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ABSTRACT: In this study, a simple microfluidic method, which can be universally
applied to different rigid or flexible substrates, was developed to fabricate high-resolution,
conductive, two-dimensional and three-dimensional microstructured graphene-based
electronic circuits. The method involves controlled and selective filling of microchannels
on substrate surfaces with a conductive binder-free graphene nanoplatelet (GNP)
solution. The ethanol-thermal reaction of GNP solution at low temperatures (~75 °C)
prior to microchannel filling (preheating) can further reduce the GNP andprovide a
homogeneous GNP solution, which in turn enhances conductivity, reduces sheet
resistance (~0.05 kQ sq™'), enables room-temperature fabrication, and eliminates harsh
postprocessing, which makes this fabrication technique compatible with degradable substrates. This method can also be used in
combination with 3D printing to fabricate 3D circuits. The feature sizes of the graphene patterns can range from a few micrometers
(down to ~1S pm in width and ~S pm in depth) to a few millimeters and use very small amounts of GNP solution (~2.5 mg of
graphene to obtain ~0.1 kQ sq~" of sheet resistance for 1 cm?®). This microfluidic approach can also be implemented using other
conductive liquids, such as conductive graphene—silver solutions. This technology has the potential to pave the way for low-cost,
disposable, and biodegradable circuits for a range of electronic applications including near-field communication antennas and

pressure or strain sensors.
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1. INTRODUCTION

The use of graphene-based materials to develop electronic
circuits for various applications, including but not limited to
portable energy-harvesting devices, sensors, electronic skins,
wearable devices, motion trackers, batteries, displays, thin-film
transistors, and so on, has been receiving growing interest’ due
to unique properties of graphene such as exceptional electrical
and thermal conductivity, mechanical strength, and chemical
stability.”” It is possible to obtain high-resolution and low-
feature-size graphene-based circuits and electronic devices using
various fabrication methods, such as photolithography," "'
printing (stencil,'>"? gravure,H_m laser,"’~** and inkjetzz_30
printing), chemical vapor deposition, and graphene transfer
(polymer-assisted transfer,”" sticky/adhesive tape peeling,**™>>
transfer printing,36 and microtransfer molding37). However,
most of these methods are complex and require multiple
processing steps (i.e., stamping, vacuum-drying, etching (plasma
and chemical), and washing) as well as additional post-
treatments (i.e., high-temperature (300—1000 °C) baking or
laser annealing). Many of the postprocessing steps, particularly
high-temperature annealing and chemical etching, are not site
selective and are applied to the whole substrate, which can
thermally or chemically degrade polymer-based substrates and
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limit the variety of applicable substrate materials.”* In addition,
some of these processes, such as sticky/adhesive tape
peeling,** ™
whole substrate surface to fill the micropatterns/microchannels,

apply graphene solution/ink coating to the

followed by subsequent removal of excess graphene, which in
turn results in high amounts of graphene consumption.
Moreover, these processes can only be applied to 2D planar

262729 and are not able to fabricate 3D circuits.

substrates
Despite the recent progress in the field, it is still difficult to
perform graphene-based electronic device fabrication proce-
dures directly on the target substrates (especially those that are
chemically and thermally sensitive), which not only limit the
scalability and cost-effectiveness of the mentioned methods but
also make them inadequate for rapid fabrication of electrical

. 14,15,23,30,38 P—
circuits. Therefore, there is still a need to develop
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novel fabrication approaches in order to overcome the current
limitations of the existing methods.

Different microfluidic approaches were used earlier for the
fabrication of electronic circuits or microfluidic devices;>>>~**
however, most are still limited by material selection and the
involvement of multiple chemical or physical steps such as
printing, etching, and stamping, as well as the use of excess
conductive material. For example, in the work of Hamedi and
co-workers, they developed a paper-based electronic and
microfluidic device by printing wax to create microchannels
and applying water-based conductive inks (poly(3,4-ethyl-
enedioxythiophene)/polystyrene sulfonate mixture and water-
dispersed multiwall carbon nanotubes as electrolytes) to the
surface, which was then followed by another wax printing to
create hydrophobic structures.*” Similarly, Lee and co-workers
developed a paper-based microfluidic assay system through wax
printing at high temperatures (127—204 °C).*” In another work,
Yafia and co-workers developed digital microfluidic devices on
paper-based substrates (flexible and rigid) using a screen
printing approach involving wax to fabricate microfluidic
electrodes of carbon- and silver-based inks."” Su and co-workers
developed a fully inkjet-printed microfluidics approach based on
level-by-level inkjet printing of different materials (SU-8 ink to
construct a microfluidic channel, poly(methyl methacrylate)
(PMMA) to support the structure during curing, and silver ink
as a conductive material) to create 3D microfluidics devices.
Although effective, this process requires multiple curing,
etching, and washing processes.”" All of these studies are mainly
focusing on the development of microfluidic sensor devices
rather than direct fabrication of electronic circuits. On the other
hand, Sun and co-workers developed highly transparent and
flexible circuits through patterning silver nanowires into
microfluidic channels. They used poly(dimethylsiloxane)
(PDMS) mold with microchannels and spin-coated the silver
nanowires (AgNWs) into microfluidic channels on PDMS. This
method is not microchannel-specific and applied to the whole
substrate surface leading to excess conductive material use,
which is removed from the substrate surface by applying a tape
stick and peel approach leaving the AgNWs within the PDMS
microchannels.” Mahajan and co-workers developed a process,
self-aligned capillary-assisted lithography for electronics, based
on capillary flow of electronically active inks within micro-
channels created on the substrate surface.”’ Although effective
and used in other follow-up studies,"*~*° this method creates a
reservoir connected to microchannels on a substrate, which is
then filled with the conductive ink using inkjet printing. Filling of
the reservoir with conductive ink is followed by self-capillary
flow through the connected channels. The method relies on self-
aligned capillary flow, where there is limited control over the
flow and channel filling. In addition, this method requires the
presence of a reservoir for each circuit design, which brings
additional design criteria consideration. Moreover, this method
mostly uses UV curable polymer and PDMS stamping, which
requires postprocessing and limits the substrate material
selection.

Here, we developed a novel microfluidic approach to fabricate
high-resolution and low-feature-size graphene-based circuits
and electronic devices. In our method, we prepared binder-free
graphene nanoplatelet (GNP) solution*”** and applied an
ethanol-thermal reaction at low temperatures potentially
reducing the GNP and provide a homogeneous GNP solution
to enhance the conductivity"”*° prior to the microfluidic process
(which will be referred to as preheating throughout the text).

This simple GNP solution formulation does not contain any
additives or binders to control viscosity or other ink parameters
as in the case of inkjet or screen printing. This simple process is
followed by selective administration of conductive GNP
solution to the predetermined microfluidic channels in a
controlled manner via a syringe pump to create high-resolution
and low-feature-size graphene micropatterns (as low as ~15 ym
in width and ~S5 pm in depth) on either rigid or flexible
substrates. This microfluidic approach provides flexibility in
manipulating the syringe pump parameters to control the flow
rate of various inks with different concentrations, viscosities, and
dry times. In addition, elimination of harsh postprocessing via
the simple preheating step enables room-temperature process-
ing and the use of various rigid and flexible substrates, including
biodegradable and natural polymers, which makes this process
green and environmentally friendly. Therefore, this graphene-
based microfluidic approach is a versatile, cost-effective, and
standalone fabrication technique with a potential scalability as it
only requires a syringe pump and low-cost microfluidic channels
for fabrication without the need for lithographic patterning or
postfabrication annealing. In addition, a very small amount of
graphene (~2.5 mg of graphene is required to obtain ~0.1 kQ
sq " of sheet resistance in an area of 1 cm?) is used to create the
thin-film circuits that have a thickness of ~20 pm. This
microfluidic approach can be used to create graphene patterns
possessing not only 3D superficial microstructures within 2D
circuits but also can be used to create 3D circuits with curvatures
or different angles relative to the vertical “z” axis, using
combined approaches with 3D printing. It is important to
note that the creation of such 3D architectures is difficult to
obtain with other methods (viz., inkjet, screen or aerosol
printing) that work mainly with 2D planar substrates.
Furthermore, this microfluidic approach can also be broadly
applied using other conductive liquids, such as conductive silver
solution or solutions obtained by combination of silver and
graphene at different ratios, to create high-resolution and low-
feature-size patterns on various substrates. To the best of our
knowledge, such a microfluidic approach that can create
graphene-based electronic circuits and devices on various rigid
or flexible substrates in 2D or 3D architectures has not been
reported in the literature. In a broader sense, this method could
pave the way for the fabrication of 2D and 3D electronic circuits
on different rigid or flexible substrates using various conductive
liquids to be used in diverse electronic applications that require
flexibility or intricate/complex 2D and 3D structures in addition
to being highly conductive, biocompatible, and easy to
manufacture/low cost. The circuits and devices fabricated
using this method can easily be implemented as wearable

. 7 51253 . 54,55
electronic sensors and batteries,” °° robotic components,””

. 56
or motion detectors.”

2. RESULTS AND DISCUSSION

The graphene circuits are created with preheated binder-free
conductive GNP solution®’~*” at predetermined concentrations
that are delivered through superficial microchannels of a
substrate at controlled volumes and flow rates using a syringe
pump and allowed to air-dry. The GNP solution is created
through an ethanol-thermal reaction at low temperatures to
reduce GNP and enhance conductivity prior to the application
(see Methods). The thin-film microchannels can be created on
rigid substrates such as Teflon, Delrin, or silicon wafers, where
the desired feature geometries/sizes can be created using
photolithography, reactive ion etching, or computer numerical

https://dx.doi.org/10.1021/acsami.9b23460
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Figure 1. Microfluidic approach. (a) Graphene-based circuit formed on solid Delrin substrate. (b—f) Schematic representation of the microfluidic
approach for flexible substrates. (b) Casting of polymeric film formulation on solid molds with microcircuit patterns of various feature sizes. (c) Drying
of casting solution and film formation. (d) Peeling off the polymeric films and transfer of micropatterns to the film surface. (e) Polymeric film with
surface micropatterns. (f) Filling of the surface micropatterns with previously annealed conductive GNP solution using a syringe pump, enabling
controlled microfluidic flow, and drying at room temperature. (g) Graphene-based circuit formed on the flexible PLLA substrate. (h—k) Filling of
patterns, bent into various 3D shapes, with conductive graphene solution. (h) Backward Z-shape. (i) Spiral shape. (j) S-shape/wave form. (k) Inverted

W-shape.

control(CNC) machine techniques, and the microfluidic
approach can be applied to achieve a conductive circuit on the
selected rigid material (Figure 1a).

The same microfluidic approach can easily be applied to
various flexible substrates with predetermined surface micro-
patterns to create graphene-based flexible electronic circuits.
Different techniques can be used for creating surface micro-
patterns on the flexible polymeric substrates, as long as the
feature size of the patterns is appropriate. One method to
achieve the aforementioned parameters is to use rigid substrates
with predetermined surface micropatterns as molds to transfer
negative micropatterns to the surface of flexible polymer
substrates via polymer casting and subsequently create
graphene-based flexible electronic circuits using the microfluidic
approach. Figure 1b—f shows schematic representations of the
entire process to achieve graphene-based flexible electronic
circuits using the microfluidic approach. Briefly, biodegradable/
nonbiodegradable and natural/synthetic polymer-based film
formulations (i.e., polymer casting formulations made of ester
terminated poly-L-lactic acid (PLLA), poly-L-glycolic acid
(PLGA), cellulose acetate (CA), gelatin (GEL), whey protein
isolate (WPI), and their respective solvents. Please see Methods
for details) are cast on Teflon, Delrin, or silicon wafer molds
with negative microchannel patterns possessing various feature
sizes (Figure 1b). Upon drying (Figure 1c), the films with
desired 3D porous microstructures and mechanical properties
are peeled from the molds (Figure 1d) and the negative
microcircuit patterns are transferred from the mold to the film
surfaces (Figure le). Then, the preheated GNP solution is
pumped through the microcircuit channels on the film surfaces
at desired concentrations, volumes, and flow rates using a
syringe pump setup (Figure 1f). The patterns filled with GNP
solution on flexible polymeric substrates are dried at room
temperature (Figure 1g).

It is possible to achieve graphene patterns with various feature
sizes and shapes on different polymer-based flexible substrates.

13531

We demonstrated the versatility of the microfluidic approach to
achieve different feature sizes of graphene patterns on various
flexible polymer-based substrates including, but not limited to,
PLLA, PLGA, CA, GEL, and WPI films (Figure Sla—e).
However, from this point forward, we will present our results
obtained on PLLA films throughout the text. PLLA was selected
for this particular study due to its biocompatibility, biodegrad-
ability, and ease of control of microstructural and mechanical
properties.

It is anticipated that the GNP solution flowing through the
ester-terminated PLLA micropattern channels attach to the
channel walls via noncovalent interactions such as van der
Waals, ionic or 7—7 interactions, or hydrogen bonding.*”~®'
The formed graphene patterns demonstrated significant
mechanical stability following multiple bending (over 100
times, bending degree of 90°) and washing cycles (more than
100 times of dipping into water followed by more than 24 h of
incubation in water) (Figure S2a,b). The circuit built in Figure
S2c also demonstrated high electrical conductivity with low
sheet resistance (~1.11 kQ/sq) even after the multiple bending
and washing cycles.

Due to their flexible nature, these polymeric substrates are
capable of being bent into various 3D shapes and/or patterns,
which permits the application of the microfluidic approach and
filling of the microchannels with conductive graphene solution
even in the third dimension, vertical “z” axis, or at different
angles relative to vertical the “z” axis. Figure 1h—k demonstrates
filling of channels with graphene solution for different 3D shapes
including not only in a spiral form but also in the form of letters
such as Z, S, or W. Therefore, 3D geometries of different circuit
designs can be obtained using the microfluidic approach on
flexible as well as rigid substrates. In addition, this method can
further be combined with 3D printing to achieve conductive and
flexible 3D devices, which will be demonstrated in the following
sections of the manuscript.

https://dx.doi.org/10.1021/acsami.9b23460
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Figure 2. Effect of preheating temperature (refers to the ethanol-thermal reaction temperature of GNP solution prior to the filling of the
microchannels), concentration, number of passes, and flow rate on the conductivity of graphene patterns. (a) Change of sheet resistance with respect to
graphene preheating temperature and number of passes (graphene concentration: 20 mg/mL) (p < 0.05). (b) Sheet resistance of the graphene patterns
for the optimized parameters (p < 0.05). Surface micropattern width: 300 ym; depth: 150 yum; length: 2 cm. Graphene solution preheating
temperature: 75 °C; heating time: 3 h. (c) Stability of the circuits after multiple bending (100 times) and washing cycles (100 times). (Each experiment
was repeated three times (1 = 3)) p < 0.05). Graphene concentration: 60 mg mL™". Flow rate: 100 ug mL™". Number of passes: 1.

The electrical conductivity (or sheet resistance) of the
graphene patterns were tailored by changing parameters such
as concentration of GNP solution, solution temperature and
time, number of passes, or the flow rate of GNP solution (Figure
2). For the GNP solution with the concentration of 20 mg mL™"
in 70% ethanol, the increase in the number of passes resulted in
the formation of continuous graphene layers within the
microchannels. Particularly, after five passes, the continuous
deposition of the graphene pattern can be observed within the
microchannels (Figure 2a and Figure S3a). The preheating of
GNP solutions at different temperatures prior to the micro-
fluidic filling process did not show any significant effect on the
formation of continuous graphene layers. However, the
synergetic effect of preheating temperature and number of
passes led to significant enhancement in conductivity. As shown
in Figure 2a, the increase in preheating temperature to 75 °C
along with eight passes decreased the sheet resistance down to
~0.05 k€ sq~". The temperature-based heating of GNP solution
before the microfluidic filling caused significant alterations in the
GNP structure enhancing the conductivity (results shown later
in the text). It was noted that the maximum preheating
temperature was determined as 75 °C, which is right below the
boiling point of 70% ethanol. The preheating time was also
changed to ascertain its effect on the conductivity. However,
results indicated that extending the preheating time beyond 3 h
did not have any significant influence on the conductivity of the
GNP circuits. Therefore, preheating at 75 °C for 3 h was applied
for the rest of the studies. Simultaneously, the increase in the
number of passes of the GNP solution augmented the amount of
conductive graphene within the microchannels, forming a
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packed and continuous layer of graphene, leading to
pronounced conductivity.

The parameters were further optimized to achieve a GNP
solution concentration and flow rate that can enable sufficient
continuity and conductivity of graphene layers with a single pass.
Figure 2b and Figure S3b demonstrated that the GNP solution
(preannealed at 75 °C for 3 h at a concentration of 60 mg mL™"
in 70% ethanol) pumped through the microchannels at a flow
rate of 100 yL min~' enabled formation of a continuous
graphene layers within the microchannels, while the lower
concentrations or flow rates resulted in discontinuous layer
formation. This condition also provided the lowest sheet
resistance of ~100 Q sq~' (the highest conductivity) with a
single pass (Figure 2b). It was observed that the higher flow rates
resulted in overflow of the GNP solution from the micro-
channels (data not shown). As the number of passes increased to
three, the sheet resistance decreased down to ~0.03 kQ sq~"
(Figure 2b). These sheet resistance values along with the
graphene ink concentration (~2.5 mg of graphene is required to
obtain ~0.1 kQ sq ™" of sheet resistance in an area of 1 cm*) are
competitive with the values obtained by other techniques,
involving heat or laser annealing steps, reported in the
literature.””**

The application of the preheating approach in our method
allows the use of various substrates, particularly natural or
synthetic polymers that are sensitive to high temperatures,
lasers, or chemical processing. Thus, this process also enables
fabrication of graphene- and polymer-based electronic circuits at
room temperature. Furthermore, with this approach, it is also
possible to fabricate electronic circuits on various polymeric

https://dx.doi.org/10.1021/acsami.9b23460
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substrates, including biocompatible/biodegradable polymers,
with controllable 3D microstructure, porosity/pore size, and
mechanical properties for various applications, including but not
limited to biomedical applications or implantations. Our results
also indicated that these graphene-based circuits on various
polymer-based substrates maintained their sheet resistance after
different stability tests (Figure 2c).

The 3D microstructure of the PLLA films along with the
graphene patterns can be seen in Figure 3a—c. Precise and

S

Figure 3. (a—c) SEM images of PLLA films and graphene-filled
microchannels. (a) Cross section of PLLA film and surface micro-
patterns. (b) 3D porous microstructure of PLLA film. (c) PLLA film
surface microchannels filled with GNPs. (d—f) SEM images of GNPs,
previously annealed at different temperatures and filled in micro-
channels. (d) Nonannealed GNPs. (e) GNPs preannealed at S0 °C. (f)
GNPs preannealed at 75 °C. (g—i) Resultant graphene-filled
microchannels with varying number of passes of the GNP solution
while the flow rate (100 4L min™") and preheating temperature (75 °C)
were held constant. (g) One pass. (h) Two passes. (i) Three passes. (j—
1) Effect of number of passes on the GNP layer thickness. Flow rate: 100
uL min~!; pre-heating temperature: 75 °C. (j) One pass. (k) Two
passes. (1) Three passes.

accurate transfer of surface micropatterns at various dimensions
from rigid molds to the PLLA film surfaces can be achieved
(Figure 3a). With this approach, it is also possible to control the
3D porous microstructure of the PLLA films via phase inversion
(Figure 3b) as opposed to other graphene-based flexible device
fabrication methods. For instance, most of the prior studies with
flexible substrates used polyimide or PDMS as their substrate
material, which are not biodegradable and difficult to fabricate
into 3D porous microstructures. The precise surface micro-
channels also enable the formation of continuous graphene
layers within the microchannels via the microfluidic approach
(Figure 3c). The structure of GNPs, preannealed at different
temperatures and flowed within the microchannels, can be
observed in Figure 3d—f. As the preheating temperature is

increased from 25 °C (nonheated, room-temperature con-
dition) to 75 °C, a more densely packed, continuous graphene
structure was observed within the channels. Formation of this
structure upon preheating at 75 °C could be one of the main
reasons for the high conductivity of the GNP (Figure 2). The
increase in the number of passes does not have a significant
influence on the graphene structure; however, it leads to an
increase in the thickness of the formed graphene layers within
the microchannels, enhancing the conductivity (Figure 3g—1).
In addition, the graphene thickness is uniform and does not
change between the starting and ending points of the
microfluidic channel, as shown in Figure S4.

The presence of graphene micropatterns on the PLLA film
surface can also be observed via XPS analysis (Figure 4a). The
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Figure 4. (a) XPS analysis of PLLA films with graphene surface patterns
preannealed at 25, 50, and 75 °C. (b, c¢) TEM images of GNPs: (b) not
preheated and not probe-sonicated; (c) preannealed at 75 °C and
probe-sonicated. (d) Raman spectra of graphene patterns on PLLA
films. (Graphene concentration: 60 mg mL™". Flow rate: 100 g mL™".
Number of passes: 1.)

XPS analysis revealed the presence of classical C=C (~283.5—
284 eV), C—C (~284.5 eV), C—OH (~285.5—-286 V), and
C—0—C (~286.5 V) graphene peaks on the PLLA film surface
at 25 and 50 °C preheating.*”%>~** Figure 4a shows that there is
no significant change in the graphene XPS spectra when the
preheating temperature is increased from 25 to 50 °C. However,
we observed a shift in the C—O—C (~286.5 V) peak and
formation of C—OH peak at ~286 eV as well as a similar shift
from ~284 to ~283.5 eV for C=C peak for the graphene
preheated at 75 °C. These structural changes upon preheating at
75 °C could be the reason for the reduction in the oxygen species
and enhanced graphene conductivity since the oxygen content
reduced from 5.96 to 4.44% as the carbon content increased
from 94.03 to 95.55% in the XPS analysis when the preheating
temperature was increased from 25 to 75 °C. Another reason for
preheating and probe sonication-induced conductivity could be
due to the size reduction and homogenization of GNP, which in
turn results in the formation of continuous and densely packed
graphene patterns. This effect can be seen in TEM images in
Figure 4b,c. We also conducted a Raman spectra analysis for the
graphene patterns on PLLA films. Raman spectra in Figure 4d
display classical and distinct graphene peaks at D (~1350 cm™),
G (~1580 cm™), and 2D (~2700 cm™!).”**> A small D peak,
associated with lattice structure imperfections and edge plane
defects, as well as large G/2D peaks, characteristic of sp’-
hybridizated carbon, were observed.”” Graphene patterns
displayed a low (Ig/Ip) ratio (0.32 # .07) and a fairly high

https://dx.doi.org/10.1021/acsami.9b23460
ACS Appl. Mater. Interfaces 2020, 12, 13529—13539


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b23460/suppl_file/am9b23460_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.9b23460?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b23460?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b23460?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b23460?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b23460?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b23460?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b23460?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b23460?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b23460?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(Lp/Ig) ratio (0.57 % .06), which shows the multilayer
graphene structure.®®%"

These results clearly indicate that the microfluidic approach
can easily be applied for the fabrication of graphene- and
biodegradable polymer-based flexible devices with the graphene
pattern feature sizes as low as S0 ym in width and depth (Figure
1). However, with slight modifications in the experimental
setup, this approach can further be used to fabricate graphene
patterns with feature sizes as low as ~15 ym in width and ~5 ym
in depth. Briefly, films with micropatterns were mounted on a
glass slide and placed under a microscope. Capillary tubing with
a microcapillary needle (inner diameter of ~1—2 um) was
connected to the syringe pump and micromanipulators. With
the help of micromanipulators and a microscope, the needle is
placed into one of the microchannels on the film and a
controlled flow of GNP solution was provided to fill the
microchannels (Figure SS).

Figure Sa—c demonstrates that with this microscopy-aided
approach, it is possible to fill the microchannels with feature

Figure S. Images showing graphene patterns with feature size lower
than 50 ym using a microscopic approach. (a, b) Images captured from
movie demonstrating filling of the microchannels with GNP solution
under a microscope. GNP filling of PLLA microchannels with
microchannel widths of (a) SO and (b) 20 gm. SEM images of
graphene patterns with a pattern width of 15 ym (c) on PLLA films and
(d) on solid silicon wafer.

sizes of less than 50 ym on the PLLA films. This approach can
form graphene patterns with small features in less than 30 s. The
microfluidic method (either improved with microscopic
approach or otherwise) can also be used for solid substrates
with etched surface micropatterns (such as silicon wafers). As
seen in Figure 5d, the graphene patterns on solid silicon wafers
with pattern widths of ~15 ym form continuous and conductive
layers. Therefore, this microfluidic approach can fabricate
conductive circuit designs with small dimensions (down to
~15 pm in width and ~$ pm in depth) on flexible film or rigid
substrate surfaces, which are difficult to obtain by other
techniques, using significantly lower amounts of GNP solution.

The appropriate application of the microfluidic method,
whether using the microscope or not, depends on the selection
of correct flow rate and velocity depending on the channel size.
For all of our trials, we were within the limits of the laminar flow
region (Reynolds number < 400). However, flow rate and speed

were determinant factors along with the channel dimensions.
For channel dimensions ranging from 400 to SO ym width/
depth, the maximum flow rate was determined to be 100 uL
min~". Flow rates above 100 L min™" resulted in overflow and
improper filling. For the channel dimensions smaller than 50 ym
width/depth, the maximum flow rate was selected as 1 uL/min.
Therefore, the flow rate and speed can be adjusted according to
channel dimensions.

This microfluidic approach is not only limited to conductive
graphene solutions but can also be applied using different
conductive liquids or composites. In recent studies, conductive
material-based nanocomposites or self-healing/self-adhesive
composites with different properties have been successfully
demonstrated for different applications such as photomechan-
ical actuation, antenna, or strain sensor.’”’° In our case, we used
conductive silver solution and combinations of conductive silver
and graphene solutions at different ratios to demonstrate the
applicability of the microfluidic approach using different
conductive solutions. As can be seen from Figure 6a, by
changing the silver to graphene ratio, it is possible to control the
conductivity of the solutions, which in turn controls the
conductivity of the formed circuits. Increasing the silver content
clearly indicates that the sheet resistance decreases and
conductivity increases (Figure 6a). The change in the structure
of silver/graphene solution within the PLLA film channels upon
drying can also be observed in Figure 6a. It was noted that at
high silver concentrations, highly conductive silver ink provides
numerous percolation paths’"’> between the metal particles,
and the presence of low graphene amounts in the formulation
provides effective electrical networks between the silver flakes by
reducing the negative influence of the voids and maintaining the
high conductivity or low sheet resistance. However, as the
graphene amount significantly increases (higher than 50%), the
contact resistance between the graphene flakes significantly
impedes the higher conductivity and dramatically increases the
sheet resistance.”” The XPS analysis in Figure 6b,c also indicates
classical peaks of silver and graphene as their combination ratios
change. The silver peaks at ~382 and ~373 eV showed a
decreased shift toward ~377 and 371 €V and disappear as the
silver content decreases (Figure 6b). Similar behavior can also
be observed in the graphene peaks (Figure 6¢). The obtained
circuits also maintained their conductivity and showed stability
after multiple binding and washing cycles (data not shown). It is
anticipated that the silver and graphene is attached to each other
through the effect of binders in the silver paste structure and
preheating.

The real-world application of the devices developed using the
microfluidic method was also demonstrated for radio frequency
identification and near-field communication (NFC) purposes.
We developed an NFC antenna via the microfluidic method that
is integrated to a commercially available NFC chip (Figure 7).
The performance of the antenna, based on the return loss and
resonant frequency, changed with respect to the conductivity of
the ink material used. As seen in Figure 7a, the antenna made
from 100% silver with the highest conductivity (Figure 6a) on
the rigid Teflon mold demonstrated similar return loss as the
commercially available NFC tag. Considering this, the same
antenna was prepared directly on flexible PLLA substrates using
100% silver ink showing a reasonable return loss (Figure 7b).
Following these measurements, the same devices were tested
using a smart phone app and a successful communication was
observed when the phone was in proximity to the NFC device
(Figure 7c).
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Teflon and (b) using silver on flexible PLLA films. (c) Real application of developed near-field communication devices using a phone app.

As another real-world application, a pressure sensor was also
developed using the microfluidic method. For this purpose, we
combined our microfluidic approach with 3D printing to
fabricate the pressure sensors (Figure 8). The designed film with

13535

proper microchannels were 3D printed as a mold (Figure 8a)
and then conductive graphene solution was administered via the
microfluidic method to create the pressure sensor (Figure 8b).
The obtained sensor was flexible and the created graphene
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Figure 8. (a) 3D printed PLA-based flexible pressure sensor mold/
template. (b) Microfluidic administration of conductive GNP solution
to 3D printed PLA mold. (c) Flexible nature of the obtained pressure
sensor. (d) Circuit setup with pressure sensor. Real application of
pressure sensor lighting up the LED bulb (e) when pressure was applied
and (f) when pressure was removed. (g) Change of resistance with
respect to applied pressure. A linear fit is indicated using the dotted line.

circuits were stable after multiple bending cycles (Figure 8c). A
simple sensor set up was developed and tested by touching the
sensor (Figure 8d—f). The results indicated that the pressure
sensor was able to detect the touch of a finger and light the LED
light upon applied pressure (Figure 8e,(f). The change in the
resistance with respect to applied pressure was also observed
(Figure 8g). The change in the resistance increased with the
pressure applied normal to the surface of the sensor as expected.
Based on the slopes of the linear fitting curve, the sensitivity of
the sensor was found to be S = 1.25 kPa™" for the applied
pressure.

3. CONCLUSIONS

These results demonstrate that the developed microfluidic
fabrication method is a versatile, cost-effective, and standalone
technique to create graphene-based rigid or flexible electronic
devices on various substrates with desired 3D microstructural
properties, small feature sizes, and high spatial resolution. This
method can be broadly applied to various natural or synthetic
biodegradable materials with well-defined characteristics such as
gelatin, collagen, chitosan, alginate, whey protein isolate, PLLA,
PLGA, PVA, etc. Moreover, the 3D porous microstructure,
mechanical properties, flexibility, and biodegradation rate of the
devices can be controlled using the microfluidic fabrication
approach. In addition, this method enables the production of 3D
flexible electronic devices through 3D printing or molding.
Development of such electrically conductive and flexible or rigid
devices via a microfluidic fabrication method eliminates the
need for any type of expensive equipment (except photo-
lithography for initial microchannel patterning for the molds or
solid substrates), postprocessing, transferring, or stamping
process and conventionally used PDMS molding or Cu foil-
based transfer. This is a significant advancement over other

flexible or rigid electrode-based electronic fabrication methods
that are confined to planar substrates, require high-temperature
processing, and used expensive pre or postprocessing. The
developed microfluidic fabrication method also enables circuit
design on biodegradable polymeric films, which is not possible
with chemically degrading, lithographic patterning techniques.
Therefore, the fabricated devices can be used in various
biomedical and healthcare applications including, but not
limited to, portable energy-harvesting devices, sensors,
electronic skins, wearable electronic devices, brain—computer
interfaces, and many others.

4. METHODS

4.1. Conductive Solution Preparation. Binder-free graphene
nanoplatelets (GNPs) (Sigma-Aldrich, 799084) were dissolved in 70%
ethanol (20—60 mg mL™") and bath-sonicated for 3 h.*”*® Then,
ethanol-thermal reaction was applied to GNP solution by heating at 25,
50, and 75 °C for another 3 h (preheating) prior to the application of
microfluidic channel filling to potentially reduce the oxygen species and
increase the conductivity of GNP solution.””*® Following this, the
binder-free GNP solution was further probe-sonicated at 50%
amplification for 15 min to reduce the particle size and provide
homogenization. The application of ethanol-thermal reaction-based
preheating eliminates the need for postprocessing. The conductive
solution based on the combination of silver and graphene at different
ratios was prepared in the same way. Briefly, 60 mg of silver paste
(Sigma Aldrich, 791873) was heated at 100 °C to obtain conductive
silver powder, dissolved in 70% ethanol, and mixed with graphene
nanoplatelet (Sigma Aldrich, 799084) solution (60 mg/mL in ethanol)
at different ratios. Then, the sonication and preheating steps were
followed as described.

4.2. Micropatterned Film Preparation. The micropatterned
molds or solid substrates, Teflon or Delrin, with different surface
patterns, were prepared using a computer numerical control (CNC)
machine with the feature size ranging from 50 ym to 1 mm. On the
other hand, silicon wafer molds or rigid substrates with small pattern
features (ranging from 15 to 100 um) were prepared using
photolithography. Following the mold preparation, the polymer
solutions at desired concentrations (for this case 10 wt % ester-
terminated PLLA (from LACTEL Absorbable Polymers, Cat. No:
B6002-1, ester terminated poly(i-lactide), inherent viscosity, 0.15—
0.35 dL/g) in dichloromethane) were cast on the mold and left for
drying. The 3D microstructure, porosity, and pore size of the films can
be adjusted via well-established phase inversion techniques. Upon the
film formation, the film was peeled off from the solid mold and surface
patterns were transferred from solid mold to the flexible film surface.

4.3. Graphene Pattern Fabrication. The patterned films (pattern
dimensions range 400—50 ym) were mounted on a flat surface. The
prepared graphene solution (concentration range, 20—60 mg mL™")
was pumped through the microchannels with the aid of a syringe pump
at a flow rate of 1—100 xL/min in a controlled manner. For the
fabrication of 3D flexible circuits, the prepared films were bent into
different 3D shapes (like origami) and the microfluidic filling of the
channels with graphene solution was conducted in a controlled way
using a syringe pump. For the flexible films with micropattern sizes of
smaller than S0 um, we used a microscopic setup consisting of
micromanipulators, microneedles, microtubing, and syringe pump
attached to a microscope. In this setup, the films with micropatterns
were mounted on a glass slide and the microfluidic filling of graphene
was conducted under a microscope. The same approach was also
applied to conductive silver/graphene solutions.

4.4. Characterization of the Devices. The stability of the
graphene patterns on devices was tested through multiple washing,
bending, and peeling off cycles. The conductivity of the devices was
determined by building up a circuit and measuring resistance. The
microstructure of graphene patterns and devices were characterized
through scanning electron microscopy (SEM) (FEI Quanta 250 FE-
SEM), transmission electron microscopy (TEM) (FEI Tecnai G2-
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F20), X-ray photoelectron spectroscopy (XPS) (Amicus XPS), and
Raman spectroscopy (Bruker FT-Raman spectrometer) analyses. SEM
samples were sputter-coated with 2 nm iridium before the analysis, and
images were taken using secondary electron mode. The TEM samples
were prepared by dipping a carbon-coated copper grid (Ted Pella 400
mesh Cu Holey Carbon) in 20 uL of colloidal GNP solution and air-
dried before taking images. A monochromatic Al Ka X-ray source
(1486.6 eV) was used in XPS analysis with an electron take-off angle of
45° from a normal sampling surface. Survey scans were collected from
10 to 1100 eV with a pass energy of 187.85 eV. Raman spectra were
collected with a backscattering geometry, 1064 nm Nd:YAG laser, and
spot size of about 1 mm.

4.5. Preparation and Testing of NFC Antenna. The Teflon-
based antenna mold was prepared by the CNC machine. The antenna
mold had 0.5 mm size of width and spacing with seven number of coils.
The previously prepared graphene, silver, or graphene/silver
conductive solutions at different ratios were applied to the mold
using the developed microfluidic fabrication approach. After the
formation of the antenna, a commercially available NFC chip was
integrated to the coils using a silver paste. The efficacy of the device was
tested on a vector network analyzer (VNA). The measurements were
taken in a sintered Ferrite-tile-lined anechoic chamber at ambient
temperatures. The VNA device temperature was 49 °C. A S ft N-type 50
ohm coaxial cable with a maximum insertion loss of 1.2 dB was attached
to the first port of the VNA (TR 1300/1, Copper Mountain
Technologies). The VNA was calibrated with a 1-port SOL method.
Port extension was used to extend the reference plane through an N-
type to SMA adapter and an SMA mount to the base of the reading coil.
The reading coil was composed of two turns of 13 gage copper wire of 6
cm in circumference, which had a self-resonant frequency of 295 MHz.
The coil is electrically small at the frequency range of interest and can be
assumed to have constant current. The interrogating stimulus was a
continuous linear sweep of 16,001 points centered at 13.56 MHz with a
span of 26 MHz. The intermediate frequency bandwidth was 10 kHz.
The antenna was also tested using an Android phone app, NFC Tools.

4.6. Preparation and Testing of Pressure Sensor. The PLA-
based flexible film with predetermined interdigitated patterns (1 mm
finger width and spacing) was 3D printed using an Ultimaker 2+ 3D
printer. The CAD design was conducted using the FreeCAD software,
and a g-code was created using the Ultimaker Cura 4.2.1 slicer software.
The design was printed with a 250 ym nozzle at a 200 °C print
temperature and 30 mm/s print speed. The infill density was 22% and
the layer height was 0.06 mm. Following the formation of the 3D
printed PLA film, the microchannels were filled with conductive
graphene solution using the developed microfluidic fabrication
approach. The fabricated sensor was then integrated to commercially
available pressure-sensitive conductive sheet (Velostat) by creating 1
mm vertical spacing between the conductive sheet and sensor circuit.
Then, a simple circuit was built using Arduino UNO starter kit to test
the developed sensor.

4.7. Statistical Analysis. The significant differences were evaluated
using ANOVA analysis by Tukey’s method with a 95% confidence
interval. The results are presented as average standard deviation
calculated from at least three independent experiments.
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