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Tunable Wetting Mechanism of Polypyrrole Surfaces and Low-Voltage

Droplet Manipulation via Redox
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Department of Mechanical Engineering, Stevens Institute of Technology, Hoboken, New Jersey 07030, United States

ABSTRACT: This paper presents the experimental results and
analyses on a controlled manipulation of liquid droplets upon
local reduction and oxidation (redox) of a smart polymer—
dodecylbenzenesulfonate doped polypyrrole (PPy(DBS)). The
electrochemically tunable wetting property of PPy(DBS) per-
mitted liquid droplet manipulation at very low voltages (—0.9 to
0.6 V). A dichloromethane (DCM) droplet was flattened upon
PPy(DBS) reduction. It was found that the surface tension
gradient across the droplet contact line induced Marangoni
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stress, which caused this deformation. Further observation of PPy(DBS)’s color change upon the redox process confirmed that the
surface tension gradient was the driving force for the droplet shape change.

B INTRODUCTION

Digital microfluidic systems have been developed in the past
decade to generate and manipulate discrete droplets for biome-
dical applications." By manipulating liquid at the droplet scale,
these systems can handle samples and reagents with lower cost
and shorter time for analysis using smaller devices.” * At the
microscale, droplet behavior is dominated by surface forces (e.g.,
surface tension or Laplace pressure) rather than bodsy forces (e.g,
gravity) due to high surface area-to-volume ratios.”® For exam-
ple, droplet manipulation has been used to generate net electro-
mechanical force using the electrowetting effect on individually
controlled electrodes.” However, such an electrostatic actuation
scheme typically requires relatively high voltage (15—80 V) to
manipulate liquid droplets.*'* Such high-voltage requirements
have been major obstacles for clinical applications that demand
portability and rapid diagnosis, where lower voltages are desir-
able for efficiency (e.g, using 1.5 V AA standard batteries). In
addition, the high electric fields used for electrowetting effect
could cause electrolysis on the working fluid in lab-on-a-chip
applications.">"® While considerable efforts have been devoted
to lowering the driving voltages required for electrowetting effect
by using high-« dielectric materials and ITO, it is still in the range
of tens of volts."” ' As a direct alternative to the electrowetting
mechanism, the surface energy of a polymer can be manipulated
upon reduction and oxidization (redox) reactions at relatively
low voltages (lower than 1 V).*°7>* A typical conjugated
polymer experiences a change in its mechanical and electrical
properties when “switched” (i.e, when undergoing a redox
reaction), where the contact angle of a sessile droplet on the
polymer surface depends on the applied oxidative
potentials.”* %’ For example, dodecylbenzenesulfonate doped
polypyrrole (PPy(DBS)) possesses maximum change of water
contact angle between its reduced and oxidized states (e.g,, 70—
115°).>** However, such investigation of tunable wetting
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properties of PPy(DBS) materials has been mostly performed
at a single state configured discontinuously (i.e., only after either
reduction or oxidation state). Further, there has been no
systematic study of the droplet behavior during in situ contin-
uous manipulation of PPy(DBS) for digital microfluidics. In this
paper, we present experimental results on the in situ actuation of
liquid droplets during a continuous redox process of a PPy(DBS)
surface and an analysis of the droplet actuation mechanism. On
the basis of the experimental measurement and analysis, we
propose that a surface tension gradient across the contact line of a
droplet, i.e., a resultant Marangoni stress, is the dominant driving
mechanism in the low-voltage electrochemical droplet actuation
upon the continuous redox of the PPy(DBS) surface. The
PPy(DBS)-based electrochemical actuation enables ultra-low-
voltage operation of droplets, and its unique surface properties
are discussed for digital microfluidics applications.

B EXPERIMENTAL METHODS

Fabrication of PPy(DBS). A PPy(DBS) film was fabricated using
electropolymerization from aqueous monomer pyrrole solution.””*° An
Au/Cr coated Si wafer was submerged in a freshly prepared pyrrole
aqueous solution consisting of 0.1 M pyrrole (Aldrich) and 0.1 M
sodium dodecylbenzenesulfonate (NaDBS) (Aldrich). The substrate
was set as working electrode, and a saturated calomel electrode (SCE)
(Fisher Scientific Inc.) and a platinum mesh were configured as
reference and counter electrodes, respectively. A 263A potentiostat
(Princeton Applied Research, Oak Ridge, TN) was used to potentios-
tatically deposit PPy(DBS) at +0.52 V vs SCE. The thickness of
PPy(DBS) film was precisely controlled by adjusting the amount of
applied charge. For instance, a 1 C cm ™~ surface charge produces a 3 um
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Figure 1. Schematic configuration of setup: electrochemical cell for
PPy(DBS) redox within 0.1 M NaNOj aqueous solution.

thick PPy(DBS) film. After the PPy(DBS) film was deposited on the
Au/Cr coated Si wafer, the substrate was rinsed with deionized (DI)
water and dried.

Redox of PPy(DBS). The electrochemical behavior between the
substrate and liquids was analyzed in a three-electrode system using
cyclic voltammetry (CV) (263A, Princeton Applied Research). Cyclic
voltammograms of PPy(DBS) were scanned from —1.0 V to +0.7 V in
0.1 M sodium nitrate (NaNO3) aqueous solution for analyzing electro-
chemical reactions between PPy(DBS) and the electrolyte (50 mV's ).
In addition, PPy(DBS) was scanned from —0.9 V to +0.6 V in pure
dichloromethane (DCM) and 0.01 M NaNOj-added DCM to examine
any possible future electrochemical reaction between PPy(DBS) and
DCM droplet. All potentials were recorded vs the SCE.

Contact Angle Measurement of Intrinsic Reduced and
Oxidized PPy(DBS). The contact angles of DCM droplets on the
reduced and oxidized PPy(DBS) film were measured in 0.1 M NaNO;
aqueous solution, respectively. A goniometer/tensiometer (model 500,
Rame-hart, Netcong, NJ) was used to measure the contact angle of a
DCM droplet and the interfacial tension between DCM and electrolyte.
A custom experimental setup was prepared to monitor droplet mor-
phology on PPy(DBS) within the aqueous environment as shown in
Figure 1. Here, the ~200 nm thick PPy(DBS) film-coated substrate was
placed in a transparent flask in a 0.1 M NaNOj; aqueous solution. An
SCE and a platinum mesh were connected as reference and counter
electrodes, respectively. An oxidative potential (+0.6 V vs SCE) was
applied to the substrate through the working electrode. The DCM
droplet was then dispensed on the oxidized PPy(DBS) surface and the
contact angle of the droplet was measured. After removing the first
droplet, a reductive potential (—0.9 V vs SCE) was applied on the
substrate, and a new DCM droplet was dispensed on the reduced
PPy(DBS) film and its contact angle was measured.

Droplet Motion upon Continuous Reduction and Oxida-
tion Reactions. The same setup was used to monitor a single DCM
droplet behavior continuously, while redox reactions were performed on
the PPy(DBS) film (Figure 1). Initially an oxidative potential (+0.6 V vs
SCE) was applied on the PPy(DBS) substrate to increase adhesion
between the DCM droplet and PPy(DBS) film. Then, the DCM droplet
was dispensed on the PPy(DBS) in a 0.1 M NaNOj aqueous environ-
ment using a dispensing syringe (ca. 1—5 uL). The working electrode
potential was adjusted between —0.9 V and +0.6 V vs SCE using a
potentiostat (2634, Princeton Applied Research) (Pulse length: 10 s).
The shape of the droplet and the change of contact angle upon the
repetitive PPy(DBS) redox was monitored and recorded for 100 cycles.

B RESULTS AND DISCUSSION

Cyclic Voltammetry of PPy(DBS). The cyclic voltammogram
(CV) in Figure 2a shows potentiodynamic reduction and oxida-
tion reactions of PPy(DBS) in a 0.1 M NaNOj; aqueous solution.

Cyclic Voltammogram of PPy (50mV/s)
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Figure 2. (a) A cyclic voltammogram shows the reduction-oxidization
reaction of PPy(DBS) in 0.1 M NaNOj3 aqueous solution. (b) Cyclic
voltammograms of PPy(DBS) in pure DCM and DCM mixed with 0.01
M NaNOj, respectively.

The CV indicates that there was an oxidization peak at —0.4 V
and a reduction peak at —0.6 V. For the oxidization reaction, the
current was stable when the potential was between 0.2 and 0.6V,
suggesting that the oxidization reaction was completed; however,
the current suddenly increased when the potential was greater
than 0.6 V, indicating that a side reaction started to occur. The
reduction reaction was completed when the potential was less
than —0.7 V. For a complete redox reaction in our experiments,
0.6 V and —0.9 V were chosen as the upper and lower limits of
electric potential, respectively.

The CV test of PPy(DBS) within pure DCM was performed to
confirm if any electrochemical reaction was existing between
PPy(DBS) and DCM when potentials were applied to the film.
The 0.01 M NaNOj3-added DCM was also tested to examine any
possible diffusion of NaNO; into DCM as an ion provider for
PPy(DBS) redox. The comparison of CV of the PPy(DBS) film
between pure DCM and DCM mixed with 0.01 M NaNOj is
shown in Figure 2b. The results indicate no specific peak in the
CV curves, indicating that there was no electrochemical reaction
of PPy(DBS) with either condition of DCM in the range
between +0.6 Vand —0.9 V.

Intrinsic Wetting Property of Reduced and Oxidized PPy-
(DBS). The surface state of PPy(DBS) can be “tuned” from
hydrophilic to hydrophobic via reorientation of its surfactant
dopant molecules, dodecylbenzenesulfonate (DBS).*' When an
oxidative potential is applied to PPy(DBS), sodium (Na") ions
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Figure 3. Surface state of PPy(DBS) bidirectionally “tuned” from hydrophilic to hydrophobic: (a) When the PPy(DBS) is oxidized, sodium (Na*) ions
are diffused out from the PPy(DBS) surface for charge neutralization, while DBS™ molecules are immobilized. (b) Oxidization of PPy(DBS) film lowers
the surface energy and increases the contact angle of a water droplet (hydrophobic). (c) In the case of an organic fluid such as DCM, the contact angle of

a droplet is decreased on oxidized PPy(DBS) surface (oleophilic).
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Figure 4. DCM droplets on PPy(DBS) films within 0.1 M NaNOj;
aqueous solution: (a) oxidized state (+0.6 V vs SCE) (contact angle
~107°); (b) reduced state (—0.9 V vs SCE) (contact angle ~133°).
After removing the first droplet, a new DCM droplet was dispensed on
the reduced PPy(DBS) film. When the surface state changes from an
oxidized to reduced state, the droplet height increases and the contact
radius (r.) decreases due to the increased contact angle.

are repelled from the PPy(DBS) surface for charge neutraliza-
tion, leaving behind immobilized DBS  molecules
(Figure 3a).>>* Likewise, Na" ions need to enter into PPy for
charge neutralization upon reduction. In the oxidized PPy(DBS),
DBS  molecules are coupled to PPy chains via ionic bonding
with polar sulfonic acid group, allowing the dodecyl chains to be
thrust out from the polymer chains. Since the strongly hydro-
philic polar sulfonic acid group is attracted to the polymer
backbone and the hydrophobic amine group is heading out to
the surface, the surface becomes hydrophobic and the contact
angle of a water dro}z)let on an oxidized PPy(DBS) film is
increased (Figure 3b).”> On the other hand, a nonpolar liquid
such as DCM shows opposite wetting states, i.e., lower contact
angle on the oxidized PPy(DBS) surface than on the reduced one
due to its higher oleophilicity (Figure 3c).***

The contact angle of the DCM droplet measured on oxidized
PPy(DBS) surface (6,,; ~ 107°) is shown in Figure 4a. After
removing the first droplet, a reductive potential (—0.9 V vs SCE)
was applied on the substrate, and a new DCM droplet was
dispensed on the reduced PPy(DBS) film. The DCM droplet
exhibited a higher contact angle on the reduced PPy(DBS)
surface (0,.q ~ 133°) (Figure 4b). After the PPy(DBS) surface
was converted from the oxidized state to reduced state, the
surface became hydrophilic (or oleophobic) and resulted in an
increase of a height and a decrease of a contact radius of the DCM
droplet. The height of DCM drops was increased by 19% and the
contact radius was decreased by 30% when the contact angle was
changed from 107° to 133°.

Droplet Actuation upon Continuous Reduction and Oxi-
dation Reactions. In contrast to the separate measurement of
the intrinsic wetting states of DCM droplets for each redox state,
“continuous” electrochemical tuning was performed by applying
a square pulse potential to the PPy(DBS) substrate to investigate
DCM droplet behavior. When a reductive potential (—0.9 V vs
SCE) was applied to the oxidized PPy(DBS) film with a DCM
drop on top, the spherical DCM droplet was flattened with little
change of the contact angle and its height was reduced by 65%.
(Figure S). Due to this flattening effect, the baseline diameter of
DCM droplet was increased upon application of a reductive
potential. Upon the application of oxidative potentials (Figure S:
state (1') to (2), (2') to (3), and (3’) to (4)), the droplet
returned to a spherical shape. This reversible switching phenom-
enon was maintained for 20—30 cycles. This droplet flattening
behavior in continuous redox reaction was different from the
intrinsic wetting property discussed in the previous section,
suggesting that the droplet actuation in continuous redox process
was not driven by the contact angle change.

This “droplet spreading” phenomenon was previously ob-
served by Halldorsson et al.** using a DCM droplet placed on a
PPy(DBS) coated mesh. The droplet spreading behavior was
explained as the movement of DBS ™ anions into a DCM droplet
during the reduction of the PPy(DBS). According to this report,
DBS  acted as a surfactant to decrease the DCM—electrolyte
surface tension, thereby inducing droplet spreading. However,
such speculation is not conclusive since DBS™ molecules are
relatively immobilized during PPy(DBS) redox.”>***” The dro-
plet spreading occurs quite rapidly (<1 s) as observed in our
experiments, and the relatively immobilized DBS molecules
cannot effectively diffuse into a DCM droplet for charge neu-
tralization in such a short interval. It also suggests that the
actuation of DCM droplet should be driven by the other effects.

Effects of Marangoni Stress. Since DBS molecules are
relatively immobilized anions, the charge neutralization during
PPy(DBS) redox is dominated by the transportation of cations
(Na™) in electrolyte.** For complete reduction of PPy(DBS)
film, sodium ions (Na*) in the electrolyte need to transport into
PPy(DBS) for charge neutralization.”” As illustrated in Figure 6a,
no such ion would be available at the “contact zone” (i.e., the area
covered by the DCM droplet) when the reductive potential is
applied. This is because NaNOj has low solubility in DCM, as
confirmed by the CV (Figure 2b) showing that there was no
electrochemical reaction between PPy(DBS) and DCM. The
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Figure 5. DCM droplet dispersed on a PPy(DBS) film in a three-electrode setup containing 0.1 M NaNO; aqueous solution: Square pulse potential (—
0.6 to 0.9 V) was applied to the substrate for PPy(DBS) redox (Pulse length: 10 s). The DCM droplet was flattened to a “disk-like” shape while the
PPy(DBS) was reduced from oxidized state (i.e., (1) to (1'), (2) to (2'), (3) to (3'), and (4) to (4')). The DCM droplet returned to a spherical shape
while the PPy(DBS) returned to oxidized state (i.e., (1) to (2), (2') to (3), and (3') to (4)).
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Figure 6. (a) Surface tension gradient and Marangoni stress are induced due to the lack of sodium ions for PPy(DBS) reduction underneath the DCM
droplet. When a PPy(DBS) substrate is reduced, the polymer substrate underneath the DCM droplet is still in the oxidized state. The contact line moves
outward due to Marangoni stress and the droplet is flattened to disk-like shape. (Inset) Top view of DCM droplet on the reduced PPy(DBS) substrate;
PPy(DBS) film transforms into a brown color except the area blocked by the DCM droplet. The arrows indicate the periphery of the DCM droplet, and
the white dotted circle indicates the contact line. (b) Marangoni stress vanishes when the PPy(DBS) film is oxidized. The DCM droplet reverts to
spherical shape by internal Laplace pressure gradient to minimize its surface energy. (Inset) Top view of DCM droplet on an oxidized PPy(DBS)
substrate; the whole PPy(DBS) film becomes dim, which indicates that the surface tension gradient has vanished.

blockage of the PPy(DBS) reduction at the contact zone creates
heterogeneous surface states (or localized reduction) across the
droplet contact line. Then, the surface tension gradient created
across the contact line upon a localized reduction of the PPy-
(DBS) induces Marangoni stress. The Marangoni stress causes
the liquid to move away from a region of low surface tension
toward a region of high surface tension.>”*® The reduced PPy-
(DBS) has higher surface energy and our results show that the
baseline of DCM droplet increases when the PPy(DBS) film is
reduced (Figure S: State (1) to (1'), (2) to (2'), (3) to (3’), and
(4) to (4)).

Further evidence comes from the color change of PPy(DBS)
upon reduction and oxidation: A thin PPy(DBS) film (<1 um)
on a gold substrate is a brown color in the reduced state, while it is
dim/dark in the oxidized state.*” The inset in Figure 6a shows the
top view of a DCM droplet on the reduced PPy(DBS) substrate
(note that PPy(DBS) underneath the DCM still remains oxi-
dized). The dotted circle indicates a contact line at the reduction
of the PPy(DBS). As shown in the inset of Figure 6a, PPy(DBS)
film was brown (i.e., reduced state) except in the dark central

circular area underneath the DCM droplet. The different color of
PPy(DBS) film across the contact line indicates that the circular
area of PPy(DBS) underneath the DCM droplet was in the
oxidized state while the external PPy(DBS) was in the reduced
state. Since reduced PPy(DBS) possesses higher surface energy,
this observation of color change clearly illustrates the surface
tension gradient across the contact line.

Figure 6b shows the case that the PPy(DBS) substrate is
switched back to oxidized state (Figure S: state (1') to (2), (2) to
(3), and (3') to (4)). When an oxidative potential was applied,
the PPy(DBS) film retained a homogeneous oxidized state and
the surface tension gradient was eliminated. Consequently, the
induced Marangoni stress faded and the DCM droplet returned
back to a spherical shape to minimize its surface energy. The inset
in Figure 6b gave the top view of the DCM droplet on the
oxidized PPy(DBS) substrate, where no significant gradient of
color across the contact line was observable, indicating that the
film was in the homogeneously oxidized state.

Analysis of Droplet Actuation Force Induced by Maran-
goni Stress. The proposed driving mechanism is further

dx.doi.org/10.1021/1a104403w |Langmuir XXXX, XXX, 000-000
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Figure 7. (a) Equilibrium of interfacial forces on a DCM droplet placed
within aqueous electrolyte. (b) Pendant drop of DCM in 0.1 M NaNO;
aqueous solution for interfacial tension measurement. The measured
interfacial tension between DCM and 0.1 M NaNOj aqueous solution is
Yow = 26.54 £ 0.51 mN m ™", (27 measurements were performed.)
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Figure 8. (a) Pressure gradient inside a nonspherical droplet due to the
nonuniform radius of curvature of a drogplet profile. The internal
pressure is described by the Laplace law.*® (b) R, and R, are the
horizontal and vertical curvature radii at the edge of the droplet,
respectively; R and Ry are the horizontal and vertical curvature radii
at the top center of the droplet, respectively.

confirmed by force analysis on the dispensed droplet. The force
induced by Marangoni stress is balanced with the force which
creates a pressure difference within the droplet. The pressure
difference can be calculated using the radius of curvature based
on the Young—Laplace equation.® First, the induced Marangoni
stress can be obtained as the following: Bartell—Osterhof
equation (eq 1) presents the relationship between contact angle
and interfacial tension for solid—liquid—liquid system
(Figure 7a).

Yow €08 Ooy = 7, €08 Ops — V., cos Oy (1)

where ¥, is the interfacial tension between DCM and 0.1 M
NaNOj solution, ), and 7., are the interfacial tension between
DCM—air and electrolyte—air, respectively, 0,,, is the contact
angle of a DCM droplet within 0.1 M NaNO; aqueous environ-
ment, 0, and 0, are the contact angles of DCM and electrolyte
droplets in the air, respectively. Upon application of reductive (or
oxidative) potential, surface energy is changed while interfacial
tension between electrolyte and DCM remains unchanged.*’
The variation of surface tension between the reduced PPy(DBS)
and the oxidized PPy(DBS) can be obtained by*"**

Ay =y, cos O —y. . cosOp =y, (cos O  —cosO,)
(2)

where 6',,, is the contact angle of DCM droplet within 0.1 M
NaNOj; aqueous environment on the switched PPy(DBS). The
interfacial tension of the DCM-electrolyte was measured by the
pendant drop method,*® where interfacial tension between two
immiscible liquids can be calculated from the profile of a static
pendant drop (Figure 7b). A total of 27 measurements were

Electrolyte

}‘ DCMdroplet

.Oxidized PPy
DEIectrodelayers Dlnsulator

Reduced PPy

=>M0ving direction of droplet

Figure 9. A DCM droplet is dispensed on preoxidized PPy(DBS)
patterned electrodes. Negative voltage is applied to reduce the PPy-
(DBS) film on the activated electrode. The PPy(DBS) substrate under
the DCM droplet remains oxidized, and thus the droplet contact line
touching the reduced areas will move toward them due to Marangoni
stress.

performed for measuring interfacial tension of DCM-electrolyte
(Yow)- The average value was 26.54 mN m ' and the standard
deviation was 0.51 mN'm ™ '. Further, the Marangoni stress, 7, can
be derived from surface tension gradient.*®

ay
T=— 3
P (3)
where [ is the transition length of surface tension variation.
Therefore, the unbalanced force induced from the Marangoni
stress is

9
Fy:txA:a—)l/x(dIXs):Ast

= Ay x2x x (W—H) (4)

where s is the periphery of the contact line between liquid
droplet and PPy(DBS), and W and H are the measured width
and height of the droplet using goniometer, respectively
(Figure 8), dl is the displacement of contact line upon PPy-
(DBS) redox.*”** For the case of a 4.93 uL droplet ((1') in
Figure S), the measured W and H were 3.9 mm and 0.614 mm,
respectively. Using the measured interfacial tension of the
DCM-electrolyte, ¥4y, the calculated force induced by Mar-
angoni stress is approximately 10~ * N when the contact angle
is changed from 107° to 133°.

Meanwhile, when a droplet is flattened, a pressure gradient
(AP, eq S) is created inside the droplet due to the nonuniform
radius of curvature of the droplet (Figure 8) ;3 such as

AP =P —p =y (L D) =y (B l) )
- s t_)/ow 1{1 RZ yow R3 R4
FL, =APxA = APXHXxx x (W —H) (6)

The pressure gradient induces an unbalanced force, Fy, which is
estimated as the following: Laplace pressure, P, in the region of
the droplet edge is larger than the Laplace pressure, Py, at the
center of a droplet because the droplet possesses a smaller
radius of curvature at the edge. For the case of (1') in Figure S,

dx.doi.org/10.1021/1a104403w |Langmuir XXXX, XXX, 000-000
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Figure 10. DCM droplet manipulation upon continuous redox (cycle 45 to 48). The DCM droplet exhibited minor deformation.

R, = H/2 = 0.307 mm, R, = W/2 = 1.95 mm, R; and R, were
infinite, respectively. A; was the interface area between P, and P,,
i.e,, the surface area of the cylinder with the radius of W — H.
Using egs 5 and 6, the estimated force Fy, induced by the pressure
gradient is on the order of 10~ * N, which is comparable to the
induced force by the Marangoni stress. This analysis also sup-
ports the hypothesis that the major driving mechanism for the
droplet deformation during the continuous PPy(DBS) redox
reaction is Marangoni stress.

It is envisioned that liquid droplets within an electrolyte
solution can be individually manipulated by the electrically
triggered Marangoni effect on a PPy(DBS) film fabricated on
patterned conducting electrodes in the manner similar to the
architectures typically used in digital microfluidic systems as
shown in Figure 9.

Pinning Effects. After approximately 30 cycles of continuous
actuation of the DCM droplet, the droplet did not exhibit the
disk-like deformation any longer. Instead, the contact line of
DCM droplet was pinned on the PPy(DBS) surface and the
contact radius did not change upon PPy(DBS) redox
(Figure 10). This is believed to be due to the pinning of DCM
on the PPy(DBS) film during the repeated redox reactions over a
period of time (>3 min). When the PPy(DBS) is oxidized,
adhesion between oxidized PPy(DBS) and DCM is increased
because the oxidized PPy(DBS) is more oleophilic. Therefore,
DCM molecules start aggregating on the PPy(DBS) surface and
form a thin film. Eventually the droplet’s baseline is pinned on
the surface and the droplet actuation is significantly retarded by
the pinning effects.

Pinning is a common and challenging issue for microfluidic
devices."** ™ One can avoid pinning by reducing contact
duration between DCM and PPy(DBS). In most droplet-based
digital microfluidics, a droplet is continuously transported with
short residence time on the same spot (e.g., much less that 3
min).*® Therefore, such a pinning problem would not be a critical
issue for the continuous operation of a digital microfluidic device
if the droplet resident lifetime on the PPy(DBS) surface is
shorter than the critical contact time for significant molecular
adsorption. However, if the droplet is manipulated repeatedly on
the same spot on the device, it will eventually be pinned at the
contact line due to the pinning effects. In this case, the increased
surface friction due to the contact line pinning will hamper
efficient droplet manipulation driven by the Marangoni stress.
To overcome such a problem, one can introduce micro/nano
patterns such as line, pillar, or pore patterns in PPy(DBS) surface

to reduce the overall contact area, which can considerably reduce
pinning during the droplet manipulation.>®”>*

B CONCLUSIONS

In this study, manipulation of a liquid droplet at low voltage
(—0.9 to 0.6 V) has been demonstrated using tunable wetting
properties of conjugated polymers. Further, the droplet beha-
viors upon discontinuous vs continuous PPy(DBS) redox pro-
cesses have been discussed. Marangoni stress was found to be the
major driving mechanism for manipulation of a droplet’s menis-
cus upon continuous PPy(DBS) reduction and oxidation reac-
tions. The electrochemical redox process on smart polymers
reported in this paper can be applied to a low voltage manipula-
tion ofliquid droplets for microfluidic applications to realize their
full potential in rapid diagnosis applications.
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