Introduction
pH sensors have significant environmental, industrial, and biomedical applications. Conventional
potentiometric pH sensors have bulky electrodes that prohibit use in the wearable field in addition
to limited detection efficiency and accuracy. To address the issue of efficiency and accuracy ion
sensitive field effect transistors (ISFETs) have been developed, however, there is limited research
on the wearability of this improved pH sensor. Paper based analytical devices (PADs), although
improved flexibility than that of ISETs and potentiometric pH sensors, require external light
detectors to function. Even the newly developed MEMS (Micro-Electro-Mechanical System) fails
to use truly stretchable materials, polyimide films being the current most attractive material.
Although MEMS techniques address the bulkiness of the potentiometric pH sensors, PI film is not
a material that provides ideal conditions for wearability. Therefore, current pH sensors lack
convenience, true wearability, and mobility while maintain accurate reactivity. Current research
evades addressing conform and water resistant concerns.

Engineering Goal
In this research, a wearable, stretchable, and durable PANI membrane pH sensor with
Superhydrophobic features is synthesized. The PANI membrane stretchable sensor will provide
the efficiency, sensitivity, and accuracy that is attractive in ISETs, but greatly improves upon true
wearability and convenience in broader applications. MEMS techniques will be improved upon
by replacing the conventional PI film used in current wearable pH sensor by Stretchable textile
Lycra Shiny Milliskin Nylon Spandex Fabric. This material will provide comfort, affordability,
scalability, maximum stretchability, and ideal resilience to mechanical manipulation. The
electrodes of the MEMS techniques will be integrated onto the fabric via a Volterra Screen
Printer to ensure that the preserved benefits of the MEMS improved electrode size. To address
true durability and water resistance, the pH sensor will acquire a superhydrophobic layer that
resists the impact of reuse after washing on function.

Fabrication and Super Hydrophobic Silver Nanoparticle
coating with Alkane Surface Modification (M-AgNPs)

Increasing Elasticity, Durability, and Function of
Wearable PANI-Sense pH Health Monitors via a
Superhydrophobic, Textile Framework

Figure 1: filtered SH
AgNPs before surface
modification.
Figure 2: dried SH AgNPs
with 1-Octadecanol
surface modification.
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Figure 3: x350 SEM of
SH M-AgNPs after
filtering and Alkane
Surface Modification.

Figure 14: Polyaniline Emeraldine form structure, which is the halfoxidized form with reactive resistance to pH.
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Figure 11: Screenshot of Eagle
schematic of the interdigital
electrodes.

Figure 12 : The powered Voltera Screen Printer connected to a MacbookAir via the Voltera
Software compatible with various devise (A). Close view of the Voltera Screen Printer after
calibration printing on the SH coated fabric (B).

Polyaniline comes in three forms, however, the
Emeraldine form, which is half-oxidized is the
most sensitive to varying pH solutions (Figure
14). The PANI’s resistance changes in reaction
to variable pH solutions, which changes the
voltage output of the Ag electrodes. The
aniline monomer and dodecyl benzene sulfonic
acid (DBSA) was mixed in deionized water.

To fabricate PANI-ES, aniline monomer was added drop by drop with constant stirring (Figure Figure 15a-b: (a): Dried Emeraldine PANI powder (right), which
16). Ammonium persulfate (~0.1 mol) was slowly be added to the mixture. The suspension is later dispersed (b) in PVA and deionized water at a 1:5:4 mass
ratio.
changed to a dark green color indicating the polymerization of the PANI membrane. The
suspension was filtered and the PANI was dried in an oven at 60˚C to obtain the conductive PANI powder (Fig. 15a). To evaluate the identity of
the PANI powder ATR-FTIR was measured (Fig. 16), and compared to the PANI spectrum of Ganguli et al. The PANI powder was added to a
polyvinyl alcohol and water in a weight ratio of 1:5:4 (Figure 15b). To spin-coat the PANI membrane onto the SH-coated Lycra – interdigital
electrode textile, the substrate was stuck onto the moistened surface of the silicon wafer. The wafer was then attached to the spin coater. The
PVA- PANI was syringed and spin-coated onto the surface of the Ag conductive electrodes at an initial speed of 100rmp for 30 seconds and then
at 1000 rpm for 20 seconds resulting in a uniform layer. This resulted in the PANI PVA layer on the Screen Printed Interdigital Electrodes (Figure
18). A voltmeter was used to determine the resistance of the new spin coated PANI : 144kΩ per Centimeter.

Figure 16: FTIR Image PANI power fabrication process to confirm
the Emeraldine PANI chains successfully formed.

Figure 8: Figure (8.a) and (8.b) is the unstretched SH
coated fabric with pipetted water droplets on the surfaced.
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Figure 18: Schematic
representation of the PANI PVA
layer that is spin coated on the top
of the Screen Printed Voltera
Electrodes (A). Image of PANI
PVA textile (B).
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Flexible, Durable, Wearable PANI Membrane Stretchability
The PANI PVA was evaluated at 0-3x stretching after being left at room temperature to set atop the interdigital hexagonal
electrodes. SEMs capture the side view of the layers, demonstrating little to no changes at up to x45 magnification (Figure
17 and 18). The textile exhibited great stretchability and bendability with the PANI PVA pH sensitive layer. The PANI
PVA layer thickness is validated to be ~1mm through SEMs (17 and 18). The PANI PVA, SH coating, and Ag Hexagonal
electrodes are durable, considering the strong resistance to the degradation of resistance of the coated textile after and during
manipulation. At 2x stretch, the resistance increased slightly to about 203kΩ. At 3x stretch, the resistance increases only
slightly to 223kΩ. Such small changes demonstrate the consistency of the pH Sensor resistance, even under stretching
conditions, and provides insight as to why the pH sensor’s functions well even after environmental stresses are applied.

Figure 20: Side view of Ag ink electrode with
PVA PANI top layer after bending twisting and 03x stretching.

Figure 21: Textile mounted on plastic film under environmental
stress of bending and twisting.

Figure 22: Horizontal stretching of
the PANI SH pH Sensor.

Figure 23: Vertical stretching to 3x original length.

PANI pH-Sensor Response and Sensitivity to Various pH Solutions
To conduct each pH test, the new durable/stretchable PANI pH sensor was powered with constant 100mA current using an Agilent B2962A
source (Figs. 25-26). As the PANI is exposed to varying solution pH, its subsequent varying resistance causes a change in the voltage
through the circuit, which is measured as the PANI sensor response. Seven different solutions with values of ~0.5, 3, 5.6, 6.5, 7.4, 9.0, and
13.0 pH were created using 0.1M HCl, 0.1M NaOH, and phosphate buffer solutions. First, the PANI Sensor response, as a function of
changing pH, was measured for pH 0.5-13 solutions, with the results plotted in Fig. 26. The stretchable, superhydrophobic PANI sensor
demonstrated linear response, with respect to changing pH, described by a 3.52mV change per pH unit. Next, PANI Sensor response per
change in pH was progressively measured for solutions with pH 0.5, 6.5, 9.0, and 13.0. Briefly, 3ml of 0.5 pH solution was dropped onto
the surface of the PANI PVA SH pH Sensor (Fig. 24) for ~10 second measurement, followed pipet-replacement with pH 6.5 solution, with
10 seconds of measurement, etc. This process was repeated up to pH 13.0, and once again back to pH 0.5. Results in Fig. 26 demonstrate
(i) the rapid response (~1sec) of durable and flexible PANI pH Sensor, and (ii) predictable sensitivity of pH reads (~3.52mV/pH), as the
measurements are easily discernible, and (iii) excellent reproducibility (~0.5%), as the sensor returns to the same mV response per pH,
throughout the full range of pH measurements.

Figure 24:
Schematic
representation of
the 7 different pH
solutions being
drop casted on the
PANI PVA SH pH
Sensor.
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Figure 10: 2x stretch of fabric from
1cm-2cm with 500µL water drop top
view (10.A). 2x stretch of fabric from
1cm-2cm with 500µL water drop side
view (10.C). 3x stretch of fabric from
1cm-3cm with 750µL water drop top
view (10.B). 3x stretch of fabric from
1cm-3cm with 750µL water side view
(10.D).

Unless otherwise noted, all images and graphs were created
by the student researcher.
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Figure 28: PANI PVA Sensor held by clamp under a faucet, with
running water, to simulate washing at 16˚C and 36˚C.

Post-wash, SH-PVA PANI pH response, per change in pH, was revisited (Fig. 30), and the results
compared to a new, original PANI pH sensor. Results demonstrate that the speed of response, and
pH accuracy, and reproducibility, is within 1.0% of a new device.

Figure 19: Side view of the Ag ink electrode with
PVA PANI top layer before stretching.

To evaluated the hydrophobic effectiveness of
the M-AgNP SEBS coating, water was dropped
onto the surface of the coated and uncoated
textile for comparison. Figures 8 demonstrate
the highly effective water repellent properties
that the SH coating successfully provided the
textile based wearable compared to uncoated.
To demonstrate the stretchability and durability
of the SH coating in addition to SEMs
depicting stretching (figure 6), figure 10
exhibits the SH properties
are well preserved up to 3x
stretching of the original
dimensions. The water droplets
easily rested on the textile even
at the 3x stretch.

To evaluate the washability and sweat resistant
properties, the pH sensor was placed under a sink
faucet with water with temperatures at 16.2˚C and
36.2˚C, to mimic body/external temperatures while
being worn (Fig. 28). The SH-PVA PANI pH Sensor
showed little to no visible change in appearance, and
continued to function within 3.3% of original
response (Table 2.). The pH Sensor was still highly
responsive to changing pH, where comparison of its
post-wash linearity remained within 4.2% of a new
device (3.5231mV/pH new, vs. 3.3755mV/pH postwash).

Table 2. (above): SH-PVA PANI pH sensor response, after 16.2-36.2oC
prolonged washing, is compared to original, new response, with <3.3%
Differences calculated.
Figure 29 (right): Linearity of SH-PVA PANI pH sensor response, Postwashing, is within 4% of original, newly-constructed original response
linearity.

(A)

SEMs images enable evaluation of stretchability and integrity of the SH-Coated Lycra Shiny
Milliskin Nylon Spandex Fabric. SEMs examined the material after repeated horizontal and
vertical stretches and twists, at 0-3x normal length and configuration. SEMs were taken at 200
and 300 percent stretching of the SH coated fabric showing the resilience of the M-AgNPs. SEMs
confirm the uniform thickness of the SH coating: ~ 1mm.

Figure 7: x30 side view of SH coating depicting about a 1mm thickness
of the SH layer on textile.

PANI pH Sensor Washability and
Repeatability of Function
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The SH layer was synthesized when M-AgNPs were added to SEBS in toluene in a 1:3
weight ratio, maximizing durability and hydrophobicity. Highly stretchable SH SEBS was
spin-coated on Lycra Shiny Milliskin Nylon Spandex Fabric and set to cure at 60˚C. Energy
Dispersive Spectroscopy (EDS) validated elemental content and identity of the AgNPs (Figure
4). Attenuated Total Reflectance (ATR) FTIR was used to validate the successful alkane-surface
modified of the AgNPs (Figure 5).

Figure 6: 3x stretching x70 SEM of SH coating on fabric.

Figure 13: The SH coated textile after with
hexagonal Ag electrode configuration for
maximum surface area.

(Figure 5)

Measure of Stretchability, Durability, and
Washability of the SH-Coated, Highly Stretchable
Fabric via SEM and ATR-FTIR Spectroscopy
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Table 1. (above): SH-PVA PANI pH sensor response,
after 20% stretching in both vertical and horizontal
directions is compared to original, new response, with
<1.7% Differences calculated.
Figure 27 (right): Linearity of SH-PVA PANI pH sensor
response, Post-20% stretching, is within 4% of original,
newly-constructed original response linearity.

Figure 16: A Schematic Representation of the
Emeraldine PANI power fabrication process.

(Figure 4)
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Flexible, Durable, and Washable PANI membrane Fabrication and Spin Coating Process

Silver Nanoparticles (M-AgNPs) with Alkane Surface Modification were synthesized in an
aqueous solution, filtered, and then dried at 60˚C until a super hydrophobic (SH) powder
formed (Figures 1 and 2). Scanning Electron Microscopy (SEM) images of the M-AgNPs
capture even particle size, lending to even dispersion when added to 1mg/ml SEBS solution
(Figure 3).

The SH-PVA PANI pH sensor continued to function with the same voltage output trends after both
horizontal and vertical stretching, depicted in Figures 21-23. Post stretching, the output voltage
response of the PANI pH sensor remained within (1.7%) of it’s earlier, newly fabricated response
(Table 1), with response per pH that varies by only less than 4% (3.5231 mV/pH original, versus
3.3854 mV/pH post-stretch).
pH

Voltera Electrode Design and Printing on pH Circuit
Durable and consistent conductive printing was achieved using
the Voltera circuit board design software and screen printer.
Eagle software was used to design the Circuit schematic that
was then translated into Gerber Files, which are compatible
with the Voltera Screen Printer software (Figure 11). For the
screen printing process, Ag stretchable ink purchased from
Voltera was used to ensure uniform conductivity of the
electrode. The electrode design is hexagonal which provides
unique design features and surface area for maximum
conductivity (11 and 13). The Conductive ink was printed on top
of the SH coating on the Lycra Spandex Fabric. The ink was
cured as instructed for the the Voltera Screen Printer with UV
lights and heat to ensure the ink is stretchable and heat
resistant (Figure 12).

PANI pH-Sensor Functionality PostStretching

Figure 26: The flexible and durable PANI pH sensor demonstrates rapid response,
predictable sensitivity, and excellent reproducibility of pH measure, throughout the
functional range of measure.

Figure 27: Linear graph of PANI pH Sensor in response to the 7 different pH
solutions in millivolts.

Figure 25: Schematic diagram of
the circuit with constant current.

Figure 26: Schematic diagram of
the circuit with constant current.

Original PANI Post-Wash pH
pH Sensor
Sensor per
% Difference
Response per
Change
Change (mV) Response (mV)
108.16
122.18
131.16
143.99
131.26
122.38
108.29

107.73
121.68
130.43
142.91
130.47
121.62
107.24

-0.4%
-0.4%
-0.6%
-0.8%
-0.6%
-0.6%
-1.0%

Table 3: SH-PVA PANI pH sensor response, post-wash, is compared
to original, new response, with <1.0% Differences calculated.
Figure 30: Post-Wash SH-PVC PANI pH sensor Response per Change
in pH closely resembles that of a new, original sensor.

PANI pH sensor Temperature Dependance
To evaluate temperature dependance, the SH-PVA
PANI pH Sensor was testing using cooled or
warmed pH solutions, to simulate possible body
temperatures. The pH solutions were placed in an
oven at 50˚C, and cooled, so that pH’s of 0.5, 6.5,
7.4, and 13.0 were measured at 50, 35, 20, and
2oC. Once again, pH differences were easily
differentiated, with 5.8% decrease in PANI pH
sensor response at elevated temperatures (50oC),
and only marginal decrease at body temperature;
i.e. <1.6% at 35oC.

Figure 30: Temperature dependance tested with 4 differing pH solutions.

Discussion & Conclusions
In this research a highly durable, water resistance, reliable, stretchable, and wearable PANI pH
Sensor with a Super Hydrophobic coating on a unique textile framework was created. The real-time
monitoring of pH has extremely important and broad implications in biomedical health. Considering
this is a highly durable wearable, it can be worn to give people mobile and accurate knowledge
concerning their health. New and unique materials were used to maximize the true wearability,
beyond currently available, wearable pH sensors, based on polyimide films. In this research,
however, the textile framework paired with the SH coating enables high stretchability that the PI
films fail to offer. While interdigital electrodes have gained much advance in this field, they lack true
stretchability and often remain bulky. The Voltera Screen Printer Technology, which is normally
used to print traditional PCB Circuitry boards, was used to print the PANI circuit on textile. This
provided an incredibly innovative solution to bulky and unreliable electrodes in most pH sensor
wearables.
With regard to performance, the newly fabricated, stretchable, and water resistant SH-PVA PANI
pH sensor demonstrated linear and discernable response per change in pH (3.523mV/pH), with
highly reproducible interpretation of pH from 0-13 (0.5%). Upon 20% vertical and horizontal
stretching & bending, to mimic body-wear, the PANI pH response remained within 1.7% of its
original performance from pH 0-13, with only 4% change in overall linearity. This represents a
measurable improvement over accuracies for current technologies (>5%). The new SH-PVA PANI
pH sensor withstood repeated washings with 16-36oC water, with <3.3% response accuracy, relative
to new. Further, response linearity was again within 4% of original. PANI pH performance during
rapid, sequential pH measurement, post wash, demonstrate same (as original) speed of response,
with pH accuracy/reproducibility of ~1.0%. With regards to reliability of pH read versus
temperature, the PANI pH sensor exhibited only 1.6% negative drift for 0-35oC, which is far less
than that currently reported in literature (6.8%).
Summarizing, the newly fabricated pH sensitive PANI membrane was combined with a PVA
solution to enable stretchability and accuracy of function that the most recent literature has yet to
realize. Likewise, the addition of the super-hydrophobic layer integrates Alkane Surface Modified
Silver Nanoparticles, to provide water resistant properties that increase its wearability, to maintain
the pH sensor’s overall function under typical wear conditions.

