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Recapillarity: Electrochemically Controlled Capillary
Withdrawal of a Liquid Metal Alloy from Microchannels

Mohammad R. Khan, Chris Trlica, and Michael D. Dickey*

This paper describes the mechanistic details of an electrochemical method

to control the withdrawal of a liquid metal alloy, eutectic gallium indium
(EGaln), from microfluidic channels. EGaln is one of several alloys of gallium
that are liquid at room temperature and form a thin (nm scale) surface oxide
that stabilizes the shape of the metal in microchannels. Applying a reductive
potential to the metal removes the oxide in the presence of electrolyte and
induces capillary behavior; we call this behavior “recapillarity” because of
the importance of electrochemical reduction to the process. Recapillarity can
repeatably toggle on and off capillary behavior by applying voltage, which is
useful for controlling the withdrawal of metal from microchannels. This paper
explores the mechanism of withdrawal and identifies the applied current as
the key factor dictating the withdrawal velocity. Experimental observations
suggest that this current may be necessary to reduce the oxide on the leading
interface of the metal as well as the oxide sandwiched between the wall

even at ppm O, levels.**?’] Though this
oxide has historically been considered a
nuisance,?>%’] it provides unique opportu-
nities to control the shape of the metal .l
This oxide “skin” envelopes the liquid and
provides mechanical stability that allows
EGaln to be molded into non-equilibrium
shapes that would usually be disallowed
by surface tension.[?>3% The skin has been
harnessed to print the metal in 3-DBY
and 2-DBY and to form stretchable inter-
connects,?? wires,33 antennas,!'*?% sen-
sors,?*3] and plasmonic structures®°
fabricated by injecting the metal into
microchannels.

Because EGaln is a liquid, its shape and
position can be controlled by inducing it

of the microchannel and the bulk liquid metal. The ability to control the
shape and position of a metal using an applied voltage may prove useful for
shape reconfigurable electronics, optics, transient circuits, and microfluidic

components.

1. Introduction

The ability to accurately manipulate liquids on the sub-mm
length scale is important for many applications including
MEMS devices (e.g., sensors, actuators, and RF electronics),
micro-total analysis systems, micropumps for mixing and
analyses of fluids, reconfigurable electronics (antennas, inter-
connects, relays), and optics.'"1* Metals are particularly desir-
able for such applications because of their optical, thermal,
and electrical properties. One material that holds promise for
these applications is eutectic gallium indium (EGaln), one of
several alloys of gallium that are liquid metals at room tem-
perature.'*1°] EGaln has a melting point of 15.7 °Cl'% and a
liquid phase viscosity approximately twice that of water.'718] It
has metallic conductivity™>”l and low toxicity,?”l making it an
attractive alternative to mercury for many applications.>?1-23]
EGaln spontaneously forms a thin and passivating surface
oxide layer at room temperature in the presence of oxygen,
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to flow. Injecting the metal into a micro-
channel is straightforward by using pres-
sure differentials. This injection technique
has been used to create shape-reconfig-
urable antennas and filters composed of
alloys of gallium that change length in
response to pressure.373

Inducing the metal to flow out of a microchannel, however,
is more challenging. The presence of the oxide skin can cause
the metal to leave residue on the channel walls (Figure 1a), like
wet paint flowing through a tube.% It is possible to use Teflon-
like surfaces or roughened surfaces***3 to reduce the adhesion
of the metal oxide, but these approaches limit the materials
of construction and increase the complexity of fabrication. It
is also possible to use acid or base to remove the oxide skin,
but this approach lacks external control and involves the use of
possibly hazardous or corrosive materials.** For these reasons,
most studies involving the actuation of liquid metals in micro-
channels focus on Hg despite its toxicity.*>—#’]

The Pourbaix diagram predicts that reductive electrochem-
ical potentials can remove the oxide skin on gallium.*8 Without
the stabilizing presence of the skin, the metal undergoes cap-
illary action to minimize its surface energy. Figure 1b (and
Supporting Information Movie S1) illustrates this concept: A
puddle of the metal beads up in response to a reductive poten-
tial. Although an applied bias likely lowers the interfacial ten-
sion of the metal (relative to bare metal) via electrocapillarity,*!
the tension is still large enough to induce capillary phenomena.
This phenomenon can be exploited to induce withdrawal of the
metal in microchannels (Figure 1c and Supporting Information
Movie S2) by capillary action toward a reservoir where the metal
may lower its interfacial energy by adopting a larger radius of
curvature.’® Tmportantly, in the absence of applied potential,
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Figure 1. a) Photograph of metal residue on the sidewalls of polydimethylsiloxane (PDMS) microchannels after attempting to withdraw EGaln using
pneumatics. b) The oxide skin stabilizes the shape of a puddle of metal submerged in electrolyte. Application of a reductive potential to the metal
removes the oxide and the high surface tension of the metal causes it to bead up. c) An example of reduction-driven liquid metal withdrawal in a PDMS
microchannel. The EGaln cathode connects electrically to a counter electrode by a dilute salt solution (10 mm NaF). A reductive potential (1 V) applied
to the liquid metal causes it to withdraw from the microchannel toward a reservoir, leaving the capillary filled with electrolyte. d) A characteristic plot
of the velocity of liquid metal withdrawal over time. (Both scale bars are 5 mm).

the skin rapidly reforms, allowing capillary flow to be stopped
on demand. Controlling interfacial phenomena represents an
attractive way to manipulate fluids since capillary forces domi-
nate on the sub-mm length scale.’">? Furthermore, the use of
applied voltage is an ideal way to manipulate fluids because it
is highly controllable, easily accessible, and does not require
bulky or moving parts.[>3->¢

We call the technique “recapillarity” because it uses reduc-
tion to induce capillarity. The term also refers to the ability to
repeatedly turn on and off the capillary behavior. Recapillarity
is an attractive alternative to conventional electrohydrodynamic
approaches for manipulating fluids (e.g., electroosmosis, elec-
trowetting),l’”! which are difficult to implement with EGaln for
a number of reasons including the large yield stress of the oxide
skin.'"¥) In contrast, recapillarity takes advantage of the skin by
removing it on demand. Here, we describe the velocity of the
withdrawal of EGaln from microchannels induced by recapil-
larity, characterize the role various experimental parameters
play on the withdrawal, and propose a mechanism to explain
the withdrawal. The proposed mechanism implies that oxide is
present between the metal and the walls of the channel, which
is otherwise a difficult interface to probe.

2. Results and Discussion

To study withdrawal induced by recapillarity, we used an inert
acrylic platform with two reservoirs for holding liquid, bridged
by a glass capillary (depicted in Supporting Information,
Figure S1). Electrodes connected the fluid in each reservoir

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

to a voltage source (Pine WaveNow AFTP1 potentiostat). An
electrolyte (10 mm NaF) filled one reservoir and EGaln filled
the other. Capillaries pre-filled with liquid metal spanned the
apparatus horizontally such that each end remained immersed
in a reservoir, completing the circuit. Straight borosilicate cap-
illaries (0.9 + 0.1 mm inner diameter, 70 mm long) are well-
suited for these experiments because they are inexpensive,
optically transparent, and oxygen impermeable. They also have
round cross-sections and thus lack sharp corners that could
create void space.

Upon applying a reductive potential, the liquid metal with-
draws from microchannels at a velocity that decays over time,
as shown in Figure 1d. Regardless of the absolute velocity,
withdrawal velocities start high and then decay. This holds
for all of the constant-voltage experimental conditions we
explored, including a range of salt concentrations (1 pm to 3 m),
applied voltages (100 mV to 4 V), and capillary tube diameters
(0.25 mm to 1 mm inner diameter). We sought to understand
the behavior of this system by studying the parameters that
could impact the rate of withdrawal.

Unless otherwise noted, 10 mM NaF was used as the elec-
trolyte (though all the electrolytes we tried produced similar
results). More concentrated electrolytes result in withdrawal
velocities that are too fast to observe easily; remarkably, 1 M NaF
at 1 V causes the metal to withdraw at a maximum velocity of
~10-30 cm/s (Supporting Information, Figure S2). Supporting
Information Movie S3 demonstrates a fast withdrawal using
0.1 M NaF and Movie S4 demonstrates a comparatively slower
withdrawal using 10 mm NaF for otherwise identical experi-
mental conditions.

Adv. Funct. Mater. 2015, 25, 671-678
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Figure 2. Effect of a,b) meniscus shape and c,d) shape of the metal in the reservoir on withdrawal velocity. a) Top down photographs (iiii) of liquid
metal menisci. At the beginning of the experiment, i) a hemispherical meniscus ii) flattens out during recapillarity, and then iii) returns to an equilib-
rium hemispherical shape in the absence of voltage. b) Plot of velocity versus time to test the effect of meniscus shape. After 10 s, withdrawal stops
when the applied voltage is zero. Ten seconds later, after the meniscus has re-equilibrated, withdrawal continues by re-application of the voltage with
no appreciable change in velocity (at t =22 s). c) Side view of two end reservoirs over time including one in the shape of i) a small bead and ii) a large
hemisphere. d) Plot of the velocity with metal reservoirs of different shape and size, showing that geometry of the metal does not have a significant

effect on metal withdrawal.

There are a number of possible factors contributing to the
decay in the withdrawal velocity. Since capillary forces are often
important on the sub-mm length scale, we examined potential
interfacial factors in addition to electrochemical factors. We
examined: 1) the shape of the liquid metal meniscus as the
metal retreats from the channel; 2) the size and shape of the
metal in the reservoir; 3) possible ion gradients at the EGaln/
electrolyte interface; 4) effects of physical channel geometry
such as length; and 5) electrical path length. After systemati-
cally studying each of these parameters, we show that the only
variables significantly influencing withdrawal velocity are those
affecting the applied current.

2.1. Meniscus Shape

At rest, the metal plug in the capillary adopts a hemi-
spherical meniscus at the electrolyte interface, as shown in
Figure 2a,i. However, during withdrawal, the meniscus flat-
tens (cf., Figure 2a,i). We hypothesized that this change in
the meniscus shape lowers the withdrawal velocity relative to
a curved meniscus since a flat meniscus would have a lower
capillary pressure and therefore a smaller driving force for
withdrawal. To test this hypothesis, we used recapillarity to
withdraw the liquid metal halfway along the length of the glass
capillary. In the absence of potential, the metal stops moving
and the meniscus equilibrates to a round shape within =100
ps (Figure 2a,iii). The round shape of the meniscus at equilib-
rium is similar to its shape prior to starting the experiment.
Applying a reductive potential again (at 21 s in Figure 2D)
causes the metal to begin withdrawing again, continuing at a
similar velocity as before the voltage ceased. Since the velocity

Adv. Funct. Mater. 2015, 25, 671-678

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

did not increase after allowing the meniscus to re-equilibrate,
we rejected this hypothesis. We will later show that the shape of
the meniscus is a consequence of the withdrawal mechanism.

2.2. Shape of the Metal Reservoir

As the metal flows out of the capillary into the reservoir, the
reservoir increases in volume. We speculated that the capillary
pressure at the receiving reservoir might affect the withdrawal
velocity, although in principle, the pressure opposing recapil-
larity should decrease as the reservoir inflates with more metal
and therefore allow the withdrawal velocity to increase with
time. We varied the amount of metal at the reservoir to change
its shape from a small bead (i.e., bead diameter approximately
equal to tube diameter) to a much larger drop (i.e., diameter
two or more times larger than the tube diameter), as shown
in Figure 2c. The withdrawal velocities were nearly identical
in both cases (Figure 2d), suggesting that withdrawal veloci-
ties are independent of reservoir size and shape for the range
of length scales explored in the experiments described in this
paper. Later we show that electrochemical processes dictate the
velocity of withdrawal.

2.3. lon Gradients

Because electrochemical reactions drive the withdrawal pro-
cess, we hypothesized that local changes in the concentration
of ion species (e.g., Ga*}, OH~, H*, Na*, F") near the liquid
metal interface may affect the withdrawal. After withdrawing
the metal partially, we turned off the applied voltage. We waited
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for =10-20 s to let the meniscus recover its shape, that is, a flat
meniscus returns back to hemispherical shape (cf., Figure 2a,i).
Then we refreshed the electrolyte/metal oxide interface by
inserting a syringe needle (Supporting Information, Figure S3a)
into the capillary tube and gently flushing the interface with
fresh electrolyte. Figure S3b shows that after re-initiating with-
drawal, there is no increase in velocity, suggesting that ion gra-
dients do not significantly affect the withdrawal velocity.

2.4. Liquid Displacement

As metal withdraws from the capillary it simultaneously pulls
electrolyte into the capillary. The viscosity of the electrolyte
is lower than that of the metal, so it should not reduce the
speed of withdrawal. Our results suggest a more dominant
effect is the change in electrical resistance along the long axis
of the tube. Electrolyte replaces the metal as it withdraws,
lengthening the electrical path between the two electrodes. We
therefore hypothesized that the increasing electrical distance
between the liquid metal surface and the counter-electrode
causes the decay in velocity. To test this hypothesis, we with-
drew the metal halfway out of the capillary and then turned off
the voltage. Inserting the counter-electrode into the capillary
(Supporting Information, Figure S4) returned the electrode-
electrode distance to a value similar to that at the beginning
of the experiment. After re-initiating withdrawal by applica-
tion of potential, the velocity began high and subsequently
decayed, mimicking the decay observed during the first por-
tion of the experiment, as seen in Figure 3a. This result sup-
ports the hypothesis that the electrical length causes the decay
of the withdrawal velocity. As a complementary experiment,
we reversed the direction of flow by using a syringe pump to
physically force metal into an electrolyte-filled capillary while
measuring the amperometric behavior. In principle, as the
electrolyte gets displaced by metal, the electrical resistance
should decrease through the capillary. Consistent with our
hypothesis, the current increases as EGaln displaces the solu-
tion (Supporting Information, Figure S5). Likewise, physically
obstructing the withdrawal during recapillarity results in con-
stant current.

Given these results, we sought a mechanism to relate cur-
rent to velocity. As the metal withdraws, the electrical length
between the two electrodes increases and current decreases.
The current decreases proportional to velocity, as shown in
Figure 3a. Figure 3b shows that current scales inversely with
length (i.e., the length of the electrolyte in the capillary), as
expected for a system following Ohm's law. Figure 3c shows
that it is possible to attain constant withdrawal velocity by
applying a constant current (=20 pA). These results illustrate
the importance of current, but they do not explain why current
is necessary.

2.5. Electro-osmotic Effects
First, electro-osmotic flow is a sensible consideration for fluid

motion in a system driven by current. For several reasons,
we reject electroosmosis as a primary driving force in this

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Effect of electrical length on the liquid metal withdrawal.
a) After withdrawing the metal for 10 s but before starting the second
withdrawal, a copper wire (anode) inserted into the capillary shortens the
electrical distance between the anode and the metal interface. We do not
show the time spent inserting the electrode on the time axis. Restarting
the withdrawal by application of a reductive potential (t =13 s) to the
liquid metal causes the velocity and current to mimic both the starting
magnitude and decay profile of the initial withdrawal. b) Plot of measured
current versus inverse length of partially withdrawn metal yields a nearly
linear relationship; linear best fit R? = 0.97. c) A recapillarity experiment
performed at constant current rather than constant voltage results in a
nearly constant withdrawal velocity.

system. Appreciable electro-osmotic flow in DC systems usu-
ally requires high electric field strength; the electric field in
this system is quite weak (=0.014 V/mm) and increasing field
strength does not proportionally increase flow velocity. The
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maximum electro-osmotic flow rates dem-
onstrated in the literature are on the order
of mm/s,!l whereas we observe velocities of
tens of cm/s. Finally, electro-osmotic mobility
declines with increasing electrolyte concen-
tration and we observe greatly increased flow
velocities at higher electrolyte concentrations
(cf. Supporting Information Figure S2).

Capillary
Preparation

Metal
Injected

2.6. Electrochemical Effects and Meniscus
Analysis

The dependence of withdrawal velocity
on current is intuitive in the sense that
the electrochemical reduction of the oxide
necessitates current (i.e., Faradaic processes
must occur), but it is less obvious why
current must be applied throughout the
withdrawal. We initially expected that the
current would remove the hemispherical
oxide “cap” that separates the metal and the
solution, but in that case, the withdrawal
should be approximately constant after
an initial transient and show a depend-
ence on the radii of curvature of both the
meniscus and the reservoir. The need for
continual current suggests that oxide must
be removed continually.

The shape of the meniscus and velocity
during the withdrawal provides some insight
into the withdrawal mechanism. The four
columns in Figure 4 represent different
approaches for inducing withdrawal. All of
the experiments begin with an empty capil-
lary (Figure 4a—c) except those depicted in
Figure 4d, which begin with a capillary pre-
filled with 1 m HCL. After injecting the metal
into these capillaries, the metal assumes a hemispherical pro-
file at rest (cf. Figure 2a,i). An oxide layer coats the hemispher-
ical cap due to its contact with air. We also depict an oxide layer
separating the metal from the capillary walls to help explain our
interpretation of the withdrawal mechanism. Due to the pres-
ence of the oxide, the metal does not withdraw spontaneously
from the capillaries. In contrast, Figure 4d shows that the pres-
ence of acid during injection keeps the metal oxide-free and
the metal withdraws spontaneously (Supporting Information
Movie S5) and rapidly (=30-40 cm/s) with a rounded meniscus
the entire time.

Figure 4a shows the shape of the meniscus during recapil-
larity (Supporting Information Movie S4). The metal-electrolyte
interface flattens (i.e., large radius of curvature), which is unex-
pected based on the large surface tension of the bare metal.
We refer to the shape of the meniscus as flat but note that the
opaque nature of the metal makes it difficult to determine the
exact shape.

In a seperate experiment, we blocked the outlet of the capil-
lary to hinder the withdrawal (Figure 4b and Supporting Infor-
mation Movie S6). The small pressure from injecting water

Withdrawal

Withdrawal —
t>>0
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Figure 4. The shape of the meniscus during withdrawal provides mechanistic insight into
recapillarity. The four columns correspond to four unique experiments. In columns )a—c)
metal is injected right-to-left into an empty capillary tube, followed by addition of electrolyte.
In column (d), the metal is injected into a capillary prefilled with 1 M HC. In all cases, the
meniscus is hemispherical after injection. a) The meniscus is nearly flat during recapillarity
(withdrawing left to right). b) The capillary is physically blocked to keep the metal from with-
drawing. Application of a reductive potential removes the oxide on the cap of the meniscus,
and it begins to become round as the oxide is etched away from the wall. ¢) The meniscus is
also flat when withdrawal is induced by adding acid to the end of a capillary prefilled with metal
(no voltage). d) The meniscus is round when the metal withdraws spontaneously (no voltage)
from a capillary prefilled with acid.

via a syringe needle into the capillary causes the oxide-coated
meniscus to artificially flatten prior to applying potential.
This flattened meniscus is apparent at the onset of Movie S6.
Upon application of a reductive potential, the metal does not
withdraw because it is physically obstructed. The shape of the
meniscus, however, slowly becomes more round, as shown in
Figure 4b, which suggests the metal slowly pulls away from the
wall over time and that reduction of oxide along the wall may
be occurring.

We also observed a flat meniscus while inducing the
withdrawal by the addition of 10 mwm acid after pre-filling
an empty capillary with metal, as shown in Figure 4c (Sup-
porting Movie S7). The acid causes the metal to withdraw
in the absence of potential. If the oxide coated only the
meniscus of the metal, then removing it via acid should
cause rapid withdrawal. Instead, the withdrawal velocity is
relatively slow (=3-4 mm/min) compared to that obtained
with a channel pre-filled with acid. The similarity of the
shape of the menisci in Figure 4a,c suggests that electrocap-
illarity is not a primary cause of the shape of the meniscus
observed during recapillarity.[*’]
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These results, taken in sum, suggest that 1) there is oxide
between the walls of the capillary and the metal, 2) upon
removal of the oxide on the meniscus, the resulting bare metal
wets the remaining oxide on the walls to create a non-hemi-
spherical meniscus, and 3) the reduction of the oxide on the
walls limits the rate of withdrawal and may explain why the
withdrawal velocity correlates only with applied current.

If there is an oxide between the metal and the walls of the
capillary, then it likely forms during injection since the capillary
walls are impermeable to oxygen. We speculate that the oxide
layer on the leading meniscus of the metal adheres to the walls
during injection and a new oxide reforms rapidly and repeat-
edly shears off as the metal fills the channel.

We performed an additional experiment to test for con-
sistency of the presence of oxide between the metal and the
walls of the channel. If this oxide layer exists, the withdrawal
velocity during recapillarity should scale with radius rather
than cross-sectional area of the capillary (for a given current)
since the oxide surrounds the circumference of the metal
plug. Using the conditions found in Figure 3¢, we compared
the withdrawal velocity at constant current (20 pA) for capil-
laries with small (260 pm) and large (1 mm) inner diameters,
and found average withdrawal velocities of 3.8 mm/s and
2 mm/s, respectively, over a withdrawal distance of 4 cm. The
ratio of withdrawal velocity (1:2) is much closer to scaling with
perimeter (1:4) rather than cross sectional area (1:16). There
are complications that come with such comparisons, however.
First, a decrease in capillary diameter corresponds not only to
a decrease in the circumferential length of the oxide but also
to changes in viscous drag. Second, applying a constant cur-
rent can also cause a fluctuation in voltage, which can lead
to electrochemical reactions other than reduction of the oxide
that contribute to the current but do not influence the velocity.
We are currently working to understand these subtleties.

www.MatenaIsVnews.com

2.7. Demonstration

It is possible to use recapillarity to withdraw the metal along
arbitrary paths by maintaining an electrically connected
pathway. We created a complex metal shape to illustrate the
ability to induce withdrawal of the metal along specific paths
on demand. For example, Figure 5a—d shows that by arbitrarily
switching the position of the electrodes, the directionality
of withdrawal can be controlled to reconfigure the shape of
the liquid metal. This concept can also be applied to a much
more complicated microfluidic network of liquid metal micro-
structures as shown in Figure 5e,f (Supporting Information
Movie S8). The results of Figure 5f suggest that recapillarity
enables fluids to “solve” complex mazes by withdrawing along
the shortest electrical path.

3. Conclusion

We demonstrate a simple approach to turn on and off capil-
lary behavior of a liquid metal in microchannels, exploiting
the reduction of a thin gallium oxide layer that forms sponta-
neously on EGaln. Flow can be stopped or started arbitrarily
using low voltages (=1 V), withdrawal speed can be controllably
varied up to 30 cm/s, and the metal can withdraw selectively
along complex paths with minimal disturbance to neighboring
metal traces. Current-limiting effects, such as electrolyte con-
centration and electrical path length, are the most important
factors governing the rate of withdrawal of the liquid metal.
We speculate that this withdrawal requires current because
of the need to continually reduce the thin oxide layer. The
results suggest further that in addition to forming a cap on the
meniscus of the metal, an oxide layer likely exists sandwiched
between the bulk liquid metal and the sidewall of the capillary,

Figure 5. Two demonstrations of shape-reconfigurability of liquid metal microstructures by recapillarity. a) A microfluidic channel of arbitrary shape is
filled with liquid metal that is mechanically stabilized by its oxide skin. 10 mm NaF is added as working electrolyte and copper electrodes are attached to
the inlet and outlet. b) Applying =40 pA reductive current induces withdrawal. ¢,d) Switching the position of the active electrode controls the withdrawal
path. The withdrawal can be halted at any time by turning off the voltage. Only the metal in the electrical path withdraws when the voltage is turned
on. e,f) Withdrawal of liquid metal from a maze-shaped array of microchannels. The dotted line as shown in (e) is the only electrically connected path
through which the metal can be withdrawn. f) Application of 40 pA induces withdrawal. Only the metal along the electrical path flows out of the device.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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which may further explain why current is needed throughout
the withdrawal process and why the meniscus flattens during
withdrawal.

Recapillarity has several limitations. First, it requires electro-
lyte. Second, high withdrawal velocities require large applied
currents, but large currents in dilute electrolytes may necessi-
tate voltages exceeding the electrolysis voltage of water. Bubbles
can disrupt the electrical circuit required to induce withdrawal
of the metal; although this was not a serious issue for the con-
ditions used in this paper, it could pose problems for some
applications. Finally, recapillarity induces capillary behavior,
which implies that the metal will only flow in directions that
lower the total interfacial energy.

Nevertheless, the ability to electrically control the position
and velocity—and therefore the shape—of a liquid metal in
microchannels is a promising development in the realization
of a number of novel applications such as reconfigurable wires,
antennas, sensors, actuators, soft robots, meta-materials, plas-
monics, transient circuits, and micro pumps.

4. Experimental Section

An HD camcorder (Canon VIXIA HF S20) mounted on a microscope
(Olympus SZ-61) recorded the withdrawal. When needed, a high speed
camera replaced the camcorder to capture higher frames per second.
The withdrawal velocity data were extracted by analyzing the position of
the metal in each video.
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