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Resumo

O interesse e a necessidade em sensores de salde portateis, confortaveis e duraveis tém aumentado ao
longo dos anos, devido a sua praticabilidade e potencial em ajudar as pessoas a monitorizarem o0s seus sinais
vitais. No entanto, a producédo de um sensor completamente biodegradavel de baixo custo ainda representa um
desafio. Por isso, varios tipos de celulose estdo a ser usados a nanoescala por preencherem 0s requisitos
necessarios com as suas excelentes propriedades, assim como metais como o ouro, prata e cobre, que na forma
de nanofios os torna 6timas alternativas como materiais de dete¢cdo em sensores de pressao.

Este projeto tem como objetivo desenvolver um sensor de pressao facil de fabricar, de baixo custo,
completamente biodegradavel, a base de papel, flexivel e de facil uso em cuidados de salde. Os nanofios de
prata sdo produzidos pela sintese poliol assistida por micro-ondas e purificados em 3 fases de decantagdo. O
substrato do sensor é criado pressionando a nanocelulose bacteriana da nata de coco. Os elétrodos interdigitais
sdo produzidos na sua superficie por impressao em tela. O papel é revestido com nanofios de prata por imersao,
colocado no meio dos elétrodos interdigitais e encapsulado com a nanocellulose bacteriana, concluindo assim
a construcao do sensor. O sensor apresentou um rapido tempo de resposta de 1.8 ms, um tempo de recuperagdo
de 0.8 ms e uma elevada estabilidade durante 15000 ciclos. Os melhores valores de sensibilidade obtidos foram
12.05 kPa* (0.031-1.4 kPa), 4.29 kPa* (1.4-2.8 kPa), 1.59 kPa* (2.8-5.6 kPa) e 0.38 kPa™* (5.6-14 kPa) com o
sensor a utilizar 6 ciclos de revestimento por imersao no papel Tork. O sensor também conseguiu detetar uma
baixa pressdo de 31 Pa e apresentou um consumo minimo e maximo de energia de 3.75x10° W e 1.32x1072
W, com uma tensao de trabalho de 2V.

Palavras-chave: nanofios de prata, sintese poliol assistida por micro-ondas, impressdo em tela, celulose
bacteriana, revestimento por spray, revestimento por imersdo, nata de coco, elétrodos interdigitais, papel,
sensor, piezoresistivo.
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Abstract

The interest and need in portable, comfortable and durable health care sensors have increased along the
years, due to their practicability and potential in helping people monitoring their vital signs. However, an all
biodegradable low-cost sensor still poses a challenge to fabricate. So, cellulose is being used in the nanoscale
form, due to filling all the necessary requirements with their excellent properties. The same can be said for
metals like gold, silver and copper, which in the form of nanowires makes them great alternatives as sensing
materials for pressure sensors.

This work aims to develop a facile craft, low-cost, completely biodegradable, paper-based flexible and
wearable pressure sensor for health care. The AgQNWs are produced by the microwave-assisted polyol synthesis
and purified with 3 decantation phases. The sensor substrate is made by pressing the bacterial nanocellulose
(BNC) of nata de coco. The interdigitated electrodes (IDESs) are then screen-printed on its surface. The tissue
paper is dip coated with the AgNWs, placed in the middle of the IDEs and encapsulated with the BNC,
concluding the sensor construction. The sensor displayed a fast response time of 1.8 ms, a recovery time of
0.8 ms and it also showed high stability during 15000 cycles. The best sensitivity values achieved were 12.05
kPa! (0.031-1.4 kPa), 4.29 kPa* (1.4-2.8 kPa), 1.59 kPa! (2.8-5.6 kPa) and 0.38 kPa! (5.6-14 kPa), with the
6 dip coating cycles paper Tork on the sensor. The lowest detectable pressure was 31 Pa and the minimum and
maximum energy consumption values recorded were 3.75x10-5 W and 1.32x10-2W with a 2V working voltage.

Keywords: silver nanowires, microwave-assisted polyol synthesis, screen-printing, bacterial cellulose, spray
coating, dip coating, nata de coco, interdigitated electrodes, tissue paper, sensor, piezoresistive.
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Motivation

New types of sensors especially health care sensors are being manufactured for every task imaginable.
In order to keep up with the constant requirements and regulations impose on them, other less then obvious
materials are being tested to substitute the traditional materials that are now falling behind. These alternative
materials need to be cheap, abundant, flexible and more importantly biodegradable.

Today we can find pressure sensors for healthcare in the form of E-textiles, head/wrist mounted devices
and skin sensors. These can be capacitive, piezoelectric or piezoresistive and each has a different transduction
mechanism and material combinations for their structure. However, there are still too few sensors which are
completely biodegradable, low-cost and of facile craft. Certain materials like cellulose and metals like gold
and silver, which have been used and are still now in many applications due to their excellent properties, are
being made in the form of several nanostructures to enhance their properties and sometimes discoverer new
and unique ones, which display interesting effects during their application on many devices as for example
substrates or sensing materials for pressure sensors.

This work aims to develop a facile craft, low-cost, completely biodegradable, paper-based flexible and
wearable pressure sensor for health care, to help the environment and people with limited income, in isolated
places to be able to receive or buy this sensor and monitor their vital signs. In order to do so, the AQNWs are
produced by the microwave-assisted polyol synthesis, which is the only method in this work that uses
expensive equipment, when compared to others used throughout the construction of the sensor. However, this
enables a very fast synthesis with a better purified solution, when compared to other methods. The sensor
substrate is made with BNC from nata de coco, which is a very cheap and abundant Philippines desert,
produced by a bacterium called Komagataeibacter xylinus (also known as Acetobacter xylinum) that ferments
the coconut water, using it as a carbon source. The interdigitated electrodes (IDESs) are screen-printed on the
substrate surface and the tissue paper is dip coated with the AQNWSs. This is finalised by assembling all the
components into a finished pressure sensor, which stands out from other sensors.
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Introduction

The interest and need in portable, comfortable and durable health care sensors, has increased along the
years, due to their practicability and potential in helping people monitoring their vital signs. Wearable devices
which are capable of information gathering, processing, communication and power supply, are very useful to
people with certain diseases in need of constant supervision. Today we can find sensors for healthcare in the
form of E-textiles, head/wrist mounted devices and skin sensors. The fabrication of skin sensors has been in
development for some years, resulting in the already existence of various sensor types and material
combinations for their structure, although an all biodegradable low-cost sensor still poses a challenge to
fabricate. Certain materials like cellulose, display several unique properties and structures in their bulk form,
however, at the nanoscale, even their behaviour to external stimulations may change, being greatly enhance in
every aspect and making excellent substrates for sensors. The same can be said for metals like gold, silver and
copper, which in the form of nanowires makes them great alternatives as sensing materials for pressure sensors.

1.1 Paper: A viable alternative to traditional materials

Cellulose is the most abundant organic polymer on Earth and is the main material of which paper is
made. It can be extracted from lignocellulosic biomass, which is present in wood pulp and plant fiber, and its
cell wall structure consists of 35-50% cellulose [1]. The steps involved in the manufacturing of pulp and paper
are raw material preparation (chipping and debarking), mechanical or chemical pulping, chemical recovery,
mechanical or chemical bleaching, stock preparation and finally by dewatering, pressing and drying, the paper
production process is complete [2]. Paper has various properties like, excellent flexibility, a three-dimensional
fibrous structure, good price, renewability, almost endless supply, large quantities obtained with low cost
processes, high porosity, biodegradability and excellent mechanical performance. Traditional materials like
glass, silicon, PDMS, PEN, PET and Polyamide, suffer from many manufacturing, economic and
environmental problems. So, paper is seen as a viable candidate to substitute these materials on many devices
and their applications, especially as a substrate [3][4]. However, paper also has some properties which can
make its application on certain devices, like a sensor, a problem, being two of them, the absorption of moisture
and its retention, which can happen upon contact with sweat, when placed on the skin. Also, if a specific
electrical resistance value is desired throughout the entirety of the paper, this can be difficult to obtain, due to



its non-homogeneity and high porosity. On Table 1.1 are shown some properties of paper, in comparison with
other materials, when is used as a sensor substrate.

Table 1.1 - Paper as a sensor substrate in comparison with traditional materials [5].

Material

Property — _

Glass  Silicon PDMS PET/PEN Polyamide Paper
Surface profile Very low  Very low Very low Low Moderate Moderate
Flexibility No No Yes Yes Yes Yes
Structure Solid Solid Solid Solid Fibrous Fibrous
Surface-to-volume ratio Low Low Low Low Moderate High
Fluid flow Forced Forced Forced Forced Absorption Capillary action
Sensitivity to moisture No No No No To some extent Yes
Biocompatibility Yes Yes Yes Yes Limited Yes
Disposability No No No No/Recyclable No/Recyclable Yes
Biodegradability No No To some extent No No Yes
High-throughput fabrication Yes Yes No Yes Yes Yes
Functionalization Difficult ~ Moderate Difficult Easy Easy Easy
Spatial resolution High Very high High High Moderate Low to moderate
Homogeneity of the material Yes Yes Yes Yes No No
Price Moderate High Moderate Moderate More than PET/PEN Low
Initial investment Moderate High Moderate Moderate More than PET/PEN Low

1.2 Nanocellulose: Main features and production techniques

A single cellulose fiber is made up of groups of microfibers, with a diameter around 20-35 um and in
turn, the microfibers are composed of nanofibers bundles. Nanocellulose (NC) fibers measure less than 100
nm in diameter and several micrometers in length, its low density is around 1.6g/cm?, it can have 220 GPa of
elastic modulus, a tensile strength that can reach up to 10 GPa and excellent optical transparency. NC paper
possesses all the properties of normal cellulose paper but greatly enhanced, due to their 1D structure and high
surface areas. NC can be divided in three types, cellulose nanocrystals (CNC), nanofibrillated cellulose (NFC)
and bacterial nanocellulose (BNC). Each have a different fiber structure, but even considering two fibers of
the same type, their properties and dimensions greatly depend on their source of raw material, pre-treatment
technique to form the cellulose microfibril and the treatment technique used to finally form the NC fiber [1][6].

BNC is produced by placing a bacterial cellulose strain such as Komagataeibacter xylinus, Acetobacter
xylinum or Gluconacetobacter xylinus in a solution with various nutrients and glucose as a carbon source. This
will produce a highly hydrated white NC which will be submitted to a purification process and then mechanical
treatment. Compared to CNC and NFC, BNC has better purity, crystallinity and mechanical stability, it’s also
capable of reaching a Young's modulus around 114 GPa. NFC is extracted by means of mechanical-chemical
treatment of wood-based cellulose, it has high tensile strength, high aspect ratio, capable of reaching a Young's
modulus around 100 GPa, low thermal expansion and exhibits an oxygen barrier and a web like structure. CNC
possesses a rod-like structure and is made by simply removing the amorphous regions from cellulose with acid
hydrolysis, leaving the crystalline region intact, it has a large surface area, excellent stability, Young's modulus
around 206 GPa and exceptional optical properties. Various treatment techniques exist to turn purified
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cellulose into NC, the majority of them are either mechanical or chemical. The mechanical techniques consist
of defibrillating the cellulose through mechanical forces while, the chemical techniques use chemical agents
to degrade the cellulose, leading to the production of NC [7]-[10]. Figure 1.1 bellow shows a schematic of a
NC production process.

Chemical

Centrifugation
Sonication
Dialysis

Figure 1.1 - Schematic of a nanocellulose production process with pre-treatment and treatment techniques. [11]

Nata de coco (NDC) is the source of the BNC used in this work, which is a Philippines desert, produced
by a bacterium called Komagataeibacter xylinus (also known as Acetobacter xylinum) that ferments the
coconut water, using it as a carbon source. The BNC created is free of non-cellulosic products and has a high
purity [12][13]. In the work of Handika Dany Rahmayanti et al. (2019), the physical and mechanical properties
of six brands of nata de coco were studied, the tensile strength (TS) was in the ranged of 0.12-0.41MPa, the
Young's modulus was between 3-18.47MPa and the transmittance was 38-75% [14].

1.3 Silver Nanowires: Properties and production methods

The importance in finding materials to ensure excellent mechanical and electrical properties for all
components in flexible and wearable devices keeps raising with the increasing demand for health care sensors.
Traditional components like transparent conductive electrodes (TCEs) based on indium tin oxide (ITO) or
metal thin films (MTFs), have high processing costs, limited flexibility, material scarcity and brittleness.
AgNWs however don’t suffer from those problems, they have a one-dimensional structure, a simple and low-
cost synthesis via the polyol method and a number of exciting properties, which are not exhibited by their bulk
form and so, they are considered a viable alternative candidate [15]-[17]. Silver has the highest electrical and
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thermal conductivity of all the metals and as such, so does the AgNWs when compared to others. It also
possesses a surface plasmon resonance, high chemical stability and good mechanical properties such as
2.64GPa of yield strength (cy) and 4.84GPa of ultimate tensile strength (UTS) [18]-[20]. Although AgNWs
have a lot of good properties due to their high surface-area-to-volume ratio and their structure being
multitwinned, corrosion and degradation of their structure is a constant problem, which starts around six
months when exposed to the atmosphere [16][21]. Figure 1.2 shows an example of the AgNWs appearance,
when coated in the surface of some fabric.
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Figure 1.2 - SEM images of the surface morphology of AgNWs-coated fabric (a-d) with different AgNWSs positions, in
which (c) is the SEM image of the AgNWSs between the yarns and (d) the AgNWSs coated on the single fiber [16]

There’re various AgNWs synthesis methods, but the most widely used is the polyol method. This
method uses a metal salt, like silver nitrate (AgNOs), that will be reduced through the use of ethylene glycol
(EG), which will also act as the solvent of the solution. Polyvinylpyrrolidone (PVP) is than used as a capping
agent to prevent aggregation and control the growth direction of the AgNWs. Sodium chloride (NaCl) is added
to control the reaction rate and will act as the nucleating agent [22], however, ferric chloride (FeCls), a mix of
potassium bromide (KBr) or sodium bromide (NaBr) can also be used as replacements, but will produce
different results during the AgNWSs production. Figure 1.3 bellow shows the growth process of an AgNW.

Nucleation Seeding
STEP1 STEP 2 STEP3 STEP4
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Ag*lons Ag° Nuclei (Ag)2* Ag Seed

Clusters Crystals Ag Nanowire

Figure 1.3 - Scheme of the polyol process divided into 4 steps used to synthesize the AGQNWs. [23]

The AgNWs needs temperatures around 160-170 °C in order to be formed and this can be done by
conventional heating in an oven or by microwave-radiation [22]. The method chosen in this work to synthesize
the AgNWs was the microwave-assisted polyol method, due to its huge increase in reaction rate, product yields
and purity, when compared to conventional heating. This happens because the microwave radiation creates an
electromagnetic field which causes the molecules with a dipolar structure, those being EG and PVP, to
oscillate, creating friction between them and producing heat. Furthermore, the field created also helps in the
one directional growth of the AgNWSs process, by aligning the AgNOs; molecules [24][25]. A detailed study of
how the various synthesis parameters affect the AgNWs growth and dimensions can be found at Sahin Coskun
et al. (2011) [22] and at Zao Yi et al. (2017) [26].



1.4 Sensors: Performance and transduction mechanisms

Pressure sensors can be built by using various materials, however, depending on those materials, the
sensor may operate with a different transduction mechanism. Crystalline materials, which have the
piezoelectric effect, generate internal electrical charge created from an applied mechanical stress, changing the
material shape. Capacitive pressure sensors, measure changes in electrical capacitance, caused by the
movement of one of the conductive plates that acts as the diaphragm, when moved by an applied pressure. The
piezoresistive effect, consists in the change of electrical resistivity of the material, when subjected to
deformation of its initial configuration. The piezoresistive sensors have the advantage of being easy to build,
low energy consumption, shielded from radio-frequency noise and have very high sensitivity values [27]. The
most important parameters to consider, when making a pressure sensor are the sensitivity (S), the response and
recovery times, and the sensor stability. The sensor sensitivity is determined by using the equation (1.1) and
is defined as the slope of the output characteristic curve, which translates to how much output change the
sensor provides for a given change in applied pressure, the higher the output, the higher the sensitivity value.
The sensor response and recovery times are the amount of time required for the sensor to read the stimulus and
then return to its original state. Finally, the sensor stability provides information regarding the number of input
stimulus necessary for the sensor to begin producing a significant deviation of the respective output signal.

S = (Al/ly)/AP equation (1.1)

When a fixed voltage is applied to the piezoresistive sensor, AT (mA) is the relative change in current
produced by applying pressure on the sensor. I (MA) is the constant initial current created by the encapsulation
pressure of the sensor. AP (kPa) is the change in applied pressure. S (kPa) is the sensitivity already described
above [28]. Table 1.2 bellow shows the performance summary of some flexible and wearable pressure sensors.

Table 1.2 — Summary of the performance of some flexible and wearable pressure sensors.

l
_ _ Energy . 1, Working Detection Response Loading
Pressure Sensor Sensor Type consumption (W) Sensitivity (kPa“) voltage (V) Range (Pa) Recovery (ms) Unloading cycles
Tissue Paper/AuNWs [28] Piezoresistive 3x10° 1.14 15 13-50000 17 50000 (2.5 kPa) 2Hz|
APBP Tissue Paper . g 8 g
with AQNWs [29] Piezoresistive 10 15 0.1 30-30247 90/90 /
. 38 15-500
v lﬁtgi':c\;‘{z/ zgmfu"r"e'tgol Capacitive / 08 / 500-2500 150150 5000 (L5 kPa)
0.35 2500-4500
Single wall nanotube into . - 5 2.2 35-2500
tissue paper [31] Piezoresistive 10 13 0.1 2500-11700 40 !
HPM-PDMS/MWCNT . - 839 0.5-140
composite films. [32] Piezoresistive / 0.4 0.1 140-10000 90/170 29000 (4 kPa) 1Hz
Cotton fibers/AgNWs [33] Piezoresistive / 3.4 / 0-1000 50/50 5000 (0.1 kPa) 1Hz
Microstructures of . . 19.32 (<250 Pa)
Polypyrrole Films [34] Piezoresistive / 0.51 (>850 Pa) 1 1-2000 20/30 1000 (0.673 kPa)
Polystyrene beads Capacitive / 44.5 (<100 Pa) / 0.14-35000 50/100 5000 (400 Pa)
pyramid-shaped PDMS [35] Piezoresistive 449 (<10 Pa) 2.7 (>300 Pa) 0.14-600 9/30
PDMS pyramid 2760 (<400 Pa)
microstructure and walled Piezoresistive 26.4x10°° 8656 (400-900 Pa) 30 7.3-1200 4 10000
nanotube network [36] 1874.5 (>900 Pa)

Most pressure sensors have a very long duration time, especially the piezoresistive ones and every sensor
displayed on Table 1.2 has the capacity to monitor the heart rate, which in a normal person beats one time
every 600-1000 ms. A more conductive sensing material will improve the sensor response/recovery time and
its sensitivity values due to producing higher AI for the same pressure, however, it will also increase its energy
consumption. So, the sensor sensitivity, will be higher the lower the established I, and the higher the AT value.
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Materials and Methods

2.1 Synthesis and purification of the AgNW:s solution

The synthesis and purification of the AgQNWs produced in this work is based on the knowledge already
developed from other master thesis and further optimised. The microwave-assisted polyol synthesis process
begins by first producing a solution, Sol (A), with 50 ml of ethylene glycol (EG, LABKEM) and 0.05g of
sodium chloride (NaCl, PanReac Quimica), which is stirred at 800 rpm until complete dissolution. Another
solution, Sol (B), is prepared with 100 ml of EG and 1.0 g of polyvinylpyrrolidone (PVP, Sigma-Aldrich) and
left at 160 °C and 800 rpm until full dissolution. Sol (C) is made by adding 0.09 g of silver nitrate (AgNOs,
Honeywell) in an Erlenmeyer flask with 5 ml of EG and stirring it at 700 rpm for 8 min. Then 5 ml of Sol (A)
is added to Sol (C) and stirred at 1000 rpm for 12 min. Finally, 7.5 ml of Sol (B) is transferred into an
Erlenmeyer flask and all the solution in the other Erlenmeyer flask (Sol (A) + Sol (C)) is added drop by drop
to Sol (B) and stirred for 5 min at 1000 rpm. The solution is poured into a microwave tube and then placed in
a CEM Discover SP - microwave synthesizer at 190 °C, 200 W and 250 Psi for 10 min.

The solution is retrieved from the microwave and placed into an ultrasonic bath for 15 min at 50 °C to
disperse any nanowires or nanoparticles aggregates. After that, the solution is divided into two 50 ml centrifuge
tubes, 30 ml of acetone are added to both tubes and the solution is left to precipitate for 1h. The supernatant is
then removed with a pipette and 15 ml of methanol are added to the nanowire precipitate. The tubes are placed
in an ultrasonic bath to disaggregate the nanostructures followed by a centrifugation at 2000 rpm for 30
minutes. The supernatant is thrown away, 10 ml of IPA and 20 ml of acetone are poured into the two tubes
and the solution is agitated by hand to avoid over-exposure of the AgNWs to the ultrasonic bath which might
cause them multiple fractures. The solution is then placed 30 min in a centrifuge at 2000 rpm and the
supernatant is removed at the end. To conclude the AgNWs are dispersed in 5 ml of IPA and then submitted
to SEM, XRD and UV-Vis spectroscopy. The AgNWSs solution was deposited on a silicon wafer and analysed
with a Tabletop microscope TM3030 Plus Hitachi and a Scanning Electron Microscopy Focused lon Beam
(SEM-FIB) workstation to observe the sample morphology and its composition. The AgNWs were analysed
in an X-ray diffraction — PANalytical Xpert PRO in order to determine the crystallographic structure of the
sample, the anode material used was copper and the scan range was 10° to 90°. A Spectrometer UV-Vis_NIR
— Perkin Elmer Lambda 950 was used to measure how much the AgNWs solution absorbs/transmits/reflects
light, the wavelength used was 200 nm to 700 nm with the solutions in various concentrations.
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2.2 Production of the BNC membrane and the interdigitated electrodes

The sugar-free cubes of nata de coco, are pressed for 15 minutes with a manual press (HeatPressUK,
Swing-a-way) and dried in a vacuum desiccator at 30 °C. Then by using a Manual Hydraulic Press (Specac,
15-ton max.) they are submitted to 10-tons for 5 minutes. The deposition of the interdigitated electrodes (IDES)
is made by screen-printing, with the use of a specific mesh and a Coates Screen Inks - CRSN2442 conductive
silver ink. The substrate is placed beneath the mesh attached with Kapton tape, the silver ink on top and the
squeegee is moved across the mesh with small pressure to fill the open mesh apertures with ink. Then the
substrate is removed and placed on a hotplate attached with the tape for 10 min at 105 °C to dry the electrodes.

2.3 Dip and spray coating of the AgNWSs on the tissue paper

In the dip coating method, the AgNWs solution is poured into a small flask, the tissue paper is held by
a tweezer and dipped in the solution for 30 seconds. Then the tissue paper is slowly pulled and placed on a
hotplate for 10 min at 100 °C until the solvent evaporates. This process is repeated until the resistance desired
is achieved. For the final cycle an annealing process is performed for 30 min at 100 °C and then the AgNWs
paper is placed in a petri dish to stabilize for 1 day. For the spray coating method, the AgNWs solution is
diluted in IPA so the spray coating on the tissue paper can be performed multiple times without any excessive
solution waste due to the sensitivity of the process and to minimise any deposition errors. The tissue paper is
fixed with Kapton tape on a hotplate, a XL2000 airbrush is filled with the diluted solution and attached to a
nitrogen supply with a pressure of 0.5 bar. The airbrush is held at a height of 10 cm from the paper, which is
being annealed at 100 °C. The solution is then continuously sprayed on the paper and its resistance measured
with a multimeter until a desired value is achieved. Finally, the paper is annealed for 30 min at 100 °C.

2.4 Sensor assembly and performance testing

For the sensor assembly, the AgNWSs paper is placed in the middle of the interdigitated electrodes and
encapsulated with an BNC membrane. After the assembly, a potentiometer is placed in series with the sensor
to function as an auxiliary resistance. The results are recorded on a Tektronix TBS 1000C series digital
oscilloscope with a high voltage of 2V from a KEYSIGHT 33500B series waveform generator. In order to
determine the sensor performance, it needs to be submitted to various tests. In the first test, the sensor is pressed
with different forces and force durations to see how well the sensor can differentiate and react to various human
mechanical stimulus, but also to determine its average response and recovery times. The second test, which is
the stability test, is done to determine if the sensor is stable during a certain number of input mechanical
stimulus and to do this, a unique machine is used and programmed with Arduino UNO to hit the sensor with a
specific force at 1 Hz. The final test is done to determine the sensor sensitivity and for this, various weights
are placed on top of the sensor to produce an output for each pressure, however, to obtain more accurate results
a compression/traction machine is used, which enables the application of an exact desired force with minimum
equilibrium error caused by the uneven surface of the sensor. The results are then processed and plotted on
various graphs in order to determine the desired parameters values that define the sensor performance.
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Results and Discussion

3.1 Synthesis and purification of the AQNWs solution

The synthesis chosen for the production of the AgNWs was the microwave-assisted polyol synthesis
and the production was divided into two parts, the synthesis and the purification process. The synthesis process
was reported as already optimized from previous works, so the majority of the time reserved for the production
was spent on the purification process. However, during the tissue paper coating process with the AgNWs, the
solution made by using the advised synthesis or standard synthesis (SS) was inefficient and didn’t have the
necessary quality to be able to create a conductive tissue paper, so an optimised synthesis (OS) was created.
The respective results of the SS and OS synthesis will be displayed and compared in detail on this chapter.

3.1.1 AgNWs Synthesis

The polyol method although simple and low cost, has a number of sensible parameters: the heating
temperature of the solution, injection rate, stirring rate, PVP:AgNOz molar ratio and NaCl quantity. The
smallest parameter value variation can impact the quality of the AgNWs produced [22]. Figure 3.1 shows the
AgNWs solution appearance during its synthesis at the ending of each stage.

Figure 3.1 —The images show the AgNWs solution appearance during its synthesis at the ending of each stage. (a)
AgNOsand EG are stirred for 8 min at 700 rpm; (b) NaCl and EG are added to the mixture and stirred for 12 min at
1000 rpm; (c) the solution in the previous stage is added to a solution of PVVP and EG drop by drop and stirred for 5 min
at 1000 rpm; (d) oxidised solution; (e) good quality AgNWSs solution.
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A successful AgNWs solution before being placed into the microwave system must have a pearl white
purplish colour. The wrong temperature or stirring rate may cause the solution to become transparent with
most of the reagents undissolved, resulting in the production of by-products and other nanostructures. Another
problem that might occur during synthesis is oxidation. This can happen due to the presence of water, the over
exposure of the solution to the atmosphere during its preparation and over-heating the PVP during its
dissolution in EG. The last one will cause a change of colour in the solution from transparent to yellow. The
solution oxidation was the most prominent problem during synthesis and if carried to the microwave, only NPs
will be produced. Figure 3.2 shows the appearance of an oxidise solution compared to a successful SS and OS.

Figure 3.2 — Solution appearance after the microwave synthesis. (a) oxidised solution; (b) SS solution; (c) OS solution;
(d-f) respective optical microscope images after the purification process.

The difference between each solution can be seen quite clearly from their quality and appearance in the
images of Figure 3.2. The oxidise solution has the presence of a reddish coloured substance at the bottom and
was only able to produce nanoparticles. The different results obtained in this phase with the SS and the OS are
due to the quantity used of the solution containing 100 ml of EG and 1.0 g of PVP, SS uses 10 ml while OS
only uses 7.5 ml. This small change had a great impact in the AgNWSs produced. The OS solution produced
bigger and more nanowires than the SS, while also having less nanoparticles and PVP remains. If the latter is
still present in the solution in large quantity and coated in the nanowires, their conductivity will be affected.

3.1.2 Purification process

This process consists of 3 purification phases (decantation’s), which use acetone, IPA and methanol.
Acetone was the most efficient solvent in separating the nanowires from the nanoparticles during the first
purification phase. Other solvents were tested in this first step, but with IPA, the solution didn’t show any
visible separation, with ethanol, a small visible separation was observed. Both the acetone and methanol were
able to separate the nanostructures successfully, however, with the acetone being more aggressive towards the
solution and its inability to dissolve the PVVP surrounding the nanowires, it created a big difference in weight
between the two nanostructures, making the NWs precipitate and the NPs to rise. This resulted in the full
decantation of the solution in about 45-60 min, with better results than methanol, which took around 24h. Also,
if the proportion between the methanol and the rest of the solution wasn’t correct, the decantation could take



considerably more time. Figure 3.3 shows the appearance of the AgNWs solution after the acetone decantation
conclusion, with three different examples regarding the state of the solution itself.
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Figure 3.3 — The (A) pair of solutions was decanted with 30 ml of acetone and the (B) pair by 35 ml. The (C) pair of
solutions which were oxidised was decanted by 35 ml of acetone. Image (D) shows a close up of the two phases formed
after the decantation process is complete.

Three different decanted solutions were created and duplicated to test and verify the importance of the
amount of acetone used, but also to see if the grey precipitate that forms at the bottom of the tube, indicates
the presence of AgNWs. Although the amount of acetone poured should be at least 3 times greater than the
AgNWs solution (30 ml to 10 ml), any more, doesn’t affect the decantation quality or its speed. This is verified
by obtaining the same results in both solutions (A) and (B) around the same time. The oxidised solution (C)
was decanted, purified and observed by SEM. The results showed, the presence of AgCIl and AgNPs, which
verified that the grey precipitate is formed merely by high concentrations of silver and doesn’t necessarly mean
the presence of AgNWs. Figure 3.4 bellow shows the AgNWs appearance after each decantation.

After the acetone decantation, a great amount of AgNPs, AgCl and PVP still remained in the solution.
To solve this problem a second decantation with methanol was performed, which yielded the best results.
However, due to the AgNWSs small size and size difference compared to the AgNPs, it took a considerable
amount of time to separate them by normal decantion, with a significant quantity of AgNPs still present in the
final solution and some small AgNWs still stayed in the supernatant, and were removed in the process. In order
to avoid this, the decantion was made with 15 ml of methanol, placed in an ultrasonic bath to disaggregate the
nanostructures, followed by a centrifugation at 2000 rpm for 30 minutes. For the third and final decantation,
10 ml of IPA and 20 ml of acetone were used along with a centrifugation at 2000 rpm for 30 min, to help clean
the remaining impurities and disaggregate the NPs from the NWs. No more decantations were done, since
although the solution would get purer, the number of NWs removed would also increase. The final AQNWSs
obtained after the supernatant removal, were diluted in 5 ml of IPA and were then ready to be characterized.

Figure 3.4 — (a) AgNWSs remaining after the acetone decantation; (b) phase separation of the AgNWs (silver stream)
from the supernatant (yellow solution) during the methanol decantation; (c) AgNWs remaining after the methanol
decantation and the supernatant removal; (d) AgNWSs remaining after the final decantation of acetone and IPA.
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Most AgNPs and impurities are removed after the final purification, however, it proved impossible to
eliminate them completely, resulting in their presence around the AQNWSs when used in the sensor production.
It is important to note that, although the microwave-assisted polyol method enables a very fast synthesis
process, it was observed that even when the entirety of the process was perfectly reproduced, the solution
quality still varied. This was most noticeable in the SS and an example of this can be seen in Figure 3.5 bellow.

Figure 3.5 — Comparison between two optical microscope images of solutions synthesized through the SS, with the
same purification process, but with different results.

Althogh perfectly reproduced, the right SS solution clearly shows a superior quality to the other. This is
due to the sensitivity of the chemical parameters during the polyol process and the verified AgNWSs synthesis
replication failure on the microwave. The OS showed some changes, but the AgNWs quality remained almost
the same, displaying a superior stability. The OS and commercial AgNWs quality are compared in Figure 3.6.

Figure 3.6 — SEM images comparing the commercial AgNWs with the ones produced using the OS. (a) AgNWs after
the first purification (acetone decantation); (b) AgNWs after the final purification (acetone and IPA decantation); (c) the
presence of other by-products even after the final purification; (d-f) commercial AgNWs with different magnifications.

From two OS solutions images of Figure 6.12 in the Annexes, 76 and 80 AgNWs were measured with
the ImageJ software and they had a length of 1-11 pm (with an average value of 6.42+2.20 um and 6.38+1.54
pum) and a diameter of 45-80 nm. The commercial AgNWs had a length of 31.25-72.05 um, with a diameter
of 94-265 nm. The SEM images above show a clear difference in the AgNWs sizes of the OS and commercial
solutions and the amount of impurities present. The OS images above showed that the number and size of the
AgNWs managed to remain almost the same from the first purification phase to the last, which means that the
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number of purifications was enough to achieve a reasonable clean solution, while preserving the AQNWs. The
concentration values of the SS and OS AgNWs dispersed in 10 ml of IPA were 0.58 mg/ml and 0.75 mg/ml,
respectively, while the commercial AgNWs solution was 0.78 g/ml. The commercial and SS concentrations
were already determined in previous works. The OS concentration value was determined with equation (3.1).

C= % equation (3.1)

Where, C (mg/ml) is the solution concentration, m (mg) is the mass of the solute dissolved, and V
(ml) is the total volume of the solution.
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Figure 3.7 — (a) XRD analysis results of 4 different samples. (b) UV-Vis absorption spectrum analysis of 4 different
samples with their respective peaks and shoulders.

The XRD analysis (see Figure 3.7- a) was done on the OS and the SS samples in order to study the
crystalline structure of both AgNWs and compare them with the XRD results of the commercial sample, which
exhibits a superior quality. The peaks present in the OS solution are centered at 38.02°, 44.21°, 64.36°, 77.33°
and 81.51° which corresponds to the (111), (200), (220), (311) and (222) crystallographic planes of the face
center cubic (FCC) of Ag [37]. However, both the SS and the commercial solution don’t possess the two peaks
at 64.36° (220) and 77.33° (311). This may be due to the excess of PVP present in the nanowires, or the solution
was too diluted. The diffraction intensity ratios of the (111)/(200) planes for all four solutions are 5.78 for
commercial, 1.98 for SS, 4.72 (first synthesis) and 5.48 (second synthesis) for the OS. Furthermore, the OS
(111)/(220) planes ratios values are 17.57 and 19.61. These results showed that there was a preferential growth
in the (111) plane and that the OS values were very close to the commercials ones and other AQNWs with
good quality, found in literature [38]. The crystallite sizes: commercial - 43.93 nm, OS - 17.08 and 26.60 nm.

The UV-Vis absorption spectrum of the OS solutions (see Figure 3.7-(b)) exhibits one peak at 380 nm
with a shoulder at 354 nm. This is due to the increase in symmetry of the AgNWSs, which tends to occur when
the diameter increases, the smallest peak starts to disappear and merge with the larger one, forming a shoulder
instead of a peak. The SS solution has two peaks at 392 nm and 353 nm and the commercial solution has two
peaks at 398 nm and 357 nm. In this last solution, the two peaks have red shifted and broaden due to the
increase in the AgNWSs diameter when compared to the other solutions (it’s also important to note that the
commercial AgNWSs were heavily diluted during their analysis). All the results are in agreement with literature
and to conclude, the highest peak present in all the AgNWs solutions spectrums corresponds to the transverse
plasmon resonance and the other to the quadrupole resonance excitation [39].
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3.2 Production of the BNC membranes

In order to create a flexible and biodegradable membrane, with the necessary mechanical properties and
morphology, to be used as a substrate and as an encapsulating layer of the sensor, cubes of nata de coco were
previously clean in order to remove all the sugar present and were then placed in a manual press (HeatPressUK,
Swing-a-way) for 15 min at the maximum pressure, while sandwiched between one layer of aluminium foil
and 2 layers of paper on each side. Figure 3.8 bellow, shows the BNC membrane production process.
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Figure 3.8 — (a) Manual press of the nata de coco cubes; (b) the resulting wet membrane after the manual press; (c)
membrane after drying in a vacuum desiccator; (d) membrane after the hydraulic press.

The membranes were quickly pulled with a tweezer from the aluminium foil before they started to dry
and were placed in a vacuum desiccator for 24 h at 30 °C and -55 cmHg. The resulting membranes were thin,
with reasonable transparency but didn’t have a uniform thickness. So, the membranes were pressed again, but
with 10 tons, for 5 min, in a hydraulic press, making them thinner, with a higher transparency and a more
uniform thickness. It’s important to mention that the only two characteristics needed for this sensor to have a
good performance are a smooth surface and a uniform thickness, a high transparency is not necessary.
Moreover, it was later discovered that the freeze-drying process yields better results when compared to the
others in regards to thickness, smoothness and the membrane mechanical properties.

A tensile test was done in order to attain a stress-strain (o-¢) curve, to know the ultimate tensile
strength (UTS), the fracture and Young’s modulus (E) values of the nata de coco membrane. Two tests were
performed, the first was done to a simple dried nata de coco membrane and the second to 2 membranes glued
together in the middle by a thin line of solvent free glue, to observe how the membranes would react to the
glue before being used to encapsulate the sensor. The results of these tests are displayed on Figure 3.9.
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Figure 3.9 — Stress-Strain (a-¢) plots of the dry nata de coco membrane (a) and the two membranes glued together (b).
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The dry membrane sample had 3.4 mm of width (W), 26.5 um of thickness (t) and was held tight by
two claws with 1.25 mm distance between them (Lgy). The data came in the form of load (N), which is the
traction force applied to the sample (F), and stroke (mm), which is how much the sample stretched (AL). So,
in order to obtain the respective stress-strain (o-g) curve, the equations (3.2) and (3.3) were used [40].

o=F/({txW) equation (3.2)
e=AL/L, equation (3.3)

The resulting stress values are in MPa and the strain is dimensionless. The left stress-strain curve plot
in Figure 3.9, shows that the membrane has a brittle structure, indicated by the lack of plastic deformation with
no change to the strain rate before its fracture. Also, due to the lack of plastic deformation the UTS and fracture
have the same value of 126.36 MPa which is comparable with other tensile tests done to nata de coco found
in literature [40]. The membrane also has a very low deformation value, only stretching 0.298 mm, which
corresponds to 0.24 strain or a 24% increase in length from its original size. This is due to the drying process
and to the 10-ton pressing done on the membrane which extracts most its moisture leaving the fibers very dry,
limiting their stretching and mobility to change from their random orientation and align with the force
direction. However, for the performance of the sensor, this is a very good characteristic to have, because, if
the sensor happens to be placed under high amounts of stress, the results show that, the resulting deformation
of the substrate and consequently of the interdigitated electrodes, printed on its surface, are kept to a minimum
and therefore will not influence the sensor performance. Furthermore, the Young modulus of this sample is
693.46 MPa, which is higher than the reported literature [40], due to the low strain value of the sample.

The sample used on the second tensile test consisted of 2 membranes glued together in the middle
section, by a thin line of glue, with 1 mm width and a length equal to the sample. The membranes had a 3.0
mm width and a joint thickness of 55 um. By analysing the results, a very different behaviour can be observed
when compared to the dry sample, which is consistent with a ductile material with plastic deformation. This
sample has a UTS and a yield strength of 79 MPa with a corresponding 22.07 % strain, a fracture value of
72.50 MPa, with a total deformation of 2.05 mm (164.2% strain) and an expected lower 478.61 MPa Young's
modulus, which is still within the standard value for the nata de coco. The different behaviour of this sample
was due to the applied glue, because the cellulose polymer being a polar compound with great affinity to itself
and materials containing hydroxyls, especially water, combining it with the excellent water holding capacity
(WHC) and moisture retention capacity (MRC) of the BC [41][42], it created good conditions for the area on
the BNC in contact with the glue to become more hydrated by draining most of its moisture, preserving it
between the two membranes and retaining it by far more time than expected.

The glue in this situation ended up acting more like a lubricant, which resulted in the test being
performed while parts of the membranes were still wet. So, in the elastic regime, the two membranes glued
together, behaved exactly like the dry membrane, until reaching a stress value of 79 MPa, which with the help
of the glue acting as a lubricant and giving the fibers the necessary mobility, was enough pressure to align
some of the fibers, enabling them to stretch by far more than the ones in the dry membrane. The erratic
behaviour of the constant increase and decrease in the stress values displayed in the plastic region was due to
machine noise and the increasing number of align fibers until the membrane fracture.

The behaviour of the last discussed sample could have been avoided by using an oil-based glue, which
is non-polar and therefore won’t be absorbed by the membrane. When used in small quantities, the used glue
has a shorter drying time, however, after some time the membranes separate completely. Using a larger amount
of glue ensures this does not happen, but it takes more than 1 day to dry at room temperature. Drying in a rapid
way, using high temperatures, makes the membrane start to wrinkle, which would prove difficult to be used
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during encapsulation, since a small pressure must be applied while it dries and the membrane in contact with
the tissue paper must be stable. Figure 3.10 shows the BNC wrinkles, bacteria and its random network pattern.

Figure 3.10 — (a) SEM images of a dry membrane wrinkles produced when it shrunk during the drying process; (b) the
Acetobacter xylinum bacteria (red circle); (c) the BNC fibers appearance with their random network pattern.

The dry membrane on the macroscopic scale appears to be perfectly smooth, however by analysing it
on SEM, a very small ripple effect (wrinkles), can be observed in the membrane structure. The wrinkles shown,
are the result of the membrane shrinking during the drying process, but later sucessufully minimised during
the hydraulic press phase. The individual fibers can be seen on Figure 3.10-(c) and when analysed, their fiber
network displays a random pattern, which helps support the results for their similar mechanical strength to
traction in all directions. It’s also possible to observe the different length and diameter of each fiber. The
wrinkles, pores and fibers diameters were measured using the ImageJ software and are displayed in the Table
3.1. Some cylindrical shape organisms highlighted with a red circle (see Figure 3.10-(b)) can be seen on top
of the fiber network, these are the left over Acetobacter xylinum bacteria that produced the BNC fibers and
managed to remain on the membrane until this point. They can also be observed in various papers [43][44].

Table 3.1 — Diameter of some of the wrinkles, pores and fibers present in the nata de coco membrane.

Sample diameter Average
Fiber (nm) 59 44 56 50 52 58 53.1745.67
Pore (nm) 57 35 46 68 40 65 51.83+13.56
Wrinkle (um) 0.9 1.2 2 25 2.9 4.0 2.25%1.14

The fibers diameters and the pores sizes obtained in this work are in agreement with other BC in
literature [45][46]. However, due to the heavy pressing of the nata de coco to turn it into a very thin membrane,
the fibers diameters are larger and the pores smaller than their original size. The BNC membrane XRD, FTIR
and AFM results displayed a high purity and low roughness (Annexes-Figure 6.5, Figure 6.6 and Figure 6.7).

3.3 Screen printing of the interdigitated electrodes

The interdigitated electrodes were produced on the nata de coco membrane surface to serve as a fast
conduit of the applied voltage that uses the sensing material as a bridge to connect both sides. A CRSN2442
nanoparticle conductive silver ink was used, because of its excellent conductivity, good permeation on the
membrane and facile deposition with screen printing (due to its viscosity and excellent results with a minimal
annealing time of 5-10 min at 105 °C). The screen-printing method was used due to being low cost, very
compatible with cellulose, fast and easy to do. Figure 3.11 shows the IDEs produced on the membrane surface.
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Figure 3.11 — Materials and method used to fabricate the IDEs on the membrane surface and the resulting product.

The IDEs were printed on PET and BNC, to compare the BNC membrane with a widely used substrate.
AFM (Figure 6.7 in the Annexes) and SEM analysis were performed on the interdigitated electrodes to observe
how its morphology would change when printed on different surfaces. The results are shown on Figure 3.12.
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Figure 3.12 — Optical stereo microscope and SEM images of the IDEs and their respective finger electrodes printed on
both BNC and PET substrates.

The PET (first row) and BNC (second row) images in Figure 3.12 were obtain by a Optical stereo
microscope Leica M80 and by SEM. In the optical microscope images, a more define printing pattern can be
seen on the BNC, with an overall better resolution and resistance to damage by the multimeter tips. The images
on the second and third collumn show a reacuring pattern on the finger electrodes of both substrates, composed
of small circles and being more define in the BNC. Also, its possible to observe that the BNC has more finger
electrodes with different sizes, due to the ink permeation on the membrane, caused by its superior absorption
capacity and porosity, which causes the spreading of the ink to vary more before drying. The measurements
of the BNC conductive finger eletroctrodes dimensions were made with the ImageJ software and presented an
average width of 0.51 mm, a length of 7.14 mm and a distance between each finger electrode of 0.26 mm.

A folding test was applied to both substrates to see how the resistance values of the finger electrodes
would vary when submitted to various foldings cycles, but also to enable a direct comparison of the stability
and flexibility of both substrates. They were then submitted to 250 inward (+180°) and 250 outward (-180°)
folding cycles. After the folding test, they were folded inward to have a better view of their interdigitated
electrodes and were placed side by side on a glass surface. Figure 3.13 shows the structural state of both
substrates after a fast initial structural recovery (left image) and after 24 hours (right image).
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Figure 3.13 — Folding test damage on the structural state of the BNC and PET substrates before and after 24 hours.

Immediately after the test, PET recovered most of its initial form, while the BNC did not. This is due to
their difference in flexibility and as mentioned before, the BNC membrane is very thin and possesses no
elasticity to traction due to its very dry fibers. However it can be crumpled and put back together with ease,
can be folded as many times as possible by the amount of force applied and has excellent flexibility. These
characteristics are shared with all celullose based materials to a certain extent. Its possible to see that, after 24
hours the BCN recovered almost double of what it did before, while PET showed little change.

Table 3.2 — BNC and PET electrical resistances throughout the folding test.

Folding Cycles ‘ 0 50 100 150 200 250 300 350 400 450

BNC (Q) 05 1 13 16 18 21 25 26 29 30 31
PET (Q) 11 7 13 17 20 24 36 47 69 97 137

A 1 cm? conductive silver ink square was printed on both substrates and measured with a four point
probe to have an accurate measure of the ink electrical resistance. The BNC and PET values were 0.054 Q/sq
and 0.079 Q/sq, respectively. However, due to the small finger electrodes sizes, their electrical resistances had
to be measured wth a multimeter during the folding test. The two tips were place at the extremities of the finger
and the resistance was measured in the same place with the same tip interval distance. During the folding test
500 cycles were performed in total to both substrates and altought they started with similar initial resistances,
it is possible to see on Table 3.2 that the PET resistance increased much more during the first 250 cycles
(+180°) when compared to the BNC that had almost no change. In the last 250 cycles (-180°) which causes the
most damage, the electrical resistance on PET increased dramatically, while the BNC maintained an linear
increase. Also, due to the very low mechanical resistance of the BNC to folding (it folded very easily), a greater
pressure had to be applied for an increase in electrical resistance to take place, when compared to PET.
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Figure 3.14 - SEM images of the finger electrodes appearance on both PET and BNC substrates after the folding test.
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After the folding test, fractures and peeling of the ink appeared on both substrates (Figure 3.14), which
were more severe on the BNC, due to the extra pressure applied. Nevertheless it showed better results, due to
the permeation of the ink on the membrane, allowing it not only to conduct on the surface, but also beneath it
through the fibers, which helped maintained its original electrical resistance value more successfully than PET.

3.4 Coating of the tissue paper with AgNWs

The AgNWs coating of the tissue paper was achieved with two different methods, spray and dip coating.
The OS was only achieved during the experimentation of the dip coating method and while it succeeded in
coating the tissue paper with a network of AgNWs by using both methods, the SS solution didn’t, needing
some extra steps to do it. Nonetheless, the deposition of the AGQNWSs on the paper was successfully optimized
for spray and dip coating on both syntheses. The paper types used for coating are on the Annexes - Table 6.4.

3.4.1 Spray coating

The first method tested was the spray coating and the paper used was Whatman grade 2. The paper was
placed on a hot plate covered by aluminium foil at 90-100 °C, secured with Kapton tape. The SS solution was
diluted in IPA and placed inside a vial connected to the airbrush. The N pressure was adjusted and a fixed
height for deposition established (1 bar and 5 cm). Figure 3.15 shows the spray coating process.

Figure 3.15 — 5 ml of AgNWs diluted in 10 ml of IPA (a) airbrush XL2000, (b) no solution sprayed, (c) half flask (7.5
ml sprayed), (d) full flask (15 ml sprayed).

The coffee ring effect was the first problem to appear and was caused by excessive N, pressure and
insufficient height (1 bar and 5 cm), which resulted in more AgNWs to be deposited away from the center.
The paper became very quickly saturated due to the high flow of solution and the lack of time for the solvent
(IPA) to evaporate. This could not be corrected with more quantity or different solution concentrations and
presented a critical problem for the overall electrical resistance of the paper. So, an optimisation of pressure
and height during deposition was required. The results after the optimisation can be seen on Figure 3.16

Figure 3.16 — 15 ml sprayed. (a) 1 ml of AgNWs diluted in 14 ml of IPA, (b) 3 ml of AgNWs diluted in 12 ml of IPA.
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The coffee ring effect was successfully minimised by changing the height and pressure to 10 cm and 0.5
bar, however, the lower pressure and increased height also resulted in the deposition process becoming more
difficult to control and lasting longer. The solution concentration was also changed to demonstrate that despite
a lower concentration, better results could be achieved with a more correct deposition process. However,
despite many attempts only one solution of the SS had enough quality to coat the paper with the AgNWs and
make it conductive enough to be used, its results can be seen on Figure 3.17. The paper achieved an electrical
conduction of 743-1382 Q/sq in the center and 88-399 Q/sq in the perimeter with 3 ml, but it also coated many
nanoparticles and PVP remains. This turned the process of achieving a desired electrical resistance very
difficult and since the solution could not be reproduced, this experimentation and its results served only as an
example, to show that, with a proper solution and deposition process, the paper can be made conductive.

Figure 3.17 — SEM images in different magnifications of the Paper Whatman grade 2 spray coated with 3 ml of the
conductive SS solution diluted in 12 ml of IPA.

The OS solution was able to make the paper Whatman conduct with only 1-1.5 ml, but the different
resistance values across the paper persisted and it was still a time-consuming process. This could be corrected
by using a spray coating unit, which achieves better and more stable results, since the problems originate by
lack of control and human error. However, it will still take considerable time to coat the paper. Laser welding
was applied on the paper to correct some of the problems and decrease the amount of solution used, but wasn’t
successful (see Annexes Figures 6.1-6.2). So, the spray coating method wasn’t used in the sensor production.

3.4.2 Dip coating

Kimberly and Tork papers, were chosen for the dip coating process, since they displayed better results
than the other two tested papers (Whatman and Korean paper) in preliminary tests. They were easier and faster
to coat, and had a more uniform electrical resistance, which is mainly due to their smaller thickness. For this
method the paper chosen is just submerged in an AgNWs solution and then dried on top of a hot plate. This is
repeated multiple times to achieve a desired electrical resistance with less value variation across the paper.

Figure 3.18 — The dip coating process on the paper Tork and its appearance with the AgNWs before and after annealing.

Figure 3.18 above shows the dip coating process done on a paper Tork. The paper stays completely
submerged and still for 30 seconds to soak the solution and let the AgNWs bond to the fibers. Then, the paper
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is slowly pulled to let the unabsorbed solution fall to better control the gained electrical resistance in each
cycle, then its placed on the hot plate for 5 min at a temperature between 90-100 °C to evaporate the solvent
and unify the nanowires to the fibers. After the paper is completely dried, the electrical resistance is measured
with a multimeter and if its value is adequate, the electrical resistance is then measured more accurately with
a 4-point probe. This process is repeated until a desired electrical resistance is achieved. Usually 1-1.5 ml of
solution is enough to dip coat the paper 4 to 10 times. The results of this process can be seen on Figure 3.19.

u] W ’ l ' ‘ l ‘ ‘Kimberly
i g . l . . ' ‘ . ‘Tork

0 1 2 3 4 5 10 Cycles

Figure 3.19 — Physical appearance of both Kimberly and Tork papers (already dry) throughout 10 dip coating cycles.

Kimberly and Tork papers were dip coated 0 to 10 times (cycles) and by analysing the results, it was
possible to see that, after 3 cycles the Kimberly paper was fully covered with AgNWs, with very small empty
spaces. Paper Tork achieved full coverage around 4-5 cycles, however, the Kimberly paper coverage changed
with each sample, maintaining very small zones with low AgNWs density until 10 cycles. Once high
concentrated areas of AgNWs start to form, they will attract even more nanowires, leading to the creation of
high and low density areas. This effect can be observed in the SEM images of Figure 3.20. The 5 cycles on the
Kimberly paper is an exception and may be due to a slight variation on the dip coating process during the
sample preparation. Sample resistivity (p), resistance (R), sheet resistance (Rs), length (L), width (W),
thickness (t), current applied (I) and voltage recorded (V).

Rg = f = 4.532; equation (3.4)
R= RS% equation (3.5)

The paper Tork voltage was measured with a 4-point probe, by applying a small current and its sheet
resistance was determined with the equation (3.4) [47]. The Kimberly paper could only be measured with the
use of a multimeter (the 4-point probe couldn’t detect any values) and its respective sheet resistance was
determined by using equation (3.5) [47]. Kimberly and Tork papers had a respective thickness of 65um and
90um. It was not possible to measure the electrical resistance for samples with less than 6 cycles, due to the
lower number of AgNWs present and the porosity of the paper itself. However, this does not mean they don’t
conduct, since the 4 and 5 cycles papers Tork were successfully used on the sensor and displayed good results.

Table 3.3 — Sheet resistance values of the 10 dip coating cycles done with the OS on both Tork and Kimberly paper.

Dip Coating Cycles 4 cycles 5 cycles 6 cycles 7 cycles 8 cycles 9cycles 10 cycles ‘
Paper Tork (kQ/sq) / / 26.08+7.33 13.19+4.35 2.84+1.67 1.28+0.77 0.87+0.65
Paper Kimberly (kQ/sq) / / / 925815996 445842143 22.99+16.95 6.35+3.04

Figure 3.20 shows 0,1,2, 4,5,6,8 and 10 cycles Tork papers with the OS solution. As the number of
cycles increases, so does the number of high concentrated areas, since the AgNWs tend to anchor to each other.
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Figure 3.20 — Hitachi Tabletop SEM (with a filter that highlights the contrast between the zones with high and low
AgNWs density) images of the paper Tork with 0,1,2,4,5,6,8 and 10 dip coating cycles with the OS AgNWs solution.

Although the paper appears to not be fully covered with NWs due to the filter, Figure 6.4 in the Annexes
shows SEM-FIB (no filter) and Hitachi Tabletop SEM (with the filter) images of the 10 cycles Kimberly paper
fully covered with the OS AgNWs, exhibiting an electrical resistance of 6.35+3.04 k€/sq. To conclude, the
dip coating presented better results than the spray coating, with the paper Tork also being the best to use.

3.5 Pressure sensor performance

The AgNWs paper Tork was placed in the middle of the printed interdigitated electrodes and
encapsulated with a BNC membrane (see Figure 3.21). The sensor was then submitted to 3 tests to measure its
overall performance. The first test was done to see if the sensor was able to translate a specific stimulus into a
current-time plot and to measure the response and recovery time of the sensor to various pressures and pressure
durations, applied by a human finger. The second test was to observe if the sensor had enough stability to
produce quality results for an adequate amount of time, by having a machine applying the same pressure over
a certain number of times and see if the current produced remained the same. The third test served to measure
the sensor sensitivity, defined as the slope of the output characteristic curve, which translates to how much
output change the sensor provides between two pressures and its value was determined by using equation (1.1).

Figure 3.21 — (a) sensor not encapsulated with the BNC membrane. View of the encapsulated sensor from the front (c,d)
and back (b,e). (b-c) in natural light with copper strips attached, (d-e) without copper strips in artificial white light.
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All the following results are of the sensor with the Paper Tork, due to showing the best performance in
preliminary tests. The 4, 5 and 6 dip coating cycles displayed the best results in preliminary tests so the different
effects of these three on the sensor parameters were analysed and compared. A potentiometer was placed in
series with the sensor to function as an auxiliary resistance, in order to help measure the current that passes
through the sensor, to stabilise the signal and reduce the noise measured by the Tektronix TBS 1000C series
digital oscilloscope. To reduce the noise during measurements even more and to have a clearer signal during
low pressure measurements, 2 V were applied from a KEYSIGHT 33500B series waveform generator.
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Figure 3.22 — Current-time plots of different pressures and pressure durations applied by a finger (so the pressure values
couldn’t be measured) to the paper Tork sensor (0.7x0.5 cm) with 5 dip coating cycles and the potentiometer at 571 Q.

The test results of the 5 dip coating cycles sensor displayed on Figure 3.22, shows that it was capable of
translating the different pressures and pressure durations applied by a finger (pressure can't be measured), into
a current-time plot and differentiate between them (the higher the applied pressure, the higher the current).
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Figure 3.23 — Response and recovery times of a fast-medium pressure (images on the first row) and a prolonged heavy
pressure (images on the second row) applied by a finger on the paper Tork with 5 dip coating cycles.
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The results of Figure 3.23 show that the response and recovery time of the sensor with the 5 dip coating
cycles paper Tork, were as low as 6.4 ms and 10.4 ms for a fast-medium pressure, which can be considered
very fast when compared to other paper based sensors in literature [29] and very similar to other piezoresistive
sensors with different components [35][36]. However, when a prolonged (long duration) heavy pressure was
applied, the values were very different, reaching a response and recovery time of 85.6-116 ms and 43.2 ms.
This was due to the slower pressing, but mainly due to the slower current rise near high pressure values, where
the sensor is reaching its compression limit and has connected almost all of the available AGNWSs. The sensor
structure was also more damaged in this situation, which increased the recovery time significantly.
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Figure 3.24 — Response and recovery times of the sensor with 4 and 6 dip coating cycles under different pressures and
pressure durations applied by a finger (so the pressure values couldn’t be measured) with the potentiometer at 571 Q.

In Figure 3.24, the sensor with the 4 dip coating cycles exhibited a similar overall performance to the 5
cycles, but surpassed it in the recovery time with 1.6 ms, due to the lack of vibration and additional touch by
the finger, which happened on the 5 cycles examples. However, a less conductive paper having a superior
response or recovery time doesn’t necessarily prove its actually faster. It’s important to remember that this test
was made by hand and its limited to the user speed and control, a more conductive paper will always be faster.
The first objective of this test was to observe if the sensor could translate the different applied stimulus, which
it did. The second objective was to obtain the response and recovery times of the sensor with the 4, 5 and 6
dip coated papers. Although, it was not possible to have a good comparison between the 4 and 5 dip coating
papers. The 6 cycles paper Tork, demonstrated a superior value in both response and recovery times, exhibiting
0.8-1.6 ms and 0.8 ms respectively, due to being more conductive and therefore, the current will travel faster.

Figure 3.25 — Machine with Arduino Uno and setup used to perform the stability test to determine the sensor stability.
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In order to determine the sensor stability, the sensor was taped to the center of a piece of glass with used
Kapton tape, then it was placed between the two white supports seen in Figure 3.25 and by using the software
Arduino, the machine was programmed to hit the middle of the sensor 15000 times at a frequency of 1 Hz.
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Figure 3.26 — Stability test performed on the sensor with the 5 dip coating cycles paper Tork. Image (a) shows the
stability results of the full 15000 cycles test. (b) results of the sensor in its correct/initial position. (c) results of the
sensor, with the pressure applied in a different location, due to a change in the sensor position, caused by the machine
over a period of time. (d) results of the sensor under different pressures, at different times during the stability test.

The pressure of the impact done by the machine, could not be determined, since there weren’t any means
available at the time. The results were recorded with various time scales in the oscilloscope, to obtain an
accurate reading of small and large samples. On Figure 3.26, the first 360 cycles showed a stable current value,
however, at the 400 cycles, the current started to vary around a certain value until the 2760 cycles. At the 4680
cycles, the current value dropped by a significant number, the cause of this was the non-ideal setup used for
the test, which also affected the stability of the small initial current established before the test. The machine
could only be programmed to hit the target with specific speed not force and there was a small gap in thickness
between the glass and the two white supports, which resulted in the glass/sensor shaking with every hit. After
a certain number of hits, the glass started to change its position slightly and therefore, changing the location
where the machine hits the sensor, which resulted in different applied pressures and their respective currents.

Since the current values continued to decrease, the glass/sensor was placed in its original position around
the 10140 cycles. This procedure was done 2 more times, after every significant change in its position, until
the 13140 cycles mark. The return to its original position is displayed by the 3 peaks in current at 528-654s,
where the values are similar with the ones around 1-360 cycles. At the same time a slightly higher initial
pressure was applied at 614s, this increased the initial current value and made it more stable, without returning
it to 0 mA every time the machine touched the sensor. Once again, the sensor was placed in its original position
at 14280 cycles and the glass was strongly held in place during the current values recording. This is showcase
by the fourth and last large current rise around the 689s mark. The glass was fixed in placed at 835s and the
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initial current was increased further. The current values during the 14520-15000 cycles were nearly the same
as the first 360 cycles, but less stable as expected. Although the conditions during the test were not ideal, the
objective to show that the sensor displays high stability at the end of 15000 cycles was achieved. Furthermore,
by analysing small and large samples of currents in Figure 3.26-(b-d), it shows that, even with different applied
pressures, they all displayed high stability. However, the results got worse as the number of cycles increased.
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Figure 3.27 — Sensitivity test done on two sensors with 4 dip coating cycles paper Tork, with the potentiometer at 577<Q.

In Figure 3.27, the sensitivity test was done on two sensors with 4 dip coating cycles paper Tork and the
potentiometer at 577 Q. The 4 cycles paper had the highest resistance, while still forming a conductive AgNWs
network. All the recorded pressures which were applied by a compression machine (so the pressure values
were known) and their respective currents during the tests are in Table 3.4. For the first sensor (sample 1), the
pressure was applied, its current value recorded and the sensor was return to its original state with only the
initial current present, produced by the encapsulation pressure and the glass weight (distributes the pressure
evenly), which is considered to be 0 kPa. The process was repeated for each applied pressure. For the second
sensor (sample 2) a different initial current and a wait time of 15 s between applied pressures were used, to
observe how the sensitivity would be affected. In both situations the sensor displayed good sensitivity values,
however, these tended to decreased as the pressure increased. This was due to the low number of AgNWs at
high pressures, which produces a lower Al for the same pressure increase and the voltage limitation caused by
the potentiometer having a different resistance from the sensor, leading to an unbalanced voltage distribution.

Table 3.4 — Comparison between the currents and their respective pressures of the 2 sensors with 4 dip coating cycles
paper Tork, with two different initial currents and the potentiometer at 577 Q, displayed in Figure 3.27.

Paper Tork (0.7x0.5 cm) 4 cycles with the potentiometer at 577 Q

Sensor Current(mA) 021 034 037 042 064 072 08 089 102 117 136 173 191 235
(sample1)  Pressure (kPa) 0 014 028 057 114 171 228 428 686 143 228 343 743 457
Sensor Current(mA) 009 034 037 042 062 071 077 08 100 109 121 134 154 178
(sample2)  Pressure (kPa) 0 014 028 057 114 143 171 257 428 857 143 20 286 40

The sensitivities for the different pressure ranges of sample 1 are 1.44 kPa* (0.14-1.14 kPa), 0.68 kPa-
1(1.14-2.28 kPa), 0.21 kPa* (2.28-6.86 kPa), 0.12 kPa* (6.86-34.28 kPa), 0.021 kPa* (34.28-74.28 kPa) and
0.005 kPa! (74.28-457 kPa). The current displayed a linear behaviour as the pressure increased in each range,
except between 6.86-34.28 kPa. This was probably due to a disequilibrium in the pressure applied or the
pressure hadn’t stabilised, when the current value was recorded. In this sample the pressure limit was also
tested and the sensor was able to reach a pressure of 457 kPa with a 2.35 mA of current. It’s important to note
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that although the 4 cycles paper sensor was able to reach that pressure, the sensitivity between 74.28-457 kPa
was very low, so the optimal pressure limit was considered 74.3 kPa with 1.91 mA of current. The sample 2
sensitivity values are 3.20 kPa! (0.14-1.71 kPa), 1.03 kPa! (1.71-4.28 kPa) and 0.25 kPa! (4.28-40 kPa). This
sample showed higher sensitivity values, due to its lower initial current of 0.09 mA and a more linear current
behaviour, because of the 15 s wait time that enabled the compression machine to stabilise the applied pressure.
The lowest and highest voltage detected on the oscilloscope of the 4 cycles paper Tork was 0.02V and 1.404V,
which corresponds to 3.47x10-°A and 2.4x10-3A, with an energy consumption of 6.94x10-°°W and 4.8x10°W.
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Figure 3.28 — (a) Sensitivity test done on the sensor with the 5 dip coating cycles paper Tork (0.7x0.5 cm) and the
potentiometer at 577 Q. (b) The compression/deformation of the sensor to the applied force during the test.

In Figure 3.28, the 5 cycles paper Tork sensor with the potentiometer at 577 Q, was placed on the
compression machine, with an initial current of 0.09 mA and a 0.01N/s of force applied. The sensitivity values
are 6.78 kPa! (0.031-2.28 kPa), 1.16 kPa* (2.28-12.57 kPa) and 0.12 kPa® (12.57-40 kPa). The maximum
optimal pressure was 40 kPa with 2.77 mA, which is lower than the 4 cycles, however, the sensitivity values
and the currents produced are higher, with the sensor being better at detecting small changes of pressure. The
deformation of the sensor (mostly of the paper Tork) to the applied force was also recorded, in order to obtain
an estimate of how much the sensor compresses with each force and its limit, which is around 0.242 mm.
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Figure 3.29 — Sensitivity tests done on the sensor. (a) On the 5 cycles paper Tork (0.7%0.5 cm), with the potentiometer
at 215 Q. (b) On the 5 cycles paper Tork (0.5x0.5 cm), with the potentiometer at 17.05 kQ.

The sensor with the 5 dip coating cycles paper Tork was tested with different potentiometer resistances,
to observe, how the current and sensitivity values would change, since at this time the resistance of the
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AgNWs-tissue papers was unknown. The pressure on both samples was applied by weights (see Figure 6.9 in
the Annexes). The results displayed in Figure 3.29-(a), were obtained while the potentiometer had a resistance
of 215 Q. The sensor displayed high sensitivity values at low pressures of 11.12 kPa! (0.031-0.252 kPa), 6.09
kPal (0.252-0.56 kPa), 3.57 kPa! (0.56-1.4 kPa), 1.73 kPa (1.4-2.8 kPa) and 0.58 kPa(2.8-5.6 kPa), which
means that in order to detect lower pressures with a better sensitivity, a low potentiometer/sensor (since the
potentiometer must match the sensor) resistance is desired. The lowest and highest voltage detected on the
oscilloscope were 0.088 V and 1.416 V, which corresponds to 4.09x10* A and 6.59x10-3 A, with an energy
consumption of 8.18x10* W and 1.32x10-2 W. The results of Figure 3.29-(b), showed the exact opposite, due
to a high potentiometer resistance of 17.05 kQ, the detectable initial current-voltage had a higher value than
the first sample (215 Q), which decreased the overall sensitivity values (the current-voltage-pressure values of
both samples are displayed in Table 6.2 and Figure 6.10 in the Annex). However, the detectable pressure range
was larger, with the highest recorded voltage being 2V, which is the value of the applied voltage on the sensor.
So, in order to detect higher pressures, a high potentiometer/sensor resistance is desired. The lowest and highest
voltage detected on the oscilloscope were 0.32 V and 2 V, which corresponds to 1.88x10° A and 1.17x10* A,
with an energy consumption of 3.75x10° W and 2.34x104W.
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Figure 3.30 — Sensitivity test done on two sensors with 6 dip coating cycles paper Tork and the potentiometer at 577 Q.

In Figure 3.30, the pressures applied on sample 1 were done by a compression machine (see Figure 6.10
in the Annexes) and on sample 2 by weights. The sensitivity values for sample 1 are 1.45 kPa™ (0.143-2.86
kPa), 0.13 kPa® (2.86-14.3 kPa), 0.08 kPa* (14.3-22.86 kPa) and 0.006 kPa? (22.86-85.7 kPa). The initial
current was 0.367 mA and the optimal pressure reached was 20 kPa with 2.78 mA of current. The values for
sample 2 are 12.05 kPa? (0.031-1.4 kPa), 4.29 kPa* (1.4-2.8 kPa), 1.59 kPa* (2.8-5.6 kPa) and 0.38 kPa* (5.6-
14 kPa). The initial current was 0.09 mA, which is lower than sample 1, increasing the sensitivity values
significantly and the optimal pressure reached was 14 kPa with 3.04 mA. By analysing the results displayed
on Table 6.3 in the Annexes, it can be observed that similar current values are present on both samples but
with different pressures. This might be due to a decrease in the contact area between the weights and the sensor,
which increased the applied pressure. However, the accurate current values for a given pressure are given by
sample 1, since the force was applied by a compression machine. The lowest and highest voltage detected on
the oscilloscope for the sensor with the 6 dip coating cycles paper Tork was 0.024 V and 1.748 V, which
corresponds to 4.16x10° A and 3.03x10 A, with an energy consumption of 8.32x10-°> W and 6.06x10°W.
Table 6.5 in the Annexes displays the sensitivity values of each sensor sample discussed in this section.
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Conclusion and Future Perspectives

The original objective of this work to develop a low-cost paper-based flexible and wearable pressure
sensor for health care by facile craft was achieved. All the components were produced successfully for a good
sensor performance, considering that no previous work to build a paper-based sensor was done besides the
AgNWs synthesis that had to be optimised. The AgNWs produced had 1-11 pm of length and 45-80 nm of
diameter, with a solution concentration of 0.75 mg/ml. The diffraction intensity ratio for the (111)/(200) planes
was 5.48 and 19.61 for the (111)/(220) planes. The XRD analysis and the UV-Vis absorption spectrum of the
OS solution showed that the AgNWSs produced were in accordance with the ones observed in literature.

The BNC membranes created from the nata de coco cubes, had a high cellulose purity percentage and
a crystalline index of 86%. Furthermore, the membranes displayed a UTS and fracture value of 126.36 MPa,
with a very low deformation of 0.298 mm during the tensile test, which corresponds to an 23.85% increase in
length of its original size and had a Young modulus of 693.46 MPa. The diameter values of both the fibers and
pores were respectively, 44-59 nm and 35-68 nm. The membrane also presented a 78.41 nm RMS roughness
(Sq) from a 100 um? scanning area and a 28.79 nm RMS roughness (Sq) from a 4 um? scanning area.

The IDEs printed on both the BNC and PET, had a resistance of 0.054 Q/sq and 0.079 Q/sq, respectively.
After 500 folding cycles, the electrical resistance on the BNC increased from 0.5 Q to 3.1 Q, while on PET it
increased from 1.1 Q to 137 Q. The IDEs on the BNC also had a 269.67 nm RMS roughness (Sq) from a 100
um? scanning area and a 35.63 nm RMS roughness (Sq) from a 4 um? scanning area.

Both spray and dip coating methods managed to coat the paper Tork successfully, with the OS exbiting
a connected AgNWs network capable of conduction. The method implemented in the sensor construction was
the dip coating method, however, better results could have been achieved by using a spray coating unit, turning
the process autonomous. Paper Tork displayed the best results and was able to be implemented in the sensor,
starting from 4 dip coating cycles, having a 26.08+7.33 kQ at 6 cycles and up to 0.87+0.65 kQ by 10 cycles.

For the sensor performance, the best response and recovery time, was achieved by using a paper Tork
with 6 dip coating cycles, which presented a 0.8-1.6 ms response time and a 0.8 ms recovery time, for low fast
pressures and 35.2 ms response time and a 16.8 ms recovery time for high prolonged pressures. In regards to
the sensor stability, by observing small and large samples of currents, that were produced by equal and different
applied pressures during the 15000 cycles of the stability test, it was possible to see that the sensor displayed
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high stability throughout the test. However, after 15000 cycles, the sensor showed less stability than when it
started, which is to be expected, but the values themselves did not changed significantly.

For the sensor sensitivity tests, papers Tork with 4, 5 and 6 dip coating cycles were used with various
initial currents, two methods in which to apply the pressure (compression machine and weights) and different
potentiometer resistances. The best achieved sensitivity values were 12.05 kPa* (0.031-1.4 kPa), 4.29 kPa
(1.4-2.8 kPa), 1.59 kPa (2.8-5.6 kPa) and 0.38 kPa* (5.6-14 kPa) with the 6 cycles paper Tork and 0.25 kPa-
1 (4.28-40 kPa) with the 4 cycles paper Tork. A sensor/potentiometer with a low electrical resistance, is better
in detecting low pressures, pressure changes and has better sensitivity values. A sensor/potentiometer with a
high electrical resistance, has a larger detectable pressure range (can detect very high pressures), but at the cost
of being worse in detecting low pressures and establishing a low initial current, which will result in lower
sensitivity values. So a trade-off must be made, between having a sensor with high sensivity and being able to
detect low pressures, or, having a larger detectable pressure range. The lowest and highest energy consumption
from all the sensitivity tests done on the sensor with the paper Tork were 3.75x10° W and 1.32x102W.

In conclusion all the proposed objectives were achieved successfully aside from the heart rate pressure
test, which can be done once the sensor is properly encapsulated, since a 31 Pa range is enough to detect it.
The production cost of the sensor, for the complete process, was estimated to be around 1.79-2.3 € and for the
production of only 1 sensor to be 0.37-0.91 €, which makes it a paper-based flexible and wearable pressure
sensor with low cost and of facile craft, with the use of only one expensive equipment. The AgNWSs synthesis
needs to be further optimised in order to produce larger and more NWs per synthesis, with lesser impurities
and other nanostructures in the solution. Other synthesis methods could also be considered, especially a simple
polyol synthesis, without the use of a microwave, which would turn the all process completely independent of
any high cost equipment (when compared to the others used) and decrease the investment cost for the sensor
fabrication, even further.

Testing how the automatic dip and spray coating process of the AgNWSs on the tissue paper would effect
its electrical resistance when compared to the manual process. Further experimentation with other types of
paper. The type of BNC used, worked perfectly for the sensor, however, larger nata de coco samples would
provide more margin for experimentation, with bigger IDEs being possible to print on its surface, which would
result in a bigger sensor and henceforth the compression machine could applied smaller pressures in the <500
Pa range with more sensitivity and less variation. The BNC membrane could also be experimented in terms of
its thickness and mechanical properties, for this, the freeze drying method should be tried and compared
directly with the dry vacuum method. The pressure applied by both the manual and hydraulic press should also
be adjusted, depending on the results of the drying methods used and in order to preserve the structural integrity
of the membrane to folding, its surface smoothness and uniform thickness throughout the membrane.

The mechanical test to the glued membranes also managed to display a potential problem of the sensor
when implemented on the skin, which is the absorption of sweat by the membrane, resulting in its expansion.
This however, can be minimised by coating the membrane with a hydrophobic substance, like a vegetable oil
or wax. The sensor can also be attached to the skin with enough pressure to limit its expansion during
absorption, without significantly raising its initial current value. A hydrophobic glue with a good compatibility
with the BNC membrane must also be found, to help in the sensor encapsulation. In regards to the sensor
performance, more tests should be done, in order to determine the best possible paper electrical resistance for
each specific detection range, to improve the sensor sensitivity. The use of a more elaborate and specific setup
for the pressure sensor tests would help in the accuracy of the results obtained. The setup should be composed
by a potentiostat, a compression machine with good sensitivity to low pressures and a computer. It should also
be able to record all the necessary values for the characterization of the sensor at the same time.
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Annexes

Disregarding the only conductive SS solution that managed to properly coat the paper. Spray coating
alone could not make the paper conduct with the SS solution and could take up to 1 hour, which is time
consuming and unnecessary, even with high concentrated solutions it would still not conduct. This is due to
various reasons, one of them is human error during spray deposition in which some areas would be more
covered in AgNWs, while leaving empty space on others. The other reason would be the high number of small
AgNWs present in the SS solution, which increases the probability of the wires not connecting with each other.
There is also the possibility that some of them are still coated with PVVP, which would affect their conductivity.

e

Figure 6.1 — Spray coating process on a glass substrate and measuring of its electrical resistance with a multimeter.

To know if the SS solution would be able to make a non-porous substrate conduct, a glass substrate was
used. The coffee ring effect was worse on glass than on the paper, which resulted in most AQNWs to deposit
away from the center. After measuring its resistance with a multimeter, it was confirmed that the problem was
with the paper substrate, more specifically with its porosity, since a non-porous material like glass could be
made conductive by using the same solution. So, in order to compensate for the porosity of the paper and to
make the paper conduct, while also decreasing the amount of solution used, laser welding was applied to the
paper to weld the junction sections between the AgNWs to improve conductivity. To do this process, a 4 cm?
tissue paper was spray coated with 3 ml of the SS solution and a matrix was created to test different powers
and velocities during laser welding. After various tests the laser beam with 5 Watts and 0.762 m/s, and 6.5
Watts with 1.016 m/s produced the best results, without damaging the paper fibers too much. However, the
paper structural integrity was still compromised and couldn’t be used for the sensor.
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Figure 6.2 — Laser welding of the paper Whatman coated with 3 ml of the AgNWSs solution produced with the SS. (a,d)
paper Whatman without welding; (b,e) welding with 5 watts and 0.762 m/s; (c,f) welding with 6.5 watts and 1.016 m/s.

The conductivity achieved on the paper Whatman with laser welding reached as low as 16 Q/sq, but at
the cost of burning the fibres compromising its structural integrity. This would be a good result if the objective
was to create a conductive paper, however for the sensor to work properly, the mechanical properties and
structure of the fibers needs to remain as unchanged as possible from their original state, in order to improve
the sensor performance. So, in the end this option was discarded.

Figure 6.3 - SEM images of the paper Tork coated with AgNWSs from an OS solution, each image shows the increase in
the NWs coverage with each dip coating cycle. The images correspond respectively to 4,6,8,10 cycles (left to right).

The images above correspond respectively to the 4,6,8,10 dip coating cycles on the paper Tork and show
a better perspective of how much the number of AgNWs increases throughout the paper with each cycle. Until
the 4 cycles mark is reach, there is little contrast change that can be detected. The most significant difference
happens between the 4 and 6 cycles where the amount of AgNWs increases exponentially, which is probably
due to the anchorage effect (the new NWs coated with each cycle will anchor to the existing ones already on
the paper). The amount of AgNWs continues to increase with each cycle and by 10 dip coating cycles, it
achieves full coverage, however, due to the filter used, the differences are barely noticeable, so it may appear
that the paper does not have full NW coverage. In order to have a better view the AgNWSs coverage, the SEM
images of the dip coated Kimberly paper can be seen on Figure 6.4 bellow. This paper has a higher porosity
than the Tork paper, it is also thinner, has less fiber density and still managed to achieve full coverage.
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Figure 6.4 — SEM images with the SEM-FIB (no filter) and Hitachi Tabletop SEM (filter that highlights the contrast
areas with high and low AgNWs density) of the Kimberly paper with 10 dip coating cycles, fully covered with AGNWs
of the OS, exhibiting a resistance of 6.35+3.04 kQ/sq.

Table 6.1 — Quantities and prices of the products, bought in bulk, used during the fabrication of the necessary
components to produce the sensor and to fabricate one sensor.

Products used to fabricate the pressure sensor and their prices

Products  AgNO:3 EG NaCl PVP Acetone IPA Methanol BNC Silver Ink Total
Product 343.44€ 1791€ 2190€  38.10€ 17,92 € 2165¢€ 26.80 € 200-300 € 184.00 € 870-072 €
Bought 0.1Kg 1L 1Kg 0.1Kg 5L 5L 1L 1Ton 2L
Product 0.31€ 031€ 1x10*€ 0.03 € 0.32€ 0.13€ 04¢€ 0.2-04€ 0.09-0.4 € 179-23¢€

Used 0.09g 175ml  0.005¢g 0.075¢ 100 ml 30ml 15 ml 2 cubes 1-4ml T
10 ml of purified AgNWs solution are able to coat 7 to 10 tissue papers and costs
Product for . 0.2-04€  0.09-04¢€
1.5 € so the cost to coat 1 tissue paper that can be cut and used on average for 2 0.37-0.91 €
1 sensor . . . 2 cubes 1-4 mi
sensors with 4 to 10 cycles which needs 1 to 1.5 ml is 0.08-0.11 €

9000

—— Nata de coco membrane

8000 (002)
22.7

7000
6000
5000

4000

Intensity (a.u.)

3000
2000

1000 ~

20 (degrees)
Figure 6.5 — XRD analysis of the nata de coco membrane, which exibits 3 characteristic peaks at 14.5°, 16.7° and 22.7°.
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The nata de coco XRD spectrum has 3 peaks at 14.5°, 16.7° and 22.7°, which are consistent with the
ones present in literature [46][48] and indicate the presence of both Ia and If crystal cellulose. These peaks
correspond respectively to the crystalline planes (101), (101) and (002) and although there are 3 distinguishable
peaks, the peaks at 16.7° and 14.5° convolute with each other. This might mean the presence of amorphous
substances, which were not removed during the cleaning process prior to use or were introduced to the nata de
coco surface during the membrane fabrication. The crystalline index (Crl) was determined using Segal's
equation [49], with a more detailed explanation of the process found at Rambo & Ferreira et al. (2015) [50].
The values were calculated without any baseline subtraction of the XRD spectrum, where (lam) is the minimal
intensity value of the amorphous region around 18° and (looz) is the maximum intensity value of the peak at
22.7° from the crystalline region. This resulted in a crystalline index of 86%, with the BNC presenting a very
high value when compared to other BC in literature [51][52].

Crl = 2eoZlam o 100 equation (6.1)
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Figure 6.6 — FTIR analysis of the transmittance and absorbance spectre of two nata de coco membrane samples.

The BNC membrane was submitted to an FTIR analysis to verify its purity and the presence of other
non-cellulose substances. The FTIR spectrum revealed 8 characteristic peaks of BC at 895 cm, 1029 cm?,
1106 cm?, 1160 cm?, 1313 cm, 1427 cm?, 2892 cm™ and 3348 cm™. According to literature [53] pure
cellulose has distinguished peaks around 3350 cm indicating O-H stretching, 2800-2900 cm* indicating C-H
stretching, 1400 cm indicating CH, bending, 1300 cm indicating C-H bending and 1160 cm indicating C-
O-C stretching. By comparing the peaks of the samples from this work with the ones from pure cellulose, it
proves that the BNC membranes created from the nata de coco cubes have a high cellulose purity percentage.
Furthermore, all the peaks in the FTIR spectrum of the samples analysed are present in other FTIR spectrums
of nata de coco found in literature [46][54].
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Figure 6.7 — AFM 3D morphological images of the membrane surface through the use of the Gwyddion software.

The 3D images above were generated with the Gwyddion software, by processing the data aquired
through AFM analysis which enables a more detailed view of the membrane morphology and allows the
determination of its rugosity. The images of the membrane displayed on Figure 6.7 have a 78.41 nm RMS
roughness (Sq) from a 100 um? scanning area and a 28.79 nm RMS roughness (Sq) from a 4 um? scanning

area. These values are within the range of results of other BC in literature [55][56].
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Figure 6.8 - AFM 3D morphological images of the finger electrodes surface through the use of the Gwyddion software.

Figure 6.8 above displays the AFM analysis results of the finger electrodes surface. Their surface has a
269.67 nm RMS roughness (Sq) value from a 100 um? scanning area and a, 37.70 nm and 35.63 nm RMS

roughness (Sq) value from a 4 um? scanning area.

37



Figure 6.9 — Setup (sensor, probes and the KEYSIGHT 33500B series waveform generator) with the weights used
during the sensitivity tests to apply specific pressures on the sensor.

Figure 6.10 — Compression machine applying pressure on the glass on top of the sensor, while the probes apply the
voltage supplied by the KEYSIGHT 33500B series waveform generator, to the interdigitated electrodes pads.

Table 6.2 - Comparison between the currents and their respective pressures of one 5 dip coating cycles paper Tork
sample (0.7x0.5 cm), with the potentiometer at 215 €, to another 5 dip coating cycles paper Tork sample (0.5x0.5 cm),
with the potentiometer at 17.05 kQ. Their sensitivity plots are displayed in Figure 3.29

Paper Tork with 5 dip coating cycles with the potentiometer at 215 Q and 17.05 kQ

Sample with Current (mA) 0.45 1.04 2.14 2.98 4.32 5.40 6.12 / / /
2150 Pressure (kPa) 0 0.031 0.252 0.56 14 2.8 5.6 / / /
Sample with Current (mA) 0.019 0.024 0.040 0.054 0.068 0.077 0.088 0.097 0.103 0.110
17.05 kQ Pressure (kPa) 0 0.392 0.784 1.96 3.92 7.84 19.6 39.2 78.4 196
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Figure 6.11 - Current-Voltage-Pressure plot of the 5 dip coating cycles paper Tork (0.5%0.5 cm) with the potentiometer
at 17.05 kQ, with the respective sensitivity results displayed on Figure 3.29 and the exact values on Table 6.2.

Table 6.3 - Comparison between the currents and their respective pressures of the two sensors (sample 1 and sample 2)
with 6 dip coating cycles paper Tork, with two different initial currents and the potentiometer at 577 Q. Their
sensitivity results are displayed in Figure 3.30

Paper Tork (0.7x0.5 cm) 6 cycles with the potentiometer at 577 Q

Current(mA)  0.367 051 069 080 098 116 128 146 179 221 236 260 278 299
Samplel o ure(kPa) 0 014 028 043 057 086 114 171 228 571 857 143 20 857

Current(mA) 009 033 052 099 180 234 274 304 [/ [ | 1 [ I
Sample2 o ure(kPa) 0 0031 025 056 14 28 56 14 | / / / / /

Table 6.4 — Paper types used for the dip and spray coating method during the tissue paper coating process.

Paper Types
Whatman Grade 2

Paper from Korea

Tork Kimberly-Clarke

Table 6.5 — Sensitivity values of each sensor sample tested in the sensitivity tests.

Sensitivity values of the sensor samples ‘

4 cycles 1.44 kPa! 0.68 kPa 0.21 kPa 0.12 kPa-* 0.021 kPa 0.005 kPa*
sample 1 0.14-1.14 kPa 1.14-2.28 kPa 2.28-6.86 kPa 6.86-34.28 kPa’ 34.28-74.28 kPa 74.28-457 kPa
( ple 1) k k k k k k

4 cycles 3.20 kPa* 1.03 kPa’ 0.25 kPa™* / / /
(sample 2) (0.14-1.71 kPa) (1.71-4.28 kPa) (4.28-40 kPa)

5 cycles 6.78 kPa 1.16 kPa! 0.12 kPa™* / / /

(577 Q) (0.031-2.28 kPa) | (2.28-12.57 kPa) (12.57-40 kPa)

5 cycles 11.12 kPa! 6.09 kPa’ 3.57 kPa' 1.73 kPa? 0.58 kPa® /

215Q) (0.031-0.252 kPa) | (0.252-0.56 kPa) (0.56-1.4 kPa) (1.4-2.8 kPa) (2.8-5.6 kPa)

5 cycles 2.23 kPa! 0.45 kPal 0.13 kPal 0.05 kPa 0.02 kPat 0.004 kPa*
(17.05kQ) | (0.392-0.784kPa) | (0.784-3.92 kPa) (3.92-7.84 kPa) (7.84-19.6 kPa) (19.6-39.2 kPa) (39.2-196 kPa)

6 cycles 1.45 kPa! 0.13 kPa 0.08 kPat 0.006 kPa* / /
(sample 1) (0.143-2.86 kPa) (2.86-14.3kPa) | (14.3-22.86kPa) | (22.86-85.7 kPa)

6 cycles 12.05 kPa! 4.29 kPa* 1.59 kPa* 0.38 kPa™* / /
(sample 2) (0.031-1.4 kPa) (1.4-2.8 kPa) (2.8-5.6 kPa) (5.6- 14 kPa)
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Figure 6.12 — High qualrty SEM |mages of the 0S solutron used to measure the AgNWs drmensrons (a) AgNWs after
the first purification (acetone decantation); (b) AgNWs after the final purification (acetone and IPA decantation).

On Figure 6.12 — (a) 76 AgNWSs were measured with the ImageJ software and they had a length between
1-11 um, with an average value of 6.42+2.20 um and on Figure 6.12 — (b) 80 AgNWs were measured and had
a length between 1-11 pm, with an average value of 6.38+1.54 pm. The more purifications done on the solution
the higher the risk of NW fractures, which will decrease their length.
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