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Rational design and shaping of soft smart materials offer potential applications that cannot be addressed
with rigid systems. In particular, electroresponsive elastic materials are well-suited for developing original
active devices, such as pumps and actuators. However, applying the electric stimulus requires usually
a physical connection between the active part and a power supply. Here we report about the design of
an electromechanical system based on conducting polymers, enabling the actuation of a wireless
microfluidic pump. Using the electric field-induced asymmetric polarization of miniaturized polypyrrole
tubes, it is possible to trigger simultaneously site-specific chemical reactions, leading to shrinking and
swelling in aqueous solution without any physical connection to a power source. The complementary
electrochemical reactions occurring at the opposite extremities of the tube result in a differential change

of its diameter. In turn, this electromechanical deformation allows inducing highly controlled fluid
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Accepted 15th Decermber 2020 dynamics. The performance of such a remotely triggered electrochemically active soft pump can be
fine-tuned by optimizing the wall thickness, length and inner diameter of the material. The efficient and
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Introduction

The concept of wireless stimuli responsive actuators is a prom-
ising alternative to avoid the complexity of hard-wired control
systems.'"® Actuators based on smart materials offer a huge range
of promising applications, from grippers to energy conversion,
drug delivery, microsurgery and other medical applications.*”*°
Out of this large variety of topics, one increasingly interesting
field of investigation is the use of chemistry-based actuators for
controlling fluid dynamics e.g. via valves and pumps made out of
stimuli responsive soft materials, analogous to natural
systems." ™ However, the majority of alternative pumping
concepts,** including those involving actuators using smart
materials,'® requires a physical connection to an external power
supply. This eventually limits their application potential, espe-
cially in the case of miniaturized systems. Recently, passive and
self-powered microfluidic pumping strategies have been devel-
oped based on various stimuli responsive materials, driven by
different energy sources. However, a precise control of flow rate
might be sometimes difficult.” " Autonomous intestine-like
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microfluidic devices, such as controlled drug release, artificial organs and bioinspired actuators.

motion of a tubular gel was obtained by converting chemical
energy into mechanical motion."” Light-driven self-regulated flow
control has been carried out with different kinds of soft pumps
made out of stimuli-responsive hydrogels***® or liquid crystal
polymers.*® Fluid flow has also been reported in carbon nano-
pipes via asymmetric polypyrrole (PPy) deposition at the two
extremities by using bipolar electrochemistry.” Last but not least,
soft pumping systems can be driven with the help of electric
fields. However, compared to other types of triggers, the devel-
opment of electro-driven soft pumps is still limited by the
essential requirement of an ohmic contact in order to plug the
active soft matter into a power supply.>*> Thus, a concept, which
might allow driving soft pumps with electricity, but without
requiring a physical connection, would greatly improve their
applicability and functionality.

Among all classes of soft materials, conducting polymers are
probably one of the most advanced examples of soft stimuli-
responsive smart matter, due to very versatile features that
allow their use as building blocks for the development of soft
machines and robots at the interface between biology and
engineering.”*** Recent potential applications of such polymers
are e.g. in microelectromechanical systems (MEMS),> for
biomimetic robotic functions***” as well as in microinjection
devices.' Until now, soft materials based on conducting poly-
mers have evolved as an interesting ingredient of pumps,
however, there is still a strong need for miniaturizable soft
pumping systems relying on conducting polymers, which can
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be triggered in a wireless mode in order to be integrated into
MEMS and microfluidic devices.

PPy is a landmark conducting polymer, which has been
already successfully used for actuation by transforming electric
energy into mechanical action and it has been widely explored for
various applications.”®*® For example, actuators with an inte-
grated biofuel cell, providing electric power by the oxidation of
glucose in the presence of oxygen, have been reported recently for
implantable or ingestible medical devices without any need of
batteries.*® Yang et al. demonstrated that microwave radiation
allows generating a DC electric field through a rectenna, leading
to the wireless actuation of a hybrid PPy device.* In most of these
systems, only one extremity of the polymer participates in the
actuation, while the other end needs to be connected to an
electric power supply. This might hamper the integration of such
actuators in microdevices. Stimulating simultaneously the
deformation of both extremities of the polymer would not only
improve the efficiency, but also increase the functionality of the
actuator. Wireless actuation of PPy has been recently reported for
generating crawling motion,**** as well as the basis for the elec-
tromechanical read-out of chemical and biochemical informa-
tion.**?** The key ingredient of this approach is a break of
symmetry, induced by bipolar electrochemistry. In this case, two
coupled electrochemical reactions occur simultaneously at the
two extremities of the polymer object. This typical feature of
bipolar electrochemistry has been previously also explored for
functional material synthesis,***® surface patterning,*** loco-
motion,*** sensing®**** and light emission.”””* In the present
contribution, we investigate for the first time the possibility of
using this versatile concept for the development of wireless
tubular electrochemical actuators based on an electric field
responsive conducting polymer i.e. PPy, leading to a microfluidic
pumping device with tunable features and performance.

Results and discussion

The crucial ingredient for all the experiments related to this
work is a tubular structure made out of conducting polymer. We
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adapted a template type synthesis approach to generate the
polymer in a homogeneous way around a metal wire, which
later can be removed either mechanically or by chemical
dissolution. PPy tubes were obtained by galvanostatic electro-
polymerization as shown in Scheme 1. The electrochemical cell
consists of a cylinder-shaped Pt counter electrode (C), an Ag/
AgCl reference electrode (R), and a copper wire as working
electrode (W). Dodecyl benzenesulfonate (DBS) anions are used
as supporting electrolyte in a solution containing pyrrole (Py)
monomer. During the synthesis of the polymer tube, the main
hurdle is the removal of the final polymer object from the
copper wire, which is used as a temporary template. To over-
come this technical issue, the copper wire surface is first coated
with silver paint as a lubricant, which facilitates the removal of
the polymer tube from the copper wire after the electro-
polymerization process. Once PPy is obtained in its tubular and
homogeneous form, as illustrated in the two insets of Scheme 1
(optical and SEM images), it is possible to investigate its prop-
erties for wireless electropumping. The pumping efficiency is
optimized by varying several parameters such as wall thickness,
inner diameter and tube length as described in the following
section.

The experimental set-up for bipolar electropumping with
a PPy tube is illustrated in Scheme 2. The polymer object acts as
a bipolar electrode when it is positioned on an insulating
support in the middle of the bipolar electrochemical cell. An
electric field is generated by the feeder electrodes, placed 4 cm
apart. The electric field induces a polarization of the polymer
tube with respect to the surrounding electrolyte solution,
generating 3" and 3~ poles. At the 3" extremity, electrochemical
overoxidation of PPy takes place, because the as-synthesized
polymer is already in a completely oxidized state after the
oxidative electropolymerization process. If this overoxidation is
strong enough and extends over a significant fraction of that
tube extremity, this part of the bipolar object will become non-
conductive, leading to a symmetry break which will allow
unidirectional pumping (vide infra). On the other hand, the
&~ end of the polymer undergoes electrochemical reduction.
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Scheme 1 Synthesis of tubular polypyrrole actuators. C: counter electrode, R: reference electrode and W: working electrode for electrochemical
polymerization of pyrrole (Py) to synthesize polypyrrole (PPy) doped with dodecyl benzenesulfonate (DBS) anions. The electron microscopy picture
shows the surface of the generated PPy tube. The optical image illustrates the final polymer tube after removal of the template wire.
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Scheme 2 Schematic illustration of the bipolar electrochemical cell
and the mechanism of wireless electropumping, with the associated
redox processes occurring at the left and right extremity of the poly-
mer tube (3* and &~ polarization respectively). The feeder electrodes
are graphite rods and the bipolar electrode is the polypyrrole tube. An
optical fibre is used for illumination to better visualize the internal
space of the tube with a stereo macroscope. The reaction scheme
illustrates the processes occurring at the two extremities of the tube
during the first polarization cycle when the potential difference is
sufficiently high and applied for a long enough time to induce over-
oxidation at the 3" end, and thus a symmetry break leading to unidi-
rectional pumping.

The dopant used during the electrosynthesis is DBS, which is
arather large molecule due to the presence of the long alkyl side
chain featuring twelve carbon atoms.

Thus, during the redox processes, involving the polymer,
charge neutrality is maintained by lithium cation
exchange.****** During the reduction of the polymer, the loss of
positive charges in the polymer is equilibrated by an uptake of
the positively charged lithium ions. This charge compensation
mechanism leads to local swelling (due to insertion of Li"), or
shrinking when the polymer is reoxidized (i.e. accompanied by
a release of Li"). In fine these local volume changes generate the
pumping effect.

The ion exchange at both ends occurs preferentially at the
outer tube surface due to its rougher morphology, and thus
higher active surface area, generated during the electro-
polymerization on the template wire. The internal surface is
much smoother, because it has been in contact with the wire
surface during the growth, analogous to what has been
observed in a previous study with flat layers of conducting
polymer.** This causes an anisotropic swelling at the 3~ end of
the polymer tube, accompanied by an increase of its inner
diameter. During over-oxidation at the opposite 3" extremity,
only a slight shrinking effect is observed. Inverting the polarity
of the feeder electrodes changes the polarization of the polymer
tube. This ‘Umpolung’ causes now a shrinking effect and
a decrease in inner diameter at the 3" extremity (which was the
3~ extremity in the previous cycle) accompanied by a swelling at
the 3~ extremity (which was the 3" extremity in the previous

© 2021 The Author(s). Published by the Royal Society of Chemistry
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cycle). Due to the over-oxidation during the first bipolar cycle,
the degree of swelling and shrinking is not identical at both
ends, and therefore the overall system behaves in an asym-
metric way, which is the key ingredient for an efficient uni-
directional pumping. In order to better observe and charac-
terize the dynamic behaviour of the PPy tube, the inside of the
tube was illuminated with an optical fiber during dynamic video
recordings. Various characteristics of the polymer tube, as well
as other experimental parameters such as solution composition
and magnitude of the applied electric field, will influence not
only the amplitude of swelling, but also the response time, and
thus the pumping efficiency. Since the 8~ extremity during the
first bipolar cycle remains electrochemically more active, its
behaviour is evaluated in terms of cross sectional area change
as a function of different physical parameters of the tube such
as length, wall thickness and inner diameter.

Effect of tube wall thickness

In order to investigate the effect of wall thickness, a series of PPy
tubes was prepared as shown in Fig. 1b-g. These tubes exhibit
an identical inner diameter of 1 mm, but different wall thick-
nesses of 45, 70 and 100 pum, corresponding to 30, 60 and
90 min of electropolymerization, respectively. At a fixed polari-
zation potential, a maximum swelling was observed at the
8~ extremity during the first cycle of bipolar polarization,
revealed by measuring the relative cross-sectional area change
of the polymer tube. The degree of swelling is the highest for
tubes with a thin wall and decreases with increasing wall
thickness for a given electric field value and polarization time (5
Vem ! for 5 s).

Furthermore, the polymer tube with the thinnest wall
(synthesized in 30 min) has the shortest response time for
complete swelling. The actuation depends on the charging of
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Fig. 1 Microscopic characterization and effect of wall thickness on
pumping efficiency. (a) Optical picture of an as-synthesized poly-
pyrrole tube with axial and cross-sectional (inset) views. Cross-section
of the tubes recorded by optical and scanning electron microscopy
(SEM) for (b and e) 45, (c and f) 75 and (d and g) 100 pm wall thickness,
respectively. (h) Actuation strain expressed as the relative change in
cross-sectional area (relative change of the number of pixels indicated
in percent) and response time vs. wall thickness. (i) 10 consecutive
actuation cycles for a tube with 45 pm wall thickness. Bipolar pumping
was achieved by applying an electric field of 5V cm™tin 0.5 M LiClOs,.
The tube length is 1.1 cm.
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the film accompanied by ion uptake or release.> A thick PPy
tube cannot get fully charged within such a short period of time
and at a low electric field. Therefore, the change in cross-
sectional area or swelling effect is less pronounced.” A tube
with thinner walls also needs less restoring force in comparison
with a thicker tube and thus has a significantly shorter response
time (Fig. 1h). Tubes with 45 um walls are mechanically robust
enough and were found to be more efficient in comparison with
thicker tubes in terms of degree of swelling and response time.
Thus, this type of tube has been chosen for further comparative
studies. Practically, a polymerization time shorter than 30 min
leads to tubes with insufficient mechanical strength to with-
stand actuation strain. Most interestingly, the tubes show
reversible actuation for multiple cycles (Fig. 1i) (ESI Video S17).

Effect of tube length

In bipolar electrochemistry experiments, a conducting object
gets polarized asymmetrically along its length when exposed to
the electric field. This is due to the ohmic drop in the solution
leading to a gradient of electrolyte potential.**** Therefore, the
length of the object affects the degree of polarization, and thus
also the rate of both electrochemical reactions occurring at its
extremities. The kinetics of these redox reactions inducing PPy
reduction and oxidation is highest at the extremities, and
decreases towards the center. Therefore, it is crucial to investi-
gate the impact of tube length on the cross-sectional area
change, which greatly affects the pumping efficiency. According
to the principles of bipolar electrochemistry, a longer con-
ducting object undergoes a more pronounced polarization and
thus develops higher driving forces at the extremities in
comparison to shorter objects exposed to the same electric field
and electrolyte medium. Consequently, longer tubes should
show higher swelling and shrinking effects than shorter tubes.
Here, we investigate tubes of different lengths (0.8, 1.1 and 1.5
cm), while keeping the inner diameter and the wall thickness
constant (1 mm and 45 pum, respectively). It was found that
longer tubes show a lower level of actuation than the shorter
ones, as illustrated in Fig. 2a. This effect of the tube length on
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Fig.2 (a) Relative maximum cross-sectional area change as a function

of tube length in 0.5 M LiClO,. (b—d) Optical images of tubes with
different length (1.5, 1.1 and 0.8 cm). The orange marks indicate the
electrochemically inactive part of the tube, whereas the green sections
actively participate in the redox processes. The electric field is in all
cases 5V cm™ 3% and 5~ indicate the polarization of the PPy tube at
the two extremities, red symbolizes the positive feeder electrode, blue
the negative one.
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the cross sectional area change during swelling and shrinking is
at first sight counter intuitive and not in agreement with the
classic rules of bipolar electrochemistry. However, this can be
explained by the fact that, despite their stronger polarization at
the extremities, long tubes have also a long electrochemically
inactive region (centre part of the tube) which represents
a passive section for the propagation of pressure inside the
tube, and therefore slows down the liquid flow (Fig. 2b).

In comparison, fluid pressure propagation is more efficient
in a short tube, due to an only short inactive region for a given
change in cross sectional area (Fig. 2c and d). However, short
tubes (0.8 cm) are mechanically unstable, showing cracks after
a few bipolar cycles. Even shorter tubes (below 0.8 cm) require
higher electric fields to achieve the same pumping efficiency.

Effect of the inner tube diameter

In order to benefit from the law of energy conservation related
to the Bernoulli principle,* tubes of identical wall thickness,
but with variable inner diameters (600, 1000 and 1400 um) were
synthesized by using different template wires. During bipolar
pumping, tubes with a smaller inner diameter undergo a more
pronounced change in cross-sectional area compared to those
with a bigger diameter as shown in Fig. 3. Therefore, better
pumping efficiency is in principle expected for smaller diame-
ters. Tubes with small inner diameters generate a larger force
and thus a higher fluid velocity. However, too narrow tubes (600
pum) may show twisting in shape during bipolar pumping due to
their larger aspect ratio. After optimizing the different param-
eters in terms of maximization of cross-sectional area change,
a prototype of a bipolar pump was tested by optical visualization
of dye release when imposing an alternating electric field. A
tube with 45 um wall thickness, 1.1 cm length and 1 mm inner
diameter has been selected for these proof-of-principle pump-
ing experiments.

Dye release as proof-of-principle for pumping

As solvent capture and release is well known to be an effect of
applied potential and surface modification in the case of

a)

3] \
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Inner tube diameter/ym
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Fig.3 (a) Relative maximum cross-sectional area change as a function
of the inner tube diameter in 0.5 M LiClO,4. SEM images of tubes with
different inner diameters (b) 600 um (c) 1000 um and (d) 1400 pm.
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PPy,>>*¢ we tried to use the optimized tube structure for setting-
up a prototype pumping device with an easy read-out of the
hydrodynamic effects. For the dye release experiments, uni- and
bi-directional dye pumping can be selectively induced on
purpose, depending on the degree of asymmetry between the
two tube extremities in terms of reversibility of the associated
electrochemical reactions. Brilliant blue (E133) has been
selected as a dye, because it has a rather low electrophoretic
mobility and therefore the applied electric field does not
generate a significant electrostatic migration. The dye is mixed
with agarose gel, in order to slow down or prevent spontaneous
release by diffusion, and then filled inside the tube. Applying an
alternating electric field between the feeder electrodes leads to
a release of the dye from the tube. Most interestingly, the dye
release can be controlled to occur either in a symmetric/bi-
directional or asymmetric/uni-directional manner. For
symmetric dye release, the tube needs to be symmetric in terms
of the reversibility of the electrochemical reactions occurring at
both extremities. In contrast, uni-directional dye release can be
achieved when the reversibility of the electrochemical reactions
is not the same at both extremities. Since the as-synthesized
polymer tube is initially in a fully oxidized state due to the
oxidative polymerization mechanism, the level of asymmetry
can be adjusted by tuning the polarization time and electric
field during the very first cycle. Rapidly switching the polarity (5
s) of the feeder electrodes during the first polarization cycle at 5

Fig. 4 Proof-of-principle for pumping with dye release. Wireless
electropumping of Brilliant blue (E133) dye in 0.5 M LiClO4. Red:
positive feeder electrode; blue: negative feeder electrode; gray: no
potential is applied at the feeder electrodes. The tube lengthis 1.1 cm.
(A) Bi-directional pumping (a) before and (b—f) during successive bi-
directional bipolar pumping cycles, (b) 15 (c) 2" (d) 3™ (e) 4" and (f) 5"
cycle with an electric field of 5V cm™. (B) Uni-directional pumping (a)
before and (b—f) during successive uni-directional bipolar pumping
cycles (b) 15 (c) 4™ (d) 8" (e) 12" and (f) 16™ cycle with an electric field
of 6 V.cm™. The white patch symbolizes the over-oxidized part of the
tube.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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V em ™, allows both extremities to undergo equivalent electro-
chemical transformations during subsequent cycles. This leads
to an almost identical dye release from both tube ends, as
shown in Fig. 4A(b-f) (ESI Video S27).

For asymmetric or uni-directional release, the tube
symmetry needs to be broken in terms of reversibility of the
electrochemical reactions occurring at the two extremities. In
order to break the symmetry, the first polarization cycle has to
last for 25 s at a higher electric field of 6 V ecm ™. This condition
induces a higher degree of asymmetry due to irreversible over-
oxidation of one end of the tube. As a consequence, a certain
fraction of the positively polarized tube end is getting over-
oxidized (white patch in Fig. 4B) and therefore is not able to
further participate in the redox chemistry of the polymer in
subsequent cycles. This causes a stronger pumping effect,
resulting in uni-directional dye release as shown in Fig. 4B(bf)
(ESI Video S3t). The pumping pressure in the case of the uni-
directional dye release is stronger compared to the bi-
directional release experiment, which eventually even allows
pushing the agarose gel out of the tube (Fig. 4B(f)).

Expulsion of a glass sphere

After validating the uni-directional pumping of a dye, it might
be of interest for some applications to further increase the
pumping pressure in order to complete tasks for which stronger
forces are necessary. The expulsion of a glass sphere, deliber-
ately positioned at one outlet of the tube, was chosen for this

Fig.5 Expulsion of a glass sphere. Bipolar wireless pumping allows the
expulsion of a glass sphere that is located inside one extremity of the
tube. Experiment performed in 0.5 M LiClO4. The electric field is 10
\ cm‘l, the tube length is 1.1 cm, with a wall thickness of 45 pm and an
inner diameter of 1000 um. (a) Before applying the electric field (b) 1%
cycle of polarization and (b—e) video frames showing the position of
the glass sphere during the 12 polarization cycles. The white patch
indicates the over-oxidized region of the tube. The glass sphere has
been artificially colored in order to enhance the contrast and ensure
a better visibility.
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purpose. In the previous experiments, electric field values of 5
and 6 V cm™ " were used. In order to further enhance the
pumping pressure, we increased it to 10 V em™ ", which is the
upper limit of electric field. Above this value, the polymer
becomes unstable and water electrolysis might occur at the two
extremities. However, such a polarization is strong enough to
develop forces and pressures even allowing the expulsion of
a glass sphere located at the entrance of the tube, as an ultimate
illustration of the efficiency of directional pumping. As shown
in Fig. 5a-e (ESI Video S47), after 6 polarization cycles, a suffi-
cient force is generated by the tube to eject a rather heavy glass
sphere.

Conclusion and outlook

In summary, this study describes the first set of proof-of-
principle experiments, demonstrating that bipolar electro-
chemistry allows pumping in a tubular conducting polymer
with an electric field stimulus in a straightforward and efficient
way. Such wireless chemical pumping devices based on soft
stimuli-responsive materials are free of several drawbacks that
exist in conventional rigid pumping systems, which often
require complex tools and maintenance, and, most importantly,
a physical connection to a power supply. As a consequence, the
concept might open up very interesting perspectives for
example in the frame of a biomimetic development of polymer-
based pumps for implementation in more complex fluid
handling circuits. Further miniaturization might be easily
achieved by using template wires with smaller diameters, which
could be etched away chemically after the -electro-
polymerization, instead of the mechanical removal used in the
present work. Finally, we anticipate the possibility to design
a new generation of conducting polymer based soft machines,
performing in a wireless way sophisticated robotic tasks such as
grasping, squeezing and stretching, which would not be
possible with classic wired active elements.
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