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Addressing the challenges posed by oil pollution from both domestic and
industrial sources—which contributes to energy waste and environmental
degradation—is critical. Here, a new, efficient, and sustainable oil /water
separation system is presented using biomimetic spring microchannels
created through precise projection micro-stereolithography-based 3D printing
technique. This innovative system allows for the swift separation of mixed oil
and water phases into distinct and pure streams, achieving a high separation
flux of up t0 292.5 L m~2 h~. The separation efficiency, consistently
maintained over 99%, leverages the synergistic effects of surface wettability
and molecular polarity to handle multiple oils with varying densities and
surface tensions. Moreover, the biomimetic microchannels precise capturing
of the oil /water interface and offer flexibility to initiate separation by prefilling
the channels with either oil or water. Furthermore, these microchannels
effectively prevent clogging, ensuring sustained performance. A significant
enhancement is also demonstrated in separating crude oil from water by solar
irradiation to reduce its viscosity, with a notable separation rate of 22.5 L m—2
h~" for individual channels. The findings underscore the potential of 3D
bionic functional spring microchannels for selectively separating a wide range

the ecological environment and results
in significant energy losses.*’l The
current methodologies for oil recov-
ery, including physical adsorption,/®”]
in situ combustion,®! and mechanical
recovery,®) and others,'1%1] often involve
complex equipment and substantial en-
ergy consumption.'>13]  Furthermore,
these methods typically need meshes or
sponges with clogging and do not allow
the recovered oil to be immediately reused,
underscoring the critical need for an in-
novative, efficient, and straightforward oil
separation technology to tackle these press-
ing challenges.['*1%] Membrane separation,
characterized Dby micro/nanoscale pore
engineering and surface wettability mod-
ulation, has demonstrated energy-efficient
and continuous oil-water separation, serv-
ing as a scalable framework for addressing
these limitations.!*”~19]

Recent advances in intelligent, stimulus-

of oil-water mixtures with exceptional efficiency.

1. Introduction

Global energy demand is consistently increasing due to the ultra-
fast societal progress.[?] Oil, as a crucial energy resource, plays
an indispensable role in powering industrial development and
bolstering national economies.}] Despite its importance, the fre-
quent occurrence of crude oil spills—caused by natural disas-
ters, vessel collisions, and human errors—poses severe threats to

responsive surfaces have revolutionized
liquid separation technologies, offer-
ing dynamic control over wettability
through pH, temperature, light, or sol-
vent interactions.”?21  Among these,
solvent-responsive smart wetting surfaces have emerged as a
particularly promising approach for selective oil-water separa-
tion. These surfaces dynamically adjust their wettability based
on molecular interactions with specific solvents, enabling pre-
cise separation of liquids with varying polarities.[?324] Their abil-
ity to respond to solvent composition provides a programmable
approach to liquid separation, particularly effective for emulsified
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oils with droplet sizes ranging from 5 to 50 um, achieving sepa-
ration efficiencies exceeding 98%.!25-?’] This adaptive functional-
ity not only enhances separation precision but also addresses the
limitations of conventional methods by offering scalability and
reusability, paving the way for practical applications in oil/water
separation.[?®2] However, the inherent limitations of planar sur-
face designs in handling complex multiphase systems—such as
process complexity, insufficient dynamic adaptability, and chal-
lenges in large-scale manufacturing—have driven researchers to
seek inspiration from nature’s evolutionarily optimized trans-
port architectures.?32] This paradigm shift toward biomimetic
structural engineering bridges the gap between molecular-level
responsiveness and macroscopic fluid manipulation — a critical
transition that sets the stage for integrating biological design
principles with advanced manufacturing technologies.

Nature provides numerous functional structures that have in-
spired the development of biomimetic technologies for various
applications.[3*] One particularly interesting area is the study
of liquid directional transport structures, which are increasingly
recognized for their practicality across multiple fields such as fog
collection,**%7] seawater desalination,[*®3% microreaction,?24"]
and oil-water separation.3®*!l For instance, the directional trans-
port of microdroplets on cactus spines exemplifies this, where
unique hierarchical and trichome architectures on the stems
enhance liquid movement in arid climates.’”*? Structural in-
novations in oil/water separation devices have garnered sig-
nificant research attention, particularly through bioinspired
engineering strategies.**! Exemplifying this trend, grooved
conical spine arrays, architected through biomimetic integra-
tion of fishbone morphology and rice leaf venation patterns,
achieve unprecedented underwater oil transport velocity via
precision-engineered multi-bioinspired grooved conical spine
fabricated by 3D printing technologies.[*! Furthermore, energy-
autonomous separation systems employing capillary-siphon hy-
brid mechanisms demonstrate revolutionary performance: anti-
gravity fluidic pumps engineered with hierarchical microchan-
nels spontaneously segregate purified oil/water phases from
emulsions without external energy input.*’] Most strikingly,
dual-bioinspired overflow systems mimicking the Nepenthes peri-
stome and cat tongue surface architectures enable phase-pure
separation of oil-in-water emulsions through synergistic liquid
steering effects and directional overflow control.*%! These struc-
tural breakthroughs collectively redefine the paradigm of intel-
ligent separation technologies by harmonizing nature inspired
designs with precision manufacturing capabilities.

Here, drawing inspiration from the morphometric charac-
teristics of cucumber tendril springs, we have demonstrated a
biomimetic spring microchannel (SMC) utilizing the projection
micro-stereolithography (PuSL) based 3D printing technique to
achieve flexibility, stretchability, and efficient liquid transport,
enabling the seamless and rapid separation of oil and water.
The proposed biomimetic SMCs, endowed with continuous he-
lical microstructures, promote the directional flow and separa-
tion of liquids, and selectively prevent the ingress of other lig-
uids and gases, capitalizing on their varying molecular polarities.
The spring-like design enhances oil-water separation efficiency
through dynamic deformation, offering superior adaptability to
various viscosities and flow rates, while its open structure pre-
vents clogging and ensures sustainable performance, comple-
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mented by a modular microchannel design for scalable industrial
integration. This straightforward yet highly effective and precise
3D printing approach yields microfluidic constructs that are both
scalable and boast exceptional separation efficiency.[**-% The
biomimetic SMCs emerge as an innovative solution for liquid
separation, achieving an impressive 99% separation efficiency at
a peak rate of 292.5 L m~2 h~!. It also demonstrates remarkable
efficiency in separating high-viscosity fluids such as glycerol and
petroleum. Notably, these bionic microchannels were effectively
employed to separate crude oil that was heated by solar energy,
thereby reducing its viscosity and showcasing their potential for
practical applications.

2. Results and Discussion

Figure 1a shows the morphology of the cucumber plant tendrils,
which are characterized by spiral threads of varying morpholo-
gies and geometric parameters, arranged longitudinally at in-
tervals. Each tendril has a diameter (d) of 2 mm and a pitch
(p) of #1.5 mm (Figure S1, Supporting Information). These ten-
drils have evolved remarkable flexibility, enabling them to main-
tain a high degree of elasticity. They can revert to their original
form after being bent or stretched (Figure 1b; Figure S2, Sup-
porting Information). The tendrils exhibit distinct hydrophilic
and lipophilic properties, with water and oil contact angles mea-
sured at ~60° and 15°, respectively (Figure S3, Supporting Infor-
mation). Intriguingly, when water and mineral oil are separately
applied to the base of a vertically positioned cucumber tendril
(Video S1, Supporting Information), both liquids ascend, with
water moving faster than oil (Figure 1c,d).

Motivated by these observations, we applied 3D printing tech-
nology (Figure S4, Supporting Information) to create biomimetic
SMCs with rectangular cross-sectional shapes and varying struc-
tural parameters like diameter and pitch (Figure le; Figure S5,
Supporting Information). The different wettability and molec-
ular polarities of water and oil facilitate a unique separation
mechanism (Figure S6, Supporting Information): water prefills
the SMCs, effectively blocking oil from entering the microchan-
nels, as evidenced in Figure S7 (Supporting Information). Con-
versely, when the SMCs are prefilled with oil, water is similarly
obstructed, allowing the oil within the microchannels to flow
undisturbed by water. This selective permeability can enhance
the functionality of the biomimetic SMCs in fluid management
and separation applications, which we will discuss in the follow-
ing.

Based on the flexibility, stretchability, and liquid transport per-
formance characteristics of SMCs with specific liquids in multi-
component systems, we developed a selective SMC pump-based
liquid separation device. When SMCs, which are initially filled
with water, are positioned at the oil-water—CCl, mixture, the mid-
dle water can be selectively separated and removed, independent
of the overlying oil layer (Figure 1f,g). Similarly, when SMCs are
prefilled with oil and positioned into the oil-water—CCl, mixture,
an upward pumping action allows for the separation and extrac-
tion of the top oil layer. As the upper oil layer is disengaged,
the separation system continues to isolate the lower CCl, phase,
enabling the selectively sequential separation of the three fluid
components. The mass changes of the mixture of oil-water—CCl,
mixture before and after separation are shown in Figure 1h. After
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Figure 1. Structural characteristics of cucumber tendrils for oil-water separation. a) Optical image of a cucumber tendril displaying the helical morphology
of the coiled tendril. The pitch (p) and diameter (d) of the tendril are 1.5 and 2 mm, respectively. b) Bending and stretching properties of tendrils. Scale
bar, 2 mm. ¢,d) Transport of water and oil with cucumber tendrils. Water is transported along the tendril at a higher speed, whereas oil is transported
along the tendril at a lower speed. Scale bar, 1 mm. e) Optical image of a biomimetic SMC. Scale bar, 1 mm. f,g) Sketch and optical images of the
selective separation of individual liquids by placing SMCs prefilled with water or oil onto an oil-water—CCl, mixture. Scale bar, 500 pm. h) Mass change

in the oil-water—CCl, mixtures before and after SMC separation.

separation, the mass differences before and after the separation
of the oil, the CCl,, and the water are 0.14, 0.3, and 0.16 mg, re-
spectively.

Furthermore, we implemented a 3D printing technique to
fabricate the SMCs. The cross-sectional shapes of our SMCs
are rectangular with different structural parameters (diame-
ter (d) and pitch (p), Figure 2a). During the stretching of an
SMC, when the bottom of the SMC contacts the liquid, the
liquid is rapidly transported to the apex. When we stretch the
SMC two times longer than its original length, the liquid in-
side the SMC gradually descends and becomes flush with the
bottom. Subsequently, upon withdrawal of the applied force,
the SMC gradually contracts, and the liquid is transported
back to the top under the action of capillary force (Figure 2b;
Video S2, Supporting Information). Throughout this process,
the elongation of an SMC is controlled to regulate the maxi-
mum height of the fluid, thereby preventing overflow (Figure
S8, Supporting Information). We then tested the flexible fluid
transport performance attributes of SMCs with arbitrary shapes
(Figure 2c). The SMCs exhibit good flexibility without affecting
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their microfluidic performance (Video S3, Supporting Informa-
tion).

We subjected the vertically oriented SMCs to water and oil at
sufficiently slow speeds. The transport velocities of water and oil
inside the SMCs first increase and then decrease as their diam-
eter (d) increases from 400 to 800 um. The transport velocities
of water and oil both occur at d = 700 pm, which are 0.03 and
0.0007 m s7!, respectively (Figure 2d). The maximum capillary
rise height (h) of water in the SMCs decreases from 25 to 10 mm,
while the maximum capillary rise height (k) of oil in the SMC
decreases from 18 to 5 mm (Figure 2f). Additionally, we keep the
other structural parameters of the SMC constant but increase the
pitch (p) of the SMCs from 300 to 700 um, and the water and
oil transport velocities gradually increase with increasing pitch
to values reaching 0.09 and 0.002 m s~!, respectively (Figure 2e).
The h of water inside the SMCs increases from 15 to 30 mm,
while the h of oil inside the SMCs increases from 8 to 21 mm
(Figure 2g). The h—t diagrams of water transport in SMCs with
different structural parameters are shown in Figure S9 (Support-
ing Information).
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Figure 2. Microfluidic performance of the SMCs. a) SEM image of a SMC. Its diameter d and pitch p are 200 and 500 um, respectively. b) Control of the
maximum liquid transport height by stretching a SMC. Scale bar, 2 mm. c) Capillary rise of liquid inside a SMC along a spiral path. Scale bar, 5 mm. d,e)
The average capillary rise velocities of the water and oil inside the SMCs with different geometric parameters. f,g) Maximum heights of the water and oil

inside the SMCs with different geometric parameters.

We further investigated the water and oil microfluidic char-
acteristics of SMCs for liquid transport (Figure 3a,b; Video S4,
Supporting Information) with detailed force analyses for two rep-
resentative scenarios involving inclined surfaces and inner wall
surfaces. For the inclined surface rising scenario (Figure 3c), lig-
uid spiraling climbs upward (Video S5, Supporting Information).
There is a solid-liquid contact angle of 6, at the inclined sur-
face of the SMC, and this action is driven by the capillary force
F_ between two inclined surfaces. Regarding the inner wall sur-
faces (Figure 3d), after the liquid undergoes a capillary rise phe-
nomenon along the two inclined surfaces and fills the space be-
tween them, the liquid and the inner wall surface form a new
capillary flow section. This section rises vertically under the ac-
tion of capillary force. Due to the superhydrophilicity at the water-
film interface (liquid-liquid contact angle 6,), where the liquid is
subjected to tensile forces, the liquid rise is slightly delayed com-
pared to the movement of the liquid on an inclined surface. For
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different solid-liquid contact angles 6,, caused by different sur-
face wettability, the corresponding maximum heights of the fluid
also differ from each other, and the fluid treated with the plasma
has the highest height of 30 mm (Figure 3e; Figure S10, Support-
ing Information).

In the process of capillary rise within the SMCs, a meniscus
forms between the two inclined surfaces, characterized by a spe-
cific meniscus radius (R,) and a corresponding Laplace pressure
difference (AP,), asillustrated in Figure 3fand further detailed in
Figure S11 (Supporting Information). As the pitch (P) of the SMC
increases due to elongation, there is an increase in the menis-
cus radius to R,, resulting in a decreased Laplace pressure differ-
ence (AP, <AP,). This indicates a direct relationship between
pitch elongation and the dynamic changes in fluid mechanics
within the SMC. Furthermore, the bending of the SMC creates
an asymmetry in pitch distribution—reducing on the curved side
and increasing on the opposite. This alteration affects the menis-
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Figure 3. Mechanisms for liquid transport in the SMCs. a,b) Transporting phenomena of different liquids in SMCs, and the time of water transport
within a given distance is significantly shorter than that of oil. Scale bar, 500 um. c) Liquid flows along inclined surfaces, which is driven by capillary
force between two inclined surfaces. d) Liquid flows along the inner cylinder space composed of the wall surface and the superhydrophilic water—film
interface. ) Maximum height of a liquid for various solid—-liquid contact angles resulting from different surface treatments. f) Analysis of the dynamic
processes and equilibrium states exhibited by SMCs with different morphologies. Scale bar, 100 um.

cus radii (R; and R,), with R, decreasing near the bend and R,
increasing away from the bend. Consequently, this leads to an
asymmetric distribution of capillary forces, which in turn affects
the Laplace pressure difference across these regions.

The initial height of the liquid prefilling layer can be precisely
controlled by adjusting the morphologies of the SMCs before ini-
tiating the selective separation process. Additionally, the inherent
flexibility of the SMCs along with external forces during separa-
tion plays crucial roles in influencing the internal liquid flow dy-
namics.

Our investigations extend to the separation characteristics of
two immiscible liquid components within these bionic SMC
structures (Figure 4a,b). The forces influencing the liquid dy-
namics during separation can be categorized into four primary
groups: i) pump pressure, ii) liquid surface tension, iii) gravity,
and iv) adhesive forces, detailed in Figure S12 (Supporting Infor-
mation). Notably, the surface tension of the liquid, which varies
with the type of liquid, plays a critical role. As depicted in Figure
S12-i (Supporting Information), if the aggregate force on either
side of the SMC does not exceed the Laplace pressure difference
caused by the concave menisci, the fluid will be efficiently trans-
ported without the intrusion of air or other fluids. Conversely, if
the combined force acting on the fluid on each side of the SMCs
is greater than the Laplace pressure difference due to the concave
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surface of the liquid, then the liquid column will crack or break
(Video S6, Supporting Information). Thus, air or other liquids
are allowed to enter and reduce the separation efficiency (Figure
S12-ii,iv, Supporting Information).

Figure 4c illustrates the required pulling force to pump an
equivalent volume of liquid through an SMC and a conventional
microchannel of the same diameter. When the medium’s viscos-
ity is low, such as air and water, the pulling force difference be-
tween the SMCs and the conventional microchannels remains
minimal. However, for high-viscosity liquids like oil, the SMCs
significantly reduce liquid resistance during movement, result-
ing in a 30% decrease in pulling force compared to the conven-
tional microchannels. Consequently, the SMCs separation sys-
tem demonstrates enhanced energy efficiency in liquid transport
over traditional microchannels. Furthermore, we evaluated the
stress—strain characteristics of SMCs in both wet and dry states,
as depicted in Figure 4d and Figure S13 (Supporting Informa-
tion). The findings reveal a gradual decline in stress—strain per-
formance as the diameter of SMCs increases. Specifically, for
SMCs with diameters exceeding 500 um, the fracture stresses are
substantially higher in wet conditions than in dry one. This dis-
parity diminishes in SMCs with diameters below 500 ym, where
the fracture stresses of wet and dry conditions show negligi-
ble differences. Additionally, SMCs with a diameter of 700 pm
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Figure 4. SMC system for oil /water separation. a,b) Schematic and optical images of the assemblies for oil /water separation. A SMCis filled with oil and
floats on the oil /water interface, and the pump removes the oil from the mixing system. Scale bar, 5 cm. c) Comparison of the pulling forces required for
SMCs and ordinary microchannels for different types of liquid transport. d) Stress—strain diagram of SMCs in the wetted state. e) Automatic capturing
of the water/oil interfaces for the SMC in water/oil mixture (left: SMCs; right: ordinary microchannels). Scale bar, 2 mm. f) Separation efficiencies of two
immiscible components. g) Maximum separation fluxes of different types of liquids through SMCs.

exhibit markedly improved stretchability under wet conditions
compared to dry one. In contrast, for diameters smaller than
700 um, the strain differences under the two conditions are min-
imal.

The flexibility and stretchability of SMCs underpin the mech-
anisms of selective oil-water separation in SMC systems. These
systems excel in automatically capturing interfaces between
incompatible liquids (Video S7, Supporting Information), en-
hancing operational efficiency. Unlike traditional microchannels,
SMC systems do not require monitoring of the oil-water inter-
face, significantly reducing the risk of cross-contamination from
other liquids. This is depicted in Figure 4e-i, which shows an
oil-water immiscible solution, and Figure 4e-ii, illustrateic in a
CCl,-water immiscible solution. In these figures, SMCs accu-
rately capture both oil-water and water-CCl, interfaces. In con-
trast, conventional microchannels, which intersect these inter-
faces, necessitate continual adjustment to avoid unintended lig-
uid intake during separation. Our experiments also show the suc-
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cessful separation of glycerol and turkey red oil from water. As

illustrated in Figure 4f, SMCs achieve separation efficiencies of

~99% across various immiscible liquids.

Moreover, we assessed the maximum separation rates in SMCs
without air bubbles, as shown in Figure 4g. The water exhibits
the highest separation rate at 292.5 L m~2 h~!, while the more
viscous turkey red oil shows the lowest rate at 8.57 L m=2 h='.
Figure S14 (Supporting Information) further explores the wetta-
bility of fabricated surfaces with different liquids, demonstrating
that liquids with higher surface tension and density (e.g., water
and ethyl acetate (EA)) achieve greater maximum transport flux,
whereas those with lower surface tension and density (e.g., glyc-
erin and turkey red oil) exhibit lower fluxes.

Previous studies focused on the separation of two immisci-
ble components.>'>3] However, immiscible mixtures with more
than two components are common in both industrial and domes-
tic wastewater. Therefore, we tested the simultaneous separation
of multiple mutually incompatible liquids based on our SMC sep-
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Figure 5. The SMC system for the selective separation of multilayered immiscible components. a,b) Experimental assembly of the SMC system for
multilayered immiscible components separation. From top to bottom, the three liquids are oil, water, and carbon tetrachloride. Scale bar, 1 cm. c)
Experimental separation of mineral oil, carbon tetrachloride, and water in sequence. Scale bar = 1 cm. d) Schematic and optical images of fluids and
fluids collected from SMCs during the separation process. (left, scale bar =200 um; right, scale bar = 1cm). e) Application of SMC separation systems as
microreactors. The microvessel consists of three immiscible liquids, with the upper and lower layers capable of reacting with each other. The intermediate
medium acts as a barrier between them. The SMC separation system effectively separates the intermediate medium, allowing the upper and lower layers

to react. Scale bar, 1 cm.

aration device. Ten milliliters of CCl,, water, and oil were succes-
sively injected into a vessel (Figure 5a,b). Subsequently, a SMC
is prefilled with oil and immersed in an oil-water—CCl, three-
layer mixture for separation. The top layer of oil is separated by
the SMC within 30 min. However, the intermediate layer of wa-
ter is rejected, and it never enters the SMC due to the oil film
that forms at the opening of the microchannel. Afterward, the

Adv. Sci. 2025, 2503511 2503511 (7 of 11)

SMC separates the bottom CCl, layer through the water within
another 30 min. Thus, liquids can continuously travel upward
along the SMC across the oil-water interface or water-CCl, in-
terface, as shown in Figure 5c and Video S8 (Supporting Infor-
mation). Figure 5d shows schematic and detailed images of the
SMC in the gradual separation of the multilayered liquid, which
is transported upward along the SMC and separated individually.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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This approach offers a solution for liquid extraction from com-
plex multiphase fluid environments.

In addition, the liquid-selective separation properties of SMC
can be effectively used to create a reaction site for time-space con-
trollable liquid-phase chemical reactions. Figure 5e and Video
S9 (Supporting Information) show an example where a vessel is
filled with a three-immiscible-liquid system consisting of oil, wa-
ter, and CCl,. The oil and CCl, in the top and bottom layers are
able to dissolve with each other, while the water in the middle
layer does not mix with the other two liquids. The water acts as
an insulator, creating a barrier between the oil and CCl,. By uti-
lizing the selective liquid separation properties of SMC, the water
in the middle layer can be separated from the system. This sep-
aration process allows the oil and CCL, to come into contact and
dissolve, initiating the desired chemical reaction. By controlling
the volume of intermediate liquid (water) according to the sepa-
ration rate of the SMC, the reaction delay time can be precisely
controlled. In addition, the size of the vessel can also be con-
trolled, further enabling time-space control of the liquid phase
chemical reaction. The selective separation performance of the
SMC offers significant potential for a wide range of applications
in controlled chemical reactions, microreactors, and bioengineer-
ing. It enables precise control of reaction timing and provides a
platform for designing and performing reactions in specific time-
space configurations.

Oil spills in marine environments not only pose significant
environmental risks but also lead to substantial economic dam-
ages. Our research utilizes bionic SMCs to address these chal-
lenges through efficient and sustainable oil-water separation.
As demonstrated in Figure 6a,b, we tested the potential applica-
tions of SMC for water-oil seperation, who is 700 um in diame-
ter and 200 um in depth with a pitch of 700 um. To enhance the
separation process, we simulate the effects of solar heating on
crude oil, as shown in Figure 6f. The heating effectively reduces
the viscosity of the oil, increases its transport velocity through a
SMC. The method involves vertically inserting the SMC into oil-
contaminated water and pumping the heated crude oil from the
surface to where it is collected, as recorded by a digital camera
(Figure 6¢). The SMCs efficiently transfer the crude oil from the
left to the right side of the setup, achieving a collection rate up
t022.5 Lm~2 h!, as detailed in Figure S15 and Video S10 (Sup-
porting Information). Expanding on single SMC capabilities, we
explore large-scale crude oil separation using arrays of 4, 9, and
16 SMCs, as depicted in Figure 6d and Figure S16 (Supporting In-
formation). The simultaneous operation of multiple SMCs sub-
stantially increases the separation rate with a configuration of 16
SMCs reaching a flux of 2.13 mL min~, nearly ten times that of
a single SMC, and maintaining over 99% separation efficiency.
However, the performance of crude oil-water separation is sig-
nificantly influenced by ambient temperature, which affects the
efficiency of the solar-heated process.

To mitigate the effects of varying natural solar radiation in-
tensities, we conducted a series of tests to determine the maxi-
mum separation rates at different temperatures, as illustrated in
Figure 6e. The results indicate that the separation rate of crude
0ilis 9.6 Lm~2 h~! at 40 °C, while it is 22.5 L m~2 h~! at 80 °C.
Specifically, the crude oil separation rate increases proportionally
with increasing temperature because the viscosity of the crude oil
is greatly affected by its temperature. As indicated in Figure 6f,
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the viscosity of crude oil is 943.5 mPa-s at 20 °C, who decreases to
16.6 mPa-s at 80 °C, confirming that the temperature of the crude
oil critically contributes to its flow characteristics. The summary
diagram shows the obvious advantages of our SMC over other
liquid separation devices,>*>7l including oil /water separation de-
vices based on microchannels, membranes, and microstructures
(Figure 6g).

3. Conclusion

In summary, our research introduced and developed biomimetic
spring microchannels utilizing the PuSL 3D printing technique,
meticulously replicating the intricate morphology of cucumber
tendrils. This innovation has successfully achieved highly effi-
cient oil-water separation rates over 99%. The separation pro-
cess leverages a synergistic mechanism, combining surface wet-
tability and molecular polarities to facilitate a seamless, contin-
uous, and efficient separation without any decline in flux. More-
over, the concurrent operation of multiple microchannels signif-
icantly boosts the separation throughput, making it suitable for
large-scale applications. These biomimetic SMCs hold consid-
erable promise for use in diverse sectors such as sewage treat-
ment, ocean governance, and environmental protection, as cor-
roborated by our validations.

4. Experimental Section

Natural Materials:  Cucumber tendrils were obtained at Changsha, Hu-
nan Province. It consists of spiral threads with different morphologies and
geometric parameters, which were arranged longitudinally at intervals. The
diameter (d) and pitch (p) of each tendril were ~2 and ~1.5 mm, respec-
tively.

Characterization of the Cucumber Tendrils:  Optical images of the cu-
cumber tendrils were recorded using a 4K HD camera (WST-4KCH). The
structure of SMCs was observed using SEM (MIRA4 LMH, TESCAN,
China) at an accelerating voltage of 20 kV. To avoid severe deformation
caused by dehydration, a freeze-drying method was used to prepare the
SEM specimens.

Observation of Liquid Transport:  The vertical transport of liquids across
SMCs was investigated by analyzing the characteristics of capillary rise.
The test liquids were deionized (DI) water and mineral oil, which were
placed in discs at a depth of 10 mm. First, the SMCs were placed in a
vertical upward position and inserted into DI water to promote capillary
rise. The dynamic process of capillary rise was recorded by a high-speed
camera (Memrecam HX-7 s, NAC, Japan). The contact process between
the DI water and the bionic helicoidally patterned microchannel was filmed
(1000 fps). Then, Tracker software 4.9.1 was used to record the meniscus
height at various time points with every six frame intervals starting from
zero, which enabled plotting of the relationship between the filling height
“h” and filling time “.”

Fabrication of Bionic Spring Microchannels: The 3D model of bionic
SMCs was constructed using SolidWorks and then sliced into a series of
2D images with a layer thickness of 5 um using specific slicing software.
Then, a PuSL-based 3D printer (BMF S140, Shenzhen, China) was used to
fabricate all 3D complex microstructures layer-by-layer with a resolution of
10 um X 10 pum by controlling the exposure time to UV light (405 nm) to
expose the liquid photosensitive resin. The printed SMCs were removed
from the printing platform, immersed in an ethanol solution, and ultra-
sonically cleaned for 1 min to wash off the uncured photosensitive resin
on their surfaces. The SMCs were printed with a layer thickness of 5 um
and an exposure time of 2 s. In comparison, the unstructured substrate
was printed with a thickness per layer of 40 um and an exposure time of 5
s to enhance the printing efficiency.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 6. Crude oil-water separation performance of our SMC system. a) Schematic of the SMC system for crude oil-water separation. Viscous oil floats
on the sea, and the oil is pumped through our bionic SMC system into the container. b) Experimental setup of the SMC separation system. The blue color
represents water. The black color represents the crude oil that floats on water. Crude oil is pumped from the left chamber to the right chamber. Scale bar,
3 c¢m. ¢) Optical images of the crude oil separation process with our bionic SMCs at 40 °C. Scale bar, 1 cm. d) The crude oil separation rate of multiple
SMCs in the separation system. e) The separation rate of the SMC separation system at different temperatures. f) The evolution of the crude oil viscosity
at different temperatures. g) Diagram summarizing the relationship between the feature size and separation efficiency of different separation methods,
including microchannels, membranes, and nanofibers. The dots in the bluish circle and the bluish dots represent microchannel separation. The dots
in the green circle and the green dots represent membrane separation. The dots in the sky-blue circle and the sky-blue dots represent microstructure

separation.

Contact Angle Measurements: The CAs of the printed structured sur-
faces were measured using a CA measurement device (SDC-100, SINDIN
Company, China). The bionic structured surface was placed on a test plat-
form. Then, a 2 uL DI water droplet was ejected from a syringe needle on
the bionic structured surface. The image acquisition system transmitted
the side view of the water droplet placed on the surface to specific software
(SDC-100V3.1.2) to calculate the CA.

Oil-Water Separation Test: The oil-water separation capability of the
SMCs was investigated using a mixture of crude oil (10 mL) and DI water
(30 mL). The oil-water mixture was preheated on a heating stage (NBW-
2020, Lambert, China) and subsequently irradiated under a solar simulator

Adv. Sci. 2025, 2503511 2503511 (9 of 11)

(CEL-S500, Ceaulight, China) with an intensity of 1 kW m~2. The SMC was
vertically immersed into the mixture, enabling the spontaneous rising of
crude oil into its opening structure via capillary forces. Selective extraction
of crude oil was accomplished by operating a peristaltic pump (LHOO6L,
Lianhezhongwei Technology Co., Ltd., China) at maximum separation ve-
locity (Ap = 6/G), achieving efficient phase separation within the biphasic
system.

Separation Efficiency Calculation: The initial mass of the oil-water mix-
ture (m,;) and the mass of the crude oil (m,) were measured using an
electronic balance (AS. R, Radwag Inc., Switzerland) prior to the separa-
tion process. The crude oil was then separated using the SMC system.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Afterward, the final weight of the oil-water mixture (m,,) was measured.

The separation efficiency (e) is calculated as follows:

e = [(myy = myy) /mo] x 100% m
Additionally, the oil-water separation rate (v) is determined through

quantitative analysis of the separation process. Time-lapse photography

was employed to record the total separation duration (t), while the cross-

sectional area (S) of the SMC and the collected crude oil volume (V) were

precisely measured. The separation rate is subsequently calculated using
the formula

v=V/(t-S) @)

Fluid Viscosity Test: A heating plate was employed to heat the crude
oil and a thermocouple to measure the oil temperature. The viscosities of
the crude oils were characterized using a rotational viscometer (NDJ-5S,
YiXin, China). First, a suitable rotor was selected for the viscosity measure-
ment based on the viscosity range of the crude oil at a specific tempera-
ture. The lifting frame of the viscometer was rotated to gradually lower
the viscometer, allowing the rotor to be immersed in the crude oil until
the designated mark on the rotor was located at the liquid surface. Prior
to the measurement, the rotor was immersed in the crude oil for 3 min to
ensure temperature equilibrium between the rotor and the crude oil. Then,
the viscosity of the crude oil was recorded after the rotor rotated 20 times
in the liquid. This procedure was repeated five times for each data set to
ensure reproducibility.

Statistical Analysis: ~ For the liquid transport and oil-water separation
performance measurements, at least five duplicate cells were repeated to
ensure the validity. The data deviation was typically within ~3% and the re-
ported values were the mean =+ standard deviation (SD). The Origin soft-
ware was used for data analysis and processing.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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