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Abstract

This research work focuses on the development of high performance sensing devices through all printed fabrication
methods. The targeted sensors include environmental and bio-monitoring devices. Humidity and temperature
sensors have been developed under the category of environmental sensors while multi-reagent immunosensors and
human posture detection sensors lie under the category of bio-sensors. The aim of this research was to improve the
performance parameters like sensitivity, selectivity, range of detection (RoD), limit of detection (LoD), response time,
recovery time, robustness, stability, and accuracy. The output response curve shape linearity was also targeted and
easy to interface readout signals were preferred for the devices. All these targets were achieved through
interdisciplinary research in three major fields including appropriate electronic material selection and synthesis,
device structure optimization through device physics and sensing mechanism, and compatible printing based
fabrication system and process optimization to realize the devices. After fabrication, the sensors were characterized
to evaluate their performance parameters through in-house developed highly accurate and reliable characterization
setups. The devices were then interfaced with specifically designed electronic circuits to employ them in real-life
applications for environmental monitoring and point of care (POC) diagnosis for various diseases and conditions. The
humidity sensors developed in this research work outperform the reported sensors in literature and have at least
comparable or better properties than the commercially available sensors in the market. The temperature sensor is
capable of recording the data in both terrestrial and aquatic environments with RoD well suitable for general
environmental monitoring. The immunosensors and the POC setup developed in this research is capable to detect
multiple bio-reagents crucial for early diagnosis of various diseases with high sensitivity and with LoD and RoD well
within the required clinical range of detection. In short, this research work successfully presents unique combination

of multiple fields of study to optimize and improve the performance of sensing devices.
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1 Introduction

Environmental and bio-monitoring are crucial for investigating climate change, weather forecasting, health care,
industry, and other applications . Parameters like temperature, humidity, radiation, wind speed, gases, light intensity,
contamination, etc. are detected both quantitatively and qualitatively to establish a complete set of information 2.
The major parameters used for basic weather monitoring include relative humidity and temperature 3=, while for
bio-monitoring, different biological species like bacteria and antigens are detected and their concentration is
measured 1. All these factors are crucial in monitoring and control of application-specific environments and health
care industry 2. A huge magnitude of research has focused and is currently focusing on the development of high
performance sensors for this purpose. The basic goal in all sensors based research is to improve the performance,
reduce the cost, and make the fabrication process easier and mass production compatible 34, An ideal sensor would
be cheap, highly sensitive, specific, will have wide operation range, accurate, stable, and robust, with fast transient
response, easy to fabricate and interface with user-friendly output >, It is not possible to have a single sensor
possessing all these qualities combined 7. Rather, there is always a trade-off among one or more of the parameters
1819 The good thing, however, is that application specific sensors do not need to possess the complete set of the
mentioned qualities but only need few of them together 2°. Researchers try to achieve these goals by using different
approaches like changing the sensor materials 22727, device structure 2>27-%3, working mechanism 4%, fabrication
process, etc. A majority of research on sensors development for target specific applications focuses on a single
parameter to achieve the target. The research group specializing in materials chemistry try to solve the issues by
developing novel high performance materials, physicists try to tweak the device structure and working principle, and
so on. Advancement in 3D printing and additive manufacturing has enabled the fabrication of electronic sensing
devices that were not possible through conventional methods %%, They allow liberty in design and specifications
and make it possible to fabricate embedded devices like sensors, OLEDs, FETs, and actuators inside a printed 3D
structure. Various printing methods and materials have been employed by researchers to fabricate sensing devices
like accelerometers, ECG electrodes, optical sensors, pressure sensors, tactile sensors, displacement sensors,
temperature sensors, biosensors, chemo sensors, gas detection sensors, flow sensors, humidity sensors, antennas,
and so on °2, Novel active materials with desired properties to carry out the targeted task are being developed that
are compatible with additive manufacturing technologies >3-°%. Device physics is being thoroughly studied to optimize

the device structure and physical parameters for best performance. The fact, however, remains that all the targeted
1



goals cannot be achieved using one of the mentioned techniques. The major drawbacks of using one approach to
tackle the issues include compromise on performance parameters, complicated device structures and user interface,
expensive and difficult fabrication, incompatibility with majority of the mainstream technology like smartphones,
and other. To develop ideal sensors for target specific applications, researchers have to combine the knowledge from

different fields.

To solve these issues, the current work focuses on the development of high performance environmental and bio-
sensors by considering all three major related research areas together. The sensor structures have been developed
after optimization, printed electronics and additive manufacturing approaches are used for the fabrication of the
device that are cheap and easy to fabricate and conformable with wearable technology, novel materials have been
developed for high performance application specific requirements that are compatible with the fabrication systems
and methods, and easy user interface and compatibility has been developed to allow the devices to seamlessly
integrate with daily use gadgets and devices like smartphones. This allows even the layman users, hobbyists, and
professionals who do not have device based sound technical knowledge to employ these devices in their targeted

applications like 10T, smart homes, big-data for environmental monitoring, and point of care systems.



2 Electronic Materials Synthesis

For any sort of device fabrication, materials are one of the most vital elements. It is of great importance to select and
synthesize appropriate materials based on the required applications. The materials must possess the properties that
can perform the desired operation and must also be compatible with the available fabrication technologies that are
printing systems in case of this research work. The materials selection and synthesis process starts with enlisting the
properties required for the target application. A number of candidates are short listed based on their intrinsic
properties and then one or more of them are selected based on the design and fabrication requirements. In current
research work targeting environmental and bio-sensing devices, three major categories of materials were studied in
detail. They include conductive materials for electrode fabrication, active layer materials for sensing area fabrication,
and bio-materials to study the interaction of different bio-reagents and the effects of those interactions. All these
materials involved in electronic sensing device fabrication can be referred to as electronic materials due to the change

in their electrical properties that can be studied as the device output.

2.1 Electrode Materials

All the sensors fabricated in this research work were based on changes in electronic properties and were listed in the
electronic sensors category. For the fabrication of electronic sensors, a transducer is one of the core device elements
that converts any kind of signals in to electrical signals that can be detected by the read-out circuits. For the
fabrication of the transducers, different conductive inks based on metallic nano-particles were used. The electrodes
were designed in an interdigitated transducer (IDT) patterns in most of the devices in this work. IDT design was
selected based on its superiority in performance relative to other transducer designs owing to its large area and multi
chemristors element design. For the initial sensing devices, gold was used as the electrode material deposited in IDT
pattern using lithography technique. The electrode material and fabrication method were later replaced with silver
nano particle based conductive inks and printing techniques to make it compatible with printed electronic
approaches. Two types of commercially available silver nano-particle inks were used for electrode fabrication
including Ag nanoparticles ink purchased from PARU with particles diameter range of 20200 nm, Ag contents of
80~88 wt% and typical resistance of 2.0 mQ/o/mil and Silverjet DGH ink for reverse offset (viscosity: 1.5 cps, surface
tension: 24.4 mN/m, dispersion matrix: octane based). These inks were compatible with multiple pattern printing

systems including reverse offset printing, screen printing, EHD printing, and inkjet printing. In a third type,



Electroninks Circuit Scribe Conductive ink pen with ~2 Q/cm conductivity was used for the hand drawn electrode

patterns onto the substrates.

2.2 Active Layer Materials

Active layer materials possess the highest importance in any electronic sensing device and they are selected after
carefully considering their electronic readout capabilities, sensitivity towards the target analytes, saturation values,
limits of detection, re-usability, long-term stability, low cost, environmental effects, and so on. Three major categories

of active layer materials were used in this research work including polymers, 2D materials, and composites.

2.2.1 Electronic polymers

1) The first polymer used for the fabrication of humidity sensors active layer was Poly (3, 4-ethylenedioxythiophene)
Polystyrene Sulfonate (PEDOT:PSS). The materials was purchased in the form of a thick paste from Orgacon EL-P5010
solvent based paste with 3 wt% solid content. PEDOT:PSS is a conductive polymer with excellent response towards
change in humidity in the surrounding environment. The conductivity of the thin film of polymer changes with the
change in amount of absorbed water vapors and molecules from the surroundings 3. A solution of PEDOT:PSS that
can be deposited in the form of thin film using electro-spray deposition was synthesized by diluting PEDOT:PSS paste
into isopropyl alcohol (IPA) and was ultra-sonicated for 30 min. Ink was then placed on a magnetic stirrer at room
temperature for 3 hours until a homogenous solution was formed. 2% of di-methyl sulfoxide (DMSO) was added to
the solution as a surfactant to improve dispersion and facilitate the spray process. The limitation of PEDO:PSS is its
low hydrophilic response that results in lower sensitivity and poor low relative humidity detection. The Fourier
transform infrared spectroscopy (FTIR) data of the PEDOT:PSS material is presented in Figure 2-1 3. The presented
spectra have several characteristic peaks like those at 1097 cm™ and 1162 cm™ correspond to the stretching C-O-C
bonds in ethylene dioxy group. The peak at 887 cm™ correspond to S-C bonds in the polymerized PEDOT chain. The
peaks at 1384 cm™ and 1520 cm™ can be attributed to the stretching of thiophene ring while those at 2852 cm™ and
2921 cm™ are because of C-H stretching vibrations. The peaks at 1632 cm™ and 3428 cm correspond to the O-H

bending and stretching vibrations respectively 3.
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Figure 2-1: FTIR spectrum of pure PEDOT:PSS showing the chemical composition and purity of the polymer.

2) Another hydrophilic polymer used for the active layer fabrication of humidity sensors was polyvinyl alcohol (PVA).
PVA with MW 9000-10000, 80% Hydrolyzed, was obtained from Sigma Aldrich. The ink was prepared by first
dissolving 10 wt% PVA in de-ionized water. The mixture was then put on bath sonicator at room temperature for 30
minutes and was then kept on magnetic stirrer at 702C for 10 hours 1. PVA has a natural affinity towards water and
has a capacity to absorb fairly large amounts of water molecules in its dry state. These properties make it a good
candidate for humidity sensor applications but the limitations with PVA are its highly insulating electronic properties.
PVA based humidity sensors mostly work on the principle of change in the dielectric constant of the thin active film
upon the change in absorption of the water contents. This in-return changes the device capacitance that can be
electronically measured to quantitatively detect relative humidity. The problem with this approach, however, is that
the low range humidity detection is poor that makes the sensors only viable for high humidity environments like food

industry. The limitations can be reduced by making composite inks.

3) Based on the limitations of the polymers used in the initial research works, a better candidate for humidity sensing
was selected that was another hydrophilic polymer polyethylene oxide (PEO). PEO average Mv 200,000 powder was
purchased from Sigma. The ink was prepared by dissolving the powder in deionized water by 5 wt%/vol. The mixture
was put on a magnetic stirrer at 402C overnight until a clear homogenous solution was formed. PEO is a semi-
crystalline conductive polymer with a much better response towards humidity detection as compared to the above
counterparts. Though, the humidity sensing properties of semi-crystalline PEO are not comparable to its amorphous

form. To improve the sensing performance and low humidity detection, PEO was converted to its amorphous form

5



by heating it at 1002C that is over its melting point. A comparison of the chemical changes in the structure of PEO

before and after heating are presented in Figure 2-2 7.
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Figure 2-2: (a) FTIR spectra at 30% RH and 80% RH of the semi crystalline PEO thin film cured at 602C and
(b) FTIR spectra of amorphous PEO thin film cured at 1002C recorded at 30% RH and 80% RH.

FTIR spectrum of the low temperature PEO shows the characteristic peaks normally present in PEO. The triplet
absorption bands of C-O-C stretching vibrations at 1060, 1105, and 1144 cm™ confirm the semi crystalline phase of
PEO showing that after the PEO film is cured at 60°C, it retains its crystallinity. The absorption bands in the region
with wavenumber less than 1000 cm™ are associated with CH, rocking bands. The bands at 1342 and 1360 cm™ are
attributed to the CH, wagging vibrations whereas the band at 1280 cm™ corresponds to CH, twisting mode. The
absorption bands at 1241 and 1467 cm™ are ascribed to CH, symmetric twisting and CH, asymmetric bending
respectively. The sharp peak at 2884 cm™ corresponds to C-H stretching mode while two very low absorption bands
at 2341 and 2359 cm™ can be attributed to the second overtones of peaks at 1105 and 1144 cm™. The presence of
OH group can be observed at 3486 and 1647 cm™ showing physical adsorption and hydrogen bonded hydroxyl ions
respectively. The intensity of these two bands is very low at 30% RH for the semi crystalline thin film which shows
almost no affinity of the film to low concentration of OH™ ions at low relative humidity. If we observe the FTIR
spectrum of the semi crystalline thin film at 80% RH, the two OH bands appear to have largely grown in intensity and
are slightly shifted to 1644 and 3376 cm™ showing good affinity of the crystalline film towards high RH levels. Similar
slight shifting was observed in low wavenumber peaks of PEO at high humidity level due to the invasion of water

molecules but the film retained its semi crystalline nature. The FTIR spectra of the PEO after heating at 100°C for 30%



and 80% RH show that when PEO is heated beyond its melting temperature, it did not retain its semi crystalline phase
and was converted into an amorphous polymer. The triplet peaks at 1060, 1105, and 1144 cm™ showing crystallinity
of PEO were totally diminished which means that PEO is no more in its semi crystalline phase. The other absorption
bands at 1287, 1350, 1454, 2338, 2359, and 2872 cm™ mostly resemble with the FTIR spectra of PEO film cured at
60°C showing that there are no other impure phases in PEO except losing its crystallinity. Most of the PEO signature
absorption bands show broadening and weakening and some have been susceptible to disappear while others tend
to overlap to form broader bands showing the typical characteristic of an amorphous polymer when heated through
its melting point. The comparison of intensities of OH bands near 3400 cm™ and 1640 cm™ shown in the red curves
of both films recorded at a low humidity level of 30% RH indicate that in case of amorphous film, the band intensity
is considerably higher showing higher affinity of the amorphous polymer towards even low concentration of water
molecules at low relative humidity levels. The changes in physical morphology of the fabricated thin films of
crystalline and amorphous PEO are presented in Figure 2-3 7. The microscopic image of the crystalline thin film of
PEO cured at 609C shows large cracks representing the crystal boundaries. The crystals size is in the range of
millimeters. The zoomed-in version of surface SEM image shows smooth solid surface of the crystals with cracks
appearing at micro level if further magnified. The micro level observation of the thin film cured at 1002C shows very
rare occurrence of cracks in the film which means that the film is not in crystalline solid phase but possess an
amorphous waxy solid like form. The cross-sectional SEM images of the three films deposited using different number

of passes show thicknesses of ~200 nm, 300 nm, and 400 nm respectively.
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Figure 2-3: Surface morphology of the thin films showing (a) 602C cured film microscopic image, (b) low
magnification SEM, (c) high magnification SEM showing cracks, (d) 1002C cured film microscopic image,
(e) low magnification SEM, and (f) high magnification SEM showing waxy solid amorphous film (g-i) cross-
sectional SEM of three deposited films of different thicknesses.

Four types of hydrophilic conductive and insulating polymer materials of both organic and inorganic origin were used
to fabricate the active layers of the sensing devices. Further research was done to introduce other material categories

like 2D materials and composites to improve the sensing performance.

2.2.2 2D Materials

2D materials are in limelight these days for electronic devices. 2D materials possess unique chemical, electrical, and
physical properties that can be helpful in many different applications including sensing devices. 2D flakes of transition
metal di-chalcogenides (TMDs) have been used for various sensing applications including gas sensing, bio-sensing,
photo-sensing, etc. 582, Transition metal carbides (TMCs) have been used in their MXene phase mostly in catalysis,
energy storage devices, and biosensors 83772, etc. Large scale 2D TMCs are synthesized usually by selective etching 73,
nano-casting 74, and CVD 7°. Synthesis and exfoliation of 2D hBN requires acid etching, chemical vapor deposition,
complex chemical reactions, and other complex methods 7678 that result in forcing the scientists to change their first

choice for material selection. Some of the materials like MoS,, CrsC,, and Mo,C have been exfoliated using a simpler



wet mechanical grinding process to achieve their 2D flakes 7281, 2D flakes of the materials used in this research work
were synthesized by liquid assisted mechanical exfoliation method. Thin films of 2D flakes of transition metal carbides,
dichalcogenides, and nitrides were tested for humidity sensing based on their large surface area to volume ratio and
excellent abruption capacity. Water absorption generates both ionic and electronic current inside the thin film that

results in change in resistance of the materials 8. The details of the exfoliation technique are presented in Figure

2-4.
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Figure 2-4: Step by step exfoliation process to synthesize 2D flakes from bulk powder of the desired
materials.

The process involves wet grinding of the bulk powders of the target materials in a mortar with small amounts of
solvent for 4 hours and then drying at room temperature. The dried powders obtained after wet grinding were
dispersed in equal volume ratio of ethanol and water followed by probe sonication and centrifugation at 4000 rpm
for 30 min. After centrifugation, the supernatants were taken out so that mono or few layered nano-sheets may be

obtained. As obtained aqueous solutions were stirred for 12 hours to achieve a homogeneous solution 8

2D flakes of Molybdenum Carbide (Mo,C), Chromium Carbide (CrsC,), hexagonal Boron Nitride (hBN), and
Molybdenum Disulfide (MoS,) were prepared using the exfoliation method as described above. The morphological
and chemical properties of the exfoliated flakes were investigated to understand their behavior and predict their
possible applications in sensors. The two transition metal carbides were exfoliated and the changes in their physical

morphology were visualized through FE-SEM as presented in Figure 2-5 1382,
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Figure 2-5: FE-SEM images showing thin film surfaces of (a) non-exfoliated bulk Cr;C; powder, (b) exfoliated
CrsC; crystal particles, (c) single 2D flake of exfoliated CrsC;, (d) bulk Mo,C, (e) exfoliated Mo,C, and (f) a
single, large exfoliated flake.

The image of the bulk CrsC, powder shows big bulky chunks of the material spread on the surface. The thickness and
size of the chunks is in range of several micrometers. The SEM image of the thin film of exfoliated Cr3;C, shows large
number of smaller particles and flakes distributed throughout the surface. There are also some large area flakes on

the surface but their physical structure is like 2D. Same trend can be observed for Mo,C after exfoliation.

Further details on the structure and morphology of the exfoliated 2D TMC flakes were studied through XRD

spectroscopy and AFM imaging. The results for both Mo,C and Cr;C, are presented in Figure 2-6.

10



b L . T r T . T h T X T v T v
120 4 XRD Spectrum,]
1CSD code: 15086 nm
L e 250
o ¢ O
Ots' % o
- ; 3y 200
3 & o
s
&
F 150
=
1]
E
50
T T T T T T T
10 20 30 40 50 60 70 80 90
Wavenumber (cm-1) 0
4m T T T T T T T = = . =
XRD Spectrum
4000 4 (1o1) DD #01-071-0342
3500 4 o
i 3000 4 4
3
£ 2500 4 4
2
H 2000 4 o
2
£ 1500 -
(002
Lok (100) 1
(102) 12)
4 [ e 4
500 | l om Illn{il -
0 T T R e e 9

10 20 30 40 50 &0 70 80 90
Wavenumber (cm™)

Figure 2-6: XRD crystallographic spectra of (a) CrsC;, (b) surface AFM of the exfoliated CrsC; thin film with
inset showing single flake (c) XRD of a-Mo,C with layered hexagonal crystal structure, and (d) 3D AFM
image of single Mo,C flake.

AFM images show that the thickness of the Cr;C, flakes range between ~9 nm to ~90 nm while the thickness is near
~6nm for Mo,C. The single flakes have lower thickness in range of few nanometers while the higher thickness is
mostly due to stacking and agglomeration of the particles on top of each other. Some flakes are thicker than others
having comparatively higher number of stacked sheets in a single flake. The XRD results of the Mo,C powder show
that the material used in this work is in a-phase 884 There are 3 phases of Mo,C, a, B, and §, having hexagonal,
orthorhombic, and cubic structures respectively 3-8, The obtained XRD peaks confirm that the phase used in this
research work is the a-phase having a layered hexagonal crystal structure 7%, The crystal structure of Cr;C,

investigated using XRD ascertain the orthorhombic crystal structure of the material 875,

Hexagonal Boron Nitride was then exfoliated through the same process as described above and the physical
morphology of the 2D exfoliated flakes was observed through FE-SEM and AFM. The flakes were suspended in IPA

solvent and in a PEO polymer ink.

11
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Figure 2-7: Physical morphology of the thin films showing (a) surface SEM of thin film of 2D hBN sheets,
(b) surface SEM of composite active layer, (c) AFM image of single 2D hBN flake, (d-f) cross-sectional SEM
of three deposited films with different thicknesses.

The results of physical morphology are presented in Figure 2-7. The images show petal like microstructure and
lateral size of the as exfoliated flakes. The surface SEM of the composite of hBN and PEO is also presented which
shows that the flakes are thoroughly mixed in to the polymer matrix and are well dispersed that is a result of a
homogenous suspension and uniform coating. The AFM image of a single flake and its height profile are show that
the nominal flake thickness is in range of 3-4 nm while the size of flakes is around 200 nm as shown by the SEM
images. This thickness ascertains that the hBN has been exfoliated into few layered 2D flakes with high surface area

to volume ratio.

Lastly, MoS, was exfoliated into 2D flakes and the SEM and AFM results to study the physical morphology are

presented in Figure 2-8 >

12
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Figure 2-8: SEM and AFM of the active layer showing (a) MoS; active layer with highly porous surface, (b)
2D MoS; flakes, (c) 2D surface profile and AFM line profile, and (d) 3D surface profile by AFM.

The SEM images of MoS; thin film at different magnifications show clear 2D sheets of the material and a highly porous
active layer ideal for physisorption and bonding of antibodies on to the film. This facilitates direct electron transfer
from the antibody-antigen complex to the electrodes for higher sensitivity °. The higher surface roughness also
reduces the non-specific absorption of proteins 1. The SEM images also indicate that the cumulative surface area of
the thin film has been increased, and the 2D flakes are also capable to possess semiconducting properties that would
be absent in case of bulk material. The AFM images of MoS, flakes indicate 3-4 nm nanometer thick flakes

ascertaining the exfoliation of the bulk into few layered sheets.
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Figure 2-9: Chemical characterizations including (a) PL emission spectrum, (b) Raman spectrum, (c-e) XPS
spectra of MoS; active layer.

Figure 2-9(a) shows the PL emission spectrum of MoS, flakes with a broad peak at 440 nm. Usually this broad peak
appears at 652 nm in case of large monolayer sheets exfoliated by scotch tape method but in this case, the shift in
peak is due to direct and indirect bandgap in monolayer and few layer flakes respectively. This also might be due to
mechanical grinding resulting in smaller flakes and possibly few quantum dots giving rise to quantum confinement
effects °2. The Raman spectrum results presented in Figure 2-9(b) shows that the phonon modes of exfoliated MoS,
flakes lie at 381.23 nm and 402.17 nm ascertaining the attributes of Raman analysis for exfoliated MoS, flakes 3. The
XPS results presented in Figure 2-9(c-e) confirm the presence of only MoS, as the active layer material with no
contamination as such except the Carbon and Oxygen from the atmosphere %% The atomic ratio of the thin film was
1: 2 for Mo:S that ascertains the presence of MoS, flakes. The exfoliated flakes of all the four materials shows
expected physical and chemical properties that can be ideally used to fabricate the active layer of environmental and

biosensors.

2.2.3 Hybrid organic/inorganic composites

1) A conducting/insulating polymer/polymer nanocomposite of PEDOT:PSS and hydrophilic PVA was prepared to
fabricate the active layer of wide range humidity sensor with both capacitive and impedance based output. Polyvinyl

alcohol (PVA MW 9000-10000, 80% Hydrolyzed) was obtained from Aldrich and Poly (3, 4-ethylenedioxythiophene)
14



Polystyrene Sulfonate (PEDOT:PSS) used was Orgacon EL-P5010 solvent based paste with 3 wt% solid content. The
PEDOT:PSS/PVA composite ink was prepared by first dissolving 10 wt% PVA in de-ionized water. The mixture was put
on bath sonicator at room temperature for 30 minutes and was then kept on magnetic stirrer at 702C for 10 hours.
After the formation of uniform solution of PVA, the solution was divided in to three equal parts. Then PEDOT:PSS
paste was added by 10 wt%, 20 wt% and 30 wt% (with solid content 0.3 wt%, 0.6 wt% and 0.9 wt%) in three separate
solutions of the same quantity as that of the three PVA solutions prepared. These solutions were magnetically stirred
three times for 30 minute interval each. The three PVA solutions prepared before were then mixed separately with
three PEDOT:PSS solutions to get three composites with 5 wt% PVA in each of them and 5 wt%, 10 wt% and 15 wt%
(0.15 wt%, 0.3 wt% and 0.45 wt% solid content) PEDOT:PSS. All the final mixtures were kept on magnetic stirrer at
259C for 5 hours. The chemical structures of the two materials used in the composite along with the FTIR
spectroscopy data of the composite are presented in Figure 2-10 . The physical morphology of the composite has
been investigated through microscopy and SEM that shows homogenous mixing of the two components as shown in

Figure 2-10.
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Figure 2-10: Chemical structures of PVA & PEDOT:PSS composite, FTIR spectrum of the composite, and
Microscopic & SEM images with different composite ratios.

PEDOT and PSS make bonds between SO5™ group of PSS and S* group of PEDOT while OH (Hydroxyl group) of the PVA
is free. There is no proper bonding between PEDOT:PSS and PVA but there is quite an interaction between them %,
Adding more PEDOT: PSS to a fixed amount of PVA will decrease the number of free hydroxyl ions in the solution ¢
that are responsible of trapping water molecules for humidity sensing. This suggests that too much PEDQOT: PSS can
affect the performance of the sensor in terms of response towards low humidity but an optimized concentration will
help increasing the overall conductivity of the composite film and decreasing the hysteresis and recovery time in

return by preventing the phenomenon of trapping .

2) Another polymer/polymer composite of BEHP-co-MEH:PPV and super-hydrophilic PAAPSS was prepared for

humidity sensing active layer fabrication. Poly{[2-[2’,5'-bis(2"-ethylhexyloxy)phenyl]-1,4-phenylenevinylene]-co-[2-

16



methoxy-5-(2'-ethylhexyloxy)-1,4-phenylenevinylene]} (BEHP-co-MEH:PPV) powder with average molecular weight
around 18,900, Poly(acrylic acid) partial sodium salt <1000 um particle size (99%) (PAAPSS), and Chloroform were
purchased from Sigma Aldrich. The ink for active layer was prepared by dissolving 1% wt/vol. BEHP-co-MEH:PPV in
chloroform solvent. The mixture was put on bath sonicator at 302C for 60 minutes and was then kept on magnetic
stirrer for 2 hours. The powder of PAAPSS was ground to reduce the particle size that will allow uniform dispersion
in the composite ink. After the homogenous solution of BEHP-co-MEH:PPV was ready, PAAPSS powder was added to
the solution in three different weight by volume ratios of 1%, 3%, and 5%. The resulting composite inks were
continuously put on mechanical shaker at 200 rpm to avoid agglomeration and keep the PAAPSS particles suspended.
PAAPSS is not soluble in chloroform and it does not absorb any of the solvent contents, so, the particles of PAAPSS
remain the same size and do not swell like in case of water and other affine solvents. The structures of the composite
materials and the FTIR spectra are presented in Figure 2-11 '?. Four samples were prepared and were differentiated
based on the weight percentage of poly(acrylic acid) partial sodium salt. Samplel corresponds to 0% PAAPSS (only
BEHP-co-MEH:PPV), sample 2 contains 1% wt/vol PAAPSS in BEHP-co-MEH:PPV solution, sample 3 has 3%, while
sample 4 has 5% PAAPSS. The samples were pre-processed with drying and humidifying treatments by exposing them
to a 90% RH environment for 10 s for humidification and a 0% RH environment for 10 s for drying. The samples were
then quickly sealed in glass slabs and were fixed in a sealed mini chamber in FTIR analyzer to let them retain the

levels of humidity in the films after pre-processing.
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Figure 2-11: Chemical properties of the active layer (a) FTIR spectra of the four samples at dry and humid
states, (b) chemical structure of BEHP-co-MEH:PPV, and (c) chemical structure of Poly(acrylic acid) Partial
Sodium Salt.

FTIR spectra of the four prepared samples were observed between 500 and 4000 cm™ in both dry and humid states.
The shift in the peaks was observed to determine the working principle of the humidity sensors. Most of the peaks
correspond to the in-plane C-H bands. The bands at 1036 and 1251 cm™ are attributed to aryl alkyl ether (C-O-C)
symmetric and asymmetric stretching, respectively. Phenyl-oxygen stretching can be observed at 1201 cm™. The
bands at 1386 and 1454 cm™ exhibit symmetric and asymmetric C—-H bending, respectively, in the CH, group. The
two sharp bands at 2925 and 2955 cm™ are assigned to asymmetric C-H stretching in the CH, and CH; groups
respectively, while the band at 2865 cm™ is assighed to symmetric C-H stretching in CH; 3. The multiple medium
intensity peaks between 1400 cm™ and 1500 cm™ and the one at 1603 cm™ show the usual pattern for aromatic C=C
stretching region. These peaks presenting C-H and C=C groups affirm the given structure of BEHP-co-MEH:PPV co-
polymer in the thin film active layer. There is a notable difference in certain peaks presented for the films for dry and
humid states and for different concentrations of PAAPSS. The intensity of the peaks at 1505 cm™ representing C=0

carboxyl bending and 1505 cm™ —COO~ asymmetric stretching become higher with increasing concentration of
18



PAAPSS 7. The band intensity between 3300 cm™ and 3700 cm™ presenting non hydrogen-bonded OH groups in
vapor phase increases immensely for humid samples showing the major contribution in humidity sensing behavior
of the composite thin film %, The mentioned band becomes notably larger in magnitude for higher concentrations
of PAAPSS indicating the major role played by the super hydrophilic polymer in water vapor adsorption. Also the
change in magnitude of the medium intensity peak at 1641 cm™ shows the water absorption through hydrogen
bonding that is supposed here to contribute in the detection of lower humidity levels. Overall, the BEHP-co-MEH:PPV
polymer provides a matrix to embed the PAAPSS particles in the thin film. The material itself is sensitive towards
humidity changes but the sensitivity is much lower. Addition of PAAPSS increases the sensitivity several folds while

maintaining the stability.

The surface SEM images shows the surface morphology of the thin films at different magnifications. The images
indicate the presence of PAAPSS as white granules in samples 2-4. The number and size of the white particles increase
with increasing concentrations of PAAPSS. The SEM images also indicate highly rough surface morphology of the

active layer that is confirmed by the 3D surface profiles presented in Figure 2-12(i-l).

Sample: 1 (0% PAAPSS) Sample: 2 (1% PAAPSS) Sample: 3 (3% PAAPSS) Sample: 4 (5%PAAPSS)

Ra:202nm  Rt: 4.8um Rz: 3pm Ra:191n0m Rt 49um Rz:32pm  Ra:221nm Rt: 5.5 pm Rz:44pm Ra:190nm  Rt:105pum  Rz:76pm
0} [6)] (k) m

Figure 2-12: Surface morphology of the samples showing FE-SEM images at lower magnification of (a)
sample 1, (b) sample 2, (c) sample 3, and (d) sample 4. SEM at higher magnification of (e) sample 1, (f)
sample 2, (g) sample 3, and (h) sample 4. 3D surface profiles with roughness profiles of (i) sample 1, (j)
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sample 2, (k) sample 3, and (l) sample 4.

We can see that the maximum roughness height R; and the average distance between the peaks and valleys R,
increase considerably with increasing concentration of PAAPSS while the average surface roughness remains almost
the same. The reason is the presence of the bigger particles of PAAPSS on the surface spread all over the film. The
film thickness without PAAPSS was found to be ~442 nm using cross-sectional SEM as presented in supplementary
Figure S2. The granules of PAAPSS do not increase the base film thickness but are spread at random locations. The
average surface roughness when compared to the film thickness shows high surface roughness of the active layer.

The parameters are suitable for high sensitivity and quick response time for a humidity sensor.

3) Finally, a hybrid nano-composite of 2D hBN flakes and PEO was prepared to fabricate the active layer of humidity
sensors. An ultrafine powder of hexagonal Boron Nitride (hBN) was purchased from Graphene Supermarket. The
average particle size of the powder was ~70 nm with a 99% purity. Isopropyl alcohol (IPA) with a purity of >99.7%
and Polyethylene oxide (PEO) powder with an average molecular weight (M,) of 200,000 were purchased from Sigma
Aldrich. 2D hBN was exfoliated through the process described earlier. The PEO ink was prepared by dissolving the
powder in deionized water by 5 wt%/vol. The mixture was put on a magnetic stirrer at 402C overnight until a clear
homogenous solution was formed. After the two solutions were ready, the final ink for the active layer was prepared
by homogenously mixing them in equal volume ratio of 1:1. The final ink was placed on a magnetic stirrer for 5 hours

at 1500 rpm.
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Figure 2-13: (a) FTIR spectra of pure PEO (black) and hBN + PEO composite (red) showing the characteristic
peaks of the two materials with schematic representing the structure of the composite.

The FTIR spectroscopy results presented in Figure 2-13 show the chemical structure of pure PEO polymer and the
composite. Both the curves are plotted together for comparison purpose. The major difference in the spectroscopy
data lies in the 797 cm™ peak that represents the presence of hBN in the composite and can be attributed to out of
plane B-N-B bending vibration (A,, mode) °°. The other labelled signature peaks attributed to C-H stretching mode,
C=0, CH, twisting, rocking bands, and wagging vibrations modes, and triplet absorption bands of C-O-C stretching
vibrations, confirm the presence of pure PEO in the composite. As the composite was heated beyond the glass
transition temperature of PEO for curing the active layer thin film, the crystallinity of the polymer was reduced upon
cooling down that is eminent from the diminishing of the triplet C-O-C peaks which represent the extent of
crystallinity of PEO. The wide peak near 3500 cm™ shows adsorbed OH- groups while the peak at 1640 cm™ represents
the bonded OH- groups *’. The magnitude of the peak at 1640 cm™ is slightly higher in case of the composite that

shows its strong affinity towards water molecules which makes it perfect for the humidity sensing application.

4) Other carbon and graphene nano-ribbons based composites with polymers acting as binders were prepared for
the fabrication of temperature sensors and human posture detection sensors. Activated Carbon with 100 mesh
particle size in powder form, PVDF (Polyvinylidene fluoride), Toluene, and NMP (N-Methyl-2-pyrrolidone) were
purchased from Sigma Aldrich. PVAc (Polyvinyl Acetate) beads by GPC with average Mw ~100,000 were used. 0.2 mm

thick PET (Polyethylene Terephthalate) roll was used as substrate. Ink for active layer was synthesized by mixing
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activated carbon with PVDF in 9:1 by weight. The contents were dissolved by 15 wt% in NMP solvent. The solution
was placed on mechanical shaker at room temperature for 10 hours and was then kept on magnetic stirrer for 1 hour.
The synthesized ink for micro-gravure printer had a viscosity of 20 cps and density of 1120 kg/m3. The ink for
protective coating was synthesized by dissolving 10% weight/volume PVAc in toluene solvent 1%, The mixture was
placed on magnetic stirrer at 50 2C for 3 hours to get a uniform homogenous solution and after that the inks were

ready to be used for sensor fabrication.
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Figure 2-14: SEM images of the fabricated films. Surface SEM profile of the un-protected samples with
scale 10 um (a) and scale 1 um (b), surface SEM profile of sample protected using micro-gravure printing
with scale 10 um (c) and scale 1 um (d), cross-sectional SEM image of the un-protected film (e), PVAc
coating only (f), and overall protected sensor (g).

The surface profile results shown in Figure 2-14 clearly indicate that the active carbon layer had a more rough
surface finish as compared to the finalized device after protective coating. The protective coating is not affecting the

active layer beneath and just provides fortification to the overall device. The high surface roughness indicates loosely
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arranged particles in the film displaying room for their mechanical motion on the application of external force upon
the sensing layer through bending at different angles. The movement of particles by application of force improves
the connection between them when the sensor is bent in negative direction thus reducing the device resistance and

vice versa. These layer characteristics make the sensing layer suitable for flex sensor application.

5) The basic material for the fabrication of the active portion of the sensors was the commercially available
conductive filament by BACKMAGIC3D with the diameter of 1.75 mm and volume resistivity of 0.6 Q-cm. The filament
formulation comprises of a composite of poly (lactic acid) (PLA) and graphene nano rods (GNR) that make it

electrically conductive.
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Figure 2-15: Raman spectroscopy data of the GNR-PLA 3D printing conductive filament showing the
chemical structures and the different signature peaks of the two materials present in the composite and
FE-SEM images showing morphology at different magnifications of (a) filament surface before printing, (b),
filament cross-section before printing, (c) filament surface after printing, and (d) filament cross-section
after printing.

FE-SEM images presented in Figure 2-14 shows the microscopic structure of the material. The first two images
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present the morphology of the filament surface and the filament cross-section before printing. Graphene nano-wires
(GNR’s) can be seen embedded inside the polymer matrix in random directions 1%, Cracks and dis-oriented graphene
ribbons can also be seen in the broken cross-section of the filament before printing. The overall structure remains
similar to that of initial one before printing. The cross-sectional image of the filament after printing shows the
disappearance of cracks due to melting of the polymer. It also shows some embedded graphene ribbons that seem

to have been a bit aligned after printing as verified by the surface morphology of printed filament.

The results of Raman spectroscopy show three very significant signature peaks of graphene at 2689 cm™ (2D), 1575
cm™? (G), and 1350 cm™ (D) 1927205 The difference in Raman spectroscopy data for the identification between
graphene flakes, MWCNTs, and graphene ribbons lies in the intensity of the D band *°. The intensity of D band in
case of MWCNTs is lower as compared to the G and 2D bands while in case of graphene nano ribbons, the intensity
of all the three signature bands are almost comparable 19197, This confirms the presence of graphene in the form of
nano-ribbons in the composite that is ideal for high conductivity and strength for 3D printing applications. The other

peaks in the spectrum labelled in the figure correspond to different functional groups and bonds present in PLA 18-

111

2.3 Bio Materials

Different biological materials were used in this research work for the fabrication and characterization of
immunosensors. These include antibodies, antigens, blocking agents, and functionalization materials. Three different
types of antibodies were used that can act as the receptors to their specific antigens. Detection of the antigens is
important to diagnose and predict numerous diseases and irregularities in the human health. The anti-Prostate-
specific antibody and the antigen were purchased from Sigma. The antibody had a protein concentration of ~1mg/ml
while the antigen solution had ~0.2-0.6mg/ml protein content. Anti-Mouse IgG antibody buffered aqueous solution
with concentration of 10-20mg/ml and normal mouse IgG antigen with a concentration of 1mg/ml were purchased
from Sigma. NF-kB p65 rabbit mAb antibody with 100 ug/ml BSA solution was purchased from Cell Signaling
Technology. NF-kB (p65) control peptide human antigen with ~1mg/ml protein concentration was purchased from
Sigma. 30% Bovine serum albumin (BSA) solution in sodium chloride for blocking NSA was purchased from Sigma.

96% Butyltrichlorosilane (BTS) surfactant for functionalization was purchased from Sigma.
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The surface of the few layered 2D sheets based active region was functionalized through silane based method using
2 vol% butyl-trichlorosilanes BTS 127117, This step is eminent to improve the specificity and reduce the non-specific
absorption 118, As a brief summary, the MoS, thin films submerged in the solution of ethanol and water (90% and 10%
respectively) for 1 hour to produce free hydroxyl (OH) groups on MoS, surface 112116 Afterwards, for surface
functionalization, BTS was added drop by drop in the solution at 2% vol/vol during continuous mechanical shaking.
The Si atoms of BTS are attached to the MoS, surface via silane bonding. The samples were gently washed by IPA,
dried with N,, and were then heated at 1102C for 60 min. After functionalization, the sensors were submerged in
antibody solution containing BSA as the blocking agent and were incubated for antibody attachment to the SAMs.
FTIR spectroscopy was done to study the boding between the MoS, active layer, the SAMs, and the antibody

receptors. The FTIR spectrum of functionalized MoS, has been shown in Figure 2-16.
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Figure 2-16: FTIR spectrum of functionalized MoS; and the schematic diagram showing attached BTS
SAM’s and antibodies on to the surface.

The absorption bands at 2343 and 2359 cm™ may correspond to silane bonding **°. The absorption peaks at 2873
and 2927 cm correspond to asymmetric and symmetric stretching vibrations of methylene (CH,) group whereas the
absorption peak at 2957 cm™ is attributed to the methyl (CHs) stretching vibration 129121, This triplet band confirms
the presence of alkyl-silane bonding on the MoS, surface. The absorption bands at 1377 and 1408 cm™ may be
assigned to CH; deformation and C-O-H bending. The absorption peaks at 1202, 1274, 1302 and 1466 cm™ are
assigned to C-C stretching, C-O stretching, out of plane C-H bending and C-H bending (scissoring) respectively that
can be attributed to antibody attachment to the silane. The peak at 992 cm can be assigned to the Mo-S band %,

The absorption peak at 886 cm™ may be assigned to the Si-O group, while the absorption band at 769 cm™ is assigned
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to Si-C group showing interaction between MoS, and silane. In the functionalized of thin films, the silane molecules
displace the adsorbed water or OH groups from the MoS, surface. Because the water molecules tend to absorb on
the defects rather than the perfect surface, it is clear that the silane moieties displace the water molecules from
these defects 119122, These defects serve as the anchoring points (chemisorption) from which the polymerized BTS
molecules can extend and cover larger areas of 2D MoS, flakes (physisorption) 11122, This method almost ensures
that even if the defects are not perfectly similar in the flakes, the resulting functionalization will be repeatable 1?3
due to covering large area of flakes with BTS and the sensor results for multiple trials and samples with little error

prove the repeatability .

A standard protocol with few modifications was adopted for immobilization of the antibodies. The antibodies were
first diluted in saline/PBS to make solutions of 1ug/ml protein concentration. 3% BSA was added to the antibody
solutions for blocking and minimize the non-specific absorption (NSA) 24, The fabricated sensors were then
submerged into these solutions and were left for 1 hour on mechanical shaker for incubation. As a result, the
antibodies/receptors were thoroughly physisorbed into the MoS, sensing layer with the blank regions blocked by the
BSA. The functionalized surface enables covalent bonding of the antibodies in addition to just flat dispersion on
surface that is significant to improve the specificity. The sensors were rinsed with DI water to remove any traces of
non-immobilized molecules. The immobilization and specific binding was investigated by laser fluorescence
microscopy. The as used NF-kB and IgG give red colored fluorescence for the antigens and green for antibodies. Glass
slabs without electrodes coated with MoS, were incubated in 1ug/ml antibody solution for NF-kB and 10ug/ml for
IgG. Similar treatment was used for blocking and immobilization. The samples were then treated with three different
concentrations of IgG antigen and a single concentration of NF-kB antigen. The laser confocal microscopy gives
fluorescence only at the locations of immobilization for both antibodies and antigens. This process makes sure that
only immobilized antibodies and bound antigens play their role in sensing behavior of the devices. No green
fluorescence should be observed on the areas that are blocked and do not have immobilized antibodies. Similarly,
no red fluorescence should be visible outside that area to confirm specific binding and selectivity of the sensor. The

results presented in Figure 2-17 *> show no antigen (red) fluorescence for control sample while both red and green

colors are observable for different concentrations of antigens.
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Figure 2-17: Confocal microscopic images showing antibody-antigen complex formation (a-c) zero IgG
antigen concentration with only antibody visible (green), (d-f) 3ug/ml IgG antigen (red) and IgG antibody
(green), complex (orange), (g-i) 6ug/ml 1gG antigen (red), antibody (green), complex (orange), (j-1) NF-«kB
400ng/ml antigen (red), NF-kB antibody (green), complex (orange)

The color intensity for higher antigen concentrations is higher and the overlapping orange color intensities also
increase in this case representing successful complex formation. Also, there is no fluorescence observable at
surrounding areas of the immobilized antibody-antigen complex confirming the selective binding and specificity of

the sensors.
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3 Sensor Fabrication

This research work focuses on the fabrication of electronic sensing devices through all printed techniques. This
approach has many advantages over the conventional lithographic techniques like low research and development
cost and simpler process. Printing techniques allowed us to fabricate many different devices with design
modifications for optimization of the structures and parameters. As it is an additive manufacturing approach, the
material usage is also minimal and any kind of multi-layered complex device structure can be fabricated with ease.
The production time for the development and optimization is also very little as changes in design can be made pretty
seamlessly and quickly. The major drawback of printing approaches, however, is that they still lack behind in accuracy
and performance when compared to the clean room based MEMS fabrication methods. Also, printing technologies
are still a bit lagging in terms of mass production of the devices when compared to the conventional methods.
Despite that, printing fabrication methods are more favorable when it comes to design and optimization for research
and development purpose. After the optimized parameters, structures, and materials are found, we can shift to

conventional approaches for better performance accuracy for mass production.

There are two major portions in an electronic sensing device, one is the transducer part that comprises of conductive
electrodes and the other one is the active sensing portion to detect the target analyte and generate a signal that can
be converted to electrical signal through the transducer. In this research work, different pattern printing methods
have been used according to the requirement for the fabrication of transducer electrodes and thin film deposition
techniques have been used for the fabrication of active layer fabrication. A usual complete device fabrication process

for bi-layered devices with different active layer material categories used in this research work is presented in Figure

3-1%,
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Figure 3-1: Step by step details of printed fabrication process for a general bi-layered sensing devices.

1282 Y-cut LiNbO; substrates were first cleaned through plasma treatment. Reverse offset printing was used to
fabricate silver electrodes on the substrate. The electrodes were of interdigital type structure with 40 pairs of fingers,
each finger with a width of 50 um. Electrohydrodynamic atomization (EHDA) was used to deposit the active layer of
Mo,C ink that is a suspension prepared in a conductive solvent while spin coating was used for the deposition of

insulating polymer based thin films 82,

3.1 Electrode Fabrication

Electrode fabrication requires the printing system to print patterns in any shape and of any size with high accuracy
and repeatability. The electrodes need to have high electrical conductivity and smooth finishing. Three major printing

techniques were used to print the transducer electrodes for our sensing devices.

3.1.1 Reverse offset printing

Highly accurate and conductive electrodes were fabricated through reverse offset printing. Silver conductive ink was

used by Silverjet DGH ink for reverse offset (viscosity: 1.5cps, surface tension: 24.4mN/m, dispersion matrix: octane
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based). Reverse offset printing works on the principle of transferring a fixed design pattern from the host substrate
to the target substrate through a PDMS blanket roll. Multiple design of interdigitated transducer (IDT) electrodes
were prepared and the cliché was fabricated for each design 2. The process details and working principle of the

printing system are explained in Figure 3-2. The fabricated electrodes by reverse offset printing were cured at 2002C

for 2 hours for all devices.

(a) Glass substrate (b) Ag NP ink spin coat (c) PDMS blanket roll lifting Ag ink from
the glass slide
e
(f) SET process (e) PDMS Blanket OFF process (d) Cliché design displaying the

negative of desired bottom electrode
patterns engraved on its surface

Figure 3-2: Step by step fabrication process of reverse offset printing for electrode fabrication.

The advantages of using reverse offset printing method is that this system is mass production compatible and if the
process parameters are optimized carefully, it is capable of printing very high quality patterns that can compete with
the conventional lithographic techniques. Pattern sizes of up to 20 um were printed successfully with very high
quality finish. The system was mostly used to print the bottom transducers for the sensing devices and then the top

sensing layer was deposited onto them through other printing methods.

3.1.2 Screen printing

Screen printing is one of the most common and simple printing techniques around. The method is used to print
patterns and even films onto the target substrate. Screen printing was used to fabricate electrodes on onion
membrane in this research work. Other pattern printing techniques like DOD and reverse offset could not be used in
this case due to certain limitations. The high pressure in case of reverse offset printing damages the membrane while
the un-even surface of the membrane make it difficult to print electrodes on it through electrostatic disposition

techniques. The detailed fabrication process of single cell thick onion membrane has been presented in Figure 3-3
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Figure 3-3: Step by step fabrication process of onion membrane based humidity sensor fabrication with
screen printed and drawn transducer electrodes.

Screen printing has certain advantages that it can print on rough surfaces easily like in our case of onion membrane.
It also exerts low pressure on the target substrate and does not damage it. But, there are also some limitations of
this system like it is not capable to print very fine patterns like the other techniques. The printing resolution is quite
low while the print quality is not very fine. The printed electrode thickness is also high that is not desirable in case of
very thin film based sensing devices. It worked in our case as no top sensing layer was to be deposited onto the onion

membrane.

3.1.3 Drop on demand patterning

Micro conductive patterns of any design and shape can be printed using Electrohydrodynamic (EHD) drop on demand

(DOD) printing technique. The detailed system schematic and working principle are presented in Figure 3-4.
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Figure 3-4: Detailed schematic of the drop-on-demand Electrohydrodynamic micro printing system.

There are many advantages of using this system for transducer electrode printing as this system can be used to print
micro patterns up to 5 um on any kind of flat and smooth surface. The system is capable of printing any shape of
patterns and is ideal for printing top electrodes for the multi-layered devices with low surface roughness. The system
can also be used to repair already printed MEMS based devices with high precision and accuracy. The major
disadvantages associated with this system are its vulnerability to accumulated electrostatic charges on the target
substrate surface and its inability to print onto the surfaces with comparatively high surface roughness. The system

was used to print transducer electrodes for our FET based sensing device.

3.2 Active Layer Deposition

The second major portion of an electronic sensing device it the active sensing region. In this research work, all types
of sensing devices have thin films as the sensing areas fabricated through different materials as per device and
application requirements. Different printing systems were used for thin film deposition of different categories of

materials.

3.2.1 Electrohydrodynamic atomization (EHDA)

Electrospray deposition (ESD) system works on the atomization of the conductive liquid inks based on high magnitude

of electrostatic charges at the tip of the nozzle. A modified and more sophisticated version uses hydrodynamic
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pressure in addition to electrostatic charge and is known as Electrohydrodynamic atomization (EHDA) system 26, The

detailed system schematic has been presented in Figure 3-5 >,
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Figure 3-5: System details of electrospray thin film deposition process.

EHDA system can be used to deposit thin films with high quality based on any conductive material or suspension in
a conductive solvent. The system was widely used in this research work to deposit active layers of the sensing devices

for the compatible materials. The parameters used for the materials deposited through this system are presented in

Table 3-1 13155722,

Table 3-1: Optimized parameters for thin film deposition of different materials through EHDA.

Parameter MoS; PEO Mo,C/Cr3C;
Flow Rate 200 pl/hr. 600 pl/hr. 300 pl/hr.
Nozzle to Substrate Distance 15 mm 15 mm 15 mm
Stage Speed 5 mm/s 6 mm/s 5 mm/s
Nozzle Diameter 210 pm 120 pm 210 pum
Number of Passes 5 3 5

Voltage Range for Stable Jet 5.4-6.1 kV 6.6 kV 5.9-6.8 kV
Syringe Internal Diameter 12 mm 8 mm 12 mm
EHDA system is ideal to deposit very fine and accurate repeatable thin films for multi-layered devices but the major
limitation is that the target material or ink much have a certain level of conductivity. Insulator materials cannot be
deposited through EHDA and other methods have to be used for them. Also, the droplet size in the EHDA process is

larger that results in higher film roughness and higher minimum possible thickness for complete covering of the area.
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3.2.2 SAW-EHDA hybrid deposition system

Surface acoustic wave Electrohydrodynamic atomization (SAW-EHDA) system is a hybrid thin film deposition system
based on the combination of SAW and EHDA systems. It combines the advantages of both and removes the non-
overlapping limitations. The particle size achieved through this system is 10 times smaller as in case of EHDA system
and thus, lower surface roughness with smaller film thickness can be achieved through this system. It also solves the
continuous materials supply issues related to the SAW based deposition systems and lowers the conductivity
requirements too. PEDOT:PSS thin film was deposited through this system for our device fabrication. The system

schematic and optimized set of parameters for the selected material are presented in Figure 3-6 3.

Atomized Particles Nano particles
Parameters PEDOT:PSS

1 Nozzle diameter 210pm
2 Flow rate 700pl/h
3 Mask diameter 3mm
4 Nozzle to IDT distance 5mm
5 IDT to mask distance 35mm
6 Mask to substrate distance 10 mm
7 Nozzle (—ve)—applied voltage —4.539kV
8 Mask (+ve)—applied voltage 1.50kV
9 Substrate (4 ve)—applied voltage 3.35kV
10 Applied frequency 19.8 MHz
11 Power 5W
12 Deposition time 30 min

Figure 3-6: Schematic of SAW-EHDA hybrid thin film deposition system and the optimized set of
parameters for the deposition of thin film of PEDOT:PSS.

The ink conductivity requirements for this system are higher when compared to the simple EHDA based system. Also,
the limitation lies with the density of the materials used. High density materials and larger chunks cannot be

deposited through this system. Another major drawback is that the ink needs to be in solution form rather than as a
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suspension to be able to be used for this system. In case of conductive solvent in a suspension of an insulating
material, only the solvent will be deposited leaving behind the actual active material. So, the system can be best used
to fabricate multi-layered devices without damaging the lower layers for the materials with good conductivity, low

density, and available in solution form.

3.2.3 Spin coating

Spin coating technique is the simplest and most common method for thin film fabrication. Any kind of materials in
liquid form can be used with this system without the consideration of viscosity, conductivity, particle size, or density.

The system process is presented in Figure 3-7 12,
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Figure 3-7: Schematic and working principle of spin coating system.

The major limitation of this system is that it is vulnerable to damage the lower layers in case of multi-layer device
fabrication. Also, very thin films of suspensions and 2D materials cannot be fabricated through this system as it either
throws away the particles due to centrifugal forces or result in agglomeration due to centripetal forces. Spin coating
has only been used as a back-up option in this research work for the materials that were not compatible with any of

the other available thin film deposition systems.

3.2.4 Microgravure printing

Microgravure printing was used in this work to fabricate large area coatings for the flexible human posture sensors.
Carbon/polymer based active material composite was deposited in the form of thin film onto a flexible PET substrate

roll. The system images, process schematic, and the images of fabricated devices are presented in Figure 3-8 1°°,
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PET roll with a thickness of 0.2 mm and a width of 140 mm was used as large scale substrate for sensors. The web
tension has a voltage controlled open-loop passive controller with a maximum torque output of 3 Nm at 100% output.

The tension controller output was set at 15% and the temperature of the in-situ curing chamber was fixed at 130 2C.

Re-winder Roll

Un-winder Roll

Heating
PET Substrate Chamber
Microgravure,

ol Doctor Blade

| S—
Ink Reservoir

—_—
Direction of Web Motion

) ’ll I\,

Zero Degrees 30 Degrees 60 Degrees

Figure 3-8: Microgravure printing process and the large area thin film coating results of the fabricated
posture sensing flexible devices.

For the fabrication of the active layer, the web velocity was fixed at 3mm/s and the gravure roll velocity was kept at
5 mm/s. This implies that the thickness of the coated film will be approximately 1.66 times higher than the minimum
achievable thickness for the specific ink as there is a linear relationship between the ratios of gravure roll speed to
web speed in range of 100% to 200% 1’. The thickness depends on the ink properties as well as the velocities of the
moving web and the gravure roll. If the velocity of the web and the gravure roll are equal, the thickness is the
minimum achievable for a uniform and continuous thin film. If the velocity of the gravure roll is higher than that of
the web, the thickness will increase as the number of passes will increase. The gravure roll used for the active carbon
layer deposition was 150 mm in width with 452 line patterns and coated the whole PET substrate. After the active

layer deposition, the sensors were protected with a coating of PVAc deposited through the same fabrication system.
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4 Analysis of Sensors

Different types of sensing devices fabricated in this research work were analyzed for their output performance
through specifically designed characterization systems. Accurate and reliable analysis of fabricated sensing devices
is of crucial importance as it allows us to optimize the performance parameters according to the required

specifications and goals.

4.1 Environmental Sensors

Environmental factors like temperature, humidity, light, etc. have to be monitored and controlled for various
applications and industry including medical, food, agriculture, and others 128-13% There is vast research going on in
sensor development for accurate monitoring of the environmental parameters. The goal of this research is to develop
sensing devices with higher accuracy, robustness, sensitivity, stability, small size, and fast response. Different
researches focus on improving one or two of the many parameters in humidity sensors while compromise the
remaining ones. That can be useful for a target specific application for example the detectable range is important in
long term environmental sensors ! but the response time and sensitivity are not very crucial; in case of medical

applications, the response and recovery times are crucial 3 but the range can be compromised.

4.1.1 Characterization setup

State of the art environmental chamber was constructed for the evaluation of the environmental sensing devices.
The setup consists of a sealed environmental chamber with controlled levels of temperature and humidity inside

that. The detailed schematic of the characterization setup is presented in Figure 4-1.
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Figure 4-1: Detailed schematic of the environmental sensors characterization setup.

The figure shows the main parts of the system including a desktop humidifier as the source for increasing the
humidity levels inside the sealed chamber. The humidifier works on the principle of atomization of water into micro
particles that are fed into the chamber through a duct with an electronically flow controlled valve. The
dehumidification or desiccation of the chamber is done by purging the chamber with dry air from a dual cylinder
compressed air dryer. Both the streams of dry air and humid air from the humidifier are combined at the input duct
of the chamber and the level of relative humidity is controlled by controlling their individual flow rate through a
feedback based PID control system. The reference values of temperature and humidity inside the test chamber are
recorded and used as the feedback also using a commercial high precision humidity sensor (HTU-21D) with a
resolution of 0.04%RH and an accuracy of + 2%RH. The temperature coefficient for the reference sensor is -0.15%RH/
oC and the response time is <5s. The reference sensor is also used for temperature control of the chamber that is
controlled by a hot Peltier plate fixed at the base of the chamber to increase the temperature from room temperature
up to 809C. For temperature below room level, the position of Peltier cooling plate is reversed. All data logging and
sensors interfacing plus the control system implementation of the environmental chamber is done using an Arduino
MEGA microcontroller based processing circuit. The electrical characteristics of the fabricated sensing devices are

measured and recorded through a desktop LCR meter Applent AT826. Both the LCR meter and the Arduino based
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circuit are connected to a host computer for real time data plotting and logging of all the factors. Personalized GUI

based software was developed for easy user interface and interaction.

4.1.2 Humidity sensors

The percentage of quantity of water vapors present in the air at a certain temperature that is required for saturation
at that particular temperature is known as relative humidity. Relative humidity is a crucial environmental factor in
industry, food, and health care applications. There is a lot of research underway on the development of accurate,
cheap, and easy to interface sensors for the applications of monitoring and control of environmental humidity 34128~
130 Most of the current research works on humidity sensors target one or more parameters while compromising the
rest that is only acceptable for application specific devices, for example, humidity sensors with fast response and
recovery times but non-linear curve shape and limited range of detection serves the purpose for a breath analyzer
3131 wide range and linear sensors with stable response but long response and recovery times can be used for
conventional environmental sensors 33132133 highly sensitive sensors with slow response working only in either lower
or higher humidity are suitable for food industry 3#13% and so on. Researchers working in different areas of
technology use the knowledge and equipment at their disposal to try to improve most of the performance
parameters while keeping the cost low and the fabrication easy. To achieve this goal, scientists have used different
sensor structures, transduction techniques, and working mechanisms like Interdigitated Transducers 2830, Surface
Acoustic Waves 31733, Quartz Crystal based Transducer ?/, Field Effect Transistors 33, and other structures 2>37-3% and
techniques %3, Resistive and capacitive type sensors, however, have been the major focus owing to their low cost,
simple fabrication, easier deployment in real life applications, and above all, good performance *®. In case of
capacitive and resistive type sensors, scientists develop novel materials and their composites to achieve their desired
performance parameter. There is a huge number of material categories that have been developed and tested in
resistive and capacitive sensors including ceramics, metal oxides, polymers, bio-materials, 2D materials, transition
metal dichalcogenides (TMDs), carbon and its derivatives, composites, supra molecules, block copolymers, and so on
21-27,136-144  Among different materials used, hydrophilic polymers have always been one of the preferred choices for
humidity sensing devices owing to their high affinity towards water molecules resulting in higher sensitivity and wide
detection range. Some of such previously reported polymers include composites of PVA 11457147 nolyacrylic acid %2,

PEDOT:PVMA composite !, Polyaniline 14814%, poPD %0, PVP 151, poly diethynylbenzene **2, and so on. The major focus
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in most of the research in material based humidity sensors had been on the development of either a single material
or a composite to achieve the targeted performance but they have mostly used single layers of the developed
material as the sensing layers and have ignored the importance of device structure and configuration 139141153 Thijs
no doubt leads to improvement in the targeted parameter but effects the other interlinked ones like curve linearity,
user friendly readout signal, response time, etc. Other researchers have tried to change the configuration and
structure by using bi-layered sensing films and even successfully improved certain parameters, yet, compromising

the response time, detection range, and linearity 38154157,

1) The focus of this research is to keep in view both the material aspect and the importance of device configuration
and then employ it to fabricate sensors without compromising any major performance parameter. The device
structures and materials were optimized step by step after going through many designs and material categories to
achieve the results of an ideal sensing device that can be used for any kind of application. The research on humidity
sensors started with a single layered device with an FET type transducer structure with Nickle Phthalocyanine (NiPc)
as the sensing material. The device structure along with the main results and the summary of the major performance

parameters is presented in Figure 4-2.
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Figure 4-2: Device structure of the FET type humidity sensor with resistive response curves and the
performance parameter summary.

The summary shows the device to be capable of sensing humidity in range of 45% RH to 95% RH but the overall

performance of the device is poor. It can only be used in target specific applications and cannot be used in general
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environmental monitoring.

2) In the second device, the structure was changed to an IDE based transducer with large surface area but the sensing
portion was comprised of a single layer of a conductive polymer PEDOT:PSS. The thin film deposited through SAW-
EHDA had high surface area to volume ratio with thickness less than 100 nm. The sensors work on the principle of
change in resistance for changing level of relative humidity. As PEDOT:PSS is a conductive polymer, the increase in
amount of adsorbed water vapors results in the increase in ionic and electronic current through the thin film thus
dropping the device resistance. As the sensors have very thin sensing film, the change in capacitance is minimal and

the sensors cannot be used as capacitive or impedance based device for read-out. The results presented in Figure
4-3 show that the sensor had a very fast transient response near 150 ms with a reasonable range of detection (RoD)

from 0% RH to 90% RH but a comparatively low sensitivity and low humidity detection. The output response curve

shape of the sensors is also non-linear that results in difficulties to design an accurate read-out interface circuit.
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Figure 4-3: Resistive response of the PEDOT:PSS based single layered humidity sensor along with transient
response and sensing mechanism and structure.

3) The third device was based on the same structure but the active layer materials was changed to a composite of
conductive and insulating polymers of PEDOT:PSS and PVA respectively. PVA is a hydrophilic polymer with good

affinity towards water molecules and can uptake reasonable quantity of water resulting in higher sensitivity. The
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reason for using a combination of these polymers was aimed to improve the sensitivity and sensing range and
improve the robustness. The results and structure of the device are presented in Figure 4-4 which shows that the
sensitivity has been considerably improved but the response time has been very slightly compromised by a fraction
of a second with an increase in hysteresis and decrease in RoD. The problems of low RH sensitivity and the response

curve non-linearity persist with this device too.
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Figure 4-4: Results of the humidity sensor based on PVA+PEDOT:PSS composite sensing layer and the
device structure and sensing mechanism.

4) The first three experiments show that there is a requirement of a material or a composite with very high sensitivity
that can be achieved with a super-hydrophilic polymer that has a very high affinity towards water. A composite of
poly acrylic acid partial sodium salt powder dispersed in BEHP-co-MEH:PPV polymer solution with chloroform as the
solvent was used to fabricate the active layer of the next sensor. The reason of using non-aqueous solvent and
polymer binder solution was to keep the PAAPSS particles dispersed without letting them swell from absorption of
water from the solvent. The results of the device along with the structure and summary are presented in Figure 4-5.
The results show that the sensitivity of the device was highly increased and the sensors could be used for a wide
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range but the relative sensitivity for low RH levels was still not good. The sensors work on the principle of increase in

capacitance with increase in the dielectric constant of the thin film upon water absorption. The transient response

was also slower (in range of 5-6 s) as the drying of PAAPSS took longer time. The sensors still had a poor linearity and

the temperature dependence was medium that is not appreciable.
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Figure 4-5: Capacitive response of the BEHP-co-MEH:PPV+PAAPSS based humidity sensor with its device
structure and working principle.

A detailed comparison table of the single layered humidity sensors performance parameters is presented below in

Table 4-1.

Table 4-1: Comparison of performance parameters of single layered humidity sensors.

NiPc . . Onion Super- Modified
Parameter FET PEDOT:PSS PVA+PEDOT:PSS Membrane hydrophilic PEO
Sensitivity Low Low Low Low High High
Range Poor Wide Good Good Good Wide
Transient Slow Fast Fast Medium Medium Medium
Response
Stability & . . .
Accuracy Low Low Low High High High
Robustness OK Low High High High High
Linearity Poor Poor Poor Poor Poor High
Temperature . . . . . .
T . High High High Medium Medium High
Selectivity FoNl:)r:d Not Found Not Found Not Found Not Found Not Found
0,
Low A’,RH Poor Poor Poor Poor Poor Good
Detection

5) To solve the problem of response curve linearity, the device structure was re-designed from a conventional single
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layered active area on IDT to a bi-layered device. The electrical and mathematical model of the device was studied
and materials with suitable humidity sensing properties were selected for the two layers. A unique combination of
2D flakes of transition metal carbides (Mo,C and CriC;) along with a medium range hydrophilic polymer
polyacrylamide (PAM) were used to fabricate the two layers. The effect of layer thickness on the linearity was also
studies along with the individual sensing behaviors of the materials and their composites. The results of the individual
single layered sensors based on the 2D materials and the polymer are presented in Figure 4-6. The first thing that
can be noted directly by looking at the curves is that the overall impedance of all the devices decrease non-linearly
with increasing levels of relative humidity in the environment. When assessed separately, some useful information
about the working principle and the magnitude of change in impedance can be extracted from the results. We can
see that the impedance of the Mo,C/Cr;C, based sensor shows a change of ~7 kQ for the first half of relative humidity
and ~33 kQ for the second half. The impedance for PAM based sensor shows a change of ~35 kQ for the first half and

~200 kQ for the second half.
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Figure 4-6: Impedance response of single layered sensors with active layers of (a) Mo3C, (b) CrsC,, (c) PAM,
(d) Mo,C + PVA, and (e) CrsC; + PAM.

The structure of PAM has repeating cross-linked chains containing amide groups. The amide groups, made up of a
Nitrogen atom bonded to two Hydrogen atoms, have Hydrogen bonding forces which strongly attract water. Water
diffuses into the polymer network and is held within by strong attraction to the amide groups but can be removed

upon drying of the sample. At higher levels, the water molecules are freely held inside resulting in much larger
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changes in dielectric constant of the films. The sensors with composite based active layers show similar behavior as
there is no direct interaction between the Mo,C/Cr;C, particles and the polymer matrix. Both materials
independently contribute in the humidity sensing resulting in similar response curve shapes. In case of polymers, the
sensing principle can be described in terms of change in capacitance resulting from the adsorbed water molecules in
the film. The capacitance increases with increasing humidity and the impedance decreases according to equation 1.
For the Mo,C/Cr3C, based sensor, the series resistance of the device decreases with increasing humidity due to the
flow of ionic current through the exfoliated flakes. This in return results in decrease in impedance according to

equation 1.
=1
Z= /anC + Ry (1)

Here, “Z” is the impedance, “f” is the test frequency, and “C” is the capacitance. Based on the different sensing
principles and the magnitude of change in impedance in different regions for the Mo,C/CrsC, based films and
polymer based films, a new bi-layered structure was proposed for the sensing area. The aim of this scheme was to
reduce the non-linearity in the response curves. As we can see that the change in impedance in the first half of PAM
based sensors (~35 kQ) is comparable to the change for the second half for Mo,C/Cr;C, based sensors (~33 kQ). If
we can limit the PAM based film to sense humidity based on change in capacitance for the first half and then use the
Mo,C/Cr;C, based film for the second half, we can achieve a nearly linear response curve. That was the reason behind
choosing PAM as the top layer and Mo,C/Cr;C, as the bottom layer. The equivalent circuit of the bi-layered sensor is
presented in Figure 4-8. The PAM top layer plays the major role in humidity sensing for low humidity levels based
on the change in capacitance while very few water molecules can reach the bottom layer of Mo,C/Cr;C, to contribute
in ionic current resulting in resistance change. This means that the resistance of the sensors remain almost constant
for the first half while capacitance increases. For the second half, the top PAM layer is almost full with absorbed water
molecules and the surplus molecules escape to the bottom layer of Mo,C/Cr;C, resulting in the change in resistance.
This results in an almost linear response of the sensors for the bi-layered active area. The terms C.q and Req represent
the effective capacitance of the two films dominated by PAM and the effective resistance dominated by Mo,C/Cr;C,
film respectively. The terms R; and C; collectively represent the interface impedance of the two films. A physical
interface between the two films acts as a barrier for the low energy-low concentration molecules, ions, and electrons

to travel to the bottom layer at low relative humidity. When the humidity levels increase significantly, the barrier
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allows the flow between the two films that results in impedance drop. In case of IDT based sensors, the major role
in sensing is played by C., and R4 and the simplest equivalent circuit of the bi-layered sensor can be described as a
parallel RC circuit 8. The results of the bi-layered sensors for average of three trials are presented in Figure 4-7

along with the comparison of the response curve shapes of all fabricated sensors.
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Figure 4-7: Impedance response of bi-layered sensors with active layers of (a) CrsCo/PAM, (b) Mo,C/PAM,
(c) comparison of normalized response curve shape of all sensors, and (d) sensing mechanism and working
principle of bi-layered device.

(d)

The results show that an almost linear response has been achieved for the PAM/Cr;C, and PAM/Mo,C based sensors
as expected. The overall impedance of the bi-layered device changes from 1986 kQ at 0% RH to 1926 kQ at 90% RH.
This means that the net change in impedance for the full range is 60 kQ which shows an absolute change of 660
Q/%RH. The comparison of response curve shapes of all sensors clearly shows the improvement achieved in case of
bi-layered sensor. To optimize the parameters and to make the response curve shape closer to linearity, four different
samples with varying combinations of PAM and Cr3C, film thicknesses were fabricated. The effect of film thickness

on the device performance along with the stability data of the device recorded over a time period of 40 days are
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presented in Figure 4-8.
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Figure 4-8: Effect of film thickness on the performance of sensors with (a) showing actual impedance
values of all sensors, (b) showing normalized curves for linearity comparison, (c) showing stability data of
the sensors over 40 days, and (d) equivalent circuit of the bi-layered sensor on IDT electrodes.

The thickness dependent results show that the intrinsic impedance of the sensors increase with decreasing film
thickness as expected. Both materials have almost same effect on the overall impedance of the sensors. The plots
indicate that the curve shape can be tuned towards maximum linearity by controlling the film thickness of both
materials. Selecting the ideal combination requires further experimentation but a trend can be predicted based on
the current results. The trend shows that reducing the thickness of PAM thin film while increasing the thickness of
Cr3C, film tends to shift the output towards linearity. The predicted combination is expected to lie between 100-150
nm film of PAM and 600-700 nm film of Cr3C,. The stability of the sensors was tested by recording their impedance
at 5 different humidity levels for 40 consecutive days. The sensors were left at room conditions after recording the
data until next day. The stability curves show good stability of the sensors in open environment with negligible error

in the medium range while small deviations at minimum and maximum relative humidity levels. The output of the
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sensors was converted to frequency using an oscillator based circuit details of which are presented in Figure 4-9
along with the results of the frequency output of the composite based and bi-layered sensors. It can be observed
that the response curve shapes for frequency output are similar to those of impedance output of the respective
sensors. The only difference is in the curve shape of the Cr;C,/PAM and Mo,C/PAM bi-layered sensors showing a
perfect linear output after multiple number of trials. The reason for this change was investigated using the formulae
of frequency output of the circuit and the effective capacitance. For capacitors showing a leakage current through
the electrodes, the system involves other circuit elements also in addition to capacitance and the effective

capacitance of the whole system can be represented using equation 2 1°°,

C=5*C0=(sr—i 14 )Co (2)

2nfey

Where C, is the actual capacitance, y is the conductance, and f is the frequency. In the bi-layered sensor case, there
is a big role of the leakage current through the device as the bottom layer is working on the principle of resistance

change.
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Figure 4-9: Frequency output response of composite based and bi-layered sensors with active layers of (a)
Mo,C + PAM, (b) Cr3C; + PAM, (c) Mo,C/PAM, (d) Cr3C,/PAM, and (e) frequency readout circuit design and
equivalent circuit of the sensor.

This means that the effective capacitance of the system changes with some non-linear factors unlike the impedance.
The sensor is considered as a capacitor in the oscillator circuit to convert its response to frequency. The formula for

the output frequency of the oscillator circuit is given in equation 3 2,

1.49
f —

T (R4a+2RB)C

(3)

R4 and Ry are two fixed resistances in the circuit and C represents the capacitance of the sensor as presented in
equation 2. Even if we do not consider the overall effective capacitance of the sensor but rather consider the sensor
as an equivalent circuit with series parallel combinations of capacitor and resistors, the effective values of R, and Ry

are also changed along with the value of capacitance. This involves an additional nonlinear factor in frequency output
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equation that is possibly cancelling out the negative nonlinearity in the frequency response. The sensors show an
absolute change of 4.81 Hz/%RH for the frequency response between 0%RH to 80% RH. The linear output is ideal for
commercial and accurate humidity sensors fabrication with good responsivity and wide range. The sensors were
finally tested for their response and recovery times (10% to 90% of maximum value). A breath detection system !
was used for this purpose and the results for composite based and bi-layered sensors are presented in Figure 4-10.
The scale on x-axis is in seconds showing fast response and recovery times for all the four types. For the bi-layered
sensor of our interest, the response time was measured to be 1 s while the recovery time was ~1.6 s. These values
show excellent response of the sensors towards quickly changing humidity levels. The use of piezoelectric substrate
helps to produce surface acoustic waves that can reduce the recovery time of the sensor by energizing the adsorbed
molecules . These values obtained for the fabricated sensors clearly out-perform most of the high end commercial

sensors and shows the potential of these devices to replace the existing technology.
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Figure 4-10: Response and recovery time measurement of sensors with active layers of (a) CrsC, + PAM,
(b) Mo,C + PAM (c) CrsC,/PAM, and (d) Mo,C/PAM.
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6) The bi-layered sensors showed excellent linearity but with a compromise on the sensitivity of the device. Further
research was done in materials perspective to improve the sensitivity while keeping the linearity intact. For this
purpose, thin films of pure PEO with high molecular weight as the humidity sensing active layers for impedance based
humidity sensors fabrication. Polyethylene oxide (PEO) is a polymer hydrogel possessing ionic conductivity that varies
with different percentage of absorbed water molecules and ions. This property makes it a good candidate to be used
in humidity sensors’ active layers. The degree of crystallinity of PEO thin films decrease with increasing humidity that
facilitates the ion conduction in the thin films, thus reducing the film impedance. The thin films of PEO in their semi-
crystalline solid form were tested for their impedance response towards humidity. A different set of samples were
heated beyond the melting point of the polymer converting the thin films to amorphous phase and the film
morphology to waxy solid state. lonic conduction was enhanced in the amorphous films due to their high affinity
towards even low concentrations of water vapors resulting in highly sensitive and stable linear relative humidity
sensors. The two types of sensors were tested for their impedance response towards change in relative humidity. A
total of 12 samples were prepared with 6 of them cured at 602C and the rest 6 cured at 1002C. The sensors were
further divided in to three groups based on the three different film thicknesses (200 nm, 300 nm, and 400 nm). Two
samples of each thickness were fabricated for both main categories hereby referred to as crystalline (602C) and
amorphous (1002C) samples. The results and comparison of the crystalline and thermally modified amorphous PEO

based device are presented in Figure 4-11.
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Figure 4-11: Impedance response of sensors based on (a) crystalline PEO, (b) modified PEO, (c) response
time curves of amorphous device, (d) repeatability after 30 days, (e) temperature dependance curves, and
(f) accuracy of detection.

The results show that the overall behavior of all sensors is the decrease in impedance of the sensors with increasing
humidity levels. The intrinsic impedance increases with decreasing film thickness and almost has a linear inversely
proportional relationship. The crystalline thin films show a non-linear behavior towards humidity sensing and the
sensitivity is comparatively lower in the low humidity region while increases exponentially for higher humidity levels.
The sensors based on amorphous PEO thin films also show inversely proportional impedance response towards
humidity detection. The difference here is the response curve shape that is very close to linearity for the case of
amorphous PEO films based sensors. The sensors are equally responsive towards low humidity levels as they are
towards higher humidity levels. The intrinsic impedance of the sensors is also inversely proportional to the film
thickness as in case of crystalline sensors. The impedance response gets saturated once the relative humidity reaches
90% RH and there is no more observable change in the impedance. This defines the range of detection for the sensors
to be from 0% RH to 90% RH. The amorphous sensors show highly stable and repeatable response towards humidity
detection. The results from sets of two samples fabricated at same conditions with same parameters are exactly
overlapping with an average error of only £2.4%. The humidification and desiccation curves show very low average

hysteresis of only 2.37% for all samples combined with the minimum hysteresis value of 1.78% for the films with
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least thickness of 200 nm as expected. The sensitivity was also maximum for the 200 nm thin film based sensors due
to their higher intrinsic impedance and was equal to 35 KQ/%RH. The response curve shapes for all amorphous
sensors is almost linear with comparatively higher linearity visible in the samples with 200 nm thickness. This means
that lower the film thickness, better is the overall performance of the sensor towards humidity detection in case of
amorphous PEO thin films. The stability was investigated by recording the response curves of the sensor on the first
day of fabrication and then leaving them in an open environment for 30 days. The complete impedance versus
humidity curve was recorded again at day 30 and both curves were plotted overlapping each other. The average
percentage standard deviation was calculated to be only 1% showing high stability and repeatability of the sensors.
As temperature is an important factor in determining the ionic conductivity of the amorphous PEO thin films, the
temperature dependence of the fabricated humidity sensors was investigated by taking their response curves at 3
different temperatures. The results show that the intrinsicimpedance of the sensors decrease at higher temperatures
and that is due to enhanced ionic conductivity of the amorphous PEO film at high temperatures. This results in higher
sensitivity at lower humidity levels at elevated temperature. The mathematical relation between the temperature
and impedance response of the sensors was also calculated. The results show that the sensors should be most
suitable to be used for humidity sensing in temperatures up to and below 402C. The data was then used to find best
fit curves and equations for our sensors that were solved by a microcontroller IC to directly output the sensors’
response in terms of relative humidity. The results show excellent performance of the fabricated devices comparable
to the high end commercial sensor with an average error of less than 5%. The response and recovery times
calculated for the crystalline sensor were 1.1 s and 1.7 s respectively while they were 2.8 s and 5.7 s for the
amorphous PEO sensor. The recovery time is longer in the amorphous films owing to their enhanced affinity towards
the water molecules that makes it difficult for the trapped OH™ ions and water molecules to easily escape the film.
The results however show the performance characteristics of the amorphous PEO thin film based sensor to be
excellent and proves it to be ideal for real life applications requiring high sensitivity, accuracy, wide detection range,

and fast response and recovery times.

7) A hybrid nano-composite of 2D hBN flakes and PEO polymer was then employed for humidity sensing active layer
fabrication. Three different types of sensors were fabricated based on the active layer thickness having further three
samples for each type making it a total of nine samples. The electrical response of all the devices was recorded as

the change in impedance vs the change in relative humidity of the environment. The device results including
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impedance response, response time, stability, and selectivity are presented in Figure 4-12. The intrinsic device
impedance of the sensors with maximum active layer thickness was found to be the minimum and vice versa. This
was expected as the active layer thickness has a direct relationship with conductivity. Also, the curve shape for the
device with highest active layer thickness was found to have more non-linearity when compared to the rest that can
be attributed to the trapping of water molecules inside the thick film results in sudden drop of the impedance. The
overall response curve of the sensors can be considered nearly linear that is desired for better performance and

higher stability and repeatability.
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Figure 4-12: Performance of the hybrid device showing (a) impedance response of the sensor, (b) response
time curves, (c) stability over 40 days, (d-f) selectivity for various gases.

The stability and repeatability of the sensors was investigated by recording full range response curves of the three
samples of a single device type. The results show that all the three device samples have almost overlapping response
curves with an average error of 2.61% that require minimal individual device tuning for quality assurance and
accuracy. Furthermore, the devices were tested for their robustness and stability by recording the device impedance
at five different humidity levels for consecutive 40 days. The devices were stored at room conditions otherwise. The
results show that the output of the devices is highly stable with an average error of <2% that is better than most of
the high end devices. The transient response of the sensors was recorded to investigate the response and recovery

times of the devices upon humidification and desiccation. The transient response was measured by using two air
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streams, one of compressed dry air, and the other of a highly humid air directly from the humidifier . The
perpendicular vector of the active area of the sensors was pointing towards the opening of the tube joint positioned
at a distance of ~2 cm. Two electronic valves were quickly opened and closed just at the backend of the opening to
expose the sensors directly to the output. The impedance data of the sensors was recorded and logged into a
computer with a resolution of 0.1 s. Most of the humidity sensors are not tested for their selectivity towards the
analyte and are prone to interference when exposed to certain gases. The fabricated devices here were tested for
their selectivity towards various gases to ascertain no interference in the readings. The controlled humidity chamber
was first purged using dry air from a dehumidifier. This step was eminent to make sure no other gases are present at
that point. The relative humidity inside the chamber was reduced to around 8% through this step. After getting a
stable reading, different dry gases were introduced into the chamber to check their effect on the device impedance.
The relative humidity was continuously monitored inside the chamber during this process. The results of selectivity
experiments show that as soon as the dry air is introduced into the chamber, the impedance of the device further
increases but if the black curves showing the relative humidity are carefully observed, they show that the dry gas
further purges the chamber and removes all the left our water molecules. The relative humidity drops from 8% to 0%
and then quickly becomes stable. Similarly, the device impedance also becomes stable once the relative humidity is
fixed even if the concentration of the gas increases. Similar behavior is eminent for all the three gases ascertaining

that the fabricated humidity sensors are in-sensitive to common gases and have a high selectivity towards humidity.

8) Another device structure based on dual-element transducer was designed for the humidity sensors aiming at high
performance parameters. Flakes of few layered MoS,, a 2D transition metal dichalcogenide (TMD), were used in a
unique combination with a conductive polymer PEDOT:PSS to fabricate a dual transducer element sensor where both
the materials independently detect humidity in different ranges and their response is electronically merged achieve
the desired parameters. 2D MoS, flakes have been employed for gas sensing applications but not tested for humidity
senor fabrication yet. The thin film of 2D MoS, flakes possess a very high surface area to volume ratio and are ideal
to detect low humidity levels with ultrahigh sensitivity. Three sensors were fabricated based on the active layers of
PEDOT:PSS, MoS,, and a series combination of both. The impedance of the all the sensors was recorded with respect
to change in relative humidity and the test frequency was maintained at 1 kHz. The relative humidity of the controlled
environmental chamber was slowly increased from 0% RH to 80% RH and the corresponding impedance values of

the sensors were recorded. The results of the impedance response are presented in Figure 4-13. The results show
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that the impedance of the sensors decrease with increasing humidity levels for all three types. In case of MoS, based
sensor, the relative decrease in the magnitude of impedance is very high for the initial half of the humidity range
while it slowly gets saturated while entering the second half. The decrease in impedance for the MoS, based sensor
is mainly due to the resistance drop of the thin film as soon as the humidity of the system is increased. Water vapors
are readily adsorbed by the highly porous surface of the MoS; thin film and result in an ionic plus proton hopping
based current flow through the few layered sheets of the 2D MoS, flakes. This quickly reduces the sheet resistance
and the impedance of the sensor drops. Once the overall impedance of the sensor reduces from around 2.4 MQ to
several KQ, the response gets saturated and no visible change is observable upon further increasing the humidity.
The major part in case of MoS, for impedance change is played by the ionic current while a minor part is also played
by the increase in capacitance of the thin film when the water molecules are physisorbed by the active layer. This

increases the dielectric constant of the film, thus increasing the capacitance in return.

—a—MoS, 18] po-up-8 ' |~=—PEDOT:PSS| : Tk —a—Sories h
249 By Curve Fit] l Curve Fit *7 = == Curve Fit]
4 W 7= AF+ GAIAEAT + aeplls 2 144 y 1
214 Lt awmn 1 3.8 |
1.8 . 1 1 204 4
i 15 4 g iy 1 g 254 1
g 124 ] § 0.8~ E E 204 -
£ ]
0.9 4 % 064 1% 1.5 4
§ 06 4 E o4 4 E 104 4
0a] \S\.\‘ ] o] 05+ 4
004 -3 Y ey~ o= 4
0.0 et . |
T T T T T T T T T ——TT D8 v T T v T T T T
o 1] 20 a0 40 50 &0 To L] o 10 0 30 a0 L L To L] -] 10 20 n 40 50 [1:] T0 a0
Relative Humidity (%) Relative Humidity (%) Relative Humidity (%)
(a) (b) (c)
n o o 108 4 |—8— Sories)
— T —— T
1104 |—=—Series -
| Curve Fit (a) e
100 4 g = »
Sﬂl!-
o
- E o604
g \ i
= o | |
= (b) ; 2070 E "% L]
70 E TR ¢ ; |
§ > . | 5 0304 |
50 "
w ,f - _,_-___1_19_,_"_ e—R.l’l'J 53 E o8
£ (Ry+ 2Rp)C B
000 4
AT, ac . s Time: 0.5 3 ime:
]| i rrwesia e PEDOT:PSS _ Response Time: 053§ Recorery Time: 085
:"‘"‘" < e . ——— . @ 31 & % 12 B W T MW N
o 10 0 w 0 50 &0 ] 80 m Time (Seconds)

Relative Humidity (%) ()

Figure 4-13: Impedance response of the sensors with active layers of (a) MoS,, (b) PEDOT:PSS, (c) series
sensor, (d) frequency response of the series device, (e) sensing mechanism and device model, and (f)
response time of the series sensor.

In case of PEDOT:PSS based sensor, there is a relatively small change in impedance for the first half of humidity range
while the impedance quickly drops while entering the second half. PEDOT:PSS is a conductive polymer and its
resistance also drops with increase in relative humidity but the change is very small because the water molecules do

not directly get involved in generating ionic current but only result in facilitating the flow of electronic current by
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providing better paths to the already flowing current. This is why the relative change in the magnitude of impedance
is very small for the lower humidity levels. At higher levels, the effect of change in capacitance of the thin film through
physisorbed water molecules dominates in changing the impedance of the sensors. As the magnitude of impedance
is still near 1.4 MQ for PEDOT:PSS at the start of the second half, there is enough room for further decrease in
impedance for the higher half of relative humidity. The simplified equivalent circuit of the resulting device shows
that the total effective impedance of the two sensors will be the sum of the impedances of the two individual sensors.
In ideal condition, MoS, based sensor will play its role for the first half in humidity detection and PEDOT:PSS based
portion will play its role for the second half. The overall impedance changes from 4 MQ to 10 KQ from 0% RH to 80%
RH. This give us an ultrahigh sensitivity of 50 KQ/%RH that is higher than most of the reported sensors in literature
with a wide detection range. To make a sensor suitable for commercialization, its output response should be in terms
of a parameter that is easy for read out circuits available to the end user. For this purpose, we have converted the
output of our sensors into change in frequency using an oscillator circuit. We can observe here that the magnitude
of frequency decreases with increasing humidity for all three types of the sensors. The behavior of change in
magnitude and the curve shapes have small differences when compared to the impedance response of the sensors.

That can be explained using the frequency response formula of the circuit presented in equation 4.

f= ( 149 )e—R/0.53 (4)

(Ra+2RB)C

R4 and Ry are two fixed resistances in the circuit, C represents the capacitance R represents the resistance of the
equivalent circuit of the sensor. The equation is the modified form of a simple 555 timer based oscillator including
the factor of a parallel resistance in the equivalent circuit of the sensing device. The effect of resistance is
exponentially non-linear on the frequency and as the resistance decreases, the frequency also decreases. Due to the
addition of a non-linearity in the output, the frequency response is not exactly the same as that of impedance
response but the major theme is same, that is, increasing humidity decreases the frequency. It can also be observed
that the curve shape of the frequency response is even closer to linearity that is better for the end user applications.
The response and recovery times calculated for the MoS, based sensor were 0.4 s and 0.6 s respectively while they
were 0.2 s and 0.3 s for the PEDOT:PSS based sensor. The series sensor gave response time of 0.5 s and recovery time
of 0.8 s. The results show excellent performance characteristics of the series based sensor that are ideal for real life

applications requiring high sensitivity, wide detection range, and fast response and recovery times.
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In quest of good performance and low cost, researchers often tend to get inspiration from nature or use some basic
off the shelf house hold materials for certain applications. This allows them to obtain properties and performance
that are not usually possible even with expensive laboratory synthesized materials and chemicals. For example,
carbonized chicken eggshell membranes with 3D architectures have been used for the fabrication of high-
performance electrode materials for super capacitors owing to the suitable properties of the membrane . Single
cell thick onion membrane has been used to make artificial muscles that can both contract and expand upon bending
161 The physical properties of the onion membrane suggested that it can be used for the certain application.
Invertase-nanogold clusters decorated onion membrane has been used for fluorescence-based sucrose sensor 2. In
addition, further high level research is underway on wearable, implantable and transferrable devices 3. Electronic
device fabrication on very thin substrates is of high interest in this regard as these substrates exhibit high
conformability, bendability, and lightness; which are crucial attributes for biological tissues sensing and wearable or
implantable devices 1%*. Most common methods of transfer printing of devices include water soluble sacrificial layers
165 PDMS stamping 617, and gecko printing 8. A solution-based in-situ transfer method has also been used for
hybrid thin film fabrication and transfer onto arbitrary substrates 1. A high-yield two-step transfer printing method
for large-scale fabrication of organic single-crystal devices on arbitrary substrates has been reported 7°. Nanowire
devices have also been fabricated on diverse substrates by simple transfer printing methods 71172, Researchers are
trying to combine the low cost, high performance, environmental friendliness, and transferrable printed electronic
devices to achieve the best results. The conventional transfer printing methods are usually very complex involving
multiple steps and are highly sensitive with high chances of device malfunction while transferring 13°. Moreover, the
substrates yet used have only one function to support the device printed on them with no intrinsic sensing properties
demanding additional functional layers to be printed on top. These polymeric thin film substrates are also not always

bio-compatible.

9) An effort was made to employ a single-cell thick onion membrane as a humidity sensing active layer for the
fabrication of an impedance based sensor while it also doubles as the device substrate owing to its high robustness
and easy handling. Onion membranes are composed of plant cells which means they have an outer cell wall in
addition to a cell membrane. This allows them to retain their structure even in case of deformation in the inner cell
body upon dehydration'’3. The cell boundary acts as an osmotic membrane that is permeable to external solutions

until an equilibrium is reached 73, This phenomenon makes the membrane suitable to absorb permeable solvents
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including water and can be used as a humidity sensing layer while its ultra-low thickness allows it to be transferred
to arbitrary shaped substrates with high conformability. The transfer process is single step, very simple, and quite
safe for the device. The overall device, thus, is a biocompatible, biodegradable, and disposable organic device that
can be transferred to any arbitrary surface with a pretty good performance characteristics of relative humidity
sensing from 0%RH to 80%RH. The results of the device performance are presented in Figure 4-14. The impedance
of the membrane depends largely upon water content inside the cells. The water adsorbed by the membrane can

dissolve the dried organic materials inside the cells and provide a path for the flow of current.
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Figure 4-14: Impedance and frequency output response of the sensor, device after transferred to arbitrary
surfaces, response time curves.

The water itself is also a comparatively very good conductor and its relative permittivity value also differs significantly
from that of the dried membrane. Water is adsorbed or released by the cells following diffusion and osmosis
principles through the cell membranes. Whenever there is a difference in the water contents level inside the cells
and the outside environment, the membrane tries to gain equilibrium through diffusion and osmosis. The membrane
keeps on releasing to or adsorbing the water vapors from the outer environment until an equilibrium state is reached
between the inner cell environment and the outer environment. This fact is taken in to consideration and it serves
as the basic working principle for the fabricated humidity sensors. The impedance response results indicate that the
overall impedance of both types of the sensors decrease non-linearly with increasing relative humidity level. The

output responses in terms of normalized frequency vs relative humidity also show that the frequency output of the
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circuit decreases by increasing the humidity level of the chamber similar to the case of impedance. The response

time estimated was 1.5 seconds while the recovery time was approximately 10.75 seconds. The fabricated sensor

was then transferred/mounted onto various arbitrary shaped surfaces as target substrates. The substrates included

flat surfaces, curved surfaces with different curvature radii, and arbitrary uneven surfaces. For transferring the device,

the target surface was first wetted by water droplet and the non-printed side of the membrane was carefully placed

on the wet surface. The membrane readily absorbs the water on the target surface upon coming in contact and

becomes soft and highly flexible. In short, we can state that the response of transferrable biocompatible sensors

fabricated by using a single cell thick onion membrane as both the substrate and the active layer for humidity sensing

devices exhibit remarkable performance.

A detailed comparison table of the humidity sensing devices fabricated in this work with the humidity sensors in

literature and top quality commercial sensors is presented as Table 4-2.

Table 4-2: Detailed comparison of the performance parameters of humidity sensors in

literature and

market.
. Material Sensing Detectio e Response  Recovery Selecti Curve Referenc
Materials . Sensitivity . ) . Error
Category Mechanism n Range Time Time vity Shape e
. (12.5 Not
47-879
Polyaniline oy Resistive TS kQ/sq.)/%R 27 s 60 s Measu 5% Linear 149
e Polymer RH
H red
Polyaniline Conductiv Resistive 20-85% 0.3 5s Not uoetasu u(:etasu Exponenti ;,
¥ e Polymer RH kQ/%RH Measured al decay
red red
2D Not Not
h -759
Grz?p ene Conductiv  Resistive ST 49nS/%RH  0.1s 0.09 s Measu Measu = Linear 175
Oxide . RH
e material red red
Polyvinyl Insulating 30-95% 0.54 Not Not Almost
ical B ° . 2 M 19 176
Alcohol Polymer Optica RH nW/%RH s Measured rejasu i3 Linear
Onion Bio Impedance 0-80% Not Not Exponenti
F (] 0, 125
Membrane  Material Based RH Measured Ls 11s zzasu >% al Decay
Not Not Non-
| i 5-859
Zinc Oxide norga.nlc Resistive % 42.678% 3s 12s Measu Measu linear 177
Material RH
red red decay
Ceramic Not Not
Titanium 30-90% 3.6 Almost
N i Resisti M M 8
Dioxide anoparti esistive RH mV/%RH 58s 65s easu easu linear
cles red red
Organic Impedance 15-92% 120 Not Not Not Exponenti
PDEB & P ’ Measu 3% P 152
Polymer Based RH kQ/%RH Measured  Measured red al Decay
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The table clearly shows that the humidity sensing devices fabricated in this research work outperform most of the
previously reported sensors in the literature and are better than most of the commercial sensors in terms of many
performance parameters. This ascertains the role of materials and device structures to optimize the performance of

the sensing devices.

4.1.3 Temperature sensors

A majority of research on temperature sensors development for target specific applications focuses on resistive
sensors based on thermocouples and meander type electrodes 187791, Researchers try to change the materials of the
electrode and their dimensions to achieve the required performance parameters like wider detection range and
higher sensitivity 1°271%, The major drawbacks of this design include high processing temperature for fabrication,
complex fabrication, low sensitivity, failure upon exposure to water, and complicated integration and conformability
with 3D printed and arbitrary structures 1°71%8, There is a lot of room available to solve these issues and develop
sensors that can be seamlessly printed along with the main device or robot body. Advancement in 3D printing and
additive manufacturing has enabled the fabrication of electronic sensing devices that were not possible through
conventional methods 3%, They allow liberty in design and specifications and make it possible to fabricate
embedded devices like sensors, organic light emitting diodes (OLED), field effect transistors (FET), and actuators
inside a printed 3D structure . A detailed review on 3D printed sensors has been presented in °2 which sheds light
on the possibilities that this technique possesses in the field of printed electronics and functional device printing.
Various printing methods and materials have been employed by researchers to fabricate devices like accelerometers,
electrocardiography (ECG) electrodes, optical sensors, pressure sensors, tactile sensors, displacement sensors,
temperature sensors, biosensors, chemo sensors, gas sensors, flow sensors, humidity sensors, antennas, and so on.
Novel materials possessing properties like conductivity >>°* and piezoelectric charge >, compatible with 3D printing

have been developed to give functionality to the printed structures rather than fabricating non-functional 3D models

56

Graphene and polymers like PLA have been used in the form of composites to synthesize conductive functional
materials compatible with 3D printing but their use has been mostly in applications to make conductive paths and
circuit traces 2°%201, Commercial conductive filaments based on graphene and PLA composites compatible with FDM
are also available. A linear resistive temperature sensor has been 3D printed through fused deposition modeling
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(FDM) using a conductive filament based on poly lactic acid (PLA) and graphene nano rods (GNR) composite. The
sensor is capable of measuring temperature variations based on the change in resistance of the printed pattern. As
PLA is in-sensitive to and in-soluble in water, the sensor can be used both in air and under water without any need
of encapsulation. Graphene nano rods give the printed patterns a conductive property while the PLA acts as a binder
matrix. When the temperature rises, there is physical expansion of the polymer matrix at microscopic level that
reduces the contact between the conductive GNRs and the resistance increases. Upon cooling down, the physical

properties are retained and the resistance drops again. The results of the electrical characterizations of the sensors

are presented in Figure 4-15.
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Figure 4-15: Resistive response of the sensors under water showing (a-d) the effect of changing the length
and diameter of the printed patterns, (e) effect of dimensions on intrinsic resistance, and (f) normalized
data showing linear behavior independent of dimensions.

Four sensors with different dimensions were printed to investigate the effect of length and cross-sectional diameter
on their sensing performance. Three sets of readings were taken for each sensing device to verify the repeatability
and statistical significance of the data. Error bars are included on each point that indicate the standard deviation of
the readings. The magnitude of error bars indicate little error that is acceptable for the sensors in research. They also
indicate that the readings of the sensors remain consistent and in the same range for repeated test cycles. The

resistance of two sensors with an active region length of 4 mm and diameters of 1 mm and 0.5 mm lies between 2
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kQ to 3 kQ approximately while of those with lengths of 6 mm and 7 mm lies between 3 kQ to 4 kQ approximately.
All sensors have approximately equal lengths of printed connector lines. The major factor affecting the intrinsic/base
resistance of the sensors is the length of the active region that is inversely proportional to the resistance. The
diameter of the patterns has a direct relation with the sensors on the other hand. The sensor with the smallest
diameter and the longest pattern has the highest resistance while the one with biggest diameter and shortest length
has the lowest. Higher basic resistance results in higher sensitivity and vice versa. Absolute sensitivity per unit change
of alinear sensor is the slope of the data and can be calculated using equation 5 °’. The maximum recorded sensitivity

for the fabricated sensors was ~13 Q/°C while the minimum sensitivity was ~7.2 Q/2C.

SenSitiVity = (Rmax - Rmin)/(Tmax - Tmin) (5)

As the polymer matrix is based on PLA, the maximum operation temperature of the devices is limited up to 702C
beyond which there is a permanent deformation and the resistance does not return to its original value. As the glass
transition temperature of PLA is near 582C, the recommended operation temperature ranges up to and below 602C
to get the most stable results with low hysteresis 2°%2%3, The operating temperature does not have any lower limit
that makes the overall range well suitable for terrestrial and under water basic environmental and weather
monitoring. The device with length of 4 mm and diameter of 0.5 mm was used to test the stability and transient
response of the sensors. The resistance of this particular device changes from around 2 kQ to 3 kQ. The stability data
of the sensors for a continuous 100 min operation shows that the output of the sensors remain stable and is free of
any noise and uncertainty. The hysteresis in the sensors readings was recorded and the results are presented in

Figure 4-16.
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Figure 4-16: Performance evaluation of the device showing (a) stability for continuous operation for 100
mins, (b) hysteresis curves for in air and under water measurements, (c) transient response curves, and (d)
measurement of actual temperature versus reference sensor.

The average percentage hysteresis was calculated using equation 6 8 and was found to be 5.43%. In this equation,
“n” is the number of samples, “y,” is the measured value of the resistance and any given point, and “y,,..” and “yi.”
are the maximum and minimum values of resistance respectively. The results show that the sensors have an
acceptable level of small hysteresis that does not have a significant impact on the accuracy and is comparable to the

high performance devices developed previously.

n
Average Hysteresis = [Z M]/n (6)

k=0 Ymax~Ymin

The transient response of the sensors presented shows that the response time of the sensors to change their value
from 10% to 90% of the maximum for 02C to 502C was 6 s while the recovery time back to initial value was 16 s. Both

these values are comparable to the high performance sensors presented in the literature.
The fabricated sensors were connected in a potential divider configuration to an ADC input of an Arduino based
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microcontroller circuit that converts the digital data first to voltage, then to the resistance of the sensors, and finally
to temperature. Equation 7 was used to convert the resistive response of the particular sensor into temperature
output. Here “D” represents the digital data output of the ADC, “R,’ represents the reference resistance, “m” shows
the slope, and “c” represents the intercept. The fixed reference resistance used in the circuit was 3 kQ whereas the

slope was ~10 and the intercept was calculated to be ~2100.
Temperature = ((Rref +¢)D - (cDmax))/(mDmax —mD) (7)

The response of the sensor was recorded and plotted against a commercial reference sensor for comparison and the
results show highly stable and accurate operation of the device in real life temperature measurement. A detailed
comparison of the developed sensors with the similar and well recognized works in literature has been presented in
Table 4-3. The table covers the summary of all major performance parameters to evaluate the quality of the sensors
and also includes the device structure, materials, and working principles. Information on similar commercial sensors
is also included to give a better idea about the performance requirements of application specific sensors in this

category.

Table 4-3: Comparison between performance parameters of different commercial temperature sensors
and those in literature.

A . . Detection . .
) Fabrication Device Sensing e Transient Environm Curve
Materials . Range Sensitivity Reference
Method Structure Mechanism (20) Response ent Shape
Gold Sputtering RTD Resistive Up to 120 5 mQ/2eC 1.7s Dry Only Linear s
PDMS +A Mold and Single line Thermal
€ : ingle I _ Upto80  0.3750/°C 400's DryOnly  Non-linear 2
Flakes Filler pattern Expansion
) Inkjet . e
Silver o Meander RTD Up to 60 4.5Q/°C NC Dry Only Linear
Printing
Mechanical Single line
RGO +AgNC ) & Resistive Up to 80 0.405 Q/°C NC Dry Only Linear 1
Masking pattern
Inkjet Film on . 1 A 207
Graphene o NTC Resistor Up to 160 0.0148 K 10s Dry Only Non-linear
Printing electrodes
Graphene Lithograph FET Mobility Up to 600 3.15x103/2C NC Dry Onl Non-Linear 208
P grapiy dependent P ' B yonly
IO, Ag, Laser Thin Film Resistive Cryogenic NC NC Dry Onl Non-Linear 102
HSMG Ablation Resistors [RE e
Graph Inkjet
raphene n J? Meander NTC Resistor Up to 45 0.06%/°C 20s Dry Only Linear 209
PEDOT:PSS Printing
GNWs Thin Film
Polymer ) Thermal Up to 120 109 Q/°C 165 DryOnly  Non-Linear L
PDMS " Resistor ;
Assisted Expansion of
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Transfer PDMS

. Resonant ; 210
Silicon MEMS DETF Up to 60 632 ppm/K 4s Dry Only Linear
Frequency
) Inkjet ) oA
Silver e Meander RTD Up to 100 0.155 Q/°C NC Dry Only Linear
Printing
CNTs Lithograph Layered lonization ~ Up to 100 0.04/K NC DryOnly  Non-linear 2
graphy Electrodes P ' yony
Volt Both D C i
TMP36  Lithography MEMS ondes Up to 125 10 mv/eC 205 OBy Linear ommerd
output and Wet al
Volt Both D C i
LM35 Lithography MEMS oltage Up to 125 10 mv/eC 8s oth Dy Linear ommerd
output and Wet al
Digital 12 bit Both D C i
DS18B20 Lithography MEMS B Up to 100 " NC i BIRy Digital ommerct
Output resolution and Wet al
TMP37  Lithograph MEMS Voltage Upto100 10 mV/eC NC Both Dry linear  commerd
graphy Output P B and Wet al
Thermal
Single li Both D C t
GNR+PLA 3D Printing gt it expansion of Up to 70 12 Q/°C 6s o 4 Linear urren
pattern polymer and Wet Work

The table indicates that the current sensor competed with the best of the sensors previously reported for the same
applications. The sensor has better sensitivity than most of the previously reported devices while the transient
response is also amongst the best. The sensor can be operated in both dry and wet conditions that is a better
characteristic than most of the competitors. The limitations, however, are the smaller detection range and possibly

less accuracy when compared to the commercial devices.

4.2 Bio Sensors

Biosensors cover a wide variety of sensing devices including immunosensors, DNA & RNA sensors, bacteria sensors,
ECG, EEG, breath detection, blood pressure monitors, O, sensors, pH sensors, toxicity sensors, heavy metal ion
detectors, glucose sensors, muscle movement detectors, electronic nose, electronic tongue, cell detectors, and so
on. Each one of the mentioned sensor types is a field in its own with a lot of research going on. Like the other sensor
categories, the main goal of research in biosensors is also improving the performance parameters. In this research
work, two of the mentioned sensor types including immunosensors and muscle movement detectors have been
developed. The aim was to develop multi-reagent immunosensors for point of care diagnosis and flex sensors for

human posture detection for human machine interface (HMI) and as translators for sign language for vocally impaired.
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4.2.1 Immunosensors

Immunosensors are compact analytical devices that are used to detect the formation of a complex resulting from an
antigen-antibody interaction using transduction techniques to generate an interpretable and process able output
signal. The different types of transducing mechanisms are based on difference in generated signals or changes in
properties when a complex is formed 23, Immunosensors are well recognized standard bio detection devices
employed in laboratories for disease diagnosis, food industry for safety testing, and for general environmental
contamination monitoring. The essential foundation of all the immunosensors is to specifically recognize antigens by
antibodies to form a stable complex 2. Immunosensors have been successfully fabricated and tested to reliably
sense various bioactive elements like DNA 6, viruses 78, enzymes and cell receptors °, glucose and other chemicals,

proteins, and hormones %1, etc.

There are a number of working principles on which the immunosensors can be fabricated. They can be based on
chromatography, fluorescence, electrochemical variation, mass spectrometry, surface plasmon resonance, lateral
flow, etc. 7%, Electrochemical immunosensors have received considerable attention owing to their ease of use,
reasonable limit of detection (LoD) with a small sample volume, and being a simple analytical platform 2'°>, The most
promising applications of electrical biosensors include situations where low cost, small setup size, and speedy results
are crucial but high end and high accuracy results are not a priority for example, in point of care diagnosis for house
hold personal use, emergency situations like in an ambulance, routine clinical checkups, water quality check, and
screening 216, There are further different categories in the electrochemical immunosensors based on their working

217

principles that include coated paper based chemristors ?'7, potentiometric sensors 212, amperometric sensors 2°,

221

sandwich type structures 2%, IDT based sensors 22, and most commonly, field effect transistors (FETs) 222,

FET based biosensors have attracted much attention owing to their rapid, inexpensive, and label-free detection. They
have lower sensitivity as compared to other non-electrical methods but that problem is being addressed by using 1D
and 2D structures like nanowires and 2D transition metal dichalcogenides (TMDCs) instead of bulk materials %223,
TMDCs have multiple layers with strong in-plane bonds and weak out-of-plane interactions enabling easy exfoliation
into 2D sheets having scalable bandgaps making them ideal for using in electronic sensing devices. The examples of
these materials used for bio sensing include MoS,, MoSe,, WS,, and WSe, >224225_ The most common among these

TMDCs is MoS, that has been employed in various sensing applications like gas sensing, chemical vapor sensing, and
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bio sensing, etc. based on its excellent electrical properties and comparatively easier synthesis and processing 226227,
Yet, the biggest limitations with using lower dimensional materials in FET based bio sensors are the severe fabrication

challenges, impairing their practical applications 223,

In this research work, we have fabricated an impedance based immunosensor using an interdigitated transducer (IDT)
electrodes with MoS; as the electrically active sensing layer. This design compensates for the lower sensitivity issues
associated with general FET based sensors by offering a large surface area for detection and combines the advantages
of TMDCs by implying a few-layered TMDC material as the active layer 228, The fabricated sensor is aimed for clinical
commercialization to detect general antibody-antigen based bioactive elements. The fabricated sensors were then
employed for the targeted detection of the specific antigens including prostate specific antigen (PSA), mouse

immunoglobulin-G (1gG), and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB).

PSA is a widely used clinical tumor biomarker for prostate cancer detection 2%°. PSA sensors have a wide range of
reported limits and ranges of detection including 22°°231, The minimum required detectable amount of PSA in human
blood serum is 2ng/ml for clinical diagnosis 26232 while the normal range is 0 to 4ng/ml. Figure 4-17 presents the
response of the fabricated sensors for quantitative detection of PSA. The results indicate that the immunosensors

are highly responsive towards PSA detection.
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Figure 4-17: Output characteristics of PSA immunosensor (a) response for 400ng/ml PSA with and without
immobilized anti-PSA antibodies, (b) step response curve showing stable readings with time for increasing
concentrations of PSA with inset showing LoD curve for 0.1ng/ml PSA, and (c) response curve representing
the behavior of the sensors for the full tested range of PSA concentrations.

The effect of target specific detection through antibody immobilization was investigated by using the sensors coated
with MoS, thin film with and without immobilized antibodies were used for PSA detection. It can be seen that the
resistance of the sensor still drops a little bit for a 400ng/ml PSA solution due to the general conductivity of the
protein and sudden distortion in the electric field of the IDT but as there are no antibody attachment sites available
on the surface, the effect slowly dies off and the resistance slowly climbs back up. It is important to note that the
maximum change is only ~8% in this case that further reduces to ~3% after few minutes. The same concentration of
PSA for the sensor with immobilized antibodies shows a ~78% change in impedance and the readings remain stable
even after 6 minutes indicating the successful antibody-antigen complex formation. This shows a signal to noise ratio
(SNR) of >10 that has a high significance value 233. These results confirm high selectivity of the sensors for the specific
type of antigen detection with negligible response towards unwanted compounds present in the test sample. The
time based step response indicates quick detection of varying concentrations of antigen in the solution and show

that the readings remain stable. The concentration vs percentage change for three trials indicates the response curve
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shape of the sensor output towards different PSA concentrations. If the sensor is aimed for quantitative detection of
the analyte, the range of detection (RoD) is very important. RoD is the ratio of the largest measurable target
concentration and the limit of detection where the upper limit is set by the saturation of electrode/probe. The RoD
for PSA for the fabricated sensor is 1ng/ml to 800ng/ml while the limit of detection is 0.1ng/ml. Both these values

lie well within the required clinical ranges for prostate cancer diagnosis.

Serum immunoglobulin level measurement is a routine clinical practice as it gives important information about
humoral immune status 234, Various sensors for the detection of IgG have been fabricated using a variety of sensing
techniques and different ranges of LoD and RoD 220235290, Figure 4-18 presents the response of the fabricated
sensors for quantitative detection of mouse IgG. The results for 400 ng/ml 1gG show a high significant SNR of >11
proving the high specificity of the sensors similar as in case of PSA. The LoD for IgG was found to be 1ng/ml while the
RoD of 9000 (1ng/ml to 9ug/ml) was achieved. The readings become quickly saturated for higher concentrations of

IgG that was found to be the result of lower concentration of immobilized antibodies.
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Figure 4-18: Electrical characteristics of the IgG immunosensor (a) response towards 400ng/ml IgG with
and without immobilized anti-IgG antibodies, (b) step response for increasing concentrations of 1gG with
inset showing LoD curve for 1ng/ml IgG, and (c) response curve for the full tested range of IgG with insets
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showing the separated curves for low (0-800ng/ml) & high (800-9000ng/ml) concentration ranges.

For a better detection range, comparable amount of antibodies to the targeted amount of antigen have to be
immobilized. In this case, the immobilized antibodies are in concentration of 1ug/ml while the targeted detection is
for 9ug/ml of antigen. The results would have been much better if a 10ug/ml solution was used for antibody

immobilization as presented in case of POC diagnosis.

Transcription factor of the nuclear factor kB (NF-kB) is involved in large number of genes regulation and is associated
with diseases like inflammation, asthma, atherosclerosis, septic shock, arthritis, and even cancer 24242, The antibody
used here, NF-kB p65 recognizes endogenous levels of total NF-kB p65/RelA protein and does not cross react with
other NF-kB/Rel family members. One of the few reported ones use biomarkers and optical methods and their LoD
and RoD are not clearly defined 2*3. The literature suggests that there is not enough work done on direct NF-kB
quantitative detection. Figure 4-19 presents the response of the fabricated sensors for quantitative detection of

NF-kB.
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Figure 4-19: NF-kB immunosensor response (a) addition of 200ng/ml NF-kB to sensors with and without
immobilized antibodies, (b) step response showing stable readings with time for increasing concentrations
of NF-kB with inset showing LoD curve for 1ng/ml NF-kB, and (c) response curve for the full tested range.
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The results show that the SNR for NF-kB is ~5, the LoD is 1ng/ml, while the RoD is 1000 (1ng/ml to 1000ng/ml). The
results show that the developed setup is ideal for commercialization as a general purpose household self-diagnostic
kit for multiple bio-reagents after further refining using microfluidic chambers, higher resolution reference sensors,

rigorous calibration using large number of samples and testing on various bio-reagents.

4.2.2 Point of care diagnosis

For electrical characterizations, a 100ul control solvent was added to the active portion of the fabricated sensor and
the impedance and AC effective series resistance (ESR) were recorded at 0% antigen concentration as the
reference/control value. The followed protocol is similar to the water gated FET based sensors 23 but the third
(reference) electrode is not required in this scheme as CV is not used here but the net change in resistance between
the two electrodes is recorded. A small sinusoidal voltage of a particular frequency was applied and the change in
resulting AC current output was measured similar to chronoamperometry. The ratio of input voltage and output
current gives the effective impedance. This method is also referred to as electrical impedance spectroscopy by some
researchers 2%, The principle of impedance change is majorly dependent on dielectric charge transfer and electrolyte
conductivity rather than the redox reactions. The advantage of using this scheme is that even if there is a redox
reaction occurring in the faradic zone, the direct electron transfer will also result in the change in impedance of the
sensor, thus improving the sensitivity by a great extent. Small amounts of specific antigens were added to the solvent
that were selectively bound to the antibodies immobilized on MoS; thin film resulting in impedance change. The real
time data was automatically logged in and plotted on a computer with a sampling rate of 1s. The complete process
of fabrication, functionalization, detection and characterization is presented in Figure 4-20. The concentration of
the antigens were kept being increased to a point until the readings start to saturate and there was no significant

change in response upon further increase in concentration.
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Figure 4-20: Process flow diagram of sensors fabrication and characterization (a) Substrate cleaning by
plasma, (b) Electrode fabrication by reverse offset printing, (c) MoS2 active layer deposition by EHDA, (d)
Antibody immobilization and blocking, (e) Antibody-antigen complex, and (f) Sensors’ electrical response

Point of care (POC) diagnosis is the real time sensing of the target analytes or bio-reagents. POC devices currently
available for clinical tests include detectors of bacterial infections, viral infections, non-communicable diseases (PSA
for prostate cancer, proteins for inflammation), and parasitic infections 2%4. In this research work, we selected 1gG as
the target analyte to be detected using the POC setup. The same system can be used with other bio-reagents after
individual calibration. The system was first optimized using known concentrations of IgG and the trends were
calculated. The POC system and step by step detection process is presented in Figure 4-21. After calibration, the
system was used for the quantitative detection of the IgG antigen. A smartphone application was designed for a
guided seamless diagnosis. The readings are displayed after an average of 40 seconds when the system calculations

are finished.
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Figure 4-21: Point of Care (POC) Diagnosis process with (a) showing the circuit diagram, (b) showing the
real picture of setup, and (c) showing the step by step diagnosis process using the developed Android
smart phone application.

The basic circuit diagram for the detection circuit is presented here in but the detailed circuit diagram is not
presented that also includes amplification and conditioning portions to improve signal to noise ratio (SNR) and
sensitivity. First, the reading of the current without the control solvent was recorded and then the control was added
to start calibration and record the base impedance. After that, a known amount of antigen is added to the control
solvent and the system automatically waits for the readings to get stabilized. The percentage sensitivity is calculated
and stored. The general purpose immunosensors were tested for POC diagnosis using IgG as the target bio-reagent.
Four different concentrations of IgG were used for calibration of the test setup. Intensive programming routines were
used for minimizing the error and improve repeatability. The system was optimized to detect the IgG in range of 0
ng/ml to 600 ng/ml where it shows almost linear behavior. The results of percentage sensitivity from the calibration
readings for known solutions of 0 ng/ml (control), 100 ng/ml, 300 ng/ml, and 600 ng/ml having 3 sets of samples for

each concentration are presented in Figure 4-22. The results show stable behavior of the fabricated test setup with
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an average error of approximately +5.8%.
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Figure 4-22: Results of IgG detection using POC setup (a) calibration readings for known concentrations,
(b) difference between calculated and known values, and (c) presenting the table with all actual recorded
readings from POC diagnosis setup.

For the final device evaluation, two different concentrations that were not used in calibration were detected using
the setup. For 400 ng/ml solution, the output given by the system was 421 ng/ml that has an error of approximately
+5.4%. For 200 ng/ml known concentration, the recorded output was 213 ng/ml showing +6.9 % error. Further
calibration and fine optimization can be done to make the results more consistent and further reduce the error

percentage. For initial stages, the stability and repeatability of the presented diagnostic setup is very acceptable.

4.2.3 Body posture detection sensors

Flex sensors are widely used in human machine interface (HMI) devices to control their operation using gestures 24>~
2, Flex sensors are also used to interpret sign language by mounting them on gloves and interfacing with signal
processing circuits 29252, Strain and flex sensors have been applied in health monitoring to measure the muscle joint
angle and movement 2°3-2%5, Flex or bend sensors are simpler form of strain sensors that can only measure bending
in contrast to strain sensors that are also able to measure elongation or strain in addition to bending. This simplicity
makes the flex sensors easier and cheaper to fabricate as compared to strain sensors 246, Mostly, the working principle
of cheap flex sensors is based on resistive active layers whose resistance changes upon the change in bending angle

with respect to their resistance while at straight position 2°6.

A highly stable low cost flex sensor has been fabricated in this research work using micro-gravure mass production
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roll-to-roll printing system. The active layer was fabricated on PET substrate using composite of Activated Carbon
with PVDF. PVDF has been added as a binding agent to improve the mechanical stability of the active layer. Protective
coating of PVAc was deposited on top of active layer using the same system. The sensors’ electrical response was
measured using Applent AT825 LCR Meter and by connecting it to computer for data logging and processing. The
measurement setup for different bend angles is similar as used in 2>” and the system schematic is presented in Figure
4-23. The setup is capable to take user input of angle from a GUI based software and can precisely bend the sensors
to the target angle while simultaneously recording the resistance of the device in an automatically generated
computer log file. Arduino UNO was used for multi-channel interface and data processing for sensors mounted on

glove.

Bend Angle.
Scale *

-

Sensor
(DUT) Central

Sensor
Gripper

Stepper
Motor

Direction Rota/ting

lever

Sensor
Connections

LCR Meter

Figure 4-23: The schematic diagram of system used for sensors characterization at different bend angles
with computer controlled rotation at specified angle.

The resistance of all the four sensors with micro-gravure based protective coating is plotted in Figure 4-24 along
with the normalized response of all types of different sensors fabricated for testing and optimization and the results
of robustness testing of the protected and non-protected devices for several hundreds of bending cycles. The figure
also shows the sensors mounted onto a glove to act as human posture detectors for muscle movement detection
and for human machine interface (HMI) systems. The results show promising response of both the protected and un-
protected sensors towards positive and negative bending. Sensors with different lengths and widths were tested for

78



both types and the best recorded response for protected sensors was 2.3 MQ to 3 MQ to 3.6 MQ for -1209 to 02 to
1202 bend while for non-protected sensors was 0.25 MQ to 0.4 MQ to 0.55 MQ for -1202 to 02 to 1202 bend. The
average change in resistance for the protected sensors is ~40% reduction for a bend of -1202 and ~60% increase for
a bend of 1202. The protective coating of PVAc further enhances the sensor stability and durability by keeping the

active carbon layer intact and preventing any damages due to wear off of material on contact.
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Figure 4-24: Response curves of the sensors (a) with protective coating, (b) normalized response, (c)
robustness results protective coating, (d) response curve for -150° to 150° bend angles, (e) sensors
mounted on glove, and (f) detection of human finger posture.

The sensors with protective coating have higher average resistance but about same percentage resistance change as
compared to the non-coated ones implying lower power consumption without effecting the performance. Also,

increasing the sensor width decreases the resistance and so does reducing the length. The sensors were mounted
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on a glove and the results indicate stable and accurate operation.
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5 Conclusions and Future Work

The target of this research work was to develop high performance sensing devices using printed electronics

approaches. The targeted sensor categories include environmental and bio sensing devices. Temperature and

humidity sensors were focused among a vast variety of environmental sensors while immunosensors and body

posture detectors were developed under biosensors category. The aim was to improve the device sensitivity,

selectivity, accuracy, robustness, limit and range of detection, transient response time, stability, and output response

curve shape to allow easy interfacing for real life applications. The targets were achieved through multi-disciplinary

research including materials science, printing systems and processes, and device physics and sensing mechanism.

The key conclusions of the research and the possible future work can be summarized as:

1.

Humidity sensors were fabricated through all printed techniques using polymers, 2D materials, and hybrid
nano-composites as the sensing materials with excellent performance parameters that were at least
comparable to or better than the available commercial devices and those reported in literature.

The best performance parameters achieved for the humidity sensing device were a sensitivity of >50
kQ/%RH or 700 Hz/%RH, response and recovery times of 0.8 s and 1.2 s respectively, range of detection
from 0% RH to 90% RH, high selectivity with no response to other gases, medium temperature dependence,
high accuracy of +2% error, low hysteresis of up to 2%, high repeatability and long term stability of up to 2%,
and excellent curve linearity for seamless integration and readout.

A linear resistive temperature sensor was 3D printed using a commercially available conductive filament
based on graphene nano-rods and PLA composite. The sensor can be embedded and printed inside the 3D
printed body of any host structure or robot and is capable to record temperature with accuracy from 09C to
602C. The sensor can be used in both dry and wet conditions and even under water without any degradation
or error. The response and recovery times achieved for the sensor were 6 s and 10 s respectively while the
sensitivity was 12 Q/°C.

Multi-reagent immunosensors were developed aimed at point-of-care diagnosis of various diseases and
conditions. Prostate specific antigen (PSA), immunoglobulin G (IgG), and NF-kB were used as the analytes.
A single system was designed and developed to quantitatively detect the amount of target analyte in a given

sample. The diagnosis setup was handheld and was connected to mobile phone for easy and seamless
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operation by one. 2D material based active area was fabricated to immobilize the receptors and IDT based
transducer was used for improving the sensitivity.

The performance parameters achieved for the immunosensors were comparable or better than the
reported ones and lied well within the required clinical detection range. The detection limits of 0.1ng/ml,
1ng/ml, and 1ng/ml were achieved for PSA, IgG, and NF-kB respectively. The detection ranges of 1ng/ml to
800ng/ml, 10ng/ml to 9ug/ml, and 10ng/ml to 1ug/ml were achieved for PSA, 1gG, and NF-kB respectively.
SNR values of 10, 11, and 5 were achieved for PSA, I1gG, and NF-kB respectively showing high significance of
the results. The POC diagnosis setup successfully detected the test samples of different concentrations of
IgG with an average error of £5.8%.

A highly stable and cheap mass production compatible flex sensor was fabricated through Microgravure
printing for human posture and muscle movement detection. The carbon-PVDF composite based sensors
protected through PVAc coating showed high robustness for more than a thousand test cycles with no
degradation at all. The average change in resistance for the protected sensors was ~40% reduction for a
bend of -1202 and ~60% increase for a bend of 1202. The sensors were mounted on a glove to detect the
hand finger motion with high accuracy. The fabricated devices were commercialization ready.

The future target is to develop high performance sensors through an easy and low cost method. Application
specific sensors must have certain performance parameters up to the mark while some of the other in-
significant parameters can be ignored. The aim is to eliminate as many limitations as possible associated
with sensors. The importance of device structure & mechanism is as vital as materials development & both
aspects must be considered when designing high performance devices. Multi-disciplinary research is the
key to remove limitations in this research area. The current research focuses on development of high
performance active layer materials, state-of-art device fabrication process and systems, and optimized
device structures and sensing mechanisms to improve the overall device performance. Multi-element

transducers will also be used in different sensor categories in future.
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