* Unknown * | ACSJCA | JCA11.2.5208/W Library-x64 | manuscript.3f (RS.2.i3:5013 | 2.1) 2022/08/03 13:05:00 | PROD-WS-121 | rq_4634811 | 1

—_

Y}

w

IS

o o NI N »n

1
1

=]

1
1
15
1
17

N

(=

1
20
2
2
23
2

O

[

EN

25
2

(=

27
28
29
30
3
32
33
3
35
36
37
38
39
40
4
42
43
4

-

S

jun

S

IEJAPPLIED MATERIALS

XINTERFACES

0/29/2025 11:21:52 | 10 | JCA-DEFAULT

www.acsami.org

Research Article

Two-Photon Polymerization of Bioinspired Microstructure with
Tunable Wettability Controlled by Dielectric Elastomer Actuator

Zefu Ren,” Zhuoyuan Yang,# Rishikesh Srinivasaraghavan Govindarajan, Kehao Tang, Sida Xu,

Meng Chen,* Yizhou Jiang,* and Daewon Kim™

Cite This: https://doi.org/10.1021/acsami.5c10911

I: I Read Online

ACCESS |

[l Metrics & More ’

Article Recommendations

Q Supporting Information

ABSTRACT: Bioinspired functional surfaces with tunable wettability have
garnered significant attention in surface engineering due to their potential in
applications, such as self-cleaning and microfluidic control. However, existing
wettability modulation methods often face limitations in response time, control
precision, and repeatability. Herein, this study presents a biomimetic design for
active wettability control by integrating 3D-printed Salvinia molesta-inspired
microstructures controlled by dielectric elastomer actuators (DEAs). Using
two-photon polymerization, hierarchical eggbeater microstructures were
precisely fabricated on a flexible, stretchable, and transparent polymer film,
achieving robust interfacial bonding and demonstrating 90.8% shape recovery
after deformation. Systematic evaluation of the hydrophobic properties
revealed that designs with a higher number of concentric rings and reduced
center-to-center spacing exhibited enhanced water droplet adhesion while
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maintaining Cassie—Baxter state suspension. The fabricated microstructures demonstrated tunable hydrophobicity, achieving
contact angles of 140.8 & 1.4° to 149.7 + 1.8° in the Cassie—Baxter state and roll-off angles of 5.7 & 0.9° to 30.0 & 1.6°, indicating
precise control over wetting behavior. The DEA system enabled dynamic wettability modulation through voltage-controlled
adjustment of microstructure spacing, facilitating rapid transitions from Cassie—Baxter to Wenzel states. In addition, the DEA-
induced programmable microstructure enabled surface adhesion modification, allowing droplet manipulation and transportation.
This innovative integration of biomimetic microstructures with DEA technology offers significant potential for advanced applications

requiring fast, reversible wettability control, including droplet-based microfluidics and active self-cleaning surfaces.

KEYWORDS: bioinspired microstructures, two-photon polymerization, Ccontrollable wettability, droplet transportation, DEA,

additive manufacturing

1. INTRODUCTION

Natural hydrophobic surfaces, such as those found on lotus
leaves, rose petals, and Salvinia molesta (S. molesta hereafter),
exhibit remarkable functional properties, including self-
cleaning, microfluidic manipulation, and anti-icing capabil-
ities.' " Particularly, S. molesta stands out for its super-
hydrophobicity, high water contact angle (CA), long-term air
retention underwater, and low-friction fluid transport.”® The
unique eggbeater structure on the leaf surface consists of a
stalk and a crown-like head with four connected branches. S.
molesta surfaces achieve their superhydrophobic performance
through hierarchical structures with a nanoscopic wax crystal
layer that creates Cassie—Baxter wetting, forming a near-
spherical droplet suspended on the surface.” Air pockets are
trapped beneath water droplets, minimizing the liquid—solid
interface and enhancing the liquid—air interface.” On the other
hand, a water droplet that fully penetrates surface structures is
in the Wenzel state, resulting in lower contact angles with
strong adhesion.”

© XXXX American Chemical Society
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Replicating such a complex eggbeater structure of S. molesta 45
is essential for reproducing its exceptional superhydrophobic 46
properties, which require high-resolution spatial fabrication. 47
Recent advances in high-resolution 3D printing, particularly 48
ultraviolet (UV)-based photopolymerization, have enabled 49
accurate biomimicry of these complex structures."’”"* For so
instance, a 1:1 scale reproduction of S. Molesta-inspired s1
microstructures was successfully achieved using a projector- s2
based UV 3D printer with a resolution of 2.5 um."* The s3
printed structure demonstrated superhydrophobic (CA: 152°— s4
170°) and the ability to hold the water droplet upside down, ss
known as the Petal effect. For applications in microfluidics and s6
other miniaturized systems, the fabrication of reduced-scale s7
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structures becomes particularly advantageous. This need has
driven the adoption of two-photon polymerization (2PP),
capable of micro- and submicroscale fabrication. This process
relies on simultaneous two-photon absorption in photo-
sensitive resin, where polymerization initiates only when the
laser’s focal point exceeds a material-specific energy thresh-
old.">~" Ellipsoidal voxels (typically 100—400 nm in size) are
periodically arran§ed along the laser path to build a
microstructure. 872 Remarkably, eggbeater structures were
successfully fabricated at 17.5X and 100X reduced scales while
maintaining the functionalities of natural S. molesta, including
underwater air retention and hydrophobicity demonstrated by
CA of 170° with Teflon coating and 122° without
modification.”**

In recent years, microstructured surfaces exhibited fixed
wettability characteristics and demonstrated superior mechan-
ical robustness, thermal stability, and chemical resistance.”*”>*
With the development of responsive systems incorporating
thermal, magnetic, and electrowetting-on-dielectric (EWOD)
actuation mechanisms,” ™" dynamically tunable wettability
patterns are achieved. Thermal-responsive wetting surfaces
were typically fabricated from thermosensitive materials such
as shape memory polymers or waxes.”*”*' While they can
reversibly change surface wettability, their response rate is
inherently limited because heating and cooling processes are
relatively slow. In contrast, magnetic-responsive exhibited fast
response and excellent stability. Microstructures infused with
magnetic particles could be reconfigured by an external
magnetic field to manipulate droplets.”””*> However, the
presence of a magnetic field gradient resulted in spatially
nonuniform wettability changes, which may reduce control
precision across the surface. EWOD provides highly precise,
localized control of droplet motion by electrically modulating
the solid—liquid contact angle.**™* By applying voltage to
patterned electrodes beneath a dielectric layer, droplets on the
dielectric layer could be transported, merged, split, or steered
along predefined pathways. However, the intense electric field
generated by the applied voltage at the droplet interface may
induce secondary droplet formation, which can disrupt
transport accuracy.37 In contrast, dielectric elastomer actuators
(DEAs) overcome these limitations by offering millisecond-
scale responsiveness, high repeatability, and voltage-driven
programmability, making them ideal for on-demand wettability
switching.*”*" A DEA consists of a soft dielectric elastomer
layer sandwiched between two compliant electrodes. When
voltage is applied across the electrode layers, Maxwell stress is
induced, leading to a reduction in the dielectric thickness and a
corresponding in-plane expansion of the actuator.”’ This
electromechanical actuation results in rapid and reversible
surface deformation, allowing dynamic modulation of micro-
structural geometry for controllable wettability. To achieve
optimal electromechanical performance, the dielectric materi-
als need to exhibit low moduli, high electrical breakdown
strength, and high dielectric constant.”” Acrylic elastomers,
such as VHB 4910 and VHB 4905 (3M, Minnesota, USA),
have become common materials due to their commercial
availability, low cost, and exceptional stretchability. In addition,
these elastomers are typically prestretched to reduce the
thickness before electrode deposition, which allows DEAs to
lower operational voltages and mitigate the electromechanical
instability.s‘%’54 Moreover, the compliant electrodes, such as
carbon grease, liquid metal, and Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonic acid) (PE-

DOT:PSS), exhibit high conductivity and are feasible for 3D
printing.> ™" Among these electrode materials, carbon grease-
based electrode ink offers distinct advantages, including
environmental stability and exceptional crack tolerance for
high-strain applications.>®

This study introduces a novel planar DEA integrated with
3D-printed S. molesta-inspired microstructures, capable of
rapidly adjusting surface wettability in response to electrical
stimuli. The fabrication process employed optimized 2PP to
precisely replicate bioinspired eggbeater microstructures on a
flexible, stretchable, and transparent VHB film substrate while
ensuring robust interfacial bonding for enhanced durability.
The hydrophobic properties of these microstructures were
systematically characterized through water CA and roll-off
angle (RA) measurements across various crown designs and
spacing configurations. For electromechanical control, carbon
grease-based compliant electrodes were patterned onto the
VHB film using direct writing (DW) techniques, enabling
voltage-dependent adjustment of microstructure spacing for
on-demand wettability tuning. A comparison of our work with
existing literature is shown in Supporting Information Table
S1. This innovative integration of biomimetic microstructures
with DEA technology offers significant potential for advanced
applications in droplet-based active droplet transportation and
manipulation, where fast, reversible wettability control is
essential.

2. EXPERIMENTAL SECTION

2.1. Eggbeater Microstructure and DEA Fabrication.
The eggbeater microstructures were fabricated using a
Nanoscribe GT2 printer (Eggenstein-Leopoldshafen, Ger-
many), which operates with a 780 nm laser featuring a pulse
duration of 100 fs and a repetition rate of 80 MHz. The
computer-aided design model of the S. molesta-inspired
microstructure was processed using DeScribe software with
default printing parameters for the 25X objective lens and IP-S
photoresist (Nanoscribe, Eggenstein-Leopoldshafen, Ger-
many). The slicing and hatching distances were set to 1 and
0.5 pm, respectively.

To prepare for the 2PP process, 2 VHB 4905 film (50 mm in
diameter and 0.5 mm in thickness) was stretched to three
times its original diameter, and the thickness was measured to
be 52.8 + 1.3 um (Supporting Information Figure S1). The
prestretched VHB was then secured onto the substrate holder
of a 2PP printer using polyimide tape. A drop of IP-S
photoresist was deposited at the center of the prestretched
VHB. After installing a cleaned 25X objective lens in the
printer (Nanoscribe, Eggenstein-Leopoldshafen, Germany),
the substrate holder was positioned above the objective lens.
Five base layers were printed on the interface at 80% laser
power (a maximum power of SO mW) with a scanning speed of
100 mm/s. Subsequently, the laser power was increased to
95% to fabricate the remaining layer. These laser powers were
adjusted to avoid overexposure while maintaining structural
integrity. The VHB substrate with fabricated microstructures
was removed from the printer and developed in isopropanol
(IPA) for S min to dissolve any uncured excess photosensitive
resin (Supporting Information Figure S2).

Following the 2PP printing process, the DEA was fabricated
by depositing electrode material on the patterned VHB film
using a DW 3D printer (5552202-Dispensing Robot,
Integrated Dispensing Solutions, USA). The electrode material
consisted of 97 wt % carbon conductive grease (MG
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Figure 1. Design, manufacturing, and actuation of bioinspired DEA with tunable spacing. (a) Optical image of a natural S. molesta leaf. (b) A
droplet was suspended on superhydrophobic eggbeater microstructures. (c) Detailed view of eggbeater hairs. (d) 2PP printing process for
fabricating biomimetic microstructures on prestretched VHB substrate. (e) DEA assembly with compliant electrodes by direct writing. (f) Voltage-

induced tunable spacing mechanism.

182 Chemicals, Canada) and 3 wt % carbon black (Timical Super
183 C65, MTIKorea, Korea), mixed using a THINKY ARM-310
184 planetary mixer (Laguna Hills, CA, USA) at 2000 rpm for 2
185 min. The mixture demonstrated DW printing capability and
186 excellent conductivity for DEA application (Supporting
187 Information Figures S3 and S4). The electrode material was
188 loaded into a 30 mL syringe with a 19-gauge nozzle. It was
189 then patterned using DW, with the printed line width set to
190 0.55 mm and the initial nozzle height set to 0.2 mm. The air
191 pressure was maintained at 0.5 MPa, and the nozzle was moved
192 at a speed of 2 mm/s during printing.

193 2.2. Scanning Electron Microscopy. The printed micro-
194 structures were examined using an FEI Quanta 650 scanning
195 electron microscope (SEM). Before imaging, a thin gold
196 coating was applied to the samples with a 108 Manual sputter
197 coater (Ted Pella, Redding, USA).

1vs  2.3. Normal Bonding Strength, Shear Bonding
199 Strength, and Flexibility Evaluation. Bonding strength
200 was evaluated to ensure reliable microstructure integration. A
201 layer of IP-S resin (500 ym in thickness) was coated on both
202 sides of the prestretched VHB substrate (2.5 cm X 2.5 cm, 50
203 ym in thickness), which was then sandwiched between
204 transparent acrylic plates. The samples were exposed to 400
20s W UV light for 60 s. The normal and shear bonding strengths
206 between the cured IP-S resin and the prestretched VHB film
207 were evaluated under normal tensile test and lap shear test,
208 respectively, using a universal test machine MTS C43.504
200 (MTS Systems Corporation, USA) at a rate of 0.2 mm/min.
210 The adhesive strength was calculated by dividing the maximum
211 sustained load by the VHB contact area. The durability of the
212 printed microstructure on the VHB substrate was evaluated by
213 the tilt recovery test. The printed microstructure on the VHB

film was tilted to touch the base. The corresponding level of 214
retraction was observed under the digital microscope VHX-X1 215
(Keyence, Japan). 216

2.4. Water Contact Angle and Roll-Off Angle 217
Measurement. The water CA measurements were performed 218
S times for each sample using a digital microscope VHX-X1 219
(Keyence, Japan) under controlled ambient conditions (23.5 + 220
0.5 °C, SO + 2% relative humidity). Different volumes of 221
deionized (DI) water droplets ranging from 8 to 80 uL were 222
tested, and the result indicated a limited influence on 223
wettability (Supporting Information Figure S5). A water 224
droplet was deposited onto the microstructures with a 225
micropipette, and the CA was determined using Image] 226
software. A custom-made VHB film holder was fixed to the 227
rotational stage, which was securely mounted vertically on a 228
flat wall surface. The VHB film containing the printed 229
microstructures was then placed horizontally on the holder, 230
ensuring that the center of the microstructures aligned with the 231
stage’s rotation axis. A water droplet was deposited onto the 232
microstructure, and the RA was recorded when the droplet slid 233
off as the stage rotated. 234

2.5. Characterization of DEA Controllability and 235
Durability. The dielectric strength of the prestretched VHB 236
films was measured with a high-voltage amplifier, TREK 20/ 237
20C-HS (Denver, CO, USA), and a dielectric breakdown test 238
system, PK-CPE1901 (PolyK Technologies, LLC, PA, USA), 239
according to ASTM D149.59. The applied voltage was 240
increased by 200 V/s until breakdown occurred. The 241
deformation of the DEA was measured using a VHX-X1 242
digital microscope while the voltage gradually increased from 0 243
V to its maximum voltage before breakdown with an increment 244
of 200 V. The response time of the DEA was examined at 3 kV 245
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Figure 2. (a) Interface finding process on a tilted transparent VHB substrate for 2PP printing. (b) Schematic of the deflected flexible substrate’s
recovery process while the objective moves. (c) Representative curves of interface offset vs dwell time at various objective vertical movements.

246 (below breakdown voltage) from 1 s to SO ms (Supporting
247 Information Video S1). In addition, the durability of DEA was
248 examined by conducting long-term cycling tests at 6 Hz and 3
249 kV (Supporting Information Video S2).

3. RESULTS AND DISCUSSION

250 3.1. Design and Fabrication of Eggbeater Micro-
251 structures. To develop compact artificial structures mimick-
252 ing  S. molesta’s hydrophobic functionality, its natural
253 morphology was observed through microscopic imaging. The
254 upper surface of the leaf was covered by millimetric
255 hierarchical hairs (Figure la). The dense arrangement of
256 these structures creates a superhydrophobic surface that
257 suspends a water droplet while maintaining spherical shape
258 (Figure 1b,c). Notably, the water droplet made direct contact
259 with the crown structures, demonstrating its dominant role in
260 maintaining surface hydrophobicity. To balance fabrication
261 efficiency with wettability performance, these synthetic
262 structures were designed about 5X smaller compared to their
263 natural counterparts (Supporting Information Figure S6). The
264 artificial hair consisted of a 100 ym-high taper-shaped stalk,
265 featuring a base diameter of S0 um for robust substrate
266 adhesion and a 30 ym tip diameter for a smooth transition to
267 the upper structure. The crown structures were composed of
268 multiple concentric torus, having 50 gm major and 10 pm
269 minor radii, arranged with uniform angular distribution
270 (Supporting Information Figure S7). The 2PP fabrication
271 process employed a 25X objective immersed in IP-S resin
272 deposited on a prestretched VHB 4905 substrate firmly
273 adhered to the substrate holder. Through laser-induced
274 polymerization, precise biomimetic microstructure arrays
275 were created (Figure 1d). Following development and transfer
276 to a circular frame, the DEA was completed by pneumatically

depositing compliant carbon grease electrodes on both surfaces 277
of the prestretched VHB film (Figure le). When voltage is 278
applied, Maxwell stress is generated between the compliant 279
electrodes, causing the VHB dielectric layer to be compressed 280
in thickness while being expanded in-plane. This deformation 281
results in reduced spacing between adjacent microstructures. 282
Upon voltage removal, the original dimensions of the VHB 283
elastomer are elastically recovered, with the microstructure 284
spacing being fully restored (Figure 1f). 285

While the DEA enabled microstructure spacing adjustment, 286
precise fabrication of these microstructures via 2PP first 287
required solving a critical interfacial challenge. Unlike printing 288
on rigid substrates, the compliant nature and optical 289
transparency of prestretched VHB films created significant 290
difficulties in locating the resin-substrate interface during 2PP 201
printing. This positioning uncertainty risked producing either 292
floating microstructures (if printed above the substrate) or 293
incomplete structures (if printed too deep within the 204
substrate). The resin-substrate interface could be automatically 205
identified by the GT2 printer when a minimum reflectance 296
existed near the focal plane of the 25X objective. Since the 207
refractive indices of IP-S resin and VHB film were 1.486 and 298
1.483, respectively,éo’61 resulting in a reflectance of approx- 299
imately 1 X 107° based on the Fresnel reflection coefficient at 300
normal incidence,”> manual interface detection is required. As 301
illustrated in Figure 2a, after the objective reached the air— 302
liquid interface, a laser was activated and scanned at a speed of 303
0.1 mm/s with 80% laser power along a horizontal circular 304
path to polymerize the IP-S resin. Compared to normal 305
printing speed, the relatively low scanning speed was chosen 306
because it generated bubbles in IP-S resin at the laser focal 307
point. However, when the laser focal point reached the resin- 308
VHB interface, a partial circular pattern composed of an 309
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Wettability transition from Cassie—Baxter to Wenzel states via voltage control, droplet size: 8.0 uL.

310 engraved line and bubbles was formed on the nonlevel
311 substrate. Once a complete circular line was engraved, the solid
312 interface was found, and the XYZ coordinates of the center
313 were recorded for tilt correction (Supporting Information eqs
314 S1—S4). By repeating this laser positioning method to obtain
315 three different coordinates, the rotation angles between the
316 substrate and the XY-plane were calculated. The circular path
317 was then corrected using the computed rotation angles, and
318 the final interface was determined. Finally, the microstructure
319 was successfully printed and firmly adhered to the VHB
320 substrate.

321 After completing one microstructure fabrication, the
322 objective moved to a new starting position (Figure 2b).
323 However, due to the stretchable nature of VHB film, high
324 viscous properties of IP-S resin, and the objective vertical
325 displacement (Az), the substrate-resin interface experienced
326 vertical shifting, resulting in interface offset (Ah). Following a
327 dwell time (%3), the VHB film gradually returned to its original
328 position, allowing the laser focal point to realign with the
329 interface. Experimental results indicated that a 25-s t4 provided
330 over 99.5% offset recovery (Figure 2c), balancing print
331 efficiency and quality across various Az values caused by
332 microstructure height and substrate tilt.

333 3.2. Mechanical Performance of Eggbeater Micro-
334 structure on VHB Substrate. To ensure the durability of the
335 printed microstructure on the VHB substrate, the interfacial
336 adhesion between polymerized IP-S resin and the VHB film
337 was evaluated. Both normal adhesion and lap shear tests were
338 performed (Figure 3a,b). Distinct failure modes were
339 observed: the normal test exhibited adhesive failure at the
340 interface, while the shear test showed cohesive failure within
341 the VHB layer. The calculated normal and shear bonding
342 strengths reached 0.6 + 0.1 MPa (normal) and 1.8 + 0.2 MPa
343 (shear).

344 To verify the microstructure’s ability to retain its designed
345 configuration under external lateral forces, tilt recovery
346 experiments were conducted (Figure 3c). An eggbeater
347 microstructure was displaced to 16.0°, and it adhered to the
348 VHB substrate. During this process, the substrate bonded to
349 the stem structure’s base exhibited significant stretching. Upon

—_

[

—

load removal, the stretched VHB film elastically contracted, 3s0
restoring the microstructure to its original position with 90.8% 3s1
recovery. Notably, the adhesive force generated between the 3s2
crown structure and the VHB substrate remained below the 353
bonding established at the eggbeater’s root during 3D printing, 354
enabling shape recovery after full tilting deformation. In 3ss
addition, the eggbeater microstructure demonstrated 87.4% 3s6
shape recovery after continuous 10,000 cycles of VHB 3s7
actuation (Supporting Information Figure S8), with only a 3ss
3.4% decrease in recoverability. 359

3.3. Evaluation of Eggbeater Microstructure Surfaces’ 30
Wettability. Since the crown architecture governs the wetting 361
performance of S. molesta’s eggbeater hairs, strategic 362
modifications to its geometry, including the number of 363
concentric rings (r) and center-to-center spacing distances 364
(d), enable precise wettability tuning for targeted applications. 365
Drawing inspiration from the natural morphology of S. molesta, 366
four distinct crown-like architectures were developed by 367
varying the number of r, ranging from 1 to 4, with uniform 368
radial distribution (Figure 4a). In addition, multiple d values 369 &4
were incorporated into the designs to investigate wettability 370
modification. Each adjacent microstructure was rotationally 371
offset by 90°/r along its vertical axis, mitigating anisotropic 372
wetting effects that were particularly crucial for designs with 373
fewer rings. 374

The CA and RA were measured for all the designs with 375
varying r, with representative cases of r = 2 and r = 4 (Figure 376
4b-d). The r = 2 configuration was selected to mimic the 377
natural morphology of S. molesta, while r = 4 was chosen to 378
provide a controlled comparison at twice the natural ring 379
number. For all configurations, CA measurement was initiated 380
at d = 200 um, progressively increasing in 25 ym increments 381
until an abrupt CA reduction indicating the wetting state 382
transition from Cassie—Baxter to Wenzel state (Figure 4b). All 353
ring designs exhibited hydrophobicity (140.8 + 1.4° — 149.7 + 3s4
1.8°) in Cassie—Baxter mode, transitioning to Wenzel mode 3ss
with reduced CA (98.1 + 1.5° — 111.0 + 1.1°) when structural 3s6
support failed. The critical d required to trigger wetting state 387
transitions exhibited a positive correlation with r. Specifically, 3ss
higher r values necessitated larger d thresholds to induce the 389
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Figure 6. Schematic and demonstration of precise droplet manipulation by cyclically actuated DEA with microstructure arrays (r = 4, d = 225 ym)

with 20° inclination, droplet size: 8.0 L.

390 Cassie-to-Wenzel transition. While in the Cassie—Baxter
391 wetting state, designs with lower r values demonstrated
392 enhanced hydrophobic performance, consistent with previous
393 studies.'¥** This correlation was explained by the enhanced
394 solid—liquid interfacial contact resulting from increased
395 accessible surface area at higher r values. As the water droplet
396 was subjected to a more microstructural surface area, the
397 consequent reduction of the air—liquid interface directly
398 decreases the CA. In contrast, no correlation was observed
399 between spacing and CA in the Cassie—Baxter state.

400 In addition, the RA was subsequently measured exclusively
s01 for designs maintaining Cassie—Baxter wetting state (Figure
402 4c). The RA analysis revealed that both designs with higher r
403 values and those with smaller d spacing exhibited increased RA
404 (5.7 £ 0.9° — 30.0 = 1.6°). This observation can be explained
405 by the elevated solid—liquid interfacial density per unit area,
406 which enhances water droplet adhesion to the microstructural
407 arrays.”

408 3.4. Functional Performance of DEA-Actuated Wett-
409 ability. The prestretched VHB film containing 4 mm X 4 mm
410 microstructure arrays was mounted on a custom frame. A DEA
411 was then produced by patterning electrodes on both VHB
412 surfaces via DW. The deposited concentric conductive rings
413 (20 mm outer and 8 mm inner diameters) were designed to
414 prevent contact between the printhead, holder rim, and central
415 microstructures, as shown in Figure Sa. The prestretched VHB
416 breakdown at 3.2 kV, resulting in 64 V/um breakdown
417 strength. When voltage was applied, the generated electric field
418 across the prestretched VHB caused electrostatic attraction
419 between the opposing conductive layers. This Maxwell stress
420 induced radial compression of the elastomer film, simulta-
41 neously producing two counteracting effects. While the
422 conductive ring’s outer perimeter expanded outward due to
423 the elastomer’s incompressible nature, its inner diameter
424 contracted as the prestretch deformation partially recovered.
425 The deformation of DEA from 0 to 3 kV was simulated based
426 on the hyperelastic model in ANSYS (Supporting Information
427 Figure S9 and eqs SS—S8). In addition, the strain in the center-
428 to-center distance of the eggbeater microstructures was
429 measured under applied voltages from 0 to 3 kV in 0.2 kV
430 increments (Figure Sb). The measured strain exhibited
431 nonlinear, accelerated progression with increasing voltage,
432 reaching 28% maximum compression at 3 kV before dielectric

breakdown. The reversible contraction of the microstructure
array was observed (Figure Sc) as the voltage was decreased
from 3 kV to 0 kV, with a corresponding increase in center-to-
center spacing being illustrated. Additionally, the crown
structures retained their original geometry when the VHB
substrate was deformed. To demonstrate wettability modu-
lation, a 3 kV voltage was applied to a DEA incorporating an r
= 4 microstructure array with 400 ym center-to-center spacing.
Initially, the deposited droplet was supported by the
contracted microstructures in the Cassie—Baxter state (3
kV). Subsequently, the transition to the Wenzel state occurred
as the spacing increased (0 kV). This bioinspired wettability
tuning process was achieved through electrically controlled
center-to-center spacing adjustment using DEA (Supporting
Information Video S3).

The spacing of the microstructures was modulated to
achieve precise droplet displacement, as shown in Figure 6 and
Supporting Information Video S4. A DI water droplet was
placed on a DEA-actuated bioinspired microstructure array (r
=4, d =225 pym) and was tilted to 20° slightly below the roll-
off threshold. Due to gravity, the advancing angle of the
droplet increased, and the receding angle decreased as the tilt
angle increased. Upon voltage application, the spacing between
microstructures was reduced, causing the lower edge of the
droplet to come into contact with the neighboring eggbeater
microstructures. The reduced spacing increased the overall RA
of the surface, allowing the droplet to remain securely pinned
in place while maintaining the Cassie—Baxter state. When the
voltage was removed, the lower edge of the droplet advanced
with the newly contacted microstructure, while the upper edge
detached from the previous one. By applying 1 Hz and 3 kV,
continuous and precise droplet displacement was achieved,
with resolution determined by the design of the microstructure
array.

To demonstrate tunable hydrophobic properties, a DEA-
actuated bioinspired microstructure array (r = 4, d = 225 pm)
was inverted and mounted on an XYZ positioner, placing it
above a DI water droplet resting on the left base micro-
structure array (r = 1, d = 275 ym), as shown in Figure 7. The
design of the base microstructure arrays was selected to create
a hydrophobic surface with low droplet adhesion. Not only the
selected design on the voltage-activated DEA was required to
generate sufficient adhesion force to overcome both the
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Voltage ON (3kV) t=0s

Approach

Figure 7. Tunable droplet gripper via bioinspired microstructure
arrays. Two microstructure arrays (r = 1, d = 275 um) on a base
substrate with a 5.0 uL water droplet deposited on the left, and a
DEA-controlled microstructure array (r = 4, d = 225 ym) on the top.

476 droplet’s weight and the base microstructures’ adhesion but
477 also guaranteed reliable droplet release upon DEA deactiva-
478 tion. Upon voltage application, the microstructure arrays
479 contracted to enhance droplet adhesion, and then the system
4s0 successfully gripped and transported the water droplet. During
481 deposition on the right base microstructure array (r = 1, d =
482 275 pm), voltage deactivation reduced the adhesion, enabling
483 droplet release upon retraction, showcasing a successful water
484 droplet manipulation utilizing novel tunable DEA with
4ss bioinspired structures. This actively controlled system
486 demonstrates significant potential for liquid gripping (Support-
487 ing Information Video S5).>

4. CONCLUSIONS

4ss This study established a novel approach integrating S. molesta-
489 inspired microstructure fabrication and electromechanically
490 tunable wettability control. Bioinspired microstructures were
491 successfully fabricated on a prestretched VHB film (flexible,
492 stretchable, and transparent) through 2PP using a laser
493 positioning method with balanced printing efficiency and
494 quality. The fabricated microstructures demonstrated excellent
495 bonding with the VHB substrate and exhibited 90.8% shape
496 recovery after deformation. The hydrophobic properties of the
497 printed microstructure arrays were systematically evaluated
498 through water CA (140.8 & 1.4° — 149.7 + 1.8°) and RA (5.7
499 £ 0.9° — 30.0 = 1.6°) measurements across varying ring
s00 numbers and center-to-center spacing. Microstructure arrays
so1 with higher ring numbers and reduced spacing exhibited
s02 enhanced water droplet adhesion while maintaining the
s03 Cassie—Baxter state, leading to lower water CA and higher
s04 roll-off angle. Programmable droplet manipulation was
s0s achieved by integrating the microstructure arrays into the
s06 DEA system, which offers fast response, precise control, and
507 exceptional repeatability. It enabled voltage-induced wetting
sog state transitions (Cassie—Baxter to Wenzel) and controlled
509 droplet transportation. The developed 2PP-printed bioinspired
s10 surfaces combined with DEA actuation offer significant
s11 potential for applications in tunable surface wetting, micro-
s12 fluidic transport, and self-cleaning surfaces. Future research
s13 directions include developing multi-DEA systems for localized
s14 wettability control and expanding the functional bioinspired
sis area by directly fabricating microstructures on stretchable
s16 conductive electrodes.
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