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Abstract

The influence of the mechanical bending, rolling and crimping of flexible screen-printed electrodes
upon their electrical properties and electrochemical behavior has been elucidated. Three different
flexible plastic substrates, Mylar, polyethylene naphthalate (PEN), and Kapton, have been tested in
connection to the printing of graphite ink working electrodes. Our data indicate that flexible printed
electrodes can be bent to extremely small radii of curvature and still function well, despite a marginal
increase the electrical resistance. Below critical radii of curvature of ~8 mm, full recovery of the
electrical resistance occurs upon strain release. The electrochemical response is maintained for sub-
mm bending radii and a 180° pinch of the electrode does not lead to device failure. The electrodes
appear to be resistant to repeated bending. Such capabilities are demonstrated using model
compounds, including ferrocyanide, trinitrotoluene (TNT) and nitronaphthalene (NN). These printed
electrodes hold great promise for widespread applications requiring flexible, yet robust non-planar
sensing devices.
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1. Introduction

Large-scale sensor fabrication of modern electrochemical sensors, such as disposable glucose
strips or environmental gas sensors, is commonly accomplished by modern screen-printing
(thick-film) processes [1-3]. Since the mid 1980s, the screen-printing technology has offered
mass production of highly reproducible yet inexpensive electrode systems. The screen printing
process involves the patterned deposition of conducting and insulating inks onto planar
substrates by pressing the ink through a stencil or screen mask [4,5]. The basic composition
for these inks includes a conductive material (i.e. graphite, gold, silver, etc), a polymer or resin
or epoxy, a binding agent, and a solvent. Post-printing treatment varies by the formulation, but
typically these thick films are annealed (cured) at high temperatures or dried at room
temperature for a period of time. The electrodes can be easily modified through addition of
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specific functional materials to the ink formulation or in connection to different surface
coatings.

Another variable in these thick-film electrodes, besides the material being printed, is the
substrate itself. Rigid solid supports (e.g. alumina ceramic), that were used initially [6], are not
suitable for use as wearable on-body sensors and are not compatible with current flexible
electronics and display systems. Polymeric substrates, such as flexible polyimides [7,8] or
plastic PVC [9], have thus been introduced to meet the growing biomedical and industrial
demands for more flexible less rigid electrodes. These initial studies using polymeric substrates
have spawned the recent development of flexible solar cells [10], implantable Kapton-based
biomedical sensing devices [11], chemical sensors on flexible polyester films [12], or pressure
sensors on flexible polyethylene naphthalate (PEN) [13]. Indeed, flexible devices are now
widely sought in connection to flexible electronics [14], organic field effect transistors [15],
optical organic light emitting diodes [16], or flexible displays [17]. The major challenge to this
surge is not only their manufacture, but in the stability of these devices in terms of mechanical
[18], electrical [19], or electrochemical properties. The practical utility of flexible thick-film
sensing devices has been developed despite the fact that little is known about the influence of
mechanical stress (associated with their bending or rolling) upon their operation and overall
performance.

The aim of the present work was to examine the influence of the mechanical bending on the
electrochemical behavior of flexible thick-film sensors. A carbon ink was screen printed onto
three different flexible plastic substrates: Mylar, polyethylene naphthalate (PEN), and Kapton.
The electrochemical behavior and electrical parameters were examined before and after rolling,
bending, and crimping the corresponding electrodes. Our data indicate that flexible printed
electrodes can be bent to extremely small radii of curvature (including repeated mechanical
wear) and still function well. The implications of such mechanical stress upon the operation
of flexible thick-film devices as on-body wearable sensors or in flexible-electronic applications
are discussed.

2. Experimental

2.1 Regents and materials

A standard solution of 2,4,6-trinitrotoluene (TNT) in acetonitrile (ACN) (1000 pg/mL) was
obtained from Cerilliant (Round Rock, TX). 1-Nitronaphthalene was obtained from Sigma-
Aldrich (St. Louis, MO). Note that 1-nitronaphthalene is carcinogenic and care should be taken
when utilizing. Potassium ferrocyanide was purchased from Sigma Aldrich (St Louis, USA).
Deionized water from a Milli-Q system (Millipore, Bedford, MA) was used to prepare all
solutions. Most electrochemical measurements were measured in the mixture of 5 % of
acetonitrile (ACN) (Sigma, St. Louis) in 0.1M phosphate buffer (PBS) pH 6.5 containing
potassium phosphate monobasic and dibasic (both from Sigma, St. Louis). Some cyclic
voltammograms were carried out in 0.8M KCI (Sigma, St. Louis). The carbon ink [G-449(1)]
used in screen printing was obtained from Ercon (Wareham, MA).

2.2 Apparatus and measurement

A semi-automatic screen printer (Model TF 100; MPM, Franklin, MA) was used to print ~50
um thick film carbon electrodes (1.5 x 18 mm). For the screen printed electrodes (SPE), the
carbon ink was printed through a patterned stencil on four different substrates: ceramic
(alumina) (Coorstek, Golden, CO), polyethylene naphthalate (PEN) (DuPont Teijin Films,
Hopewell, VA), Kapton (CS Hyde Co., Lake Villa, IL) and biaxially-oriented polyethylene
terephthalate polyester (Mylar) plates (HP Company, Palo Alto, CA) (See Fig. 1).
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Subsequently, the carbon thick film was heated for 10 min at 100 °C to drive off the solvent
from the applied paste and to cure the patterned paste.

The effect of cyclic strain on the resistance of the electrodes was measured using a digital
multimeter Elenco LCM-1950 (Elenco Electronics, Wheeling, Il). The resistance of the
electrode was measured in its flat position from the end to end. The electrode was then bent
inward to 45° for 5 min, and resistance was measured again. This 5 min bend followed by
resistance measurement was repeated for bend angles of 90°, 180°, and 180° pinched
(Mustration in Fig. 1). This was repeated for 5 electrodes for each type of substrate.

The resistivity of each sample was determined using a four-point-probe system
(SP4-40045TFS, Lucas Labs) attached to a Semiconductor Characterization System (Keithley
4200-SCS) through a custom built stage. The SCS was programmed to source voltage and
measure current through the probes according to typical protocols. The resistivity, p, of each
sample was determined as

v
LAY
P=T 1)

where V is the applied voltage, | is the measured current, and G is the correction factor based
on the thickness and geometry of the sample being measured. As the thickness of the printed
carbon lines was more than an order of magnitude larger than the probe spacing, G was
calculated based on a semi-infinite rectangular slab with finite width [20]. This factor corrects
for the narrow structure of the printed sample. The printed carbon electrodes were tested
individually in triplicate as a function of annealing time. The impact of bending or flexing of
the electrode on electrical properties was examined using a series of fixed bending radii. The
resistivity of each electrode was first measured in unperturbed state and then while bent. The
reversibility of the changes in the electrical performance was assessed by flattening the
electrode post bending to determine if the initial resistivity is recovered.

Optical images of the electrodes were acquired on a Nikon Eclipse 801i microscope (Nikon
Corp., Tokyo, Japan) equipped with an X-Cite 120 fluorescence illumination system (EXFO,
Mississauga, Ontario, Canada) as a light source. Digital images from the microscope were
acquired with a Photometrics CoolSnap CF camera (Roper Scientific, Duluth, GA) and
MetaMorph 7 software (Molecular Devices Corp., Sunnyvale, CA). Pictures were taken using
a stereoscope (Caltex Systems 3D Digital-Video Measurement Inspection, model infinity
1-1c).

All electrochemical measurements were performed using an Autolab Electrochemical
Analyser (Eco Chemie BV, Type II, The Netherlands) and CHI 1220A Electrochemical
Analyzers (CH Instruments, Austin, TX) with the general purpose electrochemical software
operating system GPES 4.9. All measurements were performed at room temperature (~ 23 °
C). To understand the electrochemical behavior of flexible electrodes under strain, the
electrochemical response of the flexible substrate electrodes was measured upon bending
inward to angles of 0°, 90°, 180°, and 180° pinched. To facilitate these measurements, three-
electrode electrochemical cell was used in all the experiments with a screen-printed thick film
carbon electrode as working electrode, Ag/AgCI (3 M KCI) as reference electrode and 0.25
mm diameter platinum wire as counter electrode. Both square-wave voltammetry (SWV) and
cyclic voltammetry (CV) were used to study the strain effect on flexible printed electrodes.

To test the impact of mechanical strain on the sensing capabilities of flexible electrodes, a
solution of 50 ppm TNT in phosphate buffer (PBS; pH 6.5) containing 5% ACN was prepared
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for the SWV measurements. Main SWV parameters included a 30 Hz frequency, 4 mV step
potential and an amplitude of 25 mV. The potential was swept from 0.0 VV to —1.2 V. For cyclic
voltammetry, the supporting electrolyte were 0.1M phosphate buffer (pH 6.5) or 0.8M KCI for
the background and ferrocyanide measurements, respectively. A scan rate of 0.1 V/s was
applied.

3. Results and Discussion

We examined the influence of the rolling, bending, and crimping of flexible screen printed
electrodes (SPEs) upon their electrochemical behavior and electrical parameters. Figure 1
illustrates the bending of the 1.5x18 mm carbon-based SPE that was used to characterize the
robustness of these flexible sensors. An inward bend, illustrated in Figure 1B, results in
compressive strains, whilst an outward bend yields a tensile stress in the electrically active
film. While a Mylar substrate was used here, similar stresses were applied to PEN and Kapton
based electrodes.

As illustrated in Figure 2, such SPEs can be bent on top of itself to extremely small radii of
curvature without any visual signs of failure. Three substrate materials are presented: Kapton
(A), PEN (B), and Mylar (C). These substrates were initially tested with high resolution
microscopy to evaluate print results. For a-Si:H based transistors, a tensile strain of ~ 0.5%
was sufficient to physically crack the active layer, leading to device failure [21]. In contrast,
Figure 2 indicates that a significantly greater strain can be imparted to the flexible SPEs without
visible damage (a vs. b). These SPESs have been subjected to sub-mm bending radii to the point
of crimping the substrate. No apparent visual damage of the printed carbon surface is indicated
at the place where the bend was taken (arrow in b), although it is clearly indicated - as the white
line from the crimping -in the substrate (especially using Kapton). The higher magnification
images (of Figure 2C) further indicate that the printed carbon surface was not deteriorated
during the bending.

To test the electrical robustness of the carbon composite SPEs, the electrodes were bent to
varying radii of curvature to induce tensile stresses. Their changes in resistivity during and
after bending are illustrated in Figure 3 (A and B, respectively). The resistivity of the unstressed
electrodes is illustrated by the dashed horizontal lines. In all cases, the application of a tensile
stress decreased the conductivity of the electrode. As the radius of curvature decreases and the
tensile strain increases, the deviation from the unstrained case (dashed line) increases,
especially for a bending radius smaller than 8 mm. This is similar to the 7.5 mm critical radius
obtained by Loo et al for organic thin film transistors (TFTs) [22]. However, even at a curvature
radius of 1.5 mm, the SPEs remain highly conductive with less than 50 % increase in the
resistivity.

The annealing (curing) of the carbon electrodes, following the screen printing step, does impact
the electrical response as illustrated in Figure 3A. As the electrode is annealed at 120 °C, the
resistivity of the SPE increases presumably from loss of the solvent, which is more conductive
than the polymeric binder. The resistivity of the SPE increases from 0.155 ochm-cm to 0.222
ohm-cm to 0.288 ohm-cm as the annealing time is varied from 3 min to 10 min to 60 min, in
comparison to 0.0035 ohm-cm for pure carbon [23]. Due to the nature (mixture) of the
polymeric ink (with solvent and binder) a difference between SPE ink and pure carbon is
expected, as well as among SPE ink with different curing times or temperatures. These data
are the average of 3 electrodes with less than 5 % variability. This illustrates one of the
advantages of these SPEs over conjugated polymers, namely reproducibility. Orders of
magnitude variability in the electrical properties of semiconducting polymers on a single wafer
have been reported [24]. Thus, it appears that our flexible SPEs combine the advantages of
inorganic electronic materials (narrow variance in electronic properties) and conjugated
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polymers (small bending radii). At large bending radii, a slightly larger increase in resistivity
is observed for the 60 min cured SPEs in comparison to the shorter annealing times. However,
the radii (~8 mm) where the conductivity decreases significantly more is independent of the
annealing conditions. This suggests that the strain associated with this radius is sufficient to
substantially decrease the number of carbon-carbon contacts in the composite and therefore
the structure of the composite electrode is not significantly altered by the annealing condition.
However, the modulus of the SPE will be altered by the loss of solvent during annealing.

The change in the mechanical properties of the SPE will impact the recovery of the initial
structure following release of the tensile strain. To test the impact of the mechanical properties
of the SPE as altered through annealing, the reversibility of the changes in the electrical
resistivity was examined by flattening the electrode following the bending (Figure 3B). Using
large bending radii (>10 mm), the initial conductivity of the SPEs is fully recovered. However,
an irreversible increase in resistance is observed for smaller bending radius. Additionally, this
change is greater at long annealing times, consistent with a decrease in the composite relaxation
associated with the solvent loss. Nonetheless, all SPEs tested remained highly conductive
during and after all bending radii examined.

The stability in the conductivity of these electrodes through bending suggests that the electrodes
will remain effective for electrochemical sensing and detection. Such electrochemical testing
were carried out using electrode cured at 120 °C for 10 min. Background (phosphate buffer)
cyclic voltammograms of unstressed and stressed are illustrated in Figure 4 (A vs. B-D). In
the unstressed state, the voltammogram is relatively featureless as would be expected for
phosphate buffer on these carbon based electrodes. Solvent evolution is observed above +1.0V
with oxygen reduction negative to —0.45V. Bending the SPE at different curvatures has a
negligible impact upon the background signal and potential window (B-D). Even a severe
abuse of the electrode to the point of folding the substrate on top of itself and creating a pinched
electrode does not result in electrical failure. The voltammogram at this SPE with a near zero
radius of curvature is not significantly altered from the unstressed SPE (D vs. A). These
background voltammograms illustrate the robustness of the SPE on flexible substrates.

The redox behavior of potassium ferrocyanide has been used for testing the electrochemical
performance of the flexible SPEs following a mechanical stress. Figure 5A compares cyclic
voltammograms for 5 mM potassium ferrocyanide recorded using carbon electrodes printed
on a rigid alumina (a) and flexible PEN (b) substrates. The SPE on both substrates show two
characteristic redox peaks. However, a slight decrease in the peak current and a larger peak
separation (AE, = 710 vs. 642 mV) are observed for the flexible substrate. These changes,
however, do not impede the electrochemical detection. As illustrated in Figure 5B, the flexible
SPE on PEN can be bent to extremely small radii of curvature and still function well. Well-
defined redox peaks, with no apparent change in the peak currents or peak separations, are
observed after inward longitudinal bending at different angles (b vs c—€). Note that even
bending the electrode to a pinched state has minimal effect upon the response (e). Overall,
Figure 5B indicates negligible changes in the cyclic voltammetric response following bending
to extremely small radii of curvature. In contrast, bending the rigid alumina substrate to any
appreciable extent leads to a catastrophic failure of the substrate and thus of the electrode.

The attributes of flexible SPEs make them attractive for demanding sensing applications. For
demonstration purposes, TNT has been selected as a model analyte. Figure 6 illustrates the
square-wave voltammograms for a 50 ppm TNT solution using different SPEs. The distinct
electrochemical signature of TNT is clearly present for sensors fabricated on alumina, PEN
(A,d) and Kapton (C,d). The current from the alumina-based SPE supported is larger than for
the flexible printed sensors, consistent with the cyclic voltammetric results for potassium
ferrocyanide (Figure 5). Bending the flexible PEN (B) and Kapton (D) based electrodes at
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different curvatures does not significantly impact the sensing capabilities of the SPEs for TNT.
There is a decrease in the current as the bending radius is decreased (B,D; d vs. dy,—dy), but the
peaks associated with the TNT reduction remain clearly visible in the voltammograms. These
changes are more pronounced using the PEN substrate. Yet, the signal remains well above the
background (b), enabling convenient trace measurements at the flexible sensor.

One additional concern with flexible electronics is cyclical fatigue that can occur from repeated
bending [25]. Sensing of 1-nitronaphalene (1 NNP, 20 ppm) was used for testing the robustness
of these SPEs to repeated 5 min bending. As illustrated in Figure 7, initial bending of the
electrode results in a small decrease in the signal. However, the signal is stabilized at this level
with repeated 5-min bending having a negligible effect upon the voltammetric signal.
Apparently, these SPEs appear to be resistant to short cyclical fatigue. Additional testing, over
hundreds to thousands of cycles, is necessary to determine the resiliency of these electrodes.

4. Conclusions

We have discussed the influence of mechanical stress upon the operation of flexible thick-film
electrochemical sensors. Bending the electrodes to extremely small radii of curvature has
minimal effect upon the electrochemical behavior, reflecting a small increase in their electrical
resistance Additionally, the electrochemical signal was not adversely impacted from cyclic
bending. These results illustrate the robust nature of screen printed electrodes on flexible
substrates and their promise for sensing with non-planer geometries in connection to various
on-body wearable sensors or flexible-electronic and display applications.
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Figure 1.

Schematic of screen-printed electrode (SPE) (A) on a flexible substrate (a) with a thick-film
carbon working electrode (b). (B) Schematic of the 90° longitudinal inward bend of the flexible
SPE. (C) Photo of the 180° longitudinal inward bend of a SPE on a Mylar substrate.
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Figure 2.

Optical images of strain test of printed electrodes on different flexible plastic substrates: Kapton
(A), PEN (B), and Mylar (C) before (a) and after (b) bending, along with a x100 zoom after
bending (c). The arrow in images (b) indicates the place where bending took place.
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Figure 3.

Impact of controlled bending of SPE cured for 3 min (e), 10 min (A) and 60 min (m) on the
resistivity during (A) and after (B) bending. The dashed lines represent the resistivity of the
unstressed electrodes. Solid lines are provided as a guide for the reader’s eyes.
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Figure 4.

Background cyclic voltammograms of a 0.1M PBS (pH 6.5) solution recorded at a flexible
PEN substrate SPE before (A) and after (B-D) inward longitudinal bending at different angles:
90° (B), 180° (C), and 180° pinched (D). Bending time, 5 min; scan rate, 0.1 V/s.
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Figure 5.

Cyclic voltammograms of 5mM potassium ferrocyanide recorded (A): using SPEs based on
alumina (a) and flexible PEN (b) substrates; (B): using flexible PEN substrate SPE before (b)
and after inward longitudinal bending at different angles: 90° (c), 180° (d), and 180° pinched
(e). Bending time, 5 min; scan rate, 0.1 V/s; electrolyte, 0.8M KCI.
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Figure 6.
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SW voltammograms of 50 ppm TNT in 5 % of ACN/0.1 M PBS (pH 6.5) recorded at alumina
(A, C), PEN (A, B) and Kapton (C, D) SPEs. Background voltammograms at alumina (A,C;
a), PEN (A,B; b) and Kapton (C,D;b) based SPEs; TNT response at the alumina (A,C; d),
flexible PEN (A,B; d) and flexible Kapton (C,D; d), including TNT signals at different bending
angles of the flexibles SPE (B,D): 90° (d,), 180° (d3) and 180° pinched (dg). SWV parameters:
amplitude, 25 mV; potential step, 4 mV and frequency of 30 Hz.
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Figure 7.

Stability of the SWV response of 1-NNP (20 ppm in 1M NaCl) measured at a PEN flexible
SPE before and after repeated 5 min 180° bending. The average signal stability is counted from
the heights of the peaks and represents measurements at 5 electrodes where 100% corresponds
to the unstressed electrode (A). The SW voltammograms of the supporting electrolyte and of
20 ppm 1-NNP before and after bend are shown in Fig. 7B (a and b, respectively). SWV
parameters, as in Figure 6.
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