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SYNOPSIS

Nano-Enabled Electronic Devices for Sensing and Energy
Harvesting

The present thesis explores a host of pathways to develop proof-of-concept
prototypes targeting biomedical applications, environmental monitoring, and renewable
energy harvesting. The technical chapters in the thesis are preceded by an introductory
chapter in the CHAPTER 1 while at the end of the thesis the CHAPTER 10 containing the
summary and future scopes. The technical chapters of the thesis have been divided into
three primary sub-sections which include, (1) Microfluidic Sensors, (11) Paper Sensors, and
(1) Electronic Sensors. The Microfluidic Sensor part contains two different technical
chapters, (i) CHAPTER 2 — Self-spinning nanoparticle laden microdroplets for sensing
and energy harvesting and (ii) CHAPTER 3 — Droplet based detection of blood a-amylase
employing thermal Marangoni effect. The Paper Sensor part contains three different
technical chapters, (i) CHAPTER 4 — Paper based flexible touchpad and hand tremor
detection device; (il) CHAPTER 5 — Nano-enabled paper humidity sensor for mobile
based point-of-care lung function monitoring; and (iii) CHAPTER 6 — Paper Based GMR
Nanobiosensor for a-Amylase Estimation under Impulse Magnetic Field. Finally, the
Electronic Sensors part contain three more chapters, (i) CHAPTER 7 — A nano-BG-FET
for point-of-care estimation of ammonia and urea in human urine, (i) CHAPTER 8 — A
body-potential detection system employing micro/nano patterned electrode, and (iii)
CHAPTER 9 — Conversion of Observed Speed of a Moving Object to Diagnose Tunnel
Vision. A brief detail of outcomes of this thesis in terms of publications, patents,

conferences, and awards has been provided as an APPENDIX.
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Objective — 1: Self-Spinning Nanoparticle Laden Microdroplets for Sensing and
Energy Harvesting

In this chapter, a droplet based organic vapor sensor and energy harvester have been
demonstrated. Exposure of a volatile organic vapor could set in powerful rotational motion
in a microdroplet composed of an aqueous salt solution loaded with metal nanoparticles.
The solutal Marangoni motion on the surface originating from the sharp difference in the
surface tension of water and organic vapor stimulated the strong vortices inside the

droplet.
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Figure 1: Experimental demonstration of the phenomenon. (A) A water droplet loaded with some
microparticles was placed on a glass slide. The microparticles helped in quantification of the
rotational motion inside the droplet. (B) A rotational current was observed on the droplet when a
vapor source of diethyl ether was brought into the immediate vicinity of the droplet surface. (C — F)
Experimental images of particle motion. Rows | and Il show the side and the top views of the
motion under the exposure of the organic vapor when loaded with a single microparticle. The
length of the scale bars on the images is 0.5 mm.

The vapor sources of methanol, ethanol, diethyl ether, toluene, and chloroform stimulated
motions of different magnitudes, which could easily be correlated to the surface tension

gradient on the drop-surface. Interestingly, when the nanoparticle laden droplet of aqueous
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salt solution was connected to an external electric circuit through a pair of electrodes, ~85
— 95% reduction in the electrical resistance was observed across the spinning droplet. The
extent of reduction in the resistance was found to have correlation with the difference in
the surface tension of the vapor source and the water droplet, which could be employed to
distinguish the vapor sources. Remarkably, the power density of the same prototype was
estimated to be around 7 pW/cm?, which indicated the potential of the phenomenon in
converting surface energy into the electrical one in a non-destructive manner and under
ambient condition. Theoretical analysis uncovered that the difference in the {-potential
near the electrodes was the major reason for the voltage generation. The prototype could
also detect the repeated exposure and withdrawal of vapor sources, which helped in the
development of a proof-of-concept detector to sense alcohol issuing out of the human

breathing system.

Objective — 2: Droplet Based Detection of Blood a-Amylase Employing Marangoni
Flow

In this chapter, a droplet based a-amylase sensor has been demonstrated. A droplet based
microfluidic amylase detection technique was developed employing the thermal
Marangoni effect. A rotational motion was observed inside a water droplet when it was
placed on a hot surface. The motion was quantified with a ~120 um particle and it was
found that the motion was ~12 rpm when the hot surface temperature was maintained at
60°C. A finite element computational study shows that the variation in surface tension
near the plate and away from the plate due to the temperature variation gives rise to the
rotational motion of the fluid inside the droplet. The temperature distribution inside the

droplet was studied to understand the physics.
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Figure 2: Image (A) shows the schematic diagram of the experimental set-up for characterizing the

microfluidic phenomenon. Images (B — D) shows the placement of digital or thermal camera for
imaging.

It was observed that the temperature near the plate was higher compared to away from the
surface as shown by the computational study. Starch was dissolved in the conductive
droplet and the droplet system was further employed for detecting amylase concentration
in blood serum. A concentration of 20-90 U/L could be detected faithfully. Experimental
study suggested that the detection was most efficient at 40°C substrate temperature. This

system can be employed as point-of-care testing device to detect amylase in blood serum.

Objective — 3: Paper based flexible touchpad and hand tremor detection device

In this chapter, development of a paper based economic resistive touchpad and the
application in hand tremor detection has been discussed. An economic and eco-friendly
resistive touchpad was designed, fabricated, and tested from commonly available materials
such as paper, poly-dimethylsiloxane (PDMS), and graphite coating issuing out of the

pencil tips. While the graphite coating on one side of a paper surface transformed the
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dielectric paper surface into an electrically conducting one, the dielectric PDMS thin film

on the other side of the paper acted as a protective coating.

Figure 3: This figure shows the fabrication process and illustration of working. Image (A) - (F) show
the different steps of fabricating the touchpad device. Image (F) and (G) illustrates the working of
the touchpad.

A pair of such graphite and PDMS coated paper surfaces was integrated together in such a
manner that there was an air gap maintained in between them with the help of a dielectric
PDMS spacer. The PDMS thin films coated on the outer surface of the paper were aimed
to host the touch locations, the graphitic coating on the inner side of the paper provided the
required electrical conductance to develop the ‘resistive’ pad, and the PDMS spacer in the
middle of two such papers surfaces created the necessary air gap between the pair of
confining paper surfaces. The work was further extended into development of a
biomedical device to detect hand tremor in order to diagnose different neurological
disorders such as Parkinson’s disease. In this case, a single location of touchpad was
fabricated as discussed earlier and employed vertically to develop the hand tremor

detection system.
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Objective — 4: Nano-Enabled Paper Humidity Sensor for Mobile Based Point-of-Care
Lung Function Monitoring

In this chapter, the research is about a nano-enebled paper humidity sensor for monitoring
lung health. The frequency of breathing and peak flow rate of exhaled air are necessary
parameters to detect chronic obstructive pulmonary diseases (COPDs) such as asthma,
bronchitis, or pneumonia. We developed a lung function monitoring point-of-care-testing
device (LFM-POCT) consisting of mouthpiece, paper-based humidity sensor, micro-
heater, and real-time monitoring unit. The mouthpiece of optimal length was ensured that
the exhaled air was focused on the humidity-sensor. The resistive relative humidity sensor
was developed using a filter paper coated with nanoparticles, which could easily follow
the frequency and peak flow rate of the human breathing. Adsorption followed by
condensation of the water molecules of the humid air on the paper-sensor during the
forced exhalation reduced the electrical resistance of the sensor, which was converted to
an electrical signal for sensing. A micro-heater composed of a copper-coil embedded in a
polymer matrix helped in maintaining an optimal temperature of the sensor, which ensured
that water condensed only during forcible breathing and the sensor recovered rapidly after
the exhalation was complete by desorption of water molecules.

Two types of real-time monitoring units were integrated into the device based on light
emitting diodes (LEDs) and smart phones. The LED based unit displayed the diseased,
critical, and fit conditions of the lungs by flashing LEDs of different colors. In
comparison, for the mobile based monitoring unit, an application was developed
employing an open source software, which established a wireless connectivity with the

LFM-POCT device to perform the tests.
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Figure 4: Image (A) and (B) schematically shows the components of the mobile based LFM-POCT
device. Image (C) illustrates the device connected with a smart phone through Bluetooth and
perform a wireless lung function test through the open standard software.

Objective — 5: A Multipurpose and Reusable Nano-BG-FET for Point-of-Care

Estimation of Ammonia in Air and Urea in Human Urine
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Figure 5: Schematic steps to fabricate the BG-FET device. Side views - (i) masking of the Si wafer;
(i) coating of PMMA on the Si Wafer; (iii) Coating of the photoresist (PR) on the PMMA layer; (iv)
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UV exposure through photo lithography and development of the patters; (v) CdS-TiOz deposition
through drop casting; and (vi) electrode deposition through silver paste. The bottom row in the
images (iv) - (vi) show the top schematic view.

In this chapter, we discuss about a nanoparticle based back-gated (BG) FET for detection
of ammonia. The cleaners, farmers, or industrial workers everyday come under the
exposure of hazardous and pyrophoric ammonia gas or vapour, which cause severe health
disorders in them. However, there is hardly any point-of-care-testing (POCT) device,
which can detect the level of ammonia in real-time. Further, activity of ammonia and urea
the body fluids such as breath, urine, and blood are the biomarkers for kidney or liver
functions. Herein a highly sensitive and reusable back-gate-field-effect-transistor (BG-
FET) has been developed to selectively detect ammonia in air together with ammonia and
urea in a human urine. The BG-FET was prepared on a p-type Si substrate with a n-type
channel material of CdS-TiO, nanocomposite and a poly-methyl methacrylate (PMMA)
film as the dielectric layer. In order to make the sensor reusable, it was employed as a
cover to a chamber where the ammonia gas or the urine sample was placed. The response
of the BG-FET was analyzed by measuring the 1-V characteristics, which showed increase
in the drain current with ammonia release from the chamber. The underlying principle of
the BG-FET enabled the creation of more (fewer) charge carriers for the reducing
(oxidizing) gases such as ammonia upon adsorption on the nanostructures of the CdS-TiO>
as the channel material. Control experiments with different gases/vapors suggested that the
change in the current-to-voltage response of the BG- FET could be calibrated to
selectively measure the activity of diverse hazardous gases. The lowest concentration of
ammonia which could be detected was ~0.85 ppm at a response time of 30 s with an
operating gate voltage of less than 0.5 V, which were significantly superior than the
previously reported any ammonia sensor. Urease enzyme was added to the urine sample to
liberate ammonia proportionately, which could also be detected employing the same
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sensor. The urea-urease lock-and-key enzyme catalysis reaction made the sensor specific
in detecting the biomarker. The performance of the calibrated BG-FET was also compared
and contrasted with the standard clinical urea detection methodologies. The reliability,
accuracy, reusability, and fast response time of the device could be employed to develop a

point-of-care biomedical-device for ammonia and urea detection.

Objective — 6: Paper Based Magnetoresistance with Core-Shell Nanoparticles in
Impulse Magnetic Field

Pancreatitis, a condition in which the pancreas becomes inflated calls for utmost attention
in order to be diagnosed aptly at an early stage to avoid critical condition. Symptoms like
abdominal pain, food malabsorption often indicate pancreatitis, acute or chronic. Human
pancreas secretes two enzymes, lipase and amylase- elevated levels of which can be used
as basis for the diagnosis of pancreatitis. Biosensors are widely exploited today in
healthcare sector because of their rapid, accurate and reliable response. Giant Magneto
resistance (GMR) is a phenomenon where resistance of alternate ferromagnetic and non-
magnetic materials changes with a change in external magnetic field. In the last decade,
GMR based biosensors have shown immense potential in clinical diagnosis for their high
sensitivity, output and cost-effectiveness. We have developed a GMR based biosensor
using paper as a substrate to detect levels of a-amylase in human blood serum. Nickel-
Silver nanoparticles capped with starch was synthesized and deposited on filter papers,
which were then placed one at a time between electromagnets.

Ag/Ni Core- shell nanoparticles showed a change in resistance under impulse magnetic
field. This paper and nanoparticles based magnetoresistance was studied at room
temperature. The maximum magnetoresistance achieved was more than 50% at room

temperature. A computational analysis of change in magnetization in ferromagnetic
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material was also performed as a proof of concept. It was observed that an applied
magnetic field creates a disturbance in magnetization direction for few nanoseconds and
the magnetization switching time depends on the size of particle. Moreover an atomistic

model was also computed to study the magnetoresistance in a similar atomistic device.
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Figure 6: The steps of fabrication are shown in the images (a) to (d) and the schematic diagram (e)
shows the experimental set-up for the magnetoresistance experiment where the sensor was kept
in between two electromagnets, which produces pulsed magnetic field.

Objective — 7: A Point-of-Care-Testing device for Tunnel Vision Harnessing the
Distance and Angle of View an Observer during motion

In this chapter, the proposed invention discusses about a method of measuring distance of
an object and angle of view of eyes employing concept of observed speed or velocity. It is
found that the measurement of distance of celestial objects, measurement of distance of a
moving car, height of airplanes, distance of moving ships on ocean etc. are very important
in different fields like astronomy, defence, security and surveillance. Moreover, the angle
of view of eyes is also a potential parameter to detect many diseases like retinitis
pigmentosa, hypovolemia etc. Thus, herein a simple concept is proposed to detect and

Xiv
TH-2202_136153001



measure the distance and angle of view employing a simple theory. This concept also
gives us an explanation of the fact that the speed of the object far from us seems less than
that of the nearer one even though they are moving at same speed or velocity. The
observed speed of the object becomes slower with increase in distance because of the fact
that the visual length increases with the increase in distance.

101

102
103

N

Figure 7: This figure shows the method of detecting angle of view of a person. The number 101
refers to a headset which contains a display and 102 is the belt to adjust the headset. The number
103 refers to an instrument similar to stopwatch which measures the time.

This concept of observed speed or velocity can be employed to measure the distance of an
object by analyzing a motion picture. Moreover, angle of view can also be measured if one
optimizes the distance from observer to display of motion picture and the speed of moving
object in the motion picture. The concept is capable of measuring the distance of different
objects and can also give us an idea about angle of view of a person. Measurement of
angle of view is very important in eye disease diagnosis and hence the concept can be
applied to detect diseases associated with tunnel vision. Thus, this proposed method and
theory is capable of being used as a POCT device to diagnose diseases and disorders
associated with tunnel vision.
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Objective — 8: A Body-Potential Detection System Employing Micro/Nano Patterned

Electrode

104

105

Figure 8: This figure shows body potential detecting device. The number 101 refers to human
organ preferably index finger 102 and 103 refers to the outer cabinet and the sensor with the
connecting wire 104 and the plug 105.

In this chapter, design and development of an affordable, user-friendly, and portable body-
potential detection device has been reported. The device is composed of three major parts,
namely, a sensor arrangement, a processing unit, and a power supply. The sensor
arrangement consists of a flexible and soft sensor and associated connector components.
The substrate of the sensor was made of flexible and soft material preferably PDMS. The
flexible or soft material can also be put on a rigid support like glass depending upon
handling issues. A deposited conductive layer preferably of aluminum and RGO on the
substrate helps in detecting the body potential once it comes in contact with an organ of
human body preferably index finger or wrist. The electrical signal generated by the sensor
is sent to the processing unit which further transmitted the signal to a mobile android
application for displaying the result. The device is useful for detecting many diseases or

disorders related to heart, nerves and muscles.
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In summary, in the present thesis, we describe different sensing platforms with variety of
applications such as sensing, diagnostics, energy harvesting, and therapeutics. The sensors
have been developed employing different principles such as microfluidics, spintronics,
MEMS, and FET. Different nanomaterials have been employed to develop the sensors.
Apart from fabrications and experimentation, multiple computational and theoretical
studies also have been performed to understand the under lying physics and working

principles of the proof-of-concept prototypes developed.
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List of Figures

Figure 1.1: This image shows the different body parts that need a monitoring device to
detect the early stage of diseases associated with the organ.

Figure 2.1: Figures (A) and (C) are the TEM images of Ag and Au nanoparticles.
Respective SAED patterns are shown in images (B) and (D). The EDX
images (E) and (F) confirmed the presence of Ag and Au. The numbers 1 —9
on the image (E) and (F) represent the peaks of Cl, Ca, C, O, Cu, Si, Ag, and
Au, respectively.

Figure 2.2: Experimental demonstration of the phenomenon. (A) A water droplet loaded
with some microparticles was placed on a glass slide. (B) A rotational current
was observed on the droplet when a vapour source of diethyl ether was
brought into the immediate vicinity of the droplet surface. (C - F)
Experimental images of particle motion. Rows | and Il show the side and the
top views of the motion under the exposure of the organic vapour when
loaded with a single microparticle. The length of the scale bars on the images
is 0.5 mm.

Figure 2.3: Image (A) shows the streamlines (continuous lines) and velocity vectors
(arrowheads) of Marangoni flow inside a droplet of diameter 1.5 mm. Image
(B) shows the change in average angular velocity (» ) with surface tension
gradient (Ay ).

Figure 2.4: Characterization of electrolytes employed in the experiments. The plots show
the variations in (A) viscosity, #, (B) density, p, and (C) electrical

conductance G, of aqueous salt solutions of concentration (c ) composed of

four different salts FeSO4.7H20, NaHSO4, Na2COgz, and NaCl.
Figure 2.5: The plots show the variations in the, (A) electrical conductance (Gmax) when
the droplet was rotating at its maximum speed under organic vapour

excitation and (B) percentage change in resistance in such a situation,

AR =100x[(R, - R, )/RO] , with the concentration of salt (c. ). Plots (C)

0

and (D) show the variations in AR and maximum power density (pP.,"")
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across the droplet of aqueous 0.85M Fe2S04.7H20 suspended with different
types of nanoparticles. In all the experiments, the nanoparticles and the

aqueous salt solution were mixed in 1:1 (v/v) ratio.

Figure 2.6: Image (A) shows the experimental setup to measure the change in the

Figure 2.7:

electrical resistance (R) across the droplet. The inset in the bottom-right
corner shows the magnified side view of the droplet resting on a pair of Cu
electrodes. Plot (B) shows the variation in normalized resistance (R, = R/R,
) with time (t) across a microdroplet composed of 0.2M, 0.45M, 0.85M, 1.3M,
and saturated solutions of FeSO4.7H20. The plot (C) shows the percentage
change in resistance (AR ) with ¢ inside the droplet. Plot (D) shows the
variation of r, with time (t) across a microdroplet having suspensions of 1:1
and 3:1 (v/v) of Ag or Au nanoparticles in 0.85M aqueous FeSO4.7H20
solution.

Energy harvesting from the microdroplet rotation. Schematic diagrams in the
row (A) illustrate different ways (i — iii) of introducing the vapour and row

(B) shows the corresponding output of potential difference (av ) with time

(®).

Figure 2.8: The variations in the maximum potential difference (v.*) across the

electrodes for the droplets composed of, plot (A) DI water at different pH and
plot (B) salt-water (1.7M aqueous NaCl soln.) at different pH. The rotational
motion was triggered with the help of diethyl ether vapour.

Figure 2.9: The variation of potential difference (ay ) with the difference in the

concentration of the counter ions near the electrode (ac_,, ).

Figure 2.10: Image (A) shows the initial configuration of the computational domain at 0

TH-2202_136153001

s, with 100 nm thick FeSO4 deposited at the electrodes. Image (B) shows the
streamlines (continuous lines), velocity vectors (orange arrows), and the

magnitude of the convective flux (colour map contours, N

1,conv

= C_u,)inside
a droplet of diameter 1.5 mm after 0.01 s. The surface tension of the droplet,

y, = 72.7 mN/m and diethyl ether, », = 17.0 mN/m at the arc of length 0.05
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mm created a surface tension gradient of a, = 55.7 mN/m across the
interface.

Figure 2.11: Power generation from the microdroplet rotation. Plot (A) shows the
variation in AVp with t across the electrodes for the droplets having a 0.85M
FeS0s4.7H>0 solution and DI water. Images (B) and (C) show the variation in

the maximum potential difference (av ™) and maximum power density (
p"™) with Cs. Image (D) shows the variation of " in uW cm-2 with and

without the Ag or Au nanoparticle loading inside the droplets of 0.85M
aqueous salt solution. Here 1:1 and 1:3 salt solution stands for the (v/v)
proportion of 0.85M aqueous salt solution and prepared Ag or Au
nanoparticle solution.

Figure 2.12: Experimental results of voltage generation in multiple droplets. Image (A)
shows the schematic diagram of the experimental setup where three droplets
were connected in series and diethyl ether vapour was introduced from one
side. Image (B) and (C) show the variation of maximum voltage generation (
av ") and power (P) for multiple numbers (N ) of droplets, respectively.

Figure 2.13: Experimental results of the alcohol vapour sensor. Images (A) and (B) show
the schematic diagram of the experimental setup where the LED was turned
off (on) in the absence (presence) of the vapour excitation. Image (C) shows
the change r, with different concentrations (v/v) of diethyl ether in water (
c,) and image (D) shows variation AR with c_. Image (E) shows the
variation in R with t when the stimulus was different vapour sources such
as diethyl ether (DEE), toluene, chloroform, ethanol, and methanol. Image
(F) shows the variation in r, with t when three cycles of the exposure of
diethyl ether and alcohol were repeated on a microdroplet of 0.85M aqueous
salt solution mixed with Ag nanoparticles in 1:1 proportion (v/v).

Figure 3.1: Image (A) shows the schematic diagram of the experimental set-up for

characterizing the microfluidic phenomenon. Images (B - D) shows the
placement of digital or thermal camera for imaging.
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Figure 3.2: Images (A - D) shows the snapshot images of side-view of the droplet at
different time intervals to illustrate the motion of a ~120 um particle inside
the droplet. The scale bar is of 2 mm.

Figure 3.3: Images (A) and (B) shows the thermal image of the droplet when the substrate
temperature was ~55°C. The bottom right corner inset schematic of both the
images shows the placement of the thermal imager. Images (C) and (D) shows
the corresponding temperature distribution plot with respect to distance x and
y along X and Y axis, respectively. The scale bars are of 2 mm.

Figure 3.4: (A) shows the schematics of the computational domain employed in this
study. All the necessary dimensions of the domain are shown in the
schematic. Images (B) shows the rotational effect inside the droplet due to the
thermal Marangoni, natural convection, and combined effect. The colored
contour, white continuous lines, and orange arrows show the temperature
distribution, streamlines and velocity vectors of water inside the droplet,
respectively. Images (i) - (iii), (iv) = (vi), and (vii) - (ix) show the temperature
gradient created inside the droplet after t = 1 s of simulation for a1 = 10°C,
30°C, and 50°C respectively. Plot (C) shows the variation of rotational speed
(w) with the change in the thermal conductivity (k) of the hot substrate. The
dotted lines shows the slope of the curve. The dominance

D =(NC/TM )x100% of thermal marangoni (TM) over natural convection
g

(NC) is also illustrated with the green line. Plot (D) shows the variation of
rotational speed (o ) with the temperature difference (AT ) between the hot
substrate and room temperature. The red line plot shows the corresponding
experimental values of rotational motion (e ) with temperature difference (
AT ). The green line shows the dominance of NC over TM. The average value
(Avg) shows the rotation due to combined effect.

Figure 3.5: Image (A) shows the experimental set-up for sensing and measuring the
concentration of a-amylase in a sample. Image (B) shows the temporal
response of the sensor for ¢, =20 U/L of amylase at a substrate temperature
of 26°C. Image (C) shows the response of the system for different
concentration of a-amylase at 3 different temperatures. The scattered red
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points are the response of the system due to introduction of blood serum
sample. 87
Figure 3.6: This image shows the base resistance of three different droplets for three
different days. 90
Figure 4.1: This shows the fabrication process and illustration of working. Images (A) —
(D) show the different steps of assembling the touchpad device, (A) PDMS
coating on paper, (B) paper substrate with inner-graphite and outer-PDMS
coating, (C) placement of the PDMS spacer, and (D) the entire assemblage of
resistive pad. Images (E) and (F) illustrates the working principle of the
touchpad in which different locations of finger-press turned on different light
emitting diodes (LEDs, L1 and L2) while the current passed through different
resistors (R, and R2). Images (G) — (J) show the schematic illustration of the
working for a single touch location. Images (G) and (I) show the side view of
the pressed touch location along with a simplified circuit model, whereas
images (H) and (J) show the corresponding top views. Image (K) shows the
change in the resistance (R) with applied weight (W) on the touch location.
The solid lines show the theoretical calculations for different values of a and
the scattered points represent the experimental data for different thickness of
touch layer. 104
Figure 4.2: Details of the electrical parts with dimensions. Image (A) shows the outer
surface view with PDMS coating and Cu connect of the top surface, image
(B) shows the configuration of the PDMS spacer with four holes, and image
(C) shows the inner surface of the paper substrate with the Cu connect. Image
(D) shows the assembly of the parts to form the touchpad and image (E)
illustrates the circuit associated with the device having four locations. Images
(F) and (G) show simplified circuit models for understanding purpose when
switch Sy is pressed and switch S is pressed, respectively. All dimensions are
incm. 106
Figure 4.3: Characterizations of the touchpad prototype. Image (A) shows the
microscope image of the cross-section of the graphite coated paper. Image
(B) shows the FESEM image of the graphite coating on top of the paper.
XXiii
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Figure 4.4:

Figure 4.5:

Figure 4.6:

Figure 4.7:

TH-2202_136153001

Image (D) shows the optical microscopic image of the cross-section of the
touchpad with three different layers. Image (D) shows the Raman
spectroscopy analysis of the deposited graphite layer. Image (E) shows the
current (1) versus voltage (V) characteristics of the graphite coatings provided
in the different locations 1 to 4 on the pad. Image (F) shows the variations in
the electrical response of different locations with time highlighting the
stability of the sensors.

Experimental demonstration of the prototype. Images (A) — (C) show that the
glowing of four, three and one LED(s) depending upon the touch location.
Image (D) shows the output resistances of the different touch locations 1 to
4, as shown in the image (E). Image (F) shows the repetition of the output
current for multiple touches made at location A.

Electrical response of the different locations of the resistive touchpad. Image
(A) shows the variation in the output current (1) of the touchpad with time (t)
during a touch incident in the locations 1 to 4. The image (B) shows the
variation in the peak output resistance (RP) after 600 trials in the locations 1
to 4.

Detection of hand-tremor using the resistive pad. Image (A) shows the sensor
that detects the hand tremor. Image (B) shows the mechanism of the sensor.
Image (C) shows the fluctuation of the current due to hand tremors which can
be used for quantification of tremors. Images (D) and (E) show the circuit
model and front view of the sensor in a bent condition. Image (F) illustrates
the quantification of bending schematically. The images (G) and (H) shows
the real images of sensors in related and bent condition, respectively. Image
() shows the theoretical (solid line) and experimental (scattered points)
response of the sensor with the bending. The theoretical data in the image (I)
are plotted for different values of g .

The device plan of the prototype. Image (A) shows the outside getup of the
proposed device. The images (B) and (C) show the cross-sectional image of
the prototype under relaxed and pressed conditions. The mechanical ‘bias’ in

the embodiment ensures that the sensor bend towards left when the ‘knob’ at
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Figure 4.8:

Figure 4.9:

Figure 5.1:

Figure 5.2:

Figure 5.3:

TH-2202_136153001

the top is pressed. Image (D) shows an image of the prototype. The electrical
connect at the bottom connects the sensor to the controller unit, as shown in
the image (E). Image (F) shows the fluctuation of the current due to hand
tremors are transferred to the mobile interface with the help of the Bluetooth
module integrated to the controller unit.
The images show the variations in the normalized resistance [AR/Ro = (R —
Ro)/Ro] with time (t) for (A) mild, (B) moderate, and (C) high hand tremors.
Here Ro refers to the base resistance of the sensor and AR is the variation in
the resistance. Image (D) shows the response of the sensor for mild, moderate
and high tremor. Images (E) and (F) shows the sensor stability analysis.
Image (E) shows the stability of the sensor with time and image (F) shows
the merit of the four different sensors.
This images (A - D) show the variation in AR/Ro with time t for four different
patients (A - D) having a hand tremor. Plot (E) shows the calculated response
of the sensor for patients (A - D). Table (F) shows the descriptions of response
and corresponding implications.

Schematic diagram showing the components of the paper-based humidity
sensor. The image shows the coating of the CASNPs and Ag electrodes, which
was integrated with the micro-heating arrangement. The micro-heater
composed of a Cu coil embedded inside a PDMS matrix is shown in the side.

The images (A) — (C) show the TEM snapshot, SAED patterns, and EDS of
the CASNPs. The images (D) — (F) show the TEM snapshot, SAED patterns,
and EDS of the synthesized AuNPs. Images (G) and (H) show the FESEM
snapshot of the paper surface and AuNPs embedded on the paper surface,
respectively and image (I) shows the FESEM image of the CASNPs deposited
on the AuNP treated paper surface.

Images (A) and (B) show the XRD analysis and Raman spectroscopy of
CdSNPs with the characteristics peaks of CdS and image (C) shows the
typical UV-Vis spectroscopy data of CASNPs.
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Figure 5.4:

Figure 5.5:

This figure shows the fabrication steps (i-iii) of the sensor along with the
FESEM image of the paper surface, TEM image of the CdSNPs, a
photographic image of the fabricated sensor, and a FESEM image of the paper
embedded with CASNPs. The scale bar in the sensor image is of 1.5 mm.
The image shows the circuit employed to ensure continuous supply of heat

to the paper-sensor while experiments are performed.

Figure 5.6: The image shows the circuit arrangement for the LED-based real-time

Figure 5.7:

Figure 5.8:

Figure 5.9:

TH-2202_136153001

monitoring unit.

Images (A) and (B) show description and illustration of the detection circuit
of the control assembly for two different situations of the illumination of the
red and green LEDs. In case of the image (A), the Fr is below the desired
level (S) as shown in the imaginary scale peak expiratory flow (PEF) meter.
In contrast, image (B) shows the situation where Fr is above the safety level
(S). It may be noted here that the AR is more in case of the image (B) than
that of the image (A).

Image (A) shows the variation in temperature (T) with time (t) for different
current (1) inputs to the micro-heater. The current source was turned on for
first 60 s before turned off. Image (B) shows the temperature (Ti=60s)
generated on the micro-heater surface after 60 s at different current flow (1).
Image (C) shows the current input (I) and temperature output (T) employed
for the micro-heater.

Image (A) schematically illustrates the step by step adsorption and desorption
processes of the sensing mechanism. Image (B) shows the current-voltage (I-
V) characteristics of the sensor for different relative humidity conditions.
Image (C) shows the change in resistance (AR) of the sensor at different RH.
Image (D) shows the change in AR of the sensor due to the pulsed exposure
of ~97 % humid air at different Q. Image (E) shows the time taken by a paper
substrate to reach 50°C when the paper was, (i) devoid of Au NPs and (ii)
embedded with Au NPs while the paper substrate was kept on a heated surface
at 65°C. Image (F) shows the change in AR and recovery time (trec) at different

temperatures of the paper-sensor. Image (G) shows the response of the sensor

XXVi

138

141

142

143

144



with time for different magnitudes of current (1) flown through the micro-
heater when air flow rate was ~450 L/min. 147
Figure 5.10: Image (A) schematically shows the experimental set up composed
mouthpiece, paper-sensor, micro-heater, and multimeter to measure the
various parameters during exhalation. The insets show the real images of
paper-sensor and micro-heater where the scale bars are of 5 mm. Image (B)
shows the variation in the normalized resistance (Rn = R/Ri) with time (t) for
six cycles of breathing alongside a control experiment with dry N2 gas. Image
(C) shows the variation in the AR for different length of the mouthpiece (Lwmp).
148
Figure 5.11: Images (A) and (B) show the photographs of the device. Image (C) shows
the variation in AR because of different peak flow rate (Fr) of the exhaled air.
Image (D) shows the comparison of results between a commercial device,
JSB NO02 peak flow meter and the proposed device along with a schematic
illustration of the corresponding LED and mobile response. 150
Figure 5.12: Image (A) and (B) schematically shows the components of the mobile-based
LFM-POCT device. Image (C) illustrates the device connected to a
smartphone through Bluetooth and perform a wireless lung function test
through the open standard software (Patent filed). & 151
Figure 5.13: Image (A) shows the experimental set-up for measuring the response of the
sensor. The experimental section, which is considered as the computational
domain is marked with a red dotted line and magnified above. The inlet, flow
of humid gas, and position of CASNP adsorption surface are indicated in the
magnified figure. The equivalent 2D computational geometry is illustrated in
the image (B). 152
Figure 5.14: Image (A) shows the contour plot of the concentration of adsorbate molecule
(C) in the pipe for 300 L/min in linear approximation. The white curve shows
the concentration of molecules measured along the cut-line (broken line) with
distance (Lg). Image (B) shows the variation of adsorbed molecule
concentration (Ca) under linear and logarithmic approximation with different
flowrates (Fr). 156
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Figure 5.15: The plot (A) schematically shows the band energy E vs. z-coordinate normal

to sensor-surface to illustrate band bending of the n-type CASNPs near the
surface of the sensor (left-side) due to the space charge layer. The notations
Nss, Ev, Ep, EF and Ec show the surface charge density and the energies
corresponding to valance band, donor level, Fermi level and conduction band
of the sensor. Plots (B) to (D) show the volume charge density (p), electric
field (¢) in the space charge layer and the electric potential (&) characteristics
with z-coordinate, respectively. The surface and bulk electric field potentials
are denoted by @s and &, and the thickness of space charge layer is denoted
by d. The notations Qss, Qsc, Nss, and eVs denotes surface state charge, space

charge, surface state charge density, and band bending at the surface.

Figure 5.16: The variation in the electrical conductivity (Ao) with the flowrate of humid

Figure 6.1:

Figure 6.2:

Figure 6.3:

TH-2202_136153001

gas (Fr) due to the variation in the adsorption of water molecules on the
sensor. The solid lines show the simulated values for the linear (black) and
logarithmic (red) variations in Fr of the humid gas with the concentration of
the adsorbed molecules. The scattered circular symbols show the
experimental results.

Image (A) shows the TEM image of Ni-Ag core shell nanoparticles. Image
(B) shows the FESEM image of Ni-Ag core shell nanoparticles deposited on
a paper substrate. Image (C) shows the XRD of Ni-Ag core shell nanoparticle.
Image (D) shows the SAED pattern of Ni-Ag nanoparticles.

Images (A) to (D) show the steps of fabrication of the magnetoresistive sensor
on a paper substrate. Image (E) schematically shows the experimental set-up
employed for the magnetoresistance experiment where the sensor was kept in
between two electromagnets, which produces pulsed magnetic field.

Image (A) shows the change in normalized resistance with time due to applied
impulse magnetic field. Image (B) shows the magnetoresistance percentage
(MR%) due to applied magnetic impulse. The applied magnetic impulse is
shown in plot (C). Image (D) shows the computational result of the change in
magnetization in X, Y, and Z direction after applying an external magnetic

field in X-direction in a Ni nanoparticle.
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Figure 6.4: Image (A) shows the computational result of the switching of X-directional
magnetization for different sized Ni nanoparticles. Image (B) shows the
experimental ~ magnetoresistance  (MR%) values of  fabricated
magnetoresistive sensor for different sized Ni-Ag nanoparticle. 181

Figure 6.5: Image (A) shows the computational geometry of the atomistic system under
consideration. The left electrode (LE), central scattering region and right
electrode (RE) of the system are demarcated using vertical dotted lines. In
this image, the green spheres represent Ni atoms and orange spheres represent
Ag atoms. Images (B) and (C) show the transmission spectrum of up and
down spin electrons for parallel (P) and anti-parallel (AP) configuration
respectively. The Fermi energy Er of the system is denoted by the broken
lines in images (B) and (C). 183

Figure 6.6: Image (A) shows the spin polarized current for spin up and spin down
electrons in parallel (P) configuration, whereas image (B) shows the spin
polarized current for spin up and spin down electrons for anti-parallel (AP)
configuration. Images (C) and (D) show the density of states (DOS) of

electron for parallel and anti-parallel configuration, respectively. Dotted lines

in images (C) and (D) represents the Fermi energy Er of the system. 184
Figure 6.7: This figure shows the UV-Vis spectra of the synthesized Ni-Ag nanoparticles,
Ag-starch and Ni-Ag starch nanoparticles. 186
Figure 6.8: This figure shows the FTIR spectra for the starch and Ag-starch composite to
confirm the attachment of starch to the Ag surface. 187
Figure 6.9: This figure shows the EDS spectra for (A) Ni-Ag and (B) Ni-Ag-starch
composite to confirm the presence of elements in the prepared samples. 187

Figure 6.10: This figure shows the calibration plot for the detection of a-amylase. The
red scattered points are indicating the bio-sample values. 188
Figure 7.1: Schematic steps to fabricate the BG-FET device. Side views - (i) masking of
the Si wafer; (ii) coating of PMMA on the Si Wafer; (iii) Coating of the
photoresist (PR) on the PMMA layer; (iv) UV exposure through photo
lithography and development of the patters; (v) CdS-TiO- deposition through
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drop casting; and (vi) electrode deposition through silver paste. The bottom
row in the images (iv) - (vi) show the top schematic views. 205
Figure 7.2: Material characterisation of CdS-TiOz. (A) Raman spectra of the CdS-TiO>
nanocomposite in which the inset shows the magnified view of the same. (B)
X-Ray diffraction analysis of the composite nanoparticles. 207
Figure 7.3: Image (A) shows the schematic diagram of the BG-FET device and the
electrical connections. The magnified inset shows the effect of applying a
negative bias at the gate electrode (Ve < 0 V). Image (B) shows FESEM
image of the 100 um x 20 um channel region on the photoresist after
photolithography. Image (C) is the FESEM image of the active region and
drain-source electrodes. Image (D) shows a magnified view of the active
region depicting the surface morphology of the CdS-TiO2 nanostructures.
Scale bar for (B) and (C) is 100 um and 1 um for (D). 209
Figure 7.4: Electrical characterization of the FET in absence of ammonia. (A) Ip vs Ve
characteristics of the FET at a constant drain bias, Vo = 1 V. (B) Ip vs Vp
response of the FET at different gate biases, Ve =0V, -0.2 V, and -0.5 V. 210
Figure 7.5: (A, B) Schematic diagram of the closed setup for ammonia sensing. (C)
Comparison between current responses in the open and the closed system for
3 different concentrations, 50uM, 100puM, and 200puM. (D) Ip vs Vb
characteristics of the FET at a fixed gate voltage, Ve = -0.2 V, for different
concentrations of aqueous ammonia solution in the closed system. 211
Figure 7.6: Schematic representation of ammonia sensing: (A) Small current flowing
through CdS-TiO- active surface in absence of ammonia. (B) Adsorption of
ammonia molecules on the surface and resultant enhancement of current. (C)
Electron transfer process between the ammonia molecules and CdS-TiO>

nanoparticles (NPs) leading to the formation of weak coordinate-covalent

bonds. 214
Figure 7.7: Comparison of the normalised change in Ip for different volatile samples, 500
UM NHz, 500 uM HCI, toluene and ethanol. 216

Figure 7.8: Sensor response for human urine samples. (A) Normalised device responses

for urine samples before the introduction of urease (represented by filled
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Figure 8.1:

Figure 8.2:

Figure 8.3:

Figure 8.4:

TH-2202_136153001

triangles W, X, Y and Z) along with the linear fitted responses for known
calibration samples. (B) Normalised device responses before (filled triangles)
and after (unfilled triangles) the introduction of urease, superposed with liner
fitted responses for known calibration samples. W’, X’, Y’ and Z’ are the
modified responses after urease was introduced. (C) Comparison between the
actual and calibrated responses for 4 different urine samples W, X, Y and Z.
The figure shows mechanism of resting and action potential formation on cell
membrane. Images (A) and (B) show the formation of resting and action
potential on the cell membrane, respectively. Image (C) shows the
concentration of three majorly contributing ions Na*, K*, and CI" in during
resting potential condition, inside and outside the cell. The concentrations are
in mmol/l. Images (D) and (E) show the recorded low and high frequency
voltage signals, respectively from the surface of index finger.

The figure shows fabrication steps and the schematic diagram of the patterned
electrode. Images (i) to (ix) are the different steps of fabrications. Image (A)
shows the schematic isometric view of the pattern on PDMS. Image (B)
shows the final electrode schematically after Al deposition.

This figure shows the sensor optimization, characterization, and experimental
set-up. Images (A) - (C) show the fabricated patterns for the sensor electrode
along with the FESEM images. Image (D) shows the Raman spectroscopy of
the fabricated metal electrode of Al coated glass substrate (blue) and
patterned electrode based on RGO, Al, and PDMS. Image (E) shows the
experimental set-up to record the surface electrical potential of a body part.
Image (F) shows the associated amplifier circuit employed to detect the
surface potential. Images (G) and (H) shows the real experimental image with
an indicator LED to demonstrate the generation of surface electric potential.
This figure shows sensor results. Image (A) shows the power spectrum of the
RSEMG signal received from the index finger. Image (B) shows the
smoothed signal received by patterned electrode (PE) and metal electrode
(ME) whereas image (C) shows the signal as received by the electrode.
Images (D) and (E) show the schematic representation of the patterned
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electrode and the arrangement of placing the electrode on index finger. Image
(F) shows the real image of the fabricated sensor.

Figure 8.5: The figure shows the response of the PE sensor at rest for index finger (A),
wrist (B), big toe (C), and tongue (D). Here, Vn refers to the normalized
voltage signal from the respective organs in arbitrary units (a.u.) and t is the
time.

Figure 8.6: The figure shows the response of the PE sensor attached to the wrist at rest
condition (A) and while working (B - D) for different time. Plot (E) and (F)
show the change in normalized voltage (Vn) and frequency (fn) of the body
potential signal, respectively, for the cases described in images (A - D). Here,
Vn refers to the normalized voltage and fy stands for normalized frequency of

the signal from the respective organs in arbitrary units (a.u.) and t is the time.

Figure 8.7: The figure shows the response of the PE sensor attached to index finger (A)
at rest condition and after working out for (B) 5 min and (C) 10 min. Plot (D)
and (E) show the change in normalized voltage (Vn) and frequency (fn) of the
body potential signal, respectively for the cases described in images (A-C).
Here, Vn refers to the normalized voltage and fy stands for normalized
frequency of the signal from the respective organs in arbitrary units (a.u.) and
t is the time.

Figure 8.8: The figure shows the change in normalized voltage (Vn) and frequency (fn)
of the body potential signal detected by a PE sensor attached to index finger
for relaxed and stressed body condition due to work out of 10 min.

Figure 8.9: This figure shows the stability analysis of the sensor electrode. Image (A)
shows the stability of the sensor with time. Image (B) shows the comparison
between different sensors.

Figure 8.10: This figure shows the sensor arrangement and processing unit. The sensor
is fabricated on a flexible or soft substrate of say PDMS. The processing unit
contains a socket for connecting the connector of the sensor. The processing

unit also contains an indicator LED and an ON-OFF switch.
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Figure 9.1: This figure shows the concept of visual planes. Images (a) shows the
imaginary visual planes in between the object and observer. Image (b) shows
how an object enters in a narrower visual plane with respect to the observer,
when it comes closer to the observer. Image (C) shows the concept of visual
lengths. Image (d - €) shows the different experimental set-up employed in
the experiments. 261

Figure 9.2: This figure shows the effect of angle between the camera-axis with the object.
Image (a) shows the schematic illustration of the situation where the angle
between the camera-axis with the object is denoted by« . The distance
between the object and camera is denoted by d while a is the length of the
object. The visual planes corresponds to two edges of the object, which is

denoted by 1 and 1,. The distance between the visual planes is denoted by
Ad and 2¢_ denotes the angle of view of the camera. Images (b) - (d) show

the experimental observation with different values of ac such as, 90°, 80°,

and 70° and the corresponding ratio (1) of the upper side of the quadrilateral

to the lower side as indicated in the top right corner. 262
Figure 9.3: This figure shows the study of different parameters. Row | schematically
shows the different parameters under considerations. Image (a) shows the

change in the distance between two objects (x) and the normalized value (x

) in a motion picture for three different set of objects having actual distances
of 1 cm, 2 cm, and 3 cm between them with the distance between the object
and the camera (d). Images (b) and (c) show the same study for different
motion picture width and angle of view, respectively for a set of objects

having 1 cm distance between them. Image (d) shows the change in x, with

time (t) for two different average velocity of the camera. 265
Figure 9.4: This figure shows the associated concept schematically. The two images are

showing a photograph taken from the side window of a moving car in a certain

time interval. Two of the objects are marked as A and B. The object A which

is a tree is nearer to the observer compared to object B which is a tower
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Figure 9.5:

Figure 9.6:

Figure 9.7:

Figure 9.8:

Figure 9.9:

TH-2202_136153001

situated at a larger distance. The displacement of object A and B in the photos
are also marked as Xa and Xs, respectively.

This figure shows the schematic illustration of the associated theory. Image
(a) shows the displacement of moving objects A and B, situated at a distance

d, and d, inour different vision length 1, and 1, .

The figure shows the experimental images (a and b) for measuring the
distance of three objects A, B, and C. The images were taken by a moving (at
~7.5 cm/s) digital cameraatt=0sand t = 1 s, respectively. Image (c) shows
the calculated distances of objects A, B, and C. Image (d) shows the
associated error (Er) in measurement.

The figure shows the images (a) and (b) of moon att=0sand t = 180 s,
respectively. Image (c) shows the calculated distance of moon at diffent time
intervals. The dotted red line shows the reported distance of moon from earth.
Image (d) shows the associated deviation in terms of percentage error (Er)
while measuring the distance between moon and earth for different time
intervals using the proposed theory of observation.

The figure shows the measurement of angle of view using the proposed
methodology. Image (a) shows the concept of angle of view and image (b)
shows the measured angle of view of a person with and without specs. Images
(c) and (d) illustrate normal vision and tunnel vision effects, respectively in
order to explain the biomedical importance of measuring angle of view. Thus,
the proposed method can be useful in detection diseases associated with
tunnel vision.

Image (a) shows the interior of the headset. The head-set consists of two eye-
pieces that allow to watch a video in the display. Image (b) shows the method
of detecting angle of view of a person. The system consists of a headset which
contains a display and a belt to adjust the headset. There is an instrument

similar to stopwatch which measures the time.
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TEM

EDX

EDS

DEE

DI

LED

EDL

NC

™

PDMS

FESEM

SAED

CdSNP

UV-Vis

RH

PEF

XRD

MR

GMR
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Nomenclature

Transmission Electron Microscopy
Energy Dispersive X-ray Spectroscopy
Energy Dispersive X-ray Spectroscopy
Di-ethyl Ether

Deionized

Light Emitting Diode

Electrical Double Layer

Natural Convection

Thermal Marangoni
Polydimethylsiloxane

Field Emission Scanning Electron Microscope
Selected Area Electron Diffraction
Cadmium Sulphide Nanoparticle
Ultraviolet—visible

Relative Humidity

Peak Expiratory Flow

X-ray Diffraction

Magnetoresistance

Giant Magnetoresistance
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FTIR Fourier-Transform Infrared Spectroscopy

FET Field Effect Transistor

BG-FET Back Gated Field Effect Transistor
PMMA Poly(methyl methacrylate)

PR Photoresist

DOS Density of States

NP Nanoparticle

RGO Reduced Graphene Oxide

EMG Electromyography

RSEMG Raw Surface Electromyography
PE Patterned Electrode

ME Metal Electrode

CFD Computational Fluid Dynamics
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1.1. Overview

The recent upsurge in the inventions and innovations associated with the micro- and nano-
electronics has shown all signs towards a world where most of the activities of a human
life are closely guided by an electronic gadget. Right from communication, data transfer,
or social networking to the healthcare and diagnostics, technological interference to
human life has perhaps expanded its base exponentially in the past few decades.'*
Presently, although the technological invasion to the human life has already been very fast,
the researchers around the globe have been trying to make progress even at a faster rate. In
this regard, since the challenges are rather diversified in nature, the technological
developments are no longer confined solely to the electronic gadgets and their
miniaturization.> ®

For example, use of the chemical and physical aspects of materials science, nanoscience,
bioscience, biotechnology, and nanotechnology have opened up a larger scope of
development especially in the field of micro or nanoscale sensors and electronic devices.”
0 In recent research activities, nanomaterials have got a large focus in the fields of
electronics, microfluidics, biology, medicine, optoelectronics, and drug delivery, because
of the enhancement of their efficiency with the use of the special properties emerging at
the nanoscale.’**® Availability of higher surface to volume ratio, use of a smaller amount
of materials, cost-effectiveness, and emergence of various distinct optical,
electromagnetic, mechanical and thermophysical properties of the nanomaterials have
attracted the attention of researchers in a diverse set of applications. In particular, the use
of the nanoelectronic gadgets integrated with the specialties from the smart materials and
nanoscale science have opened up the avenues in the development of sensors for the

healthcare, environmental monitoring, and energy harvesting application, to alleviate the
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current issues prevalent in our society associated with the energy, environment, and
healthcare.!”® The present thesis aims at the design and development of a host of nano-
enabled sensors targeting a set of biomedical applications, energy harvesting, and
environmental monitoring.

The background of the choice of the aforementioned topics is associated with the ever-
increasing health hazards associated with the urbanization and industrialization in the
modern world. The world citizens have been suffering from various kinds of health issues,
which are directly related to the pollutions in the ambient air, water, and soil 2%
Importantly, many of these diseases cannot even be diagnosed at the early stages due to
the lack of awareness or due to the absence of facilities at the patients’ site. Thus, most of
the patients visit a doctor once the disease reaches an advanced state. In view of this
situation, presently, people are looking for devices that may detect diseases at the early
stage to increase the awareness about them as well as monitor their status on a daily basis.
World Health Organization (WHO) also have declared the need of affordable, reliable,
rapid, and portable point-of-care-testing (POCT) devices to diagnose the common and
fatal diseases on-site to prevent them at their early stages.?’?°

In current scientific and technological organizations, many of the recent research works
are directed towards this end. Presently, researchers, as well as the commercial giants such
as Samsung, Apple, or Google, have initiated the process to integrate the electronic
devices, which can be operated with mobile phone or wristwatch, or an eyeglass to obtain
the diverse health-related parameters, such as blood pressure and temperature, body-mass-
index, heartbeat, or pulse, which heuristically help in deciding the quality of health of a

human being. Integration of sensors with clothes, spectacles, and directly to different body
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parts have also been demonstrated.®® 3! Further, flexible and wearable electronics-based
sensors are also found extensively in the prior arts.®?

Apart from the biomedical devices, environmental monitoring with the help of the POCT
devices have become another front where a rapid progress has been made. Development of
sensors to detect diverse hazardous vapors or gases, pH, particles, pollens, or allergens, in
the atmosphere have also gained a lot of interest due to their importance in environmental
monitoring.3* ** In this regard, another important aspect is to power these sensors or the
POCT devices in an efficient manner. The POCT devices with a significantly low power
rate can lead to an economic device, which can be made popular immediately due to their
effectiveness at a lower cost. Thus, the integration of the renewable energy resources with
the POCT devices have become almost synonymous wherein novel pathways of energy
harvesters with high power density have been explore.>>% In particular, the use of the
specialties of the smart nanomaterials like nanoparticles, nanosheets, nanotubes,
nanofibers, or nanowire of metal, metal oxides, semiconductors, carbon allotropes such as
fullerene or graphene, liquid crystals, or biomaterials have been extensively employed in
various electronic prototypes such as micro-electro-mechanical-systems (MEMS),3®: 40
field effect transistors (FET),*! or surface acoustic wave (SAW)*? * devices. Further, the
use of various micro or nanofluidic, magnetoresistive, and photovoltaic phenomena have
been employed to develop proof-of-concept prototypes targeting biomedical applications,

environmental monitoring, and renewable energy harvesting.
1.2. Classification of Sensors

Recently, an extensive research and development have taken place in the field of sensing.

Variety of applications has been demonstrated harnessing the attributes of variety of
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scientific domain such as microfluidics, electronics, or spintronics, among others. In this

section, a glimpse of the sensors from different kinds has been described.
1.2.1 Microfluidic Sensors

Integration of special features of nanotechnology in the microfluidic applications is
supporting the dream of fabricating simple, economic, portable, and multitasking devices
in near future.** %° In this direction, few recent works have demonstrated the proficiency of
the miniaturized self-motile objects® % %' to serve as sensors as well as delivery vehicles
by harnessing chemical energy,*® surface tension force,*® ° photonic or acoustic®® %! and
external electric or magnetic field.>? Microfluidics has become one of the major research
area in the field of sensing due to the attributes of fluid flow in a micro and nanometer
domain.> % Many recently reported sensors are based on microfluidic phenomenon.>>’
The controlled fabrication of microchannel, and involvement of fluid flow make the
platform suitable platform for most of the bio-sensing applications. Modification of the
surfaces of the microchannel has opened up a new era in the field of sensing. Moreover,
the integration of electrodes in the microchannels have given an option to apply external
energy like electric potential which in turn has been utilized to generate turbulence or
small fluid features in many microfluidic applications. Droplet-based sensors are also
reported widely in the literature,®® ° however, the droplet sensors has been employed as a
medium of bio-analytes. Thus, an electronic component is attached with the droplet sensor
to decode the electrical response after the desired sensing mechanism. Apart from the
sensing there are also different droplet and microchannel based energy harvester reported
in the literature.*® The surface charges of the nano/microfluidic channels has been utilized

to produce energy from the microfluidic system.
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1.2.2 Paper-based Sensors

Paper is a widely used material for different applications for example, printing, writing,
packaging etc. However, the application of paper in the field of engineering, electronic or
electromechanical fabrication has been stated recently.%% * The thickness of the paper can
easily be varied during the preparation. The main component of a paper is cellulose fibers
and this fiber networks allows fluid to flow through them without any external pumping.
This feature of the paper makes it very popular in the field of fluid mechanic and bio-
sensing applications. Moreover, the flexible nature of paper substrate helps researchers to
develop wearable sensors.®? The recent trend of sensor development is director towards the
flexible devices, thus a major sensor development is based on the flexible substrates of
polymers such as PDMS or paper.® %4 Of late, a large number of paper-based sensors has
been reported for detecting a wide range of materials such as, gas, vapor, bio-analyte
etc.5> %6 paper-based sensors are not only popular for electronic sensing applications but
also extensively employed in other sensing methodologies such as microfluidics,” %8
colorimetric applications etc. The cellulose fibers of a paper substrate can be
functionalized with biomolecules which in turn helps in developing bio-sensors based on a
paper substrate. Leading research groups across the world have started developing paper-
based electronic devices and sensors as the use of paper makes the sensors and devices
flexible, replaceable, and wearable. Paper-based micro-channel fabrication for developing
electronic sensors for the detection of multiple analytes has already been demonstrated.
However, there is a need to develop more paper-based electronic devices and sensors so

that a large section of sensing applications can be performed in the paper-based platform.
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1.2.3 Spintronic Sensors

The advancement of nanotechnology has opened up a new avenue of research by
introducing nanomagnetism. The application of nanomagnetism have enriched and
empowered the field of mico-nanoelectronics significantly.®® © One of the major
developments in the field of mico-nanoelectronics is the discovery of different spintronic
phenomenon. Spintronics is a field of study, which deals with the spin of electrons. Most
of the spintronic applications include magnetoresistance where the electrical conductance
of a single or composite material can be varied by applying external magnetic field. The
magnetoresistance can be achieved in different way such as by controlling the spin-
dependent tunneling and scattering of electrons using external magnetic field. In this
direction, many magnetoresistance-based devices and nanosensors have been developed
employing Giant magnetoresistance (GMR), Anisotropic magnetoresistance (AMR) and
Tunneling magnetoresistance (TMR) using metals, semiconductors and oxides
nanoparticles.’”t The AMR effect can be realized by measuring the change in resistance in
ferromagnetic materials with change in the direction of current and magnetization.
However, GMR effect takes place in multilayers and granular structures of ferromagnetic
and non-magnetic materials. The antiferromagnetic exchange coupling between
ferromagnetic and non-magnetic materials cause the change in resistance in presence of
external magnetic field.”> However, the TMR effect depends on the spin-dependent
tunneling effect in presence of external magnetic field in a multilayer structure or magneto
tunneling junction having an dielectric thin layer in between two magnetic material.’" "3
Prior-art suggests that spintronic sensors have high sensitivities due to the involvement of
electron spins. The sensors are generally rapid in detection, portable, and comparatively

economical. Thus, spintronic sensors are extensively used in chemical and bio-sensing
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applications.” ™ One of the major contribution of spintronics has been observed in
development of memory devices. In recent studies, people have shown the recent
advancements of spintronic and magnetoresistance based bio-sensing.’® 7" Magnetic
nanoparticles labeled with specific molecules on spintronic platform are employed to
detect the target bio-molecules, which upon attachment with magnetic nanoparticle
functionalized biomolecules shows a deflection in spin-polarized currents through the
spintronic sensor.’”® The deflection in the current is then calibrated with the concentration
of the analyte in order to perform quantitative measurement. The current through a
spintronic sensor changes in presence of external magnetic field only if the specific bio-

attachment takes place.’®
1.2.4 Electronic Sensors

Similar to other types of sensors, different electronic sensors have also been developed to
monitor the environment and health parameters.® 8 There are different kinds of electronic
sensors evolved over the past few decades. Broadly, they can be categorized as resistive,®?
8 capacitive,®® FET based,®% MEMS,® and electrochemical** % systems. Prior reports
have demonstrated many of the resistive and capacitive gas and vapor sensors. Resistive
biosensors are also illustrated extensively in recent past.®% 82 On the other hand, field effect
transistors (FET) are one of the extensively used electronic device in almost every field of
electronic gadgets. Since the advent of sensors, FET has been employed for a variety of
sensing applications such as gas sensing, chemical sensing, bio-sensing etc.’" %2 The FET
devices provide an extra control terminal called gate, which offers higher sensitivity and
an extra possibility in detection technique. The gate electrode can be modified in order to
fabricate a sensor. Multiple parameters like current, threshold voltage etc. can be utilized

in order to increase the sensitivity of a sensor.®® In this direction, new nanomaterials and
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their attributes at nanoscale has created a new avenue in fabricating electronic sensors.%
The presence of nanomaterials at the active surface of a sensor provides salient advantages
such as desirable electrical, mechanical and chemical properties. Thus, helps in improving
the sensitivity of the device.® The high surface to volume ratio of nanomaterials facilitates
immobilizing the relevant sensing elements. Presence of nanomaterial in an electrical
sensor also creates higher number of active sites for any biological or chemical reaction,
which plays the sensing role in the device. However, many of the developed electronic
sensors do not follow a conventional pathway in comparison with existing technology,*
though the devices are well capable of sensing the target molecules. An advancement in
developing even higher sensitive and selective sensors for environmental and healthcare
application is still required.

Among different other types of electronic sensors, FET sensors are widely used and thus
are discussed in this thesis. The electronic sensing can be broadly divided in three different
parts such as (i) sensing mechanisms, (ii) transducing, and (iii) electronic signal
acquisition or measurement. The sensing mechanism can be reversible or irreversible. The
reversible processes generally involve adsorption, thermal excitation such as heating-
cooling, or a reversible chemical reaction. In this kind of situation, a sensor becomes
reusable and the active site undergoes non-destructive process while sensing. However, an
irreversible mechanism destroys the active site of the sensor after a single sensing process.
In such a case, the sensor is fabricated for one-time use. Most of the bio-sensing platforms
undergoes irreversible mechanism and thus needs economic materials for fabricating such
sensor. Moreover, the biosensors sometimes are intentionally made for one-time use, to

avoid the risk of contaminations in the consecutive tests. There are four major types of
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sensing interactions such as DNA-DNA interaction, antigen-antibody interaction,
interaction of different ions, and enzymatic reactions.

The above mentioned interactions are generally irreversible and are extensively used in
bio and chemical sensing. The sensing mechanism correlates the extent of reaction with
the electrical signal such as a change in current, voltage, resistance etc. based on the kind
of the electrical transducer or device, which can be resistive, capacitive or FET based. The
output from the electronic device is then measured, recorded or analyzed to quantify the
concentration of target molecule which is to be detected and is involved in the sensing

mechanism.
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Figure 1.1: This image shows the different body parts that need a monitoring device to detect the
early stage of diseases associated with different organs. In image multiple devices are highlighted
such as, Hand Tremor Detection (HTD) device, Lung Monitoring Device (LMD), Tunnel Vision
Detection (TVD) device, Body Potential Detection (BPD) device, Liver Condition Monitoring (LCM)
device, Pancreas Condition Detection (PCD) device, and Kidney Monitoring Device (KMD) to
monitor kidney health.

TH-2202_136153001



12 Chapter 1

1.3 Objective of the Thesis

The thesis targets the development of different bio-medical devices for point-of-care
testing applications. In order to develop such sensors, different pathways have been
explored such as microfluidics, spintronic, and electronic. The idea is to develop the
effective point-of-care testing device, which can be utilized to monitor the health
parameters. Figure 1.1 shows a schematic of the proposed objectives which is necessary to
develop in order to increase the awareness about the diseases. At the same time, as
discussed earlier, it is also necessary to decentralize the pathological activity, so that
people can have easy access to the diagnosis facilities.

With this background, the present thesis explores a host of pathways to develop proof-of-
concept prototypes targeting biomedical applications, environmental monitoring, and
renewable energy harvesting. The thesis is divided into three different sections, namely, (1)
Microfluidic Sensors, (1) Paper-Based Electronic Sensors, and (I1I) Other Electronic
Sensors and POC Devices. Each section contains two or more technical chapters. In total,
the thesis contains eight different technical chapters such as, (i) self-spinning nanoparticle
laden microdroplets for sensing and energy harvesting, (ii) droplet based detection of
blood a-amylase employing thermal Marangoni effect, (iii) paper based flexible touchpad
and hand tremor detection device, (iv) nano-enabled paper humidity sensor for mobile
based point-of-care lung function monitoring, (v) paper based GMR nanobiosensor for a-
amylase estimation under impulse magnetic field, (vi) a nano-BG-FET for point-of-care
estimation of ammonia and urea in human urine, (vii) a prototype for point-of-care stress
detection at different body parts, and (viii) conversion of observed speed of a moving
object to diagnose tunnel vision. The technical chapters in the thesis are preceded by an

introductory chapter while at the end of the thesis a chapter containing the summary and
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future scopes are included. A brief detail of outcomes of this thesis in terms of patents,

publications, conferences, and awards has also been provided at the end of the thesis.
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ABSTRACT

Exposure of a volatile organic vapor could set in powerful rotational motion in a
microdroplet composed of an aqueous salt solution loaded with metal nanoparticles. The
solutal Marangoni motion on the surface originating from the sharp difference in the
surface tension of water and organic vapor stimulated the strong vortices inside the
droplet. The vapor sources of methanol, ethanol, diethyl ether, toluene, and chloroform
stimulated motions of different magnitudes, which could easily be correlated to the surface
tension gradient on the drop-surface. Interestingly, when the nanoparticle-laden droplet of
the aqueous salt solution was connected to an external electric circuit through a pair of
electrodes, ~85 — 95% reduction in the electrical resistance was observed across the
spinning droplet. The extent of reduction in the resistance was found to have a correlation
with the difference in the surface tension of the vapor source and the water droplet, which
could be employed to distinguish the vapor sources. Remarkably, the power density of the
same prototype was estimated to be around 7 pW/cm?, which indicated the potential of the
phenomenon in converting surface energy into the electrical one in a non-destructive
manner and under ambient condition. Theoretical analysis uncovered that the difference in
the C-potential near the electrodes was the major reason for the voltage generation. The
prototype could also detect the repeated exposure and withdrawal of vapor sources, which
helped in the development of a proof-of-concept detector to sense alcohol issuing out of

the human breathing system.

This chapter is published in Nanoscale. 11, 6118-6128 (2016).
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2.1. Introduction

Integrating the special features of nanotechnology in the microfluidic applications is
expected to realize the dream of fabricating simple, economical, portable, and multitasking
devices in near future.'® In this direction, a number of recent works have shown the
capability of the minuscule self-motile objects*”’ to serve as sensors as well as delivery
vehicles by harnessing chemical energy,® surface tension force,® photonic®® or acoustic*! or
thermal excitations,*? and external electric'®> or magnetic field.!* The modern sensors
composed of field effect transistors,®® electrochemical detectors,*® photo-detectors,’
piezo-materials,'® nano-cantilevers,'® plasmonic® or microfluidic devices?! have also been
benefiting significantly from the specialties of nanowires, nanoparticles, or nanotubes of
functional materials.??2° Importantly, these micro or nanoscale objects are also found to be
equally efficient in converting the different other forms of energies into electrical energy
while accomplishing their stipulated tasks.®?® The power density of many of the
conventional macroscopic processes® 2 such as radio frequency (~ 1 uW/cm?), solar
irradiation (~100 mW/cm?), ambient illumination (~100 uW/cm?), thermoelectric (~60
uW/ecm?) or vibration generators (~ 10 — 800 pW/cm?®), or ambient airflow (~1 mwW/cm?)
are found to be comparable with some of the newly developed micro or nanoscale energy
harvesters.!® The vision here is to develop applications involving miniaturized self-motile
systems, which can harvest high-density power in addition to performing tasks
simultaneously as sensor, mixer, separator, or transporter. Herein, we show that a simple
nanoparticle-laden water microdroplet could simultaneously sense and distinguish

different types of organic vapors alongside harvesting high-density power.
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The previous studies indicate that so far the most popular and robust method to detect
vapors or gases has been to employ the electrochemical sensors composed of
semiconductor metal oxides.3> 3 The modern sensors based on conducting® ** and doped
polymers®* or carbon black® have also been prepared for this purpose and faced the
limitation with their lower percentage of response. Even the high-precision sensors
composed of nanotubes® or nanotube-polymer composites®” *® have been facing
difficulties on their larger recovery time. Importantly, all these sensors perform detection
by estimating the variance in either of the electrical or electronic properties, or mass, or
the color of the transmitted or reflected rays.* %° In this situation, we aim to employ the
specialties of nanotechnology into the microfluidic systems to design and develop state-of-

art sensors, which are easy to fabricate, reliable, economic, highly sensitive, and robust.

A number of recent studies indicated that the self-motile microdroplets can
simultaneously be employed for high-precision sensing*! #? and energy harvesting.?
The droplet motions under diverse excitations was also found to be an exciting
scientific phenomenon over the years.**-*¢ In particular, the surface tension gradient
stimulated Marangoni rotation, translation, and actuation of liquid droplets attracted
attention not only because of the interesting physics associated with them but also
for their appearance in a wide range of applications.*’® For example, a very recent
study had shown that a water microdroplet could easily propel under the exposure
of ethanol vapor.® However, there is hardly any study, which exploits the
knowledge associated with the Marangoni motions inside miniscule systems for

sensing and energy harvesting.
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In the present work, we uncovered that a simple nanoparticle-laden water
microdroplet could simultaneously sense the volatile organic vapors and harvest
energy. The solutal Marangoni motion on the surface of the droplet stimulated by
an external vapor source generated strong vortices inside the droplet. The strength
of the rotational currents was found to be as high as 720 rpm. Different sources
such as methanol, ethanol, diethyl ether, toluene, and chloroform engendered
similar rotational currents of different magnitudes because of the variation in the
surface tension gradient on the surface of the water droplet. Interestingly, when the
nanoparticle-laden microdroplet was dispensed at the junction of a pair of
electrodes, which were connected to an external power source, we noticed ~85 —
95% reduction in the electrical resistance across the rotating droplet under vapor
stimulation. The reduction in the resistance was found to have a correlation with the
difference in the surface tension of the vapor source and the water droplet, which in
turn could be employed to distinguish the vapor sources. Further, repeated exposure
and withdrawal of the vapor sources could also be traced with the help of this
prototype. Remarkably enough, the power density of the rotational currents was ~7

uW/cm?, which indicated the potential of the system for energy harvesting.

2.2. Experimental Section

2.2.1. Materials
Iron (I1) sulfate heptahydrate (FeSO4.7H20), hydrochloric acid (HCI), sodium hydroxide

(NaOH) pellets, sodium chloride (NaCl), 99.8% methanol, 99.5% ethanol, 99% diethyl
ether, poly-vinylpyrrolidone (PVP) were procured from Merck, India. Gold (I11) chloride
(HAUCI4.3H20), silver nitrate (AgNO3), sodium borohydride (NaBHs), 98% hydrazine

monohydrate (N2Hs.H20), 99.8% toluene, 99.5% chloroform were obtained from Sigma-
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Aldrich, India. The chemicals were of analytical grade and employed in the experiments
without further purification. The Milli-Q grade water was used for cleaning and to prepare

the solutions.

2.2.2. Synthesis
Silver (Ag) nanoparticles were synthesized by reducing the AgNOs3 salt with NaBH4.>" In

this process, 30 ml of 2mM NaBHj, solution was poured into a beaker, which was kept in
an ice bath to maintain an isothermal condition at 4°C. Thereafter, 2 ml of 1mM AgNOs
solution was added slowly to the NaBH4 solution. The Ag nanoparticles were formed as
the AgNOs solution mixed with the NaBH4 solution and reduced over a period of time. In
order to prevent agglomeration of the nanoparticles, the solution in the beaker was gently
stirred for ~20 minutes while the entire AgNOs solution was added to the NaBH4 solution.
The suspension of the Ag nanoparticles was stabilized by adding a few drops of 1.5M
NaCl solution, which led to a yellow colored suspension. Finally, 0.3% PVP solution was
added to obtain a stable suspension of Ag nanoparticles. The suspended Ag nanoparticles
were preserved and later employed in the experiments on the nanoparticle-laden droplets.
Transmission Electron Microscope (TEM — JEOL, JEM 2100) was employed to examine
the size and shape of the Ag nanoparticles and Energy Dispersive X-Ray Analysis (EDX)

was performed to confirm the presence of Ag.

Gold (Au) nanoparticles were synthesized by the NaBH reduction of HAuCl.3H20 salt.%®
We prepared a 50mM aqueous solution of AuCls~ (solution 1) by mixing HAuCl4.3H20
with HCI in the equal molar ratio which stabilized the nanoparticles. Following this, a
50mM of BH4 solution (solution I1) was prepared by dissolving NaBH4 in aqueous 1mM

NaOH in equal molar ratio. Thereafter, 100 pl of solution | was mixed with water in such
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a manner that the concentration of gold ions in the resultant solution was 0.5mM. Then,
300 pl of solution 1l was added to the aqueous solution I while the solution was stirred
continuously. The formation of the Au nanoparticles was indicated by the change in color
of the solution from light yellow to orange in the beginning and then to red after ~1 minute
of stirring. The Au nanoparticle suspensions were preserved and later employed in the
experiments. TEM was employed to examine the size and shape of the Au nanoparticles
while EDX was performed to confirm the presence of Au. The details of the TEM images

are discussed in Figure 2.1.

Intensity (a.u.)
Intensity (a.u.)

Figure 2.1: Figures (A) and (C) are the TEM images of Ag and Au nanoparticles. Respective SAED
patterns are shown in images (B) and (D). The EDX images (E) and (F) confirmed the presence of
Ag and Au. The numbers 1 — 9 on the image (E) and (F) represent the peaks of Cl, Ca, C, O, Cu,
Si, Ag, and Au, respectively.

Characterizations of Ag and Au nanoparticles have been shown in Figure 2.1. Figure 2.1A

and 2.1C show the TEM images of Ag and Au nanoparticles with their respective SAED
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patterns in the images 2.1B and 2.1D. EDX analyses in the Figure 2.1E and 2.1F
confirmed the presence of Ag and Au in the sample. The images (A) and (E) show that the
diameters of the Ag nanoparticles were about 10 nm to 50 nm whereas the Au
nanoparticles were about 10 nm to 20 nm. The numbers 1 — 9 on the image (E) and (F)
represent the peaks of Cl, Ca, C, O, Cu, Si, Ag, and Au, respectively.

2.2.3. Methods

A water microdroplet was initially mixed with a collection of iron/iron oxide
microparticles and then dispensed on a glass slide. Following this, a capillary tube filled
with a volatile organic liquid such as diethyl ether was brought near the surface of the
microdroplet. The organic vapors issued out of the capillary tube from a distance of ~1 cm
came in contact with the microdroplet and stimulated a strong rotational motion inside the
droplet. The rotational motion inside the droplet instigated motion to the microparticles
inside the microdroplet. The experiments were repeated with droplets having single
microparticles, which helped us in analyzing the strength of the rotational currents. The
experiments were recorded as images and movies with the help of a digital camera. The
reported rotational speed of the droplet was obtained by evaluating the number of

revolutions of the microparticle per unit time from the recorded movies.

The aforementioned volatile organic vapor induced motion of a microdroplet was
converted into an energy harvester and vapor sensor with the help of following
experimental arrangements. In the beginning, a saturated aqueous salt solution of
FeSO4.7H20 was prepared at room temperature and stabilized for 15 minutes. Following
this, a pair of Cu (copper) electrodes separated by a distance of ~1 mm was placed on a
glass slide. Thereafter, a 7 pl droplet of the saturated salt solution was dispensed at the

junction of the electrodes. The electrodes were then connected to a direct current (DC)
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power source (DC power supply unit, Aplab India) and a yellow light emitting diode
(LED). A preset of 10 kQ was connected in series with a power source of 6 V and the
microdroplet was also connected in series with the DC power source and preset.
Subsequently, a vapor source was introduced from the top of the droplet surface through a
capillary tube to stimulate rotational motion inside the droplet. Consequently, decrease in
resistance across the droplet due to the motion turned on the LED. The Cu electrodes were
also connected separately to a digital multimeter (Mastech, India, range: 0 — 2 MQ =+
1.0%), which helped in measuring the variation in resistance across the stationary or
rotating microdroplets. For the energy harvesting experiments, instead of connecting a
digital multimeter, the Cu electrodes were connected to a nanovoltmeter to measure the

potential difference.

In order to obtain the sensitivity of the droplet rotation on the various process parameters,
the experiments were repeated for different concentrations of FeS04.7H.Q solution.
Influences of the different types of volatile organic vapors such as diethyl ether, methanol,
ethanol, toluene, and chloroform were analyzed. Further, diethyl ether was mixed with
water at different proportions (v/v) to prepare solutions of concentration 15%, 25%, 50%,
and 75% which were employed later to uncover the effect of the vapor concentrations on

the change in resistance across the droplet.

The aforementioned experiments were also repeated with the nanoparticle-laden
microdroplets. For this purpose, initially, the suspension of Ag or Au nanoparticles were
mixed with the 0.85M aqueous solution of FeSO4.7H>O. The nanoparticle suspensions
were mixed in 1:1 and 1:3 (v/v) ratios with the 0.85M aqueous solution of FeS04.7H20 in

order to analyze the influence of the nanoparticles on the phenomenon. The experiments
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were repeated by dispensing a 7 pl nanoparticle-laden microdroplet on the junction of the
Cu electrodes. The motions of the droplets composed of 1:1 and 1:3 (v/v) ratios of Ag and
Au nanoparticle suspensions with 0.85M FeSO4.7H20 solution were reported. Influence of
the different types of the volatile organic vapors such as diethyl ether and ethanol on the

motion of the nanoparticle-laden microdroplet was also analyzed.

t=0 t=28 ms t=56 ms t=83 ms

Figure 2.2: Experimental demonstration of the phenomenon. (A) A water droplet loaded with some
microparticles was placed on a glass slide. (B) A rotational current was observed on the droplet
when a vapor source of diethyl ether was brought into the immediate vicinity of the droplet surface.
(C-F) Experimental images of particle motion. Rows | and Il show the side and the top views of the
motion under the exposure of the organic vapor when loaded with a single microparticle. The
length of the scale bars on the images is 0.5 mm.

The motions of the moving particles in microdroplet due to different vapor introduction
were recorded with a Sony Cybershot DSC-HX100V digital camera (Sony Corp., Japan)
and high speed camera (Basler, piA640-210gc). DC power supply for the experiment was
given by the DC power source (Aplab India). The resistance across the droplets in
different experiments was measured with a digital multimeter (Mastech, India, range: 0 — 2

MQ + 1.0%). The potential difference across the droplet was measured using a
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nanovoltmeter (Keithley 2182A). Electron microscopy and Selected Area Electron
Diffraction (SAED) images were taken using a TEM (JEOL — JEM 2100). Energy-
dispersive X-ray spectroscopy (EDX) analysis was performed using INCA EDX

spectroscopy detector (Oxford Instruments, Buckinghamshire, UK) integrated with TEM.

2.3. Results and Discussion

2.3.1 Experimental Results on the Phenomenon

Figure 2.2 shows the rotational motion of a droplet when brought under the exposure of a
vapor source of diethyl ether. Figures 2.2(A) and 2.2(B) show the initial configuration of
the droplet and its motion when exposed to the vapor. A few iron/iron oxide microparticles
were deliberately added inside the droplet for easy visualization of trajectories of the
motion. It was found that when a water droplet loaded with a collection of iron
microparticles was exposed to the diethyl ether, the rotational currents could cause rapid
mixing of the particles. Figure 2.2(C) — 2.2(F) in the rows (1) — (111) show the trajectories
of a single microparticle inside the droplet during rotation. When the microdroplet was
exposed to the volatile organic vapor, initially, the vapor molecules adsorbed on the drop-
surface to locally reduce the surface tension. Consequently, the gradient of surface tension
between the zone of exposure and the other part of the droplet triggered a Marangoni
motion at the air-water interface. The Marangoni flow at the interface induced the strong
vortices inside the droplet. The magnitude of the rotational motion was found to be as high
as ~720 RPM for a microparticle of diameter ~300 um. The motion could easily be
initiated and terminated with the exposure and removal of the vapor source. These motions
could also be generated with the help of a wide range of common volatile organic
materials which include chloroform, toluene, ethanol, and methanol, other than diethyl

ether.
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2.3.2 Theoretical Explanation of the Phenomenon

Mimicking the experiments in the Figure 2.2, we simulated the rotational motions of a
two-dimensional (2-D) water droplet resting on a flat surface and surrounded by air, as
shown in the Figure 2.3. We solved Navier-Strokes equations for a two-phase system with
appropriate boundary conditions to analyze the phenomenon. A two-dimensional (2-D)
semi-circular water droplet of diameter 1.5 mm, resting on a flat surface and surrounded
by air was chosen to be the computational domain, as shown in the image (A) of Figure
2.3. The rectangular domain was of length 3 mm and width 1 mm.

The droplet was placed at 0.75 mm downstream from the air inlet. The surface tension

gradient (ay = », - v, ) at the interface was induced by changing the magnitude of surface

tension at the arc length of 0.05 mm of the deformable air-water interface, as shown in the
image (A) of Figure 2.3. The streamlines shown on Figure 2.3(A) represent the rotational
currents originating from the surface tension gradient at the air-water deformable

interface. The arrows represent the local velocity vectors.
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Figure 2.3: Image (A) shows the streamlines (continuous lines) and velocity vectors (arrowheads)
of Marangoni flow inside a droplet of diameter 1.5 mm. Image (B) shows the change in average
angular velocity (@ ) with surface tension gradient (A y ).

In the computations, the air (gas) and water (liquid) phases were assumed to be
immiscible, Newtonian, and incompressible. The following continuity and equations of

motion were employed to describe the motion of the i" phase,
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Vou =0, (2.1)

p(u +u -Vu )=V [-plen (Vu +Vu')][+f +pg. 2.2)

Here, the subscript i corresponds to air (i = 1) and water (i = 2) phases. The over-dot
symbol denotes the time derivative. The velocity vector, density, viscosity, and pressure of
the i phase were denoted by notations, u;, »,, n,, and p, respectively. The notation g
was the acceleration due to gravity vector which was acting in the negative y-direction.
The surface tension force was defined as, f, = Gv ¢, a product of the chemical potential
(G) and the gradient of the phase field parameter (4 ). The surface tension force was
determined by minimizing the total free energy inside fluid domain as a function of the

phase field variable (4 ),

)

V2¢JdQ. (2.3)

a 1
F =[] f =2
()= {1 )+ 3
where, o was computational volume and the total free energy, F (¢) was a combination

of double well potential, f(¢)=2/4N"(g’ —1)2, and surface energy. The parameter N

was calculated by the following equation, N = 0.5h  where hy is the maximum element
size in the computational domain. To evaluate surface energy, mixing energy density (1)
was estimated as, 4 = (3yN )/(2\/2_) in which , was surface tension and N was the
thickness of the diffused interface. In order to track the rotational Marangoni motion of the

droplet at the air-water interface and in the bulk, the phase-field method was employed.>*-

%1 In this method, the transport equation was written in terms of the phase field parameter (
¢)as,

¢.+Ui'V¢:V'Z(VG)' (2-4)
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Where the chemical potential (G) was defined as a derivative of the free energy functional,

G=F'(4)=2 [—vzqﬁ +¢(¢°-1)/N 2} . The interfacial density (p), and viscosity (u) were

evaluated in terms of f as,a = 0.5[a, (1 + ¢) + a, (1 - 4)], where a can be any of p and . The

symbol y represents the mobility tuning parameter, which was chosen to be 10 m s/kg to
avoid mass loss in the conventional phase field model. The lower flat surface of the
droplet was assumed to be non-slipping and impermeable while the curved air-water
interface was considered to be the deformable one. The velocity of air at the inlet and
outlet were set to zero. The upper wall of the computational domain was assumed to be
non-slipping and impermeable. The contact angle of water droplet on the substrate was

considered to be 90°. The surface tension at the air-water interface was assumed to be

constant at 72.7 mN/m (, ) and changed locally in the domain of 0.05 mm arc length to a

smaller value (,) to create the surface tension gradient (Ay =y, - 7, ), @ shown in the
image (A) of Figure 2.3.

The 2-D geometry was divided into 7642 triangular elements to obtain the grid
independent solutions. The unsteady governing equations (2.1) — (2.4) together with the
boundary conditions were solved using the commercially available COMSOL™
Multiphysics software based on the finite element method.® In this method, the spatial
terms of the governing equations were initially discretized to obtain an ordinary
differential equation (ODE) in time, which was time-marched to obtain the evolution of
the streamline flow patterns inside the droplet. We employed the built-in Galerkin least-
square (GLS) method to discretize nonlinear convective diffusion equations, which was

stabilized through streamlining and crosswind diffusions. The segregated predictor-
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corrector method had been used to obtain the velocity and pressure profiles by incremental
pressure correction.

Image (B) in Figure 2.3 shows the variation in the average angular velocity (w) with a
change in surface tension gradient (Ay) for different vapors sources. The typical values of
Ay were obtained for the computations from Ref. 71 as, toluene-water (44.3 mN/m),
chloroform-water (45.6 mN/m), methanol-water (50.2 mN/m), ethanol-water (50.4
mN/m), and diethyl ether-water (55.7 mN/m). The plot clearly suggests that o increased
monotonically with Ay. The simulations confirmed that indeed the magnitude of droplet
rotations was a function of the Ay at the air-water interface. Average angular velocity (o)
describes the local spinning of the velocity vector field near the reference point at which
the angular velocity is to be calculated. The velocity vector field (u) components (u, v) in a
2-D computational domain are obtained by solving the coupled Navier-Stokes equation

and continuity equation. Therefore, the vorticity (wv) of the system can be calculated as,

o, =V xu, where, v represents the del operator, whereasu represents the velocity
vector. According to the definition of vorticity (e ), it is equal to twice of the mean

angular velocity (e ., ) of the velocity field, which means, o

mean

mean =, /2= (V xu)/2.

This expression provides the mean angular velocity (o ) at each and every grid points

mean

in the computational domain, which was then averaged over the whole 2-D computational

domain in order to obtain the average angular velocity ().
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Figure 2.4: Characterization of electrolytes employed in the experiments. The plots show the
variations in (A) dynamic viscosity, n, (B) density, p, (C) electrical conductance G, and (D) the
kinematic viscosity, v of aqueous salt solutions of concentration (Cs) composed of four different
salts FeS04.7H20, NaHSO4, Na2COs, and NacCl.

The line-contours (arrows) depict the steady state streamlines (velocity vectors) obtained
from the simulations, which indicate the formation of a strong rotational motion inside the
droplet due to the surface tension gradient at the air-water interface. Image (B) shows that
average angular velocity (w) for such rotational motions inside the droplet monotonically

increased from 300 to 450 rpm as A, was increased. It may be noted here that the y1
values employed to calculate A, in the simulations correspond to toluene, chloroform,

methanol, ethanol and diethyl ether. Figure 2.3 confirmed that indeed the rotational
motions observed in the experiments had their origin to the surface tension gradient

induced Marangoni motion.
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2.3.3 Experimental Optimization of Salt and Nanoparticle Loading in the Droplet

It is well known that deionized water is electrically non-conducting and the addition of salt
improves its electrical conductance significantly. Importantly, an increase in the salt-
loading also increases the viscosity and density of a liquid. We employed four different
types of salts, FeSO4.7H20, NaHSO4, Na,COs, and NaCl, to identify the type of salt to be

employed in the experiments.

The plots (A) — (D) in Figure 2.4 show the variations in viscosity (7), density (p), electrical
conductance (G) and kinematic viscosity (v) with the concentration of different salts (Cs)
in water. The dynamic viscosities of the salt-water electrolyte were measured employing
the interfacial rheometer (Anton Paar, Physica MCR301) following the ASTM Standard
procedure D1331-11 (2001). The kinematic viscosity was calculated using the standard
formula, v = n/p. The densities of the electrolytes were obtained by measuring the mass
of 10 ml salt-water solutions in a high precision weighing machine with digital output
(Metlar Toledo, ME204). The electrical resistance of the salt-water solutions was
measured with the help of a digital multimeter (Mastech, India, range: 0 — 2 MQ + 1.0%)
by placing a pair of cylindrical electrodes (diameter ~ 2 mm) into a solution of 20 ml
electrolyte. The inverse of this resistance is reported as the electrical conductance (G) in
the plot (C). The plots suggest that apart from the increase in the electrical conductance
(G), the dynamic viscosity (), kinematic viscosity (v), and density (p) of the electrolytes
increased with Cs. The plots also suggest that G values were significantly higher for the
salts FeS04.7H.0 and NaCl, which prompted us to choose the salt in between these two

materials.
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We also carried out a series of experiments with rotating droplets to optimize the salt
concentration and the nanoparticle loading inside the droplet. Images (A) and (B) in
Figure 2.5 show that the variations in the electrical conductance (Gmax) when the droplets

were rotating at the maximum speed under the organic vapor excitation and the

corresponding percentage variation in resistance (AR =100% R, ~R__ /R,) with the

change in Cs. In this study, R, is the experimentally measured electrical resistance of the

stationary droplet, rR_, isthe minimum resistance measured for a rotating droplet when its

in

min

speed is at maximum, and R, (= R, /R, ) is the ratio of the previous two parameters.

In these experiments, the electrical resistance was measured with the help of a digital
multimeter (Mastech, India, range: 0 — 2 MQ + 1.0%) by placing a pair of cylindrical

electrodes (diameter ~170 um) into a microdroplet of diameter ~2 mm. Plot (B) suggests

that the electrical resistance of the stationary droplet (R, ) had been always higher than the

rotating one, and it reached a minimum value (R, ) when the droplet reached the

maximum rotational speed under the organic vapor excitation. The plots (A) and (B)
suggest that the variations in Gmax and & r were rather non-monotonic with an increase in
the Cs when the salts were NaCl and FeSO4.7H20. We observed that with an increase in
Cs, AR and Gmax for the rotating droplets increased to a maximum value before reducing
sharply at very high salt-loading. The sharp reduction at higher Cs could be attributed to
the weakening of the rotational motion beyond a threshold salt-loading due to the increase
in viscosity and density of the droplet. The experiments suggested that among all the salts

tested at various concentrations, a water droplet loaded with 0.85M FeSQO4.7H.O showed

maximum variation in AR when the microdroplet rotated at a maximum speed under the
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organic vapor stimulation. Thus, the aqueous solution of 0.85M FeSO4.7H.O was chosen

to be the system for study.

In order to understand the impact of suspended nanoparticles on the droplet motion and
their influence on the electrical properties of the droplet, we tested with different types of
nanoparticles, for example, Ag, Au, Ni, Si, and Ni-Ag core shell. The nanoparticles were
introduced because of three reasons, (i) they were insoluble and non-reactive to water, (ii)

presence of nanoparticles helped in retaining the point of minimum resistance (r_, ) for a

longer duration, and (iii) the energy and power generation was higher in presence of the

suspended nanoparticles because of the increase in the electrical conductance of the

droplet.
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Figure 2.5: The plots show the variations in the, (A) electrical conductance (Gmax) when the droplet
was rotating at its maximum speed under organic vapor excitation and (B) percentage change in

resistance in such a situation, 2R =100 R, R,. !/R,,with the concentration of salt (Cs).

in
max

Plots (C) and (D) show the variations in AR and maximum power density (P,

) across the
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droplet of aqueous 0.85M Fe2S0a4.7H20 suspended with different types of nanoparticles. In all the
experiments, the nanoparticles and the aqueous salt solution were mixed in 1:1 (v/v) ratio.

Plots (C) and (D) in Figure 2.5 show the variation in AR and maximum power density
(p™) for different nanoparticles when suspended in the salt-water droplet in a 1:1 (v/v)

ratio. The plots clearly suggest that the power density obtained was higher for the Ag and
Au nanoparticles than the other nanoparticles and this was the basis to employ the Ag and
Au nanoparticles in the experiments reported in the main manuscript. The suspended Ag
and Au inside the droplet enhanced the electrical conductance of the salt-water droplet,
which eventually helped in lowering the resistance while it rotated under the organic vapor
excitation.

2.3.4 Electrical Response of the Phenomenon

The image (A) in Figure 2.6 shows the experimental setup, which was employed to
measure the change in resistance across the water droplet undergoing the rotational
motion. For these experiments, initially, a pair of Cu electrodes was placed on a glass slide
with a separation distance of ~1 mm and a water droplet (~7 ul) composed of an aqueous
solution of FeSO4.7H20 was dispensed at the junction of the electrodes. The presence of
the salt ions ensured that the droplet was electrically conducting. It is well known that a
droplet of DI water is electrically non-conducting and the addition of an inorganic salt
increases the electrical conductance of the water droplet. It is also well known that
suspending metal nanoparticles can also significantly change the electrical conductance of
the electrolytes. Thus, we performed a series of experiments to finalize the concentration
and the types of salt and/or nanoparticles to be used for the experiments as discussed in the

section 2.3.3.
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The inset in Figure 2.6(A) shows the side view of the experimental setup where the salt-
water droplet was resting on a pair of Cu electrodes. Initially, with the help of a digital
multimeter, we measured the electrical resistance (Ro) across the stationary microdroplet.
Subsequently, a capillary tube filled with diethyl ether was brought near the surface of the
droplet to create the difference in surface tension across the air-water interface. The
stimulation from organic vapor initiated the rotational motion inside the droplet, which

progressively reduced the electrical resistance (R) across the droplet with time (t).
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Figure 2.6: Image (A) shows the experimental setup to measure the change in the electrical
resistance (R) across the droplet. The inset in the bottom-right corner shows the magnified side
view of the droplet resting on a pair of Cu electrodes. Plot (B) shows the variation in normalized

resistance (R, = R/R0 ) with time (t) across a microdroplet composed of 0.2M, 0.45M, 0.85M,
1.3M, and saturated solutions of FeS04.7H20. The plot (C) shows the percentage change in
resistance (AR ) with C inside the droplet. Plot (D) shows the variation of R with time (t) across

a microdroplet having suspensions of 1:1 and 3:1 (v/v) of Ag or Au nanoparticles in 0.85M
aqueous FeS04.7H20 solution.

It may be noted here that in the experiments the vapor source was introduced in a ‘pulse

mode’, which meant the vapor exposure was given for a very short time. The entire event

had three stages: (i) initially, the resistance of the stationary droplet was measured to be R,

; (i) following this, the introduction of the vapor source in a ‘pulse’ mode triggered the
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rotational motion and with time the electrical resistance across the droplet (R) reduced to a

minimum value of r__; (iii) finally, after the droplet became stationary, R increased near

min ?

to the base value Rr, .

Image (B) in Figure 2.6 shows the variation in the normalized resistance (R, = R/R, )

across the droplet with time (t) at different salt concentrations inside the droplet. It may be

noted here that the r value was nearly constant when the droplet was stationary from t =

0 to t = 30 s until the diethyl ether vapor was introduced. With the introduction of the
vapor source at t = 31 s in a ‘pulse’ mode, the rotational motion was triggered, which
persisted until 45 s. The plot indicates that the magnitude of Rn reduced to a minimum

value (R;" = R,,,, /R, ) as the motion inside the droplet was triggered. We observed that a

s
smaller value of rR7" was an indicator of a stronger rotational current inside the droplet.
Image (C) in Figure 2.6 shows that the percentage variation in resistance,

AR :100[1— Rm‘”], with salt concentration inside the microdroplet. The experiments

N

suggested that the variation in 2z was maximum at Cs ~ 0.85M because of the increase in
the electrical conductance of the droplet with salt-loading. The maximum value of ar
indicated that the rotational motion was fastest when, Cs~ 0.85M. The salt loading beyond
0.85M led the reduction in the rotational speed because of the increase in the viscosity and
density of the droplet with salt-loading. Thus, despite there was an increase in the
electrical conductance when the salt loading was greater than 0.85M, reduction in the

strength of the vortices at a higher viscosity and density led to the decline in AR .

Image (B) in Figure 2.6 shows that for the pulse mode of vapor stimulation, although the

resistance across the droplet reduced to r", the duration was rather momentary. In
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comparison, the image (D) in Figure 2.6 shows that, even in the pulse mode of excitation,
R " could be retained for a longer duration when Ag or Au nanoparticles were suspended

inside the microdroplet. Again, in these experiments, the salt loading was kept at 0.85M.

The details of the experimental optimization of nanoparticles are provided in the Section

2.3.3. The nanoparticles laden salt-water droplet showed typical retention times for r"

to be ~3 — 6 s. The longer retention of r" could be attributed to the additional inertia

from the moving Ag or Au nanoparticles inside the droplet. Further, the drop in resistance
during the rotation of a nanoparticle laden droplet was found to be higher than the simple
salt-water droplet. In the Section 2.3.7, it is shown that this additional drop in resistance
helped in increasing the power density renewed from this phenomenon. The experiments
also showed that these added attributes specific to nanoparticles took place only beyond a

critical loading of the nanoparticles in the droplet matrix.

2.3.5 Experimental Results on Energy Harvesting

Recent studies indicated that reverse electrowetting® 2 or modulations in the electrical
double layer! of microdroplets could be converted into high-density electrical energy.
Further, studies showed that motion of fluids under confinement could easily be associated
with the electron transfer and transport.%3% In similar lines, we explored the potential of
the present system for energy harvesting. We employed the same experimental setup as
described in Figure 2.6 to evaluate the power density of the rotating droplets. However,
instead of connecting a digital multimeter, the Cu electrodes were connected to a

nanovoltmeter to measure the potential difference (av, ) across the droplet. Surprisingly,

the rotational motion inside the droplet due to exposure of vapor was found to generate a

significant amount of voltage across the electrodes.
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Figure 2.7 shows the variations in AVp employing the proposed system in different
situations. While row (A) schematically illustrates the different ways of introducing the
vapor, the row (B) shows the nature of av_ vs. time (t) plots observed. The arrowheads
show the tentative location of the vapor source stimulation. The positive and negative
symbols indicate the way the nanovoltmeter was integrated with the droplet to measure

AVDp.
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Figure 2.7: Energy harvesting from the microdroplet rotation. Schematic diagrams in the row (A)
illustrate different ways (i — iii) of introducing the vapor and row (B) shows the corresponding
output of potential difference (AVp) with time (t).

The images suggest that the magnitude of AVp was larger when the vapor was introduced
near the electrodes (columns | and Il1) as compared to the situation when the vapor was
introduced in between the electrodes (column II). For example, image (I) of row B in
Figure 2.7 shows that when the vapor was introduced near the electrode connected to the
positive side of the nanovoltmeter, the AVp readily reduced to a minimum negative

voltage with time before recovering back to the zero potential after the vapor source was

removed.
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It is well known that the Cu electrodes in water possess a negative -potential (— 29 mV)
due to the formation of an electrical double layer (EDL).%" ®8 It is also well known that
when an EDL collapses due to the salt loading in an electrolyte, the effective (-potential
around a surface becomes negligible. Thus, in the present scenario, it could easily be
envisaged that the surface of the Cu electrodes on which the salt-water droplet was resting
would possess negligible (-potentials. This was reflected in the experiments and we

observed av_to be negligible across the electrodes when the salt-water droplet was

stationary. However, when the organic vapor source was introduced near one of the
electrodes, the strong rotational motion disturbed the EDL near the very electrode to
partially restore its (-potential. Importantly, since the disturbance due to the rotational
motion was rather weak near the other electrode, the restoration of the (-potential was
relatively small. Consequently, for a rotating droplet, we observed a finite drop in

potential AVp across the Cu electrodes.

In order to corroborate the aforementioned hypothesis, we performed the following control
experiments. For example, image (1) of row B in Figure 2.7 shows the appearance of a
negative AVp, which could be attributed to the fact that the positive and negative sides of
the nanovoltmeter were connected to the opposite negative and positive sides of the
system. Very often, this phenomenon could be observed when the positive (negative) side
of a battery have been connected to the negative (positive) side of a voltmeter. Thus, when
the organic vapor was introduced near the electrode connected to the negative side of the
voltmeter, we observed a positive potential difference, as shown in the image (111) of the
rows (A) and (B). In this situation, again the EDL could partially be restored around the

very Cu electrode near which the vapor source was introduced. More precisely, the strong
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vortices near one of the electrodes could dislodge enough counter ions from the dormant
EDL to restore a part of the {-potential of Cu in water. Moreover, when the vapor source
was introduced almost equidistant away from the electrodes, the formation of nearly
symmetric vortices across the droplet led to a much smaller potential difference across the
electrodes. In such situation, although the vortices led to the recovery of a part the
negative (-potential near the surface of both the electrodes, a near similar reduction led to

a lower difference in potential, as schematically shown in column (ii) of the rows (A) and

(B).
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Figure 2.8: The variations in the maximum potential difference (V

droplets composed of, plot (A) DI water at different pH and plot (B) salt-water (1.7M aqueous NacCl
soln.) at different pH. The rotational motion was triggered with the help of diethyl ether vapor.

) across the electrodes for the

We performed further experiments where the pH of the water droplet was varied. The pH
of the droplet was adjusted by adding HCI and NaOH solutions in water. In these
experiments, we placed the DI water droplets between the Cu electrodes and instigated the
rotational motions inside them with the help of diethyl ether vapor. The maximum of the

potential difference (av ") was measured with the help of a nanovoltmeter when the

droplet was rotating at a maximum speed.

TH-2202_136153001



48 Chapter 2

Plot (A) in Figure 2.8 suggests that with the increase in alkalinity of a DI water droplet,
the AV _"™ between the Cu electrodes increased. Previous studies indicate the negative (-

potential Cu increases from -29 mV to -50 mV with an increase in the alkalinity of the
solution.®® Thus, it was expected that both the electrodes would possess similar values of
C-potential with nearly zero potential difference when the droplet was stationary.
However, when the organic vapor stimulus prompted the rotational motion on one side of
the droplet, we observed some potential difference across the electrodes. Interestingly,

av " values were rather was low at lower pH region and found to be significantly higher

in the region of high pH, as shown in the image (A) of Figure 2.8. This happened because,
at lower values of pH, the excess H* ions present in the droplet bonded strongly with the
surface of the Cu electrodes having negative {-potential. These bondages were strong

enough to be disturbed by the rotational motion inside the droplet, which led to a smaller

max

AV, . In contrast, at higher values of pH, firstly, the excess OH" ions present in the
droplet increase (-potential from —29 mV to -50 mV. However, the OH" ions bond rather
weakly with the surface of the Cu electrodes because they already had a negative (-
potential. In such a situation, the onset of the rotational motion near one of the electrodes
of the droplet dislodged some of the loosely bonded OH" ions to engender the potential

difference. Therefore, higher values av ™ were observed at higher values of pH.

The magnitude of av " could further be increased if the experiments were initiated with

1.7M aqueous NaCl solution and then the pH of the solution was adjusted by addition of
HCl and NaOH. It is important to note here that we added NaCl as salt instead of
FeSO4.7H20 in these experiments because the latter reacts with NaOH. We have already

discussed in the Section 2.3.3 that NaCl was the second best choice for these experiments.
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Plot (B) in Figure 2.8 shows that the presence of the salt inside the droplet enhances the
AV ™" by almost two-fold across the droplet at the higher pH region. In this case, the

addition of salt destroyed the EDL across the Cu electrodes to ensure that the potential
difference was zero across the stationary droplet. However, the introduction of the organic
vapor in one side of the droplet prompted the rotational motion which in turn dislodged
some of the Na* ions from the very Cu electrode to create potential difference. Concisely,
experiments shown in Figure 2.8 indicated that indeed the potential difference across the

droplet was generated because of the difference in the {-potential of the Cu electrodes.

2.3.6 Theoretical Basis of Voltage Generation

In order to corroborate the aforementioned hypothesis for energy harvesting, we
performed following theoretical calculations and CFD simulations. The electrokinetic

potential of the EDL near the electrodes was theoretically analysed with the help of the
Poisson’s equation for electrostatic field, ¥V *¥ = #_/¢¢_,in which 7 is the charge density,

¢ is the dielectric constant, and & is the permittivity of free space.”® Assuming a
Boltzmann's distribution for counter ion concentration near the electrodes and enforcing

Debye-Hiickel’s approximation, the Poisson’s equation was transformed into the simpler

0.5

[ -
form, V?¥ =¥ /A2 Where, *_ = '[ N e’ /S5 kT 2o zfc.J' , is the Debye length and Na,

e, k, T, zi, and C;i denote Avogadro’s number, electronic charge, Boltzmann constant,
temperature, valency, and concentration of the ions of type i. The one-dimensional

Poisson-Boltzmann’s equation under the Debye-Huickel approximation, d *¥ s dx* = ¥ /A?

/A

, has the simple analytical solution, ¥ = cle””f’ + c,e*, in which x is the independent

variable signifying the distance away from the electrodes, and the notations ¢, and c,
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were the integration constants. The constants could be evaluated from the boundary

conditions, ¥ =¥ , at x = 0, and¥ = 0, at x = °°, which led to the final solution as,
¥ = ¢ *”>  The experimentally obtained {-potential of Cu in water, —29 mV at a

0

distance 4, helped in obtaining ¥, to be —~78.8 mV.%8
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Figure 2.9: The variation of potential difference (A ¥ ) with the difference in the concentration of

the counter ions near the electrode (AC ., ).

As anticipated previously, for a 0.85M aqueous FeSO4 solution we obtained A,~ 0.16 nm

at 298 K, which indicated that the thickness of EDL near the Cu surface was rather

negligible. Also, the expression for potential, ¥ = ¥ e *’>, near the electrodes clearly

indicated that the difference in the concentration of the counter ions near the Cu
electrodes, aAc_,, = f (4, ), which could be the main reason for the potential difference as
observed in the experiments. Figure 2.9 shows the variation of potential difference (2 )

with the difference in the concentration of the counter ions near the electrodes (ac_,, ).

Strikingly, the Figure 2.9 suggests that a marginal variation in ACepr could indeed

generate a few millivolts of energy.
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Previously, the origin of the difference in counter ion concentration near the electrodes
and the subsequent difference in the electric field potentials was attributed to the stronger
vortices near one of the electrodes. We performed CFD simulations in support of this
argument. In Figure 2.10, we show a simple qualitative CFD analysis where we employed
the same 2-D geometry as shown in Figure 2.10, with a simple modification near the base
of the droplet where electrodes of length 0.45 mm were introduced, mimicking the
experimental setup for energy harvesting. Herein, we solved Navier-Strokes equations for
a two-phase system coupled with the species balance equation for the salt with appropriate

boundary conditions to identify the convective flux of the salt near the electrodes.

2.3.7 Computational Simulations to Estimate Potential Drop on the Electrodes

The same experimental set-up as shown in Figure 2.6 in the manuscript was employed for
energy harvesting. In the beginning of the experiment, a salt-water droplet was placed on a
pair of Cu electrodes and the vapor source was introduced near the air-water interface to
induce the rotational motion inside the droplet. The entire event could be divided into
three stages: (i) initially, the resistance of the stationary droplet was measured to be Ro; (ii)
following this, the introduction of the vapor source triggered the rotational motion and
with time R progressively reduced to a minimum value of Rr_. ; (iii) finally, after the

withdrawal of the vapor excitation when the droplet became stationary, R increased near to
the base value R, . In this situation, the change in the electrical resistance was measured
with a multimeter. Importantly, with the same system, we obtained a potential difference
across the electrodes while the droplet was undergoing the rotational motion and a
nanovoltmeter was connected to the electrical circuit replacing the multimeter. As

described in the previous section 2.3.5 that it is well known that when a Cu electrode is
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immersed in water, a negative {-potential (— 29 mV) is generated due to the formation of
an electrical double layer (EDL).%8 Further, in such a situation, it is also well known that
the thickness of the EDL can shrink and become non-existent upon salt loading in the
water. Thus, a stationary salt-water droplet is expected to show zero potential difference
across the Cu electrodes, which we observed in the experiments. However, when the vapor
source was introduced near one of the electrodes, the rotational motion inside the droplet
could dislodge a part of the salt ions from the EDL to partially restore the negative (-
potential. Importantly, since the vapor source stimulation was towards one of the sides of
the droplet, a stronger rotational motion near one of the electrodes ensured that the salt
particles dislodged asymmetrically from the EDLs near the Cu electrodes to create the

potential difference between them.

In Figure 2.10, we show a simple qualitative computational analysis, which justifies the
onset of the potential difference across the electrodes during the droplet rotation. It may be
noted here that we employed the same 2-D geometry as shown in Figure 2.10, with a
simple modification near the base of the droplet where electrodes of length 0.45 mm were
introduced, mimicking the experimental setup. Further, in addition to the governing
equations (2.1) — (2.4) shown in section Il, we solved the following convection-diffusion

equation for the salt-water droplet,

e
a—ts+v‘—DVcs tu,"Vc,~o. (2.5)

Here the concentration and diffusivity of salt in water are denoted by Cs and D whose
values were taken to be, 0.85 M and 102 m?/s, respectively, inside the droplet. It may be

noted here that the diffusion coefficient was chosen to be very small in order to restrict
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any diffusion of salt from the electrodes. The conditions set in the simulations ensured that
the salt molecules stayed near the electrodes until or unless a very strong convective

current dislodged them from the electrode premises.
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Figure 2.10: Image (A) shows the initial configuration of the computational domain at 0 s, with 100
nm thick FeSO4 deposited at the electrodes. Image (B) shows the streamlines (continuous lines),
velocity vectors (orange arrows), and the magnitude of the convective flux (colour map contours,

~ C.u,) inside a droplet of diameter 1.5 mm after 0.01 s. The surface tension of the

droplet, y, = 72.7 mN/m and diethyl ether, y, = 17.0 mN/m at the arc of length 0.05 mm created a

surface tension gradient of Ay =55.7 mN/m across the interface.

The 2-D geometry was divided into 127653 triangular elements not only to obtain the grid
independent solutions but also to resolve the EDL near the electrode for an aqueous salt
solution of 0.85 M. The refined grid placing ensured that the first layer of the cells was of
the thickness similar to the EDL for a salt-water droplet. The boundary conditions and the

computational methodology employed for this analysis remained similar to the one
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discussed previously in section Il. It may be noted here that the lower wall was assumed to

be impermeable for any salt diffusion to take place.

Image (A) in the Figure 2.10 shows the initial configuration of the computational domain
where the rectangular areas of height 100 nm above the electrode regions were assumed to
have higher concentration of the salt while in the other parts of the droplet the salt
concentration was 0.85M. Image (B) in the Figure 2.10 shows the streamlines and velocity

vectors after 0.01 s, once the rotational motion was set inside the droplet. Image (B) in the

Figure 2.10 also shows the magnitude of the convective flux (N, ~ C_u,) near the

electrodes inside the droplet after 0.01 s of diethyl ether vapor exposure. Clearly, the
image (B) suggests that the rotational motion inside the droplet created an asymmetric
convective flux near the electrodes, which in turn led to the difference in the concentration
of salt near the Cu electrodes. The convective flux on the right side of the droplet was
found to be ~10° times stronger than the same on the left side of the droplet. The
simulations suggested that the right-heavy rotational motion was capable of dislodging

significant amount of counter ions from the EDLSs to the bulk of water droplet.

Image (A) in the Figure 2.10 shows the initial configuration of the computational study
where the rectangular areas of height 100 nm above the electrode regions were assumed to
have a higher concentration (e.g. 1M) of the salt while in the other parts of the droplet the
salt concentration was 0.85 M. Image (B) in the Figure 2.10 shows the streamlines and

velocity vectors of the vortices after 0.01 s. The image also shows the magnitude of the

convective flux (N,

i,conv

= C.u,) near the electrodes after 0.01 s. Clearly, the image

suggests that the onset of Marangoni rotation on the right-hand side of the droplet could

create a convective flux of magnitude ~10° times larger than the same near the left

TH-2202_136153001



Microfluidic sensors 55

electrode. The results shown in the Figures 2.9 and 2.10 qualitatively confirmed that the
strong vortices coupled with a differential counter ion concentration of the EDLS near the

electrodes were the reason for the voltage generation.
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Figure 2.11: Power generation from the microdroplet rotation. Plot (A) shows the variation in AVp
with t across the electrodes for the droplets having a 0.85M FeS0O4.7H20 solution and DI water.
Images (B) and (C) show the variation in the maximum potential difference (AV}***) and maximum
power density (P;***) with Cs. Image (D) shows the variation of PJ*** in yW cm-2 with and without
the Ag or Au nanoparticle loading inside the droplets of 0.85M aqueous salt solution. Here 1:1 and
1:3 salt solution stands for the (v/v) proportion of 0.85M aqueous salt solution and prepared Ag or
Au nanoparticle solution.

2.3.8 Power Density and Conversion Efficiency
Plot (A) in the Figure 2.11 shows the typical AVp vs. t obtained in the experiments for the

salt-water and DI water droplets. The control experiment with DI water showed the

voltage generation was minimal (circular symbols) whereas the salt-laden droplet showed

a maximum potential difference, AV "~ ~ 15 mV (square symbols).

Plot (B) shows that av " monotonically increased with Cs. Importantly, av ™ could also

be converted to power using the simple relation, P = (av™) /R where R, was the
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minimum resistance across the droplet while in motion. The power density (p,"*) was
obtained by dividing P by the area occupied by the droplet. Remarkably, the plots (C) and
(D) in the Figure 2.11 indicate that the motion could lead to P as high as ~2 uW/cm?
when the salt loading inside the droplet was 0.85M. However, nearly a fourfold jump in
P ~7 uWem™ was observed when the Ag or Au nanoparticles were loaded inside the

droplet of 0.85M aqueous salt solution. The presence of the nanoparticles enhanced
(reduced) the electrical conductance (resistance) across the droplet to improve the power
density. The power density plots show the potential of the proposed methodology for

energy harvesting.

Remarkably enough the maximum generated voltage (av_"*) and total power (P) of the

system kept increasing with increase in the number of droplets (Np), as illustrated in the
Figure 2.12. This experiment highlighted the potential of the system for a very large scale
integration (VLSI). Image (A) shows the typical setup for this experiment when there were
three droplets. The circuit at the bottom of image (A) shows the Thevenin equivalent
circuit for the single droplet generator employed during efficiency calculation. Images (B)

and (C) together shows that when multiple droplets connected in series av_ '~ and P

monotonically increase with Np. Importantly, we also observed similar behavior when the
droplet diameter was 500 pum or less. Thus, a VLSI of ten thousand (million)
microdroplets can lead to a power in the range of mW (W). The proposed methodology
showed a simple and non-destructive way to convert the surface energy into the electrical

one under ambient conditions.
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We also evaluated the power conversion efficiency of the process, which can be estimated

as, . =(P

out

/P, )x100% , Where Pin is the power originating from the surface energy

gradient and Poy is the electrical power measured experimentally. In order to evaluate Pin,

we initially calculated the difference in Helmholtz free energy (aF = F, - F,) due to the

change in the surface energy, which was the measure of maximum work that an isothermal

system could perform.
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Figure 2.12: Experimental results of voltage generation in multiple droplets. Image (A) shows the
schematic diagram of the experimental setup where three droplets were connected in series and
diethyl ether vapor was introduced from one side. The circuit at the bottom of image (A) shows the
Thevenin equivalent circuit for the generator employed during efficiency calculation. Image (B) and

max

(C) show the variation of maximum voltage generation (AV_ ") and power (P) for multiple

numbers (Np) of droplets, respectively.
Here the subscripts f and i denote the free energies of the final and initial states,

respectively. We assumed that the initial configuration was the stationary hemispherical

water droplet of area, 2-r?, radius, R = 1 mm, surface energy y = 0.072 J/m2" and

F,=2zR’y,. It was also assumed that the organic vapor stimulation was provided only

TH-2202_136153001



58 Chapter 2

to the area, which was equivalent to the cross-sectional area of the capillary tube of radius,

r = 0.5 mm. In such a scenario, the final Helmholtz free energy was evaluated as,

Fo=[22R%, —ar’y, +xr’y,, |, where y = 0.017 J/im? is the interfacial tension water-

diethyl ether interface.”

The variation in the Helmholtz free energy for a droplet rotating under vapor stimulation

was computed to be, AF =-zr’y, +ar’y,,. The time scale (r=1*/p,,) for the

diffusion of the diethyl ether vapor on the droplet surface could be obtained from the

diffusion coefficient of diethyl ether in air,’> p_, = 0.918 x 10° m?/s and the average

DA

distance, L ~ 1 mm, at which the capillary was placed to instigate the motion. The

aforementioned values provided the magnitude of the input power (P, ) as,

P,=AF [z =(-zr’y, +r’zy,)/c. Substituting in the numerical values to this

n

expression we obtained p, ~ 0.432 uW for a water droplet rotating with diethyl ether

excitation. Since the p, ~ 0.21 pyW in the experiments, the power conversion efficiency

t

was, 7, ~ 48.61%. Following the aforementioned methodology, we also compared and

contrasted the power conversion efficiency of a 35 ul droplet with five 7 ul droplets to
uncover the effect of miniaturization. The calculations suggested that the latter system
could show 7, ~ 34.26% as compared to ,, ~ 6.8% for the 35 pl droplet. The experiments
confirmed that the power conversion efficiency increased with miniaturization of the

droplets.

Apart from energy harvesting, the phenomenon could also be employed to detect the

different kinds of volatile organic vapors. Experimental setup shown in the images (A) and
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(B) of the Figure 2.13 demonstrate a simple way to sense the organic vapors where a 7 pl
droplet loaded with salt and nanoparticle (1:1) was dispensed at the junction of a pair of
Cu electrodes and the vapor source was brought near the surface to trigger the droplet

motion.

2.3.9. Sensor Application
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Figure 2.13: Experimental results of the alcohol vapor sensor. Images (A) and (B) show the
schematic diagram of the experimental setup where the LED was turned off (on) in the absence

(presence) of the vapor excitation. Image (C) shows the change R with different concentrations
(v/v) of diethyl ether in water (C _ ) and image (D) shows variation AR with C _ . Image (E) shows
the variation in R, with t when the stimulus was different vapor sources such as diethyl ether

(DEE), toluene, chloroform, ethanol, and methanol. Image (F) shows the variation in R with t

when three cycles of the exposure of diethyl ether and alcohol were repeated on a microdroplet of
0.85M aqueous salt solution mixed with Ag nanoparticles in 1:1 proportion (v/v).
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The electrical circuit was also integrated with an LED, which was turned off when the
drop was stationary, in the absence of the vapor excitation. Following this, under the
organic vapor exposure, the reduction of the resistance due to vortices inside the droplet
illuminated the LED. The response time of the device was of the order of seconds, which
could also resolve the periodic exposure and withdrawal of the vapor indicated by the

turning on and off of the LED.

Image (C) of the Figure 2.13 shows the variation in r , with t when the vapor source was
composed of aqueous solutions (v/v) of diethyl ether. The change in the concentration of
diethyl ether from 15% to 100% was faithfully detected by the variation in the AR with

the concentration of diethyl ether (c ) in the solution, as shown in the plots of the image

(C). Image (D) shows the percentage change in resistance (AR ) reduced significantly as
the proportion of the c_ reduced in the vapor. Remarkably, different types of vapor
sources such as diethyl ether, toluene, chloroform, ethanol, and methanol showed different
values AR, as shown in the plot (E). The variation in AR with the change in the vapor
source could be correlated to the gradient of surface tension on the drop-surface, which

was discussed previously with Figure 2.13.

Image (F) shows that the repeated introduction and removal of an alcohol vapor source
could also be detected through this prototype. For example, when the alcohol vapor source
was introduced and withdrawn for three times in a ‘pulse mode’ near the surface of the
droplet, we could record three cycles of variation r, with t in which each minima
signified the introduction of the vapor source while the maxima indicated the withdrawal
of the same. Interestingly, the addition of Ag or Au nanoparticles in the droplets helped in

retaining the signal for the ‘pulse mode’ for a longer duration. The experiment
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demonstrated the proof-of-concept of a minuscule, simple, economic, and portable

prototype, which holds the potential to detect alcohol in the human breathing cycles.

2.4. Conclusions

Water microdroplets showed the powerful rotational motion of magnitude as high as ~720
rpm when exposed to an external source of volatile organic vapor. The adsorption of the
organic vapor on the surface of the water droplet reduced the surface tension locally near
the point of exposure, which triggered a Marangoni motion on the droplet surface. The
strong vortices on the drop-surface induced the explosive rotational motion inside the
droplet. The phenomenon led to the development of a proof-of-concept prototype for

sensing cum energy-harvesting.

The microdroplet composed of aqueous salt solution and loaded with Ag or Au
nanoparticles showed the potential to produce power density as high as ~7 uW/cm?. A
VLSI of thousands (millions) of such rotating microdroplets can lead to a non-destructive
and pseudo-perpetual system generating power in the range of mW (W) under ambient
condition. Theoretical and experimental analyses uncovered that the difference in the C-

potential near the electrodes was the major reason for the voltage generation.

Further, when the nanoparticle-laden droplet was dispensed at the junction of a pair of
electrodes connected to an external power source, we observed ~85 — 95% reduction
(increase) in the electrical resistance (conductance) once the vapor source stimulated the
rotational currents in the droplet. The extent of reduction (increase) of the electrical
resistance (conductance) could easily be employed to differentiate the sources of organic

vapors such as diethyl ether, chloroform, methanol, ethanol, and toluene. Mimicking the
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human breathing system, the repeated exposure and withdrawal of the vapor sources could

also be traced with the help of the prototype.

Concisely, the study showcases a simple, reliable, and economic prototype capable of
multitasking such as harvesting energy, sensing organic vapors and detecting alcohol
issuing out of human breathing.” The proposed methodology can also be employed for
mixing or emulsification of multiple phases. Further, the devices made of water droplets
also face limitations with temperature and humidity fluctuations as well as evaporation.

We keep these aspects as future scopes of research work.
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Droplet Based Detection of Blood a-Amylase Employing Thermal
Marangoni Effect
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ABSTRACT

We report the development of a droplet-based microfluidic sensor for the detection of a-
amylase in human blood serum. The principle of detection was based on a rotational
motion inside a droplet, which manifested when the droplet was placed on a hot glass
surface. The rotational motions originated because of the temperature difference between
the base and top parts of the droplet leading to, (i) a Marangoni motion due to the
difference in the surface tension across the liquid-air interface and (ii) a recirculating
motion due to the Rayleigh-Benard convection. The rotational motion was found to be ~12
rpm for a 10 uL droplet when the glass surface temperature at the base was maintained at
40°C while the top surface of the droplet was exposed to the ambient condition. A series
of computational fluid dynamic simulations uncovered the salient features of the
recirculating motions obtained due to the Marangoni and natural conventions. In order to
develop the sensing arrangements, initially, the droplet was made conducting by
dissolving salt before starch was loaded in an excess amount. The starch and salt loaded
droplet showed a variation in the electrical resistance when placed on the hot glass surface
owing to the enhancement in the electrical conductance due to the generation of the
Marangoni and natural convention vortices. Interestingly, the variation in the resistance
was found to enhance when a-amylase was added at different proportions into the droplet
before the system was heated from the bottom. Amylase broke down specifically the
starch molecules to develop lower molecular weight carbohydrates which in turn increased
the electrical conductance of the droplet due to the combined influence of the Marangoni
and natural convention vortices. The variation in the electrical resistance was found to be
as high as ~80% across the droplet at 40°C glass surface temperature. We could detect a
concentration range of 20-110 U/L aqueous solution of amylase to generate the
calibration, which was later employed to detect the unknown amylase level of the real-life
human blood serum samples. The proposed proof-of-concept prototype showed significant
potential to develop into a low-cost and portable point-of-care-testing (POCT)
microfluidic device for the real-time detection of a-amylase in human serum for easy

prognosis of pancreatic disorders.

Manuscript under preparation.
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3.1. Introduction

Design and developments of the point-of-care-testing (POCT) devices for the primary
health care of various ailments have become one of the major focus of research in the
recent years. 2 The POCT detection of health parameters enable a prognosis of various
ailments at the patient’s site. This enables intervention of the medical experts at the early
stages of the disease to prevent or delay the chronic ailments. The upcoming generation of
the POCT devices is expected to make an early diagnosis of various life-threatening
diseases in an easier, user-friendly, and cost-effective manner at the user’s site.® In
general, POCT devices are composed of an input segment, sensing arrangement, signal
processing unit, and output segment with an analyzer. Among all these components, the
most important one is the sensor arrangement, which enables the detection of pulmonary,
thyroid, liver, pancreatic, or cardiac health.* In order to aid this initiative, in past few
decades, a large array of sensors have been developed to detect various biomarkers
specific for the different illnesses.

Among the other existing biomarkers for disease detection, the amount of a-amylase
(endo-1,4-a-d-glucan glucanohydrolase, EC 3.2.1.1) in saliva, urine, sebum or blood
serum helps the physicians to decide the diseased or healthy state of a human.> Amylase is
synthesized in the pancreas and salivary glands to hydrolyze starch into glucose, maltose,
and dextrin.® A healthy human serum contains about 25 — 85 U/L (units/liter) amylase in
serum.” An enhanced amylase is serum indicates the potential onset of various dreaded
diseases which include acute pancreatitis, pancreatic cancer, salivary gland infection, bile
duct blockage, or gastroenteritis, among many others. In contrast, a reduced level of this
enzyme indicates pancreatic or kidney malfunctioning, and toxemia in pregnancy,’ among

others. The amylase activity in human serum is in general detected by various methods
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which include spectroscopy,®° colorimetry,!! fluorometry,*? chromatography,®® weight
based detections,’*  electrochemical methods,™ electromagnetic sensing,'® and
immunological methods.’” Presently, the most dependable method of estimation is
spectrophotometry.*® However, this method is expensive, non-portable, and requires skills
for operation and analysis. Unfortunately, until now, there are very few available methods
suitable for the POCT detection of a-amylase in the various types of human body fluids.*®

In this regard, of late, the advent of the smart materials in conjunction with specialties of
the micro or nanoscale technologies have enriched the research associated with sensor
fabrication.?® The principles associated with the microfluidics,? MEMS,?> NEMS,?
nanophotonics,?* micro or nanoelectronics,?® amperometry,?® or FET 27 have been now
routinely employed to develop high-performance sensors to detect important biomarkers,
environmentally hazardous vapors or gases,?! and pathogens?®, among others. However,
most of the sensors developed so far have many of the following limitations if not all: (i)
costly and complex protocols for fabrication, (ii) require engineering and medical experts
to analyze the results, (iii) available through some centralized agencies, (iv) larger time for
detection and analysis, and (v) requirement of controlled environment for real-life
operations, among many others. Thus, a large part of research efforts have been directed
towards developing the sensors, which are devoid of these limitations to perform a real-
time monitoring of biomarkers at a lower cost at the user’s site.?93!

For example, the readily available but costly solid-state sensors 32 3 have now been
replaced by the sensors based on microfluidics.3* 35 The microfluidic sensors have some
advantages in, they are easy to prepare, economic, can be made reusable, can lead to the
flexible device, and easy to store and use under ambient conditions.3% 3 Thus, extensive

efforts have been invested over the past few decades to develop future technologies for
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sensing, energy harvesting, and biomedical applications exploiting the specialties of the
fluid mechanical principles inside the microfluidic devices. In this regard, one of the major
challenges the generation and sustenance of the electrical responses alongside the other
desired attributes of sensing mechanism inside the fluidic environment during their
operation.3® For example, flow-based dynamic microfluidic systems have been found to be
useful for cell sorting, heat, mass, momentum transport, and bio-molecule detections. 34 3
40°0On the other hand, a number of previous works show the use of microdroplets to
develop microbots, sensors, and energy harvesters.*'** However, the previous works
suggest that the droplets are generally formed in the two-phase microfluidic flows inside a
micro-channel* while there are a very few attempts have been made to convert a single
droplet into a sensor.?!

In view of the above, herein we discuss a single microdroplet based sensor to detect alpha-
a-amylase in blood serum. The droplet underwent a rotational motion when heated from
the bottom owing to the combined influence of natural convection in the bulk and thermal
Marangoni flows at the liquid-air interface. The motion was found to have a magnitude of
~12 rpm for an applied temperature of ~55°C. Finite element based computational fluid
dynamic (CFD) simulations uncovered the various attributed of the natural and Marangoni
convections to unveil the physics behind the rotational motion. A salt-laden microdroplet
could show a variation in the electrical resistance under mild heating when placed on an
electrical circuit, which has been exploited to detect a-amylase in blood serum. The
droplet was initially mixed with starch, which broke into lower molecular weight
carbohydrates upon addition of amylase. Subsequently, the rotational speed of the droplet

and the electrical conductivity across the same varied with the variation in the amylase
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loading. The results reported ensured the capability of the prototype to be used as a

biomedical device for the POCT detection of pancreatitis at the user’s site.
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Figure 3.1: Image (A) shows the schematic diagram of the experimental set-up for characterizing
the microfluidic phenomenon. Images (B — D) show the placement of digital or thermal camera for
imaging.

3.2. Experimental Section

3.2.1 Materials

Iron (I1) sulfate heptahydrate (FeSOs.7H20), Starch were procured from Merck, India.
Amylase was obtained from Sigma-Aldrich, India. The chemicals were of analytical grade

and employed in the experiments without further purification. The Milli-Q grade water

was used for cleaning and to prepare the solutions.

3.2.2 Sensor Fabrication and Set-up

The droplet-based sensor was developed on a glass substrate. Initially, a water droplet was
placed on a glass slide which was kept on a hot plate. Thereafter, the temperature of the
hot plate was varied to quantify the dependency of the rotational motion with temperature.
A temperature sensor was placed on the glass substrate to monitor the temperature of the

substrate. A digital camera (Sony Handycam) was employed to record the rotational
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motion inside the droplet and a thermal imager (Testo 865) was used to characterize the

temperature distribution.

3.2.3 Experimental Method for Microfluidics

The experiments were performed in ambient condition. A droplet was placed on the glass
substrate using a micropipette as shown in Figure 3.1A. The diameter of the droplet was
~8 mm. A digital and thermal camera was placed just in front of the system to take the
side view and on top to capture the top view of the system. The arrangement of camera is
illustrated in images (C — D) of Figure 3.1A particle of ~200 um was placed inside then

droplet to quantify the motion of the fluid.

Figure 3.2: Images (A — D) show the snapshot images of side-view of the droplet at different time
intervals to illustrate the motion of a ~120 um particle inside the droplet. The scale bar is of 2 mm.

3.2.4 Experimental Method for Electrical Characterization

The droplet system was further employed for electrical characterization. In this situation,
the droplet was made conductive by adding 0.85M FeSQs salt. The conductive droplet was
then placed in between two cylindrical copper wires of ~180 um diameter separated by ~ 1
mm. The wires were connected to a digital multimeter (MASTECH M92A(H)) which was

kept beside the system to measure the electrical response of the sensor arrangement.
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3.2.5 Experimental Procedure of a-amylase Sensing

Initially, 10% (w/v) starch solution and 1M FeSO4 was prepared by dissolving appropriate
amounts of the solvents in DI water. The solutions were mixed in equal volumes to form
the reaction mixture. The FeSOs solution was freshly prepared each time before
performing the experiments. Starch is a specific substrate for a-amylase enzyme while the
presence of electrolyte FeSOs4 helps to achieve the optimum conductivity. Porcine
pancreatic amylase, obtained from Sigma Aldrich was dissolved in 1x Phosphate buffer. A
10 uL drop of the well-shaken reaction mixture of DI water, salt, starch, and solution of
amylase was dispensed symmetrically between the electrodes. The amylase was
introduced at the later stage as a ~2 pl droplet.

The electrical resistance measurement setup was prepared by fixing two electrodes of thin
copper wires on a scotch tape covered glass substrate at 1 mm separation and connecting
the electrodes to a multimeter. The glass substrate was placed on a temperature
controllable hot plate. The scotch tape was used to make the surface hydrophobic and
prevent spreading out of the droplet. The 10 pL droplet of the reaction mixture was
introduced into the drop after ~30 s for the resistance reading in the multimeter to
stabilize. The subsequent resistance values were recorded at regular intervals for the next 1
min. The same procedure repeated for 3 different temperatures, 26°C (room temperature),
40 £ 1°C, and 50 + 2°C. The individual experiments were completed within 60 - 90 s to
avoid resistance fluctuations owing to evaporation. In every case, a decreasing trend in the
resistance value was observed post a-amylase introduction. Percentage change in
resistance of the drop within a time interval of ~50 - 60 s was adopted as a quantitative

measure for sensing the a-amylase concentration.
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3.3. Results and Discussion

3.3.1 Experimental Study on Effect of Temperature

The effect of temperature on the droplet was studied using digital camera and thermal
imager. The temperature of thermal imager was calibrated with the known temperature of
the hotplate. Image (A) of Figure 3.1 illustrates the set-up of the experiment schematically
where a droplet was dispensed on a glass surface and the system was exposed to heat from
the bottom of the substrate. Images (B) to (C) shows how the digital and thermal imagers
was placed to characterize the motion of droplet and temperature distribution as discussed
in the earlier section.
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Figure 3.3: Images (A) and (B) shows the thermal image of the droplet when the substrate
temperature was ~55°C. The bottom right corner inset schematic of both the images shows the
placement of the thermal imager. Images (C) and (D) show the corresponding temperature
distribution plot with respect to distance x and y along X and Y axis, respectively. The scale bars
are of 2 mm.

In order to track the motion of the droplet a particle of ~120 um was suspended in the
droplet. It was observed that due to heat exposure, the particle inside the droplet

performed a rotational motion as shown in images (A - D) of Figure 3.2. The rotation was
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due to the temperature difference across the vertical direction of the droplet. The droplet
experienced a difference of surface tension due to the temperature gradient that leads to
thermal Marangoni effect. The phenomenon was investigated computationally in the later
section of this paper. However, the temperature characterizations were performed
experimentally with a thermal imager.

Thermal images (A) and (B) of Figure 3.3 show the distribution of temperature across the
droplet horizontally and vertically, respectively. The inset of the images shows the
position of the camera while taking the thermal images. In case of vertical set-up, it was
difficult for the imager to take an exact side view of the droplet due to the droplet size and
hot surface beneath, hence the image was taken in a tilted position which can be assumed
to be the side view of the droplet as the difference of temperature at any horizontal plane is
negligible.

Images (C) and (D) show a variation of temperature in x and y-direction along the cut-
plane shown the thermal image. The “0” in the images (A) and (B) of Figure 3.3 at one
side of the cut-plane indicates the x = 0 (in case of image (A)) and y = 0 (in case of image
(B)) from which the distance was measured. The temperature distributions in images (A)
and (B) clearly show that the temperature of the droplet was high near the substrate
compared to the top surface of the droplet. This difference of the temperature created a
thermal Marangoni flow inside the droplet. A finite element computational study was

performed to understand the physics behind the motion.

3.3.2 Computational Analysis
Problem Formulation: In this computational study, we show a simple qualitative
computational analysis along with experimental evidence, which justifies the onset of the

rotational motion due to the combined effect of thermal Marangoni and natural convection
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inside a water droplet. A two-dimensional (2-D) semi-circular water droplet of diameter 8
mm, resting on a flat hot solid substrate of thickness 100 pum and surrounded by air was
chosen to be the computational domain, as shown in Figure 4(A). The rectangular domain
was of length 2 mm and width 1 mm as shown in Figure 4(A). The droplet was placed at

0.5 mm downstream from the air inlet.

In the computational fluid dynamic (CFD) model, air (gas, i = 1) and water (liquid, i = 2)
phases were assumed to be immiscible, and Newtonian. The surface tension of water is
modelled as a linear function of the temperature gradient between the hot solid substrate
and the fluid domain (water droplet and surrounding air) as, y = 5, + « (AT ), Where, », (=
72.8 mN/m) is the surface tension of water at 20°C, « is the slope (= — 0.2063
mN/m°C)®, and AT (~5-30°C) is the temperature gradient between the hot solid surface
and the fluid domain. The density of water is varied with temperature gradient as
approximated by Boussinesq*®. According to the approximation, the density of water can

be modelled as a linear function of the temperature gradient between the hot solid

substrate and the fluid domain (water droplet and surrounding air), p, = p,(1- BAT),

where, p, (= 1000 kg/m®) is the density of water at 4°C, p is the thermal expansion

coefficient (= 69x10° K at 20°C)*, and AT (~5-30°C) is the temperature gradient
between the hot solid surface and the fluid domain. The following continuity and

equations of motion were employed to describe the motion of the i" phase,

M ) (31)

p(u, +u, -Vui)zv[—pil +7,(Vu, +VuiT)J+fSt + pg. (3.2
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The velocity vector, density, viscosity, and pressure of the i phase were denoted by
notations u;, »;, 7,,and p, respectively. The over-dot symbol denotes the time derivative
and g signifies the acceleration due to gravity vector which was acting in the negative y-
direction. The surface tension force was defined as, f_, = GV ¢, a product of the chemical
potential (G) and the gradient of the phase field parameter (4 ). The surface tension force

was determined by minimizing the total free energy inside fluid domain as a function of

the phase field variable (4 ),

J do . (3.3)

where, o was computational volume and the total free energy, r (4) was a combination of
double well potential, f (¢)=21/74N"(¢° —1)2 , and surface energy. The parameter N was

calculated by the following equation, N = 0.5h_ where hp is the maximum element size
in the computational domain. To evaluate surface energy, mixing energy density (1 ) was

estimated as, 2 = (3yN )/(2J2_) in which y was surface tension and N was the thickness of

the diffused interface. In order to track the rotational Marangoni motion of the droplet at
the air-water interface and in the bulk, the phase-field method was employed** 4851, In this

method, the transport equation was written in terms of the phase field parameter (4 ) as,

Where, the chemical potential (G) was defined as a derivative of the free energy

functional, G=F'(¢)=z[—v2¢+¢(¢2—1)/N2] The interfacial density (p), and

viscosity (u) were evaluated in terms of f as,a =0.5[a,(1+¢)+a,(1-¢)], where a can be

TH-2202_136153001



82 Chapter 3

any of p and x. The symbol y represents the mobility tuning parameter, which was chosen
to be 10 m s/kg to avoid mass loss in the conventional phase field model.

To identify the temperature distribution across the droplet, and subsequently calculate the
temperature dependent surface tension, the generalized heat diffusion equation is

employed,

oT
pC,—+pC u VI -kV'T=0. (3.5)
ot

For the flat hot solid substrate, or generally, to compute heat transfer in solids, the
generalized heat diffusion equation becomes,

oT
pC, —-kvV'T =0. (3.6)
ot

In the Egs. (3.5) and (3.6), c, is the heat capacity of the material, k is the thermal

conductivity of the material, and T is the temperature.

Boundary Conditions: The lower flat surface of the droplet was assumed to be non-
slipping and impermeable while the curved air-water interface was considered to be the
deformable one. The velocity of air at the inlet and outlet were set to zero. The upper wall
of the computational domain was assumed to be non-slipping and impermeable. The
contact angle of water droplet on the substrate was considered to be 90° unless mentioned
otherwise?!. We assumed that the lower surface of the hot plate was at constant
temperature To and was varied in the simulations in order to get different thermal gradient
across the computational domain. At the upper surface and the side surfaces of the hot

plate, the heat flux due to conduction from the solid plate was assumed to be same as that

TH-2202_136153001



Microfluidic sensors 83

of the heat flux due to convection in the fluid domain. The upper wall of the computational

domain was assumed to be thermally insulated.
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Figure 3.4: (A) shows the schematics of the computational domain employed in this study. All the
necessary dimensions of the domain are shown in the schematic. Images (B) shows the rotational
effect inside the droplet due to the thermal Marangoni, natural convection, and combined effect.
The colored contour, white continuous lines, and orange arrows show the temperature distribution,
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streamlines and velocity vectors of water inside the droplet, respectively. Images (i)-(iii), (iv)-(vi),
and (vii)-(ix) show the temperature gradient created inside the droplet after t = 1 s of simulation for

AT = 10°C, 30°C, and 50°C respectively. Plot (C) shows the variation of rotational speed (w) with
the change in the thermal conductivity (k) of the hot substrate. The dotted lines show the slope of

the curve. The dominance (D = (NC/TM )x100% ) of thermal Marangoni (TM) over natural

convection (NC) is also illustrated with the green line. Plot (D) shows the variation of rotational
speed (o ) with the temperature difference (AT ) between the hot substrate and room
temperature. The red line plot shows the corresponding experimental values of rotational motion (
o ) with temperature difference (AT ). The green line shows the dominance of NC over TM. The
average value (Avg) shows the rotation due to combined effect.

Solution Methodology: The unsteady governing equations (1) — (6), and the boundary
conditions were solved using the commercially available COMSOL™ Multiphysics
software based on the finite element method. In this method, the spatial terms of the
governing equations were initially discretized to obtain an ordinary differential equation
(ODE) in time, which was time-marched to obtain the evolution of the streamline flow
patterns inside the droplet. The 2-D geometry was divided into ~87653 triangular elements
to obtain the grid independent solutions. We employed the built-in Galerkin least-square
(GLS) method to discretize nonlinear convective diffusion equations, which was stabilized
through streamlining and crosswind diffusions. The segregated predictor-corrector method
had been used to obtain the velocity and pressure profiles by incremental pressure
correction.

To computationally study the effect of thermal gradient inside a water droplet, we have
modelled the system using the computational domain as shown in Figure 3.4(A). In the
schematics, all the dimensions and some boundary conditions of the domain is shown.
Figure 3.4(B) (i) — (iii), (iv) — (vi), and (vii) — (ix) show the temperature gradient created
inside the droplet after t = 1 s of simulation for AT = 10°C, 30°C, and 50°C, respectively.

The color bar above shows the respective temperatures at different locations. It is quite

evident from the contour plot that, there is a sharp thermal gradient (for example, 3x10°
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°C/m for AT = 30°C case) created near the contact line of the water droplet, due to which
the surface tension and density of water changes significantly near the contact line as we
have modelled both the parameters as a linear function of temperature gradient. Whereas,
near the top of the droplet the temperature remains to be almost equal to the ambient
temperature (20°C), which ensures that there is a surface tension gradient and natural
convection created inside the water droplet due to the hot substrate (50°C) placed below
the droplet. This spatial variation of surface tension and density creates a rotational motion
inside the droplet which is shown by the streamlines and the velocity vectors. The first,
second and third column of the figure shows the rotational motions inside the droplet due
to the thermal Marangoni, natural convection and the combined effect of thermal
Marangoni and natural convection, respectively. It can be visualized from the images that,
for a particular temperature gradient, the rotational flow due to surface tension gradient
occurs throughout the droplet whereas, the rotational flow due to natural convection
occurs in the vicinity of the local hot spots inside the droplet-like near the contact line of
the droplet. For lower temperature gradients like, AT = 10°C, the thermal Marangoni
flow is comparatively higher than the rotations due to natural convection as illustrated in
images (i — iii), whereas, for higher temperature gradients like, AT = 50°C, flow due to
natural convection overpowers the effect of thermal Marangoni flow as shown in images
(vii — ix). In the moderate temperature gradients like, AT = 30°C, both the effects of
natural convection and thermal Marangoni is present inside the water droplet as illustrated
in images (iv — vi). In summary, both the thermal Marangoni flow and natural convection
creates the rotational motion inside the droplet for all the temperature gradients, however
the dominance of thermal Marangoni (natural convective) flow is higher in the lower

(higher) temperature gradients. Figure 3.4(C) shows the effect of thermal conductivity (k)
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on the rotational speed (o ). An increase in k causes an increase in the rate of heat transfer
from the hot substrate to the droplet. Subsequently, the temperature gradient between the
hot substrate and the droplet increases which induces a higher rotational motion owing to
the accompanying increase in surface tension gradient and natural convective (NC) flow.
The values of k in the simulation has been selected based on the practical values of
different materials such as glass (0.8 W/mK), mercury (7.82 W/mK), lead (35.6 W/mK),
tin (68.2 W/mK), iron (86.5 W/mK), and copper (385 W/mK)*. Beyond a critical value of
k (~100 W/mK), the rotational flow due to the natural convection is significantly higher

than the rotation due to the thermal Marangoni (TM) flow. A dominance factor (

D =(NC/TM )x100% ) of natural convection over thermal Marangoni is calculated to

understand the contribution at different temperature difference and thermal conductivity
values. The plot follows a linear trend in the range of 0.8 to 700 W/mK of k values as
indicated by dotted lines in the logarithmic plot (C), which indicates that for high k region
the dependence of @ over K saturates because the distribution of temperature across the
droplet spreads faster towards the top surface due to high k value that lead to gradual
change in the surface tension compared to a drastic change in the low k region. Although,
the ® value increases at 1200 W/mK, the increase in the slope is not drastic. Thus, a low k
material is well suitable for the bio-sensing application as the rotation of the droplet in that
domain is considerably sufficient and tunable, in addition, the system gets more time to
perform complete reaction with faster gain of electrical stability. This is why, glass (k =
0.8 W/mK) as a substrate material is suitable for this bio sensing platform. Moreover, all
metallic substrates are not feasible as they short the device electrically. Figure 3.4(D)

shows the effect of temperature difference (a7 =T -T,, where T, is room temperature ~
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22°C) of the hot substrate on the effect of rotation (o ). As AT increases, the temperature
gradient across the hot substrate and the water droplet increases (from 0.5x10° °C/m to
3x10° °C/m) which induces a higher surface tension gradient along with higher natural

convection and consequently the higher rotational motion inside the droplet is observed.
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Figure 3.5: Image (A) shows the experimental set-up for sensing and measuring the concentration
of a-amylase in a sample. Image (B) shows the temporal response of the sensor for C, = 20 U/L

of amylase at a substrate temperature of 26°C. Image (C) shows the response of the system for
different concentration of a-amylase at 3 different temperatures. The scattered red points are the
response of the system due to introduction of blood serum sample.
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However, the experimental blue line-plot in Figure 4(D) shows a close match with the
simulated result up to ~ AT = 24°C. However, for a high temperature condition, similar to
a high thermal conductivity, the temperature distributes across the droplet very fast from
bottom to top and the radiated heat from the hot surface increases the air temperature in
the near vicinity in practical situation and thus, a low rotational speed (» ) was observed
compared to the computational value. The low temperature suffers from a low rotational
motion and the high-temperature zone is not suitable for electrical instability due to
evaporation and bio-sample degradation issues. Moreover, in the proposed system the high
temperature was also not providing a significant improvement in rotational speed (o )
beyond ~40°C. Hence, a temperature ~40 — 45°C was selected to be the operational

temperature in an experimental situation.

3.3.3 Experimental Analysis

The set-up of the sensing application is illustrated in image (A) of Figure 3.5. In this case,
the salt water droplet having starch was placed in between two cylindrical copper
electrodes. A test sample having a-amylase of 5 pl was added to the base drop in order to
detect the a-amylase concentration. The test was performed for three different substrate
temperature of 26, 40 and 50°C as discussed earlier. It was observed that the change in
normalized resistance (AR, ) was higher in case of higher concentration of amylase. In
this situation, the big molecules of starch create a barrier in the ion transport inside the
droplet.

However, in presence of a-amylase, the starch breaks down to smaller molecules glucose
and maltose, which reduces the hindrance in the passage of ions which lead to a higher

change in resistance in presence higher concentration of amylase. Moreover, the
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intermediate oxocarbenium ion formation due to the reaction or due to nucleophilic
displacement reduces the resistance across the droplet. Besides that, the catalytic ionizable
groups of amylase often create protonated carboxyl ions. These ions play the role to
reduce the resistance across the reaction.’>>* Image (B) of Figure 3.5 shows the temporal
response of the sensor for amylase concentration, Ca = 20 U/L at a substrate temperature
of 26°C. The whole experimental situation was divided in three zones, such as (i) the
sensor is attaining stability before the reaction starts, (ii) the mechanical unstable zone due
to the injection of sample, and (iii) the interval of measurement as illustrated in image (B)
of Figure 3.5. The response of the droplet was obtained in the third zone as described here.
The best response was found to be at the temperature of ~40°C, which can be explained by
the fact that the free a-amylase shows highest activity at the temperature range of 37—
42°C. Moreover, higher temperature leads to evaporation of the droplet which is not
feasible for the stabilized electrical response and high temperature also shows a saturated
rotational motion beyond 40°C as shown and discussed in Figure 3.4 (D).

Experiments with biological samples were also performed and it was observed that the
responses were close to the calibration curve. The bio-samples were tested in 40°C. The
results are shown in Figure 3.5(B) with scattered points. The stability of the sensor was
also checked by measuring the base resistance of droplets from 3 different freshly
prepared solutions for 3 different days as illustrated in Figure 3.6. The plot suggests that

the droplet solution is stable and reusable for the experiments.
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Figure 3.6: This image shows the base resistance of three different droplets for three different
days.

3.4. Conclusions

In summary, this study reveals the effect of heat on a water droplet. The rotational motion
was observed inside a water droplet when it was placed on a hot substrate. The rotational
motion increased with the increase in the temperature of the substrate temperature. A
motion of magnitude ~12 rpm was recorded for a substrate temperature of 60°C when a
particle of diameter ~200 um placed inside the droplet. A finite element computational
study was performed to understand the phenomenon and it was found that the change in
interfacial tension across the droplet due to variation of temperature was the reason behind
the rotational motion. A study was performed to understand the contribution of thermal
Marangoni and natural convection. The computational studies suggested that, for a
particular temperature gradient, the rotational flow due to surface tension gradient occurs
throughout the droplet whereas, the rotational flow due to natural convection occurs in the
vicinity of the local hot spots inside the droplet-like near the contact line of the droplet.
The thermal Marangoni flow is comparatively higher for a lower temperature gradients (

AT =10°C) whereas, for higher temperature gradients (a1 = 50°C), flow due to natural
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convection overpowers the effect of thermal Marangoni flow. The droplet system was
further extended in biomedical application to detect a-amylase in blood serum.
Experimental studies showed the capability of detecting blood serum in the range of 20 —
110 U/L, which is suitable to diagnose the pancreatitis at early stage. The computational
study suggested the operation in substrates having low thermal conductivity would provide
better practical feasibility in case of sensing. It was also found that the temperature ranges
between 40 — 45°C was best for the sensing operation. Tests with human blood serum was
also carried out and the results were in the range of pathological data. Hence, the proposed

system can be used for biomedical application to diagnose pancreatitis at its early stages.
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I1. Paper Based Electronic Sensors

CHAPTER 4

Paper Based Flexible Touchpad and Hand Tremor Detection Device
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ABSTRACT

A resistive touchpad was developed employing paper, pencil graphite, and
polydimethylsiloxane (PDMS). One side of a piece of paper was coated with pencil
graphite to make it electrically conducting while the other side was coated with the
polymer to make the same an insulating one. A pair of such flexible substrates were
assembled with the help of an intercalated polymer spacer in such a manner that the holes
present in the spacer allowed the inner graphitic layers of the paper surfaces to come in
contact with each other when these locations were touched or pressed. An external
electrical circuit was designed to detect the variations in the output electrical resistances.
The resistive pad was further modified to develop a point-of-care-testing (POCT) device
to detect the hand tremors associated with the neurological disorders such as Parkinson’s
disease. The proof-of-concept POCT pad showed variations in the electrical resistance
when pressed with a pair of human fingers, which were under tremor, due to the variation
in the area of graphitic contact at the inner layers of the paper surface. Simplified circuit-
models have been discussed to explain the operating principles of the resistive pad and the
POCT device for hand tremor detection. The response from the detection unit helped in
evaluating the different types of real-time hand tremor levels of patients. The POCT
prototype was able to detect the early to chronic stages of tremor and then differentiate the
severity of the same, which showed usefulness in the prototype for the POCT of diverse

neurological disorders.

Manuscript under preparation.
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4.1. Introduction

The design and development of the modern electronic touch sensors have significant
analogy to the ‘touch’ sensations generated at the epidermal layer of a human skin by the
hypodermal nerves'. The artificial electronic gadgets employ tactile sensors to detect the
location and motion of a touch on the surface by measuring the variations in electrical
resistance,? capacitance,® impedance,* or inductance.® Apart from sensing the human
interferences, the touch-sensors can also detect force or pressure applied® or the
movements before triggering various actions based on the magnitude and direction of the
finger impress.

Of late, the integration of the specialties of micro or nanoscale science’ and bio- and
smart-materials® into the touchscreen devices and other sensors® have played a pivotal role
in improving their affordability, efficiency, and biocompatibility.!>> Particularly,
extensive research efforts have been directed towards developing radically economic
touchpads.® % This is because, apart from the tele-interfaces, the wearable touch sensors
are also in extensive use for the affordable primary health care devices.'” Thus, the
development of a low-cost, portable, flexible, sensitive, reliable, and robust touchpad is
one of the major focus of contemporary research.

However, most of the commercially available touchscreen devices are of relatively higher
cost because they employ, (i) silicon or liquid crystal or ITO coated glass/acrylic
substrates for fabrication,32% and (ii) high-end instruments physical or chemical vapor
deposition and lithography techniques for fabrication.?! In view of the above, we report the
development of an affordable, eco-friendly, and biodegradable touchpad employing filter

paper, polydimethylsiloxane (PDMS), and pencil-graphite as the building blocks. The
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concept is further extended to develop a primary health care prototype, which can detect
the hand tremors of a Parkinson’s patient.

The touchpads can broadly be classified into capacitive and resistive types.> ® Resistive
panels are affordable with a relatively lower clarity while the costly capacitive ones are
more suitable for the high-end applications.??® A resistive pad consists of two conducting
sheets sandwiching a dielectric material.?® The outer sheet is in general made flexible for
the touch sensation while the rigid inner layer provides mechanical stability to the device.
The flexible resistive sheet makes contact with the rigid one to generate signal due to
touch sensation.? 27 On the other hand, the capacitive touch-panels are composed of an
insulator coated with a transparent conductor® ® on which the variation of the electrostatic
field with the touch is correlated with the change in capacitance.

A touch-screen is in general operated by an analogue to digital controller (ADC) unit,
which is programmed to differentiate action-reaction cycles for the necessary triggers.?> 28
The popular touch pads employ n-wire configurations for the detection of the output. For
example, to identify the coordinates (X, Y) of a ‘touch’ position on a 4-wire screen,
initially, a voltage is applied in the Y-direction at the receipt of the touch sensation. The
‘touch’ location splits the Y-axis into two parts by acting as a voltage divider having two
different resistances on the sides. This scheme helps in the identification of Y-location of
the touch sensation. Following this, the voltage in the Y-direction is turned off and an X-
directional voltage is applied to obtain the X-location to finally obtain the coordinate (X,
Y) of the touch.*®

A few of the seminal contributions have shown the use of paper as one of the building
blocks to develop the capacitive touchpads and sensors.?® 2° Further, the touchpads

composed of diverse nanomaterials and nanostructures have also been reported in the
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recent past.® 3932 Interestingly, a large number of studies have shown the potential of
carbonaceous materials for electronics as a replacement of silicon-based technologies.®3¢
In view of this, we employ coating of pencil graphite on a piece of paper as the base
material® 3% to develop a resistive touchpad. The prototype emulates the principles
employed by a number of recent works for the development of carbon-based electrodes,
circuits, and devices.1%12 447 In a way, we replace all the costly materials and fabrication
methodologies by simple methods and economic resources to fabricate the resistive-pad.
The concept is then extended further to develop a hand-tremor monitoring device for the
detection of the neurological disorders at the early stages.

It is now well known that neurological disorders represent 7.1% of the global burden of
diseases, cutting across the cause and age.*® Importantly, symptoms of these disorders are
nearly imperceptible at the early stages and the patients approach medical professionals
only when the disorder becomes chronic. Most of the neurological disorders are associated
with abnormal or involuntary tremors in the different parts of human body.** > For
example, a ‘rest’ tremor in a freely hanging limb is a common symptom of the
extrapyramidal disorder, e.g., Parkinson's disease.’’ ® On the other hand, the ‘intention’
tremor during the deliberate movement of a limb increases due to degeneration of the
cerebellum and basal ganglia, which magnifies during the multiple sclerosis, Parkinson‘s
or Wilson's disease.>® Measurement and differentiation of such tremors at the early stages
of disorders at the patient’s site can be of immense significance in reducing the adversities
of various types of neurological diseases.

Among other neurological disorders, presently, the Parkinson’s disease is perhaps the most
dreaded one, which starts with marginal hand tremors. Over the years, a few detection

techniques for these tremors have been developed, which involves accelerometers,®
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motion sensors, or optical and mechanical arrangements.>® % However, all these devices
are not easily available to the patients for their regular use because, (i) they are available
mostly at the centralized agencies, (ii) they use of multi-step complex and sophisticated
methods for detection, (iii) they require medical and/or engineering expertise for initial
analysis, (iv) they are non-portable, (v) of their higher cost of production and maintenance,
and (vi) of their time requirement for analysis.

In this direction, we extend the principle of the resistive pad to develop a proof-of-concept
prototype, which can be employed at the user’s site for the regular monitoring of the hand
tremor. The prototype is capable of differentiating the normal and abnormal tremors.
Further, the prototype has been tested with the real-life Parkinson’s patients to detect the
kind and extent of the abnormal tremors. The affordable, portable, flexible, sensitive, and
robust point-of-care testing (POCT) prototype may help in the early stage non-invasive

detection of various neurological disorders at the user’s site.

4.2. Materials and Methods
4.2.1 Materials

Glass slides were procured from AB Chemicals, India. The HB pencils, A4 size
papers, and adhesive were procured from local vendor. The Milli-Q grade de-
ionized (DI) water was used for cleaning and preparation of solutions. The
polydimethylsiloxane (PDMS - Sylgard184 kit) was procured from Dow Corning
Corporation. The Cu wire was procured from Surgeon Sons, India. The other
chemicals acetone (C2HeO), and ethanol (CoHsOH) were procured from Merck,
India, which were of analytical grade and used without further purification. LEDs,

resistances, and other electrical components were obtained from local vendor.
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Figure 4.1: This figure shows the fabrication process and illustration of working. Images (A) — (D)
show the different steps of assembling the touchpad device, (A) PDMS coating on paper, (B)
paper substrate with inner-graphite and outer-PDMS coating, (C) placement of the PDMS spacer,
and (D) the entire assemblage of resistive pad. Images (E) and (F) illustrates the working principle
of the touchpad in which different locations of finger-press turned on different light emitting diodes
(LEDs, L1 and L) while the current passed through different resistors (R1, and Rz). Images (G) —
(J) show the schematic illustration of the working for a single touch location. Images (G) and (1)
show the side view of the pressed touch location along with a simplified circuit model, whereas
images (H) and (J) show the corresponding top views. Image (K) shows the change in the
resistance (R) with applied weight (W) on the touch location. The solid lines show the theoretical
calculations for different values of a and the scattered points represent the experimental data for
different thickness of touch layer.
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4.2.2 Methods

The fabrication steps and different layers of the touchpad is described in the Figures
4.1 and 4.2, respectively. The touchpad was made of commercial A4 paper with
graphite coating on the inner surface using HB pencil, as shown in the images (A)
and (B) of the Figure 4.1. The PDMS film was also applied as the protective
coatings at the outer surfaces of the paper substrates, as shown in the image (B).
Two such graphite coated papers were then separated from each other using a
PDMS spacer, as shown in the images (C) and (D) in the Figure 4.1. The touchpad
paper substrates disposed one above the other in such a manner that the graphite
coated conductive layer of one substrate faces towards graphite coated conductive
layer of the other substrate. Further, the graphite coated inner surfaces of the paper
substrates maintained a contactless disposition with an air gap in between for touch
and press. The spacer PDMS film had multiple holes, which allowed the inner
graphite layers of the paper substrates to come in contact when force was applied on
the top surface, as shown in the images (E) and (F) of Figure 4.1. In this process,
approximately 7 — 9 gm of PDMS, 0.5 x 2 cm Cu strip, and 100 — 120 graphite strokes per
cm? were employed.

The contact between the conducting coating of the paper substrates during press
motion triggered the ‘switching on’ while the loss of contact during the removal of
the press action led to the ‘switching off’. The images (E) and (F) show that the
press at different locations of the pad turned on both the LEDs (L1 and L2) or one
LED while the current passed through resistors (R: and R2). Images (G) — (J) show

the schematic illustration of the working for a single touch location. Images (G) and
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(1) show the side view along with a simplified circuit model of the pressed touch

location, whereas images (H) and (J) show the corresponding top views.
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Figure 4.2: Details of the electrical parts with dimensions. Image (A) shows the outer surface view
with PDMS coating and Cu connect of the top surface, image (B) shows the configuration of the
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PDMS spacer with four holes, and image (C) shows the inner surface of the paper substrate with
the Cu connect. Image (D) shows the assembly of the parts to form the touchpad and image (E)
illustrates the circuit associated with the device having four locations. Images (F) and (G) show
simplified circuit models for understanding purpose when switch S; is pressed and switch S; is
pressed, respectively. Image (H) shows a prospective interfacing of the touchpad with ATmega328
microcontroller using Arduino Uno. All dimensions are in cm.

The touch area between the two conductive surfaces increased with the increase in
the pressure as shown in the schematic top views (H and J). This increase in the
touch area primarily contributed to the decrease in the resistance. The circuit model
in the images (G) and (1) are described in details in the later section of this paper.
The dimensions and the different layers of the touchpad are described in Figure 4.2.
Image (A) shows the outer PDMS coating of the top paper substrate with a Cu
connect at the inner surface; image (B) shows the configuration of the PDMS
spacer with four holes; image (C) shows the inner surface of the bottom paper
substrate with Cu connect; and Image (D) shows the assembly with four distinct
locations of touch indicated by the numerals 1, 2, 3, and 4. The image (E) illustrates
the controlling circuit associated with the device. The controlling module was
enabled to receive current flow from the supply voltage specific to the touch
location. This happened when one of the touch locations in the top surface was
pressed to bend and touch bottom one. The graphite coatings on the inner side of
the top and bottom substrates came in contact, which enabled a flow of current
through the controlling module.

The controlling module included resistive circuits having four variable resistances,
each corresponding to one touch location. They were connected to an operational
input by means of the cooperative electronic applications. The associated circuit

diagram for the touchpad is shown in the image (E) of Figure 4.2 where R1 to R4 are

the variable resistances connected to the LEDs L; to L4, respectively.
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Figure 4.3: Characterizations of the touchpad prototype. Image (A) shows the microscope image of
the cross-section of the graphite coated paper. Image (B) shows the FESEM image of the graphite
coating on top of the paper. Image (D) shows the optical microscopic image of the cross-section of
the touchpad with three different layers. Image (D) shows the Raman spectroscopy analysis of the
deposited graphite layer. Image (E) shows the current (I) versus voltage (V) characteristics of the
graphite coatings provided in the different locations 1 to 4 on the pad. Image (F) shows the
variations in the electrical response of different locations with time highlighting the stability of the

Sensors.

The resistors were tuned according to the touch area resistances Rs to Rs,

respectively. The switches S; to S4 represent each touch area in the touchpad. The
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supply voltage Vs was connected to the touchpad and LED, as shown in circuit. The
variable resistances were tuned according to the touch location resistances of the
touchpad. This enabled combined resistance of the touch location and the
corresponding variable resistance high enough to flow of a minimum required
current to the operational input in order to generate a specific output signal at the
LEDs. For the sake of understanding, the circuit for two touch locations are
illustrated in images (F) and (G), which are elaborated later to understand the
working of the concept. Image (H) shows a prospective interfacing of the touchpad with
ATmega328 microcontroller using Arduino Uno. The touchpad in this case has been
connected to the Analog pin A0 which receives the voltage signal from the voltage divider

configuration as illustrated in the circuit.

4.2.3 Characterizations

The optical microscopic (Make-Leica, Model-DM500) and FESEM (Make- JEOL,
Model- 7610F) images of different parts of touchpad are shown in the Figure 4.3.
The thickness of the conductive graphite layer was found to be ~15 um after 20
repetitive strokes of the HB pencil, as shown in optical micrograph image (A).
Image (B) shows the FESEM image of the graphite coating on paper surface. Image
(C) shows a cross-sectional image of the fabricated touchpad where three layers of
PDMS are shown. Image (D) shows the Raman (Make- Horiba, Model- LabRam
HR800) spectra having two characteristics peaks, which confirms the presence of
graphite on the paper substrate. Image (E) shows the electrical characterization of
the fabricated touchpad. The I-V characteristics of four different touch locations are
shown in this plot. The stability of the touchpad was verified using time-dependent

analysis of different touch locations, as shown in image (F).
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4.3. Results and Discussion
4.3.1 Resistive Touchpad

The resistive touchpad was designed and operated based on the output electrical
resistance of different touch location. A simplified circuit model has been
introduced in the images (G) and (I) of Figure 4.1 to understand the resistive
response of a touch location upon touching. The output electrical resistance (R) of a
touch location had three major components, (i) top electrode resistance (Rrt), (ii)
contact resistance (Rc), and (iii) bottom electrode resistance (Rg). The resistances
were connected in series to give the output resistance as,

R=R, +R.+R,. (4.1)
As the top and bottom electrode materials and positions were fixed throughout the

pressed condition, the r, and r, were assumed to be constant. The variation in the
resistance upon pressing was assumed due to the contact resistance (R, ). Thus, the
resistance can be rewritten in terms of physical properties such as, resistivity (p),
contact area (A, ), and length (1) associated with r_ as,

R=R, +R, +p(lI/A.). (4.2)
The contact area (A.) was assumed to be circular, thus, A_ = zr*, d = 2r, where r

and d were the radius and diameter of the contact area, respectively. Substituting
the contact area in Eq. (4.2) we obtained,

R=R, +R, +(pl/z)r™. (4.3)

In Eq. (4.3), only r changed with the applied weight (W). To simplify the

calculation and find a tentative relationship between the applied weight and

response of the touch location, a linear relationship between the applied weight and
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the radius of contact area is assumed as, rxw = r=awW , Where a is the
proportionality constant. The « was assumed to be dependent on the mechanical
properties and associated parameters such as spacer distance, spacer height etc. of
the touchpad material and geometry. Substituting the value of r, the Eq. (4.3) can

be written as,

R=R, +R, +(pl/z)x(aW) . (4.4)
Eq. (4.4) provides a theoretical basis for the change in the resistance in a touch
location upon pressing. The value of Rc from Eqg. (4.4) has been plotted in the
image (K) of Figure 4.1 as solid lines considering the order of the magnitude of « to

be 10°°.

15 30 45 60 75
1(s)

Figure 4.4: Experimental demonstration of the prototype. Images (A) — (C) show that the glowing of
four, three and one LED(s) depending upon the touch location. Image (D) shows the output
resistances of the different touch locations 1 to 4, as shown in the image (E). Image (F) shows the
repetition of the output current for multiple touches made at location A.

The experimental values in symbols for touch layer thickness of 750 um and 960

pum were also plotted where the value of (R, +R,)was considered to be ~7.4 kQ.
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The plots showed an acceptable agreement between the theoretical and
experimental values. Further, from the plots in the image (K) of Figure 4.1, it can
be observed that the value for a reduces for a higher touch layer thickness.
Experimental images in Figure 4.4 show the turning on of the LEDs depending on
‘touch’ positions on the pad. Images (A) to (C) illustrates the experimental output
of the proposed touchpad and image (D) shows the output resistance of different
touch locations namely 1, 2, 3, and 4 as illustrated in image (E). In this case, all
LEDs were turned on once touch was made in first location “1”. Similarly, only 3
LEDs were turned on when touch was made in the second location “2” and only 1
LED was turned on once the touch is made in the third location “3”. The image (F)
shows that the output signal was stable for 6 repeated touch signals in the location
1, highlighting the robustness of the prototype.

In order to illustrate the tuning of the resistances further, a simpler example of the
touchpad having two touch locations was considered. We assumed that the
minimum current to turn on an LED was 0.3 mA. The circuit, shown in Figure

4.2(F), was designed in such a manner that when the touch area s, was pressed only
the LED L, glowed. On the other hand, both the LEDs glowed when touch area s,

was pressed, as shown in Figure 4.2(G).

To achieve this, the resistances r, and Rr, were tuned in such a manner that, R, = 5
kQ and R, = 10 kQ. The resistances of the different touch locations were, R, = 10
kQ, r, = 5 kQ, and the supply voltage was v, = 9 V. It was assumed that the LEDs

did not have any internal resistance in order to reduce the complexity associated

with the calculations. From circuit theory, when s, was pressed, the total current
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through Ra was evaluated as, 1, =V, (R,R,(R, + R,) "+ R,) ", which led to 1, = 0.675

mA, 1,,= 045 mA, and 1, = 0.225 mA. Thus, only the ., LED was turned on.

11 2

Again, if the Sz was pressed we obtained, 1, = 1.08 mA, 1,, = 0.72 mA, and 1, =

21

0.36 mA. Thus, in this case, both the LEDs were turned on.

y 30 -~
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Figure 4.5: Electrical response of the different locations of the resistive touchpad. Image (A) shows
the variation in the output current (I) of the touchpad with time (t) during a touch incident in the

locations 1 to 4. The image (B) shows the variation in the peak output resistance (R, ) after 600

trials in the locations 1 to 4.

The output current due to the touch was also measured experimentally. The
experiments showed that the output current (I) of the touchpad with time (t) during
a touch incident in the locations 1 to 4 was different as illustrated in image (A) of
Figure 4.5. The output resistance corresponding to the peak current, namely the

peak output resistance (RrR,), was also measured for 600 trials to confirm the
stability of the proposed prototype. The variation in r, at the locations 1 to 4 is

shown in image (B) of Figure 4.5. Briefly, Figures 4.1 and 4.2 show the assemblage
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of a paper-based low-cost

operating principle and pe

flexible touchpad while the Figures 4.4 and 4.5 shows the

rformance of the same.
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Figure 4.6: Detection of hand-tremor using the resistive pad. Image (A) shows the sensor that

detects the hand tremor. Ima
fluctuation of the current due

ge (B) shows the mechanism of the sensor. Image (C) shows the
to hand tremors which can be used for quantification of tremors.

Images (D) and (E) show the circuit model and front view of the sensor in a bent condition. Image
(F) illustrates the quantification of bending schematically. The images (G) and (H) shows the real

images of sensors in related a

nd bent condition, respectively. Image (l) shows the theoretical (solid

line) and experimental (scattered points) response of the sensor with the bending. The theoretical
data in the image (1) are plotted for different values of 4 .
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4.3.2 Hand Tremor Detector

Interestingly, the resistive touchpad could be employed to detect the hand tremors®’
linked to the neurological diseases like Parkinson’s disease with some minor
adjustments in the design. Images (A) and (B) Figure 4.6 show that when the
touchpad was held vertically and pressed in such a manner that the entire
embodiment bent, it could also generate electrical responses as shown in the image
(C). Images (D) — (F) show the schematic illustration of the working along with a
simplified circuit model and the quantification of bent in this case. Once the sensor
was bent by index and thumb fingers, as shown in images (B), (G), and (H), the
graphite layers came in contact and allowed the current to flow. Since the resistance
depended upon the area of contact, a fluctuation in the force of bending due to the
tremors in hand also varied the flow of current, which was detected by a digital
multimeter (MASTECH M92A(H)), as shown in the image (C).

Similar to the previous section, image (D) shows the side view and a simplified
circuit model for this sensor. This sensor also works based on the change in touch
area due to bending. Image (E) shows the touch area from the front side. To
understand the resistive response of a touch location upon bending, a simplified
circuit model, similar to touchpad has been introduced where the output electrical
resistance (R) of a pressed touch location has three major components, such as (i)

left electrode resistance (R, ), (ii) contact resistance (Rr.), and (iii) right electrode
resistance (R, ). The resistances were connected in series to obtain the output

resistance as,

R=R_+R_+R,. (4.5)
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As the left and right electrode materials and positions were fixed during bending,
the change in the resistance upon bending was assumed due to the contact resistance

(Rr. ) only. Thus, the resistance can be rewritten as.
R=R_+R +p(I/A.). (4.6)
As the contact area (A_) in this situation was assumed to be rectangular as the

spacers in this case were only in the top and bottom side of the sensor. Thus,

A. =(xxd), where x and d are the width and height of the contact area,

respectively. We assumed that the width was constant while the height changed
with bending, b. Image (F) shows the measurement of the bending, b, of the sensor

in this study. Substituting the contact area in Eq. (4.6),
R=R_+R,+pl/(xxd). (4.7)
In Eq. (4.7), all the parameters are constant, however, only d changes with b. To

simplify the calculation and find a correlation between the bending and response of

the sensor, a linear relationship between the bending and the height of contact area
was assumed, d < b = d = gb, where g is the proportional constant. Substituting
the value of d, the Eq. (4.7) can be written as,

R=R_+R,+(pl/x)x(Bb) . (4.8)
Eq. (4.8) gives a theoretical basis for the change in the resistance in a sensor upon
bending. Images (G) and (H) show the real images of the sensor in relaxed and bent
condition, respectively. The value of r, from Eq. (4.8) has been plotted as the solid
lines in the image (1) of Figure 4.6 considering the order of the magnitude of g to

be 108. The experimental resistance values for a sensor with different bending were

TH-2202_136153001



Paper based electronic sensors 117

also plotted as symbols where the value of (R, + R,) was considered to be ~10 kQ.

From the plots in the image (I), it can be observed that the values are well aligned

with the theoretical response.

(A) Press knob (B) Relaxed (C) Pressed

~ - Press knob
Cabinet I

Cabinet
S "

Connecting i "“xh_l_s_:'as
- Sensor
'\_/ wire T Caneﬂting
Conneetor " wire
. Connector
Comnecting wire
(E) )
=) Bluetooth Module

82w
G é
[TTL

Cabinet

Sensor

Figure 4.7: The device plan of the prototype. Image (A) shows the outside getup of the proposed
device. The images (B) and (C) show the cross-sectional image of the prototype under relaxed and
pressed conditions. The mechanical ‘bias’ in the embodiment ensures that the sensor bend
towards left when the ‘knob’ at the top is pressed. Image (D) shows an image of the prototype. The
electrical connect at the bottom connects the sensor to the controller unit, as shown in the image
(E). Image (F) shows the fluctuation of the current due to hand tremors are transferred to the
mobile interface with the help of the Bluetooth module integrated to the controller unit.
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The fluctuations of current could easily be quantified and correlated to the hand
tremors. For this purpose, a proof-of-concept prototype was developed which
includes a grasping mean for holding by the user with a resiliently biased sensing
unit to put pressure through fingers. The grasping mean contained a press-knob
having an operative communication with a pressure sensitive sensor. The pressure
sensor was configured to translate applied force on the pressing unit through the
user’s fingers to generate an electronic signal. With the variation in the applied
pressure on the pressing unit by the user’s fingers during the hand, tremor caused a
change in the translated electronic signal, which was correlated in a connected
processing unit with the hand tremor level of the user.

Image (A) in Figure 4.7 shows a schematic illustration of the handheld detection
unit. The cross-sectional images under relaxed and pressed condition are shown in
images (B) and (C), respectively. The press-knob was pressed by the user for
detection of the tremor with the help of the flexible resistive sensor for detection of
the change in bending. The images (B) and (C) show that the prototype contained a
mechanical bias in the form of a hump structure, which ensured the flexible
pressure sensor to bent always towards the left side. A freely movable support was
provided on top of the housing while the press-knob was fixed with the support.
The entire arrangement of press-knob with the movable support was attached to the
top of the detection unit. When the knob was pressed, the flexible sensor was
compressed to bend it leftwards, as shown in the image (C). During the release of
the pressure, the knob to go back to its original position due to the upward force

released by the flexible bent sensor, as shown in the image (B). The leftward bend
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of the sensor caused a variation in the output electrical resistance of the sensor as an
indication of the hand tremor. Image (D) shows the real image of the detection unit.

Image (E) illustrates a preferred circuit representation of the processing unit.
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Figure 4.8: The images show the variations in the normalized resistance [AR/Ro = (R — Ro)/Ro] with
time (t) for (A) mild, (B) moderate, and (C) high hand tremors. Here Ro refers to the base
resistance of the sensor and AR is the variation in the resistance. Image (D) shows the response
of the sensor for mild, moderate and high tremor. Images (E) and (F) shows the sensor stability
analysis. Image (E) shows the stability of the sensor with time and image (F) shows the merit of
the four different sensors.

The detection circuit comprises a network of passive resistors comprising a

supporting resistor (r,) and contact area resistor of the sensor (R, ) biased with the
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supply voltage. The output electronic signal i.e. the voltage across R:1 and Rs was
transmitted to the SPU. The SPU comprised of an Arduino UNO board, a Bluetooth
module, and resistors R

and Rr,. The resistance r, R,, and R, are calibrated

21 21

according to the sensor (R,) response. The output electronic signal from the
detection circuit went to the analog input pin AO of the Arduino UNO. The signal
was then transmitted by the Bluetooth module and was further received by the
Android mobile application, which displayed the results on the mobile screen, as
shown in the image (E). Image (F) shows a typical display on the mobile interface
of the current signal from the present system generated due to hand tremor.

In order to illustrate the working of the detection circuit, the following exemplary
situation was considered. For a supply voltage Vs of 5 V and R, of 10 kQ, the
resistance of the sensor Rs was expected to change with the variation in pressure
produced due to the tremor. For example, in a particular condition, the value of the

Rs changed from 15 kQ to 8 kQ due to the increase in surface area between the two

conductive layers. Thus, the voltage across the sensor r,, (R, /(R, + R,))xV, , varied

from 3 V to 2.22 V. This fluctuation of the voltage went to the analogue input A0
before converted to a digital signal and displayed on the mobile interface.

The prototype developed in Figure 4.7 was employed to measure the mild,
moderate, and high hand tremors, as described in plots (A), (B), and (C) of Figure

4.8. In case of mild tremor, the normalized resistance (aRrR/R, ) values were found to
be less than 0.2 whereas aRr/R,values went beyond 0.2 in case of the moderate

tremor. However, for the higher hand tremors, ARr/R, values went well beyond 0.4.
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Figure 4.9: This images (A — D) show the variation in AR/R0 with time t for four different patients

(A — D) having a hand tremor. Plot (E) shows the calculated response of the sensor for patients (A
— D). Table (F) shows the descriptions of response and corresponding implications.

The plots indicated that the magnitude of aRr/Rr, could be one crucial parameter to

differentiate the levels of tremor. It may be noted here that the tremor
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characterizations reported in Figure 4.8 were of the hands of healthy peoples around
the laboratory.

The tremors were generated by stressing the hand with different types of exercises
to develop the mild, moderate, and high tremors. Image (D) summarizes the
responses of the sensor for mild, moderate and high tremors. The response was

calculated by taking the average of standard deviations of the ar/r, values in the

image (A), (B), and (C) for each 10 s as shown in Eq. 4.9. Further, the severity of
the response represents the standard deviation of 6 consecutive response values as

shown in Eg. 4.10.

Response,o = \|=+——, (4.9)

(4.10)

Severity =

To understand the performance and quality of a fabricated sensor, the merit of the

sensors was calculated using the following formula, merit=(R  ~R . )/R..

where r__ and RrR_, is the maximum and minimum resistance of the sensor during

ax in

bending, respectively. Image (E) and (F) show the stability analysis of the sensor.
The stability of the sensor was tested by comparing the merit of the sensor with
time and different batches of sensors as shown in images (E) and (F), respectively.
The images confirmed the stability and repeatability of the sensor signals in

measuring the different types of hand tremors.
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The results obtained in Figure 4.8 prompted us to test the prototype to detect the
hand tremors of the real-life patients. Figure 4.9 shows the response of the sensor
for four different patients (A — D). The detection, determination, and differentiation
of tremor the levels were quantified by response and severity, as shown in the
image (E). The calibration was performed by measuring the response and severity
of the sensor as indicated in image (D) of Figure 4.8. The color of the image (E)
shows three different stages of a user, where red signifies a severe condition, yellow
signifies a condition that needs medical attention, and green signifies healthy
condition. In this image (E), the higher value of response and severity was found to
be an indication of a medical emergency. In principle, a higher error bar indicated
more change in resistances at every 10 s interval and thus corresponded to even a
higher severity. However, a lower error bar in this regard indicated a relatively
steady tremor level. Table F summarizes a typical healthy, early stage, severe, and
very severe stages of hand tremors obtained from the data analysis of the proposed

prototype.

4.4. Conclusions

An economic and flexible resistive touchpad was fabricated employing pencil graphite and
polymer-coated paper substrates. The pad could detect and differentiate touch or press
locations based on the variation in the contact area of the inner graphitic layers, which
generated different output electrical resistance based signals at the different touch
locations. A simplified circuit model was shown to uncover the theoretical basis of the
working principle, which was found to be very similar to the experimentally obtained
values. The stability, repeatability, and reliability of the touch sensations were

demonstrated based on a large number of trials.
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A minor adjustment of the design of the pad led to a POCT device to detect the hand
tremors of the neurological disorders such as the Parkinson’s disease. The handheld
prototype contained a paper-pad sensor, a signal processing unit, and a mobile display.
The variation in the response of the resistive sensor was able to differentiate mild,
moderate and high hand tremor levels at the human fingers. The response and severity
analysis from the device were correlated to the different stages, namely, emergency,
moderate, and healthy tremors for the real-life patients. While the working principle was
explained in a similar manner as the touchpad, the stability and reliability were studied for

a large number of data set.

The proposed proof-of-concept prototype has shown significant potential in the
development of the POCT device for the early and chronic stage detections of various

neurological disorders such as Parkinson’s or Wilson’s disease.
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CHAPTER 5

Nano-Enabled Paper Humidity Sensor for Mobile Based Point-of-Care

Lung Function Monitoring
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ABSTRACT

The frequency of breathing and peak flow rate of exhaled air are necessary parameters to
detect chronic obstructive pulmonary diseases (COPDs) such as asthma, bronchitis, or
pneumonia. We developed a lung function monitoring point-of-care-testing device (LFM-
POCT) consisting of a mouthpiece, paper-based humidity sensor, micro-heater, and real-
time monitoring unit. The mouthpiece of optimal length was ensured that the exhaled air
was focused on the humidity-sensor. The resistive relative humidity sensor was developed
using a filter paper coated with nanoparticles, which could easily follow the frequency and
peak flow rate of the human breathing. Adsorption followed by condensation of the water
molecules of the humid air on the paper-sensor during the forced exhalation reduced the
electrical resistance of the sensor, which was converted to an electrical signal for sensing.
A micro-heater composed of a copper-coil embedded in a polymer matrix helped in
maintaining an optimal temperature of the sensor, which ensured that water condensed
only during forcible breathing and the sensor recovered rapidly after the exhalation was
complete by desorption of water molecules. Two types of real-time monitoring units were
integrated into the device based on light emitting diodes (LEDs) and smartphones. The
LED-based unit displayed the diseased, critical, and fit conditions of the lungs by flashing
LEDs of different colors. In comparison, for the mobile-based monitoring unit, an
application was developed employing an open source software, which established a
wireless connectivity with the LFM-POCT device to perform the tests.

This chapter is published in Biosens. Bioelectron. 94, 544-551 (2017).
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5.1. Introduction
Point-of-care testing (POCT) devices have become an integral part of modern life because

of their role in improving the life expectancy through early detection of many irreversible
health hazards. For example, monitoring of blood pressure,! body-mass-index, body-
weight,2 blood sugar,® or pregnancy* is now possible during the daily activities employing
these gadgets. In particular, the aged, children, and the disabled persons have been
immensely benefitted by the POCT devices because of their utility in evaluation and
stabilization of health conditions during the critical hours before consulting the physicians.
Although the development of the POCT gadgets has been rapid,” still there are numerous
biomarkers, which require immediate attention. For example, a reliable, portable,
economical, and a user-friendly POCT device capable of monitoring the lung condition
can be one important addition.® Herein we report the development of a paper-based Lung-
Function-Monitoring POCT (LFM-POCT) device. We employ a long-standing knowledge
that the exhaled air from a human breath contains ~90 % — 100 % humidity” and then
exploit the specialties of nanoparticles in high-precision sensing of the moisture to develop
the device. The device can be operated with the help of a smartphone for immediate test
and analysis of lung condition at the patient site.

In general, pulmonary function tests (PFT) are performed for the prognosis of the chronic
obstructive pulmonary diseases (COPD) such as asthma, bronchitis, or pneumonia.®
Reversible airway obstruction is the most common symptom of COPD,® which are
estimated employing the peak flow meter! or spirometer.* The linear or in-line peak flow
meter consists of a cylindrical housing, which has a restrictor near the inlet and an
indicator that moves with the force of exhaled air, which is evaluated employing a piston-

spring arrangement inside the housing.'? For the rotary peak flow meters, a vane
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arrangement attached to a torsion-spring inside a rectangular housing helps in measuring
the lung function parameters through an indicator.'® The digital peak flow meters are
battery powered, relatively more accurate, and user-friendly.** Alternatively, spirometers
are employed to evaluate the volume of air inhaled or exhaled, length of breathing,
contaminants in breathing, length of obstructive and restrictive ventilation patterns, and
effects of medication, among others. Presently, different varieties of spirometers!! are
available such as (a) plethysmograph — suitable for measuring the lung volume; (b)
pneumo-tachometer — measures the flow rate of breathing; and (c) digital spirometers —
electronically compute air flow rates. Apart from the peak flow meters, different other
spirometric techniques are also available, which face the limitations associated with
portability or economy or reliability or stability, essential for the development of any
POCT device.'!

In the present scenario, although efforts have been made to commercially develop some
POCT versions of peak flow meters'® and spirometers,'* they are either costly or time-
consuming or not very accurate or require medical experts for operation and analysis.
Importantly, most of the reliable techniques to monitor the lung condition are available
through centralized agencies to the large section of the patients. In many situations, at the
time of diagnosis, the natural airway obstructions go unnoticed for a patient because
COPD can take place during the critical hours of the day when the facilities are
unavailable. Consequently, more intensive bronchial challenge tests (BCT) are
performed®™ in which the patients are nebulized with methacholine or histamine to
artificially provoke bronchial constriction, which is then quantified by the peak flow meter

or spirometry.
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In view of the above, we report the development of a paper-based LFM-POCT device,
which can perhaps stage a paradigm shift in the lung fitness measurement. In the recent
past, exploiting the variations in the size-dependent properties of the nanomaterials, many
sensors suitable for the healthcare devices have been developed.t® In the recent years, the
sensors for the healthcare appliances have also been rapidly extended to the newer
domains such as microfluidics,t”"?* micro-propellers,?>%° a thin film based,?® lab-on-a-
chip,?” 28 and MEMS,?*! Diverse nanoscale particles,®  wires,* % tubes,® or rods* of
different types of materials such as semiconductors,®* carbon,® graphene,®® graphene
oxide,3 40 metal oxides,*> *® polymers,** and nanocomposites®® have been employed to
fabricate high-precision humidity sensors by measuring the variations in electrical
parameters such as resistance,* impedance,* and capacitance** * with humidity. In this
direction, cadmium sulfide (CdS) nanoparticles (CdSNPs) have been found to be a wonder
material,*® which is not only capable of humidity sensing®* 3 but also extensively
employed in photovoltaics*” *¢, optoelectronics,*® bio-sensing,>® and gas®*2 or alcohol®* %
detection.

In the present work, we developed a humidity sensor, which could follow the moisture
content of the exhaled air issuing out of human breathing. The proposed LFM-POCT
device comprised of four components, (i) a mouthpiece to focus exhaled air on the sensor,
(i) a resistive paper-sensor integrated to the mouthpiece for moisture detection, (iii) a
micro-heater integrated with the sensor to maintain an optimal temperature, and (iv) a real-
time monitoring unit to display lung condition. Figure 5.1 shows the humidity sensor in
which a paper-substrate was initially coated with gold nanoparticles (AuNPs) to make it
thermally and electrically conducting before depositing the CASNPs. The CdSNPs could

rapidly adsorb water molecules from the moisture,®® which enabled rapid humidity
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sensing. The patch of CASNPs on the paper-surface was connected to a pair of silver (Ag)
electrodes, which were integrated with an external electrical circuit to measure the change
in the electrical conductivity with the variation in relative humidity (RH). The sensor was
integrated with a micro-heater, which improved the recovery time of the sensor during
humidity sensing.%” We developed two different types of monitoring units based on, (a)
light emitting diodes (LEDs) — where the illumination of LEDs indicated the lung
condition and (b) mobile interface — where an application was developed using an open
source software, which helped in the operation of the LFM-POCT device through the
wireless connection with a smartphone. The integration of the LFM-POCT device and
application in the mobile phone helped with real-time testing, monitoring, analysis, and

data storage of the lung function parameters through smartphones.

Paper-Sensor

SensTg Layer Cd;SNP AuNP Trcated
Ag clecirode ; ’ r -
+g A _ -. / / o Paper
] 9 S o
| . ' ~
f | . /
S AN __, Sensor
AUNP Treated ~ CdSNP N "~ Electrode
Paper : -
e g Heater .'\\ “-a  [leater
Cu Wire — p Electrode hY Electrode
Micro-heater Sensor Micro-heater
Electrode

Figure 5.1: Schematic diagram showing the components of the paper-based humidity sensor. The
image shows the coating of the CASNPs and Ag electrodes, which was integrated with the micro-
heating arrangement. The micro-heater composed of a Cu coil embedded inside a PDMS matrix is
shown in the side.
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5.2. Experimental Section
5.2.1 Materials

Cadmium chloride (CdCly), sodium sulphide (Na>S) pellets, and methanol (99.5 %) were
procured from Merck (India). Poly-dimethylsiloxane (PDMS) was obtained from Dow
Corning, India (SYLGARD® 184 kit). We purchased Cu and double-sided tapes from the
local vendors. The chemicals were of analytical grade and employed in the experiments
without further purification. The Milli-Q grade water was used for cleaning and also to

prepare the solutions.

5.2.2 Synthesis and Characterizations of Nanoparticles

Intensity (a.u.)

E (Kev)

Intensity (a.u.)

Figure 5.2: The images (A) — (C) show the TEM snapshot, SAED patterns, and EDS of the
CdSNPs. The images (D) — (F) show the TEM snapshot, SAED patterns, and EDS of the
synthesized AuNPs. Images (G) and (H) show the FESEM snapshot of the paper surface and
AuNPs embedded on the paper surface, respectively and image (I) shows the FESEM image of
the CdSNPs deposited on the AuNP treated paper surface.
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The CdS nanoparticles (CASNP) were synthesized using the chemical pathway®® avoiding
the other costly chemical vapor or bath deposition techniques®*2® to keep the fabrication
cost to the lower side. The CdCl; salt was used as the source for Cd?* ions, the Na,S.9H,0
salt was used as the source for S? ions and methanol was the capping agent. In the
beginning, 20 ml of 0.1M NaOH solution was prepared, which was then slowly added to
2.5 ml of methanol. The resultant solution was sonicated for 1 h in the ultra-sonication
bath. Thereafter, the freshly prepared 0.1M NazS solution was added to the solution drop
by drop with vigorous stirring. Then, 0.1M freshly prepared CdCl; solution was added to
the previous solution with vigorous stirring, which turned the colorless solution to a

yellowish one.

Intensity (a.u.)

Intensity (a.u.)
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Figure 5.3: Images (A) and (B) show the XRD analysis and Raman spectroscopy of CASNPs with
the characteristics peaks of CdS and image (C) shows the typical UV-Vis spectroscopy data of
CdSNPs.
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Figures 5.2A — 5.2C show the transmission electron microscope (TEM) image, selected
area electron diffraction (SAED) patterns, and energy dispersive spectroscopy (EDS) of
the CdSNPs, which confirmed that the sizes were ~5 nm. Figure 5.3 shows the x-ray
diffractometer (XRD), Raman and UV-Vis spectroscopy characterizations of the CASNPs
synthesized here.

The gold (Au) nanoparticles (AuNPs) were synthesized by reduction of the salt
HAUCI4.3H20.> Initially, a 50mM aqueous solution of the salt was prepared (solution I)
by mixing the salt and HCI in the equal molar ratio. Thereafter, we prepared another
50mM of NaBHa solution (solution 1) by mixing NaBH4 with 1mM NaOH in the equal
molar ratio. A 100 pl of the solution | was then diluted with water to 0.5mM before 300 pl
of solution Il was added to the diluted solution | with continuous stirring. The change in
color from light yellow to orange indicated the formation of AuNPs inside the solution,
which turned red after a few minutes of stirring. Figures 5.2D — 5.2F show the TEM
image, SAED patterns, and EDS of the AuNPs, which confirmed that the sizes were ~20

nm.

CdSNP film

Papey S \

TEM
fi iaga T
S— 1 % ’

cds Ag Electrode

FESEM

(ii) (i) Sensor

Figure 5.4: This figure shows the fabrication steps (i — iii) of the sensor along with the FESEM
image of the paper surface, TEM image of CdSNPs, a photographic image of the fabricated
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sensor, and a FESEM image of the paper embedded with CASNPs. The scale bar in the sensor
image is of 1.5 mm.

5.2.3 Fabrication of the Sensor, Micro-heater and their Integration

The filter paper (Whatman catalogue number — 1001 125 grade 1) used for sensor
fabrication was pre-treated with AuNP solution for 2 h before drying in hot-air oven.
Figure 5.4 shows the step-wise (i-iii) fabrication process of the sensor along with the
corresponding FESEM and TEM images. Figures 5.2G and 5.2H show the field emission
scanning electron microscope (FESEM) images of the surface morphology of the bare
paper-substrate and paper-substrate embedded with AuNPs. Deposition of AuNPs on the
paper surface improved the thermal and electrical conductivities, which helped in
improving the recovery time of the paper-sensor. Following this, a 50 pl of freshly
prepared CASNPs was dispensed on a piece (1 cm x 1 cm) of an AuNP deposited paper
surface using a micropipette before drying for 12 h. A lower volume of CDSNP drop
could not make a proper film on the substrate whereas a higher volume forms cracks on
the film surface. Figure 5.21 shows the FESEM image of the surface of CASNP coated
paper-substrate embedded with AuNPs. The Ag paste was used to make the electrodes
around CdSNP coated paper surface for electrical measurements. The Ag paste was dried
for 24 h after coating. Figure 5.1 in the main manuscript shows the arrangement of the
paper piece coated with Ag electrodes, which was employed to measure the variation in
the electrical resistance across the CdS patch using a multimeter, as described later. The
FESEM image of paper substrate shows the cellulose fiber network having ~31 — 38% of
porosity with average fiber width of ~1504+30 nm. The synthesized CdSNPs of size ~3+2
nm, as shown in TEM image, were then drop casted on the filter paper. A photographic
image of the fabricated sensor is shown in the step (iii) of image (A). The effective length

between the electrodes in the sensor was ~24+0.6 mm and the electrodes were of circular
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shape having diameter of ~1+0.3 mm. The FESEM micrograph of the CdSNPs coated on
the paper surface shows a surface having scattered pore size of ~120+20 nm. The
thickness of the CASNP-layer was measured by placing a cross-section of the sensor under
optical microscope, which uncovered the average thickness to be ~10-15 um. The base
resistance of the sensor was found to be of the order of 100 MQ.

The micro-heater was fabricated using copper (Cu) wire of diameter 180 um and the
polymer PDMS. A long Cu wire was coiled in a 1 cm? area having 80 turns before
embedding it into a PDMS matrix of size 1 cm (length) x 1 cm (width) x 2 mm (height)
through replica molding method.%® The micro-heater was then integrated with the paper
with the help of an adhesive, as shown in the Figure 5.1 in the main manuscript.
Integrating a battery through an external circuit to the Cu connects of the micro-heater
helped in supplying current for joule heating. The heat supplied by the micro-heater was
optimized by connecting a DC power supply (Testronix 93C) to flow a known amount of
current through it and then evaluating the required surface temperature through the sensor
of a hot plate (IKA RCT basic). The effect of different volatile organic compounds such as
alcohols were found to be very less in presence of the micro heater as the compounds

evaporated at a higher temperature.

5.2.4 Experiments to Create Environment with different relative humidity

In these experiments the relative humidity (RH) ranging from 5%, 30%, 48%, 76% to 85%
was artificially created around the paper-sensor employing a standard technique.’* A
number of 250 ml of beakers was filled with 50 ml solutions of 96% H2SO4, 54% H2SOs4,
44% H,SO0q4, saturated NaCl, saturated KCI. The beakers were then sealed with paraffin
wax tape and kept for 24 h. These solutions provide constant relative humidity (RH) about

5%, 30%, 48%, 76%, and 85%, respectively at 30°C.
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5.2.5 Description of Circuits for Heating and LEDs

The heating circuit as shown in Figure 5.5 was a square pulse generator, which helped in
maintaining the micro-heater temperature to a constant value for long duration. The square
wave was generated using the timer IC 555 while the frequency and duty cycles of the
generated pulse were maintained by adjusting the values of resistors r, and r, and the
capacitor C. A negative temperature coefficient (NTC) thermistor having electrical

resistance, R, , was connected in series to the resistor having electrical resistance, r,, as a
feedback to maintain the temperature of the heating element of electrical resistance, R, .

The resistance of the feedback NTC thermistor decreased with increase in temperature and
the duty cycle of the square pulse was adjusted. The ‘on’ and ‘off’ times of the square

pulse were estimated by, t,, =0.693x (R, +R,)xC and t,.. = 0.693xR,xC . The duty
cycle was estimated as, D, = t,, (t,, +to.r ) = (R, + R,)(R,+2R,) . Tuning the r, and

N OFF

R,, we could maintain a constant temperature for a long duration when the terminal

DIS Vin RSTJ

voltage v, was applied through a battery.

TR OUT [—e—
TH
GND
CTL
®

Figure 5.5: The image shows the circuit employed to ensure continuous supply of heat to the
paper-sensor while experiments are performed.
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The circuit shown in Figure 5.6 had three parts: (1) sensor (rR,) — at the center of the
device; (I1) heating circuit — in the right side of the sensor, which was associated with the
micro-heater (R, ); (1) monitoring circuit — in the left side of the sensor, which helps in
displaying the LEDs. Three indicators LEDs (L, L, ,and L ) are connected to the sensor
(R, ) viathree variable resistances (R, ,R, , and Rr_ ), respectively, in the display circuit, as

shown in Figure 5.6. The heating circuit was explained previously in the experimental

section, which was a square pulse.

Vi RST J

Rl
R,
/ ‘ R, DIS
' . TR OUT |—e—
Lg R " GND
C
L

CTL

|

Figure 5.6: The image shows the circuit arrangement for the LED-based real-time monitoring unit.

The frequency and duty cycle of the micro-heater was maintained by adjusting the values

of resistors R,, R,, and a capacitor C. A voltage regulator 7805 was also connected to the
supply voltage in order to maintain the constant 5 V supply. The notation s, belonged to
the place for the ON-OFF switch while L, the ON-OFF indicator LED. The notations v,
v_ and GND denote the supply voltage, terminal voltage, and ground terminal,

T

respectively.
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To illustrate the operation of the LFM-POCT device, it was assumed that Rsa = 10 kQ,

which was the resistance value of r, in case of Figure 5.7A and r_, =5 kQ, which was

S

the resistance value of r_ in case of Figure 5.7B. If we assumed the minimum current to

S

illuminate an LED was 0.3 mA (3 mm LED LTO004), the circuit shown in the Figure 5.7A

was designed in such a manner that when the F_, was below safety level, then red LED L,

glowed while the green LED, L., remained off. In comparison, when F_, was above

G !

safety level, both red and green LEDs glowed. To achieve this, the resistances were tuned
to have, R, =5 kQ and r, = 10 kQ for a terminal voltage v, =9 V. We assumed that the
LEDs have negligible internal resistance in order to reduce the complexity. From circuit

theory, when F, was below the safety level, the total current through r,, was be given

SA

by, I, =V, (R,R,(R, +R,) "+ R_,) .

PEF METER

( A) PEF METER

Figure 5.7: Images (A) and (B) show description and illustration of the detection circuit of the
control assembly for two different situations of the illumination of the red and green LEDs. In case

of the image (A), the F_ is below the desired level (S) as shown in the imaginary scale peak

expiratory flow (PEF) meter. In contrast, image (B) shows the situation where F_ is above the
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safety level (S). It may be noted here that the AR is more in case of the image (B) than that of the
image (A).

Similarly,  when F was above safety level, the current was,

R

I, =V, (R,R,(R, +R,) "+ Rg) . When, Fr was below safety level, the total current was 1,

and the current through R1 was, 1., = I, x (R,(R, + R,) ") and the current through r, was,

1

1, = 1,x (R, (R, + R,) ™) . If all the values of the resistances were put in the 1, =0.675 mA,
1,, =0.45mA, and 1,, = 0.225 mA, which confirmed that in this case only the red LED (
L,) would be turned on to indicate the necessity of medical assistance required. In
contrast, if the F, was above safety level, then 1, = 1.08 mA, 1,, =0.72 mA,and 1,, =
0.36 mA, which ensured both the green and red LEDs (L, and L,) were turned on to

confirm fitness of the lungs. In Figure 5.7 we showed a simpler model where two LEDs
were used, whereas in the main device shown in the Figure 5.5 of the main manuscript, we
employed a similar principle, but a more complex circuit to ensure three different types of
signals were obtained to ensure diseased, onset of disease, and fitness conditions, as

mentioned previously.

5.2.6 Methods

The characteristics of micro-heater is shown in Figure 5.8. Image (A) shows the
temperature (T) response of micro-heater with time (t). In this experiment, the current
source was turned on for 60 s, which ensured a temperature rise with time. The source was
turned off after 60 s and therefore, a decrease in temperature was observed. Since the
mechanism was based on Joule heating, we could generate high temperature with an

increase in the current and time, as shown in images (A) and (B). Image (C) shows the
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input current flowing through the electrical circuit to maintain a constant temperature on

the micro-heater surface at ~30 °C.
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Figure 5.8: Image (A) shows the variation in temperature (T) with time (t) for different current (I)
inputs to the micro-heater. The current source was turned on for first 60 s before turned off. Image
(B) shows the temperature (Tw=e0s) generated on the micro-heater surface after 60 s at different
current flow (). Image (C) shows the current input (I) and temperature output (T) employed for the
micro-heater.

5.3. Results and Discussion
5.3.1 Response of Paper Humidity Sensor

When the humidity sensor was exposed to human exhalation, the water molecules
progressively adsorbed on the CdSNPs to reduce the electrical resistance. The variation in
the flow rate of the exhaled air could be correlated with the variation in the electrical
resistance across the sensor, which helped in evaluating the frequency and the peak flow
rate of human breathing. Figure 5.9A schematically illustrates a three-step process in
which the step | shows the dry sensor having high electrical resistance; step Il shows the
adsorption followed by condensation of the water molecules on the sensor 3 when the
humid air was concentrated, leading to the reduction in the electrical resistance; and step
I11 shows the desorption of the water molecules from the paper-surface after the exhalation

was complete, which led to the increase in the electrical resistance.
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Figure 5.9: Image (A) schematically illustrates the step by step adsorption and desorption
processes of the sensing mechanism. Image (B) shows the current-voltage (I-V) characteristics of
the sensor for different relative humidity conditions. Image (C) shows the change in resistance
(AR) of the sensor at different RH. Image (D) shows the change in AR of the sensor due to the
pulsed exposure of ~97 % humid air at different Q. Image (E) shows the time taken by a paper
substrate to reach 50°C when the paper was, (i) devoid of AUNPs and (ii) embedded with AUNPs
while the paper substrate was kept on a heated surface at 65°C. Image (F) shows the change in
AR and recovery time (trec) at different temperatures of the paper-sensor. Image (G) shows the
response of the sensor with time for different magnitudes of current (I) flown through the micro-
heater when air flow rate was ~450 L/min.
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The paper-sensor illustrated in Figure 5.1 was connected to a digital multimeter
(MASTECH M92A(H)) to verify the electrical response in presence of different humidity
conditions. Figures 5.9B and 5.9C show the I-V characteristics and change in resistance
(AR = Ri — R) of the humidity sensor with the variation in the external RH where R and R;
are the variables and initial electrical resistance of the wet and dry sensors. The 1-V curves
in the Figure 5.9B were recorded after the sensor was placed in the closed beaker of
different RH for 1 h. The plots suggest that with the increase in RH the resistance of the
paper-sensor reduced and current flow increased.

Figure 5.9C suggests that the increased conductance of the paper-sensor in the presence of
humid air led to a linear increase in AR with RH. In these experiments, an air of different
RH was blown artificially on the sensor before measuring the change in AR. Previous
studies indicated that the electrical resistance of CASNPs could decrease exponentially at
higher levels of RH in the surrounding 234, Experiments suggested that when RH was
relatively low (~5 %), a monolayer of water molecules formed on the surface of the
CdSNPs did not change the electrical resistance significantly *. However, condensation of
water molecules on the CASNP surface due to multilayer physical adsorption at relatively
higher RH (> 60 %) could lead to an exponential decrease in the electrical resistance. In
such a scenario, the reduction in the electrical resistance could be attributed to the
production of ionic hydroxyl groups from the water molecules when the current is flown
across the CASNPs.

Figure 5.9D illustrates the effect of flow rate (Q) of ~96 % humid air on the sensor. In this
experiment, the fluid was introduced using a cylindrical silicone tube of length 4 in with
an inner diameter of 1/16 in for ~2 s. The pressure drop was measured using digital

manometer (HTC PM-6205), RH was measured using an HTC-1 digital hygrometer, and
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the flow rate was calculated using the standard Hagen-Poiseuille equation. We observed
that the change in electrical resistance was higher in case of higher Q of the air.

The AuNPs on the sensor, improved the thermal and electrical conductance. Figure 5.9E
shows that the presence of the AuNPs could rapidly heat up and cool down the sensors.
Figures 5.9F and 5.9G show the typical variation in AR and the subsequent recovery time
of the paper-sensor at different temperature (T) and current flow (I) through the micro-
heater for a flow rate ~450 L/min, which was very close to the average peak flow rate of
adult human breathing, ~424 L/min. The optimal condition for a faster response and
recovery time of the paper-sensor was found to be at ~30 °C and 0.35 A because under
these circumstances large variation in AR at high RH and the fast recovery time were

observed, as shown in the Figure 5.9F.
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Figure 5.10: Image (A) schematically shows the experimental set up composed mouthpiece,
paper-sensor, micro-heater, and multimeter to measure the various parameters during exhalation.
The insets show the real images of paper-sensor and micro-heater where the scale bars are of 5

mm. Image (B) shows the variation in the normalized resistance (R, = R/Ri ) with time (t) for six
cycles of breathing alongside a control experiment with dry N2 gas. Image (C) shows the variation
inthe AR for different length of the mouthpiece (L, ).
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5.3.2 Response of LFM-POCT Device

Image (A) in the Figure 5.10 schematically shows the experimental set up employed to
standardize the LFM-POCT device. In this setup, when the exhaled air issuing out of a
human breathing was focused on the paper-sensor, we observed a rapid decrease in the

normalized resistance (R, = R/R,) with time (t) during the breath-out cycle, as shown in

the image (B). In order to focus the exhaled air from human breathing on the paper-sensor
we employed the mouthpiece of optimized length (4 in) and diameter (1.2 in), as shown in
the image (C). The image suggested that smaller mouthpieces equal or smaller than 4 in
showed better response. We also observed a quick recovery of the paper-sensor to its
initial state because of the rapid desorption of the water molecules at 30°C, as previously
discussed in Figure 5.9.

The control experiment with dry N2 gas showed no change in resistance, as shown in
image (B). However, during the exhalation cycle, the electrical resistance of the paper-
sensor progressively decreased to a minimum value due to the adsorption followed by
condensation and ionization of the water molecules on the sensor. Thus, repeated
inhalation and exhalation could be captured through the prototype, as shown by the three
repeated cycles in the image (B). The plots shown in the image (B) suggest that the paper-
sensor was capable of detecting the breathing frequency, which is one of the important
parameters to detect various COPD.52

Another control experiments with a paper surface devoid of CASNP and having only the
AuUNPs also showed no response, which highlighted the importance of CdSNPs for the
device. In the presence of the micro-heater, the elevated temperature of the paper-sensor
did not allow easy condensation of the water molecules and only after forceful exhalation

could change the resistance. Once the exhalation was complete, the micro-heater helped in
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maintaining an elevated temperature to rapidly desorb the water molecules from the

surface and restore the initial electrical resistance of the dry sensor.
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Figure 5.11: Images (A) and (B) show the photographs of the device. Image (C) shows the
variation in AR because of different peak flow rate ( F ) of the exhaled air. Image (D) shows the

comparison of results between a commercial device, JSB NO2 peak flow meter and the proposed
device along with a schematic illustration of the corresponding LED and mobile response.

Figure 5.11 summarizes the performance of the LFM-POCT prototype proposed with
respect to commercially available peak flow meter JSB NO2. The images (A) and (B) show
the photographs of the device assembled, having a mouthpiece, a paper-sensor, and an
LED-based real-time monitoring unit. The sensor in the mouthpiece acted as an
obstruction to the exhaled air, whereas the opening beside the sensor let the air flow out.
The experiments suggest that a forced exhalation on the sensor could turn on either the red

LED - signifying alarming condition; red and yellow LEDs — signifying the onset of the
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diseased condition; red, yellow, and green LEDs — signifying the non-diseased state of

lungs.
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Figure 5.12: Images (A) and (B) schematically show the components of the mobile-based LFM-
POCT device. Image (C) illustrates the device connected to a smartphone through Bluetooth and
perform a wireless lung function test through the open standard software (Patent filed).63

The typical circuits employed to integrate the sensor with LED indicators are provided in

the Figures 5.5 and 5.6. Importantly, we employed a commercial peak flow meter to

obtain the peak flow rate (F, ), which was then correlated back to the change in electrical

resistance (AR ) of the paper sensor, as shown in Figure 5.11C. The resistances in the
circuit of the LFM-POCT device was then attuned with the calibration plot shown in the
Figure 5.11C. Thereafter, we compared the result of commercially available peak flow

meter with the proposed LFM-POCT device for five different volunteers, as illustrated in
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the Figure 5.11D. The experiments suggested that the performance of the proposed device

was comparable to the commercially available one.

5.3.3 LFM-POCT Device Architecture

In order to make the device more user-friendly, we also developed a mobile application,
which could be interfaced with the LFM-POCT device in order to operate with the help of
a smartphone. Figures 5.12A and 5.12B show the components of the device having a
mouthpiece with the opening to blow air, threads for assemblage, indicator cabinet, on-off-
switch, and sensor placement, among others. The smartphone had a wireless connection

with the LFM-POCT through Bluetooth.

(A} (B)
o -
CdSNP 4.___:::_ ‘/inlet
film P
DU -
t Humid gas No Flux
1
Humidity meter <= 0.3 mm QOutlet
Sensor e, | : / Silicon tube Inlet |
SL=d >
= |5 2 ¢k
] " 3 g3
(=3 3 ® 5
.f_ i S
Outlet
Measurement Saturated KCI
. No Flux
set-up solution
N, gas
chamber

Qutlet

Heater

Figure 5.13: Image (A) shows the experimental set-up for measuring the response of the sensor.
The experimental section, which is considered as the computational domain is marked with a red
dotted line and magnified above. The inlet, flow of humid gas, and position of CASNP adsorption
surface are indicated in the magnified figure. The equivalent 2D computational geometry is
illustrated in the image (B).

We developed an open standard ‘Android’ based application, which was employed to

follow the tests of the LFM-POCT device on the mobile display. The application had a
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virtual needle on the mobile display, which moved towards the red (diseased), yellow
(onset of disease), and green (fit) zones reflecting the conditions of lung functions, as
shown in the Figure 5.12C. Figure 5.12C shows the typical steps of operation of the LFM-
POCT device. The Figure 5.12 suggested that the LFM-POCT device was initially
connected to the mobile phone through Bluetooth. Then the software interface available on

the mobile screen helped in displaying the performance of lung function test.

5.3.4 Experimental and Simulation to Study the Dependence of Flowrate

Figure 5.13A illustrates the experimental set-up. The experimental section associated with
computational study is also magnified in the figure, which is described in Figure 5.13B.
The experiments were performed in a closed environment to maintain a relative humidity
of ~97%. The chamber contained 250 ml container with 50 ml saturated KCI solution kept
on a heater for 12 h. The temperature was adjusted by the heater between 25 — 40°C to
maintain a relative humidity of ~97% during the experiments. A digital humidity meter
(HTC-1) was kept inside the chamber to monitor the relative humidity. In order to flow
humid gas in the chamber, one end of a 4 in silicon tube (Sigma Aldrich, inner diameter
1/16 in) was connected to nitrogen (N2) gas cylinder (99% pure, compressed) whereas the
other end was placed in front of the sensor, at a distance of ~3 cm to study the effect of
flowrate of humid gas. The sensor and silicone tube was fixed with the arrangement with
glass slides and double-sided tape and the silicon tube was positioned in such a way so
that the humid gas directly strikes the sensor. The flowrate of the humid gas was
maintained using the flow of N2 gas through the silicon tube at a specific pressure. The
usage of compressed N gas, in this case, eliminated the possibility of interference of
ambient humidity, which was the limitation of using a compressed air. The pressure drop

across the tube was measured using digital manometer (HTC PM-6205). The flowrate was
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then calculated using the standard Hagen-Poiseuille equation. The typical flowrate
associated with this experiment was found to be in the range of ~200 — 600 L/min, which
could be comparable to many physical or biological systems such as the peak flowrate of
human lungs. The sensor was connected to a digital multimeter (MASTECH M92A(H)),
which was kept outside the chamber to measure the electrical response of the sensor. Each
measurement was taken in a pulsed mode where the compressed N» gas was blown for ~2

s and at least 5 readings were taken for each flowrate.

5.3.5 Computational Analysis of Adsorption

The Figure 5.13B shows 2-D domain used in the simulations schematically. In this
geometry, the left-side was modeled as the inlet, the top and bottom sides were modeled as
no-flux walls, and a part of the outlet boundary to the right-side was the sensor. The finite
element method (FEM) modeling of the governing equations and boundary conditions was
performed with the assumption that the adsorbate behaved as an ideal gas under an

isothermal condition. The adsorption and desorption on the sensor was expressed as, A =

Ag, where the rate constants were denoted by k. and k, . The notations A and As stand for

the molecules in the gas and adsorbed on active sites on the surface, respectively.

According to the Langmuir model,®* % the rate of desorption of molecules, r, = k.6_,

a = K0,
where the fraction of active sites occupied by adsorbed molecules is ¢_, and k, is the rate
constant. The rate of adsorption of molecules, r, = k,P, (1- 6, ), where the fraction of free
sites on the surface is, (1-6,), k, is the rate constant, and the rate at which the molecules

2

strike the surface is proportional to the partial pressure of the species adsorbing, P, .
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Subsequently, with some rearrangements the rate equations, r, and r,, can be expressed

d

in terms of the surface concentration (c_ ) in the following forms,®* %

r, =k,co and r, =k,c(Ig —c,). (5.1)

d d”s

where, 6 =c, /T, P, =cRT , k, =k /T, ,and k, = (k,RT )/rS . In these expressions, the

s 1

bulk adsorbate concentration is ¢, r. is the total surface concentration of active sites

N

(mol/m?), r is the universal gas constant (J/(mol-K)) and T is temperature (K). Further,

the redefined rate constant for desorption, k, has the unit of, (1/s) while the rate constant
for adsorption, k, has the unit of, (m%mol-s).

When a material, A, adsorbed and desorbed on the surface, the material balance equation

for the transport and reaction was described by,%* °
acg [ot+V (=D, Ve, ) =k,c(T, —c,)-k,C, . (5.2)

In the Eq. (5.2), D, denotes the surface diffusivity of the reacting species. The initial
condition employed to solve the Eq. (2) was, c, = 0 at t = 0. The transport of the material,

A, in the bulk of the sensor was described by the equation,%*
ac/ot+V -(-DVe)=0. (5.3)

In the Eqg. (5.3), D denotes the diffusivity of the reacting species and ¢ is the bulk
concentration of the adsorbate molecule. The initial condition employed to solve the Eqg.
(5.3) was, c=c, at t=0 in the bulk. The boundary condition, n-(-Dvc)=0, was

enforced to the outlet and no flux boundaries at the top and bottom. The adsorption-

desorption at the sensor surface was modeled as a boundary condition,
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n-(-Dve)=-k,c(I, -c,)+k,c,, where n is the unit vector. The governing Egs. (5.1) -

(5.3) with the initial and boundary conditions were solved employing FEM based
COMSOL™ multiphysics software.

In the experiments, increase in the flowrate of the humid gas effected the inflow of water
molecules on the sensor. Thus, the flowrate of the humid gas was modeled by correlating

the concentration of water at the inlet, ¢ . as a function of time (t) and maximum flowrate

(F.). This was done by linearly approximating the increase in concentration per unit

volume to, ¢,, = 1000 mol/m* while the ¢,, was considered as, c,, =c, +(F,xtxc,,) -

Other than the linear approximation, a logarithmic approximation was also employed to
model the variation in the concentration as, c,, =c, +In[(F, xtxc,,)/c, +1]. In a way,

the approximations were taken to find the best suit with the results of experimental

investigations.

(A) (B)
0.50
1 log
0.95 0.45+ —linear
0.9 e I
(S
0.40+
0.85 E
= - 0.35
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(mol/m®) L, (mm) F. (L/min)

Figure 5.14: Image (A) shows the contour plot of the concentration of adsorbate molecule (C) in
the pipe for 300 L/min in linear approximation. The white curve shows the concentration of

molecules measured along the cut-line (broken line) with distance (L, ). Image (B) shows the
variation of adsorbed molecule concentration (¢, ) under linear and logarithmic approximation with

different flowrates ( F ).
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In the beginning, we assumed that the molecules inside the computational domain
increased linearly or logarithmically with the increase in flowrate. Figure 5.14A shows the
contour plot along with the curve of adsorbate molecule concentration (C) along the length

(L, ) of the computational domain for the flowrate of 300 L/min considering the linear

approximation. The plot show that the concentration of the molecules decreased sharply
near the sensor due the adsorption which in turn led to the change in electrical

conductance. Figure 5.14B shows the adsorbed molecule concentration (c, ) for different

F. following the linear and logarithmic approximations. In both the flowrates the

logarithmic approximation suggested a lower adsorption of water molecules as compared
to the linear one. Adsorption of the water molecules was directly related to the change in
electrical conductance as described in the later section with the help of semiconductor

physics analysis.

5.3.6 Effect of Adsorption on CdS

In order to understand the change in electrical resistance of the semiconducting sensor due
to the adsorption of water molecules, we explored the variation in the space charge effects.
It is well known that CdS is an n-type semiconductor®® and under equilibrium the Fermi
energy Er is same in the bulk and surface, which is illustrated in Figure 5.15A. Thus, we

assumed that on surface there could a layer of negative charge of density, Q_. , which was

ss !

balanced by the positive charges of equal amount. These positive charges were the ionized

donors in the space charge layer, Q.. = -Q.. ~ eN_d , where, N was the positive charge

density and d was the thickness of space charge layer, as shown in the Figure 5.15A.
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Figure 5.15: The plot (A) schematically shows the band energy E vs. z-coordinate normal to
sensor-surface to illustrate band bending of the n-type CdSNPs near the surface of the sensor

(left-side) due to the space charge layer. The notations N E E E. and E_ show the

SIS v ! DR

surface charge density and the energies corresponding to valance band, donor level, Fermi level
and conduction band of the sensor. Plots (B) to (D) show the volume charge density ( o ), electric

field (¢ ) in the space charge layer and the electric potential (o ) characteristics with z-coordinate,
respectively. The surface and bulk electric field potentials are denoted by ¢, and ¢, and the

thickness of space charge layer is denoted by d. The notations Q. ,Q.., N, and eV  denotes

surface state charge, space charge, surface state charge density, and band bending at the
surface.

Under these circumstances, we defined the electric field potential ¢ and band deformation
v tobe®

ep(z)=E, - E (z)and eV (z) = e[p, - 0(2)], (5.4)
where the position dependent potential energy, eq(z)was the difference between Fermi
energy E_ and the intrinsic level E, . The term ¢, denoted the value of ¢ (z) in the bulk.
Therefore, the total band bending was given by, ev, =e[p, - ¢(0)1=¢[p, — ¢, ], Where ¢

denotes the value of ¢ (z) in the surface.
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The governing equation that illustrated the band bending and space charge layer formation

was the Poisson’s equation. In full-depletion approximation, i.e. Q.. =-Q_=~eN_d , the
equation could be written as,”” d°p /dz” = - (eN, ) /(s,2,) - (5.5)

Where ¢, and ¢, are the relative and absolute permittivity and ¢ = d¢ /dz, denotes the

electric field. Integrating Poisson’s equation once, we obtained the electric field in the

space charge region as,®’

£(2)=[(eN,)/(2,6,)](z=d), O0<z<d. (5.6)
A further integration of electric field €(z) led to the electric field potential as,

0(2) =, ~[(eN,)/(22,5,)](z=0d)", 0O<z=d. (5.7)

Subsequently, total band bending was obtained as,®’

:(eZNDdZ)/(Zgrgo). (5.8)

ev,[= e (0, - 9.)
Here, v, shows the maximum potential at the surface. The typical nature of the volume

charge density (o ), the electric field (¢ ), and electric field potential (» ) near the sensor
surface is shown in the plots (B), (C) and (D) of Figure 5.15, respectively.

Sensor Response: During the adsorption of water molecules on the surface of CASNP
layer a negatively charged layer of OH" ions was formed.®® This negatively charged layer
of OH" ions acted as the surface charge as described by the term Qss in the previous
section. Thus, the adsorption of the water molecules, as illustrated in the Figure 5.13,
directly influenced the positive charge density (Np), in the space charge layer and hence
the band bending happened amounting the value obtainable from the Eqg. (5.8). The

formation of negative surface charge layer led to change the electrical conductance of the
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semiconductor, which was defined in terms of band bending.®”: ® The change in the

conductivity due to the band bending was evaluated as,
Aa/oO::Z(Lﬂ)exp(kVSVZ). (5.9)
Where, the thickness of the semiconductor was assumed to be, 21, much larger than the

length of screening L . The notation o, is the base conductivity of the sensor and the band
bending |ev, | is in KT units.

The experimental variation in the electrical conductivity (A o ) with the flowrate of humid

gas (F,) is illustrated by symbols in the Figure 5.16. The plot helped in obtaining a

calibrated variation, which can easily be employed to develop a humidity or a flowrate
sensor. It may be noted here that the experiments were performed at room temperature. It
was observed that at a lower temperature (less than 12°C), the water molecules condensed
on the sensor surface leading to ~8% fluctuations in the sensor response after 4-5 times of

reuse.

95}
85}
S 75
o)
o linear-conc
65 log-conc
o Exp
55}

250 300 350 400 450 500 550
F. (L/min)

Figure 5.16: The variation in the electrical conductivity (A o ) with the flowrate of humid gas (F )

due to the variation in the adsorption of water molecules on the sensor. The solid lines show the
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simulated values for the linear (black) and logarithmic (red) variations in F_ of the humid gas with

the concentration of the adsorbed molecules. The scattered circular symbols show the
experimental results.

The solid lines in the plot show the variation in Ao for linear and logarithmic variations

in F_ of the humid gas with the concentration of the adsorbed molecules, obtained from

the FEM simulations in the Figure 5.13. The computational and experimental study
together show that the conductivity of the semiconducting material increased with
flowrate. It is very evident from the Figure 5.16 that the experiments showed a better

agreement with the simulated logarithmic variations in rF_, of the humid gas with the

loading of the adsorbed molecules.

5.4. Conclusions

An economic, fast, reliable, portable, biocompatible, and user-friendly LFM-POCT device
consisting of mouthpiece, paper-sensor, micro-heater assemblage, and monitoring unit has
been developed. The device was capable of measuring the frequency of breathing and
peak flow rate of human exhalation, which could be necessary to detect COPDs such as
asthma, bronchitis, or pneumonia. The sensor was developed by depositing AuNPs and
CdSNPs on a paper-surface in which the former enhanced the electrical and thermal
conductivities while the latter infused the capacity of high precision humidity sensing.
Adsorption followed by condensation of the water molecules on the CASNPs during the
forced exhalation reduced the electrical resistance of the sensor, which was then converted
to an electrical signal for sensing. The micro-heater embodiment integrated with the sensor
helped in maintaining an optimal temperature, which allowed condensation of the water
molecules only during forced breathing and facilitated rapid desorption and evaporation of
the molecules once the exhalation was complete. Two types of real-time monitoring units

were integrated with the device. The LED-based unit displayed the diseased, critical, and
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fit conditions of the lungs by flashing LEDs of different colors. The mobile-based
monitoring unit was developed employing an open source software, which helped in the
operation of the LFM-POCT device on a smartphone interface by establishing a wireless
connection. The device was found to be equally efficient as some of the commercially
available ones. The LFM-POCT device envisioned to stage a paradigm shift in test,
transfer, and storage of lung-fitness data for facile prognosis, diagnosis, and therapeutics at

the patient site.
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CHAPTER 6

Paper Based GMR Nanobiosensor for a-Amylase Estimation under
Impulse Magnetic Field
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ABSTRACT

In giant magnetoresistance (GMR) phenomenon, the resistance of the layers of alternate
ferromagnetic and non-magnetic materials significantly varies under the influence of an
externally applied magnetic field. In the last few decades, GMR biosensors have shown
immense potential in clinical diagnosis for their high sensitivity, output, and cost-
effectiveness. In this chapter, we report the development of a GMR nanobiosensor using
paper as a substrate and silver-nickel (Ag/Ni) nanoparticles as the sensing materials to detect
levels of a-amylase in human blood serum. The Ag/Ni nanoparticles capped with starch was
synthesized and deposited on filter papers to fabricate the paper nanobiosensor, which was
then placed between an electromagnet. The paper nanobiosensor showed a variation in the
electrical resistance under an impulse magnetic field. The maximum magnetoresistance
achieved was more than 50% at room temperature. Dispensing amylase of known quantities
led to the depletion of the equivalent amount of starch coated on the nanoparticles, which
led to the variation in the magnetoresistance with the change in the amylase loading in the
analyte. A calibration plot obtained from the known amount of amylase in analyte was
employed to evaluate the actual amount of amylase in real life blood samples. A
computational analysis was performed by numerically solving the governing equations with
appropriate boundary conditions to determine the change in magnetization in ferromagnetic
material, which uncovered that the applied magnetic field created a transient switching in
magnetization direction for few nanoseconds. The transient switching was found to be a
function of the size of the nanoparticle agglomerates. An atomistic model was developed to

explain the GMR behavior observed in the experiments.

Manuscript is under preparation.
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6.1. Introduction

The giant magnetoresistance (GMR) is a very uncommon quantum mechanical phenomena
known to happen in the multilayer of electrically conductive thin films composing
alternating ferromagnetic and non-magnetic layers. After the discovery in 1988,' GMR has
been employed extensively in the fields of sensor and magnetic hard drive applications,
which led to the 2007 Nobel Prize in Physics to Prof. Albert Fert and Prof. Peter Griinberg.
The first GMR effect! has been observed in a multilayer iron (ferromagnetic) and chromium
(nonmagnetic) in which the magnetic moment of the ferromagnetic material is found to
depend on the dimensionality of the material.* The spin dependent scattering of electrons in
the multilayer structure is found to be the main source of magnetoresistance in presence of
an externally applied magnetic field.? Later on, various groups fabricated different types of
multilayers to improve the effects associated with GMR.>® For example, Lenssen et al. has
shown that a GMR multilayer, which can withstand high temperature and high magnetic
field.® A recent report demonstrated a wheatstone bridge-giant magnetoresistance (GMR)’
sensor for the detection of biomaterial such as a-amylase . The sensor was fabricated using
[Co(1.5nm/Cu(1.0nm)]20 multilayer structures and Fe,O3 was employed as a magnetic tag
for the biomolecules. In the similar line, a nhanowire based GMR sensor was developed
pressure sensing application.®

Apart from multilayer structure, granular GMR embodiments have also opened up another
avenue to fabricate GMR sensors where instead of films ferromagnetic granules or
nanoparticles are used.® For example, granular GMR has been reported by Xiong et al. and
Xiao et al.1% ! at very low temperature. A more recent study by Gu et al. has shown the

GMR effects employing the granular polymeric composites.? Further, nanostructures like
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nanowire and nanoparticles of different materials have also been used to fabricate
conventional and granular GMR sensors. >/

Importantly, in the recent past the printable and stretchable GMR device have also been
developed employing Co/Cu as components.™ 8 1 The MR effects have also been studied
in highly pulsed magnetic field?°-22 where most of the studies are carried throughout a range
of magnetic field. Recently, GMR effect has been uncovered using multilayer graphene in
between Ni and Ag metal layers at room temperature.?® The GMR effects are also found to
be pronounced when a topological insulator has been sandwiched in between
ferromagnets.?* 2 In this situation, the device was fabricated by depositing ferromagnets on
the diffusive surface of the topological insulator.

Of late, the GMR biosensors have shown immense potential in clinical diagnosis for their
high sensitivity, output, and cost-effectiveness. Further, rapid, selective, low-cost, and
highly sensitive point-of-care-testing (POCT) has become one of the major focus of research
owing to its necessity in the detection of multifarious diseases at the user’s site. In this
direction, in the present chapter, we report the development of a GMR based biosensor using
paper as a substrate and silver-nickel (Ag/Ni) nanoparticles as sensing materials to detect
levels of a-amylase in human blood serum, suitable for POCT applications.

Typically, a nanobiosensor has five basic parts namely a receptor, an interface architecture,
the transducer element, computer software, and an interface to human operator.?52° The
recently invented bio-nanomaterials are found to be suitable for the biosensors for the
detection of various biomarkers in the analytes.3% 3 Of late, scientists have developed GMR
sensors to be used as biosensors for various healthcare applications.3> *3 For example, GMR
biosensors have been employed to detect urinary®*, pulmonary, and other®¢-3 biomarkers

alongside the detection of DNA target®®, quantification of cancer cells,* interleukin-6
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protein,** hepatitis B virus,*? and biological warfare agents,*® among others. Multiple
biomarkers like human immunoglobulin G and M can now be detected in a single chip using
GMR sensors which is also incorporated in a smartphone interface.** At present, there is an
increasing demand of lab-on-chip as well as POCT devices, which can improve health
facilities where a patient can detect a biomarker without the help of any operator.*> 4

In this regard, the efficacies of the nanoscience and nanotechnology has shown their
immense potential in the development of the proof-of-concept POCT prototypes,*’: ¢ for
the detection of multifarious biomarkers.**? Further, the microelectromechanical systems
(MEMS) integrated with the specialties of nanoscience and nanotechnology have also been
in extensive use to fabricate miniaturized POCT devices.>>> The commonly available
detection kits such as polymerase chain reaction (PCR) or enzyme-linked immunosorbent
assay (ELISA) are to be replaced by the nano-enabled microfluidic POCT devices such as
urine test strips, pregnancy Kits, blood pressure meters, glucometer, and pH strips.>° For
example, in glucometers the material poly (3, 4-ethylenedioxythiophene) is found to
efficiently trap glucose oxidase, which senses the varying current at different glucose
concentrations. A colorimetric biosensor based on smartphone interface has been developed
for the detection of diabetes in human saliva.%! However, there are numerous biomarkers
that require immediate attention in terms of the development of the POCT devices.

For example, the enzyme a-amylase (1,4-a-D-glucanglucanohydronase) is one such
biomarker, which helps in the diagnosis of pancreatic disease.®? © This enzyme is produced
in salivary and pancreatic glands to break down starch into sugars like maltose and
glucose.? % The hydrolysis of starch in presence of amylase is a saccharogenic approach,
which has been widely employed for detection of a-amylase in human blood or saliva.®® A

normal human can have a-amylase in the range of 25-85 Units/Liter.®® Previously, graphene
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based immunosensors,®? potentiometric sensors,%” magneto-elastic sensors,®® or
colorimetric®® have been employed to detect this enzyme in blood serum shown greater
potential. However, there is hardly any study, which employ the GMR platform for the rapid
and sensitive detection of a-amylase suitable for a portable POCT device.

In this chapter, we attempt to develop a GMR based nanobiosensor for the POC detection
of a-amylase in human blood serum. Initially we report the fabrication of the GMR sensor
composed of Ni-Ag core-shell nanoparticles deposited on a paper surface. The GMR effect
is found to be active only when there a magnetic impulse is present. In order to corroborate
the experimental observations, the variation in magnetization inside a ferromagnetic
material with external magnetic field is also explored numerically solving the governing
equations with appropriate boundary conditions.®® Further, the spin transport mechanism in
Ni-Ag particles has also been investigated computationally employing an atomistic model.
Finally, the granular structured starch stabilized Ag/Ni nanoparticle core-shell GMR
biosensor has been employed to detect a-amylase in human blood serum of different
concentrations from 10-110 Units/L. In this regard, a calibration plot has been initially
developed by dispensing known amount of amylase n the sensor and then noting down the
change in the electrical resistance of the sensor. The calibration plot has been employed to
detect the unknown amount of the amylase in the human blood serum. The reported GMR
sensor has shown the potential to develop into a portable, inexpensive, easier to fabricate

and miniaturized POCT device for the amylase detection.

6.2. Materials and Methods

6.2.1 Materials
Starch (CeH100s5)n and Sodium Hydroxide (NaOH) pellets were procured from Merck

(India). Porcine a-amylase enzyme, Nickel (1I) Chloride (NiCl;), 98% Hydrazine
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Monohydrate (HsN2.H>O) and Silver Nitrate (AgNO3z) were procured from Sigma-Aldrich
(India). 10 x Phosphate buffer, D-Glucose (CsH1206) were obtained from SRL (India). Filter
papers (@, 125 mm) were obtained from Whatmann (India). Ethyl alcohol was procured
from Tedia (India). The chemicals mentioned above were of analytical grade and used in
the experiments without any further treatment. Milli-Q grade water was used in cleaning

and for preparing solutions.

Ag(111)

Ag(200)
Ni(111) Ag(311)
Ag(220)  Ni(222)

Count

30 40 50 60 70 80

20

Figure 6.1: Image (A) shows the TEM image of Ni-Ag core shell nanoparticles. Image (B) shows
the FESEM image of Ni-Ag core shell nanoparticles deposited on a paper substrate. Image (C)
shows the XRD of Ni-Ag core shell nanoparticle. Image (D) shows the SAED pattern of Ni-Ag
nanopatrticles.

6.2.2 Ni-Ag Core Shell Nanoparticle Synthesis

In order to obtain Ni-Ag core shell nanoparticles, Ni nanoparticles were prepared with
hydrazine reduction’ of NiCl.. 5mM NiCl. and 0.1M hydrazine was added in ethanol. Then
NaOH (0.1M) was added (10 ul per 1 ml) to the above solution as a catalyst. Ni

nanoparticles were formed after 1 h continuous stirring at 60°C. The Ni nanoparticles were

magnetically recovered and re-dispersed in fresh ethanol for synthesis of Ni-Ag core shell
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nanoparticles. 2.5mM Silver nitrate (AgNO3) and 0.05mM hydrazine were added to the
above solution. Ni-Ag core shell nanoparticles were formed after 0.5 hr stirring at room
temperature. The characterization of synthesized nanoparticles and prepared sample is
shown in Figure 6.1 where Figure 6.1(A) shows the TEM image and the FESEM image in
Figure 6.1(B) shows the morphology of the prepared film. Moreover, characteristics peaks
at 20 = 38.2, 44.4, 64.6 and 77.6 in XRD data of nanoparticles in Figure 6.1(C) confirms
the presence of face centered cubic (FCC) Ag (111), (200), (220) and (311) planes and the
characteristics peaks of FCC Ni (111) and (222) planes at 20 = 44.5 and 76.4 were
overlapped with FCC Ag (200) and (311) planes.” Typical SAED pattern in Figure 6.1(D)

also shows the prepared nanoparticles were polycrystalline in nature.

Top Silver
Paper Eleciqle
Bottom
electrode of Electromagnet
Silver
S Sample

\

Nickel-Silver
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Na nopartlcle é

&
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Measurement

Figure 6.2: Images (A) to (D) show the steps of fabrication of the magnetoresistive sensor on a paper
substrate. Image (E) schematically shows the experimental set-up employed for the
magnetoresistance experiment where the sensor was kept in between two electromagnets, which
produces pulsed magnetic field.
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A part of Ni nanoparticles was used to synthesize silver capped-nickel nanoparticles. The
a-amylase solutions of 10, 30, 50, 80, 100, and 110 U/L concentrations were prepared by

dissolving the specific amount of enzyme into 1x phosphate buffer solution.

6.2.3 Sensor Fabrication and Experimental method

A bottom silver electrode was made on a 1 cm x 1 cm filter paper (Whatman cat no. 1001
125 grade 1) with silver paste and kept it for 12 hour to get it dried. Prepared Ni-Ag core-
shell nanoparticles were magnetically accumulated at the bottom of the container and 50 pl
Ni-Ag core shell nanoparticle was dropped on the filter paper using micropipette. The
prepared sample was kept again for 24 hour in order to get dried. Top contacts was made on
the sample with conductive silver paste. Again the sample kept for 12 hour after silver
contact was made.

Measurement was taken using electromagnet (EMU-50, DPS-50 Model from SES
Instruments Pvt. Ltd.) and digital multimeter (MASTECH M92A(H)). The prepared sample
was placed in between the electromagnet and the contacts were connected to a digital
multimeter using copper electrodes. Magnetic impulse was given using the electromagnet
and the data was recorded. The magnetic field applied is in the range of 0-2 kGauss. The
sensor fabrication steps are given in Figure 6.2 (A — D), whereas the experimental set-up is

illustrated in image (E). The normalized MR is calculated in impulse magnetic field using

the Eq. 6.1.
R(0)-R
MR = O ZRH) 6.1)
R(H)

where R(H) and R(0) indicates the resistance of the sample with and without magnetic field.

TH-2202_136153001



Paper based electronic sensors 179

6.2.4 Computational Details
In this study, a Matlab based micromagnetic computational model M3 72 is employed to
understand the physics inside ferromagnetic materials, which is governed by the Landau-

Lifshitz-Gilbert equation as shown below,

oM a oM
—=-yM xH,_ +—M x ,
ot M ot

S

(6.2)

where M:s is saturation magnetization which is material property, a is damping constant and
y is the gyromagnetic ratio. The effective magnetic field Hesr expression is given in the later
section of this chapter. It is found that if an impulsive external magnetic field is applied to
a ferromagnetic particle then the magnetization switches from one direction to other
depending on the direction of external magnetic field. The transition takes few nanoseconds
to come to the steady state. Since the magnetization vector M has a rotational effect with
Hesr , the magnetization vector oscillates before comes in equilibrium and such a oscillations
cause a low positive MR.

In order to calculate the magnetostatic interaction field, a Fast Fourier transform (FFT)
method is employed, utilizing Newell's demagnetizing tensor formulation’® at short
distances and a dipole approximation for the far field. For the exchange interaction six
neighbor method is implemented with Neumann boundary conditions having non-periodic
boundaries.” Interlayer exchange coupling is implemented using modified boundary
conditions for the layers next to the interlayer. The dynamics of a 50 x 50 x 50 nm cubical
Ni are calculated. The parameters of the material are as follows: A = 0.86 x 10°1%)/m, Ms =
484.1 KAIm, o = 1, y = 2.21x10° m/As (1.7595 x 10’ Hz/Oe).”™ ’® The parameters were
selected based on the reports in literature. A three layered structure can be used to

understand some basic mechanisms of the experimental results. Atomistic Toolkit is used
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to study the spin-transport simulation after optimizing the geometry. The whole system is
described by a spin polarized density functional theory’” (DFT) with the non-equilibrium
Green’s function (NEGF) technique.”” ® The exchange correlation has been taken as spin
polarized generalized gradient approximation (SGGA) in the form of Perdew-Burke-
Ernzerhof (PBE) functional. A single-polarized basis is set for Nickel atoms and double
polarized is set for the other atoms. The Monck Horst-Pack grid with (6, 6, 100) k-points is

applied in the 3D Brillouin zone.
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Figure 6.3: Image (A) shows the change in normalized resistance with time due to applied impulse
magnetic field. Image (B) shows the magnetoresistance percentage (MR%) due to applied magnetic
impulse. The applied magnetic impulse is shown in plot (C). Image (D) shows the computational
result of the change in magnetization in X, Y, and Z direction after applying an external magnetic
field in X-direction in a Ni nanoparticle.

TH-2202_136153001



Paper based electronic sensors 181

6.3. Results and Discussion

6.3.1 Magnetoresistance in Impulse Magnetic Field

GMR effect in a multilayer or granular system is because of the spin dependent scattering
of electrons. In ordinary MR the resistance of a metal increases with external magnetic
field.” A layer of Ag-Ni core shell nanoparticles were formed on a paper. The effect of
pulsed magnetic field was studied and the change in resistance is shown here in Figure
6.3(A). The normalized MR is calculated in impulse magnetic field using the Eqg. (6.1).

The MR study here was done in room temperature and we got a maximum of 50-55% of
MR for current perpendicular to plane (CPP) geometry. The bar graph in Figure 6.3(B)
shows the percentage of MR for different cycles of experiments. The corresponding
magnetic field pulses are shown in image (C). However, Figure 6.3(D) shows a
computational study of change in X, Y, and Z direction magnetizations inside a
ferromagnetic Ni nanoparticle when a magnetic field of 200 Oe was applied in X-direction.
The reason behind the magnetoresistive response can be attributed to the oscillation of the
magnetization which took place in each nearby magnetic Ni nanoparticles separated by an

Ag layer.
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Figure 6.4: Image (A) shows the computational result of the switching of X-directional magnetization
for different sized Ni nanoparticles. Image (B) shows the experimental magnetoresistance (MR%)
values of fabricated magnetoresistive sensor for different sized Ni-Ag nanopatrticle.
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The oscillation in the magnetization produced parallel magnetization condition which led to
a decrease in the resistance. However, only nickel nanoparticles showed substantially less
magnetoresistance in presence of magnetic field. In case of, Ni nanoparticles the change
was due to the colossal magnetoresistance which increased heavily in the Ni-Ag particles

due to the effect of giant magnetoresistance.

With the decrease in the particle size, a higher switching time from one magnetization to
the other was observed in the simulation as shown in Figure 6.4(A). Hence, a similar
consequence was observed in experimental magnetoresistance as illustrated in image (B) of
Figure 6.4. The magnetoresistance was higher in case of small particles due to the increase
in the oscillation of magnetizations. It was observed that the response was highest for ~50
nm particle size. The magnetization distribution in a ferromagnetic material is governed by

the following Landau-Lifshitz-Gilbert® equation as described previously,

oM a oM
—=-yM xH_, +—M x . (62)
ot M ot

S

Where M:s is saturation magnetization which is material property, o is damping constant and
y is the gyromagnetic ratio. The first term in right hand side of the Eq. (6.2) represents the
rotation of magnetization vector around an effective magnetic field. The second term
contains the local damping mechanism. The magnetization vector M gains equilibrium with

magnetic field alignment. The effective magnetic field Her expression is shown in Eq. 6.3

2A 1 of . (m)
= AmM - +H,+H,
HM H M om

(6.3)

eff X"
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The first term in Eq. (6.3) is due to exchange coupling where A is the exchange constant
which is the measure for magnetic stiffness of ferromagnetic material. The second term
refers the magneto-crystalline anisotropy where fani gives the angular dependency. The
parameter Hq is the demagnetization field and all other external magnetic field effect is given
by Hex. Figure 6.3(C) is a simulation result that explains how the magnetization in X, Y, Z
direction changes in applied magnetic field and the system reaches equilibrium after few ns.
That explains Figure 6.3(A), where the change in resistance took place only at impulse
magnetic field. Here a small amount of negative magnetoresistance was also observed as
there exists an oscillation in magnetization as shown in Figure 6.3(C). Moreover, Figure
6.3(D) shows a dependency of magnetization (Mx) switching time with average magnetic
particle size. Experimentally the MR was measured for different sized Ni-Ag nanoparticles
and it was observed that percentage of MR decreases with size of nanoparticles as shown in
Figure 6.4 as discussed earlier.

In order to understand the quantum mechanical phenomenon in a silver-nickel-silver
multilayer structure an atomistic simulation was also performed. micromagnetic simulation
shows that there is oscillation in the magnetization in the all three direction and the
oscillation in the X-direction (direction of external magnetic field) depends largely on the
size of the nanoparticle. The ~50 nm particle showed the highest oscillation and this was
reflected in the experimental results where the MR response was maximum for ~50 nm
particle. However, the quantum transport for the similar structure was yet to be studied up
to this point and hence the atomistic simulation was intended. The puposeof this simulation
was to study the transmission spectra, density of states, and current in the device for both

spin-up and spin-down electron.

TH-2202_136153001



184 Chapter 6

(A)

Nickel Atoms Silver Atoms Nickel Atoms
PN 00 ONER000 0 E 16
‘ < L‘. COLOLUML CUCL T
1 1 |
——> — Central Region —_ l-<-——>:

LE RE

(B) 'l (C) —_— U‘} Spin
0.8 | 08— Déwn Spin
0.4 | 0.4
& 0.0p - 0.0
N : '
-0.4 04F "
0.8} i P -0.8+ ,E AP
2-101 2 2-101 2
Energy (eV) Energy (eV)

Figure 6.5: Image (A) shows the computational geometry of the atomistic system under
consideration. The left electrode (LE), central scattering region and right electrode (RE) of the
system are demarcated using vertical dotted lines. In this image, the green spheres represent Ni
atoms and orange spheres represent Ag atoms. Images (B) and (C) show the transmission spectrum
of up and down spin electrons for parallel (P) and anti-parallel (AP) configuration respectively. The
Fermi energy Er of the system is denoted by the broken lines in images (B) and (C).

The three-layer structure as discussed in the computational details section is illustrated in
image (A) of Figure 6.5, where silver layer is sandwiched between two nickel layers. An
atomistic simulation was carried out to understand the spin dependent transport of electron.
The details of the simulations are already discussed earlier in the computational details
section. It is important to note that the geometry as shown in the image is divided in to three
different layers. The left side represents left electrode which is connected with the central
region where the transport and other parameters will be calculated and the right side
represents the right electrode. The transmission spectrum was first calculated for both spin-

up and spin-down electron to study the quantum conductance, G = G,T(E) where G, =

2e%/h and T(E) is the transmission spectrum.
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Figure 6.6: Image (A) shows the spin polarized current for spin up and spin down electrons in parallel
(P) configuration, whereas image (B) shows the spin polarized current for spin up and spin down
electrons for anti-parallel (AP) configuration. Images (C) and (D) show the density of states (DOS)
of electron for parallel and anti-parallel configuration, respectively. Dotted lines in images (C) and
(D) represents the Fermi energy Er of the system.

Electron transmission spectra of spin-up and spin-down electrons are shown in Figure
6.5(B) and 6.5(C) for both parallel (P) and anti-parallel (AP) magnetizations, respectively.
It is clear from Figure 6.5(B) that the spin-up and spin down electron have a broad peak
around fermi level (Er) but the spin up electron has more transmission coefficient than that
of spin down which indicates the ease of spin up electron transport through the device,
however, anti-parallel configuration have similar transmission spectrum for both spin up

and down electron as shown in Figure 6.5(C).
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The asymmetric spin up and spin down current in Figure 6.6(A) and 6.6(B) indicate spin
polarization in both the parallel and anti-parallel case, though the spin polarization in
antiparallel case is very less. We also discuss the device density of states (DOS) to
understand the spin polarization in P and AP configurations. The DOS, shown in Figure
6.6(C) and 6.6(D), suggests only spin down electrons have a peak near the Fermi energy at
+1.5eV in parallel configuration. However, the DOS looks similar for both spin-up and spin-
down electrons in case of anti-parallel configurations. Thus, the parallel configuration have

considerable amount of spin polarization, which lead to a magnetoresistive response.

6.3.2 a-Amylase Detection

The sensor for the detection of a-amylase was prepared using the starch coated Ni-Ag
nanoparticles. 0.2% w/v of starch solution was taken in freshly prepared nickel
nanoparticles. The solution was sonicated for 15 min followed by the addition of 0.001M
solution of AgNOz which was again kept in the sonication bath for 10mins at room
temperature. 0.1 M Glucose and 0.1 M NaOH was then added to the solution. The formation
of silver nanoparticles was confirmed when the solution turned orange after an hour in the
sonicator. After the preparation, a series of characterization experiments were performed to
confirm the attachment of starch molecule to the Ag surface.

Characterizations: UV-Vis spectroscopy confirmed the formation of Ni-Ag, Ag-starch, and
Ni-Ag-starch NPs as shown in Figure 6.7. The absorption band at 414 nm depicts the
characteristics absorption peak of silver nanoparticles and the narrow range indicates the
fine size distribution. The hydroxyl groups of starch facilitate combination of silver ions in
the molecular matrix while the aldehyde groups ease the reduction. The peak for the Ni-Ag
nanoparticles was broadened as expected due the presence of Ni nanoparticles and the peak

shifted to its left after being attached to the starch molecules as illustrated in literature.
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The FTIR spectra of starch capped silver nanoparticles and pure starch is given in Figure
6.8. Pure starch exhibited characteristic peaks at 3301 cm™ assigned to -OH stretching, 1639
cm™ to -OH bending of water, 2920 cm™ to C-H stretching, 1338 cm™ to —CO stretching of
primary alcoholic groups and 1018 cm™ to C-O-C symmetrical stretching. The FTIR spectra
of starch capped silver nanoparticles show a similar pattern with slight shift in frequencies

showing interaction of —OH groups.

—NiAg
— Ag Starch
0.8 ——NiAg Starch
S 0.6
o
< 04
0.2
0.0F
300 400 500 600

A (nm)

Figure 6.7: This figure shows the UV-Vis spectra of the synthesized Ni-Ag nanoparticles, Ag-starch
and Ni-Ag starch nanoparticles.

The UV-Vis spectroscopy study was not sufficient although a shift in the peak of absorption
spectra was clearly visible in the plot. Thus, the FTIR study of the same composite was
carried out followed by an EDS study of the same. In both the cases, the attachment of starch

was indicated and hence it was confirmfed.
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Figure 6.8: This figure shows the FTIR spectra for the starch and Ag-starch composite to confirm
the attachment of starch to the Ag surface.
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Figure 6.9: This figure shows the EDS spectra for (A) Ni-Ag and (B) Ni-Ag-starch composite to
confirm the presence of elements in the prepared samples.
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The EDS spectra of Nickel-Silver nanoparticles and Nickel-with starch coated silver
nanoparticles in Figure 6.9 (A) and (B) shows distinct peaks of Nickel and Silver thus

confirming their presence.

Detection: The experiments to detect the a-amylase was performed using the same set-up
explained in Figure 6.1. The base response of the sensor was measured initially before
performing the tests with amylase sample. The difference between responses before and
after amylase introduction was then calibrated with the concentration of the amylase. A
calibration curve was formed using the known concentrations of the amylase. Thereafter,
experiments were performed using human blood-serum sample and it was found that the
response of the sensor was similar to that of the readings received from hospitals. Figure

6.10 shows the calibration curve and the readings for bio samples are scattered in the plot.

30 - S1 Amylase level in Calibration Associated Amylase
2 No. blood serum from curve standard concentration
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Figure 6.10: This figure shows the calibration plot for the detection of a-amylase. The red scattered
points in the graph are indicating the bio-sample values. The table shows the comparison of values
obtained from the Dimension RxL Max Integrated Chemistry System, SIEMENSTM, for human
serum and the response of the proposed sensor.

6.4. Conclusions
In summary, the MR effect in granular structure with core shell nanoparticles in impulse

magnetic field was discussed and it was significantly as high as ~50% even at room
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temperature. The computational study indicated a relation of magnetization switching with
the size of ferromagnetic nanoparticle. It was observed that the response of the sensor
increases with the decrease in the nanoparticle size. However, at 50 nm, the
magnetoresistance response saturates as the magnetization oscillation was found to be
highest at that dimension.

A paper-based sensor using GMR phenomena has been fabricated to detect the
concentration of a-amylase in human blood serum for the diagnosis of pancreatitis. We
observed that with different concentrations of a-amylase, the magnetoresistance increased
which was then plotted accordingly. In order to validate the results, the sensors were
experimented with human blood samples. The results with human blood samples were

similar to that of the results from the standard pathological testing of the a-amylase samples.
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CHAPTER 7

A Nano-BG-FET for Point-of-Care Estimation of Ammonia and Urea in
Human Urine
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ABSTRACT

The cleaners, farmers, or industrial workers everyday come under the exposure of
hazardous and pyrophoric ammonia gas or vapor, which cause severe health disorders in
them. However, there is hardly any point-of-care-testing (POCT) device, which can detect
the level of ammonia in real-time. Further, activity of ammonia and urea the body fluids
such as breath, urine, and blood are the biomarkers for kidney or liver functions. Herein a
highly sensitive and reusable back-gate-field-effect-transistor (BG-FET) has been
developed to selectively detect ammonia in air together with ammonia and urea in a
human urine. The BG-FET was prepared on a p-type Si substrate with a n-type channel
material of CdS-TiO2 nanocomposite and a poly-methyl methacrylate (PMMA) film as the
dielectric layer. In order to make the sensor reusable, it was employed as a cover to a
chamber where the ammonia gas or the urine sample was placed. The response of the BG-
FET was analyzed by measuring the I-V characteristics, which showed increase in the
drain current with ammonia release from the chamber. The underlying principle of the
BG-FET enabled the creation of more (fewer) charge carriers for the reducing (oxidizing)
gases such as ammonia upon adsorption on the nanostructures of the CdS-TiO; as the
channel material. Control experiments with different gases/vapors suggested that the
change in the current-to-voltage response of the BG- FET could be calibrated to
selectively measure the activity of diverse hazardous gases. The lowest concentration of
ammonia which could be detected was ~0.85 ppm at a response time of 30 s with an
operating gate voltage of less than 0.5 V, which were significantly superior than the
previously reported any ammonia sensor. Urease enzyme was added to the urine sample to
liberate ammonia proportionately, which could also be detected employing the same
sensor. The urea-urease lock-and-key enzyme catalysis reaction made the sensor specific
in detecting the biomarker. The performance of the calibrated BG-FET was also compared
and contrasted with the standard clinical urea detection methodologies. The reliability,
accuracy, reusability, and fast response time of the device could be employed to develop a

point-of-care biomedical-device for ammonia and urea detection.

The manuscript is under review.
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7.1. Introduction

Low-cost, portable, and reusable point-of-care testing (POCT) devices have been designed
and developed in the recent times with the vision to improve the quality of human lives
and their expectancy.! In one direction, they are expected to keep a track of blood
pressure, amylase,® COPD,* virus infection,® diabetes and blood sugar,® ” or pregnancy?® at
the user site on a regular basis. On the other hand, they are likely to detect pollutants
present in air,® water,'® or soil and promote awareness to prevent environmental hazards.
Although the technological progress has been very rapid in this regard, the number of

pollutants and biomarkers that require urgent attention is perhaps increasing every day.

For example, the environmental pollutions associated with inflammable and toxic
ammonia (NH3) gas, due to the rapid industrialization of the fertilizer or pesticide
synthesis and their large-scale use, have influenced the ecological stability,'* human
health,? and animal life.!> ¥ The sewage cleaners of nitrogenous liquid or solid wastes
everyday come under the exposure of ammonia gas/vapor, which cause irritation to skin,
eyes, throat, and lungs if not blindness or reduction in life expectancy, in many of the

Severe cases.

Importantly, in the present scenario, the technologies associated with ammonia gas
detection using spectroscopic techniques are rather costly*® and time consuming. There is
hardly any POCT device, which can detect the level of ammonia issuing out of wastes,
urinals, pesticides, or fertilizers. In view of the above, the present study reports the design
and development of a portable and reusable back-gated-field-effect-transistor (BG-FET)
employing the specialities of nanoscale science and technology for the real-time detection

of ammonia gas/vapor present in the atmosphere. The sensors are designed in such a
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manner that they can also be integrated to POCT devices to determine the activity of

ammonia and urea in the human urine samples.

The amount of ammonia and urea in the body fluids such as breath or blood or urine are
considered to be important biomarkers to judge the quality of the health and fitness. 628 |t
is well known that in the human body both ammonia and urea originate from protein
metabolism wherein the proteins are initially broken down to toxic ammonia before
converted into rather non-toxic urea.’® While ammonia has an immediate relation to the
acid-base imbalance in the human body, urea is not directly responsible for the same.?’ A
high urinary/plasma nitrogen ratio indicate the onset of azotemia while a low value is
indicative of acute tubular necrosis.*® Clinically, less than 50 pM of ammonia content is
considered to be the normal in the human blood.? Kidney dysfunction or enzymatic
deficiencies may lead to endogenous ammonia intoxication or hyperammonemia,??
responsible for hepatic encephalopathy.?® ?* In addition, ammonium ion, a significant
constituent of urine, is volatile at alkaline pH and release ammonia.?® Further, presence of
NHs in the human breath is also considered to be an indicator for renal failure and amino

acid deficiency.?5 27

The prior art suggests that the regular detection of ammonia in human breath, blood, and
urine can provide an insight into several important health disorders, for example, liver
dysfunction (cirrhosis),?® ovulation in women,?® protein digestion, deposition of creatinine
in joints during arthritis, or regulation of protein intake,® among others. Apart from
ammonia, regular monitoring of the amount of urea in the body fluids can also help in the
early diagnosis and prevention of renal failure,!® tubular necrosis,!’ heart failure,®! or

dehydration, among others. However, the presently available POCT urine strips do not
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include urea detection. A few commercially available devices such as iISTAT™ from
Abbott Healthcare employ electrochemical sensing to detect blood urea nitrogen,
electrolytes, and glucose. However, this process is not only expensive but also involve

cartridges that are not reusable.

In view of the above, of late, the real-time detection of ammonia gas present in air and also
the detection of ammonia, urea, and nitrogen in the biological fluids have attracted a lot of
scientific and technological attentions.’® In particular, the focus has shifted to the
development of the diagnostic tools® leveraging on the efficacies of the nanoscience and
nanotechnology.®® For example, conducting polymer based resistive ammonia sensors
have been reported recently in the literature.>** Conductometric metal oxides sensors
composed of ZnO, and TiO, or metal chalcogenides like CdS have also been developed.t*
3743 Nanocomposites of different metal oxides*> 4 along with polymers are designed and
developed with the aim to exploit the special properties of materials and enhance the
efficiency of the sensors under ambient condition. The different other schemes of
ammonia sensing include quartz crystal microbalance,”® gas chromatography,
colorimetry*” 4 or amperometry,® among others. Gas sensors, in general, has also been
demonstrated with graphene.*® A dual conductometry cum colorimetry sensor using dye

coupled reduced graphene oxide has also been reported very recently.>

In this direction, as the transduction platform, the FETs have shown significant potential
due to their excellent sensitivity, selectivity, and compatibility with the existing label-free
detection methodologies.>! Their real time response, ease of miniaturization qualifies them
for POC applications.®® For example, the accurate but costly chromatographic or

spectroscopic methods require time and expertize for the detection and analysis, not
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suitable for real time monitoring. Further, as compared to the two-electrode chemiresistor
or conductometric sensors, the presence of the third gate electrode in the FETs improve
the performance by providing more control over the response. In addition, FETs offers a
multi-parametric attribute while sensing because apart from the current, the threshold

voltage or the sub-threshold current swing can also change.>

Importantly, the use of nanotechnology in the FET sensors composed of ZnO,>* 1n,03%
and Si°® has improved the performance. The use of the nanoscale films of polymers as the
gate or active channel materials have also reduced their production cost suitable for POCT
devices.>”® For example, FET composed of TiO, has been used previously to detect
ammonia, harnessing the phenomenon of partial reduction of the oxide in presence of the
reducing ammonia gas leading to an increased current response.*! 4 4 Oxygen defects in
TiO2 make it an n-type semiconductor. Thus, adsorption the electron deficient oxidizing
gases like oxygen extract electrons from these materials to develop a depletion layer near
the adsorbed interface, which creates a potential barrier at the grain boundary to increase
the electrical resistance.®® In contrast, in presence of an electron donating reducing gas
such as the ammonia the resistance of the channel material reduces after absorbing
electons.®! However, the voltage of operation for most of the previously reported FETs are
~60-80 V,°" %2 which is perhaps one of the major roadblock behind the commercial use of

the FETs as gas sensors suitable for the POCT devices.

In this chapter, a BG-FET sensor has been developed suitable for POCT of the activity of
ammonia vapor/gas in atmosphere as well as the detection of ammonia and urea in human
urine samples. The n-type nanocomposite of CdS-TiO> semiconductor has been employed

as a channel material for the highly sensitive detection of ammonia gas at lower voltages.
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The nanoparticles of CdS-TiO, composites are used to improve the gas sensitivity with the
reduction in the grain size.®® In fact, the study shows that the extent of reduction in
resistance with the adsorption of different types of gases/vapors on the channel
nanomaterial show distinctive 1-V characteristics, which help in distinguishing different
gases/vapors. We achieve this type of sensitivity and selectivity at an exceptionally low
operating voltage and gate potentials, as compared to the ones reported in the literature.>?
%, 62 An inexpensive closed chamber has been designed to perform the real-time
measurements using the same BG-FET at room temperature to showcase its reusability.
The ability of the BG-FET to quantitatively and selectively sense ammonia in human urine
samples has also been demonstrated. This has been achieved by estimating the activity of
ammonia issuing out of a lock and key enzymatic urea and urease reaction. Once
calibrated, the sensitivity of the same sensor can be exploited for selective detection of
different other gases/vapors based on the distinctive reduction or increase in the electrical
resistance during the adsorption of the gases/vapors on the grain boundaries of the

nanostructures present in the channel.
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7.2. Materials and Methods

Figure 7.1: Schematic steps to fabricate the BG-FET device. Side views - (i) masking of the Si
wafer; (ii) coating of PMMA on the Si Wafer; (iii) Coating of the photoresist (PR) on the PMMA
layer; (iv) UV exposure through photo lithography and development of the patters; (v) CdS-TiO2
deposition through drop casting; and (vi) electrode deposition through silver paste. The bottom row
in the images (iv) - (vi) show the top schematic views.

7.2.1 Materials
Poly-methyl methacrylate (PMMA) was obtained from Alresist GmbH, Germany.

Silicon wafers (<100> P-type, Boron doped, Resistivity 0.01-0.02 ohm.cm) were
procured from N.J. International Corporation, India. Microposit S1813 positive
photoresist was purchased from MicroChem, USA. Titanium dioxide (TiO2) was
obtained from Qualigens Fine Chemicals, India. Cadmium chloride (CdCl,),
sodium sulphide (NazS) pellets, and methanol (ChsOH, 99.5%) were procured from
Merck, India. Concentrated ammonia solution (NHs), hydrochloric acid (HCI,
37%), ethanol, anisole, and toluene were also procured from Merck, India. Poly-
dimethylsiloxane (PDMS - SYLGARD® 184 kit) was obtained from Dow Corning,
India. Urease enzyme extracted from Canavalia ensiformis (jack bean) was

obtained from Sigma Aldrich, India. The Cu wires and double sided tapes were
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procured from the local vendors. The chemicals were of analytical grade and
employed in the experiments without further purification. The Milli-Q grade water

was used for cleaning the glassware and also while preparing the fresh solutions.

7.2.2 Fabrication of BG-FET
The fabrication process of the BG-FET has been outlined in Figure 7.1. Initially 2

cm x 2 cm pieces of Si wafer were cut and cleaned in piranha solution (3:1 mixture
of concentrated H2SO4 and H202). After thorough cleaning in acetone and isopropyl
alcohol, the wafers were dried by a nitrogen jet before placing on a hotplate for ~10
min. A portion of each wafer was initially covered with a mask as shown in the
Figure 7.1(i). Following this, a PMMA dielectric layer was spin-coated twice with a
spin-speed of 1000 (Figures 7.1(i) and 7.1(ii)) on the unmasked region. The PMMA
coated Si wafer was soft-baked at 135°C for ~3 min on a hotplate followed by hard-
baking at 150°C for ~1 min. The film thickness was found to be ~200 nm, measured
by an Imaging Ellipsometer (EP3, Nanofilm, Accurion Scientific Instruments Pvt.
Ltd). After that a 3.5 pum thick positive photoresist, S1813, was spin-coated twice
with a spin-speed of 1000 RPM on the PMMA layer, as shown in the Figure
7.1(iii). The channel region was defined (Figure 7.1(iv)) by a laser writer, Dilase
250 (KLOE, France) using a 1.5 mW UV laser exposure of wavelength 375 nm.
Thereafter, about 2 pl of the aqueous CdS-TiO2 composite was drop casted on the
channel (Figure 7.1(v)) and left to dry overnight. Drain and source electrodes were
defined on either sides of the CdS-TiO> channel with silver paste, as shown in the
Figure 7.1(vi). The gate electrode was fabricated by depositing the silver paste on
the masked portion of the Si substrate, after removing the mask, as shown in the

Figure 7.1(vi).
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7.2.3 Synthesis and Characterization of Nanocomposite

The CdS-TiO2 composite nanoparticles were synthesized chemically as previously
reported in literature.®* Cadmium chloride (CdCl;) and sodium sulphide
(NazS.9H,0) salts were used as the sources for Cd?* and S? ions, respectively.
Initially, 20 ml of 0.1M TiO> solution was prepared and sonicated for 1 h in the
ultra-sonication bath. Freshly prepared 0.1M NazS solution was then added to the
solution drop by drop with vigorous stirring. Subsequently, a freshly prepared 0.1M
CdCl> solution was added to the above-mentioned solution with continuous stirring,

which turned the previous white solution into a yellowish-white.

7.2.4 Material Characterization of the CdS-TiO2 Composite Nanoparticles

The nanocomposite was characterized by Raman spectroscopy and X-Ray diffraction
(XRD) analysis. A micro-Raman spectrometer, Jovin Horiba, LabRam HR800, with a 532
nm Ar laser was used for the purpose. The XRD was carried out in a Bruker, Model-D8-

Advance powder X-ray diffraction equipment. The results are shown in Figure 7.2.

(A) (B)
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Figure 7.2: Material characterization of CdS-TiO2. (A) Raman spectra of the CdS-TiO:
nanocomposite in which the inset shows the magnified view of the same. (B) X-Ray diffraction
analysis of the composite nanopatrticles.
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The peaks in the Raman spectra correspond to the Raman active modes of TiO2: Eg (~140
cm™), Big (=390 cm™), Asg (<520 cm™!) and E4 (=630 cm™!) and a multi-proton process
(~200 cm™). The weak and broadened peak around 320 cm™ corresponds to CdS
nanoparticles. However, its signature Raman active mode around 600 cm™ was not
observed due to the dominant TiO2 peak in the vicinity. In the XRD pattern, the strong
peaks at 20 ~25° and ~48° confirms the anatase phase of TiO.. The peak at 20 ~28°
corresponds to reflection from (101) planes of hexagonal CdS while, reflection from (220)
planes is represented by the peak at 20 ~41°. As it was expected for nanocrystals, the
peaks in general are weak and broadened.

7.2.5 Calibration

The electrical measurements were carried out using a power supply (Testronix 11A)
and digital multimeter (Mashtech 32(H)9A) in ammeter configuration. Initially, the
sensor’s response to different known concentrations of NHz solutions were
recorded. These measurements were used to calibrate the device for the testing of
10 times diluted urine samples which followed next. All experiments were
conducted with a liquid volume of 50 pl. Testing of urine samples were carried out
in two steps, before and after the addition of urease. The first reading correspond to
the ammonia concentration present in urine by default while the second corresponds
to the combined concentration of ammonia already present in urine and that

released by the urea hydrolysis in presence of urease.

7.3. Results and Discussion
7.3.1 Electrical Characterization

The FET was fabricated in a back-gate- top-contact configuration, as schematically

shown in Figure 7.3(A) with PMMA as dielectric, CdS-TiO2 nanocomposite as the
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channel material with silver paste as electrode. Here, the acceptor p-type Si
substrate of resistivity 0.01-0.02 ohm.cm acted as the gate electrode. A negative
voltage at the gate terminal repelled the majority carrier electrons of n-type CdS-
TiO2 nanocomposite towards the surface of the channel. The charge distribution in
the channel under negative gate potential and the electrical connections for

measurements are illustrated in the Figure 7.3(A).

(A) (B)

o e 5 o e
2

Figure 7.3: Image (A) shows the schematic diagram of the BG-FET device and the electrical
connections. The magnified inset shows the effect of applying a negative bias at the gate electrode
(Ve < 0 V). Image (B) shows FESEM image of the 100 pm x 20 pm channel region on the
photoresist after photolithography. Image (C) is the FESEM image of the active region and drain-
source electrodes. Image (D) shows a magnified view of the active region depicting the surface
morphology of the CdS-TiO2 nanostructures. Scale bar for (B) and (C) is 100 um and 1 pm for (D).
The channel region before and after the deposition of the active composite material
of CdS-TiO: is illustrated in FESEM images Figure 7.3(B) and 2(C), respectively.
The active CdS-TiO> region bounded on the upper and lower sides by the drain and

source electrodes of conductive silver-paste. Figure 7.3(D), a FESEM image of the
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sample shown in the Figure 7.3(C), depicts the details of the channel where the

CdS-TiO2 nanostructures are clearly visible.

(A) (B)
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Figure 7.4: Electrical characterization of the FET in absence of ammonia. (A) Ip vs Vg
characteristics of the FET at a constant drain bias, Vp = 1 V. (B) Ip vs Vp response of the FET at
different gate biases, Ve =0V, -0.2V, and -0.5 V.

The electrical characterization suggested that the channel of the FET conducted at
zero gate bias (Ve = 0 V), as shown in the drain current (Ip) versus gate voltage
(Ve) plot at a drain-source voltage (Vp) of ~1 V in the Figure 7.4(A). In such a
situation, the application of negative Vg could enhance the Ip whereas a positive Vg
did not show any significant change in the Ip, as illustrated in Figure 7.4(A). The
electronic properties of CdS-TiO2 nanocomposite helped in describing these
behaviors. In general, TiO2 is known to be an n-type semiconductor due to the
presence of oxygen vacancies® and undoped CdS films also exhibit n-type
behavior.%® Thus, the composite of CdS-TiO, could exhibit n-type characteristics
with electrons as majority carriers. Application of a negative Vg induced positive

charges near the dielectric, which repelled the negative majority carriers and

enriched the surface of the active layer with electrons. In consequence, significant
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conduction through the surface was observed as the Ip increased. Figure 7.4(B)
illustrates that increasing magnitude of Vg shifted the Ip vs. Vp plots towards higher

Ip values, suggesting a better sensing performance at a higher Ve.

However, voltages beyond Vg = -0.5 V resulted in high gate current resulting from
the dissociation of thin dielectric layer. Hence, for this study, Ve = -0.5 V was
chosen as the suitable gate bias for all subsequent experiments, while Vp was swept

from O V to 1 V for obtaining the device characteristics.
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Figure 7.5: (A, B) Schematic diagram of the closed setup for ammonia sensing. (C) Comparison
between current responses in the open and the closed system for 3 different concentrations,
50uM, 100uM, and 200uM. (D) Ip vs Vp characteristics of the FET at a fixed gate voltage, Vg = —
0.2 V, for different concentrations of aqueous ammonia solution in the closed system.

Unlike conventional curves, the characteristics of the proposed device did not
saturate at Vp up to 1 V due to high contact resistance and significant conduction at
the surface of the active layer. A voltage higher than 1 V would have showed the

saturation. However, at a higher voltage led to high currents, which damaged the
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channel material and reduced the life time of the sensor. The conduction of
electrons in this case through the surface and bulk due to thick layer of drop casted
nanoparticles and thus the effect of gate is somewhat opposite. The typical gate current

observed was of the order of 101 A.

7.3.2 Ammonia Sensing

The BG-FET was tested for ammonia sensing in room temperature. For this
purpose, agueous ammonia solutions were prepared by adding different amount of
13.4M stock ammonia solution into water. During the test, initially, the experiments
were carried in the open environment where the sensor was kept under ambient
condition. A 50 pl drop of the respective solution was kept at a distance of around 3
cm from the device. Once the drop was dispensed, the measurements were recorded

by a digital multimeter after an interval of ~30 s.

A time interval of 5 min was allowed between two consecutive experiments to
ensure the restoration of electrical and physical characteristics of BG-FET to its
native state in order to avoid cross responsivity between successive measurements.
Further, we also performed these experiments in closed system with an objective to
improve the sensitivity. The enclosed setup is illustrated in images (A) and (B) of
Figure 7.5. In this set-up, the reaction chamber was created by casting PDMS in a
cylindrical vessel and the sensor was attached as the lid to the vessel. The test drop
was dispensed into the reaction chamber before the lid with the BG-FET confine
the chamber, as illustrated in Figure 7.5(B). The Ip vs Vp characteristics at Vg = —
0.5 V were subsequently measured with 3 different concentrations of ammonia

solution 50 uM, 100 uM and 200 puM. The open and closed systems were evaluated
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in terms of the normalized change in drain current, AlpN, determined as per the

following expression:

art =2l (7.1)
Al

DO

Where, a1, is the change in drain current in presence of the samples and a1, is

the drain current in absence of ammonia gas/vapour at, Ve =-0.5VandVp =1 V.

Table 7.1: Summary of different notable FET based sensors for NHs detection and a
comparison with the sensor reported in this work.
Material Type Configuration ppmRange |Vas| [V tRes refs
V) (V)
P3HT NF BGBC 0.1-25 60 30 5-25sec '
P3HT NF BGBC 100 100 85 400sec
P-29-DPP-  NF BGTC 29-1000 5 5 5 min &
SVS
Polyaniline  NW BGBC 1-20 8 10 10 sec 3
PBTTT NF BGTC 10-100 30 30 40sec 74
P3HT/PS  Blend BGTC 5-50 40 40 5-10min 7
In203 NW BGTC 200-10000* 0.3 60 0.5-2 %
min
Si NW BGTC - 1-5 20 - 56
CdS/TiO2 NC BGTC 0.85-170 % 1 05 30sec This
work
tres = Response time, BGBC - Back gate back contact, BGTC - Back gate top contact,
NF — Nano-film, NW — Nano-wire, NC — Nano-composite.
*1 ppm = 10% % (v/v)
#1 ppm = 58.82 uM/L (for NHs solution)
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Figure 7.5(C) compares the a1 for the open and closed systems for 3 of the lowest

concentrations of ammonia (Cn). It was observed that the response of the closed
system was at least 3 times better than the open environment, as shown in Figure
7.5(C). At a particular Ve and Vp, the concentration was related to the current by a
one-to-one correlation, which was used for the measurements. Moreover, it was
also observed that the closed system could detect 50 uM of NH3z solution, which
was almost undetectable in the open system. These experiments suggested that the
sensitivity of the close system was significantly high and all further experiments
were carried employing this closed setup. The device responses at the same Vg = -
0.5 V with different concentrations of ammonia solution ranging from 50 uM to 10

mM were compiled in the Figure 7.5(D).

A (B)
(3

©
A Al}lmonia :{ "&e-

Ead. K & [Ti-NH,J+  [Cd=NH*"

—_ T - 5 5
_CdS-TiO, active surface ~ CdS-TiO, active surface

Electron flow
Electron flow CdS-TiO, NPs

Figure 7.6: Schematic representation of ammonia sensing: (A) Small current flowing through CdS-
TiO2 active surface in absence of ammonia. (B) Adsorption of ammonia molecules on the surface
and resultant enhancement of current. (C) Electron transfer process between the ammonia
molecules and CdS-TiO2 nanoparticles (NPs) leading to the formation of weak coordinate-covalent
bonds.

7.3.3 Mechanism for Ammonia Detection

The sensing with CdS-TiO can be explained by the partial reduction of the nanostructures
in presence of ammonia. As discussed earlier, several metal oxides and chalcogenides
exhibit gas sensing property because of the pronounced or reduced electron transport
owing to the partial reduction or oxidation of the active material. For example, Figure

7.6(A) shows the lower current response of the virgin BG-FET in presence of fewer
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carriers on the CdS-TiO2 nanostructures. In comparison, the exposure of ammonia led its
adsorption on the CdS-TiO. nanostructures through the donation of the lone pair of
electrons, as shown in Figure 7.6(B). Subsequently, the weak coordinate-covalent bonds
were formed on the CdS-TiO. nanostructures, as illustrated in Figure 7.6(C).* In the
process, the active channel material was enriched with electrons, which increased the
number of charge carriers and current response. The higher porosity of the nanoparticle
based active materials showed a better response through more efficient adsorption of the

gas, as compared to the continuous films of the same material.

A comparison of the present work with previously fabricated FET based sensors is
illustrated in Table 7.1. The data suggests that, most of the back gated FET based
sensors fabricated for detection of ammonia were found to be operated at higher
voltage compared to the FET sensor device fabricated in this work. Moreover, the
response time of our device was ~30 s, which was less than most the FET devices
for detection of ammonia. Further, the lowest concentration detected was found to
be 50 pM, which was equivalent to ~0.85 ppm, comparable to some of the
previously reported results. Concisely, the proposed BG-FET combined all the
features of low operation voltage, high sensitivity, reusability, and low response

time to qualify for the integration with a real time POCT device.

7.3.4 Selectivity of BG-FET

The selectivity of BG-FET for ammonia was investigated based on the comparison

of the responses from 3 volatile solvents, 500 uM hydrochloric acid (HCI), ethanol,
and toluene, other than ammonia. The a1 for the different solvent vapors (Cvap)

exposures are shown in the Figure 7.7. When 500 pM ammonia was present in the
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solution, the increase in current (about 1.2 times) was almost 4 times higher
compared to the case of HCI (about 0.3 times). Toluene showed a negligible

variation in Ip and the response in case of ethanol was found to be negative.
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1
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Figure 7.7: Comparison of the normalized change in Ip for different volatile samples, 500 UM NHs,
500 uM HCI, toluene and ethanol.

Selectivity of nanostructured TiO2 and its composites towards ammonia at room
temperature has been investigated earlier.6” %8 For example, the chloride ions from
HCI can undergo oxidation by the surface adsorbed oxygen and in the process,

contribute electrons to the composite as:
— BT, ClI0 + e (7.2)

Cl + 0

This might be the reason behind, a1} > 0 for the proposed BG-FET in presence of

HCI vapors. In comparison, ethanol, in small concentration is also known to

undergo oxidation and increase conductivity according to the following equation:®°

cds/Tio,

C,H,OH + 6e —-2"°t5 2CO, + 3H,0 + 6e_ (7.3)
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Since this is typically reported at elevated temperatures (greater than 100°C), 0 it is
imperative that room temperature was not sufficient to provide the activation energy
for the reaction. Again, in a humid environment, adsorption of H.O molecules
further lowers the possibility for the oxidation of ethanol.®” The combined effect
manifests as, Alp N < 0, response in presence of ethanol vapor. In case of toluene, it
is understandable that being an aromatic compound, it would show minimal

electron donating behavior and consequently result in a feeble response.

Concisely, the Figure 7.7 shows the capacity of the BG-FET for the real-time and
highly-sensitive and selective detection of different gases. The underlying principle
of the proposed BG-FET enable the creation of fewer (more) charge carriers for the
oxidizing (reducing) gases upon adsorption on the nanostructure of the channel
material. Subsequent change in the current-to-voltage response can be calibrated

easily to selectively measure the activity of diverse hazardous gases.

7.3.5 Sensing of Human Urine Samples

The BG-FET was tested with human urine samples to validate its capability to
sense urea. Random urine samples of both male and female were obtained from a
hospital having ages ranging from 45 to 68 years. The samples were diluted 10
times and 50 pL of the diluted samples was used for testing. It is well known that
hydrolysis of urea by the enzyme urease selectively produce ammonium ions. This
enzymatic reaction was utilized to convert urea into highly volatile ammonia which
in turn was sensed by the BG-FET. A highly concentrated urease solution (~40,000
Units/L) was prepared in dilute phosphate buffer of pH 7.4 to ensure a quick

reaction. As urine itself contained some amount of dissolved NHs, the urea content
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in urine could not be directly correlated to the device response. In such a situation,
the amount of dissolved ammonia was quantified before the urease was introduced.
Thus, initially, the response of the sensor for a drop of collected urine sample was
measured to detect the amount of ammonia in urine. Thereafter, the urease solution
was introduced to the same urine drop and the response of the BG-FET was
recorded again. The response measured in first step corresponded to the dissolved
ammonia while the increase in the response in second step was due to the ammonia

generated from urea-urease reaction as mentioned earlier.

(A) (B)
2,5 - ) 5 2.5 - m  Calibration responses
m Calibration responses L Res bef 2
E ponses beiore urease
Responses before urease: YW vy XyY v o
2.0 vXwvY wZ 2'0‘-R< : Y
[ Responses after urease '
[ 7 X v YwvZ
z 1-5 B z R 1.5 [
NG [
< 1.0f < 1of -
[ X — X' 1101 mg/L
05 0.5 Y — Y' 1220 mg/L
[ Z — 7 330 mg/L
0,0' P | " P | — P | 0.0- 1 " ip Il
0.1 1 10 ; 1 10
©) C, (mM) C, (mM)
Sample | NH; Concentration After  Calibrated Response | Actual Response
Urease (ai,, ai,,"
(Cn2)
(mM)
W 4.19 2.035 2.11+0.19
X 4.16 2.027 1.958
Y 4.22 2.038 2.05+0.25
Z 1.36 1.539 1.63+0.13

Figure 7.8: Sensor response for human urine samples. (A) Normalized device responses for urine
samples before the introduction of urease (represented by filled triangles W, X, Y and Z) along with
the linear fitted responses for known calibration samples. (B) Normalized device responses before
(filled triangles) and after (unfilled triangles) the introduction of urease, superposed with liner fitted
responses for known calibration samples. W’, X', Y’ and Z’ are the modified responses after urease
was introduced. (C) Comparison between the actual and calibrated responses for 4 different urine
samples W, X, Y and Z.
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The sensor responses were measured in terms of normalized change in 1, (a1, ) as
before. The a1 wvalues corresponding to different known concentrations of
aqueous NHs were extracted from the v_ vs 1 responses to construct a calibration
plot illustrated in Figure 7.8(A). The initial responses of the samples (a1},), in
absence of urease indicates the inherent ammonia content of urine (c, ).

Quantitatively, it can be obtained from the calibration plot of Figure 7.8(A). The
notations W, X, Y and Z denote the 4 different urine samples prior to urease
injection. Following this, 10 pL of urease solution was introduced into the reaction

chamber and subsequent responses were recorded between 2 and 3 min.

Figure 7.8(B) shows the NHs concentrations in presence of urease (c, ,) and the
corresponding responses (Al ,). Since the urea concentrations found in the clinical

pathology tests do not relate directly to the observed a1 values, the equivalent

c,, values were obtained after multiple adjustments for dilution, stoichiometry of

N ,2
the enzyme reaction and c,,. The calculations are discussed in details here-in-

below.

7.3.6 Calculation of Ammonia and Urea in Human Urine Samples

Urease hydrolyses urea in agueous medium to produce ammonium hydroxide. The
gas/vapour NHs being highly volatile, is released from the solution. Urine in itself contain
some amount of dissolved NHz. Hence the response of the BG-FET sensor corresponds to
the net NHs content comprising of both inherent NH3 as well as the NHz derived from urea

hydrolysis. For the experiments, the diluted working samples were named as W, X, Y and

TH-2202_136153001



220 Chapter 7

Z. The initial response of the device in absence of urease (a1, ) represents the amount of
NH; already present in diluted urine samples (c ). The ¢, values were measured from
the calibration plot with known samples. The c; (mg/L) denotes the urea concentrations
in the undiluted samples obtained from standard pathology test. Following this, the c
values were converted to its equivalent NHs concentration (c) by considering urea-
urease reaction stoichiometry and the dilution ratio. It is well known that each mole of
urea would produce 2 moles of NH4*. Again, c values were measured for the actual

undiluted samples. Since the working samples were prepared by a 10 times dilution, an

adjustment factor of 0.1 was required for the calculations.

Table 7.2: Details of calculations of the urea equivalent NHs concentration in the presence of
urease.

Sample = Response NH3 Clinical ~ Corresponding NH3 ~ NH3 conc. after

before conc. report of conc. urease
urease before urea (¢ F) (mM) (c,,)(mM)
(A1) urease  content ] iy
D1 (CNIl) (Cj) C:::CUXZX*O.]_ CN,ZZCN+CN,1
(MM)  (mg/L) 60.06
w 1.16+£0.19 059+0.2 1064 3.543 4.19
X 1.08+0.12 05+0.1 1101 3.666 4.16
Y 0.61 +£0.09 0.16 + 1220 4.062 4.22
0.01
Z 0.82+0.25 0.27 330 1.098 1.36
0.11

* Molecular Weight of Urea = 60.06 g/mole
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The calculation is shown in the 5 column of Table 7.2. The net NH3 concentration (¢, ,)

was obtained by adding c{ and c, as illustrated in 6" column of Table 7.2. The value

1

of c

N ,2

was considered as the abscissa while plotting the responses of the devices in

N
presence of urease (a1 ,).

The notations W’, X’, Y’ and Z’ are the respective counterparts of W, X, Y and Z

depicting the changes in a1 after introduction of urease. The horizontal shift from

C to c

- ., In each case corresponds to the urea concentration of the particular
undiluted samples. The results of standard pathological urea tests are also shown in

Figure 7.8(B). The Table shown in the Figure 7.8(C) compares and contrasts the

results with the calibrated responses (a1 ). In summary, the Figure 7.8 showed

the capacity of the BG-FET for the real-time and highly-sensitive detection of
ammonia and urea in the human urine sample suitable for POCT detection. The
results shown here suggest that the same BG-FET can be calibrated easily to
measure the nitrogen, ammonia, and urea content of different body fluids such as

breath, blood serum, and urine.

7.4. Conclusions

In summary, a CdS-TiO2 nanocomposite based BG-FET sensor was fabricated,
which was operated at a small negative gate voltage of <-0.5 V. The operating
voltage of proposed FET was significantly low compared to the previously reported
FET based sensors. The BG-FET was found to be suitable for real-time point-of-
care (POC) detection of hazardous and inflammable ammonia gas present in the

atmosphere in a closed set-up. The lowest concentration of ammonia which could
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be detected was ~0.85 ppm at a response time of 30 s. The response time and
sensitivity of the present BG-FET was found to be superior than other similar FET
based ammonia sensors’"® reported earlier. The underlying principle of the BG-
FET enabled the creation of fewer (more) charge carriers for the oxidizing
(reducing) gases upon adsorption on the nanostructure of the channel material.
Thus, the change in the current-to-voltage response can be calibrated easily to

selectively measure the activity of other hazardous gases.

The BG-FET could also be utilized for the real-time and highly-sensitive detection
of ammonia and urea in the human urine sample suitable for POCT detection. It can
be calibrated and integrated to a POCT biomedical-device to detect nitrogen,
ammonia, and urea content of different body fluids such as breath, blood serum, and
urine, which could lead us to diagnose abnormalities and diseases like urea-cycle

disorder, Reye syndrome, and acute tubular necrosis, among others.
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CHAPTER 8

A Prototype for Point-of-Care Stress Detection at Different Body Parts

Contents
F N = S I AN O PSR 231
S T0 O 111 0o [N 1T o SRR 232
8.2. EXPEriMENTAl SECLION ...c.vveieeiieeiti ettt ettt st e sae et e e b e ens e e te e taebeebeaseennaesseesbeeneneneas 238
BL2. L IMIALEITALS ...tttk h et b bbbt Rt R R R R bbb R e et bR b e ene s 238
ST - 1] o7 11 o) o P SRR 238
8.2.3 Optimization and Characterization of Patterned Electrode .............ccocovveieiiieiiicriinnennn 240
8.2.4 EXperimental MEthOd.........cc.oiiiiieie ettt re e e 241
8.3, RESUILS ANU DISCUSSION ......c.vetiieitieiieieie sttt ettt b et e ket e bbbt bt b e e e e e e sa e benbeebesbe e 243
ST O3 Tod 0] o USSR 249
R ] = T30 SO 250

TH-2202_136153001



230 Chapter 8

TH-2202_136153001



Other Electronic Sensors and POC devices 231

ABSTRACT

Design and development of an affordable, user-friendly, and portable proof-of-concept
prototype for the detection of the physical stress at different parts of the body has been
reported. The prototype is composed of three major parts, namely, a sensor arrangement, a
signal processing unit, and a power supply. The sensor arrangement consists of a flexible
and soft substrate made of polydimethylsiloxane (PDMS) coated with electrically
conducting aluminum (Al) and reduced graphene oxide (RGO) layers. The conductive
layer on the flexible PDMS substrate helps in detecting the raw surface electromyogarphic
(RSEMG) potential of the different parts a human body such as finger-tip, tip-toe, wrist, or
tongue, once they come in contact with the sensor. The array of high density
microstructures of AI/RGO decorated on the PDMS substrate generates an electrical
signal, which can be correlated to the stress level of the body parts with a very high-
precision. In particular, the physically heterogeneous AI/RGO microstructures fabricated
on the polymer surface helps in the development of a better adhesion between the sensor
and the epidermal surface of the body part for a superior sensor response as compared to
their homogeneous counterparts. The electrical signal generated by the sensor is sent to the
signal processing unit, which is further transmitted wirelessly to an open source mobile
application for the display of the results. The prototype can useful for the early detection
of many disorders related to heart, nerves and muscles, which can be correlated with the

symptom of increase in the levels of stress at different body parts.

The manuscript is under preparation.
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8.1. Introduction

Regular monitoring of diverse health parameters in real time has become one of the basic
necessities of the contemporary human life.'® In particular, the busy and compact
schedules in the professional and personal spaces of the individuals have led to the onset
of various lifestyle related diseases, which are rather unheard of about a century back. The
stressful daily routines of the children to adults have been taking a big toll on all the
functional organs, which often go unnoticed owing to the lack of measurement tools.
Recent studies indicate that the chronic health issues involving heart, muscles, and
nervous disorders have their origin in the accumulation of such stresses for a longer
duration.* These disorders have become common not only among the elderly peoples but

also among the youths across the globe.®

In this situation, a portable and economic detection technique is required to keep a track of
the stress related abnormalities of human body in real time. Presently, the available
techniques  like  electromyography (EMG), electrocardiography (ECG), or
electroencephalography (EEG) are the most common methods for monitoring of these
health parameters associated with muscle, heart, and brain, respectively.! However, they
are not only costly and non-portable techniques but also available in the centralized health
agencies. Most of these instruments need medical experts or professional to operate as
well as analyze the data. Thus, a user-friendly and portable device with an artificial
intelligence based data analytical tool for the real time monitoring of the stress

accumulations parameters is perhaps the need of the hour.
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Figure 8.1: The figure shows mechanism of resting and action potential formation on cell
membrane. Images (A) and (B) shows the formation of resting and action potential on the cell
membrane, respectively. Image (C) shows the concentration of three majorly contributing ions Na*,
K*, and CI- in during resting potential condition, inside and outside the cell. The concentrations are
in mmol/l. Images (D) and (E) show the recorded low and high frequency voltage signals,
respectively from the surface of index finger.

Among the existing methodologies, EMG generates equivalent electrical signal to
diagnose stiffness or strain of the muscles of different body parts such as heart, nerve, and
muscles.®® The muscles are constantly monitored under EMG scanner to identify the
trigger point®!! by analyzing the spontaneous ‘EMG-activity’ in a muscle location as
compared to the other ‘EMG-quite’ zones.?® Once the trigger point is identified for the

muscle spasm and pain, the treatment is provided to eradicate the movement disorder,

recurrent muscular pain and muscle degeneration or degradation issues.* 16

However, the previous studies report that to detect the body potential®” a group of muscle
needs to be separated by the use of support or restrain device arrangement.'® This limits

the patient’s movement and not a feasible option to be used in public places. Moreover,
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use of a multiple electrode system coupled with a computing device makes the instrument
non-portable.’®*2 In some of the EMG devices,?*?' electrodes are placed across the spine
in order to detect the pattern of body electric potential®® where the pattern of the potential
helps in determining the health condition of the patient. In the other existing devices,?
there is a necessity to generate a range of motions with respect to a particular group of
muscles before the pattern of potential are compared and contrasted with a standard by the
medical experts.®® Clearly, the processes involved with the EMG based diagnosis are

costly, non-portable, complex, and require medical experts.

On the other hand, ECG and EEG are other two methodologies, which have been
employed in detecting the heart-wave and brain activities of a human in order to diagnose
heart and brain related diseases.’'3® The currently available EMG and ECG devices
comprise of multiple electrodes to track the potentials of the related muscles.?% The
electrodes in these devices are generally coupled to an external computer integrated with
the signal processing circuits for the accurate detection and analysis of the symptoms.
Prior art show the use of specialized electrodes and signal processing patterns in order to
detect the electric field potentials near the heart or brain muscles.3”*° Apart from the
measurement of electric field potential, electrodynamic sensors have also been employed

to detect the electrical signal from human body for diagnosis purpose.*® 4

However, a point-of-care-testing (POCT) device for the early detection of stress related
abnormalities of a human body parts by measuring its electric field potential is yet to make
appearance in the research arena or market. In the present study we show a simple paper
based sensor coated with an array of aluminium (Al) and graphene oxide (RGO)

microstructure can measure electric field potential of different body parts at the patients
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site. We show that the integration of this sensor with a signal processing unit and a power
supply can lead to the development of a POCT device useful for the regular monitoring of
the stress accumulations at the different body parts such as finger-tip, tip-toe, wrist, or

tongue.

It is well known that the surface of a human skin or a muscle carries some electrostatic
charges owing to the nature of the skin tissues.*> The reason behind this electrostatic
potential is as follows. The human tissues are composed of cells, joining the extracellular
matrix** 4 and they communicate with each other through the exchange of electrical
signals through neurons and muscles.”® In general, the cell-membranes possess a resting
electrical potential of about -40 to -80 mV.* 4’ The concentration gradient of different
ions, inside and outside the cell, such as, sodium (Na*), potassium (K*) and chloride (CI)
play vital roles in maintaining potential difference between the inner and outer part of the
cells. Since the cell membrane is semi-permeable, these ions undergo a potential
dependent transport across it in order to respond to various triggers.“® For example, during
rest the concentration of K* is found to be higher inside the cell while the concentration of
Na* is higher outside the cell, which allows a natural chemical potential gradient for
transport of various materials across the membrane, as shown in image (A) of Figure
8.1.%%%0 In addition, the negatively charged CI- ions are also found in higher concentration

outside the cell.
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Figure 8.2: The figure shows fabrication steps and the schematic diagram of the patterned
electrode. Images (i) to (ix) are the different steps of fabrications. Image (A) shows the schematic
isometric view of the pattern on PDMS. Image (B) shows the final electrode schematically after Al
deposition.

Thus, at rest, the skin tissues possess a ‘resting’ potential, which is the sum of the
potentials of all the cells present on the surface. The cells communicate with each other
based on the change in the concentration of the ions, inside and outside the cells. The
typical concentration of Na*, K*, and CI ions during rest condition are tabulated in image

(C) where the concentrations are in mmol/l.>! The resting potential are often disturbed by

various external stimuli, neuronal excitement, or muscle movement to a higher or lower
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value based on depolarization and hyperpolarization, respectively.> In depolarization
mechanism, a channel opens for Na* ions to move inside the cell, resulting in a rise in
outside cell potential whereas during hyperpolarization, channel for K* opens up, resulting
in decrease in outside cell potential.>® Figure 8.1(B) schematically shows the generation of

action potential and an open channel for Na* ions.

Thus, the voltage signal from the skin surface are often utilized for diagnosing the health
of diverse tissues and organs. For example, EMG gives information about the health of
muscles.>* > The EMG can be recorded by two different techniques, (i) putting a needle
electrode inside the muscle or (ii) taking signals from the surface of a skin.3® Most of these
techniques record low frequency signals, e.g. ~30 Hz or less, to determine the medical
conditions.>® However, the electrode used in these techniques often experience issues

related to skin-contact and noise reception from muscle contraction.®’

In view of this background, herein we target to detect the high frequency components of
the electrostatic signals on the skin tissues to diagnose the health of muscle or skin. For
this purpose, we develop a specialized micro/nano patterned electrode for a seamless
contact with the human body parts. The electrodes help us in the analyses of combined
neuronal and muscle signals of RSEMG to diagnose the abnormalities associated with the
muscle or neuronal activities. Figures 8.1(D) and 8.1(E) show low and high frequency
signals from an index finger detected by the proposed device. The results reported here
can be of significance in the development of futuristic EMG, ECG, and EEG electrodes

employing the proposed methodology.
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8.2. Experimental Section

8.2.1 Materials
Sodium hydroxide (NaOH) pellets, Hydrochloric acid (HCI), sodium chloride (NaCl),

potassium permanganate (KMnOgs), 50% hydrogen peroxide (H202), 98% sulfuric acid
(H2S0s4), 125 mm filter paper (grade 1), acetone (CH3COCHSz), and 84% ortho-phosphoric
acid (HsPO4) were procured from Merck (India). Phosphorous pentoxide (P2Os), 98%
hydrazine monohydrate (N2Hs) were obtained from Sigma—Aldrich (India). Graphite
flakes (99.99%) and anhydrous barium chloride (BaCl2) were procured Alfa Aesar and
Fisher Scientific, respectively. PDMS Sylgrad 184 was procured from Dow Corning,
India. SU8 was procured from Microchem, Germany. Graphite flakes was obtained from
Sigma Aldrich, India. Aluminum wire (99%) utilized for vapor deposition was procured
from Alfa Aesar, India. Glass slide, Cu wire, and other electrical components were

obtained from local vendor.

8.2.2 Fabrication

The patterned electrodes were prepared by making a negative pattern on SU-8 (on
glass substrate) and transferring it on PDMS as shown in Figure 8.2. First, a 1.5 cm
x 1.5 cm glass piece was cut and cleaned. Next, a 2 um thick SU-8 layer was
applied by spin coating followed by baking at 90°C for 2 mins on a hot plate.
Rectangular patterns of different dimensions were defined on SU-8 by electron
beam lithography (Xenos XeDraw 2) at an acceleration voltage of 30 kV. Post

exposure, the samples were baked again for 3 mins at 90°C on a hot plate.
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Figure 8.3: This figure shows the sensor optimization, characterization, and experimental set-up.
Images (A)-(C) shows the fabricated patterns for the sensor electrode along with the FESEM
images. Image (D) shows the Raman spectroscopy of the fabricated metal electrode of Al coated
glass substrate (blue) and patterned electrode based on RGO, Al, and PDMS. Image (E) shows
the experimental set-up to record the surface electrical potential of a body part. Image (F) shows
the associated amplifier circuit employed to detect the surface potential. Images (G) and (H) shows
the real experimental image with an indicator LED to demonstrate the generation of surface
electric potential.
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They were subsequently developed in a developer solution followed by rinsing in
DI water. The substrates were dried in a nitrogen stream and re-heated. Thus the
SU-8 master was prepared. However, for creating larger patterns, electron beam
lithography was not preferred. Instead, square patterns were defined on a
photoresist (S1818) coated glass substrate by direct UV laser exposure (Mask

writer, Dilase 250) followed by etching in 20% aqueous HF solution.

In order to transfer the pattern on a soft substrate, a ~1.5 mm thick PDMS
(monomer: cross-linker = 10:1) was cast on the master and left to cure overnight at
ambient temperature. After peeling off the cured PDMS, aqueous dispersion of GO
was drop cast on the patterned PDMS surface and reduced to RGO by hydrazine

vapor in a closed system.

This was followed by a drop cast of Ag paste solution on the pattern. RGO had
been pre-prepared by a modified Hummers’ method. Finally, an aluminium layer
was deposited on the RGO coated PDMS by thermal evaporation in order to

achieve a conducting surface.

The fabrication steps are illustrated schematically in images (i) to (ix) of Figure 8.2.
Images (A) and (B) shows the schematic diagram of patterned electrode before and
after metal deposition, respectively. Different spacing and size of the pattern were
fabricated in order to optimize the sensor electrode. The optimization and

characterizations are discussed in the next section.

8.2.3 Optimization and Characterization of Patterned Electrode

Multiple patterned electrodes were fabricated with different spacing between the

square patterns as shown in FESEM images (A) to (C) in Figure 8.3. It was found
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400 um spacing was optimum in this case because smaller patterns led to the
development of surface wrinkles during the development phase as shown on the
images. Image (D) shows the Raman spectroscopy of the Al deposited electrode
and electrode with AI-RGO coating on PDMS. The corresponding peaks as

indicated in the image confirms the presence of the materials.
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Figure 8.4: This figure shows sensor results. Image (A) shows the power spectrum of the RSEMG
signal received from the index finger. Image (B) shows the smoothed signal received by patterned
electrode (PE) and metal electrode (ME) whereas image (C) shows the signal as received by the
electrode. Image (D) and (E) shows the schematic representation of the patterned electrode and
the arrangement of placing the electrode on index finger. Image (F) shows the real image of the
fabricated sensor.

8.2.4 Experimental Method

The experiments were performed in ambient condition. The electrodes after
fabrication was connected to an amplifier circuit, as shown in the Figure 8.3F
before the sensor was brought in contact with different body parts such as index

finger, wrist, toe, and tongue. Figure 8.3E of the Figure 8.3 shows the experimental
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set-up schematically. The output of the sensor was measured using a digital

oscilloscope. The data were then collected and analyzed for understanding.
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Figure 8.5: The figure shows the response of the PE sensor at rest for index finger (A), wrist (B),
big toe (C), and tongue (D). Here, Vn refers to the normalized voltage signal from the respective
organs in arbitrary units (a.u.) and t is the time.
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8.3. Results and Discussion

In this chapter, we are targeting the high frequency signal of the RSEMG signal. To
understand the power distribution, a power spectrum study was performed as
illustrated in image (A) of the Figure 8.4, where the signal in kHz range was
targeted. The power distribution suggests the existence of the high components
which can be used for further analysis. Image (B) and (C) shows the RSEMG signal
received from index finger by a metal electrode (ME) and patterned electrode (PE).
It was observed that the patterned electrode signal carried much detailed
information. The reason behind this was the contact between the electrode and the

skin surface. The sensor geometry is described in image (D).
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Figure 8.6: The figure shows the response of the PE sensor attached to the wrist at rest condition
(A) and while working (B-D) for different time. Plot (E) and (F) show the change in normalized
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voltage (Vn) and frequency (fn) of the body potential signal, respectively, for the cases described in
images (A-D). Here, Vy refers to the normalized voltage and fy stands for normalized frequency of
the signal from the respective organs in arbitrary units (a.u.) and t is the time.

The sensor was fabricated on a flexible or soft substrate of PDMS. The sensor also
consisted of conductive layers of aluminium (Al) and RGO. The sensor has
micro/nano-patterns on the surface which ensures a large contact area and the
softness of the sensor helps in adjusting the surface according to the shape of the
skin and muscle. The schematic illustration in image (E) shows how the contact

area for a patterned electrode increases compared to a plane metal electrode. Image

(F) shows a real image of the fabricated sensor electrode.

Figure 8.5 shows the signal received from different body parts. Images (A)-(D)
shows the RSEMG signal for index finger, wrist, toe, and tongue respectively. It Is
important to observe that the pattern of the signals are slightly different in different
body parts which confirms that the depolarization and hyperpolarization of the
Na*/K* ion in the epidermal layer of skin happen at a different rate depending upon
the body parts. The high frequency response in this case also suggests that there is
continuous movement of ions in the epidermal layers and muscle layers as there is a
regular movement of muscle throughout the body even at a rest condition due

different physiological activities.

It is well known that the signals received from the skin is generally influenced by
three components of our body, namely, muscle, fat, and neuron.>® The received
signals in Figure 8.5 has the mentioned three components, however, the
contribution of fat would be very small as the fat accumulation in the selected body

parts are significantly less. Moreover, the high frequency neuronal activity often get
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interfered by the muscle activity as per prior art,>® but in this study the major aim is
to identify whether the high frequency RSEMG signals can be used for the primary
diagnosis of muscle health, neurological disorders or not. Hence, the combination

of the muscle and neuronal activity was recorded simultaneously.

Device
Cabinet

Connecting ' - y /<\

Wire &=
Connector ;

Sensor

Body part

Worked out for 5 min

Figure 8.7: The figure shows the response of the PE sensor attached to index finger (A) at rest
condition and after working out for (B) 5 min and (C) 10 min. Plot (D) and (E) show the change in
normalized voltage (Vn) and frequency (fn) of the body potential signal, respectively for the cases
described in images (A-C). Here, Vy refers to the normalized voltage and fy stands for normalized
frequency of the signal from the respective organs in arbitrary units (a.u.) and t is the time.
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Figure 8.6 shows a response from the wrist during the physical activity. The sensor
in this case was attached in the left side of the left wrist in order to detect the
RSEMG signal. During rest condition as shown in image (A) of Figure 8.6, the

signal was similar as described in image (B) of Figure 8.5.

B vy O £

o
©

o
o

o
w

Normalized values

RELAXED STRESSED

Figure 8.8: The figure shows the change in normalized voltage (Vn) and frequency (fn) of the body
potential signal detected by a PE sensor attached to index finger for relaxed and stressed body
condition due to work out of 10 min.

However, the amplitude and frequency was found to increase at a considerably
higher value while performing hand exercise as shown in images (B)-(D) of Figure
8.6. The plots (E) and (F) shows the variation in the normalized magnitude of
voltage amplitude (Vn) and frequency (fn). During exercise, the contraction and
expansion in the muscle and skin effected the ion transport in the skin and neuron
which created an action potential of higher magnitude. The change in the RSEMG
can be utilized to detect the activity of the muscle, skin, and neuron. In many cases,

the potential fluctuation during the rest condition, indicating a health issue related

to muscle, skin, or neuron, can be detected at the early stages.
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Figure 8.9: This figure shows the stability analysis of the sensor electrode. Image (A) shows the
stability of the sensor with time. Image (B) shows the comparison between different sensors.

Figure 8.7 shows the similar experiment as described, previously, but, in this case
the RSEMG signal was recorded from the index finger at a regular time interval
during a physical exercise. In this situation, the response was taken after performing
physical activity for a given time interval. Image (A) of Figure 8.7 shows the
response at the rest condition. It was found that the RSMG showed a higher
response in terms of voltage amplitude and frequency after higher amount of
physical exercise as shown in images (B) and (C) of Figure 8.7. Images (D) and (E)
show the normalized voltage and frequency response for three different time

intervals as shown in images (A) to (C).

Figure 8.8 summarizes the responses received in this situation as RSEMG signal. It
was found that during physical stressed situation the voltage of the RSEMG signal
rises significantly compared to a relaxed situation. A rise in the frequency was also

observed due to the physical stress or exercise.
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Figure 8.10: This figure shows the sensor arrangement and processing unit. The sensor is
fabricated on a flexible or soft substrate of say PDMS. The processing unit contains a socket for
connecting the connector of the sensor. The processing unit also contains an indicator LED and an
ON-OFF switch.

Figure 8.9 shows a stability study of the fabricated sensor electrode. The stability
was measured by taking the resistance value across the sensing electrode over time
and dividing the base resistance value with the resistance values obtained at
different time interval. Image (A) shows the stability of the sensor with time.
Further, different batches of sensor electrodes were also prepared and a comparison
with different batches of sensor was performed as shown in image (B) of Figure

8.9. It was found that the sensor electrodes were stable for a considerable amount of

time.
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The idea of this work was to analyze the RSEMG signal and to understand the
effect of different body conditions on the RSEMG signal so that the signal can be
utilized in primary healthcare for detection of muscle, nerve, and heart related
issues at early stages. The sensor here was a patterned electrode which comes in
contact with the muscle under diagnosis. Images (A) and (B) show the possible
sensor arrangement and processing unit. The processing unit of the prototype has a
socket for connecting the plug. The device also contains a LED indicator and an
ON-OFF switch. Image (C) shows the associated circuit of the processing unit of
the prototype. The circuit diagram consists of an open source development board,
Arduino UNO, a commercial Bluetooth module (HC-06/05), and electrical passive

components.

The symbols R1 and R2 are the resistors with fixed resistance value which were
calibrated according to the sensor response. The sensor is connected to an amplifier
which amplifies the received signal and then transmit it to the analog input pin AO
of the Arduino UNO. The signal is then transmitted by the Bluetooth module and is
further received by the android mobile application as shown in image (D) which

displays it on the mobile screen.

8.4. Conclusions

A user-friendly, and portable proof-of-concept prototype for the detection of the physical
stress at different parts of the body has been developed using a micro-nano pattern based
sensor. The sensor is flexible and made of a polymer PDMS, which has been patterned
using replica molding technique followed by a RGO and Ag-paste solution treatment. The

conductive layer coated on the flexible PDMS substrate helps in detecting the electric field
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potential of a part of a living body such as finger-tip, tip-toe, wrist, or tongue, once they
come in contact with the sensor. The received signal has been further amplified and send
to detection unit for analysis. It has been observed that the magnitude and frequency of the
received electric potential has a relation with the stress of that muscle. Hence, the
prototype is useful for the early detection of many diseases or disorders related to heart,
nerves and muscles, which can be correlated with the symptom of increase in the stress at

different body parts such as finger-tip, tip-toe, wrist, or tongue, among others.
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CHAPTER 9

Conversion of Observed Speed of a Moving Object to Diagnose Tunnel

Vision
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ABSTRACT

We discuss a simple method to measure the distance of a moving object and subsequently
the angle of view of the viewer employing the concept of the variation in the observed
speed with distance of a moving object. It is well known that when an object moves at a
real speed, the observed speed appear to reduce with the increase in the distance between
the object and the observer. In this study, we employ this simple concept to measure the
distance of the moving objects. We provide a geometrical argument to employ this
variation in the observed speed with the distance to measure the distance of multifarious
distant objects moving with a finite speed. The very concept can be of significance in the
facile measurements of the distance of moving celestial objects in the space, cars on the
road, airplanes in the sky, or ships in the ocean. Furthermore, employing the same concept,
a virtual motion picture based point-of-care-testing (POCT) device has been developed
where the angle of view of a viewer suffering from tunnel vision can be determined. While
the virtual motion picture arrangement generates a virtual moving object on the screen, the
patient under test is supposed to track the movement of the same from one side-end to the
other on the screen. The patient is equipped with a hand held on-off stopwatch, which
enable him/her to ‘start’ the tracking of the movement of the virtual object on its
appearance on one side of the screen until its disappearance to the other to mark the ‘end’.
Based on the patient’s response to the virtual moving object on the screen the angle of
view of the patients suffering from tunnel vision, retinitis pigmentosa, or hypovolemia can

be detected with the help of the proposed POCT device.

Manuscript under preparation.
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9.1. Introduction

Dynamic measurement of the distance of a moving object with the progress in time is an
important activity in multifarious fields which include astronomy, construction
engineering, navigation, and surveillance, among others. While the instruments like scale
or measuring tapes are popular for short distance static measurements, for long distance
ones, radio frequency,™? ultrasound,®® radio network,”® polarized light,X® frequency
modulated wave,* capacitive or inductive remote sensing,'?> microwaves,*** and lasers'®
17 have been frequently employed. For example, in the radio frequency technique,*? the
measurement of distance is carried out using a frequency hopping scheme where the
relative phase offset between various signals of different frequencies received are
distinguished to obtain the physical distance. In this regard, the slope of the phase offset is
correlated with the frequency to evaluate the distance between the objects. However, most
these techniques are based on the detection of the reflected signal of the electromagnetic
wave, which suffer from the issues like scattering, background noise, signal loss,
fabrication complexity, and cost. A cost-effective and simpler method to measure time

varying long distances between the observer and objects is certainly the need of the hour.

In this direction, we report a method to determine the distance between a moving object
and an observer employing the concept of observed speed of a moving object. When an
object moves at a real speed, the observed speed appear to reduce with the increase in the
distance from the observer. We employ this simple concept to measure the distance of the
moving objects. We provide a geometrical argument to employ this variation in the
observed speed with the distance to measure the distance of multifarious distant objects.

The proposed concept can be of significance in the facile measurements of the distance of
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moving celestial objects in the space, cars on the road, airplanes in the sky, or ships in the

ocean, among others.

Employing the same concept, a virtual motion picture based point-of-care-testing (POCT)
device has been designed and developed where the angle of view of the patients suffering
from tunnel vision is determined. In this regard, it is important to note here that the regular
monitoring eye health has become important in the modern human life owing to the
excessive use of display devices such as computers, mobile phones, or television sets.
Different eye diseases such as the tunnel vision have become common even among the
children and middle aged people. In this disorder, the angle of view of a person starts
contracting from the periphery. However, owing to the lack of regular monitoring

facilities, in most of the cases the disorder is detected when it becomes chronic.

Presently, there are different devices to diagnose eye using visual eye test,*®2° a fundus
imaging test?:?* or optical tomography?>?’ test. In the visual eye testing®®*° charts of
different patterns with predetermined shapes, positions, and colors are kept in front to note
the response of the patients and detect the disorders with the help of optometrists or
ophthalmologists. On the other hand, the fundus imaging technique® 33 includes a
scanning system, a light source and a receiver. The scanning system scans the fundus,
which is the interior line of eye ball with light from a light source. The scanner receives
the reflected light from the fundus using a receiver to create an image based on the light
received. This image is further analyzed by medical experts for diagnosis. Optical
coherence tomography technique®*8 consists of at least one eye piece through which light

incidents on the patient’s eye. An interferometer creates optical interference using the
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light reflected from the patient’s eye. An optical detector senses the optical interference

and sends the digital data to a computerized system for further analysis.

_ Visual length
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Visual length
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Object d ~_, ¢©
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camera ‘
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Figure 9.1: This figure shows the concept of visual planes. Images (a) shows the imaginary visual
planes in between the object and observer. Image (b) shows how an object enters in a narrower
visual plane with respect to the observer, when it comes closer to the observer. Image (c) shows
the concept of visual lengths. Image (d — e) shows the different experimental set-up employed in
the experiments.

However, all the aforementioned techniques face limitations associated with higher cost of
installation and operation, involvement of medical experts, non-portability of the devices,
and complex data analysis, among others. In view this, herein we report a method of
detecting angle of view of a patient employing the concept of observed speed of a moving
object for the POCT of the tunnel vision. In this device, while the virtual motion picture
arrangement generates a virtual moving object on the screen, the patient under test is

supposed to track the movement of the same from one side-end to the other end of the
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screen. The patient is equipped with an on-off stopwatch, which enable him/her to ‘start’
the tracking of the movement of the virtual object on its appearance on one side of the
screen until its disappearance to the other side to mark the ‘end’. The angle of view of the
patients suffering from tunnel vision, retinitis pigmentosa or hypovolemia can be detected
based on the patient’s response to the virtual moving object on the screen with the help of

the proposed POCT device.

Visual Plane

H\/ Camera Front view

Camera

Figure 9.2: This figure shows the effect of angle between the camera-axis with the object. Image
(a) shows the schematic illustration of the situation where the angle between the camera-axis with

the object is denoted by « . . The distance between the object and camera is denoted by d while a
is the length of the object. The visual planes corresponds to two edges of the object, which is
denoted by I, and I, . The distance between the visual planes is denoted by Ad and 260, denotes
the angle of view of the camera. Images (b) — (d) show the experimental observation with different
values of a, such as, 90° 80° and 70° and the corresponding ratio (1 ) of the upper side of the

guadrilateral to the lower side as indicated in the top right corner.
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9.2. Experimental Section

9.2.1 Materials

Digital camera (13 megapixel Redmi 5A) was used to perform the experiments. ImageJ,
IrfanView, and Adobe photoshop softwares were used to analyze the captured images and

videos. Double sided tapes were procured from local vendors.

9.2.2 Characterization Techniques

The experiments are based on image and video analysis. To perform the experiments in
order to determine the distance, motion pictures were taken using a digital camera.
Different frames were extracted from the motion picture using an open source software.
The frames were then characterized using different image processing softwares as listed in

previous section.

9.2.3 Methods

Digital camera was employed to perform the experiments as discussed earlier. An
experiment was performed to understand the concept of the visual planes, which
determines the observed measurement of an object. In this experiment, multiple images of

a rectangular object was analyzed for different camera-angle («. ) i.e. the angle between

the camera-axis with the object. In this case, images of a rectangular object (~ 46 cm x 28
cm) was taken by tiling the camera at different angles as shown in image (d) of Figure 9.1.

The images were then post processed to analyze the results.

To find the effect of camera velocity, distance, and angle of view on the observed distance
between two objects an experimental setup was made using paper and a solid stand. Three
sets of a pair of circular dots were drawn on a piece of paper. The first, second, and third

pair of dots were separated by a distance of 1 cm, 2 cm and 3 cm, respectively. A
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cylindrical stand was marked with distance with a measuring scale. The paper was kept at
the end of a cylindrical stand while the cylindrical stand was kept perpendicular to the
ground with circular cross-section touching the ground. The camera was moved upwards
manually to get a motion picture and image of the dots drawn on the paper as shown in
image (e) of Figure 9.1. The angle of view of the camera was changed by increasing the
optical zoom of the camera and the motion picture width was varied by varying the width

of display during analysis.

Another experiment was performed to determine the distance of three objects A, B, and C
kept at three different distances of 30 cm, 40 cm, and 60 cm from the digital camera. A
line was made on the table using double sided tape to maintain the distance constant
during the experiment and the camera was kept behind that line and was moved along the
line manually. The average speed of the camera was taken in to consideration for the
calculation of distance. The set-up is illustrated in image (f) of Figure 9.1. Similarly, a
motion picture of full moon at a night sky was taken into consideration for calculating the

distance of the moon.

9.3. Results and Discussion

9.3.1 Visual Plane

The distant object appears smaller whereas the same appears bigger when it is closer to the
observer as illustrated in Figure 9.1(a) and 1(b). Thus, two objects placed at different
distances can be compared in terms of size. To explain the fact in a simple manner, we can
assume that there are infinite numbers of visual planes between the object and observer
and due to the angle of view of an observer, the visual planes become bigger as the

distance increases between the object and observer. The horizontal and vertical edge to
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edge perpendicular length associated with the visual plane can be termed as visual length.
Figure 9.1(a) shows a schematic illustration of the visual plane. When an object comes
closer to an observer as shown in image (b), the object enters to a narrower visual plane
with respect to the observer and thus with respect to the visual length the size of the object

becomes larger.

Distance between Width of recording Angle of view Velocity of the

- two objects screen of recorder recorder
2
) B
e | ] mC e
8 5
a °[, o b TS 110
\ 4 \
6ray —e—1cm 10.8 \ 410.8
\ —a—3cm A —a—15cm
— \ —A—2cm 10.6 37 v —s—28 cm 10.6
g 4r y —-—-Normalized g X —-—-Normalized 0t =
x x .
2| 0.2
10.0
0
1.0
\
C gLt d 10
s 0 10.8
‘.‘ ::233 ——3.75cmis
_ak ,\ . {06 — 7.5 cm/s
E \\-~\\ —-=-Normalized |4, &
> 3
2} S — o2
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Figure 9.3: This figure shows the study of different parameters. Row | schematically shows the
different parameters under considerations. Image (a) shows the change in the distance between

two objects (x) and the normalized value (x,, ) in a motion picture for three different set of objects
having actual distances of 1 cm, 2 cm, and 3 cm between them with the distance between the
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object and the camera (d). Image (b) and (c) show the same study for different motion picture
width and angle of view, respectively for a set of objects having 1 cm distance between them.

Image (d) shows the change in x, with time (t) for two different average velocity of the camera.

9.3.2 Effect of Recording Angle

The effect of the visual plane appears even more significantly when the images of an
object are taken in different angle with respect to axis of the camera and object. This angle
can also be termed as camera-angle («_). To understand this, image (a) of Figure 9.2
shows a schematic illustration of the situation where the angle between the camera-axis
with the object is denoted by «_ . The distance between the object and camera is denoted
by d while a is the length of the object. The visual planes corresponds to two edges of the
object is denoted by [, and [,, the distance between the visual planes is denoted by ad ,

and 26, denotes the angle of view of the camera. From image (A) the relation between «
and Ad can be written as, Ad = acosa, . Similarly, the visual planes can be defined as,

I ,=dtano, and I, = (d + Ad )tan @, .

The variation in the visual length due to the change in distance between object and
observer can be correlated to the variation in the observed length of an object. For
example, if the visual length increases by a certain percent due to the increase in the
distance between camera and observer, then the observed length of an object would reduce
by the same percentage due to this change in distance. In this case, the variation in the
visual length can be evaluated as, al =1, - '1)/'2 = Ad/(d +Ad). The ratio of upper side
to the lower side of the rectangular object can be given as,

I, =[x—x(ad/(d +Ad))}/x =d/(d+ad)=d/(d+acosa,). Images (b) — (d) of Figure

9.2 show the experimental observation with different values of «_ such as, 90°, 80°, and

[
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70°. The corresponding ratio (1,)) of the upper side of the quadrilateral to the lower side is

as indicated in the top right corner.

Figure 9.4: This figure shows the associated concept schematically. The two images are showing
a photograph taken from the side window of a moving car in a certain time interval. Two of the
objects are marked as A and B. The object A which is a tree is nearer to the observer compared to
object B which is a tower situated at a larger distance. The displacement of object A and B in the
photos are also marked as Xa and Xs, respectively.

9.3.3 Effect of Other Parameters

Different parameters were also studied in order to understand the concept, as shown in the
row | of the Figure 9.3. Image (a) shows the change in the distance between two objects (
x ) and the normalized value (x, ) of the same in a motion picture for three different set of

objects having actual distances of 1 cm, 2 cm, and 3 cm between them with the distance

between the object and the camera (d). The width of the digital media screen was kept as
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15 cm and the angle of view was 62°. The Image (b) and (c) show the same study for
different motion picture width and angle of view, respectively for a set of objects having 1
cm distance between them. Angle of view in case of image (b) was 62° and the width of

media screen was 15 cm in case of image (c).

The image (a) — (c) suggest that there is almost 90% change or decrement in the observed
separation between two points having different actual separation. The angle of view and
the media screen length also had no significant effect on the same. However, the
decrement in the separation was related to the change in the visual length due to the
increase in the distance. There was almost 90% decrement in the visual planes at 60 cm
distance and 7.5 cm distance and this was reflected in the observed length scale. Image (d)

shows the change in x, with time (t) for two different average velocity of the camera.

This observation suggests that the rate of change in the observed length scale is also

dependent on the velocity of the observer or the object.

9.3.4 Concept of Observed Speed

The observed speed of the object was found to depend upon the visual width of the
motion picture screen length (l) at that distance (d). To make the concept clear let us
consider two different frames of a motion picture taken from the side window of
moving vehicle while running at a speed V. If one considers two images (a) and (b)
taken at two different time interval as shown in Figure 9.4, the displacement of
nearer object A is found to be higher than distant object B in the frames. The
Images suggest that the observed speed of nearer object A is larger than the same of

the distant object B. The reason behind this is the visual length i.e. the length of
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one’s view at the position of object A is less than that of object B. Hence, the

observed lateral displacement of A is higher than B for a given time interval.

Figure 9.5: This figure shows the schematic illustration of the associated theory. Image (a) shows
the displacement of moving objects A and B, situated at a distance d, and d, in our different

vision length I, and I .
The observed lateral displacement is a function of angle of view of the recording
system such as the digital camera or eye. In the Figure 9.5(a), A and B are two

objects at a distance d,and d, from the viewer having an angle of view 26_. The
visual length at a distance d, and d, are 21, and 21, . Let us assume that the object

A and B are in the middle of their vision and thus the normal line (AB) as shown in
Figure 9.5(a) intersects the positions of the object. In this situation, if the viewer
moves a distance x in time t then there can be an equal amount of displacement of
the normal line with respect to the observer. However, for the viewer the observed

displacement for A and B are x/21, and x/21, fraction of total visual length in the

same time t and thus observed speed for A is higher than that of B because 1, <1, .
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Figure 9.6: The figure shows the experimental images (a and b) for measuring the distance of
three objects A, B, and C. The images were taken by a moving (at ~7.5 cm/s) digital camera at t =
O0sandt =1 s, respectively. Image (c) shows the calculated distances of objects A, B, and C.
Image (d) shows the associated error (Er) in measurement.

If one captures a video of the event using a digital camera and try to calculate the
observed speed, the image width can represent the visual length of each point. To
mathematically define the terms, a generic schematic has been made as shown in
Figure 9.5(b) where the angle of view is 2¢_, visual length at a distance d is 21,
and the distance travelled by the viewer is x a time interval of, t. In this situation,

the relation between 1,, d and ¢, is, I, =(d xtane,). Let us consider the camera

display width to be w . Thus, in the image w represents 21, while x is represent by

(21, x xc)/w where x. is the scaled distance in camera. The time taken by the

camera to go from A to A’ is t and the speed of the camera is, v_ = x/t. In order to

represent the velocity in the reference frame of camera, we obtain,
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V. = (21, x . )/(wxt) in which if we put the value of 1, then the speed of the camera

is obtained as,
Vc:(2><dxtan93><xc)/(w><t). (9.1)

Here, the value of x. can be measured in the image and value of t can be extracted
from the frame rate and value of ¢_ is fixed for a digital camera. Now, if one knows
the value of d , the velocity v can be evaluated. For example, in this case, if d = 0
then, v_ =0 which is because of assuming the observer as a point. In this
calculation, d = 0o indicates the visual length 1, = 0 which means the observer or

object is non-existent and hence d = 0 does not have any physical significance.
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Figure 9.7: The figure shows the images (a) and (b) of moon att =0 s and t = 180 s, respectively.
Image (c) shows the calculated distance of moon at different time intervals. The dotted red line
shows the reported distance of moon from earth. Image (d) shows the associated deviation in
terms of percentage error (Er) while measuring the distance between moon and earth for different
time intervals using the proposed theory of observation.
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Importantly, the same theory can also be extended for both moving observer and
moving object. In such situation, the relative speed or velocity is expected to play
the role in determining the distance and angle of view. Figure 9.6 shows a
demonstration of measuring distance where the distances of three objects A, B, and
C have been measured. Images (a) and (b) shows two consecutive frames taken at t
=0andt =1s. Image (c) shows the calculated distances of objects A, B, and C.
The error (Er) in calculated distance is shown in image (d). The error (Er) in the
plot (d) represents the percentage deviation of original measured distance and the
calculated distance using the above mentioned concept. This concept can also be
applied to investigate the distance of celestial object on night sky, just by analyzing
recorded motion pictures such as videos, the velocity of observer in this situation is
the speed of earth. However, if we track a known distant celestial object like moon,
we can also track the revolution speed of earth on daily basis and can explore
different environmental and cosmic phenomenon. This probably is one of the
easiest and economic concept to know the distance of other celestial objects and
keeping track of speed of earth. Images (a) and (b) of Figure 9.7 shows the images
of moon taken att = 0 and t = 180 s. In image (b) the yellow and black dots denote
the position of the moon at different timings at an interval of 30 s. In this case the
displacement of moon along the green-line was taken into consideration for
measuring the distance between the observer and the moon. Image (c) of Figure 9.7
shows the calculated distance of moon at different time intervals. The dotted red
line shows the reported distance of moon from earth. The error (Er) in the

calculated result is shown in image (d). The error shows the percentage deviation of
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the distance from the reported distance. According to the plot, it is evident that a

short-time measurement can yield more accurate result.
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Figure 9.8: The figure shows the measurement of angle of view using the proposed methodology.
Image (a) shows the concept of angle of view and image (b) shows the measured angle of view of
a person with and without specs. Image (c) and (d) illustrates normal vision and tunnel vision
effects, respectively in order to explain the biomedical importance of measuring angle of view.
Thus, the proposed method can be useful in detection diseases associated with tunnel vision.

9.3.5 Detection of Tunnel Vision

The aforementioned concept can also be applied in medical diagnosis of tunnel
vision, an outcome of different diseases like retinitis pigmentosa or hypovolemia. In
this disorder, the patients of mentioned diseases suffer from a contraction of angle
of view. Figure 9.8 shows the measurement of angle of view using the proposed
methodology. Image (a) shows the concept of angle of view contraction in which

green is normal, yellow indicates borderline while red is the onset of the disorder.
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In the proposed method, we first plan to put forward a motion picture of an object

moving horizontally from one side to other with a uniform speed (v ) in front of a

patient at a particular distance. In this case, Vc is the velocity of the object and the
camera or observer is stationary. Further, the patient is equipped with a time
measuring equipment e.g. stopwatch to record the time up to the point the patient

can observe the moving object. Following this, the observed velocity, v_ can be

C

calculated, which can help in evaluating the angle of view, 65, from the Eq. (1). In

this measurement, we assume, x. = w .

Image (b) shows the measured angle of view of a person with and without specs. In
this experiment, the video was played in a screen in front of a user, who recorded
the time. Generally, a person loses a portion of vision while wearing a power-
eyeglasses as the vision becomes restricted up to the boundaries of eyeglasses.
Image (c) and (d) illustrates normal vision and tunnel vision effects, respectively in
order to explain the biomedical importance of measuring angle of view. Thus, the

proposed method can be useful in detection diseases associated with tunnel vision.

Figure 9.9 shows a proof-of-concept prototype to measure the angle of view for the
POCT of the eye diseases related to the tunnel vision. The device is composed of a
display and time measuring unit. The headset contains a display and the belt to
adjust the headset while the handheld stopwatch measures the time, as shown in the
image (a). There are two eye-pieces that allows to watch a video in the display.
Thus, when the headset is fit into the eyes of a patient and a moving object is
created in the display to pass on through the display side by side, the patient turns

on the stop watch immediately at its appearance at one side.
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Figure 9.9: Image (a) shows the interior of the headset. The head-set consists of two eye-pieces
that allow to watch a video in the display. Image (b) shows the method of detecting angle of view
of a person. The system consists of a headset which contains a display and a belt to adjust the
headset. There is an instrument similar to stopwatch which measures the time.

The patient is expected to turn off the stop watch once the motion picture
disappears from the other side of the display, as shown in the image (b). Based on
the response from the patient the angle of view (¢,) of the viewer can be
determined using Eq. (9.1). In this case, we expect to know the velocity of the

moving object on the virtual motion picture to enable the calculation of, ¢, .
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9.4. Conclusions

In summary, this work uncovers an entirely distinct pathway of measuring distance of a
moving object employing the variation in the observed speed of a moving object with
distance. Employing the well-known phenomenon of the reduction in the observed speed
of an object with the increase in its distance from the viewer a geometrical argument has
been developed to determine the speed of the moving object dynamically with time.
Example cases are shown to measure the velocities of celestial objects or moving bodies

employing the simple concept.

The study also shows that when an object goes away (closer) from (to) an observer, it
enters in a new visual plane having a higher (lower) visual length and smaller (larger)
appearance. Thus, following the same principle, a pair of objects appear as a single point if
they are observed from an infinite distance. This very fact can be correlated to determine
the angle of view of a viewer. In it well known that the angle of view of eyes of a human
being is a potential parameter to detect many diseases like tunnel vision due to retinitis
pigmentosa, or hypovolemia, among others. The aforementioned principle has been
employed to design and develop a virtual motion picture based point-of-care-testing
(POCT) device where the angle of view of a patient. A headset has been developed to
generate a virtual moving object on the screen while the patient under test is supposed to
track the movement of the same from one side-end to the other on the screen. The patient
is equipped with a stopwatch to track the movement of the virtual object on its appearance
on one side of the screen until its disappearance to the other to end. Based on the patient’s
response the angle of view of the patients suffering from tunnel vision can be detected

with the help of the proposed POCT device.
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The results reported can be of significance in the facile measurement of the distance of

moving celestial objects in the space, cars on the road, airplanes in the sky, or ships in the

ocean alongside its utility as a POCT device for tunnel vision detection.
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10.1. Summary

In summary, the thesis uncovers different platforms with variety of applications such as
sensing, energy harvesting, diagnostics, and therapeutics. The sensors have been
developed employing different phenomenon such as microfluidics, spintronics, MEMS,
and FET. In this regard, diverse smart and nano-materials have been employed to integrate
the efficacies of nanoscience and nanotechnology into the microscale sensors. Apart from
fabrications and experimentation, multiple computational studies have also been
performed to understand underlying the physics and working principles of the devices.
After introducing the problems in the first chapter, in the second chapter, we discuss about
a droplet based vapor sensor and energy harvester. The study unveils a microdroplet vapor
sensor capable of harvesting energy while sensing. The surface tension gradient across the
liquid-air interface of the droplet helps in creating a rotational motion inside the droplet.
The experimental investigation suggested that the curved surface of a liquid droplet could
set higher rotational motion compared to a flat surface of a water columns in petri dish.
Moreover, the experiment demonstrated a liquid state electronic sensor employing a
microfluidic phenomenon. The droplet system also was able to generated electrical energy
while sensing the organic vapors due to the partial restoration of (-potential in the
electrodes integrated with the same. Although the generation of power at its present stage
is not sufficient to power a portable device, however, this experiment probably introduced
the idea of self-powered microfluidic sensing technology. Interestingly, when the vapor
stimuli has been replaced by heat, the same droplet system could sense amylase
concentration in blood serum as discussed in the third chapter.

In the fourth chapter, we discuss a new fabrication technique of a resistive touchpad. The

proposed resistive touchpad is paper based and flexible. The determination technique of a
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particular location is based on the output electrical resistance of the system. The touchpad
was fabricated in such a manner that it is flexible from both the sides, which enabled its
use from either side. The one location of this touchpad was further engineered to make a
system for the detection of hand tremor of a Parkinson’s patient. The hand tremor
detection was also based on resistive response where the fluctuation in the output
resistance played the determining role for detection of hand tremor of a user.

In the fifth chapter, we introduced the design and development of a lung monitoring
device for point-of-care-testing (POCT) of chronic obstruction pulmonary disease (COPD)
such as asthma. The device was developed with the help of CdS nanoparticle based
humidity sensor. The nanosensor was fabricated on a paper substrate. The experiments
showed the dependency of flow rate of humid air issuing out of human breadth with the
electrical conductivity of the of the paper nanosensor. A theoretical analysis was
performed to uncover the underlying mechanism of humidity sensing of the paper
nanosensor. The said humidity sensor was then applied to detect the peak flow rate of
lungs and breathing frequency to determine the lung health of a person.

In the sixth chapter, we discuss about a nanoparticle based back-gated FET biosensor to
detect ammonia and urea from urine sample to diagnose kidney related diseases. The FET
was fabricated using CdS-TiO2 nanocomposite as a channel material. Upon exposure with
ammonia vapor the response of the FET changes due to the partial reducing nature of
ammonia. The human urine sample was also tested to determine ammonia and urea. The
result showed a close match with the hospital samples. The proposed back-gated FET
showed superior performance in comparison with recently developed similar FET sensors.
In the seventh chapter we innovate a new magnetoresistance phenomenon. In this

experiment, when the Ni-Ag core-shell nanoparticles were coated on a paper substrate, the
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system showed magnetoresistance in presence of impulse magnetic field. The variation of
nanoparticle size in experimental condition showed that below a critical size of ~50 nm,
the magnetoresistance response saturated. A series of atomistic and numerical simulations
of the governing equations with appropriate boundary conditions have been performed to
uncover the underlying physics of the proposed system. The sensor was further employed
to detect the concentration of amylase in blood serum, which showed a satisfactory
performance when compared with the standard methodologies to detect amylase in the
human blood serum samples.

The eighth chapter illustrates a body potential measuring method using micro-nano
patterned electrodes. The electrode was developed with micro and nano patterning on a
glass substrate. The patterning was done with a polymer named PDMS and the metal was
deposited on top of the pattern. The pattern was treated with reduced graphene oxide
(RGO) which acted as a filer to micro-nano defects in the patterned surface. Body-
potential detection can be useful in determining diseases and disorders related to muscle
degeneration, heart, and nerve.

We introduced a new concept of distance and angle of view measurement in the ninth
chapter. The proposed invention discussed about a method of measuring distance of an
object and angle of view of eyes employing concept of observed speed or velocity. The
method can be useful in different fields such as astronomy, surveillance, or defense to
measure the variable distance of a moving object. According to this method or concept,
distance of any object can be determined if the velocity of observer or object, angle of
view of the camera was known. This concept was applied to detect the angle of view of a

user using some pre-defined motion picture played at a particular distance with a time

TH-2202_136153001



286 Chapter 10

recording device to measure the time during the motion picture. This method can be useful
early diagnosis of diseases and disorder associated with tunnel vision.

Concisely, this thesis has broadly covered different aspects of research, namely, (i)
innovation of new scientific phenomena, (ii) identification of the underlying physics,
chemistry, and engineering behind them, (iii) use of these phenomena for useful
applications, and (ii) translation of the invented scientific phenomena into the proof-of-
concept prototypes of devices. Scientifically, the findings can be listed out in the following
ways. The thesis shows that Marangoni motion was prevalent in case of a curved liquid
surface compared to a flat surface when the stimuli was different kind of vapors.
Moreover, a liquid state sensor was demonstrated with energy harvesting capability which
may be considered as the self-powered microfluidic device. A sensor to detect a-amylase
was also developed employing the thermal Marangoni effect. The thesis also shows a
novel pathway of fabricating a touchpad. A new spintronic phenomenon namely, impulse-
magnetoresistance (IMR) has been suggested and demonstrated. A concept or theory of
observed velocity also has been proposed which could be of higher significance or
importance in other different fields such as defense, surveillance, astronomy etc. However,
application of this concept has been demonstrated as a healthcare device to detect tunnel
vision at early stages. Besides the mentioned points, the thesis also demonstrated a
nanoparticle based back-gated FET sensor for the detection of ammonia and urea in
human urine sample and a mico-nano patterned sensor to detect human body-potential for
diagnosing disorders and diseases associated with muscle, brain, heart, and nerve. Apart
from the scientific findings as discussed above, the thesis also proposes a few commercial
healthcare methods and prototypes for diagnosing lung diseases, tunnel vision,

pancreatitis, muscle degeneration, heart, brain or nerve related issues.
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10.2. Future Scope

The work in the present thesis can be extended in the following ways,

Q) The droplet based microfluidic sensors can also be targeted for other biosensing
application apart from the amylase sensor as discussed.

(i)  The droplet can be loaded with biomolecule functionalized nanoparticles in order
to increase the sensitivity.

(iii)  The CdS based humidity sensor can also be diversified using stabilized
nanocposities in order to detect volatile organic compounds (VOC) and different
microbes associated with lung and oral diseases.

(iv)  Different geometries or configurations such as top gate FET sensor can be
fabricated and the channel dimensions can be reduced to check the variation in the
responses.

(V) The channel material can also be functionalized with biomolecules to detect
different bio-markers.

(vi)  The materials of the magnetoresistance based sensor can be replaced with other
metals or polymers in order to improve the response.

(vii)  The concept of observed speed/velocity can be tried out in different fields like
defense and surveillance by creating an application which can measure distance
from a video.

(viii) The micro-nano patterns can be varied to find out any possibility of improvement.

(ix)  The body potential response can be analyzed in a more detailed manner to check
whether any other body parameters like ECG, EEG etc can be exactly extracted

from the present data or not.
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Comparison and Limitations

A. Microfluidic sensors

Comparison: Two types of microfluidic sensors have been developed, one is a droplet

based vapour sensor and the other one is the thermal Marangoni based a-amylase sensor.

There is rarely any commercial a-amylase sensor available at present. Moreover, the

commercial organic vapour sensors are solid state metal oxide semiconductor based.

Arguably, this thesis introduces first liquid state droplet based microfluidic vapour sensor

with a possibility towards the development of self-powered sensor.

Limitations: One of the major limitation of the liquid-state device is the packaging and

implementation of the sensor in a device. A proposed device model has been given below

as a prospective solution to use the vapour sensor as a product.

Droplet

Mouthpiece

Push-button /\/

Electrode \/}
aa
Indicator\}j

Circuit space

ON-OFF

indicator\/‘

Battery \/\'

’/\/ switch

Figure Al.1: This image shows a prospective device model for the droplet based vapour

Sensor.
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Another major problem is the ambient and atmospheric disturbance. However, a

sufficiently smaller droplet typically at micro or nanoscale can get rid of this problem.

In principle, the droplet vapour system can be termed as an energy harvester as it is able to
translate the mechanical energy i.e. Marangoni recirculation into an electrical one. This
energy harvesting has been performed in a microfluidic droplet based system and arguably
the first-step towards the droplet based microfluidic self-powered sensor system. Although
a substantial improvement is required in this direction and this is kept a future scope of

this work.

B. Paper based sensors

Comparison: There are three different types of paper based sensors as discussed in the
thesis. Among those the paper based hand tremor detection device is arguably the one of
its kind and thus comparison is not likely. However, the paper based magnetoresistive
sensor have some counterparts which is mostly layered structure and works on constant
magnetic field as discussed in the introduction section of Chapter 6. The proposed sensor
only works at impulse magnetic field. Moreover, this is a paper based disposable MR
sensor capable of detecting a-amylase in blood serum. Lastly, the paper based humidity
sensor and lung monitoring device (LMD) has a few commercial counterparts. A detailed

comparison and market study has been performed as shown below.

The initial medical, customer, market survey, and design reports for the lung monitoring

device are as follows.
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I Research- Expert Interviews

Loy )

3 Doctors 4 Patients
1 MD and 2 Pulmenolegists Living in Guwahati

Male | 35-55 years

What We The need of the device.

The end users of the device.

Frequency of usage of device.

Wa nted Popularity of the device among Asthma patients
Behaviour of the patients towards the device.

to know

What we

The device is of immense imporiance for monitoring Asthma.

found The device is costly and hence not preferred.

The patients do not trust the accuracy of the device
The patients do not find time in their hectic day to perform such a test

out

Figure Al.1: This image summarizes the initial survey report of the proposed innovation. This
survey is done with the support of Department of Design, IIT Guwahati.

User survey and expert views: The initial survey as shown in Figure Al.1, illustrated

the applicability of the present device. We have discussed with 3 doctors and 1

pulmonologist. We wanted to know the following details,

1.

2.

3.

4.

5.

The need of the device.

The end users of the device.

Frequency of usage of device.

Popularity of the device among Asthma patients.

Behaviour of the patients towards the device.

According to the doctors the device is useful but addition of few more attributes such as

detection of tidal volume, capacity of lungs would add more value to the present work.

The patients and doctors themselves can be the end users of the device. However, the

TH-2202_136153001



292 Appendix - 1

mentioned attributes can make the device more acceptable and attractive to doctors.

For doctors, the usage of the device would be high as they generally treat a huge
number of patients every day. However, patients or common people would like to use
the device at least once a day.

We also have discussed with few patients, who has given a positive response but they
also mentioned few points as listed below,

1. The existing devices are costly and hence not preferred. If the cost of the device
can be reduced to say 500 INR, it would become popular among patients.

2. The patients do not trust the accuracy of such devices, however, the mobile
phone display attracted their attention and similar devices for blood glucose
monitoring are also becoming popular.

3. The patients do not find time in their hectic day to perform such a test, however
the portability and ease of use of the present device are sounded promising for
them.

Currently we are working on these mentioned issues to add attributes.

Market study: According to this report in Figure Al1.2, it is evident that similar product
is already in the market and doing very good business. However, the cost associated
with these devices is high and thus most of the cases are not affordable or attractive for
middle and lower middle class people. In our innovation, we incorporated a replaceable
paper sensor and the device uses the mobile phone’s display unit. These attributes are
helpful to cut the price significantly, which in turn will lead to an affordable product.
We have surveyed four popular medical devices associated with COPD as listed below,
Philips Respironics - Personal Asthma Monitoring

— It costs 3000 Rs. It is a mechanical device in which the indicator covers a certain
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distance depending on the peak flow. The accuracy of the device is around +/-

10 %. Its body is made of ABS plastic

Asthma MD- 3 Zone Management System

It costs 13 $ and is not available in India. It creates digital overview of asthma

activity using a mobile application. It helps doctors prescribe medicines by

regular tracking. The QR Code is link to tutorials. The three zones helps to

determine what the condition of current lung performance is.

B Market Study - Analysis of various Peak Flow Meters

PHILIPS A\

A\
e s =
RESPIRONICS "}\ JPersonatBest ]
-

Philips Respironics - Personal Asthma Monitoring

It costs 3000 Rs. It is a mechanical device in which the indicator
covers a certain distance depending on the peak flow The
accuracy of the device is around +/- 10 %. Its body is made

of ABS plastic

Asthma MD- 3 Zone Management System

It costs 13 $ and is not available in India It creates digital
overview of asthma activity using a mobile application. It helps
doctors prescribe medicines by regular tracking. The QR Code
is link to tutorials. The three zones helps to determine what is
the condition of current lung performance

Micro Life - Peak Flow Meter for Spirometry

It is a digital monitoring device and costs 6000 Rs. It has USB
port to upload storage to PC and stores 240 measurements
It measures PEF and FEV1 with high accuracy.

Rossmax
Its costs 600 Rs.and is mechanical based. It does not allow
storage of data and user has to log data on daily basis

Figure A1.2: This image summarizes the market survey report of the proposed innovation
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survey is done with the support of Department of Design, IIT Guwahati.

Micro Life - Peak Flow Meter for Spirometry
— It is a digital monitoring device and costs 6000 Rs. It has USB port to upload
storage to PC and stores 240 measurements. It measures PEF and FEV1 with
high accuracy.
Rossmax
— Its costs 600 Rs.and is mechanical based. It does not allow storage of data and

user has to log data on daily basis.
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Figure Al1.3: This image shows the concept and design of the proposed innovation. Image (A)
shows the concept of the device and their different parts. Image (B) shows the aesthetic look of
the device once it is ready for trial. Image (C) shows the proposed box and packaging of the
device. This design part is done with the support of Department of Design, IIT Guwahati.

Initial design:
Contribution of Department of Design II'T Guwahati: The design and concept shown

in Figure Al1.3, are initially prepared by Department of Design. Image (A) shows the
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concept of the device, where the mouth-piece is removable using a snap-fit. A screw
fitting is also proposed in the concept. Further, image (B) shows the aesthetic initial
design of the proposed device, where the battery cabinet is kept at the back side of the
device. Image (C) shows the tentative box of the device. This image gives the idea of
packaging of the proposed innovation. The designs were prepared keeping the estimated
circuit space and battery space in mind. This design may change in future depending
upon the feedback from industrial partner.

Contribution of industry partner: The industry partner, Forus Electric Pvt. Ltd. has
given a design and PCB for the initial prototype development as shown in Figure Al.4
(A-C). Image (A) shows the initial prototype design similar to “d” shape, where the top
part is the mouthpiece and the bottom part contains battery, circuit and other electronic
component. The assembly of the component is shown in image (B) with the battery and
PCBs. This gives an interior look of the device. Image (C) shows the initially prepared

PCBs.

Mouthpiece ‘

Space for

- .
Electronic

components

“ pCB

Fabricated PCBs

Figure Al.4: This image shows the design and PCB of the proposed innovation by the industry
partner. Image (A) shows the initial design of the device. Image (B) shows the interior of the
device. Image (C) shows fabricated PCBs of the proposed device. This design has been done
and proposed by the Forus Electric pvt. Ltd.
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Limitations: One of the major limitation in paper based sensor is to coating the material
uniformly on the paper substrate. This can be solved using the screen printing method. A

work on the coating procedure is in progress to solve this issue.

Durability of a sensor and stability of nanoparticles are another major concerns. However,
experimental results suggests that the sensors are stable for approximately six months.
Stability of the sensors for at least one month has been reported for almost all the sensors.

However, the disposable sensors with moderate shelf-life is good for commercialization.

C. Other Electronic Sensors

Comparison: This section introduces three different sensors and methods for healthcare
application, among which the tunnel vision detection mechanism is based on the concept
of observed speed. The body potential detection system detects the electric potential
associated with body parts in order to determine any abnormal muscle related issues or
physical stress. Although myographic methods determines the body potential, but it is
mostly invasive and sophisticated and thus costly. The BG-FET based ammonia sensor
determines the urea and ammonia level in urine sample. Any such commercial device is
not currently available and thus a comparison with similar FET sensors has been tabulated

in the chapter.

Limitation: The fabrication of BG-FET is comparatively complicated and the synthesis of
CdS-TiO, composite involves special care. Similarly, the patterned electrode design also

require expertise in order to develop the sensor.
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Currently, the use of urine sample needs some post processing before introducing them on
the sensor. To make them usable for a POCT application a standard sample solution needs
to be provided where the user will put a drop of urine sample before exposing it to the
sensor. However, there is a possibility of making the system even more robust by
integrating the solution reservoir directly to the device and connecting it to the reaction

chamber using a micro-channel. | kept the development in this direction as a future scope

of this research.
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Al.6 Awards

1. REDSTART Innovation Award — 2018

The award has been given in REDSTART Event organized by NRL in Research
Conclave - 2018, in association with the Student Academic Board, Indian Institute
of Technology Guwahati for the development of lung monitoring device, which is
a point-of-care testing device to diagnose chronic obstruction pulmonary diseases
(COPD).
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2. PSG Nanochallenge Award (1st position) — 2017

The award has been given in PSG Nanochallange 2017, organized by the PSG
Institute of Advanced Studies, Coimbatore in association with Department of
Science and Technology, Govt. of India, Pricol Ltd., Colleges of Nanoscale
Science and Engineering, State University of Newyork (SUNY) Polytechnic for
the development of lung monitoring device, which is a point-of-care testing device
to diagnose chronic obstruction pulmonary diseases (COPD).

TECHNIC

PSG NANOCHALLENGE - 2017

10-11, Jan 2018

CERTIFICATE
This is to certify that

MiTRADIP BHATTACHARTEE

has participated in the PSG Nanochallenge -2017 - A National Level
Competition in Nanotechnology Application and has won

1 PRIZE

STuDIEs The Colleges of Nanoscaie Enginee
Sunr

@ —=:£!::,=- X pricol

TH-2202_136153001
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3. Gandhian Young Technological Innovation (GYTI) Award - 2016.

This award has been given in the Festival of Innovation -2016, organized by
Techpedia an initiative of Society for Research and Initiatives for Sustainable
Technologies and Institutions (SRISTI) in Rastrapati Bhawan, New Delhi for the
development of a paper based touchpad for low-cost electronic appliances.

% Gandhian

%7 Young
3} ;,2,( Technological
a A ——7#"% Innovation

Society for Research and Initiatives for Sustainable
Technologies and Institutions (SRISTI)

Gandhian Young Technolo cal Innovation (GYTI) Aw ards - 2016

-\,7\

PJ’U Based Touc ~h-Pad For Ele oCHONIC :&’777 icat

\Iltmdzp B}za h‘a chanee

R I110madbua
nayopaanyuay

Appreciated under

More from Less for Many(MLM) category
at the hands of
Dr. R A Mashelkar, FRs,

Chairperson,
National Innovation Foundation - India (NIF)

Festival of Innovation
Rashtrapati Bhawan
New Delhi
March 13, 2016

oney Bee Network

of Ag¥K Gupta
Foun er, Honey Bee Network

TH-2202_136153001
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Best Paper/Poster Awards

4. Best Paper Award in RESEARCH CONCLAVE — 2018.

A

Research Conclave'18

An amalgamation of Academia, Industry & Startups

March 8-11, 2018

Gertficate of (ppreciation

This is to certify that Mi'l'radf’n BI-m‘HAPerj(L of
HT Guwahal
J1as been honored with Best Oral presentation at Research Conclave’l8,
orpanized by Students’ Academic Board, Indian Institute of Technology Guwahati, India.

b Sy “ frins Ko Boterion]
== Student Convener

T Faculty Convener & 1T Guwahati
Sendeats’ Academic BOa zeszarch Condave s R

T S

5. Best Poster Award in REFLUX - 2017.

{ Depariment of Chermcal Engineering
j T Guwahat,

OF APPRECIAITION

Chis is 0 certify that Mr./Ms. —Mitradip | Bmmm%u_
ccured FIRST position in j}.‘l&‘u
during

Reflux 2017, Annual Symposium organised by Department

of Chemical Engineering, II'T Guwahati.

oo™

Shubham Chaturyedi
Convener

Reflux 2017

Dr. R Anandal-luhml
ardinator

Refluz 2017

Dr. Raghvendra Gupta
Faculty Co-ordinator

Reflux 2017

TH-2202_136153001
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6.

Best Poster Award in RESEARCH CONCLAVE - 2017.

Organized by

‘ In asso’c on with
v, y
v‘

Research Conclave’ry

16l Lo rwth March 2017

B, ITG

6()7{1/{'(' ate o/ ( f/{bf&m‘ lation

This is to Certify that

Mizrante. BuatracuerIcs
; the Departmental Winner in Best Poster Category Competition in
Research Conclave’17 organized by Students’ Academic Board,
indian Institute of Technology Guwahati.

(%;w’{‘ > / X:m{,{,
Che - = -
kia Dr. Ajaikumar B Kunnumakkara Dr. Prasenjit Khaniker

B Convener Co- Convener
1T Guweahati T Guwahati

Prof. Anupam
hair
I G

Best Paper Award in REFLUX - 2016.

ent of Chemical Engineering

(/ﬂ VA f/l MITRADEEP mHATTALHART EE
&
K J(’fm('(/ | v ___POSTER PRESENTATION

(MATERIAL  SCIENCE § TECHNOLOGY)

i Ao

— oS

B Facuity Coordinator, Reflux 2016 Convener, Reflux 2016

TH-2202_136153001
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