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Disposable fabric-based electrochemical sensors
fabricated from wax-transfer-printed ﬂuidic cells
and stencil-printed electrodes†
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Porous substrates transport ﬂuid via capillary action and can be inexpensive, making them ideal for ﬁeld-use
sensors. Direct wax printing is one of the most commonly used fabrication methods to deﬁne ﬂuid paths in
standard substrates like cellulose and nitrocellulose. However, direct wax printing is not possible for ﬂexible
materials like fabric. In this work, we demonstrate a simple method of creating ﬂexible electrochemical
sensors in fabric by (i) wax transfer printing to deﬁne the ﬂuidic cell and (ii) stencil-printing to deﬁne
electrodes. We characterize the wax transfer process in several types of fabric and across two methods
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of applying heat and pressure to achieve robust ﬂuid boundaries. Finally, we characterize the
performance of fabric-based electrochemical sensors created using these methods. The results, in the
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context of glucose sensing, indicate comparable reproducibility and limit of detection for the fabric-
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based sensor compared to one implemented in standard cellulose.

Introduction
Fabric-based microuidic sensors have great potential for eld
use due to their low cost, ability to passively transport uid
through capillary action, and exible nature suitable for wearable applications.1 Since rst introduced by the Whitesides
group,2 direct wax printing on cellulose paper has been extensively used to dene uid paths, but is incompatible with exible materials, such as fabric. Recently, a simple method of
incorporating wax channels in exible materials was demonstrated. Specically, Nilghaz et al. characterized a batik-inspired
method where wax is transferred from an intermediate sheet of
wax-impregnated paper to cotton fabric aer applying heat.
This method was used to produce fabric-based devices
demonstrating colorimetric detection of protein3 and other
relevant biomarkers in articial urine.4 Drawbacks of their
method are the requirement for large volumes of wax, the
potential irreproducibility stemming from hand-cut designs in
the wax-impregnated paper template, and non-uniformity in
heating via a soldering iron. More recently, Malon et al. used
a similar method of wax channel denition on cotton fabric for
the electrochemical detection of lactate in articial saliva
samples, and noted the signicant limitation on wax line
resolution of this method5 (in addition, Chuang et al. performed
electrochemical detection of nitroaromatic explosives on cotton
without the use of hydrophobic boundaries6). Alternatively, wax
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screen-printing on fabric has been demonstrated in the development of chemiluminescent and electro-chemiluminescent
fabric sensors for glucose measurements.7,8 Drawbacks of wax
screen-printing are the requirement to fabricate a new screen
for each new pattern, and that processing steps, such as the
application of wax via crayon, or the application of heat for
short times (5 s), are sensitive to human-introduced variation.
Further, these methods may be best suited for lower-throughput
applications. Complementary to these methods, a photolithographic patterning technique has been used to dene hydrophobic uid boundaries on fabric with functional barriers and
line widths9 similar to those demonstrated by Martinez et al. in
cellulose.10 Disadvantages of the photolithographic method are
the multiple complex steps required to selectively expose, cure,
and then rinse the photoresist from the substrate. Thus, there is
still a need for simple and robust methods for patterning uidic
channels in fabric that are compatible with downstream processing such as electrode fabrication. Recently, we demonstrated an improved wax-transfer method11 (compared to the
initial brief report12) in which multiple layers of wax were
successively transferred to a porous substrate from a nonporous template patterned using a wax printer. Our wax transfer process was demonstrated to produce robust uidic
boundaries in thick cellulose substrates11 that were not
compatible with direct processing by a wax printer.13,14 In this
study, we have substantially extended our previous work with
respect to the (i) method of heat and pressure application
during the wax transfer process and (ii) type of substrates
patterned. Namely, we have demonstrated and characterized
well-dened and robust wax boundaries on a variety of fabrics,
and further that the laminator-based heating produces
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substantially improved pattern resolution and faster processing
times in fabric, compared to that obtained with our oven-based
heating protocols. Further, we have demonstrated compatibility
of our wax channel boundaries with a downstream electrode
stencil-printing process, and characterized device electrochemical signal reproducibility. Lastly, we have shown that the
fabric-based device has a comparable limit of detection in
glucose sensing to that of similar devices created in cellulose.

Materials and methods
Fabric pretreatment and characterization
Two 100% cotton fabrics designated HCG and PTC (Dharma
Trading Co; Product ID #HCG and #PTC45, respectively) and
one 35–65% cotton–polyester blended fabric designated YLS
(Symphony broadcloth, 0063-6373) were used here-in. Fabrics
were rinsed with deionized water for approximately 5 minutes
and allowed to air dry overnight prior to use. The material uid
capacity of each of the three fabrics was estimated by allowing
a 1 cm  1 cm sample to passively uptake water from a source
pad for 90 s, and then measuring the change in mass (N ¼ 5 or
12). The droplet wetting time of each material was determined
by measuring the time required for 10 mL of dye to absorb into
a 4 cm2 square sample of fabric (N ¼ 3). The wicking time of
each material, for the x- and y-directions, was determined by
measuring the time required for the uid-front to rise 2 cm in
a vertically-oriented fabric sample of 4 mm width (N ¼ 3 for
HCG, YLS, Whatman #1 lter paper, and N ¼ 9 for PTC). A
statistical comparison between the wicking times in the x- and
y-directions was made using a two-tailed Student's t-test
assuming unequal variances (Microso Excel, Redmond, WA).
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temperature and speed. Samples were removed from the pouch
and template sheet immediately aer exiting the laminator. When
exposing samples to multiple passes through the laminator,
resetting the temperature between passes ensured the most
consistent temperature conditions. This procedure was used for
the laminator-heating method characterization reported in Fig. 3.
For a given set of parameters, two strips of material, each containing ve devices, were processed side-by-side through the
laminator to yield a total of 10 devices per batch. Samples of PTC
fabric were processed at speed settings of 1 (6.3 mm s1) and 2
(10.7 mm s1) and temperature settings of 120, 130, or 140  C, for
1, 3, or 5 passes through the laminator.
Characterization of temperature
Thermal sensitive paper (Sensor Products Inc., Thermex Paper)
was used to characterize the temperature in the laminator-based
and oven-based heating processes. Upon exposure to temperatures from 90–150  C, the thermal paper undergoes an irreversible
change in greyscale intensity that correlates with the maximum
temperature of exposure. For characterization of the oven-based
heating process, two strips of the thermal sensitive paper (of
size similar to the fabric pieces that were processed) were secured
between glass plates and baked for 7 min at 150  C. For characterization of the laminator-based heating process, a single sample
(1 cm  1 cm) was placed in the carrier pouch and fed through
the laminator at a temperature setting of 140  C and a speed
setting of 1. The laminator temperature was reset between replicate samples (N ¼ 6) and this process was repeated four times.
Samples were scanned using a benchtop scanner (Epson V700)
and greyscale intensities were measured using Image J (NIH
Research Services Branch).

Wax transfer method based on oven heating

Leak testing of wax patterns

For PTC, HCG, and YLS fabrics, wax designs were created using
Drasight (Dassault Systems) and printed onto 2-mil (50.8 mm)
thick polyester lm (Tekra Corporation) using a solid-ink
printer (Xerox ColorQube 8580). Rectilinear patterns
measuring 0.8 cm  1.2 cm with 1 mm design-line width were
printed in black wax-based ink. The polyester template with
printed wax was cut using a CO2 laser (Universal, VLS 3.50), and
folded about the fabric substrate such that mirrored sets of the
desired wax patterns aligned on the opposite faces of the
substrate. These components were then secured between foillined glass plates (tempered borosilicate, 3/800 thick x 800 diameter, Borooat). C-Clamps were applied around the perimeter of
the glass plates and the all the components were placed into the
oven (Thermo, Model #658) and baked for the reported time. A
“batch” of oven-processed devices consisted of two strips (2.8 
8 cm) of ve devices per strip for a total of 10 devices per batch.

Wax-patterned substrate samples were scanned using a benchtop scanner. The interior area of the rectilinear pattern was
estimated using ImageJ. The volume of open space within the
wax boundaries was calculated based on the estimated internal
area and the capacity of the material. Samples were lled with
red dye to 120% uid capacity and monitored for 15 min to
identify any leaks across the wax boundary. For the laminatorheated PTC samples, an average internal area was estimated
from measurements of two wax cells for a given set of laminator
conditions. For the oven-baked YLS and PTC samples, an
average internal area was estimated from measurements of ve
wax cells for each set of conditions. In addition, a pretreatment
step was used to aid in internal area measurement of the ovenbaked samples. The open area of the rectilinear wax pattern was
placed in uidic contact with a uid source (red dye) and
allowed to passively ll for 90 s before being allowed to dry (the
samples were then scanned and the area measured). The
average internal area was then used with the material capacity
to calculate the volume used in leak testing.

Wax transfer method based on laminator heating (for PTC
fabric and Whatman #1 lter paper)
Wax-templates were prepared as described above. Substrate
samples were secured within the template and placed within
a carrier “pouch” made of copier paper. The entire pouch was fed
into a pouch laminator (Akiles ProLam Photo 6) at the specied
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Line width characterization
The printed line widths in both the x- and y-directions were
estimated using the rectilinear patterns above. Blue dye was
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added to the exterior of the leak-tested samples to better visualize the wax boundary. Samples were allowed to dry and image
data was acquired using the scanner. ImageJ was used to
identify the center point of a line, and the wax line thickness at
this point was measured. Measurements were made on either
ve or 10 (oven heating), or 20 (laminator heating) replicates
and the average line width and standard deviation were calculated for each direction and fabric. A statistical comparison
between the line widths in the x- and y-directions was made
using a two-tailed Student's t-test assuming unequal variances
(Microso Excel, Redmond, WA).
Electrochemical device fabrication
Fabric-based electrochemical devices were created in a two-step
process of (i) wax-transfer printing wax uidic boundaries
(using the protocol described above) and (ii) stencil-printing
electrodes. The design for the electrochemical devices consisted of two parallel lines, of 1 mm design-line widths and
spaced 1 cm apart, to dene the top and bottom boundaries of
the uidic channel. The lines were oriented along the x-direction of the fabric to minimize wax spread into the uidic
channel, since the line widths for wax boundaries oriented
along the fabric width (y) were observed to be larger than for
boundaries oriented along the fabric length (x) in the PTC
fabric. Patterns were transferred using the laminator at the
conditions of 140  C and speed 1, for 3 passes. The disposable
mask used to stencil-print electrodes was created by rst
dening the electrode patterns (the drawn reference and
counter electrode widths were 1 mm, while the drawn working
electrode width was 0.9 mm) in Drasight and then cutting the
design into a 1-mil (25.4 mm) thick polyester sheet (Tekra
Corporation), using a CO2 laser, to form the mask. The mask
was aligned over the wax-patterned fabric substrate, conductive
ink was applied using a squeegee, and the ink was cured at
60  C for 30 min (a lower curing temperature was chosen in
order to minimize additional ow of the wax in the fabric). For
the devices used in the electrochemical characterization
measurements, Ag/AgCl ink (Engineered Material Systems, Cl4002) was used to form the contact pads and the reference
electrode, and a carbon ink (Gwent Electronic Materials,
C2000802P2) to form the working and counter electrodes. For
the devices used for glucose sensing, all three electrodes were
printed using carbon ink.
Electrochemical peak-height measurement characterization
Devices were characterized via cyclic voltammetry using a 1 mM
ferrocene carboxylic acid solution (prepared in 0.5 M KCl, pH
4.5). A volume of uid corresponding to 100% uid capacity of
the wax-patterned cell was added to the fabric and allowed 60 s
to wet the channel prior to making measurements. A series of
seven CV scans were performed between 0 and 0.6 V (vs. the Ag/
AgCl stencil-printed reference) using a potentiostat and macro
functions for automation (CH Instruments, 660E) at a scan rate
of 25 mV s1. The average anodic peak height and standard
deviation in peak height were calculated for a single device (last
six scans). The intra-device coeﬃcient of variation for peak
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height (i.e., within a device) was calculated by dividing that
standard deviation (multiplied by 100) by the average peak
height. The inter-device coeﬃcient of variation for peak height
signal was similarly calculated using the average of the average
peak height signals across devices and the standard deviation of
the average peak height signals across devices (N ¼ 6).
Amperometric glucose sensing
Phosphate buﬀered saline (PBS) was prepared from potassium
phosphate monobasic (Sigma), sodium phosphate dibasic and
potassium chloride (Macron), and sodium chloride (EMD). A
solution containing 8 U glucose oxidase (GOx) (Sigma, G7141),
600 mM ferricyanide (EMD Chemicals), 0.1 M phosphate buﬀered saline (PBS) at pH 6.5, and the specied concentration of
glucose (Sigma) (40 mL total volume) was prepared in an
Eppendorf tube and allowed 30 seconds to incubate. Serial
dilutions of glucose concentrations of 20, 10, 5, 1, 0.5, and 0.25
were prepared from a stock solution that had been allowed to
muta-rotate overnight (10 mM glucose was the highest
concentration for the cellulose-based devices). A volume of 22.4
mL of the solution (equaling 100% uid capacity of the waxpatterned channel on PTC fabric) was added to the device and
allowed 30 s to wet the fabric prior to making electrochemical
measurements. A constant potential of 0.4 V was then applied to
the working electrode (vs. carbon pseudo-reference) and the
current was measured for 100 s. A device was used for each
measurement, with three replicate measurements for each
glucose concentration. The assay signal was dened as the
magnitude of the current at 60 s. The signal limit of detection
(LOD) was calculated using the following equation:15
Signal LOD ¼ mblank + 1.645sblank + 1.645slow,
where mblank is the average signal of the blank, and sblank and
slow represent the standard deviation of the blank and lowconcentration signals (0 and 0.25 mM glucose), respectively.
The concentration LOD was then estimated assuming a linear
calibration curve, where m is the slope and b is the intercept
(obtained from a weighted linear regression of the experimental
data with a weighting factor of the inverse standard deviation),
Concentration LOD ¼ [mblank + 1.645(sblank + slow)]  b/m.

Further, as a metric of reproducibility, the average coeﬃcient
of variation (as described above) in current, across glucose
concentrations was calculated.

Results and discussion
We were motivated to develop a fabrication process to create
robust microuidic devices in fabric for electrochemical
detection. We rst created wax transfer patterning processes for
use on exible fabric substrates using two alternate methods of
applying heat and pressure to achieve the wax transfer and
penetration into the fabric substrates. The wax transfer printing
processes are summarized in Fig. 1. Wax was printed onto
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Fig. 1 Schematics of the wax transfer printing processes to create hydrophobic barriers in fabric. (A) Wax is directly printed onto a polyester
template using a solid-ink printer. (B) The template is cut to size and folded about the fabric substrate. (C) The assembly is then either clamped
between glass plates and baked in an oven or placed in a carrier pouch and fed through a laminator. During heating, the solid wax liqueﬁes and
transfers into the porous fabric substrate.

a polyester template in the desired pattern as shown schematically in Fig. 1A. For the fabric substrates, a critical step to
achieving robust uidic boundaries was to print mirror images
of the desired pattern for simultaneous application on both
faces of substrate. Aer printing, the template was cut to an
appropriate size and folded about the substrate as shown in
Fig. 1B. In one method of wax transfer from the template to the
substrate, the assembly of Fig. 1B was held between glass plates
using clamps, and then heated in the oven, as shown schematically in the le of Fig. 1C. In the second method of wax
transfer, the assembly of Fig. 1B was placed into a carrier pouch,
and then processed through the heated rollers of a laminator, as
shown schematically in the right of Fig. 1C.
Though suﬃcient application of wax could have been achieved in a two-step sequential process as described in our
previous work on thick cellulose,11 the simultaneous application of wax to both sides of the substrate demonstrated here had
the signicant advantage of a reduced total heating time, and
further, did not suﬀer from substantially diﬀerent line widths,
as we observed previously. The average line widths from
measurements on opposites sides of the PTC fabric in this study
were within 1% of one another (N ¼ 5). Results from the
successful patterning of wax boundaries using clamping and
oven heating on fabric substrates are shown in Fig. 2. The three
types of fabric substrates had diﬀerent imbibition properties;
a cotton–polyester blend fabric (YLS) with intermediate
wicking, a loose-weave 100% cotton gauze (HCG) with slow
wicking, and a tighter-weave 100% cotton fabric with fast
wicking (PTC). Images of representative uidic cells that held
uid within their wax borders (N ¼ 30 devices) are shown in

This journal is © The Royal Society of Chemistry 2018

Fig. 2A. Characteristics of the three types of fabric, uid
capacity, droplet wetting time, and time to wick 2 cm, are
included in Fig. 2B. Wax line widths in the three fabric
substrates are plotted in Fig. 2C. The cotton–polyester blend
YLS with intermediate wicking had the largest wax line widths,
while the 100% cotton gauze HCG with poor wicking had the
smallest line widths. The fabric substrate with the best combination of wicking properties and wax line widths was the 100%
cotton PTC (the time to wick 2 cm for PTC was 27 s compared to
105 s for Whatman #1 lter paper). In a given fabric, the average
wicking time was larger along the fabric width (y) vs. along the
fabric length/selvedge (x) (p < 0.05). Note that the HCG fabric
substrate only required one cycle of the wax transfer process,
while the YLS and PTC required two cycles of the wax transfer
process (wax application and oven-based heating) in order to
obtain 100% leak-proof boundaries for a set of N ¼ 30 devices.
Additionally, the wetting time of the YLS fabric signicantly
increased upon baking at an oven set point of 150  C (perhaps
due to degradation of the polyester bers in the fabric). Thus,
YLS processing was restricted to a lower temperature and longer
bake time to achieve robust wax transfer into the fabric without
increasing the wetting time.
Though we were able to create uidically-robust, waxpatterned devices with good wetting properties in the fabric
PTC via oven-heating, we were motivated to improve upon the
wax line widths demonstrated in Fig. 2. Multiple groups have
reported the use of a laminator with direct wax printing,16–18
including the Citterio group, who achieved a notable 2
improvement in channel line widths in lter paper18 compared
to that reported using the original direct wax printing
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Fig. 2 Characterization of ﬂuidic cells created by wax transfer printing
using clamping and oven heating. (A) Rectangular wax channels
patterned into three diﬀerent fabrics and ﬁlled to 120% capacity with
red dye to visualize the area and identify leaks. Wax transfer and spread
are very diﬀerent in the three fabrics. (B) Summary table of material
properties and wax transfer printing parameters used to form leakproof channels. *Note that the temperature entries in the table
represent the oven set point. (C) Characterization of the ﬁnal line width
produced in the fabric from the initial 1 mm thick design-line width.
Average x-direction line width plotted with errors bars indicating one
standard deviation of the mean. The smallest average line width and
smallest coeﬃcient of variation in line width were achieved in the
fabric HCG compared to YLS and PTC.

protocol.13 Thus, we incorporated the use of a hot laminator
into our wax transfer printing process. We also hoped to reduce
the heating time and improve the magnitude and uniformity of
applied pressure across devices made in parallel (within
a batch) using laminator-based heating. We focused on the
fabric PTC due to its better wicking ability (see droplet wetting
times and times to wick 2 cm in Fig. 2B) relative to the other two
fabrics (although the PTC wax line widths were not as small and
well dened as the HCG wax line widths), and investigated the
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Fig. 3 Wax transfer printing with laminator-based heating for diﬀerent
laminator processing conditions. (A) Parameter matrix displaying representative ﬂuidic cells and the percentage of leak-proof devices (N ¼ 20)
after testing with 120% ﬂuid capacity (red dye). The devices were created
from an 8 mm  12 mm rectilinear design. The internal area, and
consequently the volume used for leak testing, decreased with increased
temperatures, number of passes, and time in the laminator (see Fig. S3 in
the ESI†). *Note that the temperature entries in the table represent the
laminator set point. A speed setting of 1 corresponds to 6.3 mm s1, while
a speed setting of 2 corresponds to 10.7 mm s1. (B) Patterned wax-line
widths measured in the x- and y-directions for wax-patterned cells on
PTC via laminator heating at 140  C and speed 1 (1, 3, 5 passes) and speed
2 (5 passes). Widths increased with increasing heating time of the sample.
For a set point of 140  C, increasing the number of passes or decreasing
the processing speed increased the line width. Errors bars indicate one
standard deviation of the mean.

eﬀects of (i) temperature of the laminator and (ii) number of
passes through the laminator, for two diﬀerent laminator
speeds, on the ability of the wax boundary to hold aqueous
uid. Representative images of uidic cells created using
various laminator conditions are shown in the matrix of Fig. 3A.
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Each entry in the matrix indicates the percentage of waxpatterned cells that held uid within their borders (N ¼ 20)
for those laminator conditions. As expected, the percentage of
cells that successfully held uid generally increased as (i) the
temperature was increased, (ii) the number of passes was
increased, or (iii) the processing speed was decreased (see
Fig. S1 in the ESI† for selected images of devices that leaked).
The wax line width followed the same trend with changes in
laminator parameters. The plot in Fig. 3B shows the average wax
line width for each of four laminator conditions that produced
leak-proof barriers at a laminator set point temperature of
140  C. The widths of wax boundaries oriented along the fabric
width (y) were larger than the widths of boundaries oriented
along the fabric length/selvedge (x) (p < 107) in the PTC fabric.
The weaving procedure used in textile manufacturing introduces anisotropy in the form of warp vs. we yarns, and could
be a source of the observed diﬀerences.19 Note that use of
laminator-based heating to accomplish the wax transfer process
has two signicant advantages over oven-based heating. Both
the heating times and the wax line spreading in the fabric were
substantially reduced, by factors of 3.5-fold and 2-fold,
respectively. Characterization of the laminator temperature and
its reproducibility over replicates using a temperatureindicating lm suggested that the actual temperature of the
laminator rollers was lower than the laminator set point, e.g.,
for a set point of 140  C, the laminator temperature was
measured to be 127  3  C (N ¼ 24). For the oven-heated
samples, the 150  C set-point of the oven translated to
a substantially lower temperature of 95  C within the glass
plates. The pressure across the sample area, characterized using
a pressure-indicating lm, varied from 55–65 PSI in the laminator process (see Fig. S2 in the ESI† for additional details). In
contrast, larger non-uniformities were observed in the clamping
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system used in the oven heating process (below 40 psi and up to
330 psi) (see the ESI† for additional details). The laminatorheating process produced improved wax transfer to the
substrate, forming leak-proof barriers in a single application of
wax, compared to the double application required using the
oven-heating process. From the multiple laminator heating
conditions that produced 100% leak-proof boundaries, we
focused on one set that produced reasonably well-dened line
widths: three passes at a temperature setting of 140  C, and
a speed setting of 1.
The second step in our electrochemical device fabrication
process was to stencil-print electrodes onto the wax-patterned
fabric substrate as shown schematically in Fig. 4A (top). For
the disposable mask, we laser-cut electrode designs into
a thinner version (1 mil) of the polyester wax transfer template
(and similar to reported protocols20,21). An image of a representative fabric electrochemical device is shown in Fig. 4A
(bottom). Cyclic voltammograms were acquired for multiple
devices (N ¼ 6) with a representative set shown in Fig. 4B. The
reproducibility of the electrochemical signal of average anodic
peak height was characterized across devices using the coeﬃcient of variation, and the inter-device coeﬃcient of variation
was found to be 8%. This is higher than the inter-device
coeﬃcient of variation of our cellulose-based devices (using
conventional direct wax printing and oven heating), 2.4%. The
intra-device anodic peak-height coeﬃcient of variation was
similar for the fabric-based and cellulose-based devices, 3.4%
and 3.3%, respectively.
We further assessed the performance of our fabric-based
electrochemical devices by creating a device for sensing
glucose levels using chronoamperometry. The reaction mechanism was previously detailed elsewhere.2 Briey, the enzymatic
oxidation of glucose to gluconic acid results in the reduction of

Fig. 4 Electrochemical device fabrication and characterization of reproducibility in peak current measurements. (A) (top) Schematic representation (side-view) of the stencil-printing process to deﬁne electrodes on a wax-patterned substrate. Conductive ink is printed through
a polyester mask with laser-cut patterns. (bottom) Image of a representative electrochemical device (top-view). (B) Representative cyclic voltammograms (ﬁnal scan of seven) from 1 mM ferrocene carboxylic acid in 0.5 M KCl (pH 4.5) in devices fabricated via laminator processing (N ¼ 6)
(potential with respect to the stencil-printed Ag/AgCl reference electrode).

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Glucose detection in electrochemical devices prepared via wax transfer printing with laminator-based heating and stencil-printing carbon
electrodes. (A) Magnitude of amperometric response curves for glucose at 0.25–20 mM (400 mV vs. carbon pseudo-reference electrode) in
fabric-based electrochemical sensor. (B) Calibration curves of the signal, magnitude of current (A) at 60 seconds vs. glucose concentration (mM),
for devices composed of either fabric (hollow diamonds) or paper (solid triangles). The data points represent the average of three replicate
measurements and the error bars represent standard deviation. Lower concentration data is displayed in the inset.

two mediator molecules of Fe(CN)64, which are oxidized at the
positive overpotential of the working electrode.


glucose oxidase
Glucose þ 2K3 FeðCNÞ6 þ H2 O !


gluconic acid þ 2K4 FeðCNÞ6
2Fe(CN)64 / 2Fe(CN)63 + 2e

Current vs. time curves for glucose concentrations from 0.25
to 20 mM measured in PTC devices are shown in Fig. 5A. A
comparison of the response of the assay in fabric vs. in cellulose
is presented in Fig. 5B. Limit of detection (LOD) estimates
indicate comparable LODs of 440 and 270 mM, for our fabricand cellulose-based electrochemical devices, respectively. This
estimate considers the variance in the low-concentration signal,
as well as that of the blank (as described above), and is more
conservative than the more commonly-used expression for
estimating the LOD, that only takes into account the standard
deviation of the blank sample. For comparison, the LOD of our
cellulose-based device is of similar magnitude to that reported
by other groups for electrochemical glucose sensing in cellulose.2,22 The average coeﬃcient of variation across concentrations was similar for the fabric-based and the cellulose-based
devices, at 8% and 5%, respectively.

Summary
Wax transfer printing oﬀers a rapid method for patterning
hydrophobic wax barriers in substrates otherwise incompatible
with processing by a traditional wax printer, such as exible
substrates. In comparison to alternative wax-based methods,3–5
ours oﬀers an advantage by reducing processes performed byhand to minimize total processing steps and the potential for
human error. Additionally, our method has been shown to be
compatible with diﬀerent heating methods, including oven
heating and laminator-based heating. The latter can be a lowcost option ($90 USD) and resulted in improved pattern
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resolution and faster processing times when applied to fabric
(see ref. 18 for high-resolution results in paper). Further, the use
of the laminator is compatible with roll-to-roll fabrication
methods used in high-throughput processes. Simple geometries
were demonstrated above, but more complex uidic pathways
could be patterned to dene multiple reaction zones and achieve staged uid delivery, as is required in more complex paperbased assays. Although our characterization focused on 1 mm
design-line widths for the wax-patterns, thinner lines could also
produce robust boundaries with judicious choice of fabric and
heating conditions. The wax-patterned substrates are compatible with multiple down-stream fabrication methods, including
the stencil-printing of electrodes demonstrated here.
Fabric oﬀers similar advantages to paper materials, passive
uid-transport and lower cost, with increased strength and
exibility. These characteristics make fabric-based devices well
suited for wearable applications where exibility and/or
conformal contact are desired. The fabric-based sensor could
be enclosed using a exible lamination substrate that would
serve as a waterproof barrier between the patient and sensor,
and the sensor and environment, as needed. An opening in the
barrier would allow fabric uptake of sample uid into the
electrochemical sensing area to full capacity. Innovations in
miniaturized electronics have produced supporting equipment
that could straightforwardly be integrated into a wearable
device for making electrochemical measurements with wireless
communication abilities.23 These are active areas of research24,25
that we expect will benet from the development of simple and
robust fabrication tools for patterning uidic boundaries and
electrodes on fabric such as those demonstrated in this report.
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