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Abstract 

With the emergence of the Internet and rapid development of science and 

technology over the past few decades, many individuals worldwide now 

rely on the Internet to conduct daily activities ranging from education, 

business and creativity to communication and shopping. As we tend to 

spend more and more time on the Internet and engage less in physical 

activities, this persistent behaviour could result in some health-related 

issues within a relatively short period of time. This behaviour, known as 

sedentary lifestyle, may be related to a higher risk of cardiovascular 

disease, osteoporosis, obesity, anxiety, pressure ulcers and many other 

illnesses. As a consequence, there has been great interest in developing 

non-invasive and unobtrusive measurement techniques for a variety of 

health care-monitoring applications, such as for blood oxygen saturation, 

stress levels, electrocardiograms and glucose monitoring. In such systems, 

wearable and flexible electronics technologies may enable monitoring of 

vital signs, offering significant potential for early screening as well as 

long-term behaviour modelling. 

In this thesis, large area pressure sensors based on non-conventional 

materials are proposed and realised by screen printing technique for 

monitoring sitting postures. The developed pressure sensing system 

measures distributed pressure when an individual sits on a chair 

equipped with a pressure sensor array. This technology could provide 

grounding for the advancement of health-related monitoring systems for 

both able-bodied and disabled individuals and inform them of their sitting 

time and sitting posture, and this could be used to establish a sitting 

pattern. To accomplish this, pressure sensors have been designed using 

non-conventional flexible electronics. A blend of non-conductive and low-

resistance ink is used as pressure-sensitive material to enable the 

realization of screen-printed sensors. To characterise the performance of 

the suggested pressure sensor, several tests, such as repeatability, drift 

and flexibility, are conducted. The sensor has also been exposed to 

different humidity and temperature conditions in a climate chamber to 

examine its functionalities.  
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A graphical user interface was developed for real-time demonstration 

of data from distributed pressure points in the form of a pressure map to 

display the pressure values. Four sitting postures are identified: forward, 

backward, left, and right leaning. Furthermore, a stretchable pressure 

sensor is proposed that could follow slight stretching with regard to 

changes in the shape of the human skin. Machine learning algorithms 

have been employed to further enhance the sitting posture identification, 

and accuracy of 99.03% is attained. A standalone embedded system 

capable of illustrating real-time pressure data has been developed with 

the potential to be used in portable health monitoring systems. In 

summary, this work provides a promising framework for measuring 

pressure distribution and identifying irregular sitting postures that may 

help to reduce the potential risks of developing health-related issues 

associated with prolonged sitting time. 
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Sammanfattning 

Med framväxten av Internet och den snabba utvecklingen av 

vetenskap och teknik under de senaste decennierna, förlitar sig många 

individer över hela världen på Internet för att utföra dagliga aktiviteter, 

allt från utbildning, affärer och kreativitet till kommunikation och 

shopping. Eftersom vi tenderar att spendera mer och mer tid på Internet 

och ägna oss mindre åt fysiska aktiviteter, kan detta ihållande beteende 

leda till vissa hälsorelaterade problem inom en relativt kort tidsperiod. 

Detta beteende, känt som en stillasittande livsstil, kan vara relaterat till en 

högre risk för hjärt-kärlsjukdom, osteoporos, fetma, ångest, trycksår och 

många andra sjukdomar. Som en följd av detta har det funnits ett stort 

intresse för att utveckla icke-invasiva och diskreta mättekniker för en 

mängd olika vårdövervakningstillämpningar, såsom för syremättnad i 

blodet, stressnivåer, elektrokardiogram och glukos. I sådana system kan 

bärbar och tryckt elektronikteknik möjliggöra övervakning av vitala 

tecken, vilket erbjuder betydande potential för tidig screening såväl som 

långsiktig beteendemodellering. 

I detta examensarbete föreslås trycksensorsystem för stora ytor 

baserade på icke-konventionella material och realiseras med 

screentryckteknik för övervakning av sittställningar. Det utvecklade 

tryckavkänningssystemet mäter fördelat tryck när en individ sitter på en 

stol utrustad med en trycksensoruppsättning. Denna teknik skulle kunna 

ge grund för utvecklingen av hälsorelaterade övervakningssystem för 

både arbetsföra och funktionshindrade individer och informera dem om 

deras sitt-tid och sitt-läge, vilket kan användas för att upprätta ett 

sittmönster. För att åstadkomma detta har trycksensorer designats med 

användning av icke-konventionella tillverkningstekniker. En blandning 

av icke-ledande bläck med låg resistans används som tryckkänsligt 

material för att möjliggöra realisering av screentryckta sensorer. För att 

karakterisera prestandan hos den föreslagna trycksensorn genomförs flera 

tester, såsom repeterbarhet, drift och flexibilitet. Sensorn har också utsatts 

för olika fukt- och temperaturförhållanden i en klimatkammare för att 

undersöka dess funktionalitet. 
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Ett grafiskt användargränssnitt utvecklades för realtidsdemonstration 

av data från distribuerade tryckpunkter i form av en tryckkarta för att visa 

tryckvärdena. Fyra sittställningar identifieras: framåt, bakåt, vänster och 

högerlutad. Vidare föreslås en töjbar trycksensor som kan följa lätt 

sträckning med hänsyn till förändringar i formen på den mänskliga huden. 

Maskininlärningsalgoritmer har använts för att ytterligare förbättra 

identifieringen av sittställningen och en noggrannhet på 99,03 % uppnås. 

Ett fristående inbäddat system som kan illustrera tryckdata i realtid har 

utvecklats med potential att användas i bärbara hälsoövervakningssystem. 

Sammanfattningsvis detta arbete skulle därför kunna ge ett lovande 

ramverk för att mäta tryckfördelning och identifiera oregelbundna 

sittställningar som kan bidra till att minska de potentiella riskerna för att 

utveckla hälsorelaterade problem i samband med förlängd sitt-tid. 
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1 Introduction 

Miniaturized sensors have attracted extraordinary attention due to 

their unprecedented and versatile applications. Pressure and strain 

sensors, among others, are used in food and agriculture industries, 

medicine, energy, environmental monitoring and other areas. Various 

types of pressure sensors have been used to sense pressure or some other 

significant parameter, such as force, power etc., due to their broad 

applications in consumer electronic devices. Equally important, since the 

emergence of the Internet of Things (IoTs), is that continuous and 

uninterrupted monitoring has become more accessible, aimed at 

providing ubiquitous information systems. It is expected that by 2025 

more than 25 billion devices will be connected to the Internet via IoTs [1]. 

Moreover, diagnostic and therapeutic services based on sensor and nano-

sensor components play vital roles in improving the standard of living. 

Sensitivity and selectivity, along with power consumption, are the criteria 

that indicate the efficiency and functionalities of sensors. Repeatability is 

a challenge that needs to be addressed to improve the performance of 

sensors and promote their utilization in quotidian activities as 

multifunctional devices that can contribute to remarkable improvements 

in people’s standard of living.  

Since the introduction of portable electronic devices, most have been 

developed on rigid electrode sensors, whose primary functions are to 

monitor health-related activities as well as bio-impedance measurements. 

At the same time, their lack of a high degree of flexibility and transparency 

have hindered their widespread applications. However, the incorporation 

of plasticity into electronic devices has substantially expanded both their 

applications and functionalities in flexible and wearable electronic devices. 

The ever-changing technology has revolutionized the world and the 

way we work, think and interact. In fact, the majority of everyday routines 

are associated with and conducted through the use of the Internet, and 

this trend has contributed to a specific way of living called sedentary 

lifestyle. Consequently, much of the world’s population has potentially 

been exposed to various diseases, such as obesity, cardiovascular disease, 

diabetes, cancer [2] and many more due to extended periods of inactivity, 

specifically in individuals with reduced mobility, such as wheelchair users. 
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The exceptional advantage of flexible and wearable electronics is their 

facile interaction with the human body [3]. They can be mounted to 

monitor health-related activities such as heart rhythm and electrical 

activity, body temperature, blood pressure and other health-related 

conditions unceasingly. The integrated sensor platform needs to be 

ultrathin, lightweight, flexible and stretchable to be used for such 

applications. Consequently, to address the ever-growing issue of 

sedentary lifestyle, researchers in recent years have extensively explored 

novel approaches that could inform individuals of their sitting postures 

and sitting time. One of the most effective strategies is to use flexible 

electronics technology that offers non-invasive and unobtrusive 

measurement methods.  

In this thesis, large-area pressure sensors are developed using a 

screen-printing technique and non-conventional materials. The proposed 

sensor matrix comprises flexible substrates and functional inks. 

Experimental results demonstrate that the sensor array can be embedded 

into a seat cushion, providing the distributed pressure as a pressure map. 

Furthermore, the sensor measurements do not cause any discomfort to the 

users. The large-area sensors are employed to construct pressure 

monitoring systems that can assist in detecting the sitting posture of a 

seated person. The established sensing system is capable of identifying 

four sitting postures: forward, backward, right and left leaning, with a 

recognition accuracy of over 80%. To further enhance the posture 

identification accuracy of the proposed pressure-sensing system, machine 

learning techniques were used, which improved the efficiency up to 

99.03%. 

1.1 Problem statement 

There has been growing interest in developing flexible force and 

pressure sensors for a wide range of applications from shopping and 

entertainment to health care monitoring and the automotive industry. The 

working mechanism of pressure sensors can be categorized into 

piezoresistive, piezoelectrical and capacitive. Some characteristics 

including high flexibility, fast response time and high sensitivity range, 

are parameters of prime importance that define the performance of a 

pressure sensor. Equally important, are the properties of the materials 
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used in pressure sensors to achieve the desired output response. They 

include, but are not limited to polydimethylsiloxane (PDMS) [4,5], 

carbon nanotube (CNT) [6] and Poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate) [7]. However, there are 

several challenges, including identifying suitable functional materials in 

terms of cost-effectiveness, large-scale integration, unobtrusiveness and 

stretchability, of pressure sensing-based systems. 

The information on the pressure distribution of a seated individual is 

crucial to preventing discomfort, specifically pressure sores, resulting 

from prolonged and improper sitting [8]. The inconvenience is severe in a 

particular group of individuals who have lost sensation in the body part 

due to spinal cord injuries, partial paralysis or other physical impairment 

[9]. This category of people cannot get a feeling of movement because of 

the lack of sensation and are therefore unable to change their sitting or 

lying positions. Therefore, this type of individual has a higher risk of 

developing pressure sores. Pressure is the force applied to the contact 

surface of an object per unit area and can be described as P = F/A, and is 

measured in kilopascal (kPa). For the human body, pressure is related to 

body weight over the surface of the skin and can contribute to an 

exacerbation of skin tissue damages if a person is constantly sitting in a 

specific position [10]. The human skin has three layers: epidermis, dermis 

and subcutis. Subcutis tissues and muscles are more susceptible to 

pressure sores, and the risk of an internal wound is higher than that which 

appears on the skin. All three layers are composed of different skin tissues 

and muscles. The measurement of pressure at a specific point is related to 

body weight and the stiffness and composition of skin tissues.  

Pressure ulcers are defined as damage to the skin as well as the 

underlying tissues and affect the quality of life of many individuals, 

particularly wheelchair users [11,12]. The vessels receive less blood and 

oxygen, which adversely affects the skin tissues. A number of 

environmental factors, such as humidity, temperature and cleanliness, can 

be attributed to triggering the deformation of skin tissues. Constant 

pressure over a long period of time restricts blood flow in the skin 

capillaries (ischemia), which can induce pressure ulcers and lead to 

localized and deep tissue pressure injury (DTPI) [13]. The tolerance of 

pressure varies for individuals; however, it is suggested that pressure 

exceeding 32 mm Hg may cause occlusion in blood vessels [14]. 
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In wheelchair users, pressure ulcer most commonly appears around 

ischial tuberosities, the calcanea and at the back of the knees [15], though 

they may also occur in other areas of skin due to lack of mobility, moisture, 

friction and shear. Most pressure ulcer patients not only suffer from pain 

but the treatment is also a time-consuming and costly procedure and 

sometimes requires plastic surgery and a skin flap. Early-stage diagnosis 

of pressure sores is thus recommended as it helps in treatment and 

recovery; late diagnosis may result in a complicated treatment process. It 

is suggested that the pressure distribution of a seated individual be 

monitored for a specific time period in order to develop prevention and 

rehabilitation plans [16,17].  

To obtain an overview of an individual’s preliminary sitting habits 

and the pressure distribution data, pressure sensors have to measure the 

pressure over a certain area. For this purpose, a lightweight and thin large-

area pressure sensor is proposed that can measure pressure over 

distributed points of the whole sitting area, recognizing movements and 

determining the centre of balance. The data can be processed to show the 

real-time pressure distribution intensity in the form of a pressure map 

associated with sitting posture recognition. The data can be stored and 

processed through a post-processing unit, to be used by a healthcare 

professional or therapist for developing prevention measures or recovery 

strategies. 

1.2 Research objective 

The research studies contribute to addressing the need to develop a 

flexible and stretchable pressure sensor with facile manufacturing and 

potential for IoT connectivity, particularly for sitting posture monitoring, 

and medical and health care applications. The following activities should 

be carried out in order to reach the performance of commercially available 

sensors. 

1. To evaluate functional materials with suitable electrical, and

mechanical properties for use in flexible sensor development

and large-area electronics.

2. To identify a near-to-optimum sensor arrangement, for

example through literature studies and by examining

datasheets of available commercial sensors.
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3. To fabricate pressure sensor arrays cost-effectively, and

mount into a sitting cushion.

4. To characterise the manufactured sensor matrix and attain its

characteristics, such as resistivity, flexibility, bendability,

repeatability and drift, under different climatic conditions.

5. To use optimization technique based on various machine

learning methods to maximize the sitting posture

identification accuracy.

6. To conduct experiments to explore enhanced properties of

other functional materials in order to manufacture

stretchable interconnects and stretchable pressure sensors

that can deform with the human body.

7. To use the received data for real-time processing, post

processing and data storage, and share with healthcare

professionals so they can propose optimal sitting posture

patterns depending on the physical conditions of individuals.

A combination of theoretical and experimental research studies has been 

employed to determine appropriate design parameters and support 

existing experimental methodologies to build and characterise large-area 

pressure sensors. The methodology is primarily based on four key 

research questions which are as follows:  

RQ1: What functional materials and methods would be feasible 

to fabricate thin large-area, flexible and stretchable pressure 

sensors.  

RQ2: What are the material and layout requirements for pressure 

sensor array used in sitting posture recognition systems. 

RQ3: What parameters are paramount to contributing to 

maximizing the performance of the proposed pressure sensor 

system, and which needs to be weighed against each other. 

RQ4: Could machine learning techniques be implemented in 

pressure sensing systems to enhance sitting posture classification 

accuracy. 
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1.3 Scope 

The work presented here revolves around the field of large-area 

electronics and focuses on printed pressure sensors. The research studies 

provide a framework for identifying and measuring the distributed 

pressure of a seated person for different postures. A pressure sensor 

matrix for large areas will be constructed using non-conventional flexible 

electronics. Experimental realization of such a system could be through 

cost-effective processes such as screen-printing, gravure printing, 

flexographic printing or inkjet printing. As screen-printing is based on 

cost-competitive materials such as plastic and paper, it offers high 

throughput for mass production, and its ability to provide a printing 

resolution of 100 µm or even higher makes it a promising candidate for 

implementation in lab-based experiments [18]. A real-time sitting posture 

monitoring system will be implemented in order to characterise its 

functionalities. Finally, to attain higher accuracy for posture detection, 

machine learning methods could be applied and other possibilities to 

manufacture stretchable pressure sensors investigated. 
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1.4 Thesis outline 

The thesis is divided into six chapters and organized as follows: 

1. Introduction This chapter contains a thesis 

overview, problem motivation, 

objectives and scope. 

2. Materials and

manufacturing of pressure

sensors

This chapter looks at state-of-the-art 

conductive inks, and flexible and 

stretchable substrates. 

3. Papers included in this

thesis

This chapter summarizes the 

published articles along with their 

contributions to the development of 

the pressure sensor. 

4. Methodology. The chapter describes the research 

workflow. 

5. Discussion This chapter contains discussions on 

materials, limitations and ethical 

aspects. 

6. Conclusion and future

work

The final chapter presents the 

primary conclusion of the thesis, and 

suggestions for future work. 
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2 Materials and manufacturing of 
pressure sensors 

2.1 Large-area electronics 

Large-area electronics is sometimes referred as flexible electronics. It 

relates to the process of manufacturing electronics products that employ 

graphical printing techniques. This type of electronics is can be called non-

conventional electronics. The wide range of functional materials and 

substrates enables the products to display advantages and functionalities 

that are unrivalled by other manufacturing methods. Flexible and printed 

electronics are usually manufactured at low-cost and using processes such 

as screen-printing, roll-to-roll process, gravure and flexography [19].  

Flexible electronics requires in-depth knowledge of material science, 

as a considerable number of technological advancements are being made 

toward new exciting functional materials that can benefit this technology. 

Many electronic devices rely on printing technology and are difficult to 

manufacture with other processes, though some devices include flexible 

screens, smart posters, intelligent labels can be fabricated. It is estimated 

that by 2025, the global market values of the printed electronics industry 

are predicted to exceed 75 billion US dollars [20]. In particular, there is a 

huge existing market for printed electronics for glucose sensors, OLED 

displays, RFID antennas and printed sensors [21]. 

2.2 Substrates 

Flexible and stretchable substrates play an important role in the printed 

electronics industry in realizing smart sensors and their application in 

medical care devices. One of the requirements for body area network 

sensors is that they must comply mechanically with body movements and 

be able to stretch to similar degrees as the skin [22]. 
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2.2.1 Polyethylene terephthalate (PET) 

Polyethylene terephthalate is a general-purpose thermoplastic polymer 

that is considered a cost-effective and efficient substrate for printed 

electronics [23]. PET sheets have properties that are biaxially oriented, 

thermally stabilized and resistant to cracking. Moreover, PET sheets are 

inert material that is widely accepted by health authorities [24]. 

2.2.2 Thermoplastic polyurethane (TPU) 

Thermoplastic Polyurethane or TPU is a highly versatile elastomer 

(polymer with elastic characteristics) and is considered as a bridge 

between rubbers and plastics. The material is smooth, durable and highly 

flexible having rubber like stretching characteristics. TPU is manufactured 

with different compounds known as base materials, and these base 

materials determine the mechanical characteristics such as stretching, 

mechanical durability and moisture absorption. TPU materials are 

widely used in electronics to construct electronic skin [25,26].  TPU 

sheets are screen-printable with a high tensile strength of up to 9000 PSI 

and ultimate elongation of up to 450% [27]. Furthermore, TPU sheets are 

used as a printing, bonding and adhesion material for stretchable 

electronics [28]. 

2.3 Functional inks 

Many commercial inks are based on conductive fillers such as silver and 

carbon. Expensive inks that contain Au nanoparticles are available for 

research purposes [29]. Graphene and carbon nanoparticle-based inks are 

being investigated to achieve higher conductance [30]. Common 

categories of commercially available inks include: Ag flake-based inks, 

carbon nanotubes (CNT) filler-based inks, Ag particle-based inks, Ag 

nanowires-based inks, graphene-based inks and other conductive 

polymers and composites [31,32,33]. Most inks are soluble and washable 

with organic solvents such as Methyl Ethyl Ketone (MEK) [34]. 

2.3.1 Inks based on Ag flakes 

Ag flake-based inks are mostly studied as they are inherently highly 

conductive yet only moderately expensive. Ag is a metal with superior 
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conductivity at room temperature, and it is resistant to oxidation and 

corrosion. Instead of using bulk metal, a powdered form of metal 

(micrometre or nanometre-scaled flakes or particles) and a 

multicomponent formula that contains polymer binders can be used when 

making ink. This offers greater flexibility of usage on a range of substrates 

at the cost of increased resistivity. Flexible Ag inks are most commonly 

used in the electronics industry as an alternative to rigid wires. Stretchable 

Ag flake-based inks are commercially available [35]. Adding Ag 

nanoparticles to currently available flake-based inks can further improve 

conductivity [36,37]. Most of the available screen-printable commercial 

inks have a sheet resistivity of 10‒15 mΩ/sq./25 µm and offer temperature 

curability at 120 °C. Inkjet printing with silver inks has less abrasion 

resistance (ASTM 3), but the overall sheet resistance when the sample is 

cured at 130 °C remains in the range of ≤ 5 mΩ/sq./25 µm [38]. Ag 

nanoparticle-based inks have been reported to have even lower resistivity 

as 30 µΩ/cm, while Ag nano-platelets have 7.4 µΩ/cm using novel 

sintering methods [39]. 

2.3.2 Inks based on carbon 

Carbon inks are cost-competitive and used for printed resistors, electrical 

attachments, heaters, membrane switches, polymer thick film circuitry 

and sometimes as a protective layer for another printed circuitry. Pure 

carbon is a non-metallic chemical element with inferior conductive 

properties at room temperature and resistant to oxidation and corrosion. 

Different states and isotopes of carbon (carbon black, graphite, graphene 

and nanowires) are used to manufacture carbon ink. Newer conductive 

carbon inks offer a higher level of conductivity in the range 20‒35 Ω/sq./25 

µm and are commonly used as contacts in flexible circuitries [40]. A wide 

range of carbon inks is available with varying sheet resistances and some 

can be mixed together to customize the sheet resistance for different 

applications. In most cases, thicker carbon nanoparticle (CNP) based inks 

are used in screen-printing while CNT-based inks are widely used for 

inkjet printing of conductive interconnects. Carbon filler-based CNP inks 

have been used to develop pressure sensors [41], and CNT-based inks 

have been reported in [42] for a stretchable strain sensor. Graphene-based 

inks have much higher conductivity and other unique features such as 
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optical transmittance of more than 97%, and these inks are widely used 

in the manufacturing of LCD touchscreens and flexible displays [43,44]. 

2.4 Manufacturing process 

Printing techniques for flexible and stretchable electronics depend on the 

nature of the ink and substrate, but also relate to the viscosity of the ink, 

curing technique, temperature tolerance of the substrate and resolution of 

the printed pattern. Screen-printing technique and comparison of other 

printing techniques are discussed in the next section. 

2.4.1 Screen-printing 

Screen-printing is a fast and cost-competitive printing technique for 

fabrication of flexible and bendable devices and interconnects. Screen-

printing is widely used for large-area printing in industrial processes. 

Screen-printing is mainly a batch process, but advanced rotary machines 

also exist. In screen-printing, high-viscosity conductive ink is applied to a 

substrate by forcing it through a fine mesh of synthetic thread with the 

help of a squeegee. Silk or any other synthetic fabric can also be used to 

make a mesh that is firmly attached to a metal or wooden frame. The 

patterns are made by a photographic technique with stencils while 

allowing the inks to flow through certain parts and blocking others. Mesh 

size is calculated in threads per inch or threads per centimetre. More 

threads result in better print resolution, though it also depends on the 

viscosity of the ink. Current printed electronics technology mostly relies 

on carbon and silver conductive inks, which are made by mixing flakes or 

nanoparticles at temperature or ultraviolet curable solvents and adhesives. 

Screen-printing is therefore used to print thicker inks of relatively high 

viscosity. Thick layers (> 10 µm) are possible via this method, but the print 

resolution is limited to about 100 µm. This method is effective for printing 

multiple thick layers to achieve a certain thickness and required 

conductance. RFID antennas, car window heaters and membrane 

keyboards are common examples of the devices that use screen-printed 

techniques. Different printing technologies along with their advantages 

and disadvantages are described in Table 2.1 and Table 2.2 [45]. Multiple 

wet-on-wet coatings are applied using screen-printing [46], and variable 

print thicknesses and sheet resistances are attained. Similarly, multiple 
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dry coatings are possible with screen printing. Six coatings of an Ag ink 

EDAG 725-A is reported in [47], achieving a 7.3 mΩ/sq./42 µm sheet 

resistance value, by first printing three wet-on-wet coatings and curing 

them and then printing three wet-on-wet coatings aligned with the 

previously cured coatings. 

Table 2.1 A comparison of printing techniques. 

Printing 

method 

Minimum feature 

size (µm) 

Printing 

speed 

(m/min) 

Wet film 

thickness 

(µm) 

Ink viscosity 

(m Pa·s) 

Screen 50-100 10-100 3-100 500-50,000

Inkjet 20-50 1-100 0.3-20 1-40

Gravure 20-75 20-1000 0.1-5 50-200 

Offset 20-50 15-1000 0.5-2 
20,000-

100,000 

Flexographic 30-75 50-500 0.5-8 50-500 

Table 2.2 Advantages and disadvantages of different printing techniques. 

Printing 

method 
Advantages Disadvantages 

Screen 

Wide range of film 

thicknesses (depending on 

the screen) 

Low printing resolution 

High-viscosity ink needed 

Only flat printing 

Inkjet 
High printing resolution 

Digitally controlled 

Low printing speed 

Low-viscosity ink needed 

(Low solid content in ink) 

Low film thickness 

Printing optimisation needed for 

fine features 

Gravure 
High printing speed 

(Roll-to-roll) 

Costly for small-scale production 

High pressure needed for 

printing fine features 

Offset 

High printing speed  

(Roll-to-roll) 

Fine printing resolution 

Costly for small-scale production 

High requirements for inks 

Flexographic 
Fine printing speed 

(Roll-to-roll) 

Costly for small productions 

Low viscosity ink needed 



16 

2.5 Related work 

The prevention of pressure ulcers using various pressure measurement 

sensors and systems has attracted great attention and the idea has been 

presented in the form of research articles. An air-filled wheelchair cushion 

for patients with a spinal cord injury is presented in [48]. However, this 

sensor is slow at data acquisition. A rubber-based air-alternating 

wheelchair seat has been designed and evaluated using resistive pressure 

sensors to measure interface pressure [49], though, the solution requires 

an extensive control mechanism. A multi-walled carbon nanotubes 

(MWCNT)-polydimethylsiloxane (PDMS) screen-printed pressure sensor 

is developed in [50], and is used in an insole to detect unhealthy rollover 

patterns, with functionality to measure plantar pressure. A pressure-

sensing system using PDMS and carbon nanotubes (CNT) is developed in 

[51], however, the sensor exhibits hysteresis behaviour in sensing. 

Quantum tunnelling composites (QTC) are metal particles in an elastic 

polymer matrix that function through the quantum tunnel effect [52]. A 

sensor array structure based on QTC is presented [53]. The sensor suffers 

recovery time to return to its original state after deformation. A force 

sensitive resistor using a copper plating process and ‘Velostat’ as the 

sensing mechanism is presented [54], however, repeatability and 

performance are challenging with that approach. An unobtrusive support 

system for preventing dangerous health conditions in wheelchair users is 

reported [55]. The system uses force sensors and an accelerometer on a 

battery-powered wheelchair.  

Many different approaches have been designed to monitor and 

identify people’s sitting behaviours and minimize the risk of pressure 

ulcers forming. Furthermore, recent research has demonstrated the 

benefits of using machine learning algorithms, including support vector 

machine (SVM) [56], k-nearest neighbour (k-NN) [57], random forest (RF) 

[58], and decision tree (DT) [59], in conjunction with pressure sensors to 

categorize sitting behaviour in terms of lean positions. Some of the related 

works are summarized in Table 2.3. 
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3 Papers included in this thesis 

A summary of each paper and how the included papers support this thesis 

are provided below. The complete versions of the papers are attached in 

Part B. Figure 3.1 shows a map of the contributions of each paper in 

relation to the research questions mentioned in Chapter 1. 

Flexible pressure sensors

Screen-printed 
pressure sensors

Characterisation of 
sensors and sitting 
posture recognition

Stretchable devices

Paper I Paper II & IV Paper III &V

Contribution:
Design and 

fabrication of large- 
area pressure 

sensors

Contribution:
Characterisation of large-

area pressure sensors, 
and development of 
embedded pressure 

sensing system

Contribution:
Stretchable 

interconnects and 
stretchable pressure 

sensor

RQ1 RQ2, RQ4 RQ1, RQ3

Figure 3.1: Map of contributions to goals of research studies. 



20 

3.1 Paper I – Sitting Posture Recognition using Screen 

Printed Large Area Pressure Sensors 

This paper is dedicated to addressing RQ1 and RQ2. 

This research aims to find a practical and feasible approach to developing 

a pressure distribution monitoring system using large-area printed 

pressure sensors that can continuously monitor the sitting position of 

wheelchair users. This project aims to design thin and flexible printed 

large-area pressure sensors that can accurately measure distributed 

pressure. The approach involves manufacturing low-cost sensors for 

wheelchair seats, acquiring pressure data using read-out electronics, 

processing the data, detecting the sitting position of the seated person and 

displaying the pressure data as a pressure map. This work uses screen-

printing to create a cost-effective and flexible pressure sensor. The 

electrical characteristic (resistance) of the pressure sensor was evaluated 

and calibrated to provide a specific response at a determined pressure 

level. Pressure sensors are designed to be scalable, and they can be built 

up to produce a larger sensor matrix that can be used in mattresses for 

bedridden individuals. When the pressure data from the sensors are 

analysed, suitable seating patterns can be recommended, and the risk of 

developing pressure ulcers can be reduced.  

3.2 Paper II – Screen-Printed Piezoresistive Sensors 

for Monitoring Pressure Distribution in Wheelchair 

This paper is dedicated to addressing RQ1 and RQ2. 

This work aims to develop flexible printed large-area sensors with a 

suitable thickness and a sensing system that accurately measures pressure 

parameters when positioned inside or under the seat cushion. The task 

involves developing and fabricating cost-effective sensors for wheelchair 

seats, designing read-out electronics, processing the pressure data, 

presenting the obtained pressure information in the form of a pressure 

map and detection of the sitting position. The research looks at the 

properties of a large-area sensor for a wheelchair seat cushion that 

constantly detects distributed pressure and monitors the wheelchair 
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user’s sitting position. In paper I, the functional verification of the posture 

recognition process was performed. The work of this paper is 

comprehensive, with an improved printing process and characterisation 

methods that are expanded for some of the most important parameters 

within the scope of the sensor design. For sensor characterisation, 

properties including repeatability, stability and drift have been conducted. 

Furthermore, the read-out circuitry is more compact, power efficient and 

completely wireless. Within the framework of sensor design, the 

developed sensor matrix is characterised for some of the essential criteria, 

such as repeatability, stability and drift. The classification of seated person 

pressure distribution data is also performed to identify and classify four 

sitting postures: lean left, lean right, lean forward and lean backward. As 

a result, the chance of developing pressure ulcers can be lowered 

considerably using a screen-printed piezoresistive sensing matrix in a 

wheelchair seat. 

3.3 Paper III – An Analysis of Screen-Printed 

Stretchable Conductive Tracks on Thermoplastic 

Polyurethane 

This paper is dedicated to addressing RQ1. 

This paper investigates the performance of stretchable screen-printed 

conductive traces on a flexible substrate that can tolerate significant 

mechanical strain while maintaining good electrical conductivity. A 

stretchable Silver (Ag) ink is used to screen-print sixteen straight 

conductive traces with a defined thickness of 20 cm and track widths of 

1.0 cm, 0.5 cm, 0.25 cm, 0.125 cm, 0.0625 cm and 0.03125 cm. The 

stretchable ink is cured at four different temperatures: 110 °C, 120 °C, 130 

°C and 150 °C, with four different curing times. A total of 16 temperature-

time combinations are used in the curing process. To detect the variation 

in electrical resistance after being subjected to mechanical deformation 

and fatigue, cyclic strain tests with 25% and 50% elongations are carried 

out. To gain insight into morphological variations, a sample cured at 110 

°C for 3 minutes and another at 150 °C for 30 minutes are used in the SEM 

examination. The results indicate that a higher temperature and longer 

curing time provide better conductivity and mechanical robustness. 
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3.4 Paper IV – A Proposal of Implementation of Sitting 

Posture Monitoring System for Wheelchair Utilizing 

Machine Learning Methods  

This paper is dedicated to addressing RQ4. 

 This paper describes an easy approach for recognizing sitting positions 

using pressure sensors and machine learning algorithms in this work. The 

device is comprised of a pressure sensor array integrated into the 

wheelchair seat cushion, while read-out electronics and machine learning 

algorithms running on a personal computer (PC), and embedded 

computer platforms (raspberry Pi 3B and raspberry Pi 4B). To validate the 

operation of the machine learning algorithms, they are tested on a 

traditional computer and the raspberry Pi embedded platform. It is 

realised that the suggested method has a high degree of sitting posture 

classification accuracy, up to 99.03%, which may aid in finding and 

selecting the best sitting position for distinct periods. The article presents 

a pressure sensor design based on the piezoresistive effect and developed 

with conductive inks and flexible substrates. A read-out electronics 

system is designed to include a microcontroller to assist in gathering 

pressure data from a pressure sensor. The study investigates the 

applicability of machine learning methods in pressure sensing systems 

and compares the performance of k-NN, SVM, random forest, decision 

tree, and LightGBM techniques. The suggested algorithms are 

implemented on embedded platforms to present standalone pressure 

recognition system that can achieve the same classification accuracy 

similar to a conventional PC. A computational comparison between an 

embedded system and a conventional PC is provided to evaluate the 

proposed system's performance on both platforms.  
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3.5 Paper V – Stretchable Pressure Sensor Using 

Thermoplastic Polyurethane and Conductive Inks 

This paper is dedicated to addressing RQ1. 

   Soft and flexible pressure sensors are used in various wearable 

electronics applications, and the demand for high sensitivity and fast 

response is growing. However, simultaneous optimization of electrical 

performance and mechanical stretchability remains a concern in this 

sector. This paper investigates the fabrication of a stretchable pressure 

sensor on TPU substrate using stretchable functional inks and the screen-

printing process. The use of stretchable pressure sensors on uneven 

surfaces could provide better functionality and usability where other 

semi-flexible sensors have their limitations. One of the purposes of this 

type of sensor is for use inside a wheelchair cushion, where the surface is 

uneven, and stretching of up to 10‒20% may be required due to the body 

movements of the seated person. The constructed sensor offers an 

alternative in terms of ease of use, comfort and stretchability compared 

with rigid pressure sensors, while maintaining the physical and 

mechanical characteristics of the pressure sensor. 
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4 Methodology 

The work presented in this thesis followed the flowchart shown in Figure 

4.1 and had three main steps: identifying materials and fabricating flexible 

circuits, developing pressure sensors, and implementing large-area 

electronics systems. Necessary assessments were performed 

corresponding to each step that was taken in the design and 

manufacturing processes of the final proposed pressure sensor. 

4.1 Design of a large-area pressure sensing system   

 The proposed large-area sensing system comprises three main units as 

shown in Figure 4.2: 

• Large-area pressure sensor

• Read-out electronics

• Post-processing and data presentation

Literature review

Research problem 

identification

Research approach 

definition

State of the art

Research question 

formulation

Proposed sensor 

design
Characterisation

Result & analysisFeedback

Figure 4.1: Research workflow. 
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To address the problems mentioned in earlier sections, a thin, flexible 

sensor matrix with the characteristics listed below has been used inside 

the seat cushion. The design parameters are shown in Table 4.1. 

Table 4.1 Design parameters. 

Parameter Design requirements 

Mechanical characteristics 

≤ 350 µm thick, highly flexible/stretchable 

comfortable, highly durable, up to 106 actuations, 

robust. 

Sensing behaviour Repeatable and stable. 

Sensing range 0.1 N‒30 N per sensing element. 

Read-out electronics 
Energy-efficient, compact and capable of wireless 

connectivity 

The read-out electronics consist of a microcontroller, Bluetooth 

module and a power management unit. In the current proposed design, 

the post-processing unit is a PC as the computing system equipped with 

data processing software tools. 
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Figure 4.2: Block diagram of large-area pressure monitoring system. 
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4.1.1 Configuration of proposed large-area pressure sensor 

When a piezoresistive material is put under uniaxial stress, a narrowing 

of the distance between the conductive filler particles occurs and the 

conductivity changes in accordance with the applied force [68,69]. In the 

proposed design, there are 16 sensing elements in the large-area 

pressure sensor, which has a total area of 505 cm2.  

The horizontal and vertical dimensions are 23.5 cm × 21.5 cm. The distance 

between each sensing element in the matrix is 5.5 cm and 3.0 cm in the X 

and Y directions, respectively. These are the typical seating dimensions of 

a person for ischial areas. The sensor is usually placed inside or 

underneath the foam cushion. The assembly requires a very thin and 

flexible pressure sensor to tolerate the mechanical deformations due to the 

movements of the wheelchair user. The proposed large-area sensor 

comprises three sheets of PET (electrode, adhesive and sensing), where 

each sheet is 100 µm thick. The top sheet is printed with interdigital 

structures and interconnects with conductive Ag ink and operates as a 

Figure 4.3: Exploded view structure of a sensing element. 

X

Z

Top  :   Conductive layer Printed with Ag-Flake ink

Center  :   Adhesive/spacer PET sheet (patterned with laser cutter)

Bottom :   Sensing layer printed with piezo resistive material (ink)

17 mm

11 mm

30
0 

µ
m

3.0 mm
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conductive layer. The bottom sheet is printed with carbon filler-based 

blended inks that have both resistive and piezoresistive properties and 

functions as a sensing layer. The centre sheet is used as a separator 

between two layers (top and bottom), and also acts as adhesion and 

bonding between the top and bottom sheets. The centre sheet has laser cut 

openings and patterns in arrangement with the top and bottom layers. In 

an idle state, both layers are isolated by 100 µm (centre sheet thickness), 

and when pressure is applied on the surface of the sensing elements, both 

layers make contact, thus allowing the current to flow between the two 

sides of the interdigital structures. Further pressure allows more contacts, 

resulting in more conducting paths. Hence, the resistance decreases with 

the application of force, and this resistance is translated into pressure 

values with calibration using a force gauge Lutron 6020.  

4.1.2  Pressure-resistance curve 

The resistance data as a function of applied force are obtained by 

employing a digital multimeter (Rhode and Schwarz HMC-8012).   

Figure 4.4: Resistance graph as a function of pressure. 

Force (N)
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The measurement of applied force is carried out by a dynamometer 

(Lutron FG-6020SD) mounted on a manual horizontal translation stage. A 

rubber-based actuator (30 Shore D) has been attached to a dynamometer. 

The force sensitivity range is measured as ~ 0.1 to 30 N, and the activation 

force is ~ 0.2 N in this sensor design. The test is performed at room 

temperature, and the resulting curve is presented in Figure 4.4. 

4.2 Sitting posture recognition system 

To process the data and design the graphical user interface (GUI), a 

MATLAB software package is used in which the mapping of each 

distributed pressure point is carried out to display pressure intensities in 

real time by continuously updating the graph. A delay of 100 µs is given 

on the transmitter side for reliable data transfer. The overall screen refresh 

rate in the GUI is 200 ms. 

The algorithm for sitting posture recognition can identify four 

improper sitting postures, forward leaning, backward leaning, right 

leaning and left leaning, with leaning angles of about 25° and 35° from the 

straight (90°) natural sitting position of a seated person. 

The classification of sitting posture is based on the total number of 

activated sensors, single sensing element values, the sum of all sensing 

element values, and the average of the sensing element values. This 

classification involves machine learning techniques such as SVM, k-NN, 

random forest, decision tree and a light gradient boosting machine (Light 

GBM) [70]. 

4.3 Embedded pressure-sensing system 

A raspberry Pi, using the Raspbian OS, constructs the core of the portable 

information and monitoring system. The incoming data are processed in 

Spyder IDE using the Python programming language and the relevant 

information is then displayed on the 7-inch touch display as shown in 

Figure 4.5. 
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Pressure data from read-out electronics are received by the standalone 

monitoring system through serial connection over USB on a raspberry Pi 

system. As the standalone embedded system is equipped with Internet 

access through on-board Wi-Fi, data can be easily transferred and stored 

in an online database, cloud, or network attached storage (NAS) system 

[71] for evaluation of daily sitting behaviours and long-term seating habits.

Figure 4.5: Embedded pressure sensing system. 
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5 Discussion 

Based on the results presented in the included papers, the following topics 

are discussed in this chapter:  

- Materials and manufacturing

- Limitations of the pressure-sensing systems

- Environmental impacts, social and ethical considerations

5.1 Materials and manufacturing method 

There has been growing interest in developing smart tools that can be 

used to monitor physical activities of individuals such as sitting patterns 

and distributed pressure maps of seated persons. Suitable functional 

materials and manufacturing processes have been identified according to 

detailed theoretical and experimental studies. 

The piezoresistive effect has been used to design force and pressure 

sensors, specifically MEMS-based sensors. However, achieving thin and 

flexible large-area pressure sensors using conductive materials suitable 

for such applications based on MEMS technology has been challenging. 

Thus, finding non-conventional materials is of utmost importance to the 

scientific community.  

Printable functional materials with stable electrical and mechanical 

properties that are abundant and cost-effective for mass production have 

attracted great attention, and studied in Paper I. The proposed sensor uses 

the piezoresistive property of a functional material is a carbon-based ink. 

When pressure is applied to the surface of a piezoresistive material, the 

resistivity of the material alters with respect to the applied force. The 

applied force can be measured by a read-out circuit that follows changes 

in the resistivity of the piezoresistive ink. A combination of non-

conductive and highly conductive carbon-based inks is used as sensing 

material allowing electrical resistivity to be controlled and modulated. 

The sensor array is composed of three sheets of PET plastic substrate 

stacked on top of each other. The upper layer is screen-printed to generate 

the conductive electrodes, while a layer is printed on the bottom layer to 

provide pressure-sensing ability. An adhesive layer is sandwiched 
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between the upper and lower layers, as the buffer layer. This section 

describes and presents the choice of materials and manufacturing 

technique used to realise the flexible large-area pressure sensor system in 

detail addressing RQ1. The screen-printed method is chosen as it offers a 

cost-efficient solution for fabricating large-area sensors, enables a wide 

range of film thicknesses (depending on the screen) and is available for 

different print resolutions and quality.  Moreover, compared with 

similar studies [72,73,74], the proposed pressure sensor provides good 

sensor characteristics corresponding to response time, force sensitivity 

range, repeatability and drift. The pressure sensing system provides a 

relatively higher posture recognition accuracy of 80% and compact read-

out electrics with wireless connectivity [75].  

The primary specifications to attain large-area pressure sensors for use 

in sitting posture recognition systems have been presented in Paper II. The 

drift of the sensor has been measured at ~ 5.3%. The pressure sensor has 

undergone several stability tests and the following results have been 

achieved: bendability of the sensor is 0.5 cm of the bending diameter, 

stability of ~ 8 % per 10,000 mechanical actuations, and 19% difference in 

electrical resistance due to temperature variation (-25‒50 °C at 40% RH) 

under constant load of 10 N. The sensitivity range for the sensor is 

observed to be 0‒30 N. Besides, a pressure higher than 200 N/cm2 may 

cause damage to the sensing layer. The pressure sensor uses 16 sensing 

elements that are uniformly distributed, which focuses on the ischial areas 

to detect pressure distribution points, and that is the contribution to 

answer RQ2 and RQ3. 

The conductive printed tracks presented in Paper III is based on 

stretchable Ag-flake-based ink provides low electrical resistance of 3.18 Ω 

on a 20cm × 0.25cm × 20µm track. Furthermore, stretchable inks and 

stretchable substrates that have been used in the experimental setup 

demonstrated 50% elongation tolerance with negligible change in track 

resistance. While conducting the elongation test for stretchable 

interconnects, a slight non-uniformity in the thickness of the TPU 

substrate is observed, which can affect elongation over weaker areas and 

therefore affect the conductivity of printed track after elongations. In 

contrast, a study [76] proposed a lower DC resistance of the printed track 

by using Ag-nanoparticles-based ink on the same length and width for 

conductive track, though using non-stretchable photopaper as substrate. 
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One of the most important approaches to further improve sitting 

posture recognition accuracy is the use of machine learning that is 

discussed in Paper IV. In recent years, machine learning has attracted 

significant attention in a wide range of applications, including health care 

monitoring. In fact, the suggested pressure sensor system is capable of 

recognizing four different sitting positions: forward, backward, right and 

left leaning. Subsequently, machine learning algorithms, the decision tree, 

support vector machines, k-nearest neighbours, random forest and 

LightGBM were applied to the dataset to increase the classification 

accuracy. Alternatively, a standalone system using raspberry Pi has been 

developed that is able to display the processed data as a pressure map. 

The use of machine learning enhanced the sitting posture classification 

accuracy up to 99.03%, which addresses RQ4. 

To design thin and flexible large-area pressure sensors, 

stretchability can be considered a key parameter to expand the 

applications for health monitoring. Accordingly, a new sensor using 

stretchable thermoplastic polyurethane (TPU) as substrate, and 

stretchable conductive inks as sensing material has been proposed and 

studied in Paper V. By using the screen-printing technique, electrodes as 

well as pressure-sensing components are fabricated on the TPU substrate. 

The working principle of the stretchable pressure sensor is based on the 

piezoresistive materials. The experimental results illustrate that the sensor 

can tolerate stretching up to 20% with negligible changes in its electrical 

and mechanical properties, which addresses RQ1. 

The main focus of the thesis has been on the fabrication of a large-area 

pressure sensor that is thin and flexible. An understanding of the 

interactions between functional materials (inks and substrates) would 

provide a grounding for manufacturing printed electronics-based devices 

and sensors.  

5.1.1 Limitations and possible improvements to the large-area pressure 

sensing system 

This posture identification approach has a few limitations, such as a small 

dataset and limited number of test participants. This large-area pressure 

sensor can only measure pressure in one direction, and the proposed 

design does not allow for the measurement of shear.  
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The designed prototype currently uses Bluetooth Classic, which has 

limited range and character support. It also requires time to establish a 

connection to the host device. The module is going to be replaced by BLE 

v5.0 or higher to achieve power efficiency, higher data transfer rates, 

improved security and longer range. It is worth pointing out that in order 

to attain a more accurate insight into the functionalities and performance 

of the proposed large-area sensor, test conditions could be broadened by 

including actual wheelchair users as volunteers and participants. The 

dataset can be extended by adding pressure distribution data from more 

volunteers, which would improve the accuracy of the sitting posture 

classification algorithms. 

5.2 Social and ethical considerations 

5.2.1 Environmental impact 

Some of the designs in this thesis use hazardous and non-environmentally 

friendly materials. Examples include Ag-flake ink, carbon ink, solvents 

like acetone and Methyl Ethyl Ketone (MEK), and hazardous chemicals 

used during the material production procedures. To safeguard the 

environment, such compounds must be used in laboratories with 

adequate ventilation and equipment, and any remaining materials and 

reaction residues safely disposed of. The developed sensors are made of 

plastic substrates, which may not be the most ecologically friendly 

material. Furthermore, the inks that were used to manufacture the 

conducting and sensing layers may be detrimental to the environment. 

Cleaning solvents must be used in a well-ventilated environment. Another 

aspect is the disposal of material waste, as it contains plastic residues that 

must be properly disposed of at designated stations [77]. 

5.2.2 Ethical aspects 

There are always fundamental ethical issues to consider for research 

involving personal data. The privacy of individual data is extremely 

important and researchers are obligated to comply with the privacy 

regulations. Consent was obtained from all the participants to conduct the 

experiments to collect pressure distribution data to create the dataset used 

in Paper II and Paper IV.     
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5.2.3 Societal impact 

The research findings are important for society as they offer a preventive 

measure against pressure ulcers in wheelchair users. The pressure-sensing 

system can provide a similar solution for bedridden persons. The pressure 

sensors that have been developed can be used effectively to determine the 

sitting behaviour of a person by measuring the distributed pressure points. 

The large-area sensor can therefore be used in a preventive capacity and 

to develop treatment plans for individuals who have already developed 

pressure sores [78]. The overall impact could be a lesser burden on 

hospitals, reduced nursing hours and medication costs. Hence, users with 

long sitting hours, such as drivers, office workers and gamers with 

sedentary lifestyle, may be the primary beneficiaries of such a system. 
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6 Conclusion and future work 

6.1 Conclusion 

Manufacturing of the electronic device by printing requires a profound 

understanding of inks, substrates and material properties. Flexible 

electronics technology can be used with both organic and inorganic 

materials and provide novel functionalities for various applications, 

including monitoring, data storage, RFID tags, wearable biosensors, food 

packaging and many more. Combined with various fabrication methods, 

it could provide a cost-effective way for mass production. The ability to 

offer thin form factor and flexibility make it an attractive solution, 

especially for the development of integrated electronic circuits. The 

introduction of non-conventional electronics and novel materials such as 

stretchable polymers, plastics and various textiles allows for the 

production of a variety of unique properties that cannot be achieved with 

conventional electronics. However, it can be pointed out that irrespective 

of the attention that non-conventional electronics has attracted in the past 

few decades, the anticipated devices and applications have yet to surface. 

The exceptional contribution of wearable electronics is their ability to 

easily interact with the human body. They may also be fitted to monitor 

vital signs of the human body continuously, thanks to the considerable 

advancements in wireless computing devices and IoTs.   

As a result, this study presents a framework for designing a flexible 

large-area pressure-sensing system that can monitor four different sitting 

postures of a seated individual. For RQ1 and RQ2, an investigation is 

conducted to address key challenges in the fabrication and 

implementation of large-area pressure sensors by enabling a facile 

fabrication method in connection with non-conventional electronics. The 

proposed pressure sensor is realised using flexible substrates and flexible 

inks. According to the analytical and experimental results attained to 

design a thin and flexible printed array sensor, the proposed pressure 

sensor should be less than 350 µm thick, and each sensing element be 

capable of measuring a force between 1 N and 30 N. In RQ3, the sensor is 

characterised by investigating its parameters in terms of resistance, 

response time, recovery time, drift, durability and repeatability. 
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Furthermore, the large-area pressure sensor has been found to be slightly 

sensitive to environmental conditions. The experimental results of the 

pressure sensor that was fitted into a seat cushion, demonstrate the 

distributed pressure as a pressure map. The acquired data from the 

pressure map assist in detecting the sitting posture of a seated person and 

can be used to identify any improper or irregular seating pattern. The 

pressure system is used to collect data from four sitting postures: forward, 

backward, right and left leaning, with a recognition accuracy of over 80%. 

In order to improve the identification accuracy, machine learning 

algorithms were used, contributing to a posture recognition accuracy of 

99.03%, which addresses RQ4. 

6.2 Future work 

The primary focus should be on addressing the limitations of the 

proposed work, in particular to obtain more detailed data on pressure 

distribution and to identify additional areas of interest in which pressure 

sensors may be required, such as backrests, headrests, footrests and 

armrests. The number of sensors could also be increased to achieve 

improved sitting posture recognition accuracy. The stretchable pressure 

sensor array could be incorporated into new design processes to further 

examine and enhance its functionality. More observations should also be 

added to the dataset to construct an enhanced classification algorithm 

based on, for instance, weights and heights acquired during the data 

collection period. Humidity and temperature sensors could be integrated 

along with pressure sensors in the same array. The read-out electronics 

could be made even more efficient using state-of-the-art integrated 

circuits and communication modules. In addition, smartphone 

applications could be developed to help healthcare professionals monitor 

pressure distribution.  

New functional materials, as well as characterisation and 

measurement techniques, could be applied to address the ever-growing 

demand for real-time monitoring of physical activities and develop 

miniaturized and multifunctional sensing systems that could be used to 

keep track of activities and inform users of potential irregularities in their 

vital signs, and this could also be connected seamlessly to cloud servers to 

construct an electronic health record system for each individual. 
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6.3 Authors’ contributions 

The list of authors and authors’ contributions to each paper included in 

part B are presented in Table 6.1. 

Table 6.1 Authors’ contribution. 

Paper JA 1 JS 2 HA 3 XL 4 Contribution 

I M C C 

JA: main author, design, modelling and 

implementation 

JS: co-author, main supervision, and idea 

HA: co-author, supervision and revision 

II M C C 

JA: main author, design, implementation 

and characterisation 

JS: co-author, supervision and revision 

HA: co-author, supervision and revision 

III M C C C 

JA: main author, design, modelling, 

implementation,  

JS: co-author, supervision and revision 

HA: co-author, supervision and revision 

XL: co-author, EDS analysis and comments 

IV M C C 

JA: main author, design, implementation 

and characterisation 

JS: co-author, supervision and revision 

HA: co-author and revision 

V M C C 

JA: main author, design, implementation 

and characterisation 

JS: co-author, supervision and revision 

HA: co-author, supervision and revision 

1 Jawad Ahmad               M = Main contributor 

2 Johan Sidén             C = Co-author 

3 Henrik Andersson 

4 Xiaotian Li 
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