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ABSTRACT

Directed droplet manipulation is paramount in various applications, including chemical micro-reaction and biomedical analysis. The existing
strategies include some kinds of gradients (structure, inherent wettability, and charge density), whereas they suffer from several limitations,
such as low velocity, limited volume range, poor durability, and inefficient environmental suitability. Moreover, active bi-directional reversal
of omni-droplets remains challenging because one kind of microstructure at a single scale cannot acquire two kinds of net results of mechan-
ical interaction. Herein, we report an active and directional steering of omni-droplets utilizing bi-directional (vertical and horizontal) vibra-
tion on slippery cross-scale structures consisting of macro millimeter-scale circular arc arrays and micro/nanometer-scale slant ratchet
arrays, which are fabricated by femtosecond laser patterned oblique etching and lubricant infusion. The physical mechanism of active droplet
steering lies in the relative competition between the forces under vertical and horizontal vibration, which mainly arise from the circular arc
arrays and slant ratchet arrays, respectively. Various steering modes, including climbing and programmable manipulation, can be realized.
Our work is applicable to a wide range of potential applications, including circuit on/off and droplet-based chemical micro-reaction, particu-
larly in the field of high-throughput omni-droplets operation.
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Rectified transport of omni-droplets plays a critical role in appli-
cations, such as digital microfluidics,’ water harves‘[ing,z’3 chemical
reaction,”” and biomedical analysis.” ° Typical transport strategies
include those that utilize gradients on the substrate including
structure,” '* inherent wettability, >'® and charge density.'””'® These
strategies have some advantages like long transport distance, moderate
velocity, and good durability. However, the direction of droplet motion
could not be switched flexibly and reversibly to acquire a steering
transport along opposite directions.

Recently, a kind of Araucaria leaf has been found to transport
liquids with varying surface tension in a steering way featured with the
spreading of low-surface-tension liquids along the tilting direction of
ratchets while high-surface-tension liquid is moving along the opposite

direction.” This phenomenon counts on the inherent properties of
liquids. However, the objects to be controlled can only be continuous
liquids, and the active controllability is not good enough to acquire ver-
satile and programmable manipulation of droplets. Additionally, a steer-
able transport of droplet impinging on heated concentric microgroove
arrays is reported, where the substrate temperature determines the
direction of droplet bouncing.'” Nevertheless, the high temperature is
not applicable to some applications that cannot hold several hundred
temperatures. First proposed by Chaudhury et al,”” ** mechanical
vibration could serve as a stimulating strategy for droplet transport and
have a wide range of advantages, including no-contamination, facile-
ness, as well as robustness and durability. Zhang et al.” demonstrated a
vibration-actuated platform to achieve the rectified motion of droplets

Appl. Phys. Lett. 122, 174101 (2023); doi: 10.1063/5.0146217
Published under an exclusive license by AIP Publishing

122, 174101-1


https://doi.org/10.1063/5.0146217
https://doi.org/10.1063/5.0146217
https://doi.org/10.1063/5.0146217
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0146217
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0146217&domain=pdf&date_stamp=2023-04-26
https://orcid.org/0000-0002-6739-4898
https://orcid.org/0009-0006-9581-7073
https://orcid.org/0000-0002-5395-1251
https://orcid.org/0000-0002-1429-4236
https://orcid.org/0000-0003-0862-1779
https://orcid.org/0000-0001-7718-7342
https://orcid.org/0000-0002-7673-0590
mailto:yyz2017@hku.hk
mailto:liqiu.wang@polyu.edu.hk
https://doi.org/10.1063/5.0146217
https://scitation.org/journal/apl

Applied Physics Letters

resulting from the relative competition between the asymmetric adhe-
sive resistance and the inertial driving force. However, it is still challeng-
ing to realize the high-performance active steering of omni-droplets
because the widely used surface/interface structures are solely at a single
scale, which makes it hard to achieve two sorts of net mechanical inter-
action along the opposite directions.

Here, we show an unexpected active directional steering of omni-
droplets by bi-directional mechanical vibration on the slippery cross-
scale arrays (SCSAs), which consist of millimeter-scale circular arc
arrays and micro/nanometer-scale slant ratchet arrays. Droplet motion
on the SCSA exhibits a forward direction under vertical vibration and
a backward direction under horizontal vibration. The transport capac-
ity, including volume range and velocity, could be tailored flexibly
across a wide range by regulating the vibration parameters, such as fre-
quency and amplitude. Moreover, the real-time and programmable
steering of multi-droplets could be achieved by dynamically manipu-
lating vibration frequency. The physical mechanism responsible for
steering transport lies in the relative competition between two effects
arising from the circular arc arrays and slant ratchet arrays. Finally, to
demonstrate the potential application of omni-droplets steering, we
design and fabricate a circuit that can be switched on/off reversibly
and programmatically by utilizing the directional steering motion of
conductive droplets.

In Fig. 1(a), the SCSA manifests a capacity of active droplet steer-
ing. Under vertical vibration, the droplet is propelled along the

Active steering by bidirectional vibration
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forward direction, while the droplet is actuated along the backward
direction under horizontal vibration. We define the curvature direc-
tion of the arcs from the center to the outer as the forward direction
and the tilting direction of the ratchets as the backward direction. This
kind of slippery cross-scale arrays is designed and prepared by pat-
terned scanning of femtosecond laser oblique focusing.” *°
Afterward, the slippery lubricant (e.g,, silicone oil) is infused into the
arcs microgrooves to achieve the effect of slippery liquid-infused
porous surfaces (SLIPS).” In the top view, the circular arcs are charac-
terized by the curvature radius (R) of ~6 mm [Fig. 1(b)]. The apparent
optical change could be observed in the top view due to the infused
lubricant. In the side view, the micro-ratchet arrays are featured with
the groove depth (D) of ~72 um, tip-to-tip pitch (P) of ~118 um, and
tilting angles of the front («;) and rear (o) plane of a single ratchet of
~65° and ~33°, respectively [Fig. 1(c)]. After infusing the silicone oil,
a thin oil film could be observed from the side view [Fig. 1(c)].

In Fig. 1(d) and Movies S1 and S2 (supplementary material), under
vertical vibration, the droplet is propelled in the forward direction,
whereas the droplet moves along the backward direction under horizon-
tal vibration. We also investigate the droplet steering on the SCSA by
utilizing diverse liquids [Fig. 1(e)]. All these liquid droplets manifest an
apparent active steering behavior, which shows that the SCSA works for
omni-droplets, arising from the omniphobicity of the SLIPS effect.

The steering capacity of droplets on the SCSA, such as volume
range and transport velocity, could be regulated precisely by finely
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FIG. 1. (a) Schematic illustration of the directional droplet steering driven by mechanical vibration on the SCSA. (b) Optical images of circular arc arrays before and after infus-
ing the lubricant at a macro scale. (c) The scanning electron microscopy (SEM) image of slant ratchet arrays. The side optical view indicates a thin film of the infused lubricant.
(d) Steering transport of water droplets on the SCSA. (e) Transport displacement of various droplets vs time.
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tuning vibration parameters. Multiple droplets with different volumes
(10-60 uL) are deposited on the SCSA utilizing vibration with various
frequencies (20-70 Hz) under vertical vibration [Fig. 2(a)]. With the
increase in the droplet volume, the range of vibration frequency to
enable the droplets transport decreases from ~37 to ~13 Hz, which
might be caused by the increased resistance force from the increased
gravity of droplets. In contrast, there exist two regimes for efficient
droplet transport under horizontal vibration [Fig. 2(b)]. To further
investigate the effect of vibration frequency on droplet transport, we
measure the average velocity of droplets under different frequencies
[Figs. 2(c) and 2(d)]. Under vertical vibration, there are multiple peak
frequencies for the local maximum transport velocity of droplets with
different volumes (10, 20, and 60 uL). The appearance of multiple

ARTICLE scitation.org/journal/apl

peak frequencies may come from the change in the length of the con-
tact line as the droplet is compressed and released during vertical
vibration [Fig. 2(c)]. In contrast, the horizontal vibration results in two
peak frequencies for the local maximum transport velocity of droplets
with different volumes (10, 20, and 60 uL). There are only two peak
frequencies that are relevant to the system resonance resulting from
the approximate frequency-doubled relationship [Fig. 2(d)].

Under vertical vibration, there is an optimum vibration ampli-
tude for a fixed vibration frequency corresponding to the highest
transport speed. For example, the speed reaches ~11, ~15, and
~16 mm/s with droplet volumes of ~60, ~20, and ~10 uL at the
amplitudes of ~13 Vpp (Voltage peak-peak), ~14 Vpp, and ~19
Vpp, respectively [Fig. 2(e)]. However, under horizontal vibration, the
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transport speed of droplets with different volumes (10, 20, and 60 uL)
increases monotonically from 0 to ~55, ~50, and ~14 mm/s with the
increase in vibration amplitudes (4-20 Vpp) [Fig. 2(f)].

We design and conduct a programmable, real-time, and sequen-
tial transport of multi-droplets with different volumes. Under vertical
vibration, droplets named “1,” “2,” and “3” with a volume of ~14, ~8,
and ~6 uL, respectively, deposited on the SCSA are transported
sequentially to achieve a programmed liquid mixing. At the frequency
of ~26 Hz, droplet 1 is transported in a forward direction while drop-
lets 2 and 3 are pinned. Afterward, the frequency is tuned to ~31 and
~35Hz to drive droplets 2 and 3 to reach the destination in sequence
to form a large droplet [Fig. 2(g) and Movie S3 (supplementary mate-
rial)]. Similarly, under horizontal vibration, three droplets are
transported sequentially in the backward direction under the ladder-
changing frequency to achieve a programmable and sequential trans-
port [Fig. 2(h) and Movie $4 (supplementary material)].

The wide range of liquid types arises from the infused lubricant,
which forms a molecule-level smooth and chemically inert oil film. As
the thickness of the infused lubricant is thin, the SLIPS effect is weak and
the resistance force is too large to acquire an efficient motion. When the
thickness of the lubricant is thick, the underlying substrate characterized
by the cross-scale macro-/microstructures is covered by the infused lubri-
cant so that efficient directional droplet transport is abandoned. To prove
this, we utilize the SCSA with different lubricant thicknesses by control-
ling the spinning time of the infused oil to measure the transport velocity
of a droplet at the constant vibration condition (f ~60Hz and A ~20
Vpp). The maximum transport velocity is ~13 and ~16 mm/s, respec-
tively, under vertical and horizontal vibration [Figs. 3(a) and 3(b)].

We also design and conduct a series of experiments to study the
grade-ability of droplets on the SCSA. The transport speed of droplets

ARTICLE scitation.org/journal/apl

on the SCSA under vertical and horizontal vibration both decreases
with the increase in climbing angle as a result of the increased gravity
component serving as an extra resistance force [Figs. 3(c) and 3(d)].

To demonstrate the steering capacity of omni-droplets on the
SCSA, we utilize a series of liquids with varying viscosity and surface
tension by mixing water with glycerin or ethanol. The transport speed
of droplets with different volumes (10 and 20 uL) decreases with the
increase in glycerin concentration from 0 to ~60% under both vertical
and horizontal vibrations [Figs. 3(e) and 3(f)]. Similarly, the transport
speed of droplets with different volumes decreases with the increase in
the ethanol concentration, namely, the surface tension [Figs. 3(g) and
3(h)]. It turns out that the SCSA is applicable to a wide range of drop-
lets with high-viscosity and low-surface-tension values.

To elucidate the underlying mechanism of droplet steering on
the SCSA actuated by bi-directional vibration, we first examined the
dynamic changes in droplet shape under vertical and horizontal vibra-
tions, respectively. Under vertical vibration, an inertial force arising
from the relative motion between the droplet and the substrate com-
presses and stretches the droplet periodically, which forces the droplet
into a spreading and recoiling state [top two schematic panels and
insets in Fig. 4(a) and Movie S5 (supplementary material)]. In contrast
to vertical vibration, the inertial forces arising from horizontal vibra-
tion are parallel to the direction of droplet transport leading to a simi-
lar state that the droplet seems to be pulled to the left and to the right.”
From the macro side views, there are no obvious differences in the
dynamic shape of droplets [top two schematic panels and insets in Fig.
4(d) and Movie S6 (supplementary material)].

We then resorted to a mechanical analysis to probe how the
dynamic changes in the droplet shape affect the pinning and releasing
of liquid corners for directional steering. Capillary forces of liquid
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FIG. 4. (a) Mechanical models of dynamic contact angles near the three-phase contact lines. (b) and (c) In the top view, an apparent difference in contact lines could be
observed due to the circular arc arrays. (d)—(f) While under horizontal vibration, the droplet motion is determined mainly by the slant ratchet arrays.

corners are analyzed instead of utilizing surface tensions on contact lines
due to physical reasons.”® *’ In the stretching state of the droplet actu-
ated by vertical vibration, capillary forces include tg; and 71 based on
the cohesion of liquid droplets, and 75 based on the adhesion between
the SCSA substrate and the liquid droplet. It should be obviously noted
that the liquid corner of the droplet always moves along the direction
parallel to the substrate interface so that capillary force s is prioritized
to be broken into normal and tangential components 7, and g/, which
is perpendicular and parallel to the substrate. In the normal direction,
there exists a force balance: 75, =1y cos(0 — 7m/2), where 07 repre-
sents the dynamic contact angle during the recoiling process of the
droplet. Obviously, the force balance in the parallel direction determines

the droplet motion: g, = tsp + Tpyvcos 0. As the droplet is actuated
by vertical vibration and experiences the shape change due to the verti-
cal inertial force, there exists a relatively modest change in an apparent
contact angle. The driving force parallel to the interface of SCSA, g1,
+ tpycos 0, increases until the maximum resistance that the SCSA
can provide, defined as the Tg/;, o Afterward, the liquid corner near
the three-phase contact line starts to move [bottom four panels in Fig. 4
(a)]. In fact, the sole slant ratchets under vertical vibration cannot endow
the substrate with a capacity for directional droplet transport [Fig. S1
and Movies S7 and S8 (supplementary material)].

From the top view, we can clearly observe an obvious change in
the contact area of the droplet with the SCSA [Fig. 4(b)]. A droplet
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deposited on a perfectly isotropic horizontal interface is stretched or com-
pressed symmetrically, and the mass center would not move horizontally
due to the force balance. In fact, we introduce circular arc arrays that are
asymmetric thus inducing various releasing forces at liquid corners. The
circular arc arrays provide continuous pinning of liquid corners along the
left and right droplet edges while the actual pinning only occurs at
the right edge due to the longer length of the contact line. Therefore, the
droplet experiences a net forward force during vertical vibration. The
overall adhesive resistance force (AF,) difference of droplet transport on
the SCSA along the two opposite directions can be expressed as

AF, = kyp[(ly — 15) — (b — I)] cos 0, (1)

where k. is the pre-factor based on the droplet shape, 7 is the SCSA-
droplet interface tension, /j (I=1, 2, 3, and 4) is the contact line length
of the droplet at the left and right edges in the stretching and com-
pressing states, and 0 is the droplet contact angle.

In contrast to vertical vibration, there is no obvious change in con-
tact line under horizontal vibration and the overall adhesive resistance
force is insufficient to overcome the pinning effect to enable directional
transport [Figs. 4(e) and 4(f)]. However, the horizontal inertial driving
force arising from the relative motion of droplets corresponds to the
horizontally vibrated SCSA substrate. By transforming the composited

(@)

Forward transport

t Vertical vibration 3 MM

(b)
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movement of droplet motion and the substrate motion into the sole
droplet motion corresponding to the fixed SCSA substrate, we deduce a
horizontal inertial driving force (Fy4), which is isotropic and periodical:
Fy= —ma= —4m’mf*A,sinQnft + @), where m is the mass of droplet,
a is the accelerated speed of reference frame, fis the vibration frequency,
Ay is the amplitude of vibration, and ¢ is the initial phase of vibration.
The resistance force difference (AFegistance) Of droplet transport on the
SCSA along the two directions could be expressed as

AFresistance = k—)’R[(COS 9r1 — Cos 031) - (COS OrZ — Cos BaZ)]- (2)

Here, k_ denotes the pre-factor depending on the droplet shape under
horizontal vibration, R denotes the interface tension, and 0 and 0
are the receding and advancing contact angles of a droplet on the
SCSA along two different directions the same as (I= 1) or opposed to
(I=2) ratchets’ direction. Overall, the two distinct structures, macro
millimeter-scale circular arc arrays and micro/nanometer-scale slant
ratchets, play an important role in droplet motion under the vertical
and horizontal vibration due to the cross-scale effect, respectively [Fig.
S2 and Movies S9 and S10 (supplementary material)].

The steering transport of omni-droplets on the SCSA mediated
by bi-directional vibration can be utilized for various potential applica-
tions, such as circuit on/off. In Fig. 5(a), a conductive droplet (dyed

Backward transport

<> Horizontal vibration 3 mm

FIG. 5. (a) Under vertical vibration, a conductive droplet composed of water and NaCl with a mass fraction of 40:1 is transported along the forward direction. (b) Under hori-

zontal vibration, the conductive droplet moves in the backward direction.
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blue) is deposited on the SCSA, which is covered with a circuit consist-
ing of two branches containing a light bulb, respectively. The conduc-
tive droplet is a liquid mixture of water and NaCl with a mass fraction
of 40:1. Under vertical vibration, the droplet is driven to move in a for-
ward transport. As the droplet goes by the first branch, the circuit is
switched to be “on” state, which is characterized by the lighting red
bulb. When the droplet reaches the second branch, the green bulb
turns to the lighting [Movie S11 (the supplementary material)].
Similarly, under the horizontal vibration, the droplet is transported in
a backward direction and the two colored bulbs are lighted up sequen-
tially to be green and red, respectively [Fig. 5(b) and Movie S12 (the
supplementary material)]. The above steering behavior of conductive
droplets is of efficient potential in the reversible circuit on/off only if
we utilize a composited vibrator that can acquire vertical and horizon-
tal vibrations.

In summary, we have designed and demonstrated the steering of
omni-droplets by bi-directional mechanical vibration on the slippery
cross-scale arrays (SCSA). The active droplets steering by vertical or hori-
zontal vibration have some advantages like high speed, high capacity,
and programmability. The high capacity of droplet transport is achieved
with this strategy, such as a high-speed velocity (>60 mm/s) and versatile
manipulation range (frequency: 10-70 Hz and amplitude: 2-20 Vpp). By
applying a real-time adjustable vibration frequency, multi-droplets with
different volumes could be manipulated directionally in a sequential way
to achieve a droplet mixing that might be used in the fields of chemical
reaction and blood testing. Therefore, our work demonstrates that the
SCSA under bi-directional vibration can be smartly harnessed to achieve
an impressive active steering of droplets, which might open an available
and complementary method for a wide range of potential applications
including fluidic circuit and droplet microfluidics.

See the supplementary material for the experimental section,
steering transport of water droplets on the SCSA, programmable and
sequential steering manipulation of multiple droplets with different
volumes, and applications, such as circuit on/off.
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