O2-plasma etching, UV oxidation, 
e-beam lithography, and other surface modification methods 
known to those having ordinary skill in the art. 
[0117] The masks described herein can be a material that 
selectively blocks vapor deposition of a modifier molecule 
onto the first solid surface, such as a chemically inert mask, 
masking tape, press-to-seal silicone rubber, a photoresist, or 
the like. 
[0118] Referring to FIGS. 4 to 7, one specific method of 
patterning a surface and then initiating perfect liquid repel
lency is illustrated. 

Compositions of Matter 

[0119] This disclosure also provides a compos1t10n of 
matter. The composition of matter can include a first solid 
surface, a first volume of a first liquid, and a second volume 
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of a second liquid. The second volume of the second liquid 
is sufficient to fully encapsulate the first volume. The first 
liquid and the second liquid have a known first liquid-second 
liquid interfacial tension. The first liquid and the solid 
surface have a known first liquid-solid interfacial tension. 
The second liquid and the first solid surface have a known 
second liquid-solid interfacial tension. The first liquid-solid 
interfacial tension is greater than or equal to the sum of the 
first liquid-second liquid interfacial tension and the second 
liquid-solid interfacial tension, thereby giving rise to perfect 
liquid repellency between the first liquid and the first solid 
surface. 

Kits 

[0120] This disclosure also provides a kit for providing a 
droplet of a first liquid submerged under a second liquid and 
exhibiting perfect liquid repellency. The kit can include a 
substrate and a liquid identifier. The substrate has a solid 
surface. The liquid identifier identifies the first liquid and the 
second liquid. The first liquid, the second liquid, and the first 
solid surface have material properties necessary to achieve 
perfect liquid repellency, as described above and elsewhere 
herein. 
[0121] The kit can further include an injector identifier. 
The injector identifier identifies a material suitable for use 
with an injector for injecting a droplet of the first liquid and 
maintaining the perfect liquid repellency. 
[0122] The kit can further include an injector tip. The 
injector tip can have at least a tip portion composed of an 
injector material. The first liquid and the injector material 
have a known first liquid-injector interfacial tension. The 
second liquid and the injector material having a known 
second liquid-injector interfacial tension. The first liquid
injector interfacial tension is greater than or equal to the sum 
of the first liquid-second liquid interfacial tension and the 
second liquid-injector interfacial tension. 

EXAMPLES 

Example 1 

Undermedia Perfect Liquid Repellency 

[0123] To verify the principles discussed above experi
mentally, three smooth solid materials were chosen, namely, 
polydimethylsiloxane (PDMS), polystyrene (PS), and 
O2plasma-treated glass. These solid surfaces were coupled 
with three water-oil pairs, water paired with mineral oil, 
silicone oil, and fluorinert FC-40. Ultrapure distilled water, 
anhydrous ethanol (99.5%), premium microscope slides, 
4-well omnitray dish (PS, non-treated, sterile) were pur
chased from Thermo Fisher Scientific. Silicone oil (viscosity 
5 cSt, 25° C.), mineral oil (embryo culture tested), fluorinert 
FC-40, and toluene (ACS reagent, >99.5%) were purchased 
from Sigma Aldrich. Sylgard 184 elastomer clear kit (with 
curing agent) was purchased from Dow Corning. 1,3-dichlo
rotetramethylsiloxane (PDMS-silane, SID3372.0) was pur
chased from Gelest. Assorted food color and egg dye were 
purchased from McCormick. All chemicals and materials 
were used as received. 
[0124] The CAs of each test liquid on the three solid 
materials were measured in air to calculate the interfacial 
tensions of S/W and S/O. The results of the nine S/W/O 
triangles were organized in a 3x3 matrix (FIG. 8). A clear 
trend can be seen from the matrix. To achieve underoil 
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perfect water repellency, the solid material must be rela
tively hydrophobic and oleophilic, featuring with a larger 
interfacial tension to water and a smaller interfacial tension 
to oil. Vice versa, underwater perfect oil repellency requires 
the solid material relatively hydrophilic and oleophobic. As 
shown on PDMS, if silicone oil is changed to either mineral 
oil or fluorinert FC-40, underoil perfect water repellency is 
not observed because the interfacial tension between water 
and mineral oil or fluorinert FC-40 is too large (FIG. 9, 
orange right colunm). An analogous effect can be observed 
on 0 2 plasma-treated glass (FIG. 9, blue left colunm). 
Provided that a solid material shows no obvious preference 
between water and oil (e.g. PS), no matter which (water or 
oil) is used as continuous phase undermedia perfect liquid 
repellency will not be achievable (FIG. 9, center colunm). 
[0125] Referring to FIG. 9, undermedia CAs measured 
with a standard goniometer (Rame-Hart 200-00) in response 
to the nine S/W /0 triangles are shown. Blue corresponds to 
underwater conditions and orange to underoil conditions. On 
0 2 plasma-treated glass, undermedia perfect liquid repel
lency shows up only if water is set as continuous phase and 
paired with silicone oil and fluorinert FC-40. A drop of 
silicone oil was attached to a stainless steel needle to enable 
the measurement on 0 2 plasma-treated glass under water 
(see details at SI Methods). On PDMS, undermedia perfect 
liquid repellency shows up only if silicone oil is set as 
continuous phase and paired with water. All of the other 
systems show undermedia finite liquid repellency. 
[0126] PDMS surfaces were prepared using the following 
method. PDMS precursors were mixed with a 1:10 base to 
curing agent ratio. The mixture was thoroughly degassed, 
poured into a 4-well onmitray dish then cured in an oven at 
60° C. for 48 h. 

Example 2 

PTFE and Control of Droplet Behaviors 

[0127] A polytetrafluorethylene (PTFE) surface was uti
lized to further explore the properties discussed herein. FIG. 
10a shows the S/W/O triangles for PTFE. FIG. 10b shows 
the undermedia CAs measured on PTFE with a standard 
goniometer. FIG. 10c shows underoil sphere stacking of 
matrigel spheres under silicone oil. FIG. 10d shows motion 
of underoil water spheres induced by an electrostatic field. 
A sphere of water was moved by an electrostatic rod having 
a charge of -8 kV. 

Example 3 

Grafted PDMS-Silane and Volume Effects 

[0128] Focusing on conditions that support perfect water 
repellency under oil, we further explored the parameter 
space. If a solid material can be grafted by PDMS-silane, the 
modified substrate, water and silicone oil will form a SLL-
2i. Here as an example glass was treated by PDMS-silane 
via RT chemical vapor deposition (CVD) (SI Methods). The 
PDMS-silane-grafted glass shows exactly the same underoil 
perfect water repellency as observed on PDMS (FIG. 11). 
Note that a relatively flattened bottom is observed when the 
radius of water droplets is close to or greater than the 
capillary length of water against silicone oil (i.e. the effect 
of gravity become noticeable). Impressively, all water drop
lets can move freely on the substrate without noticeable 
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hysteresis and volume loss. Further testing demonstrated 
long-term stability (24 h) of the perfect water repellency 
achieved (FIG. 12). 
[0129] Referring to FIG. 11, perfect water repellency was 
attained on PDMS-silane-grafted glass under silicone oil. 
FIG. lla shows a top view of a series of water droplets with 
varying volume from 100 uL to 0.1 uL. FIG. llb shows a 
side view of the water droplets in FIG. lla. The water 
droplets (e.g. 100 uL and 50 uL) with a radius close to the 
capillary length of water against silicone oil (-2.1 mm) show 
a slightly flattened bottom due to the effect of gravity. All 
water droplets move freely on the substrate without notice
able hysteresis and volume loss. 

[0130] Referring to FIG. 12, a long-term stability test of 
underoil (silicone oil) perfect water repellency on PDMS
silane-grafted glass was performed. Water droplets (10 uL of 
each) were dyed to red and blue for improved visualization. 
CAs were all maintained on 180° without any observable 
decline for at least 24 h. 
[0131] PDMS-silane CVD was performed with the fol
lowing method. Glass slide was first treated with 0 2 plasma 
(100 W) for 5 min then transferred into a glass staining jar 
with lid. 10 uL of PDMS-silane was added to vaporize and 
condense on glass surface at RT. The entire process took 10 
min. The modified glass slide was thoroughly rinsed with 
toluene, ethanol and DI water then dried in N2 . 

[0132] While the above detailed description has shown, 
described, and pointed out novel features as applied to 
various embodiments, it will be understood that various 
omissions, substitutions, and changes in the form and details 
of the devices or algorithms illustrated can be made without 
departing from the spirit of the disclosure. As will be 
recognized, certain embodiments of the disclosures 
described herein can be embodied within a form that does 
not provide all of the features and benefits set forth herein, 
as some features can be used or practiced separately from 
others. The scope of certain disclosures disclosed herein is 
indicated by the appended claims rather than by the fore
going description. All changes which come within the mean
ing and range of equivalency of the claims are to be 
embraced within their scope. 

We claim: 

1. A method of making a droplet of a first liquid exhibiting 
perfect liquid repellency in a second volume of a second 
liquid covering a first solid surface, comprising: 

a) introducing a first volume of a first liquid into a second 
volume of a second liquid above a first location on a 
first solid surface, 

the first liquid and the second liquid having a known first 
liquid-second liquid interfacial tension, 

the first liquid and the first location on the first solid 
surface having a known first liquid-first location inter
facial tension, 

the second liquid and the first location on the first solid 
surface having a known second liquid-first location 
interfacial tension, 

wherein the first liquid-first location interfacial tension is 
greater than or equal to the sum of the first liquid
second liquid interfacial tension and the second liquid
first location interfacial tension, thereby giving rise to 
perfect liquid repellency between the first liquid and the 
first location on the first solid surface. 
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2. The method of claim 1, the method further comprising: 
b) moving the first volume of the first liquid from the first 

location on the first solid surface to a second location 
on the first solid surface, 

the second location positioned at a first pre-determined 
distance and direction relative to the first location, 

the first liquid and the second location on the first solid 
surface having a known first liquid-second location 
interfacial tension, and 

the second liquid and the second location on the first solid 
surface having a known second liquid-second location 
interfacial tension, 

wherein the first liquid-second location interfacial tension 
is greater than or equal to the sum of the first liquid
second liquid interfacial tension and the second liquid
second location interfacial tension, thereby giving rise 
to perfect liquid repellency between the first liquid and 
the second location on the first solid surface. 

3. The method of claim 1, the method further comprising: 
moving the first volume of the first liquid from the first 

location on the first solid surface to a third location on 
the first solid surface, 

the third location positioned at a second pre-determined 
and direction relative to the first location, 

the first liquid and the third location on the first solid 
surface having a known first liquid-second location 
interfacial tension, 

the second liquid and the third location on the first solid 
surface having a known second liquid-third location 
interfacial tension, 

wherein the first liquid-third location interfacial tension is 
less than the sum of the first liquid-second liquid 
interfacial tension and the second liquid-third location 
interfacial tension, thereby initiating finite liquid repel
lency between the first volume of the first liquid and the 
third location on the first solid surface. 

4. The method of any one of the preceding claims, 
wherein the first volume of the first liquid is introduced into 
the second volume of the second liquid via an injector, the 
first liquid and the injector having a known first liquid
injector interfacial tension, the second liquid and the injector 
having a known second liquid-injector interfacial tension, 
wherein the first liquid-injector interfacial tension is greater 
than or equal to the sum of the first liquid-second liquid 
interfacial tension and the second liquid-injector interfacial 
tension. 

5. The method of any one of the preceding claims, the 
method further comprising, prior to step a), selecting the first 
liquid, the second liquid, and a first location material of the 
first location of the first solid surface to have respective 
interfacial tensions sufficient to give rise to the perfect liquid 
repellency. 

6. A method of making multiple droplets of a first liquid 
exhibiting perfect liquid repellency in a second volume of a 
second liquid covering a first solid surface, the method 
comprising: 

a) introducing a first volume of the first liquid into the 
second volume of the second liquid above a first 
location on a first solid surface; and 

b) introducing a third volume of the first liquid into the 
second volume of the second liquid above a second 
location on the first solid surface, 

the first liquid and the second liquid having a known first 
liquid-second liquid interfacial tension, 
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the first liquid and the first location on the first solid 
surface having a known first liquid-first location inter
facial tension, 

the second liquid and the first location on the first solid 
surface having a known second liquid-first location 
interfacial tension, 

the first liquid and the second location on the first solid 
surface having a known first liquid-second location 
interfacial tension, 

the second liquid and the second location on the first solid 
surface having a known second liquid-second location 
interfacial tension, 

wherein the first liquid-first location interfacial tension is 
greater than or equal to the sum of the first liquid
second liquid interfacial tension and the second liquid
first location interfacial tension, thereby giving rise to 
perfect liquid repellency between the first volume of 
the first liquid and the first location on the first solid 
surface, 

wherein the first liquid-second location interfacial tension 
is greater than or equal to the sum of the first liquid
second liquid interfacial tension and the second liquid
first location interfacial tension, thereby giving rise to 
perfect liquid repellency between the third volume of 
the first liquid and the second location on the first solid 
surface. 

7. The method of the immediately preceding claim, 
wherein the introducing of steps a) and b) uses an injector, 
the method further comprising moving the injector relative 
to the first solid surface between steps a) and b). 

8. The method of claim 6 or 7, wherein the introducing of 
steps a) and b) uses an injector, the method further com
prising moving the first solid surface relative to the injector 
between steps a) and b ). 

9. The method of any one of claims 6 to 8, wherein the 
introducing of steps a) and b) uses an injector, the method 
further comprising moving both the injector and the first 
solid surface relative to one another between steps a) and b). 

10. The method of any one of claims 6 to the immediately 
preceding claim, the method further comprising: 

c) introducing a plurality of additional volumes of the first 
liquid into the reservoir of the second liquid above a 
respective plurality of locations on the first solid sur
face, 

the first liquid and each of the respective plurality of 
locations on the first surface having respective known 
first liquid-additional location interfacial tensions, 

the second liquid and each of the respective plurality of 
locations on the first solid surface having respective 
known second liquid-additional location interfacial ten
sions, 

wherein for at least a portion of the respective plurality of 
locations on the first solid surface, the first liquid
additional location interfacial tension is greater than or 
equal to the sum of the first liquid-second liquid 
interfacial tension and the second liquid-additional 
location interfacial tension, thereby giving rise to per
fect liquid repellency between at least a portion of the 
plurality of additional volumes of the first liquid and 
the at least a portion of the respective plurality of 
locations on the first solid surface. 

11. The method of claim 10, wherein the introducing of 
step c) uses one or more injectors, the method further 
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comprising moving the one or more injectors relative to the 
first solid surface during the introducing of step c ). 

12. The method of claim 10 or 11, wherein the introducing 
of step c) uses one or more injectors, the method further 
comprising moving the first solid surface relative to the one 
or more injectors during the introducing of step c). 

13. The method of any one of claims 10 to the immedi
ately preceding claim, wherein the introducing of step c) 
uses one or more injectors, the method further comprising 
moving both the one or more injectors and the first solid 
surface relative to one another during the introducing of step 
c). 

14. The method of any one of claims 10 to the immedi
ately preceding claim, wherein the plurality of additional 
volumes are introduced in step c) at a constant rate. 

15. The method of any one of claims 10 to 13, wherein the 
plurality of additional volumes are introduced in step c) at a 
varying rate. 

16. The method of any one of claims 10 to the immedi
ately preceding claim, wherein the plurality of additional 
volumes have the same volume. 

17. The method of any one of claims 10 to 15, wherein at 
least a portion of the plurality of additional volumes have 
different volumes. 

18. The method of the immediately preceding claim, the 
method further comprising sorting the at least a portion of 
the plurality of additional volumes by size. 

19. The method of any one of claims 10 to the immedi
ately preceding claim, wherein the plurality of additional 
volumes have the same contents. 

20. The method of any one of claims 10 to 17, wherein at 
least a portion of the plurality of additional volumes have 
different contents. 

21. The method of the immediately preceding claim, 
wherein the different contents include different concentra
tions, quantities, types, or a combination thereof of one or 
more components within the additional volumes. 

22. The method of the immediately preceding claim, 
wherein the one or more components are chemical reactants, 
ions, salts, buffers, cells, biological molecules, particles, 
tissues, organisms, polymers, or a combination thereof. 

23. The method of claim 22, wherein the concentrations 
of the chemical reactants are varied to produce different 
reaction conditions in the at least a portion of the plurality 
of additional volumes. 

24. The method of claim 22, wherein the ions are varied 
to produce different protein crystallization conditions for 
proteins located within the at least a portion of the plurality 
of additional volumes. 

25. The method of claim 22, wherein the types of cells are 
varied to isolate cells of different types. 

26. The method of any one of claims 10 to the immedi
ately preceding claim, the method further comprising iden
tifying the contents of one or more of the plurality of 
additional volumes. 

27. The method of the immediately preceding claim, the 
method further comprising sorting at least a portion of the 
plurality of additional volumes based on the identified 
contents. 

28. The method of any one of claims 6 to the immediately 
preceding claim, the method further comprising, prior to 
steps a) and b ), selecting the first liquid, the second liquid, 
a first location material of the first location of the first solid 
surface, and a second location material of the second loca-
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tion of the first solid surface to have respective interfacial 
tensions sufficient to give rise to the perfect liquid repellency 
above the first location and the second location of the first 
solid surface. 

29. The method of any one of claims 6 to the immediately 
preceding claim, the method further comprising moving the 
first volume and/or the third volume to cause the first volume 
and the third volume to merge into a unified volume. 

30. The method of any one of the preceding claims, 
wherein the first liquid is an aqueous liquid. 

31. The method of the immediately preceding claim, 
wherein the second liquid is an oil. 

32. The method of any one of the preceding claims, 
wherein the first location of the first solid surface is polydi
methylsiloxane or polytetrafluoroethylene, the first liquid is 
an aqueous liquid, and the second liquid is silicone oil. 

33. The method of the immediately preceding claim, 
wherein the second location of the first solid surface is 
polydimethylsiloxane or polytetrafluoroethylene. 

34. The method of any one of the preceding claims, 
wherein the first volume of the first liquid contains at least 
one cell. 

35. The method of any one of the preceding claims, 
wherein the first volume of the first liquid contains one and 
only one cell. 

36. The method of any one of the preceding claims, 
wherein the first volume of the first liquid contains a 
biological molecule. 

37. The method of the immediately preceding claim, 
wherein the biological molecule is selected from the group 
consisting of a nucleic acid, a protein, or a combination 
thereof. 

38. The method of any one of claims 1 to 28, wherein the 
first liquid is an oil. 

39. The method of the immediately preceding claim, 
wherein the second liquid is an aqueous liquid. 

40. The method of either of the two immediately preced
ing claims, wherein the first location of the first solid surface 
is an 0 2 plasma-treated glass, the first liquid is a fluorinated 
oil or a silicone oil, and the second liquid is an aqueous 
liquid. 

41. The method of the immediately preceding claim, 
wherein the second location of the first solid surface is an 0 2 

plasma-treated glass. 

42. The method of any one of the preceding claims, 
wherein the first liquid and the second liquid are immiscible. 

43. The method of any one of the preceding claims, 
wherein the first volume of the first liquid contains a particle 
suspended in the first liquid. 

44. The method of the immediately preceding claim, 
wherein the particle is a magnetic bead. 

45. The method of any one of the preceding claims, 
wherein the first volume of the first liquid contains a 
polymeric matrix. 

46. The method of the immediately preceding claim, 
wherein the polymeric matrix is embedded with at least one 
particle or at least one cell. 

47. The method of any of the preceding claims, the 
method further comprising forming a coating at an interface 
between the first volume of the first liquid and the second 
liquid. 
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48. The method of any one of claims 1 to 46, the method 
further comprising observing liquid-liquid interactions at an 
interface between the first volume of the first liquid and the 
second liquid. 

49. The method of any one of claims 1 to 46, the method 
further comprising performing a chemical reaction at an 
interface between the first volume of the first liquid and the 
second liquid. 

50. The method of any one of the preceding claims, 
wherein the first volume of the first liquid contains at least 
one component having a vapor pressure of at least 1 atmo
sphere at 0° C., 10° C., 20° C., 25° C., or 30° C. 

51. The method of any one of the preceding claims, 
wherein the first liquid and the second liquid are substan
tially free of surfactant. 

52. The method of any one of the preceding claims, the 
method further comprising performing a chemical reaction 
in the first volume of the first liquid. 

53. The method of any one of the preceding claims, 
wherein the first volume is between 1 yoctoliter and 1 
yottaliter, between 1 zeptoliter and 1 zettaliter, between 1 
attoliter and 1 exaliter, between 1 femtoliter and 1 petaliter, 
between 1 pico liter and 1 teraliter, between 10 pico liters and 
1 gigaliter, between 100 pico liters and 1 megaliter, between 
1 nanoliter and 1 kiloliter, between 10 nanoliters and 1 liter, 
between 100 nano liters and 100 milliliters, between 1 micro
liter and 10 milliliters, between 5 nanoliters and 5 milliliters, 
between 50 nanoliters and 1 milliliter, between 500 picoli
ters and 100 micro liters, between 250 picoliters and 10 
microliters, between 50 picoleters and 1 microliter, between 
5 pico liters and 100 microliters, between 500 femotliters and 
10 microliters, between 50 fem to liters and 1 microliter, 
between 5 femtoliters and 100 nano liters, between 500 
attoliters and 10 nano liters, between 50 attoliters and 1 
nanoliter, between 5 attoliters and 100 picoleters, up to 10 
pico liters, up to 1 pico liter, up to 100 femtoliters, up to 10 
femtoliters, up to 1 femtoliter, up to 100 attoliters, up to 10 
attoliters, up to 1 attoliter, up to 100 zeptoliters, up to 10 
zeptoliters, up to 1 zeptoliter, up to 100 yoctoliters, up to 10 
yoctoliters, and other combinations of the bounds of these 
ranges that are not explicitly recited. 

54. The method of any one of the preceding claims, 
wherein the second volume is sufficient to cover the first 
volume and is between 1 yoctoliter and 1 yottaliter, between 
1 zeptoliter and 1 zettaliter, between 1 attoliter and 1 
exaliter, between 1 femtoliter and 1 petaliter, between 1 
pico liter and 1 teraliter, between 10 pico liters and 1 gigaliter, 
between 100 picoliters and 1 megaliter, between 1 nanoliter 
and 1 kiloliter, between 10 nano liters and 1 liter, between 
100 nanoliters and 100 milliliters, between 1 microliter and 
10 milliliters, between 5 nano liters and 5 milliliters, between 
50 nano liters and 1 milliliter, between 500 picoliters and 100 
microliters, between 250 pico liters and 10 micro liters, 
between 50 picoleters and 1 microliter, between 5 picoliters 
and 100 micro liters, between 500 femotliters and 10 micro
liters, between 50 femtoliters and 1 microliter, between 5 
femtoliters and 100 nano liters, between 500 attoliters and 10 
nanoliters, between 50 attoliters and 1 nanoliter, between 5 
attoliters and 100 picoleters, up to 10 pico liters, up to 1 
pico liter, up to 100 femtoliters, up to 10 fem to liters, up to 1 
femtoliter, up to 100 attoliters, up to 10 attoliters, up to 1 
attoliter, up to 100 zeptoliters, up to 10 zeptoliters, up to 1 
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zeptoliter, up to 100 yoctoliters, up to 10 yoctoliters, and 
other combinations of the bounds of these ranges that are not 
explicitly recited. 

55. The method of any one of the preceding claims, the 
method further comprising splitting the first volume of the 
first liquid into two distinct volumes of the first liquid. 

56. The method of any one of the preceding claims, the 
method further comprising, extracting at least a portion of 
the first volume of the first liquid from the second liquid. 

57. A system configured for providing a first droplet of a 
first liquid submerged under a second liquid and exhibiting 
perfect liquid repellency from a first solid surface, the 
system comprising: 

a liquid reservoir configured to receive the second liquid; 
the first solid surface positioned within the liquid reser

voir and configured to receive the first droplet of the 
first liquid; 

an injector configured to deliver the first droplet of the 
first liquid; and 

one or more of the following: 
an injector translator coupled to the injector, the injec

tor translator configured to move the injector relative 
to the first solid surface; 

a physical manipulator, the physical manipulator con
figured to contact the first droplet of the first liquid 
and move the first droplet of the first liquid in 
response to movement of the physical manipulator; 

a first solid surface translator coupled to the first solid 
surface, the first solid surface translator configured to 
move the first solid surface relative to the injector; 

an electrostatic manipulator, the electrostatic manipu
lator configured to interact electrostatically with the 
first droplet of the first liquid and induce movement 
of the first droplet of the first liquid; 

a magnetic manipulator, the magnetic manipulator con
figured to interact magnetically with the first droplet 
of the first liquid and induce movement of the first 
droplet of the first liquid; 

an optical tweezers manipulator, the optical tweezers 
manipulator configured to project light that functions 
as an optical tweezers with respect to the first droplet 
of the first liquid; 

an acoustic manipulator, the acoustic manipulator con
figured to emit acoustic waves that interact with the 
first droplet of the first liquid and induce movement 
of the first droplet of the first liquid; 

a slope introduction actuator coupled to the first solid 
surface and configured to introduce a slope to the 
first solid surface; and 

a pump configured to control fluid movement of the 
second liquid within the reservoir. 

58. The system of the immediately preceding claim, 
wherein the injector is configured to deliver the first droplet 
of the first liquid while the injector is at least partially 
submerged under the second liquid. 

59. The system of the immediately preceding claim, 
wherein the injector is composed of an injector material with 
properties suitable for establishing and maintaining perfect 
liquid repellency in the first droplet. 

60. The system of claim 57, wherein the injector is 
configured to deliver the first droplet of the first liquid while 
the injector is positioned above the second liquid and is not 
in contact with the second liquid. 
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61. The system of any one of claims 57 to the immediately 
preceding claim, wherein the injector translator is config
ured to move the injector into contact with the first droplet, 
to move the first droplet while contact is maintained between 
the injector and the first droplet, and to retract the injector 
from contact with the first droplet. 

62. The system of any one of claims 57 to the immediately 
preceding claim, wherein the first solid surface translator is 
configured to move the first solid surface such that the 
injector comes into contact with the first droplet, to move the 
first solid surface while contact is maintained between the 
injector and the first droplet, thereby moving the first droplet 
to be above a different location on the first solid surface, and 
to move the first solid surface such that the injector retracts 
from contact with the first droplet. 

63. The system of any one of claims 57 to the immediately 
preceding claim, wherein the electrostatic manipulator com
prises an electrostatic wand. 

64. The system of any one of claims 57 to the immediately 
preceding claim, wherein the electrostatic manipulator com
prises one electrode or an electrode array. 

65. The system of any one of claims 57 to the immediately 
preceding claim, wherein the slope introduction actuator is 
a hydraulic drive, a pneumatic drive, a screw drive, a heat-, 
light-, electricity-, or magnetism-actuated artificial muscle 
material, or a combination thereof. 

66. The system of any one of claims 57 to the immediately 
preceding claim, the system comprising the injector trans
lator. 

67. The system of any one of claims 57 to the immediately 
preceding claim, the system comprising the physical 
manipulator. 

68. The system of any one of claims 57 to the immediately 
preceding claim, the system comprising the first solid sur
face translator. 

69. The system of any one of claims 57 to the immediately 
preceding claim, the system comprising the electrostatic 
manipulator. 

70. The system of any one of claims 57 to the immediately 
preceding claim, the system comprising the magnetic 
manipulator. 

71. The system of any one of claims 57 to the immediately 
preceding claim, the system comprising the optical tweezers 
manipulator. 

72. The system of any one of claims 57 to the immediately 
preceding claim, the system comprising the acoustic 
manipulator. 

73. The system of any one of claims 57 to the immediately 
preceding claim, the system comprising the slope introduc
tion actuator. 

74. The system of any one of claims 57 to the immediately 
preceding claim, the system comprising the pump. 

75. The system of any one of claims 57 to the immediately 
preceding claim, wherein the pump is configured to control
lably move the first droplet by way of the fluid movement of 
the second liquid. 

76. The system of any one of claims 57 to the immediately 
preceding claim, wherein the first solid surface has a uni
form chemical composition. 

77. The system of any one of claims 57 to 75, wherein the 
first solid surface has a first portion configured to produce 
perfect liquid repellency for a known first liquid and a 
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known second liquid and a second portion configured to 
enable contact between the first liquid and the second 
portion. 

78. The system of any one of claims 57 to the immediately 
preceding claim, the system further comprising a tempera
ture sensor configured to measure the temperature ofliquids 
present in the liquid reservoir. 

79. The system of any one of claims 57 to the immediately 
preceding claim, the system further comprising a heater or 
a cooler configured to adjust the temperature of liquids 
present in the liquid reservoir. 

80. The system of any one of claims 57 to the immediately 
preceding claim, the system further comprising a computer. 

81. The system of claim 80, wherein the computer is 
coupled to the injector and is configured to control intro
duction of the first liquid. 

82. The system of claim 80 or 81, wherein the computer 
is coupled to the injector translator and is configured to 
control translation of the injector via the injector translator. 

83. The system of any one of claims 80 to the immediately 
preceding claim, wherein the computer is coupled to the first 
solid surface translator and is configured to control transla
tion of the first solid surface via the first solid surface 
translator. 

84. The system of any one of claims 80 to the immediately 
preceding claim, wherein the computer is coupled to the 
electrode or electrode array and is configured to adjust the 
sign of charge and charge density on one or more electrodes. 

85. The system of any one of claims 80 to the immediately 
preceding claim, wherein the computer is coupled to the 
optical tweezers and is configured to adjust the intensity and 
focus of the laser. 

86. The system of any one of claims 80 to the immediately 
preceding claim, wherein the computer is coupled to the 
acoustic manipulator and is configured to control the acous
tic manipulator. 

87. The system of any one of claims 80 to the immediately 
preceding claim, wherein the computer is coupled to the 
slope introduction actuator and is configured to adjust the 
slope of the first solid surface via the slope introduction 
actuator. 

88. The system of any one of claims 80 to the immediately 
preceding claim, wherein the computer is coupled to the 
pump and is configured to control the fluid movement of the 
second liquid within the reservoir. 

89. The system of any one of claims 80 to the immediately 
preceding claim, wherein the computer is coupled to the 
temperature sensor and configured to utilize the sensed 
temperature as feedback in control of the system. 

90. The system of any one of claims 80 to the immediately 
preceding claim, wherein the computer is coupled to the 
heater or the cooler configured to automatically adjust the 
temperature of liquids present in the liquid reservoir. 

91. The system of any one of claims 80 to the immediately 
preceding claim, wherein the computer is configured to 
execute the method of any one of claims 1 to 56. 

92. The system of any one of claims 57 to the immediately 
preceding claim, wherein the first solid surface has one or 
more properties of the first location or the second location of 
the first solid surface described in the method of any one of 
claims 1 to 56, and/or wherein the first liquid or the second 
liquid has one or more properties described in the method of 
any one of claims 1 to 56. 
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93. A composition of matter comprising: 
a first solid surface; 
a first volume of a first liquid; and 
a second volume of a second liquid, wherein the second 

volume is sufficient to fully encapsulate the first vol
ume, 

the first liquid and the second liquid having a known first 
liquid-second liquid interfacial tension, 

the first liquid and the first solid surface having a known 
first liquid-solid interfacial tension, 

the second liquid and the first solid surface having a 
known second liquid-solid interfacial tension, 

wherein the first liquid-solid interfacial tension is greater 
than or equal to the sum of the first liquid-second liquid 
interfacial tension and the second liquid-solid interfa
cial tension, thereby giving rise to perfect liquid repel
lency between the first liquid and the first solid surface. 

94. The composition of matter of the immediately pre
ceding claim, wherein the first solid surface has one or more 
properties of the first location or the second location of the 
first solid surface described in the method of any one of 
claims 1 to 56, and/or wherein the first volume, the first 
liquid the second volume, or the second liquid has one or 
more properties described in the method of any one of 
claims 1 to 56. 

95. A kit for providing a droplet of a first liquid submerged 
under a second liquid and exhibiting perfect liquid repel
lency, the kit comprising: 

a substrate having a first solid surface; and 
a liquid identifier that identifies the first liquid and the 

second liquid, 
the first liquid and the second liquid having a known first 

liquid-second liquid interfacial tension, 
the first liquid and the solid surface having a known first 

liquid-solid interfacial tension, 
the second liquid and the solid surface having a known 

second liquid-solid interfacial tension, 
wherein the first liquid-solid interfacial tension is greater 

than or equal to the sum of the first liquid-second liquid 
interfacial tension and the second liquid-solid interfa
cial tension, thereby giving rise to perfect liquid repel
lency between the first liquid and the first solid surface. 

96. The kit of the immediately preceding claim, the kit 
further comprising an injector identifier that identifies a 
material suitable for use with an injector for injecting the 
droplet of the first liquid and maintaining the perfect liquid 
repellency. 

97. The kit of either of the two immediately preceding 
claims, further comprising an injector tip, the injector tip 
having at least a tip portion composed of an injector mate
rial, 

the first liquid and the injector material having a known 
first liquid-injector interfacial tension, 

the second liquid and the injector material having a 
known second liquid-injector interfacial tension, 

wherein the first liquid-injector interfacial tension is 
greater than or equal to the sum of the first liquid
second liquid interfacial tension and the second liquid
injector interfacial tension. 

98. The kit of any one of claims 95 to 97, wherein the first 
solid surface has one or more properties of the first location 
or the second location of the first solid surface described in 
the method of any one of claims 1 to 56, and/or wherein the 
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first volume, the first liquid the second volume, or the second 
liquid has one or more properties described in the method of 
any one of claims 1 to 56. 

99. A method of making a patterned solid surface com
prising: 

patterning a first solid surface to contain a first portion and 
a second portion, wherein the first portion of the first 
solid surface initiates perfect liquid repellency in a first 
volume of a first liquid positioned in a second volume 
of a second liquid above the first portion of the first 
solid surface, and wherein the second portion of the 
first solid surface initiates finite liquid repellency in a 
fourth volume of the first liquid positioned in the 
second liquid above the second portion of the first solid 
surface. 

100. The method of the immediately preceding claim, 
wherein the patterning includes selectively depositing a 
modifier molecule onto the solid surface on the first or 
second portion. 

101. The method of the immediately preceding claim, the 
method further comprising, prior to the patterning, applying 
a mask to the solid surface to selectively block the deposi
tion of a modifier molecule onto the solid surface. 

102. The method of claim 99, wherein the patterning 
includes depositing a modifier molecule onto the solid 
surface on the first and second portion and selectively 
removing the modifier molecule from the first or second 
portion. 

103. The method of the immediately preceding claim, the 
method further comprising, prior to the selectively remov
ing, applying a mask to the solid surface to selectively block 
the removal of the modifier molecule from the solid surface. 

104. The method of claim 99, wherein the patterning 
comprises a mask-free method that directly adds a modifier 
molecule to or removes the modifier molecule from the solid 
surface. 

105. The method of the immediately preceding claim, 
wherein the mask-free method includes hand writing, stamp
ing, ink printing, fused deposition, computer-controlled 
xurography, computer-controlled machining, laser cutting, 
e-beam direct writing and combinations thereof. 

106. The method of any one of claims 99 to the imme
diately preceding claim, wherein the patterning is configured 
to provide selective distribution of chemical reactants, ions, 
salts, buffers, cells, biological molecules, particles, tissues, 
organisms, polymers, or a combination thereof within one or 
more volumes of the first liquid within the second liquid 
above the first or second portion. 

107. The patterning of the immediately preceding claim, 
wherein the patterning is configured to provide selective 
merging or separation of the chemical reactants, ions, salts, 
buffers, cells, biological molecules, particles, tissues, organ
isms, polymers, or a combination thereof within the one or 
more volumes of the first liquid within the second liquid 
above the first or second portion. 

108. The patterning of the immediately preceding claim, 
the patterning comprising fabrication of two-dimensional 
continuous fluidic channels for a first liquid to form lateral 
flow in a second liquid on a solid surface. 

109. The patterning of the immediately preceding claim, 
the patterning comprising fabrication of three-dimensional 
continuous fluidic channels for a first liquid to form vertical 
flow in a second liquid on a solid surface. 
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110. The method of any one of claims 99 to the imme
diately preceding claim, wherein the first portion of the first 
solid surface, the first volume, the first liquid, the second 
volume, or the second liquid has one or more properties 
described in the method of any one of claims 1 to 56. 

* * * * * 
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