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Micropatterning technology[1–3] has been amajor driving force
behind the development of organic microelectronic devices.
There have been significant efforts devoted to exploring this
technology for the fabrication of conducting polymer (CP)-
based devices in particular, because CPs[4–6] exhibit the unique
advantages of tunable conductance, chemical specificity,
flexible modification, and low fabrication cost. In general,
most of the existing micropatterning approaches,[1–3] for
example, the embossing method,[7] imprint lithography,[8]

capillary molding,[9,10] and microcontact printing,[11,12] require
the use of prefabricated solid molds or templates to determine
the features and dimensions of the micropatterns. These
molds and templates are normally fabricated by lithographic
means, so their embedded features are very much fixed and it
is unlikely that they would be reprogrammed for different
micropattern features.

Alternatively, an emerging set of micropatterning
approaches, which utilize spatially defined laminar interfaces
as flowing templates, have been developed.[13–15] In these cases
(Figure 1a), two miscible fluid streams were introduced into a
microfluidic channel to generate a distinct flow interface[16,17]

between the adjacent laminar streams. As the small lengths of
the microchannels impart a low Reynolds number (Re<
2000) to the microfluidic system, the dimension of the
resulting laminar interface is kinetically stable and sharply
defined. Specific chemical reactions that generate insoluble
materials can therefore be confined in these flowing tem-

plates (that is, laminar interfaces) for in situ deposition[13–15] of
continuous micropatterns in the microchannels.

Herein, we introduce a new type of micropatterning
approach in a microfluidic setting (Figure 1b), in which a
hydrodynamically focused laminar stream[18] was generated in
situ for performing size-controllable, site-specific electro-
chemical deposition of CP micropatterns across individually
addressable electrode junction pairs. Although the previously
developed laminar-interface-templated micropatterning
method[13–15] shares a similar concept, it is unlikely to
employ this method for size-controllable, site-specific micro-
patterning because of the intrinsic limitations associated with
the diffusion-controlled interface dimensions[16,17] and the
continuous reaction/deposition processes.[13–15]

Figure 1. a) A laminar interface generated between two miscible fluid
streams can serve as a flowing template for continuous micropattern-
ing in a fluidic channel. b) A hydrodynamically focused laminar stream
produced in a new type of microfluidic setup can be employed as a
dynamic template for site-specific electrochemical deposition of size-
controllable CP micropatterns across individually addressable electrode
junction pairs.
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Our hydrodynamically focused stream-
templated micropatterning approach is devel-
oped to overcome these limitations. By using
a microfluidic device with multiple micro-
channel inlets (Figure 1b), a focused stream
can be produced. The width of the focused
stream can be altered by changing the flow
rates of the surrounding sheath streams, and
the position (parallel to the flow direction) of
the focused stream can be altered by the ratio
of the sheath flow rates applied on both sides
of the focused stream. By combining the
dynamic characteristics of the flow with the
size and position controllability, such a
focused stream is defined as a dynamic
template that allows arbitrary spatial confine-
ment of the redox-active monomer precursors
for electrochemical micropatterning.

More importantly, the deposition of a
micropattern will not occur until an effective
electrochemical potential is applied at the
electrode junction located underneath the
focused stream. Using this microfluidic
setup, we have successfully demonstrated
the site-specific fabrication of an array of
polypyrrole (Ppy) micropatterns with control-
lable widths ranging from 1 to 5 mm. We also
validated the fabrication fidelity and device
scalability of this micropatterning approach
by fabricating a sensor array composed of two
different types of CP micropattern electrode
junctions, that is, seven Ppy and six carboxylic
acid-substituted Ppy (COOH-Ppy) junctions
in a monolithic device. Two different sensing elements, a Ppy
and a COOH-Ppy micropattern electrode junction, selected
from the sensor array were utilized to test the concept of an
electronic nose.[19–21] We were able to distinguish a library of
saturated organic solvent vapors with this binary resistive
sensor.

The microfluidic device (Figure 2a) is composed of 1) an
array of 20 electrode junctions on a glass substrate (with three
different types of junction gaps of 2, 4, and 10 mm) for
electrochemical deposition of CP micropatterns and 2) an
overlaying polydimethylsiloxane component (with embedded
200-mm-wide and 40-mm-high microchannels) for hydrody-
namic focusing of the monomeric precursor (that is, pyrrole
and its derivative) solution. These two components were
fabricated separately by standard photolithography[22,23] and
soft lithography[24] and then bonded together after oxygen
plasma treatment.[25,26]

For fluid delivery, syringes and syringe pumps were used
to deliver the pyrrole solution (0.1m pyrrole, 0.1m LiClO4, and
1.0 mm HCl) into the microfluidic channel at a constant flow
rate (1.0 mLmin�1), while the sheath streams (18 MW water)
were at variable flow rates ranging from 2.5 to 60 mLmin�1. As
shown in Figure 2b, the pyrrole solution was first introduced
into the device through the central inlet, and two pairs of
sheath streams were then employed to compress the pyrrole
solution, which resulted in a hydrodynamically focused

laminar stream. Again, the width and position of the resulting
focused stream were controllable by the flow rates of the
surrounding sheath streams. Importantly, the use of two-step
sheath-stream compression conferred an improved stability to
the focused stream, in contrast to that observed in a one-step
hydrodynamic focusing setup, especially when the focused
beam width was less than 4 mm.[27]

To help visualize the diffusion broadening of the focused
beam, a fluorescent solution containing 5-carboxyfluorescein
(10 nm) was used to replace the pyrrole solution in the
hydrodynamic focusing experiment, and fluorescence micro-
scopy (see the Supporting Information) was employed to
characterize the diffusion broadening of the resulting fluo-
rescent focused stream. The results indicated that the
diffusion broadening is negligible[18] because of the extremely
short retention time of the focused beam generated in situ, as
a result of its high speed (0.042 to 0.252 ms�1) and short
traveling distance (100 to 1000 mm downstream of the final
focused point). In the electrochemical setup, the working and
counter electrodes of a standard three-electrode configura-
tion were connected to an adjacent electrode pair (Figure 2c),
and the reference outlet was linked to an Ag/AgCl micro-
electrode located at the end of the outlet tubing (Figure 2a).

Initially, pyrrole-containing laminar streams with focused
stream widths of 2, 5, and 10 mm were generated as dynamic
templates for growing Ppy micropatterns (Figure 2d) across

Figure 2. a) Photograph of the actual microfluidic device. b) Micrograph of the device in
action. A pyrrole solution (flow rate: 1.0 mLmin�1) was first injected into the device, and
two pairs of sheath streams (flow rate: 30 mLmin�1) were employed to compress the
pyrrole solution in sequence to generate a 2-mm-wide hydrodynamically focused laminar
stream. To help visualize the flow characteristics, food dye was dissolved in the pyrrole
solution. c) The 2-mm-wide focused laminar steam served as a dynamic template for
deposition of a 1-mm-wide Ppy micropattern across a 10-mm microelectrode junction gap
where a constant current (200 nA) was applied. d) Scanning electron microscopy (SEM)
image of the 1-mm-wide Ppy micropattern across a Pt electrode pair.
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the 10-mm junction gaps, by a galvanostatic method (Figure 3)
at current intensities of 200, 400, and 800 nA, respectively. In
this microfluidic system, we observed consistent deposition
times of approximately 100–250 s and relatively higher
electrochemical potentials ranging from 1.3 to 1.6 V com-
pared to those reported in the regular electrochemical setup
(ca. 1.1 V).[28,29] The SEM images shown in Figure 3 reveal
that the 1-, 2-, and 5-mm-wide micropatterns were grown
across the 10-mm junction gaps in the presence of 2, 5, and 10-
mm-wide focused streams, respectively. A profilometer was
used to examine the micropatterns and gave their vertical
profiles in the ranges of 100–250, 340–600, and 1000–1200 nm,
respectively.

Notably, the electrochemical setup allows self-regulated
growth of micropatterns. When the micropatterns were grown
across the electrode junctions, the electrochemical deposition
slowed down dramatically as a result of the reduction of
overall resistance. As a result of the use of transparent
substrates (glass slides), the growing process of the micro-
patterns could be visualized in real time by an inverted optical
microscope (see movie clip in the Supporting Information).
Out of more than 200 studies, our results suggest that the
experimental fidelity was affected by the widths of the
focused stream employed in the micropatterning process.
When the focused streams were > 5 mm, 95% of the device
yield was achieved. This yield dropped to 70% in the presence
of 2-mm-wide focused streams. Although we were able to
grow Ppy nanopatterns using focused streams with widths
< 1 mm, a low device yield (20%) was obtained.

On account of the easy modification feature of CPs, a
variety of functional groups can be introduced into individual
CP micropatterns by site-specific electrochemical polymeri-
zation of the respective monomeric precursors. With this idea
in mind, we introduced carboxylic acid-substituted pyrrole[30]

(that is, a mixture of pyrrole and COOH-substituted pyrrole
in a molar ratio of 1:5) into the 2-mm-wide focused streams for
depositing the COOH-Ppy micropattern junctions using the
electrochemical conditions described above. Compared to the
Ppy micropattern junctions, the COOH-Ppy junctions exhib-
ited a two-order increase in conductance, which can be

attributed to the doping effect associated
with carboxylic acid groups.

Subsequently, we were able to carry out
site-specific depositions of seven Ppy and six
COOH-Ppy micropatterns at different elec-
trode junction pairs in the same device. The
resulting microfluidic device with embedded
Ppy and COOH-Ppy micropattern junctions
provides a ready-to-use sensor array capable
of handling and detecting extremely small
quantities of chemical analytes. Two sensing
elements (one Ppy and one COOH-Ppy)
were randomly selected from the 13 func-
tioning micropattern junctions to act as a
binary sensor. Using a custom-designed setup
(see the Supporting Information), we dem-
onstrated that this binary sensor was able to
respond specifically (Figure 4a) to a collec-
tion of 12 organic vapors (20 mL each).

A scatter plot (Figure 4b) summarizes the resistive
responses of this binary sensor to the 12 organic vapors. The

Figure 3. a) Plots of potential (E) versus time (t) for electrochemical deposition of Ppy
micropatterns across the respective 10-mm electrode gaps in the presence of 2, 5, and 10-
mm-wide focused streams. b) Optical micrographs (right) of the applied focused streams
and SEM images (left) of the resulting Ppy micropatterns.

Figure 4. a) Real-time resistance responses (R) of a binary sensor
composed of a Ppy- and a COOH-Ppy-based micropattern electrode
junction upon periodic exposure to a library of saturated organic
vapors (each 20 mL in volume). b) Scatter plot summarizing the
collective sensing responses to individual organic vapors. EA=ethyl
acetate.
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horizontal and vertical axes represent the specific resistive
responses (DR/R0) of the Ppy and COOH-Ppy micropattern
electrode junctions, respectively. The collective sensing out-
comes for individual organic vapors aggregate into distinct
groups in the plot, thus providing signatures for the identifi-
cation of different organic vapors. Compared to recently
developed resistive sensors capable of detecting and identify-
ing organic solvents,[19–21] this binary sensor exhibits superior
sensitivity and negligible memory effects.

In conclusion, a novel electrochemical micropatterning
technology, which utilizes a hydrodynamically focused lam-
inar stream as a dynamic template, has been successfully
demonstrated for site-specific fabrication of a sensor array
composed of a number of intact Ppy- and functionalized Ppy-
based micropatterns. The resulting array in a microfluidic
device is a ready-to-use sensor capable of handling and
detecting microliter amounts of organic solvent vapors
(nanogram to microgram by weight). By employing two
different sensing elements within the sensor array, the
collective sensing responses are informative enough to
identify a wide range of organic vapors. It is conceivable
that this technology could be widely applied to micropattern-
ing of other redox-active materials for broader application in
microelectronic devices.
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