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ABSTRACT: The flexible maneuvering of microliter liquid droplets is significant in both ~ MSFM [Grasping
fundamental science and practical applications. However, most current strategies are S i
limited to the rigid locomotion on confined geographies platforms, which greatly hinder ® m

their practical uses. Here, we propose a magnetism-actuated superhydrophobic flexible
microclaw (MSFM) with hierarchical structures for water droplet manipulation. By virtue

Reversible
of precise femtosecond laser patterning on magnetism-responsive poly(dimethylsiloxane) } manipulation f
(PDMS) films doped with carbonyl iron powder, this MSFM without chemical -
contamination exhibits powerful spatial droplet maneuvering advantages with fast

response (<100 ms) and lossless water transport (~S0 cycles) in air. We further

performed quantitative analysis of diverse experimental parameters including petal

number, length, width, and iron element proportion in MSFM impacting the applicable maneuvering volumes. By coupling the
advantages of spatial maneuverability and fast response into this versatile platform, typical unique applications are demonstrated such
as programmable coalescence of droplets, collecting debris via droplets, tiny solid manipulation in aqueous severe environments, and
harmless living creature control. We envision that this versatile MSFM should provide great potential for applications in
microfluidics and cross-species robotics.

Microdroplet ap
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1. INTRODUCTION

In the past few decades, the demand for manipulation of water
droplets has become a hot topic in diverse research fields such
as water collection/transport,l’2 oil—water separation,3’4
chemical microreactions,”® and bioengineering.7’8 Generally,
the main procedure of droplet manipulation includes capture,
storage, and transport of droplets. Most recent microdroplet
manipulation strategies rely on the assistance of specific
functional surfaces in realizing droplet on-ground locomotion,
which can be typically classified into superwetting surfaces”"
and lubricant-infused surfaces (termed SLIPSs or LISs).'"'?
Particularly, based on the driving forces linking wetting force
and Laplace gradient from the specially designed geographies
on the superwetting surfaces, the unidirectional locomotion of
water droplets is achieved. For instance, Chen et al. fabricated
superwettable microspine chips and realized the directional
transportation of the droplets."” Jiang et al. prepared a kind of
underliquid dual superlyophobic surfaces in response to
external environments, which showed efficient oil and water
separation performance.'* Recently, inspired by pitcher plants
in nature, another kind of emerging functional surface, termed
lubricant-infused surface, has been subsequently developed for
droplet manipulation that relies on its exceptional capabilities
of extremely low contact angle héysteresis (<5°) and excellent
repellency to foreign liquids.'”'® For example, Zhang et al.
fabricated a kind of anisotropic microgrooved organogel
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surfaces that could easily transport water droplets along the
direction parallel to the grooves when tilted.'” Jiang et al.
prepared an anisotropic covalently grafted slippery surface with
excellent anisotropic sliding behaviors toward different
droplets and bubbles under water."®

In spite of the advantages of low cost and favorable
customizability in current manipulation approaches, several
obvious shortages arise subsequently: (1) Most of the current
strategies are limited to rigid on-ground locomotion on the
confined territories of platforms, which greatly hinder their
spatial uses. For instance, droplets could only passively
maneuver along the direction of Laplace pressure difference
or wetting gradient on superwetting surfaces.' ' Despite
the newly reported active droplet control strategies via external
stimuli (e.g, electric, magnetic, light, and heat), the paths of
droplet movement are still limited on the confined platform
without spatial operability.”' ™ (2) To date, the current
approaches utilizing functional surfaces mainly focus on the
achievement of droplet manipulation itself, for which the
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Figure 1. Schematic fabrication of MSFM and the grasping/releasing process toward liquid microdroplets. (a) MSFM is fabricated via the
combination of precise femtosecond laser patterning and physical adhesion on PDMS. (b) SEM images of PDMS elastic films doped with the mass
ratio of carbonyl iron powder to PDMS of 0.5. The WCAs are ~109.1 and 151.6° on the surface of the smooth main arm (left) and the laser-
textured main arm (right), respectively. (c) Schematic demonstration and (d) sequential snapshots of the grasping/releasing switch of

microdroplets utilizing MSFM.

versatile cross-species manipulation functions are rarely
exploited. In this connection, it is highly desirable for
developing a new way of manipulating microdroplets that is
capable of spatial maneuver flexibility and cross-species
control.

Herein, we report a hybrid strategy that incorporates the
good characteristics of superwetting interfaces to spatially
flexible stimuli-responsive manipulators, which can readily
achieve spatial transport of microdroplets by proposing a kind
of magnetism-actuated laser-patterned flexible multifunctional
microclaw (MSFM) with hierarchical superhydrophobic
structures. Relying on the precise femtosecond laser patterning
technology, the magnetism-responsive poly(dimethylsiloxane)
(PDMS) film doped with carbonyl iron powder (CIP) could
be precisely tailored into a petal-like microclaw, exhibiting
favorable droplet control abilities with fast response (<100 ms)
and lossless transport (~S0 cycles) in air. We further
investigated the underlying mechanism as well as the impact
of diverse experimental parameters on applicable droplet
volume, including petal number, length, width, and iron
element proportion in MSFM. Based on this powerful
platform, typical unique cross-species control is demonstrated
for potential applications including programmable coalescence
of droplets, collecting debris via droplets, tiny solids
manipulation in harsh aqueous solutions, and harmless control
of living creatures. This versatile platform should provide new
insights into microfluidics and other related applications.

2. RESULT AND DISCUSSION

The MSFM was fabricated using precise femtosecond laser
patterning technology on the magnetism-responsive PDMS
films doped with magnetic particles (Figures S1 and S2). The
schematic fabrication was divided into three steps, as shown in
Figure la. First, the elastic PDMS film (thickness ~220 ym)
was doped with carbonyl iron powder (CIP) and then
patterned into petal shape by femtosecond laser ablation
(mean power 300 mW, scanning speed 1 mm/s). Second, the

tentacles with a height of 1 mm (pristine PDMS film, thickness
~500 um) were fast scanned line-by-line under laser
irradiation at the speed of 10 mm/s (mean power 300 mW,
scanning spacing S0 ym). The laser-ablated tentacles were then
stuck on the end of the petals by liquid PDMS/curing agent
mixture and cured on the heating plate for 0.5 h at the
temperature of 100 °C. We chose pristine PDMS as the
tentacle material because CIP-doped tentacles would also
deform when closed to the magnetic field, resulting in the
capturing/releasing failure (Figure S3). Third, the as-prepared
samples were fast scanned line-by-line in the same laser
irradiation conditions. The surface morphology and wettability
were characterized before/after laser fast scanning (Figure 1b).
It can be observed that the water contact angle (WCA) on the
smooth Fe-doped PDMS was measured to be ~109.1°. After
laser fast scanning, a series of periodic microgrooves were
formed on the MSFM surface along with numerous micro/
nanomastoids according to scanning electron microscopy
(SEM) images. Meanwhile, the WCA significantly increased
to ~151.6° with enhanced surface roughness.

The hierarchical structures on the MSFM were further
visualized by higher resolution SEM images, in which periodic
micron-sized groove and scattered nanoscale mastoid could be
clearly observed on both the tentacles and the main arms
(Figure S4). In addition, although the laser scanning process
was the same, the micro/nanostructures on the two materials
showed a slight difference: the average size of micro/
nanoparticles on the CIP-doped PDMS main arms was a bit
larger than those on the pristine PDMS tentacles. It should be
emphasized that the hierarchical structures of the protruding
tentacles and the main arms endow MSFM with the capability
of grasping/releasing microdroplets in a lossless manner, which
is vividly demonstrated in Figure 1c,d. Unless otherwise
specified, deionized water droplets were used throughout the
experiments. We used a remote fashion by organizing five
NdFeB cylindrical magnets (both diameter and thickness were
10 mm) into a cluster and placed them under the
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Figure 2. SEM images of and EDS analysis of the MSFM surfaces doped with different mass ratios of carbonyl iron powder to PDMS: (a) 0, (b)

0.5, and (c) 1.
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Figure 3. Droplet control mechanism and properties of MSFM under magnetism stimuli. (a), (b) Force analysis on the static droplets captured by
MSFM in two distinct droplet volumes. (c) Left: Relation of MFD B and the height & between MSFM and magnet cluster. Right: Relation between
maximum lifting height and targeted droplet volume in droplet control. The MFD was measured near the north pole of the magnet cluster. (d)
Relation between Young’s modulus and MRCP. (e) Relation between deformation amplitude and MRCP. Scale bar is 2 mm. (f) Fifty-cycle
repeatability experiment of the droplet grasping/releasing indicates the lossless droplet control.

superhydrophobic aluminum substrate. The magnetic flux
density (MFD) was measured through a high-precision Gauss
meter (Figure SS). Here, both the MSFM and magnet cluster
were actuated and guided manually to ensure their
synchronous movement. Once the MSEM gets close to the
upward side of the droplets, the decurved magnetism-

35167

responsive microclaw would finally close and capture the
droplets as long as the MFD is large enough, which could be
easily tuned by the height between the microdroplet and the
magnet cluster.

We further characterized the surface morphology and
chemical element components on the main arm of MSFM in
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Figure 4. Quantitative investigation for the impact of diverse experimental parameters on the applicable volume range during droplet control via
MSEFV, including (a) petal number, (b) petal length, (c) petal width, and (d) mass ratio of carbonyl iron powder to PDMS.

different mass ratios of carbonyl iron powder to PDMS
(MRCP) = 0, 0.5, and 1, which are crucial for microdroplet
manipulation performance. As shown in Figure 2, an increased
MRCP resulted in enhanced surface roughness, exhibiting
more sporadic microparticles on the surface. In addition, X-ray
spectroscopy (EDS) revealed the detailed proportions
(normalized mass ratio) of the elements Si, C, O, and Fe on
each MSFM surface. It can be found that the proportion of
element Fe significantly increased from 0 to 11.13% as MRCP
increased from 0 to 1. As a consequence, the proportions of
elements Si, C, and O decreased drastically from 48.30, 32.35,
and 19.35% to 39.5, 28.98, and 20.34%, respectively.

The basic mechanism for the spatial microdroplet capturing/
releasing process of MSFM under magnetic field stimuli was
investigated. Figure 3a,b shows the photographic images and
the force analysis for static droplet-grasping states using MSFM
in different water volumes (see also Movie S1), where typical
petal number, length, width, and MRCP were set as 6, 4.5 mm,
14 mm, and 0.5, respectively. For a static small droplet
captured by MSFM (Figure 3a), only the bottom of the
droplet contacted the upper surfaces on the tentacles. In this
situation, only two kinds of forces are exerted on the water
droplet, which are gravitational force G of the droplet and the
support force F,; from a single tentacle of MSFM. The
component force of the total F,; along the opposite direction
of G should be equal to G

6E, cos0 =G (1)

where 0 is the included angle between the direction of F,; and
the opposite direction of G. As for the state of a large droplet
captured by MSFM, due to the limited lateral width inside a
closed MSFM, the large droplet contacted with both the upper
surfaces on the tentacles and the sidewalls on the main arms, as
definitely shown in the photographic image in Figure 3b. In
this case, there are three kinds of forces acting on the large
droplet, which are the droplet’s gravitational force G, the
support force F,, from a single tentacle, and the extrusion force
F, from a single main arm of MSFM. At this point, the
component force of the total F,, in the opposite direction of G
should be equal to the resultant force consisting of G and the
component of the total F, along the direction of G

6F, cos @ = G + 6F, cos a (2)
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where «a is the inclined angle between the direction of F, and
the direction of G. As mentioned earlier, a large enough MFD
would result in the bending of MSFM along the magnetic field
direction. Once the support forces are large enough, the
microdroplet could be lifted upward. On the contrary, the
releasing process of a microdroplet is a reverse process
compared to the grasping process, which can be achieved by
elevating the droplet height to decrease the MFD below an
unfolding threshold of a closed MSFM.

It should be noted that the trigger of the grasping/releasing
switch, MFD, could be facilely adjusted by the height between
the magnetic cluster and the MSFM. Figure 3c shows the
variation of MFD with different heights between the NdFeB
magnet cluster and the center of an MSFM (left) and the
relation between the maximum lifting height and the targeted
droplet volume (right). It can be clearly seen that the mean
MEFD B decreased dramatically with an increase in the height h
between the magnet cluster and the MSFM and followed the
relation B = 302h™> + 1212h7% + 1484h™' + 60, which
indicated that the droplet-grasping state could only sustain
within a confined height range for the MSFM. The maximum
lifting height for a droplet increased with the droplet volume V/
and reached an extrema of ~8.4 mm at V & 14 uL, and the
corresponding MFD was measured as ~100.4 mT. Interest-
ingly, once the droplet volume V exceeded 14 uL, the
maximum lifting height showed a declining trend with an
increase in V. This phenomenon could be interpreted by the
above-mentioned force analysis. When the droplet volume is
relatively small, the microdroplet does not contact the main
arms of MFPM and only suffers from two forces G and F..
When the MSEM is slightly elevated away from the substrate,
the smaller droplet is more likely to escape from the gaps of the
MSEM driven by G. As the droplet volume/diameter continues
to increase over a threshold, it will eventually contact and be
squeezed by the main arms, followed by triggering the releasing
process of the droplet. Consequently, an increasing droplet
volume intensifies the “squeezing effect” by assuming that the
height h is constant.

We further quantitatively discussed the effect of MRCP on
the mechanical property and deformation amplitude of the
MSFM arms. We used a typical six-petal MSEM (petal width =
1.4 mm, length = 4.5 mm) at a S mm minimum height above a
five-magnet cluster (B &~ 190 mT). Figure 3d indicates that
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Figure S. Typical cross-species control applications through MSFM are vividly demonstrated including (a) programmable coalescence of droplets,
(b) collecting debris via droplets, (c) manipulating solid glass beads in aqueous NaOH solution, and (d) harmless control of living creatures.

Young’s modulus increased sharply from approximately 1.5—
2.4 MPa as the MRCP increased from 0.4 to 1. However, no
notable difference was observed in the magnetism-induced
deformation on the main arms in different MRCPs (Figure
3e). Here, the deformation amplitude was defined as the
decurved angle f deviating from the horizontal by the
magnetic force. The reliability of the MSFM during repeated
grasping/releasing transition was also investigated. A 50 cycle
repeatability experiment for grasping/releasing a 17 uL
deionized water droplet is shown in Figure 3f. We adopted
the above-mentioned typical six-petal MSFM with an MRCP
of 0.5. To better suppress the water evaporation during its
mass measurement, the transport and measurement experi-
ments were performed in a small sealed acrylic box (RT = 20
°C, RH = 65%). In a contrast experiment, a static 17 uL
droplet was placed on the sealed box, and its mass reading was
recorded every 1 min by a high-accuracy electronic balance. As
evidenced by Figure S6, the water evaporation was negligible
within the 10 min measurement. After each independent
grasping/releasing period, the mass of the droplet was
recorded. During the 50 repeated cycles in 10 min, the droplet
mass remained almost the same value at ~17 mg, which firmly
suggested the excellent ability of lossless manipulation of
microdroplets.

Next, a series of key metrics for the microdroplet
manipulation performance of MSFM were quantified, includ-
ing petal number, length, width, and MRCP. We focused on
the impact of these experimental parameters on the micro-
droplet loading capacity (MLC) of the MSFM, ie., the
applicable volume range (green areas in Figure 4). Figure 4a
shows the influence of petal number on MLC. When the petal

number increased from 4 to 9, the minimum MLC did not
change significantly (~2 yL) and the maximum MLC reached
an extrema of ~24 puL at the petal number of 8. The
experimental results indicate that grasping smaller micro-
droplets is insensitive to the petal number. This is probably
due to the fact that the smaller droplets could easily slip away
from the gaps between each main arm relative to the droplet
diameter. As the petal number increases to 9, the closing
process of MFPM is restricted by each adjacent tentacle, which
also restricts the degree of closure and facilitates the droplet
escape. On the contrary, the larger droplets could be firmly
clamped and hardly slip away with an increased number of
main arms for MSFM (Figure 3b). Similar results were found
when the petal length increased (Figure 4b). The minimum
MLC change slightly (~2 pL) and the maximum MLC
increased significantly from ~5 to ~35 uL as the petal length
increased from 2.5 to 7.5 mm. Because the longer main arm
could provide extra contact areas and internal space, which
allows for manipulating droplets with greater diameters.

The impact of petal width on MLC for MSFM was
investigated and is shown in Figure 4c. Interestingly, the
minimum MLC decreased significantly from 7 to 1 yL with the
elevated petal width, whereas the maximum MLC increased
from 14 to 23 uL. This could be probably attributed to the fact
that wider main arms could decrease the gap between each
adjacent main arm and provide larger lateral contact areas,
which further broaden the applicable volume range of
microdroplets for MSFM. In addition, the relation between
MLC and MRCP is presented in Figure 4d. It can be observed
that the minimum MLC was insensitive to MRCP (~2 uL).
The upper limit of MLC increased with the elevated MRCP

https://doi.org/10.1021/acsami.1c09142
ACS Appl. Mater. Interfaces 2021, 13, 35165—35172


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09142/suppl_file/am1c09142_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09142?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09142?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09142?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09142?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c09142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

and rapidly reached an extrema of ~22 uL at MRCP of 0.5,
which indicated that the optimal magnetism-responsive
performance was achieved in this system.

Finally, by coupling the major merits of spatial maneuver-
ability and fast response to this versatile platform, we
demonstrated typical unique cross-species control for potential
applications including programmable coalescence of droplets,
collecting debris via droplets, tiny solid control in harsh
aqueous solutions, and even harmless living creature
maneuvering (Figure S), which are otherwise challenging for
conventional microdroplet manipulation strategies solely
relying on superwetting and LIS platforms. As shown in
Figure Sa, the programmable coalescence of four colored
microdroplets was successfully achieved by a typical MSFM
within 6.5 s, showing a high-efficiency programmable droplet
control capability (Movie S2). Here, the deionized water
droplets were stained into different colors by water-soluble
food coloring for better observation. Different from the
recently reported water droplet manipulation relying on
anisotropic adhesion between water and hydrophobic—super-
hydrophobic patterned surfaces or liquid-infused surfaces, our
flexible microclaw exhibits not only excellent lossless droplet
transport but also cross-species sample control.””*® Accord-
ingly, collecting debris via droplets was further demonstrated
(Figure Sb). The solid debris was collected and transported
sequentially by the interfacial adhesion between the paper
scraps and a 17 pL droplet clamped by a typical MSFM
beforehand (Movie S3).

Our MSFM system could also be deployed in severe
environments such as alkaline and acidic aqueous solutions
(Movie S4 and Figure S7). As a paradigm, Figure Sc indicates
that the MSFM could function well in manipulating solid glass
beads in the NaOH solution. To investigate the chemical and
wettability stability for droplet control in the air after the
underwater action, we performed an additional experiment. As
proved by Movie SS, the microclaw could still effectively
capture/release water droplets in the air after manipulating
items in alkaline solutions, which indicated its favorable
durability in different ambient surroundings. The excellent
properties of softness, flexibility, and biocompatibility have also
endowed the MSFM with the harmless manipulation of living
creatures (Figure 5d). Owing to the fast response of MSFM
under magnetic field stimuli (<100 ms), a crawling pill bug on
a green leaf could be harmlessly captured and subsequently
transported (Movie S6).

3. CONCLUSIONS

We developed a kind of microdroplet maneuvering platform
MSEM that consists of patterned PDMS elastic microclaw with
a hierarchical structure. By doping carbonyl iron power into
the main arms of the microclaw, the magnetism-responsive
platform is capable of realizing spatial control of droplets with
such advantages as fast response (<100 ms) and lossless water
transport (~S0 cycles) in the air. We systematically
investigated the grasping/releasing mechanism and the impact
of petal number, length, width, and mass ratio of carbonyl iron
powder on the droplet loading range of MSFM. We emphasize
the cross-species maneuvering capability of this powerful
system, which is further embodied in a series of demon-
strations including programmable coalescence of droplets,
collecting debris via droplets, manipulating tiny solids in harsh
aqueous solutions, and harmless manipulation of living
creatures. This versatile MSFM should open up more
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possibilities in many application fields such as microfluidics
and intelligent manipulators.

4. EXPERIMENTAL SECTION

Materials. The carbonyl iron powder particles (~7 pm, >99%
purity) were purchased from Nantong Jia Nuo Alloy Material Co.,
Ltd. The cylindrical NdFeB magnets with a diameter and a thickness
of 10 mm used in the experiment were purchased from Shanghai Jin
Cheng Mechanical & Electrical Co., Ltd. The transparent PDMS film
was purchased from Hangzhou Baoerde New Material Technology
Co., Ltd. The adjustable rotation speed of the spin coater was
between 100 and 7000 rpm at factory settings. The typical rotational
speed in sample preparation was ~700 rpm and the rotational time
was ~10 s.

Fabrication of the PDMS Elastic Film. First, liquid PDMS
prepolymer (Sylgard 184, Dow Corning), cross-linker, and carbonyl
iron powder (CI) (10:1:5, PDMS precursor: cross-linking agent: CI,
by weight) (PDMS/CI mixed solution) were dropped in a beaker;
then, the PDMS/CI mixed solution was stirred with a glass rod for 10
min to form a homogeneous mixture. Second, 0.565 g of the mixture
was put on a glass substrate, spin-coated by a homogenizer (700 rpm,
10 s), then made to stand for 20 min to degas. Finally, the PDMS
elastic film was obtained after curing for 50 min at 90 °C in an electric
oven.

Femtosecond Laser Processing of MSFM. A Ti: sapphire
femtosecond laser system (Legend-Elite-1K-HE, Coherent) was
employed to cut the PDMS elastic film into a petal shape and to
scan the surface of microclaw after sticking tentacles. The laser
duration, repetition rate, and center wavelength were 104 fs, 1 kHz,
and 800 nm, respectively. The laser scanning path was guided by a
galvanometer scanner.

Characterization. Surface morphologies of the samples were
observed by a secondary electron SEM (Zeiss EVO18) with an
accelerating voltage at 20 kV. Chemical component analysis was
measured through EDS (Bruker XFlash 6130). The magnetic flux
density was measured by a digital Gauss meter (HM-100, Huaming
Instrument Co., Ltd., China). WCA measurements were carried out
by an optical contact angle meter (CA100C, Innuo, China) at
ambient temperature using a fixed water volume of 2 yL. The droplet
mass measurements were performed on a high-accuracy electronic
balance with a minimum accuracy of 0.1 mg. Young’s modulus was
measured by a solids analyzer (RSA-G2, TA Instruments) at a fixed
tensile speed of 25 ym/s.
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