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ABSTRACT: The monitoring of pH is valuable for many environmental, industrial, and
biological applications. Here, we develop a flexible pH sensor using CNT material using aerosol
jet technology. The chemiresistive pH sensor is fabricated with a CNT-based miniaturized
serpentine sensing element printed on top of the silver electrodes. Aerosol jet printing parameters
are optimized to achieve high resolution printing. The fabricated pH sensor shows good sensitivity
and repeatability.
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INTRODUCTION
Flexible electronics is gaining widespread attention as it finds application in almost all fields like
new-age wearables, biomedical devices, automotive industry and aviation [1-4]. There has been an
increasing demand to develop new-age electronic sensors that have features like mechanical
flexibility, stretchability and robustness. However, traditional fabrication technologies like vacuum
assisted, transfer printing or microfabrication are not compatible with soft and flexible materials
that are required to make sensors flexible. Additive manufacturing provides a low-cost,
customized solution to fabricating new-age electronic devices through the use of computer aided
design [5-6]. Aerosol jet printing is a kind of additive manufacturing that provides direct write
technology focusing mainly on electronics. It not only enables fine feature printing using different
inks, but can also fabricate functional electronics on 3D surfaces. This technology has gained
popularity in microelectronics industry due to its flexibility and non-contact deposition method of
materials [7-9].
Detection and control of pH is important for many environmental, biological and chemical
processes that impact human lives. For fabricating pH sensors, carbon nanotubes (CNTs) are
especially attractive due their nanometer size, electrical properties (resistivity of 2  ݔíȍ ),
mechanical properties (tensile strength 60-*3D<RXQJ¶VPRGXOXV-0.7 TPa), and thermal
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properties (up to 6600 W/mK) [10]. These properties make CNTs sensitive to the surrounding
environment and thus a suitable sensing material.
This work explores aerosol jet printing to fabricate a flexible pH sensor using CNT material. The
fabricated pH sensor has a miniaturized serpentine sensing element with an effective area of 500
m x 100 m. The effect of aerosol jet process parameters is investigated and optimized for the
printing of the sensing element. Both qualitative and quantitative analyses have been carried out to
investigate the process window for controlled, repeatable and good quality print. The sensor is
tested in different pH conditions and its response is discussed.
EXPERIMENTAL SECTION
Ink Preparation
Silver nanoparticle ink (PRELECT 736&ODULDQW is first printed on the polyimide film. The
serpentine CNT sensing element is then printed on top of the silver electrode using CNT ink. CNT
ink dispersion is made by adding 0.5wt% of CNT aqueous solution (NINK single-walled CNT
aqueous solution from Nanolab®) with 20wt% sodium dodecyl benzene sulphonate (SDBS)
surfactant. NINK has concentration of 2 g/L with reported average CNT length of 1.5 m. The
final CNT ink has 0.2wt% of CNT in the aqueous solution. The solution was sonicated for 3 hours.
The water in the sonication bath was replaced every half an hour with cold water to ensure that the
temperature is maintained below 30 Ԩ.
Fabricating pH Sensor
Kapton polyimide substrate was used for fabricating the sensor. Before printing, the
polyimide substrate was cleaned with isopropyl alcohol for 10 minutes to remove impurities on the
surface. The electrodes and film patterns of the pH sensor design was first drawn on AutoCAD.
Silver ink was printed on the substrate. Six passes were required to print homogenous layers.
CNTs were then printed in a serpentine filled square pattern on top of the silver electrodes. Three
samples with 10, 20 and 30 passes of CNT ink were fabricated. The printed pH sensors were then
soldered with epoxy and the wires were attached. The pH sensors were then sintered in the oven
for 2 hours at 65 Ԩ. For this work, the range of variation for each parameter is AF 20-35 sccm, SF
10-40 sccm, UC 0.4-0.7 A, and PS 4-10 mm/s. Other working parameters are kept constant with
nozzle size = 150 m, substrate temperature = 40 ºC, print speed = 10 mm/s and ultrasonic current
= 0.6 A.
Characterization
Scanning electron microscope (SEM), JOEL JSM-5600LV model, was employed to determine the
surface morphology of the printed films. Aerosol Jet (Optomec 5X) 3D Printing system is
employed to print the required patterns. The pH sensor is tested with pH buffer (Fisher Scientific)
of pH 4, 7, and 10. The pH and the conductivity of the pH buffers are measured using Fisher
Scientific Accumet AR20. The sensor is connected to a Fluke digital multimeter (DMM) via
crocodile clips to measure its change in resistance. First, a few drops of pH 10 buffer is first added
to CNT sensing element to ensure the sensing element is fully covered with the pH buffer. The
response of the pH sensor is then recorded by the DMM. Once the sensor readout reaches steady
state, the pH buffer is then removed with Kimwipes ®. The sensor is then cleaned with DI water
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print passes is not only to ensure homogeneous film, but also to improve the electrical conductivity
of the CNT film. The normalized standard deviation in the measured resistance is 0.27, 0.09, and
0.04 for pH sensor for 10, 20 and 30 print passes respectively. The CNT based pH sensor with 30
print passes has the smallest standard deviation in the measured resistance. The redistribution and
the change in alignment of the CNT network due to the hydrodynamic flow and surface tension
when immersed in the buffer solution [13, 14] is the reason behind the deviation in the resistance
of the pH sensor. The pH sensor is tested with diluted 0.01M and 0.05M sodium buffer solutions
of pH 6, 7, and 8. The pH sensor shows similar trend (increasing resistance) when the conductivity
of increases from pH 6 to pH 8. Although the conductivity of 0.01M sodium buffer is almost half
of 0.05M sodium buffer, the pH sensor still responds in similar manner. Hence it can be safely said
that the effect of ionic conductivity of the pH buffer is not influencing the sensor response. We
tested the fabricated sensor for different ion buffers to ascertain its selectivity. Figure 3B shows
the change in resistance of the sensor against time with different pH buffers. The pH sensor is
highly repeatable for 5 consecutive cycles. It is found that the pH sensor shows higher sensitivity
towards potassium buffer solutions as compared to sodium buffer solutions.
In order to ascertain the flexibility of the fabricated sensor, bending cyclic test was conducted.
Figure 3C depicts the variation in the resistance of the pH sensor with the number of bending
cycles. The sensor is flexed at a bending radius of 5 mm for 1000 cycles and remains fully
functional with almost no variation in the resistance. The initial and final resistance of the sensor is
PHDVXUHGWREHDQGNUHVSHFWLYHO\DIWHUF\FOHV7KHPHDQ resistance for the cyclic
WHVWLVFDOFXODWHGWREHNZLWKDVWDQGDUGGHYLDWLRQRINDQGFRHIILFLHQWRIYDULDQFH
of approximately 0.26%. The maximum resistance experienced by the pH sensor during the 1000
F\FOHVLVPHDVXUHGWREHNZKLFh deviates around 0.99% from the initial resistance. Thus,
the CNT film can bend and flex without much variation in its resistance, which manifests its
suitability for flexible electronics.
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continuous carbon nanotube line trace with line width of 15 m is printed with optimized
parameters. Structural analysis reveals homogenous and continuous films with good electrical
conductivity. A flexible CNT-based pH sensor is printed and successfully tested with different pH
buffers. The fabricated pH sensor shows high sensitivity, good repeatability and sensitive
response.
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