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throughout human history. In modern 
times, the manipulation and control of 
liquids on surfaces without solid walls 
sparked interest in various applications 
such as microfluidic devices,[1] lab-on-a-
chip,[2–3] repellent coatings,[4] oil–water 
separation,[5] and miniaturized chemistry 
or biology.[6–8] A commonly employed 
strategy is hydrophilic–hydrophobic 
chemically patterned surfaces, which 
allow spatial confinement of aqueous 
compartments.[9–15] Development of omni-
phobic–omniphilic or superoleophobic 
patterned substrates made it possible to 
confine droplets of low-surface-tension 
liquids (LSTLs) and significantly improved 
the capabilities of surface-templated liq-
uids.[16] The preparation of omniphobic 
or superoleophobic surfaces typically 
requires perfluorinated chemicals for 
surface modification or lubricant infused 
surfaces (LISs).[17] However, the use of per-
fluorinated chemicals is environmentally 
questionable due to their biopersistence, 

whereas LISs are often not durable due to partial miscibility 
of the lubricants in LSTLs.[18–20] Furthermore, these methods 
often solely constrain the area wetted by the LSTL and there 
are only a few demonstrations of patterned LSTLs.[21–26] Jokinen 

Liquids are traditionally handled and stored in solid vessels. Solid walls are not 
functional, adaptive, or self-repairing, and are difficult to remove and re-form. 
Liquid walls can overcome these limitations, but cannot form free-standing 3D 
walls. Herein, a liquid analogue of a well, termed a “liquid well” is introduced. 
Water tethered to a surface with hydrophobic–hydrophilic core–shell pat-
terns forms stable liquid walls capable of containing another immiscible fluid, 
similar to fluid confinement by solid walls. Liquid wells with different liquids, 
volumes, and shapes are prepared and investigated by confocal and Raman 
microscopy. The confinement of various low-surface-tension liquids (LSTLs) 
on surfaces by liquid wells can compete with or be complementary to existing 
confinement strategies using perfluorinated surfaces, for example, in terms of 
the shape and height of the confined LSTLs. Liquid wells show unique proper-
ties arising from their liquid aggregate state: they are self-healing, dynamic, 
and functional, that is, not restricted to a passive confining role. Water walls 
can be easily removed and re-formed, making them interesting as sacrificial 
templates. This is demonstrated in a process termed water-templated poly-
merization (WTP). Numerical phase-field model simulations are performed to 
scrutinize the conditions required for the formation of stable liquid wells.

1. Introduction

Shaped solid objects such as pottery, vases, metal canisters, or 
glasses have been used to confine, store, and handle liquids 
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et  al. demonstrated the use of superhydrophobic–hydrophilic 
patterns to create designer multiphase droplets to confine an 
organic liquid droplet inside an aqueous droplet or for minia-
turized liquid–liquid–liquid extraction application.[27,28] Other 
solid-wall-free strategies to confine liquids include embedding 
of water into a matrix of viscous poly(dimethylsiloxane) oil,[29,30] 
water–oil emulsions in microfluidic devices,[31,32] and aqueous 
channels held by immiscible magnetic liquid barriers.[33] With 
these strategies, however, only water can be confined. Here we 
demonstrate that on small scales the mechanical stability of 
water confined on a hydrophilic surface can be high enough 
to act as a solid-like wall, capable of containing another liquid. 
Using this strategy, we could create liquid wells containing 
various LSTLs in different shapes and volumes, with 1-nonanol 
and n-hexadecane being discussed in most detail. The unique 
properties of free-standing liquid walls, such as being adaptive, 
self-restoring, and functional, are demonstrated. For this pur-
pose, we performed experiments such as cutting the wall with a 
knife or extracting a dye from the confined liquid into the wall. 
The experimental findings are compared with numerical results 
obtained from phase field modeling. The ease of removal of the 
water wall motivated a novel polymerization method, termed 
“water-templated polymerization” (WTP), in which water acts 
as a mold to fabricate structured polymer films.

2. Results and Discussion

Water was used as a barrier to confine LSTLs as a liquid ana-
logue of a solid well (Figure  1A). The water barrier itself was 
confined in a hydrophilic surface area surrounded by hydro-
phobic surface areas, in which the hydrophilic area enclosed a 
hydrophobic area. Then, an LSTL was deposited to the hydro-
phobic surface area within the water wall, which spread out and 
was confined in the shape predetermined by the shape of the 
water barrier (Figure  1B; Video S1, Supporting Information). 
“Hydrophilic” and “hydrophobic” surface area refer to surface 
areas functionalized with 2-mercaptoethanol and 1-dodecan-
thiol, respectively, thus not making use of fluorochemicals. 
Information about the surface modification can be found in 
the Supporting Information (Figures S1, S2, and Table S1, Sup-
porting Information). To demonstrate, that the variety and com-
plexity of shapes obtainable with this core–shell approach is 
comparable to LSTLs confined by omniphobic–omniphilic sur-
faces, we created several patterns with varying interior angles 
(60°, 90°, 120°) and a maze-like structure (Figure 1C).[21,22,24,26] 
Compartments with an organic layer feature size down to 
1 mm were fabricated.

Analyzing the shape of the fluids contained in anisotropic 
patterns (e.g., rectangular and triangular pattern) revealed that 
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Figure 1. A) Scheme of a liquid contained in a solid vessel (left) and inside liquid water walls, that is, a liquid well (right). B) Formation of a circular 
liquid well. Water forms a ring on the hydrophilic surface area (dashed line). The organic solvent (1-nonanol, dyed with Oil Red O) is then added into 
the liquid well. Scalebars: 5 mm. C) Images of liquid wells with various shapes containing different LSTLs. i) Red liquid: toluene dyed with Oil Red O. 
ii) Blue liquid: water dyed with blue ink;pink liquid: 1-nonanol dyed with Rose Bengal. iii) Transparent liquid: water;pink liquid: 1-nonanol dyed with Rose 
Bengal. Scalebars: 10 mm. D) Raman map of a ring-shaped liquid well containing 1-nonanol. i,ii) Relative intensities of the OH stretching vibration 
(i) and the CH stretching vibration (ii). Scalebars: 1 mm.
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no sharp edges, but instead rounded edges formed (Figure 1C). 
This is expected, considering that the shapes of the liquid sur-
faces are governed by the Young–Laplace equation, that is, the 
minimization of the potential energy under the constraint of 
conservation of each liquid volume. Accordingly, a retention of 
shapes was observed for round shapes after the addition of the 
organic liquid. Thus, the investigation of the liquid–liquid inter-
face was performed with circular patterns, that is, a ring of water 
as a wall to confine a circular organic core. To verify the chem-
ical composition of the aqueous wall confining an organic core, 
a chemical map was created along the liquid–liquid interface 
via Raman spectroscopy (Figure  1D). The shell and core were 
filled with water and 1-nonanol, respectively. Spectra were meas-
ured at different spots of the surface and the Raman scattering 
intensity of the CHstretch (3020 to 2780 cm−1) and OHbend 
(3100 to 3700 cm−1) vibrations were integrated to visualize the 
phase-separation of the 1-nonanol and the water phase, respec-
tively. The intensity of the OH vibration increased toward the 
middle of the ring, presumably due to an increase in the height 
of the water layer because of the curvature of the water wall. The 
opposite was observed for the CH vibrations in the 1-nonanol 
phase, which decreased in scattering intensity from the inter-
face toward the center of the circle. Due to the long time (2 h) 
required for the measurement, LiCl (0.5 mg  mL−1) was added 
to the aqueous phase to reduce evaporation.[34] Full Raman 
spectra and their position on the surface can be found in the 
Supporting Information (Figure S3, Supporting Information).

The scope of organic liquids that could be contained within 
the water walls was elucidated for solvents with different chem-
ical and physical properties (Figure S4 and Table S2, Supporting 
Information). In brief, liquids miscible with water formed 
binary solutions with the water walls, which then spread out 
over the glass substrate (ethanol–water) or remained within the 
ring-shape of the hydrophilic pattern (tetrahydrofuran–water, 
N,N′-dimethylformamide–water). In a series of primary alco-
hols with increasing length of their alkyl chain, that is, ethanol, 
1-butanol, 1-nonanol, only the least polar 1-nonanol was con-
fined by the water barrier. Non-polar solvents, such as toluene, 
dichloromethane, n-hexadecane, n-octane, and n-hexane could 
be confined. Interestingly, even water droplets could be con-
fined within the water barrier by suppressing their ability to 
merge with the water wall (Figure S5, Video S2, and Table S3, 
Supporting Information).

Liquid walls have novel and unique properties distin-
guishing them from solid vessels. For example, it was observed 
that liquid wells could contain more liquid inside than we 
anticipated based on their dimensions. This was enabled by 
an adaptive deformation of the water wall. To demonstrate the 
adaptive capacity of the liquid wall, we filled 1-nonanol into a 
ring-shaped pattern of water (60 µL) and increased the volume 
of 1-nonanol stepwise from 50, 100, 150 to 200 µL (Figure 2A). 
Increasing the volume of 1-nonanol leads to a visible deforma-
tion of the water ring. This enabled the liquid well to contain 
up to 200  µL of 1-nonanol, which is more than three times 
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Figure 2. Unique properties of liquid walls. A) Capacity test for 1-nonanol. Up to 200 µL of 1-nonanol were confined by a ring of water (60 µL). The inner 
and outer diameter of the hydrophilic surface area were 12 and 18 mm, respectively. B) Self-healing properties of the water wall. Despite being cut by 
a knife, the water wall confining the organic phase re-forms itself. C) Liquid–liquid extraction experiment. A solution of methylene blue (0.1 vol%) and 
Oil Red O (0.1 vol%) in 1-decanol (30 µL) was deposited inside the water wall (100 µL). Over time, methylene blue diffuses into the aqueous phase, 
whereas Oil Red O remains in the organic phase. D) Dynamic receding and re-forming of the water wall structure upon agitation. Scalebars (A–C): 
5 mm. Scale-bar (D): 15 mm.
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the volume of the water wall. With 200 µL of 1-nonanol in the 
liquid well, the meniscus of 1-nonanol was higher than that of 
the water barrier. In this case, capillary forces balance the gravi-
tational forces on top of the water ring and prevent the organic 
liquid from escaping. Generally, the capacity of a liquid well is 
related to the height of the liquid wall surrounding the well. 
This height is defined by a balance of capillary and gravitational 
forces, resulting in a length scale of λc = (γwa/(ρwg))1/2, termed 
the capillary length (λc(water)  =  2.73  mm). In this expression, 
γwa is the surface tension of water, ρw is the mass density of 
water and g is the gravitational acceleration. For the case that 
the radial extension of the liquid wall is much larger than λc, 
the rounded liquid surface will become increasingly flat, and 
the height of the wall approaches a value of 2λcsin(θw/2), where 
θw is the contact angle of water on the substrate.[35] To experi-
mentally determine the height limitations of the liquid well, 
the height of the water wall was measured for increasing vol-
umes of water. A maximum height of 1.95 mm was reached for 
210  µL water (Figure S6, Supporting Information). To investi-
gate the influence of a liquid contained inside the well on the 
height of the water wall, different volumes of 1-decanol were 
added while keeping the volume of water constant at 60  µL. 
Addition of 40  µL 1-decanol to the water wall decreased its 
height from 0.63 to 0.52 mm. Further addition of 1-decanol up 
to a total volume of 60 µL caused the height of the water wall 
to increase to 0.58 mm, approaching the initial height without 
1-decanol (Figure S6, Supporting Information). The height 
of the water walls is thus adjustable by their volume, which 
gives access to facile tuning of the wells capacity. This is dif-
ferent from omniphobic–omniphilic surface patterns, where 
the height and volume of the confined LSTL critically depend 
on the contact angle θLSTL of the LSTL with the omniphobic 
surface, which is arguably harder to tune dynamically than 
the height of the liquid wall.[24] The maximum height of a con-
tained liquid in a liquid well was 1.97 ± 0.02 mm for 330 µL of 
1-decanol confined by 60 µL water (Figure S6, Supporting Infor-
mation). As in the case of 1-nonanol (Figure  2A), the height 
of the 1-decanol meniscus is then exceeding the height of the  
water wall.

As a Newtonian fluid, water rapidly deforms when exposed 
to mechanical forces and is inherently self-healing due to its 
high molecular mobility. To test whether this applies to the 
liquid walls, a liquid well filled with 1-nonanol was repeatedly 
cut with a knife (Figure 2B). Both the liquid wall as well as the 
fluid contained within, that is, the liquid well retained its struc-
tural integrity even after several cuts. However, small droplets 
of 1-nonanol can be moved out of the liquid wall, following the 
direction of the knife (Figure S7, Supporting Information). The 
limiting factor for the self-healing of the water wall is thus the 
stability of the chemical pattern on the surface and not the wall 
itself, at least when damages with a small Weber number are 
considered.

Solid containers fulfill a solely confining role, whereas a 
liquid wall can provide an added value. To explore a potential 
functionality of the water wall in a liquid well, an extraction 
experiment was performed (Figure  2C). A dye solution con-
sisting of Oil Red O (0.1 vol%) and methylene blue (0.1 vol%) 
dissolved in 1-decanol (30 µL) was deposited in a ring of water 
(100  µL). Immediately after the deposition (0 s) of the dye 

solution, methylene blue started to diffuse into the water ring, 
whereas Oil Red  O remained in the 1-decanol phase. After 
80 min, the phases were homogenous, and the separation is vis-
ible with bare eyes. The water wall can thus extract hydrophilic 
compounds from the confined organic phase, which could be 
useful for miniaturized chemistry, sensing, and microfluidics.

It is critically important for any vessel that the liquid inside is 
not released spontaneously or accidentally upon mild mechan-
ical agitation. To demonstrate that the liquid water walls 
can retain the confined liquid under non-static conditions, a 
channel like liquid well was gently shaken and tilted. The inner 
water walls deformed or even retracted from some areas but 
re-formed their original state after the system was static again 
(Figure 2D). Liquid wells thus exhibited a sufficient robustness 
for convenient use in the laboratory. These experiments show, 
by simple means, the unique properties arising from using a 
liquid rather than a solid material to contain another liquid, 
such as being dynamic, adaptive, self-restoring, and functional. 
Videos and additional snapshots of the cutting, diffusion , and 
agitation experiments are available in the Supporting Informa-
tion (Figure S8 and Videos S3–S5, Supporting Information).

To improve our understanding of the liquid wall–solvent 
interaction, we investigated the respective interfaces of 1-non-
anol or n-hexadecane with water. Differences in the expres-
sion of angular shapes of liquid wells containing 1-nonanol or 
n-hexadecane were visible even with bare eyes. For example, 
1-nonanol deposited in a triangular liquid well resulted in the 
shape of a Reuleaux triangle, whereas the use of n-hexadecane 
resulted in a barely altered triangular shape (Figure 3A). Fur-
ther, when equal volumes of 1-nonanol or n-hexadecane were 
deposited in identical water walls, n-hexadecane occupied a 
larger share of the projected surface area of the total pattern 
than 1-nonanol, that is, 47% and 37%, respectively (Figure S9, 
Supporting Information). Thus, the solvent contained in the 
liquid well strongly influenced the shape of the interface. To 
elucidate this discrepancy, confocal laser scanning microscopy 
(CLSM) was used to image the liquid–liquid interface of water 
with n-hexadecane and 1-nonanol (Figure 3B). The shape of the 
interface at the hydrophilic and hydrophobic surface boundary 
was imaged before and after addition of n-hexadecane or 1-non-
anol. When n-hexadecane was added, the shape of the water 
ring barely changed. However, for 1-nonanol the water ring 
protruded into the space filled with 1-nonanol, which explains 
the observed difference in occupied space between 1-nonanol 
and n-hexadecane. Due to the interaction of the organic liquid 
with the water wall, the height of the organic liquid does not 
decrease in a continuous, monotonic way as observed for omni-
phobic–omniphilic patterned surfaces.[21,22,24]

To understand the different shapes obtained at the water–
solvent interface and to support the experimental observations, 
liquid wells were simulated with a phase-field model (Figure 4). 
Coupling the phase-field model with an appropriate boundary 
condition at the wall can capture the Young’s contact angle as 
well as the so-called Neumann’s triangle at a multiple phase 
junction via minimizing the total free energy of the system. 
The parameter setups and the phase-field simulations are 
briefly described in the Supporting Information section. A 
detailed description of the phase-field model is given by Garcke 
and co-workers.[36]

Adv. Mater. 2021, 2100117
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According to Neumann’s triangle rule, the formation of a 
stable three-phase contact line between an organic liquid, water, 
and air, is possible if the sum of the surface tensions γoa (organic 
liquid–air) and γow (organic liquid–water) is greater than γwa 
(water–air).[37] It was hypothesized, that the same requirement 
(γow + γoa > γwa) must be fulfilled to confine an organic liquid by 
a wall of water. Since the surface tension of the water–air inter-
face is high (γwa  = 72.86 mN  m−1), this is the case for n-hexa-
decane (γoa  =  26.95  mN  m−1, γow  = 55.3 mN  m−1) but not for 
1-nonanol (γoa = 28.0 mN m−1, γow = 8.8 mN m−1).[38–40] However, 
if the Gibbs adsorption isotherm, that is, the change in surface 
tensions due to the partial solubility of water in 1-nonanol and 
vice versa (1.76 mol L−1 and 1.94 mmol L−1, respectively)[41,42] is 
considered, the phase-field model is able to predict a confine-
ment as observed experimentally. According to Lee et  al., the 
surface tension of the water–air interface can be reduced from 
72.86 to 44 mN m−1 as a result of the dissolution of 1-nonanol 
in water.[42] Since the exact amount of 1-nonanol dissolving into 
the liquid wall is unknown and there is a paucity of literature 
for the Gibbs adsorption of water at the 1-nonanol–air inter-
face, we considered a range of plausible values for γoa and γwa 
in the simulation. The interfacial tension γow (1-nonanol–water) 
was determined experimentally to be 8.8 mN  m−2 and was 
kept constant for all simulations, since it mutually considers 

the Gibbs adsorption. For γow + γoa < γwa, no stable three-phase 
contact line can be established and 1-nonanol moves over the 
water wall (Figure  4-i,ii). When the value of γwa was reduced 
to 36.43 mN m−1 (Figure 4-iii) and 21.86 mN m−1 (Figure 4-iv), 
stable contact lines were observed. As the value γwa reduces, the 
1-nonanol-water interface tilts inward, which is consistent with 
the experimental observation (Figure 3B). When the value of γoa  
is increased from 36.43 to 44 and 51 mN  m−1 (Figure  4-v–vii) 
while fixing the values of γwa and γow (44 and 8.8 mN  m−1, 
respectively), stable contact lines are obtained and the 1-non-
anol–water interface is gradually tilted inward as well. The sim-
ulations based on the phase-field model confirmed the hypoth-
esis, that formation of a stable three-phase contact line and thus 
liquid wells are possible if the condition, γow + γoa > γwa, is met. 
When literature values for the surface and interfacial tension 
(γow, γoa) are contemplated, this is the case for n-hexadecane but 
not for 1-nonanol. However, a variation in the surface tensions 
at the liquid–air interfaces because of the partial solubility of 
1-nonanol with water can enable a transition from an instable 
to a stable liquid well. This explanation could be applied to 
other LSTLs, such as toluene or n-octane, which fail to ful-
fill the criterion, γow  + γoa  > γwa, but nevertheless can be con-
tained by a water well (Figure S4, Supporting Information).[40] 
Moreover, the specific set of interfacial tensions (γow, γoa, γwa) 
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Figure 3. A) Photographs (top view) of triangular and matryoshka liquid wells filled with n-hexadecane (i) and 1-nonanol (ii). The organic phases were 
dyed red with Oil Red O. Arel is the ratio between the projected surface area of the organic phase and the total surface area of the pattern. Scalebar: 
5 mm. B) CLSM z-stack images (side- and top-view) of a water ring at the water–air interface (i), the water–hexadecane interface (ii), and the water–
1-nonanol interface (iii). Scalebars: 200 µm.
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strongly influences the shape of the organic liquid–water inter-
face, which is most likely the reason for the experimentally 
observed difference between the shapes of the 1-nonanol–water 
and the n-hexadecane–water interfaces. The sets of surface ten-
sions (Figure 4-iv) (γoa, γow, γwa) = (28, 8.8, 21.86) mN m−1 and 
(Figure 4-vii) (γoa, γow, γwa) = (51, 8.8, 44) mN m−1 are the most 
likely possible parameters to reproduce the stable triple junc-
tions of water–1-nonanol–air and water–1-nonanol–substrate, 
which were observed experimentally (Figure  3B). To support 
these findings experimentally, a control experiment was per-
formed: A droplet of 1-nonanol deposited on the surface of 
water formed a droplet instead of spreading over the water sur-
face and forming a wetting layer (Figure S10 and Video S6, Sup-
porting Information). This would not be the case, if literature 
values for the surface tensions (γoa, γow, γwa) were contemplated.

To explore potential applications of liquid wells, we used 
water walls as a recyclable template to structure polymeric 
materials (Figure 5). This process was termed water-templated 
polymerization (WTP). In a typical WTP procedure, a water wall 
was formed on a patterned substrate by adding 80 µL of water 
onto the hydrophilic surface area. Then, a monomer solution 
consisting of a 4:1 (by weight) mixture of lauryl acrylate (LA) 
monomer and 1-nonanol, containing 1 mol% of oligo(propylene 
glycol) dimethacrylate (o(PGDMA)) cross-linker (relative to 
LA) and 4 wt% Irgacure 379 (relative to LA) photoinitiator was 
added onto the surface within the water walls (Figure  5A). To 
initiate the polymerization, the surface was irradiated with UV 
light (λmax = 365 nm, 17–18 mW cm−2) for 3 min.

After the UV polymerization, the water template was washed 
away to obtain a free-standing polymer film with a thickness 
of 150–200  µm (Figure S11, Supporting Information). This 
WTP process can be used to prepare shaped polymer films in 

a single polymerization step (Figure  5B) and is economically 
and ecologically more efficient than a UV polymerization with 
a photomask, since all the monomers are polymerized. The 
removal of a liquid template is very convenient, for example, it 
can be removed by tilting, rinsing, or evaporation. Finally, the 
water template can be re-formed by pouring water on the sur-
face. This method could further be interesting for many types 
of interfacial polymerizations.[43]

3. Conclusion

Water was used as a solid-like wall to contain different liquids 
in so-called “liquid wells”. This was achieved by using hydro-
phobic–hydrophilic patterns in a core–shell design. The water 
walls showed to be self-repairing, adaptive, and functional. This 
unique set of properties arises from the liquid aggregate state 
of the water walls and can hardly be achieved with solid walls. 
Drawbacks of liquid wells are the limitations to the height of 
the water walls and the restriction to low-surface-tension liq-
uids immiscible with water. Liquid wells allow patterning of 
low-surface-tension liquids in complex 2D shapes with excellent 
control of the volume and without the need for fluorination, as 
in the case of superoleophobic or omniphobic patterning strate-
gies. They can further be used as templates to define the shape 
of a polymer in a process termed “water-templated polymeriza-
tion” (WTP). The water wall does not attach to the polymer and 
is easily removed and then re-formed with the same or a dif-
ferent height, which allows fast prototyping of polymer films. 
Arrays and compartments based on liquid wells are interesting 
in lab-on-a-chip applications, for example, for on-surface extrac-
tions, phase-transfer catalysis, or interfacial reactions. Liquid 
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Figure 4. Phase-field simulation for the confinement of 1-nonanol (red) in a ring of water (blue). Each simulation (i-vii) is based on a different set of the 
surface and interfacial tensions γoa (organic liquid–air), γow (organic liquid–water), and γwa (water–air). The surface and interfacial tensions (γoa, γow, γwa) 
were: i) (28.0, 8.8, 72.86) mN m−1,[37,38] ii) (28.0, 8.8, 44) mN m−1, iii) (28.0, 8.8, 36.43) mN m−1, iv) (28.0, 8.8, 21.86) mN m−1, v) (36.43, 8.8, 44) mN m−1, 
vi) (44, 8.8, 44) mN m−1, and vii) (51, 8.8, 44) mN m−1. The assumed volumes were 100 µL (1-nonanol) and 60 µL (water), respectively. The inner and 
outer diameters of the hydrophilic surface area are 14 mm and 18 mm, respectively. The first row shows a top view, the second row shows a cross 
section and the third row highlights the cross section at the interface of 1-nonanol and water.
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wells can further be useful to study interfacial phenomena such 
as diffusion or the Marangoni effect, since the liquid–liquid 
interface can be observed conveniently from the top view using 
a microscope. More generally, the concept of using water as 
a recyclable barrier can help to reduce solid waste wherever 
organic molecules need to be kept separate from each other. 
Simulation results based on the phase field model suggested 
that the change in surface tensions at the liquid–air interfaces 
due to the Gibbs adsorption enables a stable three-phase con-
tact line (air–organic–water). In summary, this report demon-
strates a general, fluorine-free, and environmentally friendly 
approach for the formation of fully liquid, functional, and self-
healing compartments for confining and patterning of low-sur-
face-tension liquids.
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