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ABSTRACT 

Droplet manipulation has significant value in a wide range of areas, such as microfluidics, medical diagnosis, and detection. 
However, high-precision droplet manipulation with arbitrary control on an open surface still poses a substantial challenge, 
particularly in 3D droplet manipulation. Here, we propose a bilayer photoresponsive liquid gripper (PLG), which integrates 
an “adhesive layer” and an “actuation layer” to enable sustainable capture and release for precise 3D droplet manipulation of 
high-viscosity fluids (e.g., blood, serum, and pH solutions). The “adhesive layer” featuring a superhydrophobic microarrayed 
polydimethylsiloxane surface allows nondestructive droplet capture. Meanwhile, the “actuation layer” leverages the photo- 
induced bending of photodeformable crosslinked liquid crystal polymers to release the droplet without altering its surface 
wettability. Moreover, by simply adjusting the microstructures of its surface, PLG allows the selective capture of droplets of 
particular sizes, providing a new tool for droplet screening. Biochemical reactions, including blood detection, neutralization 
reactions, and immunoassays, are successfully demonstrated via the PLG system, underscoring its utility as an effective and 
versatile platform for complex droplet manipulation, biological analysis, and routine biochemical investigations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

Discrete droplets serve as versatile microreactors and carriers in
diverse applications ranging from biochemical assays [ 1–4 ] and
biomedical diagnostics [ 5, 6 ] to cell culture [ 7, 8 ] and oil/water
separation [ 9, 10 ]. The precise control of droplet dynamics on
surfaces is critical for advancing these technologies. Conventional
2D manipulation techniques, limited to in-plane operations such
as transportation, fusion, and separation, face challenges in
meeting the growing demands of trace analyte detection and
advanced material synthesis [ 11, 12 ]. Thus, developing 3D droplet
manipulation strategies is essential to maximize their utility in
diverse applications. The advantages of 3D manipulation include
the ability to perform precise out-of-plane operations, such as
vertical transfer and interactions between noncoplanar points,
which are essential for constructing complex 3D fluidic archi-
© 2026 Wiley-VCH GmbH 
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tectures [ 13–16 ]. Moreover, this approach increases processing
speed and reduces cross-contamination risks in lab-on-a-chip 
systems [ 17 ]. It also provides greater operational flexibility,
functionality, and volumetric capacity compared to conventional 
2D platforms [ 18–20 ]. Inspired by solid-object grippers utilizing
capture-and-release mechanisms, liquid grippers have emerged 
to overcome gravitational constraints and droplet-substrate adhe- 
sion through vertical force application, thereby achieving precise 
3D droplet manipulation [ 13–15 ]. These systems surpass con-
ventional responsive surfaces by offering accelerated operational 
speeds and minimized contamination risks. 

The process of 3D droplet manipulation by a liquid gripper
involves three steps: droplet capture, transfer, and release. The
capture of droplets can be facilitated by introducing high adhe-
sion on the gripper surface. However, excessively high adhesion
1 of 11
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forces often result in difficulty in droplet release from the gripper
surface, thereby constraining the flexibility of droplet manipu-
lation across different surfaces. Thus, the reversible switch of
the adhesion force and wettability of the surface under external
stimuli such as magnetic fields [ 21–23 ], electricity [ 24 ], and light
[ 25–27 ] offers an effective method for liquid transportation. For
example, Yan et al. reported a laser-based pick-and-place droplet
gripper that rapidly transforms surface properties from hydropho-
bic to hydrophilic by generating uniform charges through a
photothermal-induced pyroelectric effect, thereby enabling con-
trollable droplet release [ 28 ]. However, dielectric breakdown and
charge screening effects readily occur in air and conductive
media, thereby limiting the practical applicability [ 29, 30 ]. Sun
et al. demonstrated a novel programmable wettability arrays that
switch the surface droplet adhesion status via the photothermal-
induced shrinkage of graphene oxide-hybridized hydrogel under
NIR irradiation [ 31 ]. Nevertheless, the reliance on photother-
mal energy transformation entails an unavoidable temperature
elevation that precludes the nondestructive transport of thermal-
sensitive enzymes and proteins. Moreover, the wetting interaction
between droplets and the surface renders the nondestructive
and non-polluting transportation of trace amounts of liquid
unfeasible, thereby restricting its application in trace liquid
analysis [ 32–34 ]. 

In contrast to static interfaces, stimuli-responsive topographic
surfaces exhibit dynamic reconfiguration capabilities through
reversible morphological transitions under external triggers,
establishing a promising platform for multi-dimensional droplet
control [ 35 ]. Representative systems employing superhydropho-
bic microstructured surfaces composed of pillars or walls
demonstrate bending behaviors that generate geometric asym-
metry. Such structural transitions establish gradient capillary
forces through spatially modulated surface tension distributions,
thereby enabling directional droplet propulsion [ 18, 19 ]. This
fundamental mechanism can be strategically adapted in liquid
gripper designs to achieve nondestructive manipulation of micro-
droplets with precision. Notably, the integration of light-driven
methods with such grippers introduces transformative advan-
tages, including contactless operation, spatiotemporally resolved
control, and enhanced biological compatibility, which are critical
attributes for advancing analytical applications in biosensing
and diagnostic technologies [ 36–38 ]. Liquid crystal polymers
(LCPs) have emerged as particularly suitable photodeformable
substrates for such applications, leveraging their unique capacity
for reversible macroscopic shape morphing [ 39 ]. This photome-
chanical response originates from photo-isomerization-induced
mesogen reorientation within their hierarchically ordered archi-
tecture, enabling programmable actuation with spatiotemporal
precision under isothermal conditions [ 40–44 ]. Through rational
material engineering, LCP-based systems present versatile plat-
forms for developing light-powered microfluidic manipulators
with operational versatility. 

Herein, we propose a facile strategy to construct a bilayer PLG
and the corresponding operating platform to achieve precise
and rapid multi-directional 3D droplet manipulation (Figure 1a ).
The bilayer PLG comprises a microarrayed polydimethylsiloxane
(PDMS) layer and a photodeformable crosslinked liquid crystal
polymer (CLCP) layer. PDMS was selected as the adhesive layer
not only for its intrinsic hydrophobicity, excellent machinability,
2 of 11
and mechanical compliance, which facilitate the fabrication 
of superhydrophobic micro/nanostructures for nondestructive 
droplet capture, but also for its superior interfacial compatibil-
ity with CLCP, enabling robust integration without additional 
adhesives. Meanwhile, CLCP serves as the photoactive actuation 
layer due to its remarkable photomechanical properties, under- 
going substantial and reversible macroscopic deformation under 
specific wavelength light irradiation. This efficient transduction 
of light into mechanical force enables controlled droplet release
through photo-induced bending of the CLCP layer (Figure 1b ).
Owing to the reversible photodeformation of the CLCP layer, a
sustainable capture-and-release process has been achieved for 
various liquids, even high-viscosity biological samples such as 
blood. Moreover, by simply adjusting the microstructures of its
surface, PLG allows the selective capture of droplets of particular
sizes, providing a new tool for droplet screening. Ultimately, we
demonstrate biochemical reactions, including blood detection, 
neutralization reactions, and immunoassays, through 3D droplet 
manipulation of the PLG. This demonstrates its potential as
a versatile, programmable, and sustainable strategy for droplet 
manipulation, with broad biomedical applications extending 
from droplet sorting to biological diagnostics. 

2 Results and Discussion 

To construct a PLG and achieve 3D droplet manipulation, at least
two crucial requirements need to be fulfilled: (1) the gripper’s
topographic interface must generate adhesion forces that exceed 
both gravitational effects on the droplet and substrate ‒droplet
adhesion forces to ensure stable capture; (2) the PLG architecture
must enable rapid, large-magnitude deformation to dynamically 
modulate the interfacial stress states of the droplet, thereby over-
coming gripper ‒droplet adhesion to achieve controlled release. 
Thus, a surface combining superhydrophobicity with high adhe- 
sion is critically important for low-loss liquid capture and
transport when utilized in PLG. To meet the demands of droplet
retention while ensuring favorable biocompatibility, we fabri- 
cated a PDMS layer with a rose petal-like microstructure, incor-
porating an array of micropillars (Figure 1c ). This surface exhibits
a contact angle (CA) of approximately 150◦ and demonstrates
an adhesion force of ∼ 88 µN, which is sufficient to counteract
gravity and stably suspend a 9.0 µL water droplet. Droplet release
fundamentally involves a transition from static equilibrium to 
dynamic motion. To achieve droplet detachment from the PDMS
surface, the initial mechanical equilibrium of the droplet must
be disrupted. Because the adhesive force exerted by the PLG sub-
strate is strictly normal to the surface plane, the PLG topography
can be precisely modulated via the actuation layer. A robust pho-
todeformable CLCP was employed as the actuation layer owing
to its exceptional photodeformablity. The CLCP was synthesized 
via the copolymerization of an azobenzene-containing diacrylate 
monomer and a non-photoresponsive diacrylate monomer within 
the liquid crystal cell, resulting in a densely crosslinked nematic
CLCP film (Figure 1d ) [ 45 ]. Upon UV irradiation, the CLCP
film exhibited significant photo-induced deformation, resulting 
in substantial bending of the PLG actuator (Figure 1e ). The PLG
system combines a superhydrophobic microarrayed PDMS layer 
for capturing droplets with low adhesion and a CLCP film that
acts as a light-driven actuator. This integrated design enables
reversible and size-selective droplet manipulation by reducing 
Small Methods, 2026
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FIGURE 1 (a) Schematic of the droplet manipulation equipment consisting of the photoresponsive liquid gripper (PLG) on the three-axis 
translation stage and the low-adhesive substrate. (b) Schematic illustration showing the bilayered structure of the PLG composed of an adhesive layer 
and an actuation layer. The adhesion layer is composed of microarrayed PDMS for the capture of droplets, and the actuation layer is composed of an 
azobenzene-containing crosslinked liquid crystal polymer (CLCP) film for the controllable release of droplets. (c) FESEM image of the microarrayed 
PDMS/CLCP bilayer. (d) Chemical structures of the monomers used for fabricating the CLCP film. (e) Water drop transportation between surfaces of 
different heights. The volume of the water drop is 3.0 µL. The scale bar is 2 mm. 
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adhesion hysteresis and transducing photomechanical energy
into droplet ejection. The controlled shape change disrupts the
droplet equilibrium, triggering a transition from pinning to
sliding and enabling active, nondestructive release. 

The light-controlled 3D droplet manipulation capability of the
PLG was demonstrated by integrating the device onto a three-axis
translational stage (Figure 1e ). Owing to the sufficient adhesion
provided by the microarrayed PDMS layer, the PLG effectively
lifted droplets from low-adhesion substrates upon contact and
securely immobilized them on the PDMS surface without resid-
ual contamination or droplet fragmentation. Following droplet
transfer to the target location via the translational stage, localized
UV irradiation (365 nm, 30 mW cm− 2 ) was applied to the upper
layer of the CLCP, inducing rapid macroscopic deformation of the
PLG and destabilizing the equilibrium of the suspended droplets
within seconds (Video S1 ). Infrared thermography verified that
under UV irradiation, the temperature of the PLG did not exceed
the biologically safe threshold of 37◦C (Figure S1 ). During this
phase, the interplay between gravitational and adhesive forces
Small Methods, 2026
prompts droplet sliding along an arcuate trajectory, converting 
gravitational potential energy into kinetic energy and accelerating 
droplet motion (Video S2 ). This energy-efficient mechanism 

minimizes the reliance on external pumps or mechanical com-
ponents, significantly simplifying the device architecture. When 
the resultant force failed to sustain adequate centripetal force, the
droplet detached from the PLG surface, enabling cross-interface
liquid transport. Furthermore, the reversible photodeformation 
of the CLCP allowed the PLG to revert to its original conformation
under visible light exposure (530 nm, 30 mW cm− 2 ), facilitating
device reusability. This reusability, combined with wavelength- 
selective control, positions PLG as a sustainable and cost-effective
solution for programmable liquid manipulation in lab-on-a-chip 
systems, organ-on-chip platforms, and adaptive soft robotics. 

Droplet capture involves two critical processes: (1) effective 
adhesion between the PLG and droplets and (2) unhindered
droplet detachment from the substrate surface. The realiza- 
tion of these two processes necessitates independent modula- 
tion of the surface properties. Through precise control of the
3 of 11

om
m

ons L
icense



FIGURE 2 (a) FESEM images showing the top view of microarrayed PDMS films with pillar center spacings of 20–50 µm (D20–D50). The inserted 
photographs show the contact angles (CAs) of a 3.0 µL water droplet on the surfaces of D20–D50. (b) Adhesive forces of water droplets on pure PDMS 
films, D20, D30, D40, D50, and low-adhesive substrate with different curvatures. (c) Chemical structure of the linear liquid crystal polymer and field- 
emission scanning electron microscopy (FESEM) images of the substrate fabricated by electrospinning. (d) Plot showing the magnitude of the droplet 
gravity force and the adhesive force difference between the PDMS and the substrate. The inserted photographs show the process of grabbing water 
droplets of sizes 6.0, 5.0, and 4.0 µL through D30. The scale bar is 1 mm. (e) Adhesive force of H2 O2 (1 mol L− 1 ), NaOH (1 mol L− 1 ), HCl (1 mol L− 1 ), PBS 
buffer (1X), cell culture medium (Dulbecco’s modified Eagle medium, DMEM), blood and serum on D30 (the microarrayed PDMS/CLCP bilayer with a 
center pillar spacing of 30 µm). The values of adhesion force are presented as mean ± standard deviation (SD) from three independent measurements 
( n = 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 23669608, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.202502161 by Q
iang Fu - Sichuan U

niversity , W
iley O

nline L
ibrary on [20/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative
microarrayed PDMS pillar spacing, we effectively tuned the
adhesive properties of the PLG, enabling both stable capture
and volume-selective droplet screening. The microcolumn array
architecture profoundly influences surface adhesion character-
istics, primarily through interfacial cavity size variations [ 46 ].
Accordingly, we fabricated four PDMS microarray samples with
pillar center-to-center spacings ranging from 20 to 50 µm
(designated D20–D50) for performance evaluation (Figure 2a ).
Notably, all surface maintained contact angles (CAs) exceeding
150◦ regardless of pillar spacing, whereas their adhesive forces
decreased systematically from 88 to 20 µN with increasing
interpillar distance (Figure 2b ). This observed reduction in
adhesion can be attributed to the transition in the wetting
state [ 20 ]. The superhydrophobic behavior of the microarrayed
surface was determined to follow the Cassie model, in which air
remains trapped beneath the droplet, resulting in low adhesion
[ 47 ]. This was confirmed by depositing an ink-laden droplet
onto the surface (Figure S2 ), and the absence of penetration
into the microstructures demonstrates the presence of a com-
posite solid–air interface characteristic of the Cassie wetting
state. 
4 of 11

 C
Moreover, to ensure easy detachment of the droplets from the
substrate, the substrate holding the droplets should maintain a
lower adhesion than the microarrayed PDMS bottom layer of
PLG [ 9, 48 ]. For efficient droplet detachment, we incorporated
an electrospun mat substrate fabricated from a fluorinated alkyl-
group-modif ied linear LCP (Figure 2c ), which exhibited minimal
adhesion (6 µN) while maintaining robust superhydropho- 
bicity. Field-emission scanning electron microscopy (FESEM) 
characterization revealed a nanofibrous architecture featuring 
numerous spindle-like protrusions [ 49 ], which enhance surface
roughness and thereby promote superhydrophobicity. 

We fabricated a series of PLGs (PLG-D20 to PLG-D50) with
tunable adhesion properties by integrating PDMS surfaces con- 
taining microarrays of varying spacing (20–50 µm). The droplet
capture efficiency was found to obey the mechanical equilibrium
condition: G ≤ FPLG − Fsubstrate , where G represents droplet gravity,
and FPLG and Fsubstrate denote the adhesion forces of the PLG
and substrate, respectively. For 2.0 µL droplets, the capture
stability increased with decreasing array spacing, with PLG- 
D20 through PLG-D40 demonstrating reliable capture, whereas 
Small Methods, 2026
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FIGURE 3 (a) Photographs showing the bending and unbending behaviors of the PLG (10 mm × 10 mm) under irradiation with UV light (365 
nm, 20 mW cm− 2 ) and visible light (530 nm, 30 mW cm− 2 ), respectively. The inserted illustrations show the photoresponsive deformation mechanism 

of the CLCP film induced by the reversible trans-cis isomerization of azobenzene. (b) Evaluation of the reversibility of the bilayer PLG in response to 
alternating irradiation with UV light (365 nm, 20 mW cm− 2 , 10 s) and visible light (530 nm, 30 mW cm− 2 , 10 s) for 100 cycles. (c) Schematic illustration 
and photographs of the photodeformation of the PLG and the water droplet release process. (d) Schematic diagram of the force of a droplet during the 
capture process. (e) Schematic diagram of the force of a droplet in the highest position (dotted pattern) and lowest position (solid pattern) that a water 
drop would pass through during the release process. (f) Adhesive forces of water droplets on D20, D30, D40, and D50 with different curvatures. The 
values of adhesion force are presented as mean ± SD from three independent measurements ( n = 3). 
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PLG-D50 failed because of its lower adhesion force. Each PLG
variant exhibited a characteristic maximum capture volume
(e.g., 4.0 µL for PLG-D30, corresponding to the point where
the droplet weight (39.2 µN) balanced the net adhesion force)
(Figure 2d , Video S3 ). This quantitative relationship between the
microarray spacing and controllable droplet volume enabled the
development of a programmable droplet manipulation platform
with precision microfluidic and droplet screening capabilities. To
demonstrate the versatility of PLG, the capture of different liquid
droplets, including alkali solution (1 mol L− 1 NaOH aqueous),
acid solution (1 mol L− 1 HCl aqueous), PBS buffer, cell culture
medium (DMEM), blood, and high viscosity serum samples, is
evaluated (Figure 2e , Video S4 ). Although the adhesion force of
the serum sample (87 µN) is almost double that of the water
droplet (43 µN) from the same PDMS layer, all the samples are
successfully captured by the PLGs. 

To precisely modulate the force state of the captured droplets
and enable controlled release, the CLCP actuation layer within
the PLG must exhibit remarkable and tunable photo-induced
bending capabilities. Combined analysis via polarized optical
microscopy (Figure S3 ) and 2D-WAXD (Figure S4 ) confirms the
uniform alignment of the mesogens along the shearing direction
within the nematic phase. Under UV irradiation (365 nm, 20 mW
cm− 2 ), trans-cis photoisomerization of the azobenzene mesogens
generates anisotropic contraction along the mesogen alignment
axis, causing rapid macroscopic bending toward the light source
(Figure 3a ) [ 50 ]. The bending kinetics were found to be intensity-
Small Methods, 2026
dependent: increasing the UV intensity from 10 to 30 mW cm− 2 

reduced the bending time from 8 to 4 s (Figure S6a ). The
365 nm wavelength was selected because it corresponds to the
maximum absorption peak of azobenzene, thereby maximizing 
the photoresponse efficiency [ 51 ]. Moreover, the intensity of 20
mW cm− 2 represents a threshold below which the film bending
becomes insufficient for actuation requirements (Figure S7 ). 
When exposed to visible light (530 nm, 30 mW cm− 2 ), the bent
film recovers to the initial state with a consistent recovery per-
formance of approximately 10 s (Figure S6b ), as the asymmetric
contraction disappears owing to the reversal of azobenzene from
bent cis isomers to the trans state (Figure 3a ). This combination
of controllable bending speed and stable recovery performance 
substantiates the precise actuation capability of the CLCP layer.
The bilayer PLG architecture combines this high-performance 
CLCP film (elastic modulus = 512 MPa) with the microarrayed
PDMS substrate ( ∼ 1 MPa), preserving the photoresponsive behav-
ior observed in standalone CLCP films (Figure S5 ). Remarkably,
the system maintains structural integrity through 100 cycles of
alternating UV/Vis irradiation, with no interfacial delamination 
or degradation in terms of bending performance (Figure 3b , Video
S5 ), demonstrating exceptional fatigue resistance attributable to 
the flexibility of the PDMS. 

The droplet adhering to the surface of the PLG gradually ascends
in spatial position during the bending process, thereby continu-
ously accumulating gravitational potential energy. Owing to the 
variation in the curvature of the PLG, the droplet subsequently
5 of 11
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TABLE 1 Volume statistics of the transportable droplets of the bilayer devices. 

Samples Vcalmax 
a) [ µL] Vexpmax 

b) [ µL] Vcalmin 
c) [ µL] Vexpmin 

d) [ µL] 

D20 8.4 5.0 2.9 2.9 
D30 4.0 4.0 1.5 1.5 
D40 2.1 2.0 0.8 0.8 
D50 1.1 1.0 0.5 0.5 

a Vcalmax : calculated maximum transportable droplet volume; 
b Vexpmax : experimental maximum transportable droplet volume; 
c Vcalmin : calculated minimum transportable droplet volume; 
d Vexpmax : experimental minimum transportable droplet volume. 
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slides along the surface and detaches from the PLG at a specific
moment, completing the droplet release process (Figure 3c ). Flu-
orescence imaging after droplets were mixed with a fluorescent
reagent revealed no residual droplets on the PLG film after
release, in contrast to the residual traces observed on pure PDMS
under identical conditions (Figure S8 ), underscoring the superior
nondestructive release performance of the PLG film. The gravity
of an oversized droplet is larger than the adhesion provided by the
PLG surface, while the gravitational potential-to-kinetic energy
conversion of a small-volume droplet is insufficient to overcome
its adhesion from the surface. A further quantitative analysis was
performed to investigate the mechanism of droplet transport by
these PLGs and evaluate their different liquid transport ranges.
As shown in Figure 3d , the droplet is subjected to gravity G,
adhesion of the microarray film FA1 , and adhesion of the substrate
FA2 during the capture process. Therefore, the maximum volume
of droplets that PLG can capture should satisfy the following
equation: 

𝐹A1 − 𝐹A2 > 𝐺 = 𝜌𝑔𝑉 (1)

where G is the gravitational potential energy of the droplet, ρ is the
density of the liquid, g is the gravitational acceleration, and V is
the volume of the liquid. The adhesion forces of the bilayer device
(FA1 ) and the substrate (FA2 ) were taken into Equation ( 1 ), and the
theoretical maximum volume Vcalmax of the transportable droplets
was calculated and is listed in Table 1 . The experiments revealed
that for D30, D40, and D50, the maximum droplet volume
(Vexpmax ) that could be captured coincided with the calculated
value. The only deviation is found from the maximum droplet size
captured by PLG-D20 (5.0 µL), which is smaller than the calcu-
lated value (8.4 µL). This finding indicates that for larger droplets,
their deformation is not negligible. This deformation leads to a
larger contact area with the superhydrophobic substrate, which
in turn results in greater adhesion. 

During the droplet release process, the droplet is modeled as
a sphere (Figure 3e ) and is subjected to gravity G, surface
friction f, and surface adhesion FA1 . When the gravity component
along the tangential direction of the surface is greater than
the friction component, the droplet begins to slide. This slide
is controlled, resulting in a limited and predictable offset (as
quantified in Table S1 ). Then, the gravitational potential energy
of the droplet gradually transforms into the kinetic energy of the
droplet, accelerating its rolling, so the centripetal force required
to maintain its movement along the curved surface increases
6 of 11
accordingly. When the adhesion is unable to provide sufficient
centripetal force, the droplet slides off the arc. If the drop reaches
the bottom of the arc (the position of the solid circle in Figure 3e )
and is still stuck to the surface, it will not fall off. The centripetal
force FC conforms to the following inequality: 

𝐹A1 − 𝐺 > 𝐹C = 𝑚𝑣2 ∕𝑟 (2) 

where m and v represent the mass and velocity of the droplet,
respectively. Notably, the adhesion force of PLG remains almost
unchanged during the curvature change of PLG (Figure 3f ),
indicating that the adhesion force can be considered constant
when the droplet rolls during the droplet release process caused
by photo-induced deformation. Owing to their micrometer scale, 
the pillar tips on the PLG surface are significantly smaller than
the curvature variation during bending, resulting in a negligible
change in tip spacing. As confirmed in Figure S9 , the measured
variation in the microarray pitch before and after bending was less
than 2%, which was considered insignificant. 

In the bending process of the bilayer device, gravity was opposite
to the frictional force when the liquid droplet was in the circle
filled with the dotted line, and all of the gravity was used to
counter the friction force. If the liquid droplet cannot slide down
at this position, it cannot start to slide down at any position.
Therefore, during the bending of the bilayer PLG, the maximum
acceleration distance is from the circle filled with the dotted line
in Figure 3e (the line connecting the center of the droplet and
the center of the arc was horizontal) to the solid circle (the line
connecting the center of the circle and the center of the arc was
vertical). This characteristic ensures predictable droplet landing 
positions, thereby significantly enhancing the controllability of 
droplet release. The height ( Δh) at which the drop fell is the
radius of curvature of the arc (r). If the drop started to slide at
this point, the speed obtained at the bottom of the arc would
be the maximum, and the maximum kinetic energy value Ekmax 
was obtained according to the kinetic energy ‒potential energy
conversion relationship: 

𝐸kmax = 𝑚𝑣2 ∕2 < 𝑚 𝑔 𝑟 (3) 

According to Equations ( 2 ) and ( 3 ), the volume range of the
transported droplets can be calculated: 

𝑉 > 𝐹A1 ∕3 𝜌𝑔 (4) 
Small Methods, 2026
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FIGURE 4 (a) Schematic illustration showing the capture ‒release cyclic operation of PLG for droplet fusion and multistep chemical reactions. 
(b) The chemiluminescent luminol reaction for blood detection produces a distinctive blue glow when mixed with H2 O2 and hemoglobin. The inserted 
pictures illustrate both the chemiluminescent phenomenon and the detailed chemical mechanism underlying the luminol reaction. The PLG in this 
case is D20. (c) Acid (HCl, 0.02 mol L− 1 ) and alkali (NaOH, 0.01 mol L− 1 ) neutralization reactions. The volume of drops is 2.5 µL. The PLG in this case 
is D30 and D20. The scale bar is 2 mm. 
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The adhesion of the bilayer device (FA1 ) was taken into Equa-
tion ( 4 ) to calculate the minimum volume (Vcalmin ) of the
transportable droplets, which is in good agreement with the
experimental results from PLGs (Table 1 ). Moreover, to verify
that the droplet of Vcalmin can overcome the frictional force and
slide along the curved surface, we tested the sliding angle (SA)
of the droplets on the lower surface of the corresponding bilayer
device, as shown in Table S2 , which revealed that the droplets
could slide off the surface. The transport of water droplets
within a specific volume range can be achieved by adjusting
the microarray spacing of the PLG. As illustrated in Figure S10 ,
the PLG with a microarray spacing of 20–50 µm can precisely
transport water droplets with a volume range of 0.5–5.0 µL. 

Droplet fusion is accomplished via the capture ‒release cyclic
operation of PLG, and the fused droplets can be further manipu-
lated by employing PLG with a relatively high microarray density,
which effectively facilitates the progression of multistep assays
such as biomolecule detection (Figure 4a ). As the most common
sample matrix for biochemical assays, blood droplets with large
amounts of proteins and cells are normally too viscous to be
transported by conventional droplet manipulation methods that
apply asymmetric surface-wetting gradients as the mechanism.
In the context of mechanical pipettes, sample carryover residue
in pipette tips results in cross-contamination and compromised
Small Methods, 2026
volumetric precision [ 52 ]. Furthermore, the hydrodynamic shear
stress generated during aspiration and dispensing may damage 
cellular integrity [ 53 ]. Taking advantage of nondestructive droplet
transportation by PLG, we then investigated its potential in trace
biomolecule detection. We employed the luminol reagent for 
the qualitative detection of blood to demonstrate 3D droplet
transport (Figure 4b , Video S6 ). Three droplets (3.0 µL) of
hydrogen peroxide, luminol, and blood were placed on the
superhydrophobic surface. Owing to the good chemical resistance 
of PLG, the oxidative hydrogen peroxide droplet was successfully
lifted and released upon UV irradiation (365 nm, 30 mW cm− 2 )
onto the luminol solution to form a fresh Diogene reagent. The
PLG was then illuminated by visible light (530 nm, 30 mW cm− 2 )
to recover its flat state for the transport of the highly viscous
blood sample. When the blood droplet was added to the mixture
using a similar light-involved procedure, the iron ions in the red
blood cells catalyzed the breakdown of hydrogen peroxide. This
reaction generated singlet oxygen, which then oxidized luminol, 
producing the observed blue chemiluminescence. In another 
instance, a combination of two PLGs (PLG-D20 and PLG-D30 in
this case) with different liquid transport ranges was applied to
perform sequential pH analysis and reactions (Figure 4c , Video
S7 ). A 2.5 µL aqueous droplet containing a pH indicator was
first transported onto a NaOH aqueous droplet of the same size
via PLG-D30. The color of the mixed droplet gradually changed
7 of 11
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FIGURE 5 (a) Schematic of the integrated platform, which employs a PLG for controlled droplet capture and transfer. (b) Diagram illustrating the 
signal transduction principle based on long-range energy migration between donor and acceptor labels within the formed immunocomplex. (c) Linear 
calibration curve showing the relationship between NT-proBNP concentration (pg mL− 1 ) and relative fluorescence intensity. Data are presented as mean 
± SD from three independent measurements ( n = 3). The straight line represents the linear regression equation (y = 2.0982x + 80.018, R2 > 0.99). 
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from green to blue, indicating that the solution was alkaline.
As the size of the mixed droplet was doubled, PLG-D30 was
unable to lift it again, so it was replaced by PLG-D20 for the
following reaction. Owing to the denser micropillars present on
the surface, PLG-D20 produced enough adhesion force to lift the
mixed droplet containing NaOH and the pH indicator while still
being suitable for releasing the droplet with light. As a result,
the mixed blue droplet fell off the PLG, reacting with the HCl
droplet to produce an acidic droplet with an orange color. These
demonstrations suggest that both chemical and high-viscosity
samples can be manipulated by PLGs, expanding the applications
of current droplet-based analysis. 

To further demonstrate the nondestructive analytical capabil-
ities of PLG, a bioassay platform was developed for droplet
transfer and detection via PLG (Figure S11 ). This system was
applied to an immunoassay for NT-proBNP (Figure 5a ), a critical
biomarker for diagnosing and stratifying heart failure risk [ 54 ].
Initially, 3.0 µL of the test sample and 1.0 µL of the NT-proBNP
AlphaLISA immunoassay reagent were dispensed onto a low-
adhesion surface. The sample droplet then adhered onto the
PLG film and transported via a translation stage to a position
above the reagent droplet. Upon UV light irradiation, the PLG
releases the droplet, allowing it to fully merge and homogenously
mix with the reagent. Subsequently, the PLG was employed
to deliver the mixed droplet to the inlet of the detection unit.
In the presence of NT-proBNP, streptavidin-coated donor beads
functionalized with biotinylated anti-NT-proBNP antibodies and
AlphaLISA acceptor beads conjugated with a second anti-NT-
proBNP antibody were brought into proximity through antigen
bridging. Under excitation at 680 nm, the donor beads generated
singlet oxygen, which triggered a cascade chemiluminescence
reaction in the acceptor beads, resulting in a characteristic
8 of 11
emission peak at 615 nm (Figure 5b ) [ 55 ]. This signal was captured
via a highly sensitive fluorescence reader. Finally, the measured
fluorescence intensity was converted into the concentration of 
NT-proBNP in the sample via computer processing. This proto-
type system delivers reliable and efficient detection performance 
owing to the precise droplet manipulation and nondestructive 
transport facilitated by the PLG film combined with the near-
zero background interference characteristic of the AlphaLISA 

immunoassay. The system achieved accurate detection of NT- 
proBNP across a concentration range of 100 to 50 000 pg mL− 1 ,
a performance comparable to that of commercial ELISA readers,
thereby meeting clinical diagnostic requirements. Within the 
standard concentration range, the fitted calibration curve showed 
a high coefficient of determination ( R2 = 0.998, Figure 5c ), further
confirming the accuracy and nondestructive nature of droplet 
handling mediated by the PLG film. The precise control and
nondestructive transport capabilities afforded by the PLG film 

underscore its strong potential for use in clinical diagnostics,
environmental monitoring, food safety analysis, and broader 
biotechnology applications. 

3 Conclusions 

In summary, we report the fabrication of a photocontrolled
device featuring a novel transport strategy for 3D microdroplet
manipulation. By combining a photodeformable CLCP with 
microarrayed PDMS, we achieve rapid capture and release of
microdroplets via the conversion of gravitational potential energy 
to kinetic energy. Notably, 3D transport of diverse droplets includ-
ing water, acid solutions, alkali solutions, cell culture media,
and even blood is realized without altering surface adhesion,
thereby overcoming limitations associated with conventional 
Small Methods, 2026
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approaches. Moreover, by simply adjusting the microstructures
of its surface, PLG allows the selective capture of droplets of
particular sizes, providing a new tool for droplet screening. To
further demonstrate the nondestructive performance of the PLG
system, we applied it to a droplet-based immunoassay for NT-
proBNP detection. The PLG-enabled precise transfer and merging
of droplets yielded a standard curve with a high coefficient of
determination (R2 = 0.998), confirming its accuracy and potential
in bioanalytical applications. We believe that this new transport
mechanism may be adapted for other responsive systems for
smart devices, and the further development of PLGs is promising
for extending potential applications, such as cell screening and
biodetection. 

4 Experimental Section 

4.1 Materials 

The liquid crystal monomer DA11AB was synthesized according
to the literature [ 45 ]. C6A was purchased from 800 Million
Space-Time Liquid Crystal Technology Co., Ltd., and used after
purification. The negative micropillar silicon wafer template was
purchased from Beijing Blue Bird Yuanxin Microsystem Technol-
ogy Co., Ltd. 1H, 1H, 2H, 2H-perfluorooctyl trichlorosilane was
purchased from Sigma ‒Aldrich (97%). 

4.2 Preparation of the Superhydrophobic 
Low-adhesion Substrate 

The fluorine-containing liquid crystal polymer was prepared
according to the literature [ 49 ], dissolved in CH2 Cl2 to prepare a
2 wt.% solution and filtered before electrospinning. The voltage
used for electrospinning was 15 kV, and the receiver was alu-
minum foil. When electrospinning was completed, the sample on
the aluminum foil was cut to a size of 20 mm × 30 mm and stuck
on the surface of the glass sheet for future use. 

4.3 CLCP Films Preparation 

First, a liquid crystal (LC) mixture containing monomers C6A,
DA11AB, and photoinitiator Irgacure 784 at a molar ratio of 80: 20:
1 was injected into a 22 mm × 25 mm parallel-aligned LC cell at
102 ◦C (in an isotropic phase). The LC mixture was subsequently
slowly cooled to 90◦C (in the nematic phase) at a rate of 0.1 ◦C
min− 1 and polymerized under green light at 530 nm at 3 mW cm− 2 

for 2 h. After polymerization, the LC cell was opened, and the
CLCP film was removed with a cutter. 

4.4 Preparation of the Microstructured PDMS 
Layer 

First, the silicon wafer template with a negative microarray was
modified with 1H, 1H, 2H, and 2H-perfluorooctyl trichlorosilane
vapor at 100◦C for 2 h. Then, the PDMS microarrayed film was
prepared by vacuum casting the PDMS precursor (the mass ratio
of monomer and cross-linking agent was 10:1) onto the modified
Small Methods, 2026
template and cured in an oven at 80◦C for 2 h. Finally, the
microarrayed film was directly peeled off for use. 

4.5 Preparation of the CLCP/PDMS Bilayer 
Microarray Transfer Arm 

The CLCP was directly pasted to the backside of the microarrayed
PDMS to fabricate the bilayer film, which was then cut into a
10 mm × 5 mm rectangular shape with the LC orientation along
the long axis. The bilayer film was stuck onto one end of a 15 mm
× 30 mm glass sheet by silicone grease, and the other end of the
glass sheet was adhered to the three-axis translation stage with
double-sided adhesive to form the transfer arm. 

4.6 Characterization 

The front and side morphology of PDMS microarray films, as
well as the 45◦ angle topography of LCP/PDMS double-layer 
microarray films were observed by a field emission scanning
electron microscope (FESEM, Zeiss, Ultra 55). The acceleration 
voltage used was 3 kV, and the samples were sprayed with gold
before observation. The contact angle analysis of PDMS microar-
ray surface, electrospun substrate surface, and the inverted roll
angle of the surface of the PDMS microarray were conducted
by an optical contact angle measuring instrument (Dataphysics, 
OCA20). The tensile stress-strain measurements of the LCP 
and PDMS microarray film were performed using an Instron
Universal Testing Machine at a loading rate of 1 mm min− 1 .
Infrared thermographies were taken by the infrared thermal cam-
era (FLIR, E64501). Photographs and videos of the morphology of
PDMS microarray film as well as the light-induced droplet trans-
port motions were taken by a super-resolution digital microscope
(Keyence, VHX-1000C). Ultraviolet (UV, 365 nm) and visible 
(530 nm) light sources were produced from two LED irradiators
(OMRON, ZUV-H30MC and CCS, HLV-24GR-3W), respectively. 
The surface adhesion force of PDMS microarray films with
different pillar spacing, the adhesion of PDMS microarray films
with different curvatures, and electrospun fluorine-containing 
liquid crystal polymer substrates were conducted by an adhesion
tester (Dataphysics, DCAT25). The method is shown Figure S12 :
A 5 µL water droplet was suspended with a metal ring, and the
superhydrophobic surface of sample that was approached and 
retracted from the suspended droplet at 0.005 mm s− 1 . The force
between the superhydrophobic surface and the water droplet was
recorded during approach and retraction. 

4.7 Statistical Analysis 

Where relevant, values are presented as the mean and corre-
sponding standard deviation. The values of adhesion force and
contact angle were obtained from three repeat measurements.
The thickness of the CLCP and PDMS film, as well as the
diameter and height of the microarrays, were measured from the
TEM image of PLG using ImageJ software. For immunoassay
NT-proBNP experiments, the calibration curve is fitted by the
least squares method using Origin software. No data points were
excluded as outliers. All statistical analyses were performed using
Origin Pro. 
9 of 11
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