Reversible lossless manipulation of water droplets with large-range volume
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The lossless manipulation of microdroplets has great promising applications in the fields of such as liquids transportation. In recent years,
superhydrophobic surfaces with low adhesion have been utilised as an effective solid surface to realise the lossless transfer of liquids.
However, the present methods using superhydrophobic surfaces are hard to realise the reversible lossless manipulation of water droplets
with a large-range volume. Here, a special transfer pipette composed of a superhydrophobic hole and an optimised pressure-generation
device is developed to realise the lossless manipulation of water droplets. The superhydrophobic surfaces are obtained by electrochemical
etching, boiling-water immersion and stearic acid modification, showing an excellent superhydrophobicity with a water contact angle of
~165° and roll-off angle of ~2°. The capture and release of water droplets are realised via controlling the resultant force of the vertical
component of capillary force and gravity of droplets. The applied pressure is far less than the threshold pressure which guaranties the
lossless property in the manipulation processes. The operable limiting volume of water droplets even reaches to 1404 uL, showing a large-
range operable volume. Moreover, the strategy can easily realise the reversible and repeatable manipulation showing potential applications

in the biological and microfluidic fields.

1. Introduction: The lossless manipulation of droplets has
attracted much attention, which shows a big potential application
prospect in the fields such as microfluidic devices [1-5],
biochemical separation [6, 7], and micro-reaction system [8—10].
Currently, artificial superhydrophobic surfaces with water contact
angles (CAs) larger than 150° have been widely investigated in
the lossless manipulation because of their water-non-sticky
property [11]. The present methods using superhydrophobic
surfaces to manipulate droplets can be divided into two types:
non-in-situ control and in-situ control. Non-in-situ control often
uses gecko feet/rose petal/mussel-inspired superhydrophobic
surfaces to manipulate droplets [12-22]. These surfaces are also
called high adhesive superhydrophobic surfaces which allow
water droplets to adhere to the surfaces even when the surfaces
are turned upside down but still with water CAs larger than 150°.
However, the reversibility of non-in-situ control method is poorly
operated. This method can only transfer the droplet from
superhydrophobic surfaces to other hydrophobic/hydrophilic/
superhydrophilic surfaces with no loss for one time and cannot
transfer the droplet to non-sticky surfaces for several times.
As for in-situ control, extra applied energy, such as UV
irradiation [23], electrical potential [24], temperature [25], pH
[25], magnetic field [26], gas [27], density [28], and deformation
[29], are used as driving force to realise the in-situ switching
between pinned and roll-down superhydrophobic states and to
further undergo the in-situ capture and release of droplets.
However, the aforementioned driving methods in the in-situ
control are harsh and not suitable for mild condition applications.

In addition, the immediate driving force in the non-in-situ control
and in-situ control is mainly the solid-liquid adhesive force. Since
the adhesive force is very small and no more than 100 pN, the
operable volume of droplets in the manipulation process is just se-
verely limited. Specially, the magnetic field driven in-situ control
uses magnetic force as the capture force, while can only control
the magnetic droplet. So finding an intelligent method for the
in-situ lossless manipulation of water droplets with a large-range
operable volume in air has been greatly needed.
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In a previous study, the underwater lossless manipulation of
non-polar organic liquids was easily realised based on a designed
transfer pipette which was composed of a long-term underwater
superoleophobic hole and a pressure-generation syringe [30]. The
liquid droplets could be captured via supplying the suitable
applied driving force, whereas removing the pressure could also
make droplets released. Owing to the different media in air and
underwater, once this method was applied to manipulating water
droplets with no loss, the results would be difficult to be observed
including operable volume range of droplets. Therefore, it is neces-
sary to actualise the lossless manipulation of water droplets for the
sake of integrating this manipulation mechanism. Here, the transfer
pipette is composed of a superhydrophobic hole and optimised
pressure-generation device where a micro syringe pump replaces
the manual operation. In addition, the superhydrophobic surfaces
on Al substrates are prepared by the electrochemical etching and
boiling-water immersion followed by stearic acid (STA) modifica-
tion. Additionally, an intelligent mechanical hand for lossless ma-
nipulation of water droplets is realised in air, which has a large
operable range in volume. The operable limiting volume of water
droplets is constant and reaches to 1404 uL, which is just deter-
mined by the CA, interface tension, and density of droplets.

2. Experimental

2.1. Materials: Aluminium (Al) rods (purity > 99%, 10 mm
diameter, 20 mm length) and Al plates (purity > 99%, 30 mm x
40 mm x 2 mm) were purchased from the Dalian Aluminium
Material Manufacturer (China). STA [CH;(CH,);sCOOH] was
obtained from the Tianjin Damo Manufacturer (China).
Analytical-grade NaCl and alcohol were obtained from Tianjin
Kermel Chemical Reagent Manufacturer (China). In the
experiment, water (y,=72.1 mN/m) were dyed blue to aid
visualisation and this almost did not change its surface tension.

2.2. Fabrication of superhydrophobic transfer pipette: Stepped hole
(0.5 and 2 mm diameter, 5 and 15 mm depth, respectively) was
drilled through the one end face of an Al rod. The end face with
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0.5 mm hole was then polished mechanically using 800# and 1500#
abrasive paper to remove the oxide layer and the impurities on the
surface, ultrasonically cleaned with alcohol and deionised water.
After dying, the treated end surface separated from the cathode
Cu plate by a distance of 3 cm was electrochemical etched at
500 mA/cm? current density and 6 min processing time in the
0.1 mol/L NaCl electrolyte. Then, the electrochemically etched Al
rod was immersed in the boiling water for 1 h and dried. After
the formation of surface structures, the electrochemical etched
and boiling-water immersed (EEBWI) Al surfaces were put into a
0.05 mol/L STA ethanol solution for 15 min to reduce the surface
energy followed by 20 min heating at 100°C. Moreover, to
characterise the superhydrophobic surfaces better, the plane Al
plates were also treated by the aforementioned processes.

2.3. Properties of the transfer pipette: A micro-syringe pump with a
syringe of 1 mL was connected with the as-prepared Al rod by
installing a pressure soft tube into the 2 mm hole to prepare a
transfer pipette. The syringe was used as a pressure-generation
device to produce negative pressure in the hole of Al rod via
pulling the syringe piston, which was driven by the micro-syringe
pump. In the process of manipulating water droplets, the
centrelines of the hole and water droplet should be in a straight
line as much as possible.

2.4. Characterisation: The surface morphologies of the obtained
samples were investigated using a scanning electron microscope
(SEM, SUPRA 55 SAPPHIRE, Germany). The surface chemical
compositions were observed using an energy-dispersive X-ray
spectroscopy (EDS, SUPRA 55 SAPPHIRE, Germany), an X-ray
diffractometre (XRD, Empyrean, Holland) and senior Fourier
transform infrared spectrophotometer (FTIR, Thermo Fisher
6700, America). The CA and roll-off angle (RA) of the samples
were measured using an optical CA meter (SL200KS, KINO,
USA) at room temperature by dropping 5 uL water droplets on
samples. The RA was defined as the angle at which the liquid
drop began to roll off on the gradually inclined surface.

3. Results and discussion

3.1. Wettability of the Al surfaces: Figs. la—c show the digital
images of water droplets on the different Al surfaces, the insets
are the CA images of water droplets on those surfaces. Fig. la
shows that the electrochemical etched Al surface was
superhydrophilic to water. After the boiling-water immersion,
sample surfaces became dim and showed excellent
superhydrophilicity towards water droplets with a fast spreading
velocity when water droplets impinged on the EEBWI Al surface,
as shown in Fig. 1b. Finally, after modification with STA, the
character of the Al surfaces successfully changed from
superhydrophilic to superhydrophobic with a water CA of ~165°
(Fig. 1c¢). Fig. 1d shows that 15 uL water droplets approached
and detached from the prepared superhydrophobic Al surface at a
velocity of 0.1 mm/s. The adhesion on the superhydrophobic Al
surface was so low that the water droplet just left the surface and
kept sticking to the needle. In addition, as shown in Fig. le,
water droplets with a volume of 5 pL could easily roll off from
the ~2° inclined plane superhydrophobic sample showing an
ultralow adhesion property.

Subsequently, the surface morphologies of the electrochemical
etched Al surface, EEBWI Al surface and STA-modified EEBWI
Al surface were observed in Fig. 2. Micrometre-scale rectangular-
shaped pits and bosses with size between 1 and 5 um which
seemed like a maze [31] were formed on the Al surfaces via the
electrochemical etching, as shown in Fig. 2a. After boiling-water
immersion, such surfaces were covered with one layer of
nanometre-scale needle-like structures, as shown in Fig. 2b. In con-
trast to the STA-modified EEBWI Al surface (Fig. 2¢), there was
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Fig. 1 Digital images of water droplets on

a Electrochemical etched Al surface

b EEBWI Al surface

¢ STA-modified EEBWI Al surface

d Experimental optical images of placing a 15 ul. water droplet on the
STA-modified EEBWI Al surface

e Time-lapsed snapshots of water droplets rolling on an inclined
STA-modified EEBWI Al surface

Fig. 2 SEM images

a Electrochemical etched Al surface
b EEBWI Al surface and

¢ STA-modified EEBWI Al surface

almost no change in surface morphologies illustrating the little in-
fluence of STA on the surface structures.

The chemical compositions of the obtained samples were also
observed using EDS spectra, XRD patterns and FTIR spectra.
Figs. 3a—d show the EDS spectra of the Al surfaces under different
processing conditions. After the boiling-water immersion, there was
a significant increase in the amount of element O demonstrating the
generation of Al oxide. Owing to the introduction of C-containing
material, the amount of element C also increased from 3.78 to
17.15% in the modification process. The increase of C element is
mainly contributed by the chemical absorption of low-energy
groups like —CH,— chains [32—-34], which results in the wettability
transition from superhydrophilicity to superhydrophobicity. In
order to further ascertain the detailed compositions of samples,
the XRD patterns of the electrochemical etched Al surface and
EEBWI Al surface were conducted in Fig. 3e. Compared with the
electrochemical etched Al surface which just had diffraction
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Fig. 3 Chemical compositions

a EDS spectra of electrochemical etched Al surface

b EDS spectra of EEBWI Al surface

¢ EDS spectra of STA-modified EEBWI Al surface

d Detailed amount of all the elements that those surfaces contained

e XRD patterns of the electrochemical etched Al surface before and after boiling-water immersion

fFTIR spectra of the EEBWI Al surface before and after STA modification

peaks of Al substrate, new diffraction peaks from AIOOH (JCPDS
Card No. 21-1307) and Al,O3 (JCPDS Card No. 10-0414) were
detected on the XRD pattern of EEBWI Al surface. Thus, the
main compositions of the needle-like structures obtained by
boiling-water immersion were AIOOH and Al,O;. In addition,
FTIR spectra were also applied to detecting the functional groups
before and after STA modification, as shown in Fig. 3. New
peaks attributed to the C-—H stretching vibrations of —CH,—
groups were detected at the wave length of 2919 and 2852 cm™!
on the STA-modified samples [35-37]. The sharp absorptions at
719, 1711 em™', and 1429-1461 cm™" were assigned to the O-H,
C=0, and C-O stretching vibrations of the —-COOH group of
STA molecules, respectively [35, 36]. Therefore, the self-assembled
STA groups could effectively lower the surface energy, which
resulted in the aforementioned wettability transition.

3.2. Lossless manipulation of water droplets: Figs. 4a and b show
the schematic illustration of the designed transfer-pipette setup
equipped with a micro syringe pump with a 1mL syringe
(pressure-generation device) and a prepared superhydrophobic
hole on EEBWI Al rod. According to the morphologies of end
surface and inner wall of hole, micrometre-scale maze-like
structures were covered with nanometre-scale needle-like
structures resulting in an excellent superhydrophobicity, as shown
in Fig. 4c. The air pressure was regulated to capture the water
droplets using the constructed transfer pipette, which was just an
intelligent mechanical pulling movement. Thus, there was no
water residues left on the transfer pipette or original
superhydrophobic substrate, indicating the lossless property of
manipulation processes. Additionally, there was no limit to the
destination surface where the captured droplets can be released.
Fig. 4d illustrates the complete lossless manipulation processes of
water droplets. The transfer pipette first approached the target
water droplet, captured the droplet under the certain pressure,
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Fig. 4 Transfer equipment and processes

a Schematic illustration of the transfer-pipette setup

b and ¢ Images of an equipped superhydrophobic hole on EEBWI Al rod
d Complete lossless manipulation processes of water droplets

e Detailed working process of losslessly manipulating 2 pL water droplet
f Detailed working process of losslessly manipulating 6 uL water droplet

then moved the droplet to the destination, and finally released the
droplet after removing the applied pressure. Subsequently, the
detailed and practical manipulation of water droplets were also
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conducted, as shown in Figs. 4e and f. The water droplets of 2 and
6 uL were successfully controlled and manipulated to the
destination without any residues.

3.3. Analysis of operable volume range: In general, the threshold
pressure (P, can be defined as the pressure under which water
droplets penetrate into the voids in the microstructures on the
obtained superdrophobic Al surfaces filled with air. For the
purpose of realising the lossless manipulation, the applied
pressure must be lower than the threshold pressure of water
droplets. Thus, this threshold pressure P, can be calculated as
[38, 39]

4y lcos 6|

P, D

(M

S

where ., is the surface tension of water, 0 is the CA of water droplet
on the obtained superhydrophobic Al surfaces, and Dj is the spacing
of the voids in the microstructures. Owing to the extremely low
value of the spacing of the voids in the microstructures
(Ds~ 5 um), the threshold pressure P; is very large [31]. In our
experiments, the values of y,, and 6 are 72.1 mN/m and 165°,
respectively. So, P,=55.7 kPa. The macro force analysis for a
captured droplet in a balance state (¥}, = G) is shown in Fig. 5a.
In addition, F, = (wD?*P/4) and G = P Vg where P is the
applied pressure, G is the gravity of water droplet, D is the
diameter of the superhydrophobic hole, V7, is the volume of water
droplet, p,, is the density of water droplet and g is the
acceleration due to gravity. So the applied pressure P can be
given as follows:

4p, Vg
P: W Wi
wD?

@

For a 5 uL water droplet, the values of py, Vy, D, and g are
103 kg/m®, 5pL, 0.5mm, and 10 N/kg, respectively. Then,
P=0.254 kPa. So, P < Py, which guaranteed the feasibility of loss-
less manipulation.
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Fig. 5 Operable volume range

a Macro force analysis for a captured water droplet

b Breaking droplet from the hole because of the elastic deformation

¢ Change of the diameter of hole D on the operable volume of the droplet
d Practical manipulation processes of water droplet with a volume of 10 pL
e Practical manipulation processes of water droplet with a volume of 11 pL

Micro & Nano Letters, 2018, Vol. 13, Iss. 7, pp. 896-901
doi: 10.1049/mnl.2017.0789

Since the transfer pipette can freely realise the manipulation of
water droplets via controlling the air pressure, the following work
is just to investigate the operable volume range of the captured
water droplet in an equilibrium. The minimum diameter of the
water droplets should be larger than the size of the hole D and
the minimum volume V,;, is (7rD3/6) which is similar with the
underwater manipulation, while the maximum volume of the
water droplets V.« just changes with the size of the hole D [30].
In the process of manipulating a water droplet with a large
volume, the droplet will break for the elastic deformation which
leads to a failed operation. So the droplet breaking mechanism
should be explained theoretically. As shown in Fig. 5b, the drag-
ging force is mainly provided by the vertical component of capillary
force F between pending droplet and the superhydrophobic hole
edge. The capillary force Fj is given by F, = mDv,,. By balancing
the gravity of the pending droplet and capillary force, the operable
maximum volume V., can be predicted as

D 0
Vo = 21020 G
%4

From (3), we can find that [zy,|cos 6|/(owg)] is constant, so the op-
erable maximum volume of the droplet (V},,,x) is in direct propor-
tion to the diameter of the hole (D)

V.

max ¢ D 4)
Thus, the operable volume of water droplets ranges from (zD>/6) to
[ZDyy|cos 6]/(pwg)], and the detailed range is (0.523D°, 21.73D).
For the hole of 0.5 mm, according to (4), the theoretical operable
maximum volume V., is about 10.86 pL. In our experiments
(Figs. 5d and e), the transfer pipette with the hole of 0.5 mm
could easily manipulate the water droplet of 10 pL, but could not
capture the 11 pL droplet, showing that the theoretical results
agree well with the experimental ones.

As a result of the detailed operable volume range, the change of
the diameter of hole (D) on the operable volume (Vi and Viay) is
shown in Fig. Sc. In order to manipulate a droplet with a certain
volume, what we need to do is just to choose a suitable diameter
of the hole. Moreover, there is a limiting volume of the water
droplet (Vjimir) regardless of D which can be calculated by
Vinin= Vmax» 80 is the corresponding limiting diameter of the hole
(Diimir)- Thus, they can be expressed as follows:

7 (67,|cos 6]\
Vnmnzg g
y

6v,,]cos 6]
Dy = "v;)ig
W

For the experimental water droplet, we can obtain the result,
D= 6.4 mm and Vjj,i = 140.4 uL. Then, the calculated detained
results are shown in Table 1. Obviously, there is a large-range
volume of water droplets for this manipulation process.

®)

Table 1 Basic parameters of water droplets used in the experiments

Parameters Water
Yw, MN/m 72.1
0, ° 165
Vinins UL 0.523D°
Vinax> LL 21.73D
Diirnir, mm 6.4
Viimit» LL 140.4
899
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Fig. 6 Reversible and repeatable manipulation of the water droplet using
the designed transfer pipette

3.4. Reversible and repeatable property of the manipulation
processes: The reversible and repeatable property of this
manipulating method was also observed by the designed transfer
pipette, as shown in Fig. 6. The transfer pipette could easily
capture one droplet, moving it from Position 1 to Position 2
followed by releasing it. Subsequently, the droplet was also
reversibly captured and transferred to the original Position 1 after
adjusting the position of the transfer pipette (since the released
droplet slightly rolled to another position), which demonstrated
the reversible and repeatable property of this manipulating
method. Moreover, the prepared transferring device offers us a
facile way to manipulate the water droplets precisely which can
be potentially utilised to save the reactants and mix microdroplets
with no loss.

4. Conclusion: In summary, STA was applied to modify
the electrochemical etched and boiling-water immersed Al
surfaces to obtain the superhydrophobicity. The prepared surfaces
were covered with micrometre-scale rectangular-shaped pits
and bosses, and nanometre-scale needle-like structures mainly
containing AIOOH and Al,O;, which showed a good
superhydrophobicity with a water CA of ~165° and RA of ~2°.
Based on this method, a superhdydrophobic hole on Al rod was
also fabricated to develop a new transfer-pipette equipped with an
optimised pressure-generation device, for the purpose of
losslessly manipulating water droplets with a large-range volume.
Since the applied driving force is far less than the threshold
pressure, the lossless manipulation of water droplets can be
logically operated. The results show that the operable minimum
volume and maximum volume of the certain water droplet are
both determined by the diameter of hole. Therefore, in order to
manipulate a water droplet with a certain volume, we just need to
choose a suitable diameter of hole. The operable limiting volume
of the droplet reaches to 140.4 pL showing a large-range operable
volume. This droplet manipulating method, which shows the
reversible and repeatable property, has potential prospects in the
field of the liquid transportation, transfer of precious reagents and
droplet micro-reactors.
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