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ABSTRACT 

The Internet of Things is already a reality, driving the need for scientists to develop and integrate 

cost-effective, biocompatible, flexible, and lightweight solutions for universal connectivity, including 

sensing features. Additionally, sustainability emphasizes the importance of using eco-friendly materi-

als and choosing energy-efficient production techniques. 

While often promoted as a green energy source, thermoelectric materials excel in temperature-

sensitive applications, being capable of detecting thermal stimuli such as human touch. The combina-

tion of sustainable Seebeck coefficient holding materials with printing methods enables scalable and 

affordable thermal sensors that may be flexible, lightweight and biocompatible, opening the door for 

wearable applications. 

This doctoral research focused on the development of printed thermoelectric sensors using 

graphite-based materials. Sustainability considerations guided the choice of substrates, solvents, and 

encapsulating materials. The results show that graphite flakes can be used as purchased, yielding pla-

nar, vertical, and planar/vertical thermoelectric architectures, capable of containing multiple elements 

in series, which increases the signal output. The formulated cellulose-based inks can be printed directly 

onto untreated flexible substrates (paper and fabric). Sensors were also obtained using silicone elas-

tomer-based composites, allowing for significant design flexibility and substrate absence. It was possi-

ble to achieve touch sensors with fast response times (bellow 1 s) and to have a VON optimization 

surpassing 4.5 mV (when connecting multiple elements in series, in ~1.5 cm2) and high SNR values 

(above 300 for EC/GFlakes and up to 170 for PDMS/GFlakes). Regarding the planar sensors made with 

EC/GFlakes, the printed elements were evaluated and approved for flexible applications, with curvature 

radii down to 3.5 mm. 

At its core, this research addresses the urgent need for versatile and sustainable sensing solu-

tions in the era of the 'Internet of Things', showcasing advancements in the field through innovative 

material applications and low-energy consumption production techniques. 

Keywords: Thermoelectric; Printing Techniques; Flexibility; Low-cost; Sustainability
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RESUMO 

A "Internet of Things" tem promovido o desenvolvimento e integração de soluções económicas, 

biocompatíveis, flexíveis e leves que satisfazem as necessidades de conetividade universal, incluindo 

funcionalidades de sensorização. Adicionalmente, a sustentabilidade ambiental enfatiza a importância 

da escolha de materiais ecológicos e técnicas de produção energeticamente eficientes. Embora os ma-

teriais termoelétricos sejam frequentemente promovidos como uma fonte de energia verde, também 

podem ser usados em aplicações sensíveis à temperatura, detetando e medindo pequenos estímulos 

térmicos, como o toque humano. A combinação de materiais termoelétricos sustentáveis com técnicas 

de impressão permite a produção escalável de sensores térmicos economicamente acessíveis, flexí-

veis, leves e biocompatíveis, apropriados para aplicações "wearable". 

Este trabalho de doutoramento centrou-se na produção de sensores termoelétricos impressos 

à base de grafite. A sustentabilidade foi considerada na escolha de substratos, solventes e materiais 

encapsulantes. Os resultados mostraram que flocos de grafite podem ser usados conforme adquiridos, 

originando arquiteturas termoelétricas planares, verticais e planares/verticais, podendo conter vários 

elementos em série, o que permite um aumento do sinal de resposta dos sensores. As tintas formula-

das à base de celulose podem ser impressas diretamente em substratos flexíveis não tratados (papel 

e tecido). Os sensores produzidos com compósitos à base de elastómero de silicone mostraram uma 

grande liberdade de geometrias e a possibilidade de ausência de substrato. Foram obtidos sensores 

com tempos de resposta rápidos (abaixo de 1 s), passíveis de alcançar uma otimização de VON superior 

a 4,5 mV (ao conectar vários elementos em série, em ~1.5 cm2) e altos valores de SNR (acima de 300 

para EC/GFlakes e até 170 para PDMS/GFlakes). Os sensores planares feitos com tintas de EC/GFlakes foram 

testados e aprovados para aplicações flexíveis, com raios de curvatura de até 3.5 mm. Na sua essência, 

este trabalho abordou a necessidade premente de soluções de deteção versáteis e sustentáveis na era 

da "Internet of Things", apresentando inovações no desenvolvimento de materiais amigos do ambi-

ente e uso de processos com baixo consumo energético. 

Palavras-chave: Termoelétricos; Técnicas de impressão; Flexibilidade; Baixo-custo; Sustentabilidade
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Thermoelectric devices collect thermal energy and convert it to "green" electrical power, pro-

mote local cooling, heat, and sense temperature. They lack mechanical structures, can be made flexi-

ble, and have long operating lifetimes, making them valuable for applications in the Internet of Things 

and wearable electronics. In theory, thermoelectric materials and devices could significantly contrib-

ute to saving the world. However, they present several drawbacks that researchers are still addressing, 

such as the cost, scarcity, and toxicity of the commonly used thermoelectric materials and the com-

plexity of the production processes. Consequently, there is a need to explore new, more environmen-

tally friendly, and readily available thermoelectric materials, along with innovative production meth-

ods. 

When the use of low-environmental-impact materials (a consideration that is unfortunately and 

frequently neglected) is combined with low-energy processes (low processing temperatures, no vac-

uum systems), the result is a more eco-sustainable device. Even if state-of-the-art performance levels 

are not achieved in some cases, using greener and low-cost materials and processes is preferable, 

particularly regarding end-of-life product considerations, recycling, or biodegradability. Furthermore, 

while the primary goal of this research field revolves around powering society with green energy ex-

tracted from an inexhaustible source – wasted heat – requiring high-performance materials (high fig-

ures of merit) to decrease payback periods, the reality is that thermoelectric materials can serve other 

purposes, such as temperature sensing, which requires a different optimization approach. 

Recent times have seen a significant surge in the demand for low-energy production techniques 

and eco-materials, contributing to the increased scientific attention towards printed electronics. Ad-

ditionally, to make these devices practical for real-world applications, it is essential to ensure their 

proper and efficient encapsulation, protecting them from extreme environmental and usage condi-

tions. Therefore, developing greener encapsulant materials and encapsulation processes is vital for 

creating and producing sustainable, flexible electronic devices. Progress in all these areas is highly rel-

evant for advancing sustainable and wearable technologies, including thermoelectrics. 

With a background in Materials Engineering and some years of experience in the thermoelectric 

field, I worked in the search for high performance but toxic and expensive materials, using complex 

and energy-intensive techniques. I was also involved with a line of research focused on eco-friendly 

thermoelectric materials, albeit using the same production techniques. Therefore, I found that writing 

a work plan combining green thermoelectric materials and printing methods was a logical choice re-

garding sustainability, flexibility, and biocompatibility. 

The main goal of this PhD work was to develop TE devices using green materials in a sustainable 

and economically feasible way, considering the scale-up ability, price, biocompatibility and encapsula-

tion, opening the doors to commercial products in the future. The different tasks of this PhD project 

were: 

• Task 1: Design and development of planar sensors through screen-printing 
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o Formulation of printable TE inks based on ethyl cellulose and graphite.  

o Optimization of the printing process for different flexible substrates. 

o Study the morphological, electrical, and thermoelectric properties of the 

printed elements. 

o Connection of multiple TE elements electrically in series. 

o Performance of bending tests. 

o Achieve coiled architectures (planar/vertical) using arrays of TE elements 

wrapped up. 

• Task 2: Creation of planar and vertical devices based on a PDMS/G composite 

o Evaluate the best composite composition. 

o Production of TE elements using blade coating and film casting. 

o Study different thermal contact areas and thicknesses. 

o Connection of multiple TE elements electrically in series. 

o Performance of bending tests. 

• Task 3: Study different flexible encapsulant materials 

o Encapsulation of screen-printed planar TE sensors 

o Encapsulation of blade-coated vertical TE sensor 
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INTRODUCTION 

 

Disclaimer 

Some excerpts of this section have been published in the following publications: 

 

Figueira, J.; Bonito, R. M.; Carvalho, J. T.; Vieira, E. M. F.; Gaspar, C.; Loureiro, J.; Correia, J. H.; 

Fortunato, E.; Martins, R.; Pereira, L. Screen-printed, flexible, and eco-friendly thermoelectric 

touch sensors based on ethyl cellulose and graphite flakes inks. Flexible and Printed Electronics 

2023, 8 (2). https://doi.org/10.1088/2058-8585/acc114. 

Figueira, J.; Loureiro, J.; Vieira, E. M. F.; Fortunato, E.; Martins, R.; Pereira, L. Flexible, scalable, 

and efficient thermoelectric touch detector based on PDMS and graphite flakes. Flexible and 

Printed Electronics 2021, 6 (4). https://doi.org/10.1088/2058-8585/ac45de. 

Figueira, J.; Gaspar, C.; Carvalho, J. T.; Loureiro, J.; Fortunato, E.; Martins, R.; Pereira, L. Sustain-

able Fully Printed UV Sensors on Cork Using Zinc Oxide/Ethylcellulose Inks. Micromachines 2019, 

10 (9), 601. https://doi.org/10.3390/mi10090601.  

 

https://doi.org/10.1088/2058-8585/acc114
https://doi.org/10.1088/2058-8585/ac45de
https://doi.org/10.3390/mi10090601
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2.1 Thermoelectricity 

The thermoelectric (TE) phenomenon allows the design and manufacturing of devices working 

with no noise, vibrations, or gas emissions that can be used for thermal energy harvesting and conver-

sion into electrical energy, local cooling or heating, and temperature (T) sensing. They have no moving 

parts, can be produced in large areas, can be flexible (transparent, if required), and have long operating 

lifetimes. Unfortunately, these devices are usually associated with a low energy conversion efficiency, 

and the TE devices with better performances typically use toxic, rare, and expensive materials, making 

their commercial applications scarce. Furthermore, conventionally used TE materials and devices are 

brittle, bulky, and rigid [1]. 

 Thermoelectric Effects 

One of the effects encompassed by the TE phenomenon opens the door to green energy con-

version and heat waste recovery - the Seebeck effect. It was discovered by Thomas Johann Seebeck in 

1821, with research efforts being made to take advantage of it producing electric energy. Through this 

effect, there is a conversion of a thermal gradient (∆T) stimulus in an electrical voltage (∆V), due to 

charge carriers’ diffusion along the material, being the Seebeck coefficient (S) the key factor that de-

termines the magnitude of this conversion, as described by Equation 2.1: 

 𝑆 =  − 
∆V

∆T
     (𝑉/𝐾) 2.1 

This coefficient can also be related to the intrinsic properties of the materials, originating a much 

more complex formula to determine the S, Equation 2.2 [1]: 

 𝑆 =  
𝑘𝐵

q
.
∫ 𝜏 .  𝜈2 .  𝑔 .  (

𝐸 − 𝐸𝐹
𝑘𝐵 .  𝑇

) .  (−
𝛿𝑓0
𝛿𝐸

)𝑑𝐸

∫ 𝜏 .  𝜈2 .  𝑔 . (−
𝛿𝑓0
𝛿𝐸

)𝑑𝐸
     (𝑉/𝐾) 2.2 

Where kB is the Boltzmann constant, τ is the scattering time, ν is the carrier velocity, q is the 

electron charge (1.602x10-19 C), E is the energy of the charge carriers, EF is the Fermi level, g represents 

the electronic density of states and f0 is the equilibrium Fermi-Dirac distribution. 

The sign of S is determined by the type of the majority carriers of the material. In a p-type ma-

terial, its value is positive (Sp), with holes flowing from the hot to the cold side, while in n-type materi-

als, S is negative (Sn) and are the electrons that move in that direction. 
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The reverse counterpart of the Seebeck effect is called the Peltier effect, in which there is an 

electrical stimulus and a thermal gradient as an output. It was found by Jean Charles Peltier in 1834, 

and with it, we can achieve localized heating or cooling, being the Peltier element a standard TE device 

in scientific laboratories. In this case, an electric current is necessary, which will reorganize the charge 

carriers within the semiconductor material, creating a temperature gradient in the material [2]. The 

fact that the TE element cools on one side and heats on the other is related to differences in energy 

levels in which current flows between the metal contacts and the TE material. In other words, and 

giving an example of an n-type non degenerated semiconductor, if an electron requires more energy 

to transit between energy levels (from near the EF level in the contact to the bottom of the conduction 

band of the TE material), it will absorb energy from the immediate environment in which the TE ele-

ment is operating, cooling the transition zone. Conversely, if it is transiting to a lower energy level, 

excess heat will be released into the surroundings [3]. The Peltier coefficient (π) and S are not inde-

pendent of each other, as demonstrated by Kelvin's relation in Equation 2.3 [4]:  

 𝜋 = 𝑆 . 𝑇     (𝑉) 2.3 

There is a third effect closing the TE phenomenon, the Thomson effect. In the absence of an 

electric current, heat conduction along the elements of a TE pair results in a uniformization of the 

temperature distribution within each element. When an electric current is present, the temperature 

distribution within each element changes, not solely due to the Joule effect, but with an additional 

variation known as the Thomson effect. This phenomenon depends on the material composing the TE 

element and its average temperature. The Thomson coefficient (χ) and S are also related through Kel-

vin's second relation, represented by the following Equation 2.4 [4]: 

 𝜒 = 𝑇 .
𝑑𝑆

𝑑𝑇
    (𝑉/𝐾) 2.4 

Thermoelectric devices are heat engines, and a consequence of this is that the maximum effi-

ciency is limited by the Carnot efficiency (Equation 2.5): 

 𝜂 =  
𝑇𝐻 − 𝑇𝐶

𝑇𝐻
 2.5 

This dictates that energy can only be harvested from the temperature gradient between the hot 

side (TH) and the cold side (TC) - energy cannot be harvested from the background temperature [5]. 
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 Figure of Merit and Power Factor 

A thermoelectric generator (TEG) is a solid-state device that can convert a temperature gradient 

into electricity, and a TE material's overall efficiency in this conversion is given by the dimensionless 

figure of merit, ZT, defined as (Equation 2.6): 

 𝑍𝑇 = 
S2 . σ . T

𝑘𝑝ℎ + 𝑘𝑒
 2.6 

where σ is the electrical conductivity, kph and ke are the lattice and the electronic thermal con-

ductivities, respectively, at a thermodynamic temperature, T [1]. The lattice k refers to phonons (quan-

tise lattice vibrations that conduct heat), while electronic k is the component referent to the thermal 

energy carried by electrical charges (including contributions from both electrons and holes) [6]. 

For the ZT enhancement, TE materials must have high electrical conductivity and low thermal 

conductivity (k = kph + ke), as represented in Figure 2.1. This makes electrically conducting metals inap-

propriate for TE applications due to their high thermal conductivities and low Seebeck coefficients. 

 
Figure 2.1 - Dependence of Seebeck coefficient, electrical conductivity, and thermal conductivity on the concentration of free 

carriers. The expected variation of the thermoelectric power factor and figure of merit are also plotted. Adapted from [7], 

[8]. 

In case thermal conductivity data for a given material is not available nor possible to measure, 

the TE quality of a material can be assessed by the power factor (PF) given by Equation 2.7: 

 𝑃𝐹 = S2 . σ   (W.𝑚−1. 𝐾−2) 2.7 
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Of course, this is an incomplete overview of the TE characteristics. Still, researchers can use it to 

compare results between different materials, especially if they know that the thermal conductivities 

do not differ significantly. 

Generally, a material that is a good electrical conductor is also good at conducting heat since 

both charge carriers and phonons carry thermal energy. Following the Wiedemann-Franz law, σ is pro-

portional to the electronic component of thermal conductivity, which counteracts each other regard-

ing ZT. This has led to slow progress in improving ZT, with heavily doped semiconductors striking the 

best balance between the interrelated material parameters [5], corresponding to the maximum of the 

green curve in Figure 2.1. Also, the inverse relationship between S and σ complicates the design of 

organic semiconductors for TE applications, and optimizing one condition quite often has a detrimental 

effect on the other - an ideal TE material should be an electrical crystal to maximize σ and at the same 

time a phonon glass to minimize the k [9]. 

A TEG often uses a combination of p-type and n-type materials to enhance its efficiency. By 

connecting both TE materials in series, the two types of charge carriers will move in the same direction, 

as mentioned, ensuring that the generated voltage from the Seebeck effect is additive. Consequently, 

when calculating a device's efficiency, it is necessary to determine an 'average' ZT value that takes into 

account the properties of both materials, Equation 2.8 [5]: 

 𝑍𝑇 ̅ =  
(𝑆𝑝 − 𝑆𝑛) . 𝑇̅

(√𝜌𝑛 . 𝑘𝑛  +  √𝜌𝑝 . 𝑘𝑝 )
2 2.8 

The maximum power conversion efficiency of a TEG considering the Carnot efficiency and ma-

terial properties limitations can be estimated using Equation 2.9 [10]: 

 𝑍𝑇 ̅ =  
𝑇𝐻 − 𝑇𝐶

𝑇𝐻
 .

√1 + 𝑍𝑇̅ − 1

(√1 + 𝑍𝑇̅  + 
𝑇𝐶
𝑇𝐻

)
 2.9 

For the TEG to become competitive, its ZT must be close to 3, so they can surpass 40% of Carnot 

efficiency (a value achieved by conventional devices) [11]. From electronics to industrial furnaces, nu-

merous waste-heat sources at low- (<250 °C), mid- (~250-650 °C), and high- (>650 °C) temperatures 

exist, but TEGs have mostly been explored for waste-heat recovery in mid- and high-T applications 

such as automotive, engine, and industrial applications with untapped exhaust and process heat be-

cause of the potential for appreciable power generation [12]. 

A ZT~1 was reported at the end of the 1950s in Bi2Te3 and PbTe, two of the most extensively 

studied TE materials of all time, and this value was a practical upper limit for more than 30 years. In 

the last decade, however, significant improvements in ZT have been reported in materials such as 

TaFeSb with a ZT of 1.5 at 700 °C, Cu2S0.52Te0.48 with a ZT of 2.1 at 727 °C, PbTe–SrTe with a ZT of 2.5 at 
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650 °C, and SnSe with a ZT of 2.7, also at 650 °C [1], [5], [13]. Figure 2.2 - (a) shows the progress of 

some of these maximum ZT in bulk inorganic systems achieved over time, emphasising the diversity of 

chemical systems and mechanisms that have shown high performance, as well as the T corresponding 

to those results. The ZT values of typical inorganic TE materials have surpassed the unity and are now 

approaching 3, the critical value for energy conversion efficiency explained previously. Unfortunately, 

as mentioned before, these materials have scarcity and toxicity issues, and most of the best results are 

for very high working T, which is far from being compatible with wearable technology. Besides, such 

inorganic materials usually have problems regarding their heavy weight, high cost, and processing con-

ditions [1], [14], [15]. 

 
Figure 2.2 - Progress over time of: (a) maximum ZT in bulk inorganic systems (for different medium temperatures) and (b) ZT 

at room temperature in p- and n-type organic materials and organic-inorganic hybrid systems. Adapted from [1], with the 

permission of AIP Publishing. 

Polymer-based organic TEGs, which contain unique merits such as low cost, lightweight, con-

venient processing, mechanical flexibility, and low thermal conductivity, have been promoted as a new 

generation of thermoelectric candidates [16]. In Figure 2.2 - (b), we can see the progress of ZT at room 

temperature (RT) in p- and n-type organic materials and organic-inorganic hybrid systems over time, 

highlighting the rapid advancements in materials based on poly(3,4-ethylenedioxythiophene (PEDOT), 

a commonly used conductive polymer. Finding organic materials with low k is easy, but with high S 

values is very difficult, except when considering the incorporation of metal or metal oxide particles 

into a matrix, achieving hybrid composites with properties from both “worlds”. Although the research 

community has paid a lot of attention to this “new” TE route, and many review articles have been 

published in the field of organic, soft, flexible, and printable thermoelectrics [9], [14], [16], [17], most 

of them are far from being usefully employed or applied owing to their low thermoelectric efficiency 

or ZT value. 
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 TEGs Architectures and Configurations 

Similar to other research fields, the advancement in thermoelectric science is based on different 

pillars critical to the devices' final performance. The choice and optimization of the TE materials is 

crucial. Still, other aspects, such as the adopted elements geometries and devices architecture, the 

used substrates, gap fillers, and electrical connections, also play an important role, and thermal and 

structural design analysis of the TE device must be carried out [18]. 

A TE device can have different types of structures and geometries that can be produced through 

several techniques - it is a world of numerous possibilities. In terms of structure, the thermocouples 

(TCs) can be assembled in two main configurations (Figure 2.3), depending on the direction of heat 

flow regarding the substrate plane. A third possible configuration is the combination of both, i.e., a 

vertical/planar design, where TE elements are plainly produced but vertically assembled at the end of 

the process. The designs development from planar to vertical heat flow is driven by the improved 

thermal contact (proportional to the contact surface area) to the heat source (hot side) and sink (cold 

side) that may be achieved with a vertical design [19]. All the configurations assume that the individual 

TE elements are arranged thermally in parallel but electrically in series. 

 
Figure 2.3 - Examples of TE elements designs: (a) a thermocouple in a vertical geometry, where the heat flows perpendicular 

to the substrate and through the TE legs, explaining the majority carriers movement with the temperature gradient, and (b) 

a single element in a planar geometry, where the heat flux occurs along the film and parallel to the substrate. 

Traditional TE devices are constructed from bulk materials shaped into small millimetric scale 

blocks and subsequently arranged into TE modules. A thermocouple is one pair of n- and p-type TE 

legs, and a module generally has several couples. The typical structure employed in these systems is a 

vertical/vertical architecture (Figure 2.3 - (a)), commonly referred to as π architecture. To obtain these 

vertical/vertical structures, which are usually thicker than the planar ones because of the heat flux 

direction, techniques like mechanical alloying and spark plasma sintering [20], electrochemical depo-

sition and photolithography [19], [21], dispenser printing [22], [23], blade/spatula-coating [24], [25] or 

3D-printing [26]–[28] can be used. 
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Film-based manufacturing techniques also opened the possibility of utilising in-plane, or pla-

nar/planar architectures (Figure 2.3 - (b)). In such structures, the thermal flux no longer passes from 

the top face to the bottom face through the TE legs but instead flows parallel to the film and its sub-

strate. Significant losses can be encountered if the thermal conductivity of the substrate is comparable 

to that of the thermoelectric materials [29]. To build planar/planar structures, several thin-films and 

micro-films deposition techniques can be used, such as sputtering [30], plasma enhanced chemical 

vapor deposition [31] or resistive thermal evaporation [32], which need controlled environments and 

are most of the times complex methods, or such as screen-printing (SP) [33], [34], roll-to-roll (R2R) 

[35], [36], spin-coating [37], [38] or even spatula/blade-coating [39]–[41], which are simpler and faster 

techniques. Although planar TE devices are usually less efficient than vertical ones, their advantages 

are linked to the possibilities of large area applications, flexible and transparent devices, and less ma-

terials required to produce them. 

Regarding the electrical conduction type, instead of using TE couples constituted by p- and n-

type pairs, it is possible to use only either the n-type or p-type material [10], [25], [26], [36], [42]–[45]. 

Some examples of single-type TE legs in both planar and vertical architectures can be seen in Figure 

2.4. The individual TE elements can still be linked thermally in parallel and electrically in series, with 

the electrical connections running "top-to-tail", linking the hot and cold sides of the TEG [29]. 

 
Figure 2.4 - Literature examples of single-type TE arrays: (a) poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PE-

DOT:PSS) and silver printed by R2R on polyethylene terephthalate (PET) foil [36], (b) PEDOT:PSS and silver blade coated on 

paper [10] - copyright 2014, The Royal Society of Chemistry, (c) PEDOT-Cl by vapor print on cotton with carbon fiber thread 

as interconnection [43] - copyright 2019, John Wiley & Sons, Inc., (d) carbon nanotubes and polystyrene (CNT-PS) composite 

deposited by spatula coating on polyethylene naphthalate (PEN) with vacuum deposited gold as electrodes - reprinted from 

[25], with the permission of AIP Publishing., and (e) SnSe 3D-printed TE ink with copper tape as interconnection [26]. 

A TEG is usually a more extensive system than a module. In a common TEG, the modules are 

connected thermally in parallel with heat exchangers to transfer heat from the heat source to the 
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module's hot side and away from its cold side. The modules are connected to an electrical load to close 

the circuit and enable electricity extraction [12]. Parallel to the TE properties, three factors turn out to 

be crucial for the TEG performance: increasing the thermal resistance of the generator, decreasing the 

thermal resistances of the package and the contact to the heat source and sink, respectively, and fi-

nally, minimizing the electrical resistance of the contacts between thermocouples. These goals may be 

achieved through both design and material selection [46]. There are several published works with sim-

ulation results around the optimization of the TE legs geometries and the device’s architectures, some 

of them considering the other components [23], [24], [47]–[53]. 

 Wearable Thermoelectric Generators 

Within ,the Internet of Things (IoT), there is an emerging class of devices worn in, on and around 

the human body and can sense, record and exchange data with surrounding networks. Wearables and 

other human-centered devices can be summarized as the Internet of Humans (IoH), and wearability, 

alongside big data, cost and energy, represent the fundamental challenges in the implementation of 

IoT and IoH. The IoH includes sensors that measure body activity, biopotentials, biomarkers and many 

other parameters, and smart implants or actuators that dispense medication or provide electrical stim-

uli [54].  

One of the major challenges of these wearable devices concerns their powering/charging be-

cause there is a limited number of devices a user will charge daily, making charging a potential market 

killer. Also, the chemical batteries will typically fail and need replacement after a finite time, thus re-

quiring new batteries and extra labour, which is sometimes inconvenient or even impossible [55]. Re-

searchers are developing novel power supply methods adopting energy harvesting to overcome this 

limitation of batteries. However, these sources are not always suitable for wireless and portable elec-

tronic equipment because of their operating mechanism, cost, and size. Therefore, TE power genera-

tion is receiving considerable attention from researchers both in academia and industry as a possible 

green energy solution to address this need [56]. 

These energy harvesters have been designed and fabricated over the years to fit different appli-

cation areas, and at ASSIST (National Science Foundation of Advanced Self-Powered Systems of Inte-

grated Sensors and Technologies), a TEG is one of the enabling technologies being explored to create 

wearable, self-powered, health and environmental monitoring systems [57]. Wristwatch/GPS (Global 

Positioning System), hearing aid, pacemaker, ozone sensor, and fitness trackers (GPS with health mon-

itoring system) are some examples of applications that can benefit from TEG due to their low power 

requirement (< mW) [56]. Unfortunately, as already mentioned, the most efficient known TE materials 

are toxic, rare, and expensive, so it is very important that the TE community continue the search for 

alternative materials. Also, an energy harvester cannot simply replace batteries; it will require a com-

plete system redesign, smart power management, and production cost reduction [58]. 
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The nature of the thermoelectric materials to be used depends on the temperature gradient the 

TE device is submitted. In applications like wearable electronics, TEGs are expected to harvest energy 

in a low-temperature (around RT) context and convert it into an electrical current. Therefore, wide-

area, low-cost, biocompatible, and mechanically flexible TEG (FTEG) are strongly desired to collect such 

low-density heat fluxes cost-effectively [49]. The FTEG can make conformal contact with the human 

skin and fully utilize body heat with minimal energy loss while also being comfortable to wear. How-

ever, state-of-the-art TE devices, including TE materials and thermal and electric interfaces, are mostly 

optimized for technical performance and do not consider wearability. This means that rigid and heavy 

components and/or toxic or irritating materials are being studied. Current approaches mainly investi-

gate individual components of wearable devices, but to optimize wearability and performance, a ho-

listic system optimization from the human body to a specific application should be considered [54]. 

In a recent review [59], S. Zhu et al. provide an overview of the state-of-the strategies aimed at 

achieving flexibility and high normalized power density in TEGs based on inorganic bulk TE materials. 

The focus on these materials relies on their significant potential as power sources for wearable elec-

tronic devices due to their high output. The performances of rigid TEGs (r-TEGs) and flexible TEGs, the 

latter divided into the non-stretchable FTEGs (ns-FTEGs) and stretchable FTEGs (s-FTEGs), are summa-

rized in Table 1, where the used materials to fabricate them are explicit. 

Regarding electrodes, some flexible approaches could have deposited the TE legs into a polymer 

matrix, but interconnects and packaging made from rigid materials limited the flexibility and number 

of bending cycles [54]. There are some published works with flexible interconnects made with thin 

copper films, strips, or foils, and made with silver paste, foils, or coated fibers [22], [24], [60], besides 

the commercial interconnects. Printing techniques can be used to obtain electrodes and conductive 

paths using silver, carbon, copper, or nickel inks. To solve the problem of mechanical failure between 

thermocouple and interconnect while bending, some researchers propose liquid metal in a PDMS 

channel as an interconnect [54], [61], [62]. 

The thermal resistance of the ambient air can be decreased using heat dissipators like radiators. 

The outer surface of a device itself may serve as a dissipator, but for more effective heat exchange, a 

radiator made with aluminium or copper fins or pins, for example, can be provided. This way, the con-

tact surface to the air exceeds the area of the skin occupied by the device, thereby virtually decreasing 

the thermal resistance of the air (thermal insulant) per square centimeter of skin and increasing the 

heat flow through the TEG [63]. However, standard fin or pin type metal heat sinks are typically 

adopted from electronic chip cooling, an application where flexibility and weight are not important 

issues. Flat heat sinks fabricated from porous materials with a large surface area, but low volume can 

be used to increase wearability. Alternative approaches using (micro-)fluidics or liquid-solid phase 

change are very effective in removing heat from the TEG but require a large-area interface to the en-

vironment. Flexible or stretchable heat sinks are most promising for future wearable harvesters [64], 
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[65]. To avoid uncomfortable skin cooling in changing ambient conditions, an ideal heat sink should 

adopt its thermal resistance accordingly [54]. 

Table 1 - Performances (ZT and Power Density, for a specific temperature) and features (thermoelectric materials, encap-

sulants and heat sinks) summary for different types of wearable TEGs (WTEGs). Adapted from [59]. 

TEG 
Type 

TE Legs Material 
ZT or 
Effi-

ciency 
Encapsulation Electrodes 

Ambient 
Temper-

ature 
Heat Sink 

Power 
Density 

(μW/cm2) 
Ref. 

r-WTEG Bi2Te3 0.8 PDMS/Alumina Copper 18 °C heat spreader 6 [57] 

r-WTEG commercial Bi2Te3 - Alumina Copper 22 °C plate fin heat sink 20 [63] 

r-WTEG commercial Bi2Te3 - Ceramic Copper 23 °C plate fin heat sink 28.5 [66] 

r-WTEG Bi2Te3 0.14 AlN Copper 17 °C plate fin heat sink 35 [67] 

r-WTEG Bi2Te3 - AlN Copper 25 °C heat spreader 44 [68] 

ns-FTEG commercial Bi2Te3 - PDMS FPC 13 °C - 0.084 [69] 

ns-FTEG Bi2Te3 (glass fab-
ric) 

- PDMS Copper 15 °C - 0.75 [70] 

ns-FTEG commercial Bi2Te3 - - FPC 19 °C - 0.4 [71] 

ns-FTEG commercial Bi2Te3 - PDMS FPC 25 °C - 0.526 [72] 

ns-FTEG commercial Bi2Te3 - Polymer Copper 25 °C - 2.28 [18] 

ns-FTEG commercial Bi2Te3 0.35 PDMS Liquid metal 5 °C - 2.5 [61] 

ns-FTEG commercial Bi2Te3 0.85 - FPC 13 °C - 3.5 [73] 

ns-FTEG commercial Bi2Te3 0.71 PDMS Copper 24 °C - 4.5 [74] 

ns-FTEG commercial Bi2Te3 - PDMS Liquid metal 24 °C - 5.2 [75] 

ns-FTEG commercial Bi2Te3 - Aerogel/PDMS Liquid metal 24 °C - 5.4 [76] 

ns-FTEG commercial Bi2Te3 - Melamine foam Copper 24 °C heat spreader 7 [53] 

ns-FTEG Bi2Te3 - Bakelite Copper 24 °C flexible heat sink 4.78 [64] 

ns-FTEG Bi2Te3 - Bakelite Copper 24 °C flexible heat sink 5.6 [65] 

ns-FTEG Bi2Te3 - Bakelite Copper 24 °C plate fin heat sink 5.6 [77] 

ns-FTEG Bi2Te3 0.75 Fabric Copper 24 °C air velocity: 0.2 m/s 6.3 [78] 

ns-FTEG Bi2Te3 - - Copper 24 °C plate fin heat sink 8 [79] 

ns-FTEG Bi2Te3 - PDMS Liquid metal 
& Copper 

24 °C hydrogel 8.3 [62] 

ns-FTEG commercial Bi2Te3 0.75 Porous PDMS Copper 24 °C absorbent polymer 9.37 [80] 

ns-FTEG commercial Bi2Te3 0.68 Polymer Copper 24 °C absorbent polymer 13 [81] 

ns-FTEG Bi2Te3 - - FPC 24 °C radiant cooling 12.5 [82] 

ns-FTEG Mg3Bi2/Bi2Te3 - Porous PU Copper 16 °C air velocity: 1.1 m/s 20.6 [83] 

ns-FTEG commercial Bi2Te3 0.64 Polymer Copper 13 °C PCM heat sink 20 [84] 

s-FTEG Bi2Te3 (PE-
DOT:PSS) 

- PDMS Copper ΔT = 33 
°C 

- 0.87 [85] 

s-FTEG Bi2Te3 - Elastic fabric Polyester fiber ΔT = 33  
°C 

- 1 [86] 

s-FTEG commercial Bi2Te3 - PDMS Liquid metal ΔT = 10  
°C 

- 4 [87] 

s-FTEG Bi2Te3 - PDMS/Ag-Ni Ag nanowires 10 °C - 6.97 [88]  

AlN: Aluminium Nitride. FPC: commercialized flexible printed circuit. PCM: phase-change material. 

Soft and flexible thermal interfaces for wearable thermal harvesters are barely discussed in lit-

erature. Most authors focus on developing FTEGs and applying them directly on the skin without 
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adding another interface [54] meaning that the active harvesting area is often reduced to the contact 

points between skin and TCs. Packing flexible devices with polyimide foil [45], [69] or with PDMS [89] 

between the thermolegs and the skin can be a flexible, conformable and biocompatible choice, but 

these materials are also thermal insulators. As a result, the TEG could adapt to irregular surfaces, but 

there will be performance losses. 

Light-weight materials with high k, such as aluminium or copper [57], [71], are still the gold 

standard thermal interface to the body in state-of-the-art wearable thermal harvesters. Interfaces are 

typically sheets with a skin-contact area of one to several square centimeters and a thickness of one 

to several millimeters. In most harvesters, the interface is larger in area than the TEG to increase the 

harvesting area. To optimize contact with the surface of the human body, rigid interfaces are typically 

segmented and then connected individually by flexible links or by integration into a flexible substrate 

or fabric. Nevertheless, rigid interfaces cannot compensate for smaller surface topography as it occurs 

nearly everywhere on the body, therefore reducing the actual harvesting area. Additionally, they can 

cause discomfort for the wearer if the attachment pressure is too high or if only parts of the interface 

are in contact with the skin [54]. 

 Thermoelectric Sensing Applications 

Temperature sensing plays a pivotal role, for instance, in healthcare monitoring applications. 

Thus, despite the undoubtedly interest in energy conversion, TE materials can be approached from a 

temperature-sensitive perspective, as they can detect small thermal stimuli, such as a human touch or 

contact with cold/hot objects. 

The body temperature can detect human touch in combination with TE technology. The human 

body produces heat as a by-product of metabolic chemical reactions. Then, it is distributed to different 

body parts by the blood flow, releasing it through the skin via radiation, convection, and sweat evap-

oration [90]. The human body is a heat engine emanating heat in the range of approximately 50 to 150 

W/m2 at regular daytime activities [91]). The temperature difference between the human body and 

the ambient is usually around 5-15 °C (skin temperature can change from 25 °C to 36 °C at an ambient 

temperature range of 4 °C to 40 °C [54]). Of course, results are improved when people are warmer, 

like when they are younger or did exercise, and/or when the environment is cool, for instance, because 

there is air motion or a heat dissipator attached. However, temperature gradients for energy harvest-

ing will always be small due to human conditions barriers and thermal resistance losses. 

These ΔT are usable for determined sensing or detecting applications, where eco-friendly mate-

rials, even with lower S, can be used to obtain low-cost and scalable TE devices that will operate close 

to RT. Such an approach can provide an alternative to conventional capacitive sensing technologies. In 

a recent review of flexible temperature sensors [92], regarding the resistance temperature sensors 

(which also work with thermal stimuli), it is stated that there are some critical issues, e.g., cost, 
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resistance temperature coefficient (TCR), oxidation resistance, and manufacturing requirements. Cop-

per, gold, nickel, platinum, and silver are the most used materials. On the other hand, the thermocou-

ples' rugged, low-cost, and self-powered properties make them preferable for having stable reference 

temperatures. However, due to their continuous exposure to sudden environmental changes, their 

use as a wearable sensor is limited (which is not the aimed application of this work). Moreover, con-

cerning pressure and capacitive sensors, a fair comparison is not applicable since the stimuli are of 

different nature, the performance is evaluated differently, and the applications can diverge (for exam-

ple, TE thermal sensors can be on one side of a glass window of a laboratory door and be stimulated 

directly touched or touched through the glass on the opposite side of the door). 

The growing integration of sensors due to the increasing number of touchscreen displays and 

devices boosts the global touch sensor market growth. Therefore, it is necessary to search for biocom-

patible, flexible, lightweight, and low-cost materials and develop technologies compatible with low-

intensity stimuli, like low temperature or low pressure. Moreover, the global TE generator market was 

valued at 472.5 million USD in 2020 and is projected to reach more than 1440 million USD by 2030, 

growing at a compound annual growth rate of 11.8% [59]. Thus, there is a window of opportunity for 

TE materials, not only for energy harvesting and conversion but also for T sensing, such as T sensors or 

touch detectors [93]–[97]. The device's output power is not always a priority in these types of applica-

tions. Therefore, the achievement of flexible, green, lightweight and/or low-cost devices can be con-

sidered. 

Although a TE energy harvesting device is conventionally evaluated via TE figure of merit ZT, the 

TE sensing capabilities are poorly compared via these indicators because their performance is deter-

mined mainly by the S of the active materials and the k of the complete set of the device components 

[98], [99]. Thus, if low k TE materials and substrates are used, as well as integrating TE elements with 

little S in series, the production of TE sensors and detectors with relevant performances can be at-

tained. 

2.1.5.1 Thermoelectric Touch Detectors 

When touched, a TE detector transforms the thermal gradient between the skin and the detec-

tor into an electrical signal. Among several desirable features, this device must exhibit a strong sensing 

performance, including high and stable signal-noise ratio (SNR) values with short response time. It 

should also present suitable mechanical properties concerning the final application, and, equally im-

portant, it needs to be cost-effective and viable for large-scale production [100].  

Besides the possibility of flexibility and lightness, the TE sensors offer good performance for 

both naked and glove-covered fingers as they work with the ∆T formed between the finger and the 

device. This feature could be interesting in several situations, such as industrial processes, patient-care 

activities, and laboratory safety, especially in a pandemic like the recent one we experienced. As a 

main advantage, over the existing touch sensors, a single TE element can distinguish a different finger 
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T, sense, and discriminate between fast and slow touches, and give two symmetrical responses de-

pending on the stimulated electrode, allowing for a Yes-No/On-Off applications. 

Concerning TE sensors and detectors, one of the primary considerations is the optimization of 

the material's thermal conductivity. Since our goal is to heat only one side of the material and maintain 

a sufficient ΔT over time to generate a ΔV response, keeping the k as low as possible is crucial. Other-

wise, heat would readily flow from the heated side to the other. Another challenge is fabricating TE 

materials with a suitable size and shape to match the geometry of the heat sources [101]. However, 

contrary to energy harvesting applications, these detectors only need short thermal stimuli to work 

properly (therefore, the ability to work in a non-stop mode is not mandatory), and thermal losses are 

less important. Depending on how large the Seebeck potential of the chosen material is and how low 

the thermal conductivity of the device is, these detectors can have different discriminated output lev-

els. They can quickly evolve to work from detectors to sensors. Additionally, responses to T changes 

should be precise and rapid, which depend on the S (material property), translating directly into high 

signal levels for thermal sensing. The number of connected elements (device architecture) also plays 

a role in this context. Moreover, high electrical conductivity reduces the Joule heating and increases 

the TE voltage generated [95], [98], [102].  

From the electrical point of view, a detector should have a Vsignal:Vnoise ratio of at least 3:1 [103] 

or even 5:1 [104] to maintain a robust operation, where Vsignal is the output voltage (Vout) above the 

noise level, when stimulated, and the Vnoise is the background noise (standard deviation of the signal 

during resting mode). Several researchers have reported SNR of up to 35 for TE detectors, choosing 

different materials and techniques. M. Ruoho et al. [95] reported a TE touch panel based on Al-doped 

ZnO active material with a SNR of 20 and a rise time of 90 ms. A similar SNR value was reported by 

E.M.F. Vieira et al. [105] for 60 nm - SnOx thin films with a fast fingertip touch event. The author of this 

thesis reported an SNR of ~ 10 for a 60 nm thick-Cu2O film [32]. Recently, T. Koskinen et al. [99] pre-

sented a high SNR of 35 for a touch-sensing device made of multilayer graphene ink. This SNR range 

enables the detection, without any doubt, of individual touches. However, most of these state-of-the-

art results come from highly costly techniques (vacuum deposition systems, high-temperature pro-

cesses) and/or rigid substrates. 

 

2.2 The Need for Sustainable Materials and Production Methods 

In 2019, the European Chemical Society published a special periodic table to highlight the rela-

tive scarcity of important elements like zinc, gallium, germanium, silver, indium, tellurium, and yttrium. 

Besides the elements' scarcity issues, this table notes 30 chemical elements used to produce a typical 

mobile phone. The 2019 version table was already updated twice, in 2021 (mainly because of lithium) 

and 2023 (due to a change in carbon), with the 2023 version being compared to the first edition in 
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Figure 2.5. Although making accurate predictions is difficult because technological advances can 

change the overall scenario, it is fair to state that, unless solutions are provided, there is a risk of seeing 

many of the natural elements that make up the world around us run out – whether because of limited 

supplies, their location in conflict areas, or our incapacity to fully recycle them [106]. 

 
Figure 2.5 - Periodic tables with 90 elements, highlighting their scarcity and nature through a colour code, and referring the 

elements commonly used for the production of a smart phone, from EuChemS. Both 2019 and 2023 versions are presented 

for comparison [106]. 

The term “critical raw materials” (CRMs) refers to various metals and nonmetals that are crucial 

to Europe’s economic progress and of high importance to the global economy [107]. Some of the used 

CRMs, see Figure 2.6, especially in biomedicine, aerospace, electric vehicles, and energy applications, 

are almost irreplaceable. However, there is always room to improve and innovate technologies and 

industries. As long as understanding and adherence to sustainability priorities are maintained and stay-

ing vigilant not to cross ethical or risk boundaries, science continually unveils ingenious solutions to 

address complex problems. Nonetheless, the challenge often hinges on timing, with these solutions 

occasionally arriving too late, necessitating confrontation with advanced and irreversible conse-

quences stemming from the prevailing issues. 
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Contemporary research needs to respond and adapt to the possibility of future governmental 

guidelines prohibiting the use of heavy compounds, toxic solutions, and so forth. Thus, the TE field 

should always consider global material management roadmaps for the near and distant future. Explor-

ing efficient scaling-up techniques with low energy requirements and rapid steps is as important as 

having all the device components made with non-toxic or rare resources. Therefore, it is desirable that 

the whole device is designed per these propositions, and different options should be evaluated to 

better understand how to take advantage of the TE phenomenon. 

 
Figure 2.6 - Critical raw materials list for the European Union, gathering data from 2011 to 2020, overlaid on the 

periodic table of elements, using a colour code to depict the evolution of criticality over time [107]. 

 Eco-friendly TE materials 

Most inorganic semiconductors, such as SnSe, Bi2Te3, SiGe, SnS, and CoSb3, exhibit excellent TE 

performance and have been widely explored for the recovery of waste heat at temperatures above 

250 °C. Still, they are expensive, have a relatively heavy weight, have strong toxicity, and are complex 

to process [108]. Moreover, approximately 50% of waste heat is stored below 250 °C and is available 

on large surfaces, meaning that large areas of processed TE material could recover this lost energy. 

Printed TEGs formed from lightweight and low atomic mass elements like carbon, nitrogen, or sulphur 

have the potential to offer a more environmentally sustainable economy compared to devices made 

from less abundant Earth minerals such as germanium, selenides, and tellurides [5]. In Figure 2.7, some 

examples of soft materials with TE properties are made from abundant and less toxic elements. They 

are lightweight and can be processed from solution, making it possible to deposit the materials over 

large areas using cheap printing techniques and flexible substrates. This allows the TE devices to be 
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applied on curved surfaces like wrist-wearables. However, far fewer TE materials have been developed 

to efficiently recover such small temperature gradients at temperatures as low as 40 °C [9]. 

The category of soft materials exhibits distinct mechanical properties, including high deforma-

bility and low stiffness. However, some other materials and composites can be readily tailored for 

flexible applications and wearables. The development of printable inks with flexible substrates opens 

possibilities for creating conformable and biocompatible devices, utilizing soft materials or other ma-

terials that offer interesting characteristics, whether in a 2D geometry or composite form. The formu-

lation of printable TE inks, both organic and inorganic based, is indeed a potential route to achieve 

flexible devices, with the opportunity to scale up their production. 

 

Figure 2.7 - Soft materials exhibit a range of TE properties, from insulating to nearly metallic. High-conductivity materials are 

characterized by high degrees of order and crystallinity. In contrast, lightly doped, polycrystalline materials demonstrate high 

Seebeck coefficients, the trade-off of properties already addressed [109] - copyright 2019, John Wiley & Sons, Inc.. 

Carbon-based pastes and inks are used extensively in various printed, electronic devices, includ-

ing resistive heater panels, electrochemical sensors, pressure sensors, printed batteries, and superca-

pacitors [110]. The advantages of carbon include low production cost, disposability, chemical inert-

ness, the ability to be modified or functionalized for electrochemical sensors, and the ability to be used 

as an intercalation material in energy storage [111]. These can then be dispersed in a viscous carrier 

fluid to create inks and coatings for various applications, including printable electronics, sensors, smart 

packaging, and active coatings. However, carbon inks usually present a very low S, which is unsuitable 

for TE applications. 

Graphite (G), a carbon allotrope, is an essential material for scientific and industrial applications 

because of its peculiar properties: it is highly resistant to heat, almost inert when in contact with vir-

tually any other material, and has good thermal and electrical conductivity [112]. Among other carbon-

based materials, G is known to have a TE response but with a relatively small S, compared to more 

established TE materials [98]. However, reports are showing that some of these materials can perform 
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better than standard organic conducting counterparts such as PEDOT:PSS since the S is sometimes 

more significant and they can sustain higher processing temperatures if needed [101], [108], [113]–

[116]. Moreover, compared to carbon nanotubes and graphene, graphite is much cheaper and has 

attracted the attention of several research groups [116]–[119]. 

Graphite ink is often used in printed electronics as a material for electrodes [120], [121], but 

there are published works using it in the TE field [113], [116], [122] and also on strain and temperature 

sensors [123], [124]. During this PhD work, graphite flakes were used to produce TE sensors through 

two different approaches: the formulation of screen-printable inks ethyl cellulose (EC) based, see 

Chapter 4, and the production of a composite with polydimethylsiloxane (PDMS), see Chapter 5. More 

details about PDMS can be found in section 2.3.1. 

Molybdenum disulfide (MoS2) is a 2D transition-metal dichalcogenide that is non-toxic and con-

tains earth-abundant elements. This material has shown great potential in various applications such 

as TE power generation, photodetectors, field-effect transistors, and electrochemical storage in super-

capacitors. MoS2 is a good candidate for TE mainly because of its inherent low thermal conductivity, 

and it has been used to enhance the ZT of different materials by making nanocomposites, for instance, 

with TiS2, Bi2Te3, PEDOT: PSS, CoSb3, Au and RGO [125], [126]. Featuring a metastable metallic phase 

(1T), which can be stabilized or converted to a stable semiconductor phase (2H) by the appropriate 

heat treatment or use of microwave radiation, MoS2 has unique characteristics, such as high carrier 

mobility, strong electron-hole confinement and variable bandgap [127]. Section 6.2.1 presents a study 

about the production of a composite based on MoS2 and cork for TE sensing applications. 

 Printing Technologies in TEGs 

Despite the growth of market demand in wearables, the need for green energy power sources, 

and sensors for the devices’ operation, using cheap materials in their production will be essential to 

achieve sustainable and marketable wearable technologies. Furthermore, production methods and 

techniques should also be eco-friendly and low-cost, enabling scale-up. 

Flexible electronics are growing interest among researchers and companies with widely varying 

applications, such as organic light emitting diodes and transistors, conductive tracks on non-standard 

substrates, and many different sensors [42]. These applications have pushed the outputs of printing 

techniques to new levels, making a considerable contribution to reaching economically viable printed 

TEGs that are more suited to efficiently recovering heat at low operating T and in large areas. In a 

recent review [5], M. Burton et al. comprehensively discussed the substantial advancements made in 

printing TE materials across various material groups and printing techniques aiming at TEG fabrication. 

As mentioned before, the TE temperature sensing feature offers possibilities for different appli-

cations. It can be integrated with scalable and cost-effective, biocompatible, flexible, and lightweight 
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thermal sensing solutions, exploring the combination of sustainable Seebeck coefficient-holding ma-

terials with printing techniques and flexible substrates. 

2.2.2.1 A Synergy between Research Topics 

Printing technologies offer a potential route to produce sustainable TE devices at a lower cost, 

on a large scale, and allow a tailored architecture to meet the heat source stimulus requirements. A 

proof of that is the increasing number of publications combining TE devices with wearable applications, 

flexible, organic, and printed materials [128]. Nowadays, interesting tools help us understand the re-

search trends and what has been done in specific areas, providing a glimpse of what has aroused the 

interest and dedication of the scientific community. Some research trends results from the Web of 

Science site search tool, based on the number of publications (manuscripts, books, patents) relative to 

specific keywords, are shown in Figure 2.8. 

 
Figure 2.8 - Research trends for specific keywords and time periods given by a Web of Science search tool, where manu-

scripts, patents, review works and books regarding those topics are accounted for. 

Although this type of analysis is not highly accurate (we cannot guarantee that all the databases 

are included nor check one by one if there are repetitions of sources or a misunderstanding of our 

search meaning, for example), it is a good indicator of the interests of the scientific community as well 

as their evolution over time. The blue columns chart corresponds to the single “thermoelectric” key-

word (it was kept separately due to the significant scale difference), and it clearly shows that this re-

search topic already has some decades, but it remains growing exponentially. Looking at the other 

keywords search set, the first appearance of determined concepts is easily perceptible, and the 
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relation between them can be extrapolated. Over the last decades, the search for organic TE has grown 

exponentially (to be noted that the last column has the count for fewer years than the preceding col-

umns), probably due to environmental awareness and the need for flexible and lightweight technolo-

gies. The union of “thermoelectric + printing” and “thermoelectric + flexible” keywords start appearing 

simultaneously, although with different growth rates, especially in recent years. This may be because 

most printed TEs are intended to be flexible, while flexible TE can be achieved through other thin film 

techniques. Most likely, the increase in flexible and printed electronics was driven by the advances in 

the organic semiconductors field. Regardless of the number of works linked to "thermoelectric + sen-

sor" being high since the 80's, the wearable technology concept is more recent, emerging in the 2000’s. 

However, it is predictable that the interception of thermoelectrics and wearable applications will con-

tinue to draw the attention of researchers since the number of publications in the 2020-2022 period 

is already much higher than in all the period from 2010 to 2019. Although the research strands are 

interested in greener and sustainable production techniques, the coupling of life cycle assessment 

(LCA) and TE concepts has not been widely applied. Unfortunately, this seems a transversal problem 

to many research topics.  

In summary, the field of thermoelectrics has undergone seven decades of development. Despite 

the primary objective remaining the enhancement of the ZT value, usually resorting to the optimization 

of non-sustainable thermoelectric materials through complex production methods to achieve high en-

ergy conversion, the reality is that the pursuit of more sustainable materials and techniques, even if 

less efficient, is gaining visibility. 

2.2.2.2 Printing Methods 

Printing methods are compatible with green materials, easily scalable to mass manufacturing 

processes, and low-cost. A variety of printing techniques have been explored for the production of 

electrical components and devices and the selection of the printing technique is dependent on the 

required printing resolution, fabrication throughput, homogeneity, minimum layer thickness, ink char-

acteristics (e.g. viscosity, rheological behaviour, size and dispersion of the particles), and surface and 

mechanical properties of the substrate [129]. 

Printing deposition techniques are divided into contact processes - gravure, screen, flexography, 

and reverse offset printing - and non-contact processes - inkjet, electrospray, aerosol jet printing, and 

dispenser (3D) [130]. Among the several options available, SP is one of the most used printing methods 

due to the possibility of using it in a R2R process, and different types of sensors are produced using 

this technique [131]–[135]. In Figure 2.9, several examples of printed TE using different production 

techniques, TE materials, and substrates are shown. 

Printable inks and pastes are typically composed of fillers, binders, and solvents, which can be 

combined in a suitable proportion to guarantee proper viscosity. The binders (typically acrylics, alkyds, 

cellulose, and resins) enhance the ink's adhesion to the substrate and the connection of the particles 
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to each other after printing. Binding occurs during drying and solvent removal or sintering [136]. Other 

frequently employed ink additives include surfactants and dispersants, which facilitate the dispersion 

of nanoparticles within the surrounding vehicle, and defoaming agents that are used to reduce surface 

tension and prevent the entrapment of bubbles.  

 
Figure 2.9 - Examples of published printed TE, highlighting the used materials in each description: (a) Inkjet printing on paper 

[137] - copyright 2019, Elsevier; (b) Blade-coating on paper [138]; (c) Screen-printing on alumina - reprinted from [135], with 

the permission of AIP Publishing; (d) Screen-printing on glass fabric [139] - copyright 2014, Royal Society of Chemistry; (e) 

Screen-printing on kapton [33] - copyright 2016, Elsevier; (f) 3D-printing on a PU cable [101] - copyright 2018, Royal Society 

of Chemistry, and (g) 3D-printing with no substrate [28] - reproduced with permission from Springer Nature. 

The addition of biocides and fungicides sometimes hinders the growth of bacteria and fungi in 

conductive inks. Furthermore, the ink viscosity may be regulated by the addition of polymeric thicken-

ing agents (e.g. polyvinyl alcohol (PVA), EC, polyvinylpyrrolidone (PVP)) or solvents of different viscos-

ity [136]. The EC is a widely available and recyclable cellulose derivative [140], [141], and it was used 

to adjust the viscosity of GFlakes inks explored in Chapter 4. 
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The solvents play a core role in the rheological properties of the ink. In the case of SP, most inks 

select organic solvents such as toluene, tetrahydrofuran (THF), dimethyl sulfoxide (DMS), N-methyl 

pyrrolidone (NMP), dimethylformamide (DMF), propylene glycol, glycol, 2-propanol, and ethanol 

(EtOH), which are volatile, poisonous, and environmentally unfriendly. With the sustainable develop-

ment and green initiatives, these organic solvents are not the best choice for ink preparation, and it is 

urgent to find “green solvents” that can not only achieve high solubility and stability of fillers but also 

meet the needs of health and environment [142]. 

2.2.2.3 Flexible Printing Substrates 

Functional inks are formulated according to the desired features, and through printing tech-

niques, it is possible to produce printed films on flexible substrates, achieving flexible devices. Poly-

meric substrates, such as PEN, PET, and polyimide (PI), known as kapton, are prevalent choices used 

in large area and flexible electronics. This preference stems from their mechanical and dimensional 

stability, temperature tolerance, smooth surface morphology (low roughness), barrier properties 

against oxygen and water, and good electrical insulation. However, while this type of substrate offers 

exciting properties, it is evident that devices designed for affordability and disposability demand recy-

clable and environmentally sustainable alternatives [36], [143]. 

Regarding eco-friendly flexible substrates, the paper has been in focus for printed, electronic 

applications due to its flexibility, lightness, abundance (renewable source), recyclability, and biode-

gradable nature, including in the fabrication of TE devices, [10], [117], [138], [144]–[147]. Besides these 

interesting properties, paper substrates can include printed electronic functions and existing paper 

products such as packaging. Examples of TE printed on paper can be found in Figure 2.4 - (b) and (c) 

and in Figure 2.9 - (a) and (b). 

Meanwhile, fabrics have also been explored, with research being allocated to substrates like 

polyester [22], [119], [148], glass fiber fabric [34], [41], [139], or cotton [149], [150] which has valuable 

properties for wearable and flexible applications, such as its breathability, foldability, and elastic re-

covery [151]. Examples of TE printed on fabric can be seen in Figure 2.4 - (c) and Figure 2.9 - (d). 

Among innovative eco-friendly materials to use with printing techniques, there is cork. In 2015, 

cork was studied as a possible substrate for inkjet, with a pre-coating treatment to its surface [152]. In 

2019, the author of this thesis reported that cork was a suitable flexible substrate for screen-printing 

aiming ultraviolet light (UV) sensor production [141]. Similar photodetectors are reported in the liter-

ature but produced with highly complex and expensive techniques using vacuum systems and temper-

ature steps, processes that are not compatible with flexible and lightweight substrates, and thus wear-

able technology [153]–[158]. In 2021, A. P. M. Tavares et al. reported cork as a substrate to produce 

3-electrode electrochemical devices, also with screen-printing [159]. Besides its use as a printing sub-

strate, it can also be used as part of composite materials for instance in matrixes of thermoplastic 
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polyurethane (TPU), high-density polyethylene (HDPE) or polylactic acid (PLA), to use in 3D-printers 

[160]–[162]. 

 

2.3 Encapsulation - A Step Towards Real Life Applications 

Every device produced on a laboratory scale has fixed conditions, such as controlled tempera-

ture or humidity. In contrast, they will face different and variable environmental conditions and me-

chanical stresses that might decrease the device's performance in real-life applications. Most of the 

studies do not specify these highly relevant conditions to check the devices' viability in some applica-

tions. The encapsulation aims to help the devices undergo extreme conditions and meet the different 

usage requirements with the minor performance loss possible. Lifetime, durability, variability, and sta-

bility are practical considerations that are seldom considered [163]. Some printed, electronic devices 

must have selective permeability, such as ozone sensors that should be able to adsorb oxygen [141] or 

humidity sensors that must interact with water molecules [131], [164]. On the other hand, optical 

sensors typically just require a transparent or optically neutral encapsulation [165], [166]. Finally, other 

sensors require an encapsulation to protect them against the environment's abrasion and wear. 

Printing methods along with flexible substrates have been used to produce different kind of 

sensors, namely, for UV radiation [141], mechanical pressure [167], humidity [164], or temperature 

[98], [168]. Nonetheless, one of the most important requirements in bringing these devices to market 

is their encapsulation. Many of the materials used in printed and flexible electronics are sensitive to 

oxygen or moisture [169], leading to performance losses over time. Encapsulation is also a key aspect 

in improving the robustness of flexible devices against mechanical impacts or bending/twisting, in-

creasing their durability and shelf-life [170]. 

For wearable applications, an encapsulation step should always be provided in the end of the 

device fabrication, not just due to irritating and toxic issues but also because of the materials' perfor-

mance degradation over time. However, this will always cost in terms of thermal interface increased 

resistance. 

 Flexible and Eco-Friendly Encapsulants 

Encapsulation technologies have evolved from traditional rigid cover plate encapsulation, rigid 

inorganic film encapsulation to the current flexible thin-film encapsulation [171], typically polymer-

based materials - if the desirable devices to encapsulate are flexible, the encapsulant should keep their 

flexibility. The commonly used materials such as parylene [172], [173], PDMS [165], [174], laminated 

plastic [173], [175] and PVA [176], [177], among others, usually are toxic or difficult to recycle. Green 

encapsulation aims to reduce the environmental impact of flexible electronic devices by incorporating 
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environmentally conscious materials and processes [178], limiting toxic or non-recyclable components 

and high energy-consuming techniques. Reasonably, suppose the materials and production processes 

had an eco-friendly approach. In that case, the encapsulation step must not be an exception - elec-

tronics have progressed beyond cost-effectiveness to embrace a more sustainable route. 

Cellulose-based encapsulants can be a greener alternative to some of the presented options, 

allowing the biocompatibility and flexibility of the devices while adding a small cost to their production. 

In Chapter 4, it is show-cased a proof-of-concept of ethyl cellulose as a flexible and water impermeable 

encapsulant material. 

Although PDMS is not a biodegradable material, it is an elastomer widely used in several re-

search areas, such as microfluidics or stretchable electronics, suitable as substrate or composite matrix 

material. It is a biocompatible material, optically transparent, viscoelastic, chemically, and thermally 

stable, highly flexible, and hydrophobic. It requires low curing temperatures, can easily be moulded 

with high resolution and aspect ratio [124], [179], [180], and can have its viscosity manipulated [181]. 

There are several reports about PDMS composites where the PDMS properties were modified and 

optimized by adding other materials: composites with Ag micro sized flakes and carbon black [179], 

[182] for flexible electronics without the need of metallization, ZnO and CuO nano particles [183], [184] 

to form coatings with anticorrosion and antifouling properties, PZT micro particles [185] for piezoelec-

tric devices, boron nitride [186] for wearable pressure sensing systems, graphite flakes [124], [180] for 

flexible temperature sensors, and graphene nanoplatelets [187] for photoresponsive actuation. In the 

TE field, PDMS has been reported as substrate and gap-filler, due to its low k, flexibility, and biocom-

patibility [24], [61], [71], [89], [139], [188]. 

In Chapter 5, the reader will find two different PDMS composites, with very distinguished prop-

erties: the PDMS/GFlakes, a TE and electrical conductor composite used to produce TE sensors, and the 

PDMS/cork, an electrical insulator used to encapsulate devices. The choice of G was already explained, 

in section 2.2.1, as for cork, the following paragraphs will be dedicated to it. 

As already mentioned in section 2.2.2.3, cork is considered a sustainable material, currently 

used for different industrial applications, of which stoppers for the wine industry and floating devices 

are two of the most representative [189]. The cork forests constitute a unique and diversified ecosys-

tem, and cork-based products are considered “carbon neutral” since they decrease the amount of 

carbon dioxide in the atmosphere, being long-life, biologically based products. Cork is harvested with-

out killing the tree, allowing future bark extractions, and used cork can be easily granulated and recy-

cled into raw material for a second life [190], [191]. Macroscopically, cork is a lightweight material, 

with an average density of about 200 kg/m3, practically impermeable to liquids and gases, innocuous, 

and almost age-insensitive, with remarkable chemical and biological stability and a good fire re-

sistance. It is an elastic material, thermal and electrical insulator, and acoustic/vibration absorber. Mi-

croscopically, cork consists of layers of alveolar-like cells of which the membranes have a degree of 

waterproofing and are filled with an air-like gas, which occupies about 90% of their volume [192]. The 
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number of published works focused on cork has increased over the years, which indicates a growing 

interest from the scientific community in this great raw material [190]. New cork applications for 

sports, filters, pharmacology, fashion, and architecture, among others, have been developed and com-

mercialized. From haute couture shoes to designer clothes, cork is being used as a raw material to 

enrich these goods, attracting customers who seek high-quality products and goods from natural 

sources. The fabrics used to manufacture such commodities consist of extremely thin laminated sheets 

of natural or agglomerated cork bonded over cloth or another flexible support like paper [190]. In this 

work, it was produced a composite made of cork granules into a PDMS matrix aiming to lower the 

amount of PDMS needed, substituting part of it for an eco-friendlier choice and, at the same time, 

promoting a decrease of the volumetric mass density and thermal conductivity of the PDMS itself 

[193]. 
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Different TE materials were explored throughout this PhD work, and various architectures/con-

figurations were designed and produced. This section aims at exploring and explaining the production 

methods and characterization techniques used in this work. Concerning the materials used, a full de-

scription can be found at the beginning of each of the following chapters. 

 

3.1 Production and Synthesis Methods 

 Screen-Printing 

Screen-printing is a widely used printing method due to its simplicity, ease of prototyping and 

associated low-cost. It can have a fast printing speed (150 m/min), suitable for substrates with tailored 

textures, and versatility for pattern designs (resolution around 30-100 µm) [129]. It is a straightforward 

technique with the possibility of scaling it up in a R2R process, where all the components move syn-

chronously. 

In the SP technique, the ink is forced through the open areas of a specific mesh with the help of 

a squeegee (in this work, a rubber blade), as depicted in Figure 3.1, leaving a printed pattern on the 

substrate. This happens because the mesh, usually made of a woven fabric, typically polyester, has 

patterned holes blocked-up with a photo-polymerized emulsion correspondent to the negative of the 

intended printing pattern, where the ink could pass through the open mesh [194]. 

 
Figure 3.1 - (a) Screen-printing process scheme showing the initial phase when the ink is placed on top of the mesh and before 

the open pattern and also the final result of the squeegee passage with the printed pattern on the substrate and (b) example 

of a used screen-mesh. 
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Compared to flexography or inkjet printing, this technique requires higher viscosity inks (30-

12000 cp), resulting in thicker films and low volatility solvents [130]. 

The most important parameters for screen printing are:  

- the screen mesh (number of apertures per area). 

- the squeegee speed, angle, and pressure.  

- material viscoelasticity. 

- desired shape (pattern, definition). 

- snap-off distance (space between the substrate and the screen).  

Other important parameters are the desired film thickness (single-layer/multi-layer), drying and 

curing processes (temperature, UV), and the type of substrate (flexible or rigid, hydrophobic or hydro-

philic, smooth or rough). The squeegee movement can be promoted by a person (manual SP) or by a 

machine (semiautomatic SP). Although the first mode gives room to human errors and difficulty in 

repeatability of results between users, it is simpler and faster to begin a project printing manually. The 

use of the semiautomatic process pays off in cases where the inks and geometries are already opti-

mized, and there is a need to print in a larger scale, once it takes time to optimize all the parameters 

and it spends more material. 

The formulation of TE inks for screen-printing allows great freedom for different geometries and 

large area applications, without the need for complex cleanroom processes. Some limitations regard-

ing this printing technique are the comparatively low printing resolution (~30 μm) [130] and the nec-

essary cleaning steps. 

 Film Casting and Blade Coating 

The film casting technique is widely used for the application of paints, varnishes, adhesives, liq-

uid printing inks and many other surface coatings to produce quick, accurate and repeatable samples. 

It is based on an adjustable micrometer film applicator or meter bars moved by an automatic arm with 

controllable speed. The speed rate is directly connected to the viscosity of the ink applied onto the 

substrate and it plays a dual role in influencing both the thickness and the quality of the resulting film 

[195]. Striking the right balance between faster and slower blade speeds becomes essential to preserve 

the film’s morphology and its crystallization process [196]. 

This work used a K101 Control Coater System (Figure 3.2), in which a mechanical arm can move 

at different speeds (from 2 to 15m/min) and fixed direction. The thickness of the wet films is controlled 

by the applicators and bars chosen, and final thicknesses can vary between 4 and 800 μm. The coating 

bed has an associated heating system that can be used during or after the casting, up to 150 °C. This 

technique was used to cast PDMS/G composite mixtures with a micrometer applicator to produce films 

(without T), and to encapsulate printed sensors with polymeric solutions using a rod (at 60 °C). 
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Figure 3.2 - (a) Control coater system used for film casting and (b) examples of tools to use with the moving arm to cast the 

solutions. 

The principle of the doctor blade method is similar, where a solution/paste is deposited onto a 

substrate, resorting to a blade that moves on a single axis. This work used this method to cast the 

higher viscosity mixtures of PDMS/G, creating thick films up to 6.3 mm, using moulds with the desired 

final geometries. 

 Plastic Lamination 

Laminating machines are used to add protective plastic coatings to chosen surfaces. In a thermal 

laminator, this is done by heating and fusing plastic pouches (in the case of two-sided laminating) over 

the surfaces to be covered. These laminating pouches are made of a combination of different types of 

plastic. The harder outer layer is usually based on PET, a polyester resin that can be formed into various 

shapes, for instance, flat sheets, which makes it ideal for laminating pouches. It provides the laminating 

pouches' stiff, rigid, and protective outer layer. The softer inner layer is usually ethylene-vinyl acetate 

(EVA), a resilient, soft, and stress-resistant plastic often used as a hot-melt adhesive [197]. Sometimes 

a combination of the PET, EVA, and polyethylene (PE) is used altogether [198]. 

The lamination step (section 4.2.2.3) was done using an OL 250-L-17 laminator along with trans-

parent plastic pouches, from QUIGG, Figure 3.3. This laminator has two heated rollers inside, and a 

backloader technology for easy-of-use. It also has a short preheating time (< 1.5 min) and a fast lami-

nation speed (400 mm/min). 
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Figure 3.3 - (a) Example of the office laminator working with an A4 page and (b) image of an A5 plastic pouch being loaded 

with TE sensors inside for their encapsulation. 

 

3.2 Characterization techniques 

 Open Circuit Voltage - Potentiostat 

A potentiostat is a critical analytical instrument designed to precisely control the potential at 

the working electrode within an electrochemical cell. It contains a set of internal circuits that enable 

generating and measuring potentials and currents, making it a fundamental tool for conducting elec-

trochemical investigations. Although electrochemical tests are often related to the study of chemical 

reactions involving electron transfer, such as redox reactions, corrosion studies, battery testing, or 

electroplating, the experiments conducted with this equipment may not typically be classified as tra-

ditional electrochemical tests. Measuring the open circuit voltage (VOC) over time in TE samples ex-

posed to a thermal stimulus promoting ΔT involves studying the electrical behaviour of materials, 

which can be related to the field of electrochemistry in a broader sense. 

A specific electrode configuration was employed to characterize the sensors using the potenti-

ostat. Two carbon ink (Cink) electrodes were screen-printed on opposite sides of the quadrangular TE 

elements for the planar TE elements. Aluminium foils were added and affixed to the Cink zones to ex-

tend the devices' electrical contacts. Similar connections were made on two opposite sides of the cubic 

elements in the case of vertical TE sensors. To assess the scalability of the process, connections were 

also established between multiple elements. The connection of the TE sample electrodes to the po-

tentiostat terminals is crucial. To ensure that p-type materials exhibit a positive S and n-type materials 

exhibit a negative S, the hot side electrode was connected to the potentiostat positive terminal and 

the cold side electrode to the negative terminal. This polarity choice is vital for maintaining consistency 

in our data. A very small auxiliary current, bellow 10-4 A, was applied throughout the experiments while 
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the VOC was continuously recorded. This voltage serves as a representation of the potential or voltage 

relative to a predefined reference point and was monitored over time. 

The TE sensor's response to touch events was acquired while touching (or not touching) the 

sample with a gloved (or ungloved) finger. The VOC was continuously recorded at various water tem-

peratures for the hot water test, allowing the TE material to return to its initial state between temper-

ature changes. The data acquisition had a fixed time step of 0.1 seconds for each measurement. 

During this work, a Gamry Instruments Reference 600TM was used, a Potentiostat/Gal-

vanostat/ZRA equipped with an acquisition and analysis software for physical electrochemistry and 

electrochemical impedance experiments, Figure 3.4 - (a). An example of a TE sample ready for the 

potentiostat connections can be found in Figure 3.4 - (b). 

 

 
Figure 3.4 - (a) Potentiostat equipment (which is used along with a computer and a Faraday cage) and (b) a TE sensor with 

two vertical elements ready to be characterized. 

  Hall Effect 

The Hall effect is one of the most important galvanomagnetic effects, which are physical effects 

arising in matter carrying electric current in the presence of a magnetic field. When a semiconductor 

material is subjected to a perpendicular magnetic field (𝐵⃗ ) while current (I) flows through it, the free 

carriers are deflected to one side of the sample, creating an electric field.  

The Hall effect generates a voltage drop orthogonal to the path of moving electrons and the 

applied magnetic field [199], which can be used to determine information about charge carriers in the 

material, such as their sign (positive for holes and negative for electrons), concentration (n) and mo-

bility (μ). The Hall effect is commonly used as a technique to measure electrical resistivity (sheet and 

bulk). 

The following Equation 3.1, 3.2, 3.3 and 3.4 translate the relations beyond these parameters 

[143]: 

 𝑉𝐻 = 
|𝐵|⃗⃗ ⃗⃗  ⃗ .𝐼

𝑞 .𝑛 .𝑑𝑠
    (V) 3.1 
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 𝑅𝐻 = 
𝑉𝐻 .𝑑𝑠

|𝐵|⃗⃗ ⃗⃗  ⃗ .𝐼
    (cm3/C) 3.2 

 

 𝑛 =  
1

𝑞 .𝑅𝐻 .𝑑𝑠
    (/cm3) 3.3 

 

 𝜇 =  
𝑅𝐻

𝜌
    (cm2/(V.s)) 3.4 

 

Where VH is the Hall voltage, q is the electron charge, ds is the thickness of the sample and RH is 

the Hall coefficient. The sign of RH indicates whether the semiconductor is n-type or p-type, if the sign 

is negative or positive, respectively. 

During this work, the carrier Hall mobility, electrical resistivity, sheet resistance, and carrier con-

centration were measured with a Biorad/Nanometrics HL5500 Hall effect system Figure 3.5 - (a), using 

van der Pauw contact geometry, Figure 3.5 - (b). Although this system can analyse from -180 to 225 

°C, all the measurements were performed at RT. The samples for Hall measurement were cut in quad-

rangular shapes (10 x 10 mm2) and covered with Cink contacts at the four corners. 

 
Figure 3.5 - (a) Hall effect system installed at Cenimat facilities and (b) zoomed-in image of the assembly zone for the sam-

ple characterization. 

 Seebeck Coefficient 

To measure the Seebeck coefficient the TE sample is submitted to a thermal gradient, i.e., as-

semble the material between two plates at different temperatures, where at least one side can have 

a variable temperature so different temperature gradients can be tested. The S of planar samples was 

measured at RT, using a homemade setup based on the ‘two-probe’ method [105], Figure 3.6, in Uni-

versity of Minho facilities. 
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Figure 3.6 - Characterization setup for planar thermoelectric films Seebeck coefficient measurement. 

This method consists in connecting one side of the film to a heated metal block at a fixed T (the 

block is heated by the application of successive voltage values, between 1 and 3 V) using the DC pro-

grammable source (Yokogawa model 7651) and the other side to a heat sink at RT, to generate ∆T 

along the film. This ∆T was measured using platinum wire resistors, Pt-100 (100 Ω at 0 °C precision 

resistor) at both metal blocks. The resulting thermovoltage (∆V) was measured by an Agilent 34 410 A 

61/2 Digit Multimeter. A linear plot of ∆V versus ∆T is expected, representative of a good thermal 

contact between the film and the blocks. The S values and corresponding errors were obtained using 

the LINEST function in an EXCEL worksheet. This function uses the least squares method to calculate 

the statistics for a straight line (that best fits the experimental data) and returns an array of parameters 

describing that line, including S (from the slope of the linear fitting), and the associated error [168]. 

 Viscosity 

Rheology is the study of the flow and deformation of matter. Usually, these studies are per-

formed with liquids but can also be applied to certain solids. One of the rheological properties is vis-

cosity, which can be simply defined as the internal friction acting within a fluid, i.e., its resistance to 

flow [200]. A viscosimeter is an instrument that measures the fluid flow and the viscosity of liquids, 

assessing how resistant a material is to motion when a force is applied. 

The formula for measuring the absolute viscosity (η) is described in Equation 3.5 [201]: 

 η =  
𝜏

𝛾̇
    (cP) 3.5 

Where τ is the shear stress of the fluid, the force per unit area that you need to move one layer 

of fluid in relation to another [202], and 𝛾̇ is the shear rate, in which the dot denotes the first derivative 

of strain versus time - the velocity of the deformation of its form. 
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Broadly, there are two types of fluids: the Newtonian and the non-Newtonian. In Newtonian 

fluids, the viscosity remains constant, regardless of changes to the shear rate. In a non-Newtonian 

fluid, the viscosity values fluctuate [202]. 

The η of a particle suspension, such as a printable ink, is largely a function of particle volume 

fraction, particle shape, interactions between particles, particle size distribution, suspension structure, 

surface properties, adsorbed species, and the hydrophilic/hydrophobic nature of the particles/poly-

mer [111]. 

In the example of an ink to use in screen-printing, the quality of screen-printed patterns depends 

on the ink rheology, printer hardware (screen, squeegee, substrate) and the printing process parame-

ters [110]. The ink flow through the stencil is significant as it determines the uniformity of the printed 

surface. The more viscous and elastic the ink, the less easily it flows through the screen and spreads to 

make an even film, but if the viscosity of the ink is too low, it will not recover and gives ‘‘slurred’’ prints 

[110]. 

In Chapter 4, the viscosity of the screen-printed GFlakes inks was measured using a viscometer 

CAP 2000+ (Brookfield Engineering), Figure 3.7 - (a), with a spindle 09 (viscosity range: 20 – 10800 cP), 

at a set T of 25 °C, at 5-10 rotations per minute (rpm). A solvent trap was used to avoid evaporation 

during the measurement. Also, the viscosity of the EC ink used for encapsulation was measured using 

an Anton Paar MCR 502 Rotational Rheometer, Figure 3.7 - (b), at set T of 25 and 60 °C, for shear rates 

varying between 1 and 1000 s-1. 

 
Figure 3.7 - (a) The viscosimeter CAP 2000+ at Cenimat facilities and (b) the MCR 502 rotational rheometer at the 

department of materials science. 

 Scanning Electron Microscopy 

A scanning electron microscope (SEM) allows an analysis of materials at the nanometric scale, 

covering different applications such as topographical surface, chemical composition, or crystalline 

structure analyses. 

This characterization method relies on the following main components [203]: 
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• a source to generate a highly energetic electron beam, which is called electron gun. 

• a travelling vertical column where the electrons pass through at least two electromagnetic 

lenses. 

• a deflection system based on scan coils. 

• electron detectors for backscattered and secondary electrons. 

• a chamber for the sample. 

• vacuum pumps to decrease the pressure of all system. 

• a computer screen to display the scanned images and a keyboard to control the electron 

beam parameters. 

The interaction of the beam with the surface can result in the absorption by the sample, the 

reflection of primary electrons (backscattering), the emission of secondary electrons and the emission 

of electromagnetic radiation [143]. 

The primary electrons of an energy between a few keV and 50 keV interact with the sample up 

to a depth of 1 µm from the surface. Secondary electrons (SE) have an energy factor of a thousand 

lower than the primary electrons, so they are emitted only from a region of a few angstroms from the 

sample surface. These electrons provide a topographical contrast since the SE yield depends on the 

slope and curvature of the surface. The resolution of an SE image is in the order of 2 nm. Backscattered 

electrons (BSE) have a kinetic energy like the primary electrons and are obtained up to a depth of a 

few tenths of a micrometer. Since the interaction volume increases with the depth from the surface, 

a lower lateral resolution is obtained from BSE [204]. 

The probability for backscattering depends on the atomic number of the incidence zone, so el-

emental contrast can be obtained, if the atomic numbers are sufficiently different among the sample. 

When detecting electrons which are emitted from the sample under different angles between the pri-

mary beam and the surface, BSE which have undergone Bragg diffraction by the crystal lattice of the 

samples can be detected. This technique is called electron backscatter diffraction and can be used to 

study the crystallography and microstructure of the material. In addition to SE and BSE, Auger elec-

trons and X-ray fluorescence are produced in the samples as competing processes. Due to the rela-

tively low kinetic energy, Auger electrons are emitted only from the top few nanometers of the surface. 

Fluorescent X-rays are emitted from a depth of up to 1 µm. Both provide elemental information, but 

most commonly, the fluorescent X-rays are detected by energy dispersive spectroscopy (EDS) [204]. 

Throughout this work, SEM was used for topographical surface analysis, to study the printing 

substrate type or to access the quality of the printed layers, and it was also used to evaluate the mi-

crostructure of the produced composites when varying their composition. The images acquisition was 

performed using a Hitachi TM 3030Plus tabletop workstation (Tokyo, Japan), Figure 3.8 - (a), and for 

non-conductive samples, a thin metallic coating of 20 nm of iridium was deposited before the SEM 

analysis (example in Figure 3.8 - (b)). 
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Figure 3.8 - (a) The TM3030Plus equipment at Cenimat facilities and (b) image of metallised samples assembled for obser-

vation and an example of a correspondent SEM image. 

 Contact Angle 

The contact angle (CA) measurement is a surface analytical method that is used to measure and 

discern the ability of a specific material to absorb or repel a specific liquid. A representation is depicted 

in Figure 3.9, considering a liquid drop resting on a flat and horizontal solid non-porous surface. 

 
Figure 3.9 - Illustration of CA formed by sessile liquid drops on a smooth homogeneous solid substrate, in a gaseous 

medium, with indications about the respective interfaces and surface properties. 

The measured contact angle is the angle between the solid-liquid interface on their surface. In 

this case, the liquid is water, and the experiment gaseous medium is air. A small contact angle is ob-

served when the liquid spreads on the surface, while a large contact angle is observed when the liquid 

beads on the surface, i.e., the larger the contact angle, the greater the hydrophobicity and vice-versa. 

When this static CA surpasses 150° it is applied the term superhydrophobicity. A CA less than 90° indi-

cates that wetting of the surface is favourable, and the fluid will spread over a large area on the surface 
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easily, while CA greater than 90° generally means that wetting of the surface is unfavourable so the 

fluid will minimize its contact with the surface and form a compact liquid droplet [205]. 

The CA of a liquid drop on an ideal solid surface is defined by the mechanical equilibrium of the 

liquid under the action of three interfacial tensions: 

 𝛾𝐿𝐺 . cos(𝜃𝑌) =  𝛾𝑆𝐺 − 𝛾𝑆𝐿  3.6 

where γLG, γSG, and γSL represent the liquid-vapor, solid-vapor, and solid-liquid interfacial ten-

sions, respectively, and θY is the contact angle. Equation 3.6 is usually referred to as Young’s equation, 

and the interface where solid, liquid and gas co-exist is referred to as the "three-phase contact line" 

[205]. 

This work used CA measurement by drop shape analysis to determine hydrophilicity of printing 

substrates and their encapsulants. The static water CA measurements were performed with DataPhys-

ics OCA 15 Plus (Filderstadt, Germany), using 2 μL deionized water droplets. The side view of the drop-

let was acquired with a camera operating in a monochromatic regime, and the CA was determined 

using the Laplace-Young approximation model. 

 Simultaneous Thermal Analysis 

A simultaneous thermal analyser (STA) can perform a thermogravimetric analysis (TGA) and a 

differential scanning calorimetric (DSC) measurement of a sample in the same instrument at the same 

time. This way, it is possible to ensure identical conditions for both characterizations.  

In TGA the mass variation is monitored as a function of the temperature. In DSC, the difference 

between the heat flow rate to the sample and a reference material is measured. With this technique, 

it is possible to determine the changes in the enthalpy of the samples, specific heat, and the tempera-

tures at which these occur [143]. 

This thermal characterization was performed for the encapsulant materials used in Chapter 4, 

ethyl cellulose, polyvinyl alcohol, and laminated plastic, giving particular attention to thermogravime-

try analysis. The measurements were conducted in a simultaneous thermal analyser from Netzsch 

(TGA-DSC-STA STA 449 F3 Jupiter), Figure 3.10 under air atmosphere, between 20 and 500 °C, with a 

10 °C/min heating rate, in an aluminium crucible. 
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Figure 3.10 - The STA 449 F3 Jupiter equipment at Cenimat facilities. 
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SCREEN-PRINTED GRAPHITE INKS ON FLEXIBLE 

SUBSTRATES FOR TOUCH DETECTION 
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4.1 Introduction 

This section is dedicated to the results of optimizing ethyl cellulose and graphite flakes (GFlakes) 

inks to be used as a functional material for flexible thermal touch sensors produced by screen-printing. 

Graphite concentrations of 10, 20 and 30 wt% in an EC ink's base were tested with 1, 2 and 3 screen-

printed layers. The TE inks were printed on four different substrates: (i) cotton (Cot), (ii) organic cotton 

(OrgCot), (iii) office paper (OP) and (iv) sticker label paper (SL). It was assumed that each substrate has 

a characteristic k that would interfere with the sensors' response time and other distinctive properties 

that would vary the ink’s adhesion and printed layers' quality, consequently leading to different sensor 

responses. For instance, and as can be seen in Figure 4.1, the two chosen fabrics show a difference in 

the mesh apertures, and the two papers show differences in the fibre’s diameters and binder com-

pounds. Likewise, depending on the wt% of GFlakes and the number of printed layers, the printability of 

the inks and the films' electrical and TE properties differ. 

 
Figure 4.1 - Scheme of the studied variables in this chapter about ethyl cellulose and graphite screen-printing inks. 

Besides the chosen materials and printing conditions, the architecture adopted to fabricate the 

touch sensors is also very important in terms of the number of connected elements, heat collection, 

and thermal stabilization towards incrementing the maximum ON state voltage (VON). 

The conjugation of these variables (Figure 4.1) was assessed regarding printability, sheet re-

sistance, and thermoelectric response. The first main goal was to optimize the SNR of the sensor when 

stimulated with just one finger touch, promoting a ∆T along the sample. 

In this work, a study was conducted to evaluate different materials for encapsulating these flex-

ible and printed TE touch sensors on paper and cotton substrates: EC and PVA, using blade-coating, 
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and laminated plastic with a commercial office laminator machine. Thus, the second main goal was to 

reach an adequate encapsulant material, which maintained the flexibility of the devices while adding 

a relevant degree of water impermeability. 

4.2 Experimental Details 

 Materials 

4.2.1.1 Printed TE Sensors 

Ethyl cellulose (Sigma-Aldrich, extent of labelling: 48% ethoxyl) and diacetone alcohol (DAA, 4-

Hydroxy-4methyl-2-pentanone 99% from Aldrich) were used to create the screen-printing ink base. 

Graphite flakes (mesh 325, 99.8 %, metal basis from Alfa Aesar®) were added as received. Commercial 

carbon screen paste (CRSN2644, from SunChemical®, see Appendix Figure 1) and commercial alumin-

ium foil were used to create the electrodes and conductive paths between the TE elements. 

Four different substrates were tested: multi-function paper (office paper) with an 80 g.m-2 gram-

mage from Inapa Tecno; commercial thermal labels from Staples (referred to as sticker labels); organic 

cotton poplin fabric (referred to as organic cotton) by Bo Weevil with a weight of 125-130 g.m-2 and a 

168-thread count, and natural cotton fabric (referred to as cotton) from Fiacri. 

4.2.1.2 Encapsulation Studies 

Sensors with 2 printed layers of ink with 20 wt% of GFlakes were produced using substrates of 

multi-function paper (office paper) with an 80 g.m−2 grammage from The Navigator Company and nat-

ural cotton fabric from Fiacri. 

Two encapsulant materials were deposited using blade-coating (see section 3.1.2): 7.5 wt% EC 

dissolved in a mixture of 80:20 (V/V) of EtOH and DAA (EtOH, CAS: 64-17-5, from Carlo Erba Reagents), 

and PVA (CAS: 9002-89-5, from EVO-STIK) mixed with milli-Q water (1:7 or 3:2 V/V). A commercial 

plastic pouch (thickness range of 80-125 µm, from QUIGG) was also tested as an encapsulant material. 

 Samples and Devices Preparation 

4.2.2.1 Inks formulation and screen-printing 

A screen-printing TE ink was produced, dissolving 5 wt% of EC in DAA, with a stirring step of 300 

rpm at 140 °C, to form the ink base, and then adding three different concentrations of GFlakes, 10, 20 

and 30 wt%. The EC supplier refers to the use of a mixture of toluene and ethanol (80:20 v/v) to dis-

solve the EC to achieve a specific viscosity of 300 cP. However, these solvents are very volatile (boiling 

points 111 °C and 78 °C, respectively). This implies a high evaporation rate, promoting the fast drying 

of the solution and possible clogging of the mesh while printing. Another disadvantage of this solvent 
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mix is that toluene might be problematic [206]. During the internship at Swansea University, it was 

learned that DAA could dissolve the EC as well, being considered a green solvent and with a higher 

boiling point (166 °C) [111], [206]–[208], making it the chosen solvent for the TE inks. Figure 4.2 - (a) 

describes the procedure followed to obtain these screen-printable inks. 

 
Figure 4.2 - Scheme of the: (a) ink production steps and (b) printing steps to obtain the thermoelectric planar sensors, ex-

emplifying the characterization method of touch detectors using a potentiostat. 

The formulated TE inks were screen-printed using a mesh model 77-55 (mesh count 190, aper-

ture 81 µm, thread diameter 55 µm), varying the number of printed layers and the type of substrate. 

The printed TE elements were left to dry at RT. Carbon paths between them were then printed with a 

mesh model 120-34 (mesh count 305, aperture 45 µm, and thread diameter 34 µm) and cured for 30 

min at 100 °C using a hot plate. Schematic representations of the fabrication steps for the fully screen-

printed TE touch sensors and characterization can be seen in Figure 4.2 - (b), using the example of 

printing a 4-elements device on sticker label paper as the substrate. 

4.2.2.2 Geometries 

Figure 4.3 shows an illustration of the printing patterns used to obtain the TE sensors. Firstly, 

the TE ink was printed (i), followed by the Cink printing for electrical connections (ii). In (iii) there is the 

final printing result, conjugating both patterns in the referred order. 

For the 16 TE elements arrays, after the screen-printing, there was an additional production step 

of coiling the printed films around a hollow core made with a piece of cardboard straw with a diameter 

of 7 mm (iv); this way, passing from a planar architecture to a planar/vertical one. 
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Figure 4.3 - Illustration of the printing patterns used to obtain TE sensors with 1, 2, 4 or 16 elements: (i) printing patterns for 

the TE elements, (ii) printing patterns for the Cink connections and (iii) the final conjugation of both patterns. The step (iv), 

regarding the 16-elements arrays, illustrates the rolling process to obtain planar-vertical architectures. 

4.2.2.3 Encapsulation Step 

The blade coater was used with a 4 µm or a 90 µm wet thickness rod or film applicator. The 

depositions were made with a bed temperature of 60 °C, at a speed level of 2 and 4 for EC and PVA 

mixtures, respectively.  

Regarding EC encapsulation, after depositing one side and allowing it to dry for five minutes at 

60 °C, the back was coated similarly. The PVA samples' back was coated after the first side had dried 

for 24 hours at RT. According to the manufacturer, the commercial plastic pouches were laminated 

with a 400 mm/min operating speed, operating at a temperature of roughly 135 °C. 

 Characterization and Testing 

4.2.3.1 Substrates, Inks, and Samples Characterization 

A SEM analysis (section 3.2.5) was used to assess the printing quality of printed layers, substrate 

coverage, and pristine substrates. Since the substrates are insulators, an Iridium layer was deposited 

for better image acquisition. 

A screen-printable ink should have relatively high viscosities, typically between 1000 to 25 000 

cP, when compared with other printing techniques like inkjet or flexography [209], [210]. The meas-

ured viscosity values at 25 °C (see section 3.2.4) were 1945 cP ± 9 %, 3150 cP ± 14 % and 10795 ± 25 

%, for 10 wt%, 20 wt% and 30 wt% GFlakes ink, respectively, meaning they are suitable for SP.  

The Seebeck coefficients of the printed G/EC films were measured at RT in a planar configuration 

(as explained in section 3.2.3). 
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The sheet resistance (RSheet) was measured (section 3.2.2) using samples cut in quadrangular 

shapes and covered with Ag ink at the corners. The measurements were conducted at RT (temperature 

kept between 22.5 °C and 23.1 °C) at relative humidity (RH) of 38 % and 46 % for the organic cotton 

and cotton substrates, respectively. Regarding the paper substrates, the RT was kept between 22.7 °C 

and 23.1 °C, while the RH was 40 % and 44 % for office paper and the sticker label substrates, respec-

tively. 

4.2.3.2 Encapsulant Materials 

EC ink viscosity was measured at 25 and 60 °C (section 3.2.4). A DSC analysis was conducted in 

air from 25 to 500 °C (heating ramp 10 °C/min) to analyse the thermal properties of the chosen encap-

sulant materials. For surface imaging, SEM was used to see the differences between the substrates as 

purchased, after encapsulation and after the bending tests. Static water CA measurements were per-

formed using 2 μL droplets of deionized water (more details in section 3.2.6). 

4.2.3.3 Devices Characterization 

Before Encapsulation: 

The non-encapsulated TE sensor's response to touch events was characterized by measuring the 

VOC over time in a potentiostat (section 3.2.1) while touching (or not) the sample with a gloved finger. 

To perform this characterization, two electrodes of Cink were screen-printed on opposite sides of the 

quadrangular TE planar elements and aluminium foils were added (glueing them to the Cink zones) to 

extend the device's electrical contacts. To test the scalability of the process, the Cink was also used to 

connect TE elements in series. Mechanical stress tests were performed by bending the sensors with 

controlled curvature radii (7, 15 and 25 mm) and measuring their response over time (up to 800 h). 

After Encapsulation: 

The encapsulated TE sensor's response to touch events was characterized by measuring the VOC 

over time in the potentiostat in the same way as for the non-encapsulated samples. Bending tests 

were conducted using a 15 mm curvature radius (CR), and water submersion tests were performed for 

1 minute, with the sensors being remeasured afterward. 
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4.3 Results and Discussion 

 Electrical and Morphological Characterization 

4.3.1.1 Cotton and Organic Cotton Substrates 

Figure 4.4 presents the average of the measured RSheet values for both fabric substrates, consid-

ering different combinations of variables (10 to 30 wt% GFlakes and 1 to 3 printed layers). As expected, 

the measurements show that increasing GFlakes wt% in the ink results in a higher electrical conductivity 

for the printed elements. In addition, regardless of the substrate, it is possible to conclude that the 

RSheet values of the samples are also reduced with the number of printed layers. This happens due to a 

better substrate coverage, increasing the percolation between the conductive flaked particles. 

 
Figure 4.4 - Average RSheet values for different number of printed layers (1, 2or 3 layers) and graphite wt% composition (10, 

20 and 30 wt%) on: (a) cotton, and (b) organic cotton substrates. The star symbols represent samples that were too electri-

cally resistive (overload (OL) situations) to perform the RSheet measurements. 

Comparing the two fabric substrates, the films printed on OrgCot have consistently higher RSheet 

values and associated errors, independently of the studied conditions, which means that Cot allows 

better and more repeatable results. The SEM images (Figure 4.5) help to understand how the fabric 

woven structure affects the printability and coverage of both fabric substrates. The first image of each 

set of Figure 4.5 - (a) and (b) presents the substrates before coating, while the ensuing images are for 

different printing conditions and ink formulations (the extreme conditions - 1 layer of 10 wt% vs 3 

layers of 30 wt% - and three images in between - 2 layers of 10, 20 and 30 wt%). 
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Figure 4.5 - Surface SEM images of screen-printed TE films with different printing conditions (number of printed layers and 

wt% of GFlakes) on: (a) cotton, and (b) organic cotton substrates. For comparison purposes, the first image of each set presents 

both fabric substrates without TE material (pre-printing). 

For the condition of 3 printed layers of the 30 wt% GFlakes ink, it is observed a uniform coverage 

of the surface on the Cot substrate, barely leaving any thread or hole exposed, while in the OrgCot 

substrate, the fabric threads are easily identified and spotted. This can be due to different factors such 

as fibre staple length, weaving method, number of twisted fibres, degree of twisting or fibre treatment, 

leading to a lower printing quality [211], [212]. Although OrgCot initially appears to have a more closed 

mesh and a smoother surface, the Cot substrate promotes better ink adhesion and GFlakes assembling, 

increasing the layer uniformity and a more efficient formation of electrical paths, which matches their 

RSheet values, that have the lowest value for 3 layers of 30 wt% of 270 ± 24 Ω/sq and 831 ± 55 Ω/sq for 

Cot and OrgCot, respectively. 

4.3.1.2 Office Paper and Sticker Label 

Similar conditions were implemented on paper substrates and used for comparison with fabric 

substrates. The RSheet was measured on samples with 1 to 3 layers combined with GFlakes concentrations 

of 10, 20 and 30 wt% (Figure 4.6). Similarly to what was observed for the fabric substrates, the increase 

in the number of layers and GFlakes wt% led to a decrease in the RSheet values of the printed sensing 

elements. For paper substrates, the observed RSheet values are not distinctive, probably because they 

are similar in terms of roughness, porosity, and fibre distribution. 
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Figure 4.6 - Average sheet resistance values for each number of printed layers (1, 2 or 3 layers) and graphite wt% composition 

(10%, 20 or to 30 wt%), on: (a) office paper, and (b) sticker label substrates. The star symbols represent samples that were 

too electrically resistive (OL situations) to perform the RSheet measurements. 

The SEM images in Figure 4.7 - a) and b) show clear differences in the surface topography when 

compared to the printed fabrics (Figure 4.5). The results show a highly efficient fibre covering from 2 

printed layers with the 10 wt% of GFlakes, resulting in an immediate electrical percolation. Thus, the ink 

saturation is more prevalent in paper substrates, which can be explained by the fibre ink absorption 

as well as the production method of the fabric substrates, which undergo a weaving process leading 

to higher apertures in between the threads, hence more porous. In contrast, in the paper fibres, the 

porous size is significantly smaller, and the fibres are more randomly compressed. The ink uptake of 

the substrate is then controlled by the porosity and fibre absorption, making the fabric substrates bet-

ter candidates for ink absorption, thus lowering layer saturation and reducing ink consumption. In the 

extreme condition of 3 layers of 30 wt%, there is an excess in GFlakes ink on the paper substrates, result-

ing in a common screen-printing defect where the printed layer surface showcases the mesh aperture, 

like small dots. Although this translates into a rougher surface and ink waste, the RSheet presents its 

lowest values of 364 ± 20 Ω/sq and 467 ± 33 Ω/sq for OP and SL, respectively. 
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Figure 4.7 - Surface SEM images of screen-printed TE films with different printing conditions (number of printed layers and 

wt% of GFlakes) on: (a) office paper and (b) sticker label substrates. For comparison purposes, the first image of each set pre-

sents both fabric substrates without TE material (pre-printing). 

 Touch Detection Tests 

The electrical and morphological characterization indicated Cot and OP as the prime printing 

substrate options and the clear influence of the number of printed layers and GFlakes wt%. Combining 

both aspects, the optimal conditions for both substrates are 3 printed layers of 30 wt% ink. However, 

aiming for a reduced device processing time and less expense of the active material amount, as well 

as a higher flexibility, the option of 2 layers of 20 wt% ink was also addressed on OP (RSheet of 751 ± 20 

Ω/sq) to produce some of the final touch sensors. 

The S measurement was performed for elements printed with different conditions to comple-

ment the characterization of the samples printed on OP and Cot (Appendix Figure 2, 3 and 4). As ex-

pected [98], [114], all values were positive (graphite is reported as a p-type material) and around 20 

μV/°C, regardless of the substrate and printing conditions, Figure 4.8, showcasing that notwithstand-

ing the differences in RSheet, for this specific application, we will have similar responses. 
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Figure 4.8 - Seebeck coefficient measurement values for different printing conditions using OP and Cot substrates. 

The VOC of the samples was measured over time to study the gloved finger touches response of 

the TE elements. The VON is the VOC when the sample is experiencing a ∆T due to a finger touch, while 

VOFF is the VOC when there is no ∆T present. At the beginning of each test, the sample was measured 

for at least 30 seconds with no ∆T applied to acquire a baseline. After this stabilization time, the stim-

ulation of the sensors began, and the VOC was left to reset to its initial value between touches. 

4.3.2.1 Cotton sensors with different number of elements 

Figure 4.9 - (a) exhibits the positive and negative VOC peaks, which correspond to touches 

(around 2 s) on each sensor's positive and negative terminals, respectively, where the same sensor can 

generate two different responses. When TE materials are exposed to a ∆T, the majority of carriers 

move from the hot side to the cold side, originating an electrical response; hence, the carrier move-

ment will also invert when there is an inversion of the said gradient. Depending on which side the user 

touches the sensor, this behaviour can be used for a Yes or No application. 

Figure 4.9 - b) shows the VOC increase when connecting elements electrically in series, using 1, 

2 and 4 elements. The used geometries are shown in the inset images, and the corresponding SNR 

values, voltage amplitudes (VAMP) and rise/fall times (Ƭrise and Ƭfall, respectively) can be found in Table 

2. The SNR parameter of a sensor relates the signal amplitude to the background noise (measuring VOFF 

over time), and its values were calculated using the following Equation 4.1 [103]: 

 𝑆𝑁𝑅 = 
𝑉𝑂𝑁 − 𝑉𝑂𝐹𝐹_𝑚𝑒𝑎𝑛

𝑉𝑂𝐹𝐹_𝑠𝑡𝑑𝑒𝑣
 4.1 

where VOFF_mean is the average of the background noise before the peak and VOFF_stdev is the stand-

ard variation of those VOFF values. 
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Figure 4.9 - (a) Gloved finger touch test for a Yes or No response based on symmetric ∆T – the first three peaks were obtained 

when touching the left electrode (blue circle) and the last three peaks when touching the right electrode (orange triangle) 

and (b) Comparison of the TE response for touch sensors printed on cotton with 1, 2 and 4 elements connected electrically 

in series – 3 layers, and 30 wt% GFlakes. 

When increasing the number of elements, it raises the SNR value since the maximum VON in-

creases due to the S sum. At the same time, the noise remains similar for the three cases. Data shows 

that all tested geometries have a noticeable Vout when thermally stimulated (touch ~2 s) and could be 

used as touch sensors with reproducible VOC responses. 

Table 2 - Average values of the SNR, VAMP, Ƭrise ,and Ƭfall for the peaks in Figure 4.9-b). 

Number of TE 

Elements 
SNR 

VAMP 

(µV) 

Rise Time 

(s) 

Fall Time 

(s) 

1 162 ± 11 209 ± 4 0.63 ± 0.01 4.3 ± 0.5 

2 205 ± 50 277 ± 1 0.73 ± 0.23 3.6 ± 0.6 

4 244 ± 30 439 ± 10 0.51 ± 0.01 6.2 ± 0.1 

 

The VAMP values scale with the sensor's increasing number of TE elements. In theory [59], when 

adding in series equal TE elements consisting of p-n junctions, the sum of each element’s S value and 

its electrical resistance will lead to a proportional increase in VAMP. Nevertheless, unlike regular TE de-

vices, these printed sensors have single type TE elements, and the observed behaviour is not the same. 

The Cink used to connect different elements is responsible for the electrons' diffusion from hot to cold 

regions, and this is why our carbon paths are diagonal across the sensors with multiple elements. Since 

Cink has a small S and is p-type, there is a loss in the yield and efficiency of the sensor, escalating with 

the insertion of more elements. Ideally, using n-type electrical connections between sensing elements 

instead would overcome this issue. Furthermore, it is essential to consider that the geometry of the 

serialized elements still needs optimization: firstly, the often-long carbon tracks printed onto an insu-

lator substrate offer additional resistance to the sensor; secondly, as the number of elements increases 

it becomes more difficult for the finger to touch all the elements uniformly. 
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The response time is characterized by Ƭrise and Ƭfall values, obtained by normalizing the curves 

and measuring the time required for the voltage to grow from 10 to 90% and decrease from 90 to 10%, 

respectively [141]. It is observed that the number of elements does not appear to influence the Ƭrise 

significantly. However, when it comes to Ƭfall values, there is a slight decrease when adding sensing 

elements. We attribute this to the non-uniform stimulation of the sensing elements that will generate 

differences in ∆T between the hot and cold sides. 

4.3.2.2 Cotton and office paper sensors with different printing conditions 

Although the initial touch detection tests were performed using the optimal conditions of 3 

printed layers of the ink with 30 wt% of GFlakes, a comparison of sensors with different ink formulations 

and number of printed layers was made using OP as substrate, Figure 4.10 (a). Three faster touches 

were performed (~2 s) followed by a longer touch (~20 s) to evaluate the VOC and Ƭfall behaviours for 

the different sensors. 

 
Figure 4.10 - (a) Comparison of 4-elements touch sensors printed on office paper with 2 layers of 20 wt% of GFlakes, and 3 

layers of 30 wt% of GFlakes, and (b) 4-elements touch sensors with 2 layers of 20 wt% of GFlakes, printed on office paper and 

cotton, for comparison of substrates. In both plots, the initial 3 peaks correspond to fast touches of ~2 s and the fourth peak 

corresponds to a longer touch during ~20 s. 

In general, less resistive TE elements are obtained when the number of printed layers and the 

GFlakes wt% in inks formulations are increased. Nonetheless, when comparing the SNR values and re-

sponse times (Table 3) of 2 printed layers with 20 wt% of GFlakes and 3 printed layers with 30 wt% of 

GFlakes, it does not justify using more material to produce each sensor since the S values are similar 

(Figure 4.8). Therefore, to save material and have a faster process, the condition of 2 printed layers 

with 20 wt% of GFlakes was chosen to perform a test comparing the Cot and OP substrates, Figure 4.10 

(b). 
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Table 3 - Average values of the SNR, VAMP, Ƭrise and Ƭfall for the 4-element paper sensors printed with different conditions, 

Figure 4.10 (a), and for Figure 4.10 (b), where sensors printed with 2 layers of 20 wt% of G, printed in different substrates 

are compared. 

Substrates Conditions SNR 
VAMP 

(µV) 

Rise Time 

(s) 

Fall Time 

(s) 

Office Paper 
2 Layers, 20 wt% 340 ± 51 374 ± 4 0.40 ± 0.12 1.82 ± 0.07 

3 Layers, 30 wt% 295 ± 73 396 ± 3 0.46 ± 0.03 1.36 ± 0.09 

Cotton 
2 Layers, 20 wt% 

326 ± 36 341 ± 9 0.56 ± 0.06 5.67 ± 0.74 

Office Paper 322 ± 106 374 ± 5 0.47 ± 0.12 1.85 ± 0.06 

Furthermore, the inks with more GFlakes content are expected to have higher k, interfering with 

the response speed in apparently higher VAMP value. However, for a longer touch time and considering 

the experimental errors introduced by the manual test and possible variation in RT, the difference in 

the signal is not significant. Thus, the performance of 4-element sensors printed on OP and Cot using 

2 layers with 20 wt% of GFlakes was compared (Figure 4.10 (b)). Table 3 presents the SNR, VAMP, Ƭrise and 

Ƭfall values for those samples indicating that the OP substrate is better than Cot, both in terms of VAMP 

and response times. The response speed is related to the k of the TE film/substrate combination, and 

it is expected that cotton shows a higher thermal resistance, both in absorbing the thermal stimuli and 

in freeing it back to the environment, since it is thicker than paper and has patterned apertures along 

the material. To check if faster responses could be achieved, even with small VAMP and SNR values, a 

touch detection test for shorter touch times was performed using a single element sensor in Appendix 

Figure 6. 

4.3.2.3 Bending and Durability 

A mechanical bending test was performed to evaluate the endurance of the thermal touch sen-

sor printed with 3 layers of 30 wt% GFlakes on the cotton substrate. These printing conditions were 

chosen assuming that for thicker films and higher amounts of printed material, the impacts of the cyclic 

bending tests would be magnified, inducing more surface defects and reducing the performance of the 

sensor. The 4-element sample was measured before any bending effort and after 50 (red curve) and 

100 (blue curve) bending cycles, as can be seen in Figure 4.11 - (a). Although the recovery time and 

the electrical resistances increase with the bending stress, we can see that the sensor endured after 

the 100 bending cycles, maintaining its response.  
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Figure 4.11 - (a) Results for a dynamic bending test using a cylinder with 25 mm of curvature radius, with a 4-element sample 

printed on cotton (3 layers, 30 wt% GFlakes), and (b) Static bending test for a single element touch sensor using a sticker label 

substrate - 3 layers of 30 wt% GFlakes - A cylinder with a 15 mm curvature radius was used. 

A single element sensor printed on sticker label substrate, with 3 layers and 30 wt% GFlakes, was 

tested continuously over a longer bending period of 310 h, with a smaller CR of 15 mm, Figure 4.11 - 

(b). The results indicated that the sensor’s performance was not affected by this mechanical bending 

test, and this type of sensor can be used in flexible applications. 

Due to the VAMP increase, a series of 16 TE elements was printed and connected to evaluate if it 

is possible to increase the SNR values. The devices were rolled around a hollow cylindric shape as core, 

a piece of cardboard straw with 7 mm of diameter (Figure 4.3 (iv)), to facilitate the heat collection 

from a single finger touch. Figure 4.12 - (a) shows the comparison of the output response of sensors 

printed on OP with different conditions: 2 layers of 20 wt% of GFlakes (purple curve) vs 3 layers of 30 

wt% of GFlakes (pink curve) for different touch durations. Figure 4.12 - (b) shows the results for the 

sample printed with 2 layers and 20 wt% GFlakes after being rolled up for 800 h and stored in a non-

vacuum environment. The graphic indicates that the differences between the samples are insignifi-

cant, and the sensors' bendability and durability are demonstrated. The embedded image is of a sensor 

printed on cotton instead of paper so that the printed elements can be seen transparently, and the 

temperature gradient and electron flow scheme can be better understood. 

For the final proof-of-concept of output signal improvement, 48 elements were connected elec-

trically in series (3x16 elements arrays), using OP as substrate (Figure 4.13). With this planar-vertical 

configuration, the response for one gloved finger touch was maximized, surpassing 4.5 mV. 
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Figure 4.12 - Comparison of 16-elements connected electrically in series, printed on paper with different conditions: (a) the 

dark purple curve is of a sample with 2 printed layers of 20 wt% GFlakes, and the light purple is of a sample with 3 layers of 30 

wt% GFlakes, both measured for four different time lapses and (b) the sample in dark purple being remeasured for a ~30 s 

touch stimulus after 800 h rolled up. An inset image of a planar/vertical sensor printed on cotton being subjected to a gloved 

finger touch is shown. 

 

 
Figure 4.13 - (a) Voltage response (VOC) of 3 rolled arrays of 16 TE elements, totalling 48 elements connected electrically in 

series, printed on office paper, with 2 layers and 20 wt% GFlakes, with the touch stimulus during for ~30 s; (b) the 16-elements 

printed arrays before the wrapping step around cardboard hollow cylinders and (c) the 3 rolled arrays in the potentiostat 

characterization setup. 
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 Encapsulation Step 

This section presents the results for three different encapsulant materials for flexible and 

screen-printed TE touch sensors on paper and cotton substrates. The chosen encapsulant materials 

were ethyl cellulose and polyvinyl alcohol - deposited using blade-coating - and commercial plastic 

pouches utilising an office laminator. The EC and PVA are flexible encapsulants and compatible with 

printing techniques. Since EC is a cellulose-based material, it is an eco-friendlier choice that, to the 

best of our knowledge, was used for the first time as an encapsulant for flexible electronic devices. 

Before going deeper into the results, we must consider two aspects: the used paper as printing 

substrate and the user performing the touch tests (see Appendix Figure 5) were different from the 

previous sections.  

4.3.3.1 SEM Imaging 

SEM images in Figure 4.14 - (a) and - (b) reveal the differences between the two substrates used 

to print the TE sensors before and after the PVA and EC encapsulation step. It was assumed that the 

laminated samples present a smooth and good surface coverage independently of the substrate used, 

as the laminator equipment applies a thicker plastic cover to substrates using pressure, heat, and their 

internal roller mechanism. So, their SEM evaluation is not addressed. 

 
Figure 4.14 - (a) and (b) SEM images for paper samples and cotton samples, respectively, before encapsulation, and after PVA 

and EC encapsulation; (c) Real images of the TE sensors, before and after the encapsulation with EC, PVA and plastic pouch 

lamination, where the transparency of all the tested encapsulant materials can be attested. 

PVA and EC covered the paper surface uniformly, filling the pores between the fibres and lining 

their walls. As for the cotton substrate, although the fibre threads seem to be covered, the gaps be-

tween them are too big to be filled with the encapsulant material, so the cotton remains porous. How-

ever, as seen in a previous section regarding the production of TE sensors, the TE ink itself helps to 

cover the substrates, which will make the encapsulation more effective on top of an already printed 

paper or cotton. Encapsulated samples after bending were also analysed, but there were no visible 
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differences from the non-bent samples. In Figure 4.14 - (c), we can confirm that both EC and PVA result 

in transparent encapsulation layers. The samples encapsulated with a laminated plastic pouch are also 

presented for comparison. 

4.3.3.2 DSC Analysis and Viscosity 

The DSC analysis of the three encapsulant materials studied in this work and the results are 

shown in Figure 4.15 - (a), demonstrating that all of them are thermally stable up to 150 °C. For appli-

cations that require higher process and/or working temperatures, it is necessary to consider a loss of 

2% of mass registered at 162 °C, 276 °C and 381 °C for PVA, EC and plastic lamination, respectively. 

Moreover, a loss of 10% of mass was detected at 307 °C, 315 °C and 408 °C for PVA, EC and plastic 

lamination, respectively. That being said, the PVA shows a faster degradation when compared with EC, 

while the plastic lamination is suitable if higher temperatures (> 250 °C) are needed, despite the loss 

in flexibility. 

 
Figure 4.15 - (a) DSC analysis for the 3 used encapsulant materials and (b) viscosity results for the EC solution, at 25 and 60 

°C. 

The dynamic viscosity of commercial PVA is 9000-15000 mPa.s (depending on the dilution), ac-

cording to the manufacturer's technical datasheet [213]. The EC ink absolute viscosity measured in the 

rheometer for a shear rate of 500 s−1 was 1711 ± 26 mPa.s at 25 °C and 955 ± 118 mPa.s at 60 °C (by 

the production and deposition temperatures, respectively), Figure 4.15 - (b). These results show that 

both inks are compatible and suitable for different printed techniques, such as screen-printing, dis-

penser-printing and blade coating, making the encapsulation process easily up-scalable [209], [210]. 

4.3.3.3 Contact Angle 

Contact angle measurements were performed to assess the wettability of the substrates before 

and after the encapsulation step. The CA was also determined after 100 bending cycles with a 15 mm 

curvature radius. Finally, it was assessed the devices’ water resistance submerging them in water for 
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1 min. Before encapsulation, and as expected [214], [215], paper and cotton were extremely hydro-

philic, quickly absorbing the water droplets, meaning the measured CA was close to zero. Conse-

quently, this shows that if the non-encapsulated sensors were wet or submerged in water, they would 

degrade quickly in terms of electrical performance or even fail to work. The CA values are compiled in 

Figure 4.16, where we can easily conclude that all the encapsulant materials promoted considerable 

changes in sample surface wettability. The light-coloured columns correspond to measurements after 

1 min (to let the droplet stabilize on the surface), and the darker columns refer to measurements after 

5 min (to see if there were significant changes). 

 
Figure 4.16 - Contact angle values measured with three different encapsulant materials, after 1 and 5 minutes of having the 

water droplet on the samples surface, for (a) paper and (b) cotton samples. The first three column sets are prior to bending 

tests, and the last three were measured after. 

Regarding the laminated samples, the CA was very similar for both substrates, as expected. Thus, 

unlike the other two types of encapsulation materials, the laminated plastic surface gives smaller CA 

values after 5 minutes due to evaporation and spreading of water on the surface itself due to the low 

surface energy of the laminated plastic. 

Considering the cotton sample with PVA and EC encapsulation, the CA values are higher when 

compared with laminated plastic, meaning that, although the plastic surface is entirely impermeable 

to water, the encapsulating materials EC and PVA make the surface more hydrophobic, increasing the 

CA value and keeping it for longer. The EC mixture worked well for both substrates using a blade-

coated layer with a 4 µm rod. Although the PVA encapsulation for cotton showed slightly higher CA 

values, the difference is not significant. 

Contrary to what happened with the cotton samples, the PVA encapsulation (1:7 ratio) with a 

single 4 µm rod passage was inefficient in promoting an effective water barrier on paper substrates, 

which absorbed the water droplet completely, resulting in a CA value close to zero after 5 min (see 

Appendix Table 1). Since PVA was highly diluted in water, and despite the deposition being made at 

60 °C, the fibres immediately soaked the solvent and the PVA encapsulated sensors' performance was 
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very different compared to the cotton ones. To overcome this issue, various approaches were experi-

mented. Initially, a 90 µm film applicator was employed to explore the possibility of enhancing PVA 

deposition and improving results. Additionally, a new PVA: water ratio (3:2 V/V) in the solution’s for-

mulation was tested, increasing the polymer in the mixture. Unfortunately, none of these attempts 

yielded compelling results. Consequently, the following strategy was to increase the number of printed 

layers while maintaining a constant 4 µm thickness. This adjustment significantly enhanced the encap-

sulation of the paper samples, leading to higher CA values compared to the previous attempts (see 

Appendix Table 1), but it made the encapsulation step much longer due to the drying times between 

passages and sides. Although this approach improved the results, the CA values were ~30° lower than 

for the cotton samples for all the tests. As for the EC encapsulation, the CA was very similar for both 

substrates and proved to be the more efficient encapsulant for all the tested scenarios, even after 1 

min water submersion (see Figure 4.21 - (b)). 

4.3.3.4 Encapsulated TE Touch Detectors 

The VOC response of the encapsulated TE sensors to gloved finger touches was measured over 

time, being the VAMP, the difference between the VON and VOFF states of the sensor's response. 

The bending tests performed with paper and cotton TE sensors encapsulated with EC show that 

the sensors worked even after 100 dynamic bending cycles with a 15 mm CR, Figure 4.17. Although 

they presented smaller VAMP and longer τfall, the response signal was still relevant (~100 µV), and the 

τRise remained below 1 s. 

 
Figure 4.17 - Open circuit potential results for three consecutive finger touch events (~2 s each). Both samples were charac-

terized before and after the EC encapsulation, and after 100 bending cycles for: (a) encapsulated cotton and (b) encapsulated 

paper samples. 

In each plot, we can see that part of the VAMP loss occurs right after the encapsulation step. This 

happens because one more layer is added to the sensor, making it harder for the thermal stimulus to 
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reach the electrode and making it difficult for the heat to dissipate after the finger removal, increasing 

the off-state recovery times. 

 

In the case of cotton samples encapsulated with one layer of PVA, Figure 4.18 - (a), the perfor-

mance of the sensors after bending is similar to the EC encapsulation. However, for encapsulated pa-

per samples with two PVA passages (the explanation can be found in the CA discussion in section 

4.3.3.3), the results show a relevant decrease in VAMP with the bending stress test for PVA encapsula-

tion, Figure 4.18 - (b). Therefore, the EC encapsulation is better suited for flexible paper sensors not 

only because it has a lower impact on their performance but also due to its more straightforward and 

faster process. 

 
Figure 4.18 - Open circuit potential results for three consecutive finger touch events (~2 s each). Both samples were charac-

terized before and after the PVA encapsulation, and after the bending tests for: (a) encapsulated cotton sample and (b) 

encapsulated paper sample. 

For comparison purposes, cotton and paper samples encapsulated with laminated plastic were 

also studied for the same tests used for EC and PVA, as shown in Figure 4.19. There was no gain in 

using laminated plastic to encapsulate these TE sensors once the results showed that the VAMP still 

decreased, and the response times also got longer. Even in terms of transparency, all the studied en-

capsulants are transparent, as can be seen in Figure 4.14 - (c). Moreover, the thicker plastic encapsul-

ant layer makes the samples seem more rigid and heavier than the other encapsulants. This can be 

relevant for some applications where flexibility and weight can be crucial. 
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Figure 4.19 - Open circuit potential results for three consecutive finger touch events (~2 s each). Both samples were charac-

terised before and after the plastic lamination, and after the bending tests: (a) cotton and (b) paper samples. 

Figure 4.20 presents the remeasurement of two cotton samples after 10 weeks (in the air) of 

their initial characterization; one was encapsulated with EC and the other with PVA. Despite the al-

ready mentioned VAMP decrease induced by the encapsulation layer, the ageing test for the EC encap-

sulation seems to add another VAMP loss, Figure 4.20 - (a), which appears not to be the case when 

evaluating the PVA encapsulation in Figure 4.20 - (b). However, since these are manual tests and the 

RT can have little variations, these differences are not significant, and these results show that both 

sensors remained functional, retaining their responsiveness. 

 
Figure 4.20 - Open circuit potential results for three consecutive finger touch events (~2 s each). Characterization of cotton 

samples before and after the encapsulation, and remeasurement after 10 weeks, for (a) EC and (b) PVA encapsulations. 
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Another finger touch test was done with a paper sample, encapsulated with EC, and submitted 

to the water submersion test, Figure 4.21. Once again, there is a VAMP loss after the encapsulation step 

and after the submersion test, and τfall increases from 2.7 (initial) to 4.7 s (after submersion). Nonethe-

less, the τrise maintains (~0.5 s), and the peaks are still very well discriminated. 

 
Figure 4.21 - (a) Open circuit potential results for three consecutive finger touch events (~2 s each) - Characterization of a 

paper sample before and after the EC encapsulation and remeasurement after 1 minute submerged in water. (b) Image of 

the sample during the submersion test. 

 

4.4 Conclusions 

 Printed and Flexible TE Touch Detectors 

In previous sections, the formulation and screen-printing of inks based on GFlakes/EC were stud-

ied, varying the G concentration (10, 20 and 30 wt%), the number of printed layers (1, 2 or 3 layers) 

and the printing substrate (OP, SL, Cot and OrgCot). The optimization of these sensors involved the 

choice of the ideal ink formulation, printing conditions and substrate set, and the adequate architec-

ture/geometry for the determined application – detect human gloved touches. 

The optimal printing conditions were two printed layers with 20 wt% of GFlakes since they allow 

the saving of material and a faster production process, on office paper substrate, showing an excellent 

electrical-thermoelectric output combination.  

The bending tests showed that the sensor performance was not affected by the mechanical 

stress, revealing a high flexibility with curvature radii down to 7 mm. Indeed, it was demonstrated that 

with sensors with up to 48 elements rolled up, it was possible to reach more than 4.5 mV of output 

voltage response promoted by gloved finger touch. Fast and repeatable touch recognition was ob-

tained in optimized devices with a signal-to-noise ratio of up to 340 and rise times below 0.5 s. 



 69 

However, for fast and repeatable touch recognition, the best choice suggests fewer elements, where 

response times below half a second can be achieved. 

For low-T applications, flexible, lightweight, and low-cost TE devices were obtained using eco-

friendly materials and processes. The results prove that the screen-printed graphite-based inks are 

highly suitable for flexible TE sensing applications. Different combinations of TE elements can be de-

signed and printed using compatible and up-scalable R2R technologies. 

Thermoelectric sensors can discriminate different finger temperatures and can distinguish fast 

touches from long touches. Remarkably, the thermoelectric devices allow the user to read two re-

sponses, depending on which side/electrode they touch. The twist of the thermal gradient direction 

between the electrodes of the sensor could be interesting in applications such as Yes or NO responses, 

namely in communication with patients with diseases (e.g. speech) [216], and this is not possible in 

other simple and low-cost sensors, resistive or capacitive. 

The main goal was to highlight that this kind of flexible sensors combines the advantages of 

simplicity of production and operation, functioning for naked or gloved finger touches without pres-

sure. They incorporate eco-friendly and low-cost materials, are easily available, and are produced with-

out needing p-n junctions or several film layers and complex geometric microstructure designs [217], 

[218]. Therewithal, they do not require vacuum systems or high temperatures in their manufacturing 

process. This is relevant because it promotes alternatives for the commonly used thermoelectric ma-

terials and processes [147], [219]. 

 Encapsulant Materials 

The ethyl cellulose showed promising flexibility, water resistance, and transparency properties 

while presenting a low carbon footprint. Thermoelectric touch sensors encapsulated with this green 

material maintained their electric characteristics even after submersion in water and bending cycles 

(response times below 1 s and signals ~100 µV). These achievements with this new application of EC 

as an encapsulant are highly promising and desirable towards large-area manufacturing compatibility 

for the future of printed electronics. 

Although the laminated plastic provides a water-impermeable surface independent of the sub-

strate, the contact angle measurements showed that the EC and the PVA promote a complete change 

in the wettability of nonencapsulated paper and cotton, increasing its waterproof ability. Additionally, 

after full submersion in water the measured contact angles were higher than in laminated plastic, re-

vealing a higher surface hydrophobicity. SEM surface imaging shows a smoother and less porous sur-

face for both paper and cotton samples after EC and PVA encapsulation. 

The laminated plastic and EC showed excellent thermal stabilities for lower temperatures (up to 

200 °C), compatible with the chosen application for these studies and other flexible substrates. 
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As for applying these encapsulants in flexible TE sensors, we found that regardless of the encap-

sulation approach, there was a loss in VOC and longer recovery times, after the encapsulation step, 

which was expected, since we are adding thermal resistance to the system. Nonetheless, all three en-

capsulation approaches allowed for proper touch detection. The response signal remained relevant 

(~100 µV), and the rise times kept below 1 s. 

The EC was defined as the desirable encapsulant not only due to the electrical response of the 

TE touch sensors both on paper and on cotton substrates but also because, unlike PVA, it is an eco-

friendly choice. Moreover, it required only a single blade coating deposition step (a desirable feature 

for large-scale manufacturing). Due to its viscosity, it can be applied in future using other techniques 

such as screen-printing and dispenser-printing, for instance. This proposed encapsulation material is 

expected to be useful for TE touch sensors and other printed and flexible electronic devices using di-

verse substrates. 
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5  

 

PDMS AND GRAPHITE COMPOSITES 

 

Disclaimer 

Some excerpts of this section have been published in the following publications: 

 

Figueira, J.; Loureiro, J.; Vieira, E. M. F.; Fortunato, E.; Martins, R.; Pereira, L. Flexible, scalable, 

and efficient thermoelectric touch detector based on PDMS and graphite flakes. Flexible and 

Printed Electronics 2021, 6 (4). https://doi.org/10.1088/2058-8585/ac45de. 

Figueira, J.; Vieira, E. M. F.; Loureiro, J.; Correia, J. H.; Fortunato, E.; Martins, R.; Pereira, L. Com-

posites Based on PDMS and Graphite Flakes for Thermoelectric Sensing Applications. Materials 

Proceedings 2022, 8 (1), 42. https://doi.org/10.3390/materproc2022008042. 
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5.1 Introduction 

As explored in the previous Chapter 4, after testing the use of GFlakes in SP ink formulations in 

paper and cotton substrates, it was found that this material has a p-type conduction, with S around 20 

μV/K and RSheet that could go lower than 400 Ω/sq. The flexible and low-cost TE sensors produced with 

these inks were stable, showing fast and repeatable touch recognition. 

This chapter presents another method to produce flexible and biocompatible TE sensors with 

GFlakes, using them as a filler in PDMS matrices. This way, different geometries can be easily moulded, 

and flexible architectures with TE properties can be achieved, requiring only a low T curing step.  

In the first section, planar architectures with single TE elements are studied, varying the GFlakes 

filling content, and their flexibility is assessed. A proof-of-concept for a Yes or No application is ex-

plored. In the following section, vertical sensors are presented with a fixed composition while varying 

their thickness and thermal contact areas. Touch detection and temperature sensing are evaluated as 

proof-of-concept for the latter architecture. Also, a new composite made with PDMS and cork gran-

ules, involving 16 vertical elements connected in series, is tested as an encapsulant material. 

 

5.2 Planar Sensors 

This section presents planar and freestanding (no substrate needed) thermoelectric touch de-

tectors of conductive GFlakes (functional material) into a PDMS matrix. 

The device enables a Yes or No response depending on the touched pad. Different composites 

were developed by changing the graphite flakes weight concentration (40, 45 and 50 wt%). The TE 

performance was evaluated and correlated with the morphological results. Moreover, the touch de-

tector properties were investigated for the 45 wt% GFlakes composite with optimized properties. 

 Experimental Details 

5.2.1.1 Materials 

PDMS (184 Silicone Elastomer Base and 184 Silicone Elastomer Curing Agent) was purchased 

from SYLGARD™, and graphite flakes, GFlakes (mesh 325, 99.8 %, metal basis) were purchased from Alfa 

Aesar®, and used as received. Commercial carbon screen paste (CRSN2644, from SunChemical®) and 

commercial aluminium foil (12 µm thick) were used to create the electrodes and conductive paths. 
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5.2.1.2 Samples and Devices Preparation Materials 

To prepare the PDMS, the elastomer base and the curing agent were mixed (in a 10:1 ratio) and 

taken to the exicator to remove the air bubbles formed during their reaction. Different amounts of 

GFlakes (10, 40, 45 and 50 wt%) were manually mixed till a homogeneous mixture was achieved. This 

mixture was once again put in the exicator, although this time, much less air bubbles can come out 

since the viscosity in most cases is extremely high at this point. The experiments observed that com-

posites with wt% of GFlakes higher than 50% become very difficult to dispense due to the high viscosity. 

Therefore, the composite tends to break, since the PDMS can no longer agglomerate the GFlakes. On the 

other hand, below 40 wt% of GFlakes, the composites become highly resistive (≈ few MΩ), which makes 

it impossible to connect several elements in a series, for example. Furthermore, when increasing the 

PDMS content, the deformations on PDMS due to volumetric contractions and expansions when var-

ying the medium temperature will break the electrical connection between the graphite flakes, leading 

to variations in the resistance of the composites, which is not desirable in this case of study. 

To achieve homogeneous thin films, the samples were obtained by blade coating or film casting 

the composite mixtures (depending on the amount of graphite flakes) and then cured at 70 °C in an 

oven, the time dependent on the thickness of the samples (usually between 35 and 50 minutes). After 

the curing step, the material was detached from the support substrate (acetate sheet), and robust 

samples with thicknesses between ≈ 0.2 and ≈ 1.1 mm were obtained without any need for substrate. 

Afterwards, these films were cut in the desired shape, and the electrical connections between ele-

ments were made, using Cink to glue the Al foil, having a drying/curing step of 30 minutes at 100 °C in 

a hot plate. The mixture and blade coating processes and the desiccator and oven steps were opti-

mized to obtain homogeneous mats and cut samples, with reproducible results for the tested thick-

nesses. 

A scheme of the described process can be seen in Figure 5.1. The graphite supplier specifies that 

the morphology is flaked, and that the particles size is adequate for the 325-mesh used in screen print-

ing process, meaning that particles need to have a dimension bellow 44 µm to pass its openings. This 

information is confirmed by SEM image (Figure 5.1, left side), where we observe GFlakes with a wide 

range of sizes but not exceeding ≈ 40 µm. 



 75 

 
Figure 5.1 - Scheme of the production steps to obtain PDMS/G composite planar samples and an exemplification of a gloved 

touch event during characterization. A representative SEM image of the used commercial GFlakes is also shown. 

5.2.1.3 Samples and Devices Characterization 

The morphology of GFlakes of the casted films was examined by SEM (section 3.2.5). The Seebeck 

coefficient of PDMS: GFlakes samples was measured at RT in a planar configuration using a homemade 

setup based on the ‘two-probe’ method (section 3.2.3). The carrier Hall mobility, electrical conductiv-

ity and carrier concentration were measured with the Hall effect system using van der Pauw contact 

geometry (section 3.2.2). 

The TE responses of the samples were obtained using a potentiostat in a configuration where the 

open circuit potential (VOC) is measured over time while touching (or not touching) the sample with 

the gloved finger (section 3.2.1). 

Flexibility tests were done by touch detection characterization while resorting the device to 

static and dynamic bending stresses, using cylinders with curvature radii of 45, 25 and 15 mm. The 

effect of long-period bending stress was also evaluated by fixing the device over the smallest curvature 

radius cylinder (15 mm) and characterizing the evolution of its touch detection performance and elec-

trical properties over time. 

 Results and Discussion 

In Figure 5.2 - (a), (b), and (c) we can see SEM images, with the same magnification, showing 

the GFlakes as purchased, the composite produced with the less wt% of GFlakes (electrical insulant) and 

the composite with the maximum GFlakes content (electrical conductor), respectively. In another set of 

SEM images with a smaller magnification, Figure 5.2 - (d), (e) and (f), we can see the surface of the 

three composites characterized in this section, with GFlakes contents of 40, 45 and 50 wt%, respectively. 

As can be seen, the viscosity of the PDMS mixture increases with the GFlakes' weight content, therefore, 

the ability to originate a smooth surface drastically decreases from 40 up to 50 wt% GFlakes. 
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Figure 5.2 - Morphological characterization using SEM analysis of the: (a) GFlakes as purchased; (b) and (c) composites with the 

minimum (10 wt%) and maximum (50 wt%) of GFlakes contents, respectively; (d), (e) and (f) characterized composites, with 

GFlakes content of 40, 45 and 50 wt%, respectively. 

Regarding processability, it is much easier to mix and cast mixtures up to 45 wt%, leading to 

more robust and homogeneous samples than with 50 wt% (where the cohesion limits are being sur-

passed). Mixtures up to 45 wt% enabled the film casting technique, with an adjustable micrometer 

film applicator moved by an automatic arm. With this method, films with thickness down to 0.2 mm 

were obtained for the 40 wt% GFlakes. For the 50 wt% mixture, a blade coating technique had to be used 

instead of the film casting one because the film started to break apart while being cast. 

Hall effect measurements were carried out on samples with different GFlakes wt%, and the main 

results are depicted in Figure 5.3 - (a). When the GFlakes wt% increased from 40 to 50 wt%, the mobility 

of the majority carriers decreased from 2.7 to 0.1 cm2.V-1.s-1 (orange triangles) while their concentra-

tion maintained a similar increase. Increasing the GFlakes wt% in the composite results in a loss of the 

polymer content, which significantly enhances the carriers’ concentration of the material and, at the 
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same time, reduces their mobility even with fewer interfaces between the two different materials 

[220]. Although this so-called trade-off happens because the collisions between carriers increase with 

the increase of carrier concentration [221], there is an electrical conductivity improvement by almost 

two orders of magnitude (green stars). 

 
Figure 5.3 - Graphics of (a) Electrical conductivity and carriers’ mobility, obtained through Hall Effect measurement, and (b) 

Seebeck coefficient and Power Factor of composite samples, as function of the GFlakes content. Error bars are also shown. 

 

As expected and presented in Figure 5.3 - (b), the S is positive (blue circles), indicating a p-type 

material (meaning the majority carriers are holes), and it slightly decreases as the GFlakes wt% increases. 

These S values are in accordance with previously published results [114], where a similar value (+18 

μV/K) was described for bulk graphite samples. The slight S decrease from 18 μV/K to 14 μV/K along-

side the σ increment is once again a well-known trade-off due to the existence of more carriers [222], 

[223]. Evaluating these graphite percentage-dependent properties, we conclude that there is a PF en-

hancement (purple triangles), from 0.19 to 3.8 nW/(m.K2) for GFlakes wt% from 40 to 50, respectively. 

Besides these interesting TE results, it is essential to emphasize that this composite is low-cost, envi-

ronmentally friendly, flexible, available, biocompatible, and benefits easy processing. Furthermore, 

this composite can be used to build TE elements that do not need any substrate, therefore minimizing 

the thermal contact resistance between the electrical device and the heat sink [222].  

Human touch detection was chosen as the proof-of-concept application for the developed com-

posites. In Figure 5.4, the open circuit voltage shows the effect of touching (1-2 s of thermal contact) 

on one of the electrodes, VON. Briefly, after the event, the signal returns to the initial state, VOFF. The 

touch response was the same despite the wt% GFlakes. The on-state voltage is the response to the tem-

perature rise caused by the finger touch and has no relation to skin interaction since equivalent results 

were obtained with the finger covered. In Figure 5.4, the SNR value is presented for each touching 
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peak, which evaluates the signal's amplitude against the noise. The maximum of 130.4 is achieved for 

the 45 wt% GFlakes device (green curve). 

 

Figure 5.4 - Thermoelectric voltage response of the PDMS/GFlakes devices to finger touch events during ~2 s. Each colour 

corresponds to different GFlakes wt%. Signal-to-noise ratio values are depicted for each touching peak. The difference in time 

between the signal peaks is promoted for better visualization. 

The 50 wt% device is the one with the lowest SNR, and this composite presented the highest PF 

but the lowest S of the three being tested. Although the 50 wt% composite has shown the best PF, it 

also reveals the lowest S value, which is more important than σ when referring to this type of applica-

tion. Regarding thermal conductivity, the higher the composite k, the higher the risk of interferences 

in the thermal gradient created by the finger touch. Based on the literature [224], we can predict that 

k increases with the amount of GFlakes added to the PDMS. The PDMS k is around 0.2 W/(m.K) [114], 

[124], while for bulk graphite flakes, a k ~ 1.4 W/(m.k) was reported [114]. This said, and because SEM 

images also show that the 45 wt% GFlakes samples are more homogeneous and without visible cracks, 

this was the chosen composition to perform other touching tests. 

A device with 45 wt% GFlakes was characterized in different bending configurations to check the 

possibility of being used in applications where bending is relevant. In the first test, the device was 

measured while bent with three different curvature radii, using metallic cylinders (Figure 5.5 - (a)) with 

a CR of 15, 25 and 45 mm. In Figure 5.5 - (b) it is shown the device voltage response to touch while 

being bent, starting with the largest curvature radius, 45 mm (blue curve), passing to 25 mm (orange 

curve) and ending with the smallest CR, 15 mm (purple curve). The results show that the device's be-

haviour is not affected by the curvature radii, neither in terms of time response nor in the SNR value 

(showing only a slight decrease of 10% when the CR decreased to 15 mm). 
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An extended static test was performed with the device being characterized over 40 h while fixed 

on a surface with a curvature radius of 15 mm. Figure 5.5 - (c) shows the results immediately after the 

bending step (light green curve), 20 h after it (yellow curve) and finally 40 h after (orange curve). It was 

observed that even when bent with a 15 mm CR during 40 h, continuously, the device behaviour keeps 

similar to the planar measurement one, both in terms of time response and SNR values. The only char-

acteristic that slightly changed is the VOFF, which is correlated to increased device resistance due to the 

bending stress (which is triplicated when comparing the starting time point with the 40 h time point). 

However, it does not affect the device SNR. 

 
Figure 5.5 - (a) Metallic cylinders with different curvature radii, 45, 25 and 15 mm; (b) static bending test results using the 

three different metallic cylinders; (c) static bending tests on the 15 mm cylinder, over time, up to 40 h and (d) dynamic 

bending tests using the 25 mm cylinder, up to 60 bending cycles. The difference in time between the signal peaks is promoted 

for better visualization. 
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Regarding dynamic stress evaluation (Figure 5.5 - (d)), the test started with the device being 

characterized in a flat mode (black curve). It was submitted to 30 bending cycles with 25 mm CR and, 

once again, characterized in a flat mode (dark green curve). Afterwards, the same sequence was re-

peated, completing 60 cycles in total (light green curve). As in the two previous bending tests, it can 

be observed that the device behaviour is not affected by the dynamic bending test (the SNR and time 

responses are kept constant over the cycling). 

The bending tests performed and depicted in Figure 5.5 also show that the VON value is larger 

when the device is measured over a curved surface rather than measured in a flat mode. This is prob-

ably explained by the type of surface where the device is characterized rather than any explanation 

associated with the curvature itself. The cylinders used for the bending tests are metallic, which means 

they act as dissipators and contribute to an increase of the thermal gradient arising from the finger 

touch, consequently increasing the VON. 

5.2.2.1 Yes or No Application 

When a TE material is subjected to a thermal gradient, the majority of carriers move from the 

hot to the cold side, which means that when we have a p-type material, the holes flow from the hot 

to the cold side, and electrons go the other way around. If the thermal gradient direction is inverted, 

carriers will also invert their path, originating a symmetric electrical response (if the measurement 

system remains unchanged). 

The distance between contacts has an influence on the thermal gradient since it affects the time 

needed to reach a thermal equilibrium between sites. Decreasing the contact distance means decreas-

ing the thermal gradient and, consequently, the VON value. The area of the electrodes, which is availa-

ble for heat collection, also interferes with the VON value. Larger metallic pads can collect heat more 

efficiently than smaller ones (as the finger touch area increases). This said electrode design plays a vital 

role in the device performance, and they can be optimized for higher and faster SNR values or even 

manipulated to have asymmetric positive/negative peaks. 

In Figure 5.6 - (a), there is a scheme of the quick Yes or No response test, showing the results 

from a sample tested in a flat mode (Figure 5.6 - (b)) and bended with a 15 mm curvature radius (Figure 

5.6 - (c)). Besides the previously explained differences in the VON (due to the metallic surface of the 

cylinder), the performance of the device is the same in the two situations, with SNR consistently above 

100, proving again that it can be used both in flat mode and bent (at least down to a 15 mm curvature 

radius). The touch detector response time, which is reflected in the τrise and τfall, was calculated by 

normalizing the curves and measuring the time required for the VOC to increase from 10 to 90 %, and 

then to decrease from 90 to 10 % of its maximum value. 

Results show fast rise times, always below 1 s for both configurations. Regarding the recovery 

times, and because the thermal conductivity of the characterization supports is different, values below 

7 s were observed for the flat mode, which has a lower k. Smaller values, below 3 s, were observed for 
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the bent mode, which has a higher k that helps the thermal gradient ~ 0 K state recovery. These results 

mean that these devices can be used for fast/real-time human touch electrical trigger/detectors using 

standard electronics (like Arduino) to read the output voltages. 

 
Figure 5.6 - (a) Gloved finger touch scheme for a Yes and No response test based on symmetric thermal gradients and inverse 

electrons movement directions; VOC electrical characterization during a touch detection test where both electrodes were 

stimulated (in an alternate manner) in: (b) a flat configuration and (c) in a bended configuration with a 15 mm curvature 

radius. 

 

5.3 Vertical Sensors 

The previous section reported the production of flexible planar TE touch detectors based on 

PDMS/GFlakes composites, studying the influence of the graphite content variation in the mixture. Here, 

the results of TE sensors based on the composite with 45 wt% of GFlakes (see Appendix Figure 7) and 

vertically assembled will be presented. These sensors are used for touch detection and temperature-

sensing applications. In this study, the geometries of the TE elements change, and the electrical con-

nection of several elements in a series was assessed. An encapsulation step was included, using an 

electrical and thermal insulator made of a PDMS/cork composite. 

 Experimental Details 

5.3.1.1 Materials 

PDMS (184 Silicone Elastomer Base and 184 Silicone Elastomer Curing Agent) was purchased 

from SYLGARD™, and graphite flakes, GFlakes (mesh 325, 99.8 %, metal basis) were purchased from Alfa 
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Aesar®, and used as received. Commercial carbon screen paste (CRSN2644, from SunChemical®) and 

commercial aluminium foil (12 µm thick) were used to create the electrodes and conductive paths. 

Commercial wine cork stoppers waste is chosen based on their non-agglomerated nature, i.e., single 

pieces of natural cork. 

5.3.1.2 Samples and Devices Preparation 

Figure 5.7 shows the thermoelectric devices’ manufacturing process, from the synthesis of the 

composite (with 45 wt% of GFlakes) to the device assembling and characterization, with photographs of 

each step to obtain vertical flexible thermoelectric devices. A detailed process to obtain these compo-

site mixtures was explained in section 5.2.1. The PDMS/GFlakes samples were prepared through a blade 

coating process, reaching different thicknesses, and cut into small blocks with other areas. Afterwards, 

electrical connections were made with carbon ink + Al foil to form different thermoelectric detect-

ing/sensing devices. 

 
Figure 5.7 - Scheme of the production steps to obtain blade coated PDMS/G composite vertical samples, varying their thick-

nesses, and an exemplification of a gloved touch event during the characterization of a 3-elements sensor. 

5.3.1.3 Encapsulation Step 

The encapsulant material tested as a gap-filler for vertical PDMS/GFlakes sensors was a PDMS/cork 

composite, produced as described in Figure 5.8. 
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Figure 5.8 - Schematic of the production steps to obtain the PDMS/Cork composite samples, from the cork wastes griding to 

the manipulation process of PDMS. Examples of final samples with cork granulates <500 μm, varying the wt% of cork. 

 

The optimized PDMS/cork composite was used to evolve the TE sensor elements, filling the gaps 

between them, as seen in Figure 5.9. 

 

 
Figure 5.9 - Encapsulation process to obtain a dual PDMS composite: PDMS/GFlakes elements (an electrical conductor with 

thermoelectric properties) surrounded by a PDMS/cork mixture (an electrical and thermal insulant material). 

5.3.1.4 Samples and Devices Characterization 

The TE responses of the samples were obtained using a potentiostat in a configuration where 

the open circuit potential (VOC) is measured over time while touching (or not touching) the sample with 

the gloved finger (section 3.2.1). The PDMS/cork composite was examined by SEM (section 3.2.5). The 

volumetric mass density of each PDMS/cork composite composition was calculated by measuring the 

weight for 6 replicas of cubes cut with dimensions of 5x5x5 mm3. 



 84 

 Results and Discussion 

5.3.2.1 TE Elements with Different Thicknesses 

We studied the response to a gloved touch by using devices with single elements with the same 

thermal contact area while changing their thicknesses, 1.2 mm, 3.6 mm, and 6.3 mm (Figure 5.10), to 

compare the VON values (open circuit voltages when stimulated with temperature gradients), as well 

as rise and fall times. We conclude that for thicker elements, the maximum VON is higher and, there-

fore, it needs more time to be achieved, but then it is stable for more extended periods, while the 

thinner ones are faster to respond, but they cannot sustain the temperature gradient for more than a 

few seconds. 

 
Figure 5.10 - Thermoelectric response of single elements with the same thermal contact area but different thicknesses when 

subjected to short and long gloved touches, evidencing the loss of signal over time for the longer touches. 

5.3.2.2 Vertical TE Elements Connected in Series 

Thinner samples presented faster responses to touch events, and so, for TE elements with 1.2 

mm of thickness, there was an attempt to maximize the VON value for an area equivalent to the area 

of an index finger thermal contact, connecting TE legs electrically in series. In Figure 5.11, there are 

the results for three different TE touch detectors - the red curve is relative to a single element with a 

touch area of 5 x 5 mm2, the orange curve corresponds to six TE elements connected in series, each 

with an area of 5 x 5 mm2, and the green curve gives the result for fourteen connected TE elements, 

each with an area of 5 x 2 mm2. Note that the test included touch events 30, 15, and 5 s apart, showing 

that the more elements connected and the higher the VON response, the more recovery time is re-

quired, which means that, for the faster touch repetition (5 s apart), only the single element sensor 

was able to return to its OFF state between touches. Thus, the signal can be increased more than 8 
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times, comparing the 14-element sensor with the starting point, due to the sum of each S, and can 

have good repeatability of peaks, notwithstanding that the recovery time needs to be longer. 

 

Figure 5.11 - Touch detection results for three different TE sensors (real images on the right side of the figure), sepa-

rated by decreasing gap times. The red curve is relative to a single element with and area of 5x5 mm2, to serve as comparison; 

the orange curve is correspondent to six elements with the previous area connected electrically in series and the green curve 

corresponds to a miniaturization of fourteen TE legs, with each one having a thermal contact area of 5x2 mm2. All the TE 

elements had the same thickness, 1.2 mm. 

To confirm that the signal output of these sensors was merely due to thermal stimulus and not, 

for instance, pressure or mechanical deformation, the sample with 6 elements connected electrically 

in series was submitted to a complementary test. The VOC over time was measured while the sample 

was experiencing a stimulation with a hot water glass and a RT water glass (see Appendix Figure 8). It 

was observed that the sensor only responds to the hot water glass stimulation, meaning that the 

weight of the water glass itself did not interfere with the output response. 

Since the thicker samples can maintain the VON for longer periods, Figure 5.12 - (a) shows the 

results of gloved touches for 60 s for 1, 3, 6 and 16 electrically connected elements with 6 × 6 × 6.3 

mm3 of volume. The devices with 1, 3 and 6 connected elements could be stimulated with just one 

finger touch, while the sensor with 16 elements needed the thermal contact of a palm. 
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Figure 5.12 - Thermoelectric response for: (a) gloved touch detection tests of sensors with the same element geometries but 

increasing number of electrically connected in series elements (up to 16-elements) and (b) a hot water test with the 16-

elements sensor. 

As we can see, the VON response increases when more elements are electrically connected in 

series since the S of the device is the sum of each S. Due to its relevant thermoelectric signal, the device 

with 16 elements was submitted to hot water sensing, in which several water temperatures were 

tested, having discriminated VON values, Figure 5.12 - (b). The measured samples can be seen in the 

inset photographs. 

 

5.3.2.3 Encapsulation Step 

In contrast to the TE sensors produced by SP on paper and fabric substrates, the PDMS/GFlakes 

composites do not have the problem of water absorption by their structure over time due to the char-

acteristic hydrophobicity of the PDMS, and their performance is maintained, even after years have 

passed. However, although the planar single-element sensors are robust, the vertical devices with sev-

eral TE legs electrically connected in series presented a low robustness once no substrate was used, 

and the electrical paths presented some fragility (aluminium foil). Thus, an attempt to encapsulate 

these TE elements using a "gap filler" approach was made using a PDMS/cork composite (see the ex-

perimental details in section 5.3.1.3), envisioning a flexible and lightweight device. 

The initial composite samples were produced with granulated cork below 500 μm, varying their 

concentrations (~6 and ~11 wt%), and measuring their volumetric mass density (blue square and blue 

triangle in Figure 5.13). 
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Figure 5.13 - Volumetric mass density for different PDMS/cork composites, varying the size and distribution of the cork gran-

ulates. The left inset image shows the optical differences between a sample of 100% of PDMS and a composite sample with 

11 wt% of cork granules and the right inset image was acquired by SEM, emphasising the alveolar structure of cork. 

 

It was found that this “eco” incorporation led to a 4% decrease in volumetric mass density when 

comparing the composite having ~11 wt% of cork filler and pure PDMS (black circle), which was less 

than expected. In subsequent tests, samples with different size distribution of grinded cork were pro-

duced, mixing with the PDMS the same ~11 wt% of cork between 500-315 μm and cork between 315-

200 μm. Bellow 200 μm it was assumed that the cork structure would be excessively damaged (see 

SEM inset image). 

Although with an associated variation higher than the other two granulometries, the results 

showed that a decrease of 14% in volumetric mass density could be achieved using the cork granulates 

between 500-315 μm (green triangle). Using cork with smaller dimensions between 315-200 μm does 

not make a relevant difference (orange triangle) in the volumetric mass density of PDMS itself. This 

means that the grinding and sieving process to obtain smaller grains is too destructive of the alveolar 

structure of the cork, responsible for its lightness. 

Figure 5.14 shows the temperature variation in PDMS samples and PDMS/Cork depicted as an 

inset in Figure 5.13, as a function of the planar distance to the heat source (a Peltier element). Although 

this was a simple test, incorporating cork allows larger ΔT in shorter distances (see the gap between 

the curves plotted in Figure 5.14, most probably due to a lower k value). In conclusion, the cork gran-

ules addition creates a lighter material that will also have its thermal conductivity lowered, being a 
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perfect candidate for the substitution of PDMS parts where, for instance, the high geometry definition 

is not a priority. 

 
Figure 5.14 - Test comparing the temperature propagation in samples with and without the cork incorporation when heated 

on one side using a Peltier element as heat source. 

After analysing the preliminary results, a mixture of 7.5 wt% of cork granules with dimensions 

between 315-500 μm was chosen to test as gap-filler. The reason behind selecting a lower cork content 

is that, in this case, it was difficult to fill all the holes in the sensor, and a higher amount of PDMS would 

facilitate the mixture to penetrate better between the TE elements and electrical connections. In Fig-

ure 5.15, we can see the gloved touch detection results for the 16-element encapsulated vertical sen-

sor, corresponding to the green curves sample in Figure 5.12, before the encapsulation test. Both 

touches had a duration of 60 s, but the first VOC peak corresponds to the response of all the 16 elements 

touched, while the second peak measured the response of a single 4-element row being touched. In 

addition to discerning the duration of touch events, this sensor can also differentiate between various 

numbers of touched elements, thereby expanding its capability to distinguish between different ther-

mal stimuli. 
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Figure 5.15 - Touch detection results for a 16-elements vertical sensor based on two distinct PDMS composites - thermoelec-

tric elements produced with a PDMS/GFlakes composite encapsulated with an insulator PDMS/Cork composite - the first peak 

corresponds to a palm touch reaching every element and the second peak corresponds to a finger touch reaching a whole 

row of 4 elements 

 Conclusions 

The design, production, characterization, and optimization of planar and vertical touch detec-

tors based on PDMS/GFlakes composites were showcased. These devices offer simple and cost-effective 

fabrication advantages, employing low-temperature processes while achieving reliable performance. 

Furthermore, planar devices do not require the support of an additional substrate, and vertical archi-

tectures with multiple elements can be made more robust using a gap filler. 

Various composites were studied, varying the concentration of GFlakes (40, 45, and 50 wt%). All 

compositions exhibit major p-type electrical conductivity, with an increase in graphite concentration 

leading to higher carrier concentration and electrical conductivity, accompanied by a decrease in the 

Seebeck coefficient value. The optimum concentration was found to be 45 wt% GFlakes, striking a bal-

ance between electrical conductivity and processability. 

 

Single-element planar sensors with 45 wt% GFlakes yield robust and homogeneous detectors with 

SNR values of up to 170 and rise and fall times below 1 s and 7 s, respectively. These composites were 

evaluated for 'Yes' or 'No' applications in both flat and bent configurations, demonstrating their suita-

bility for flexible applications. Regarding vertical architectures, the number of connected elements was 

varied up to 16 using Cink and aluminium foil for interconnections, achieving a maximum response of 
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>2.4 mV for touch detection. These sensors were encapsulated with a PDMS/cork composite to en-

hance robustness while maintaining flexibility, biocompatibility, low weight, and thermal conduction. 

All the detectors function effectively, with short response times, returning to the initial VOFF val-

ues (open circuit voltages when no temperature gradient is applied), enabling repeated thermal stim-

uli. The VON results reach 10-4 to 10-3 V even for the fastest touches and small temperature gradients, 

making these devices suitable for various IoT applications. Furthermore, capacitive touch sensors re-

quire a conductive object to operate, eliminating many other touch objects, such as gloved fingers. 
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FINAL CONSIDERATIONS AND FUTURE PERSPEC-

TIVES 
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6.1 Main Conclusions 

The pursuit of production methods that sidestep the need for high temperatures or vacuum 

conditions has gained remarkable importance in reducing environmental impact and conserving en-

ergy [175], [225]. Within this context, the domain of printed and flexible electronics has emerged, and 

the development of electronic circuits and devices onto flexible substrates is achieved through inno-

vative printing techniques. The advantages of printed and flexible electronics include their lightweight 

design, low manufacturing costs, and seamless compatibility with non-standard surfaces and shapes 

[226]. On the other hand, some sustainable thermoelectric materials have very interesting properties 

to be used in green energy generation or sensing applications, and printing offers a potential route to 

manufacture TE devices at a lower price point and allows a custom-built approach to meet the waste 

heat source requirements [5]. This PhD work explored eco-materials for touch detection and temper-

ature sensing flexible applications using printing techniques and low-temperature processes. In Figure 

6.1, the keywords of this PhD work are represented. 

 

 
Figure 6.1 - Schematic of the PhD workplan addressed topics. 

 Screen-Printable TE sensors with inks based on EC/GFlakes 

The G/EC formulated inks are suitable for screen-printing, using distinct types of paper or cotton, 

originating lightweight and flexible TE sensors through a simple and low-cost fabrication. It was possi-

ble to achieve sensors with fast response times (bellow 1 s) and to have a VON optimization surpassing 

4.5 mV (when connecting multiple elements in series) and high SNR values (> 300), Figure 6.2. The 

printed elements were tested and approved for flexible applications, with curvature radii down to 3 
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mm. These are promising results regarding eco-friendliness, flexibility, availability, and simplicity. Also, 

with screen-printing and low-T (without the need for vacuum systems), we can consider this technol-

ogy as potentially portable. 

 
Figure 6.2 - Graphical table of contents for the EC/GFlakes screen-printable inks study, demonstrating a sensor with fast re-

sponses and other with high SNR. 

The TE sensors printed on paper and cotton substrates were encapsulated with EC, PVA, and 

laminated plastic. All three materials exhibited good thermal stability for T up to 150 °C, i.e., they are 

compatible with the studied application but can also be used with other flexible substrates. CA meas-

urements revealed that, while laminated plastic provides inherent water impermeability inde-

pendently of the substrate, EC and PVA encapsulation radically transformed the wettability of non-

encapsulated paper and cotton, enhancing their waterproof ability, see Figure 6.3. Additionally, after 

submersion in water, EC and PVA-encapsulated substrates displayed higher CA values than laminated 

plastic, indicating higher hydrophobicity. 

 
Figure 6.3 - Graphical table of contents for the encapsulation studies performed for the screen-printed planar TE sensors. 

Regardless of the encapsulation approach, there was a predictable loss in VOC and longer recov-

ery times after the encapsulation step due to the additional thermal resistance introduced by the en-

capsulation layer. However, all three encapsulants enabled proper touch detection, maintaining rele-

vant response signals (~100 µV) and rapid rise times (below 1 s). The EC was defined as the preferred 

encapsulant material due to its eco-friendliness and minimal interference with electrical response. 
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Moreover, its single-blade coating deposition step on both substrates offered a favourable feature for 

large-scale manufacturing. 

 

 PDMS/GFlakes TE Sensors 

This work reported the production of TE composites based on PDMS/GFlakes for touch detection 

and temperature sensing for the first time. This PDMS/GFlakes composite is suitable for film casting and 

blade coating techniques, allowing great freedom of geometries (area and thickness) and architectures 

(planar and vertical), as seen in Figure 6.4. The fabrication process is simple and low-cost, and the 

sensors were tested and approved for flexible applications. 

 
Figure 6.4 - Graphical table of contents for the PDMS/GFlakes composites study, highlighting the proof-of-concepts for differ-

ent geometries. 

The planar TE sensors showed relevant and reproducible performances, not needing any extra 

substrate. An optimal concentration of GFlakes (45 wt%) led to robust and homogeneous detectors that 

exhibited SNR values up to 170 with rise and falling times below 1 s and 7 s, respectively. The proof-

of-concept evaluated an optimized sensor for a binary (Yes or No) application in its flat and bent con-

figurations. The results revealed short rise and fall times, with relevant SNR values, which is highly 

promising for fast real-time human touch applications. 

As for the vertical TE sensors, VON responses reaching 10-3 V were achieved when connecting 

multiple elements in series, which allowed a considerable discrimination of VOC values for different 

temperature stimuli. A 16-element vertical TE sensor was encapsulated with a composite based on 

PDMS and cork granules, making it possible to conclude that the device remains functional and flexible. 
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6.2 Upcoming Possibilities 

 New Eco-friendly Materials 

As mentioned throughout this thesis, sustainable choices are increasingly important, and it is 

crucial to research environmentally friendly materials and production techniques that allow low en-

ergy consumption. In exploratory work, molybdenum disulfide nanostructures were grown directly on 

cork substrates (from used wine bottle corks) via microwave-assisted hydrothermal synthesis, follow-

ing the procedure described in published works reporting the MoS2 nanostructures growth on paper 

substrates [127], [227]. 

The most used synthesis methods of the two-dimensional MoS2 are exfoliation (liquid and me-

chanical), chemical vapor deposition (CVD), and hydrothermal. Due to a better relationship between 

uniformity, the quantity of produced material and production cost, the hydrothermal method has been 

the most applied in synthesising MoS2 nanostructures, usually presenting synthesis times between 20 

and 24 h. The microwave-assisted hydrothermal approach allows shorter synthesis times and lower 

energy consumption than the conventional hydrothermal method due to “molecular heating”, conse-

quently lower energy consumption, enhanced reaction selectivity, and homogeneous volumetric heat-

ing [127]. This method also allows the direct growth of the material on a substrate, being an alternative 

to conventional deposition or costly transfer methods. Using a synthesis substrate, cork wastes, in this 

case, promotes a better synthesis efficiency and can be seen as a step for the circular economy con-

cept, Figure 6.5. 

 
Figure 6.5 - Giving cork a second life: Use wine bottle stoppers wastes as a raw material for a new application. 

Figure 6.6 shows a schematic of the process to reach the MoS2/cork composite thermoelectric 

disc, including the MoS2 precursors, synthesis parameters and products, and the creation of the elec-

trode (with aluminium foil and Cink). Two different synthesis substrates were tested: cork splinters, 

simply cut from the wine corks, and cork granules, obtained as described in section 5.3.1.3, Figure 5.8. 

After synthesis, the material was slightly ground in the case of splinters and cold pressed to obtain a 

robust disc that was characterised as a thermoelectric touch sensor.  
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Figure 6.6 - Schematic of the production process to obtain the MoS2/cork thermoelectric discs through microwave assisted 

hydrothermal synthesis and cold pressing. 

In Figure 6.7, there are some SEM images of the used cork granules as synthesis substrates and 

of the MoS2 synthesis results without any substrate and using cork as substrate (acquired with a Hitachi 

Regulus SU8220, with a pre-deposited iridium layer of 20 nm). The identical MoS2 nanostructures that 

grow without a substrate, Figure 6.7 - (b), are the same that grow around the cork substrate, Figure 

6.7 - (c).  

 
Figure 6.7 - SEM images for: (a) cork granules after wine corks grinding, (b) MoS2 obtained without any substrate and (c) 

MoS2 obtained with cork as substrate through microwave assisted hydrothermal synthesis. 

An X-ray diffraction (XRD) analysis was performed on the samples, with the resultant patterns 

presented in Figure 6.8. Compared to bulk 2H MoS2 (JCPDS card nr 37-1492), there is no match to the 

(002) plane positioned at 14.4°, the most intense peak. However, it is possible to identify the appear-

ance of two new peaks, one at 9° and 9.2° for both synthesis and another at 18.4° for the cork substrate 

synthesis. These two peaks have been usually assigned to the intercalation of molecules and ions be-

tween the MoS2 layers [228], [229]. The cork substrate before synthesis showed a broad peak centered 

at around 2θ = 21°, as reported in the literature [230]. This peak disappears in the diffractogram after 

synthesis. 
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Figure 6.8 - XRD analysis for samples of natural cork (brown), MoS2 synthesised without any substrate (dark blue) and MoS2 

synthesised with cork as substrate (light blue). 

The composite discs were characterised using a potentiostat (section 3.2.1), measuring the open 

circuit potential over time. The thermoelectric samples were submitted to gloved finger touch events, 

and the electrical response was recorded, Figure 6.9. 

 
Figure 6.9 - Open circuit potential results for finger touch events. (a) Composite sample produced with cork splinters (inset 

image) during microwave synthesis, stimulated with similar touch times and (b) composite sample produced using cork gran-

ules (inset image) during the microwave synthesis, stimulated with different touch times. 

In Figure 6.9 - (a), a good repeatability of results can be observed for the same touch time, with 

the composite showing signal-to-noise values of 277 ± 6 and rise and fall response times of 1.1 ± 0.2 

and 11.3 ± 1.2 s, respectively. In another test, Figure 6.9 - (b), the thermoelectric disc was touched 

during different periods. The longer the thermal contact, the higher the response amplitude and the 

slowest the response times, as seen in the inset table. The positive peaks revealed a p-type material; 

however, further tests need to be conducted to understand this electrical behaviour since no 
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intentional doping or surface modifications were induced, and MoS2 is commonly reported as a n-type 

semiconductor [231], [232]. 

Due to the simplicity of the process and the possibility of grinding the composite after synthesis 

or even introducing already ground cork on the microwave system, these results pave the way for 

formulating printable thermoelectric inks and achieving planar architectures. An upcoming possibility 

could be introducing smaller granules in the microwave synthesis container to achieve composite ge-

ometries compatible with screen-printing meshes. 

 Optimization of the Devices Architecture 

Since the TE response increases with the connection of multiple TE elements in series (for the 

same T stimulus), a significant improvement would be the miniaturization of each TE leg. This way, it 

would be possible to increase the number of connected elements per area and volume, or at least 

have the same number of interconnected elements with less material expenditure. 

Since the covered applications depend on small T gradients and fast periods of response, it 

would be possible to miniaturize the TE legs without interfering with the performance of the sensor (if 

the ΔT are high, one of two things need to happen, or both: the existence of a powerful cooling sys-

tem/heat radiator, and a geometry big enough to sustain a temperature difference between sides). 

This desired miniaturization requires new stencil designs for the screen-printed sensors and 

casting moulds, or different cutting methods, for the PDMS composites. 

The next step to pursue, changing the used materials, would be the electrical connections be-

tween TE elements. As explained in section 4.3.2.1, connecting TE elements in series with the same 

electrical conduction (p-type in this case), without the standard p-n pair structure, decreases the per-

formance of the devices. Using carbon inks as conductive paths between elements, although it fulfils 

the purpose of moving the electrons from top-to-tail, always ends up being counterproductive because 

the carbon ink itself has a very small but also p-type Seebeck coefficient. Using silver or copper inks 

would allow more conductive paths, but the S issue would be the same, or even worse since they 

present higher p-type values. The solution would pass by using an n-type conductive ink, such as nickel, 

but besides the complexity of producing it, oxidation problems have been reported [136].  

Regarding the use of Cink, future work could test newer and eco-friendly commercially available 

products, mainly regarding the cleaning solvent needed to clean the meshes after the printing process. 

 Improvement of the Characterization Setup 

The optimization of the characterization setup is a relevant aspect to consider. The electrical 

connections between the sensors and the potentiostat terminals are critical in acquiring the VOC vs 

time results. A future perspective could be to improve those connections, creating a more stable sup-

port for the samples assembling during measurements. 
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Another essential feature to add would be a temperature gradient reading system. An attempt 

was made to envision this measurement, recurring to an Arduino setup with two PT100 sensors, but it 

was difficult to position the thermometers in the desired place, and due to lack of time, the experi-

ments were halfway through.  

Although the applications for the studied materials relied on temperature sensing and touch 

detection, it would be essential to measure the maximum output power for a specific thermal gradient 

to check the TE potential for other applications. For this to happen, there must be a system able to 

apply an electrical load, varying it between short circuit (<< optimum resistance (Ropt)) and open circuit 

(>> Ropt), including its optimum resistance in the middle (the useful power reaches its maximum value 

when the load resistance is equal to the generator resistance [6]). 

 Optimization of the Encapsulation Step 

Future research should focus on optimizing the encapsulating processes and investigating alter-

nate deposition techniques that can also be suitable for large-area manufacturing and/or geometrical 

complex surfaces, such as spray coating. Regarding the screen-printed sensors, although the encapsu-

lation method tested was successful, it is true that the used samples were planar single-element sen-

sors, which facilitated the process. As for the vertical composite sample encapsulation, it was difficult 

to pour the encapsulation mixture between the TE cubes without damaging the electrical connections 

and misplacing the TE legs. 

 Sustainability Considerations 

An evaluation should be carried out to evaluate the sustainability of the proposed TE devices 

and to estimate the requirements for successful technology development in the future. This tool is 

used to pinpoint procedures/materials that are simply too energetically demanding to be considered 

suitable for the technology. 

In this PhD work, choices were made considering low-energy consumption, for instance, the use 

of printing techniques, the drying steps at RT instead of applying temperature to speed up the process, 

and the absence of annealing stages. Also, using a cellulose derivative for the ink’s formulations and 

substituting toluene for diacetone alcohol as a solvent were advancing towards more sustainable prod-

ucts. Incorporating cork in a PDMS matrix as an encapsulant is another possible approach to decrease 

the use of avoiding materials and give a second life to natural raw material. Finally, the proposed in 

section 6.2.1 is a work that offers an alternative second life to cork wastes, using a technique that also 

falls into the more sustainable production processes category.  
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As a parallel task to the laboratory work, it is essential to disseminate the results achieved in the 

PhD project to the scientific community for peer validation and scientific outreach. This task has been 

accomplished through scientific publications developed in collaborative research and posters or oral 

presentations at scientific conferences. Below is a summary of all major outputs generated during work 

activities for this PhD thesis. Some other relevant courses and projects are also listed. 

 

Scientific publications 

Resulting from the PhD work 

• Figueira, J.; Bonito, R. M.; Carvalho, J. T.; Vieira, E. M. F.; Gaspar, C.; Loureiro, J.; Correia, 

J. H.; Fortunato, E.; Martins, R.; Pereira, L. Screen-printed, flexible, and eco-friendly ther-

moelectric touch sensors based on ethyl cellulose and graphite flakes inks. Flexible and 

Printed Electronics 2023, 8 (2). https://doi.org/10.1088/2058-8585/acc114. 

• Figueira, J.; Vieira, E. M. F.; Loureiro, J.; Correia, J. H.; Fortunato, E.; Martins, R.; Pereira, 

L. Composites Based on PDMS and Graphite Flakes for Thermoelectric Sensing Applica-

tions. Materials Proceedings 2022, 8 (1), 42. https://doi.org/10.3390/mater-

proc2022008042. 

• Figueira, J.; Loureiro, J.; Vieira, E. M. F.; Martins, R.; Pereira, L. Flexible, scalable, and 

efficient thermoelectric touch detector based on PDMS and graphite flakes. Flexible and 

Printed Electronics 2021, 6 (4). https://doi.org/10.1088/2058-8585/ac45de. 

• Figueira, J.; Gaspar, C.; Carvalho, J. T.; Loureiro, J.; Fortunato, E.; Martins, R.; Pereira, L. 

Sustainable Fully Printed UV Sensors on Cork Using Zinc Oxide/Ethylcellulose Inks. Mi-

cromachines 2019, 10 (9), 601. https://doi.org/10.3390/mi10090601.  

Submitted 

• Figueira, J.; Peixoto, M.; Gaspar, C.; Loureiro, J.; Martins, R.; Carlos, E.; Pereira, L. Flexible 

cellulose-based encapsulation for printed thermoelectric sensors, IEEE Sensors 2023. 

(two first authors) 
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Other publications during the PhD work 

• Vieira, E. M. F.; Figueira, J.; Pires, A. L.; Grilo, J.; Silva, M. F.; Pereira, A. M.; Gonçalves, L. 

M. Bi2Te3 and Sb2Te3 Thin Films with Enhanced Thermoelectric Properties for Flexible 

Thermal Sensors, Proceedings of Eurosensors 2018, 2, 815. 

https://doi.org/10.3390/proceedings2130815. 

• Vieira, E. M. F.; Figueira, J.; Pires, A. L.; Grilo, J.; Silva, M. F.; Pereira, A. M.; Gonçalves, L. 

M. Enhanced Thermoelectric Properties of Sb2Te3 and Bi2Te3 Films for Flexible Thermal 

Sensors. Journal of Alloys and Compounds 2018, 774, 1102-1116. 

https://doi.org/10.1016/j.jallcom.2018.09.324.  

• Loureiro, J.; Mateus, T.; Filonovich, S.; Ferreira, M.; Figueira, J.; Rodrigues, A.; Donovan, 

B. F.; Hopkins, P. E.; Ferreira, I. Improved thermoelectric properties of nanocrystalline 

hydrogenated silicon thin films by post-deposition thermal annealing, Thin Solid Films 

2017, 642, 276-280. http://dx.doi.org/10.1016/j.tsf.2017.09.047. 

Submitted 

• Pereira, A.; Marques, M. A.; Alves, J.; Morais, M.; Figueira, J.; Pinto, J. V.; Moreira, F. T. 

C. Irreversible colourimetric bio-based curcumin bilayer membrane for smart food pack-

aging temperature control applications, Food Packaging and Shelf Life 2023. 

In preparation 

• Figueira, J.; Morais, M.; Carlos, E.; Peixoto, M.; Corvo, M. C.; Marques, C.; Gonçalves, A.; 

Martins, R.; Pinto, J. V. Flexographic-printed hybrid thermochromic stickers for smart 

sensing applications. (two first authors) 

 

Scientific conferences 

Oral presentations 
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Pinto, J. V. Flexography-printed thermochromic stickers based on nickel complexes and 

cellulose derivatives Inks for smart sensing, MATERIAIS 2023 - Guimarães, Portugal (3rd 
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• Morais, M.; Figueira, J.; Carlos, E.; Corvo, M. C.; Marques, C.; Gonçalves, A.; Martins, R.; 

Pinto, J. V. Flexographic printed thermochromic stickers with visible colour transition for 

smart sensing applications, VIII Annual Meeting i3N – Leiria, Portugal (3rd to 4th March 

2023). (two first authors) 
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A  CARBON INK TECHNICAL DATA SHEET 

In Appendix Figure 1 there is an excerpt of the technical data sheet of the used carbon ink in 

the screen-printing process (introduced in section 4.2.1) which presents some of the ink's typical prop-

erties such as its viscosity and sheet resistance. 

 
Appendix Figure 1 - Description of characteristic properties of the CRSN2644 carbon ink. 

 

 

 





 127 

B  SEEBECK COEFFICIENT CALCULATION 

The Seebeck coefficient was measured as described in the section 3.2.3. These are the data plots 

used for the S calculations of screen-printed EC/GFlakes films, presented in Figure 4.8. 

 
Appendix Figure 2 - Seebeck coefficient measurements for OP samples with 2 printed layers of: (a) 20 wt% G ink 

and (b) 30 wt% of G ink. 

 
Appendix Figure 3 - Seebeck coefficient measurements for OP samples with 3 printed layers of: (a) 20 wt% G ink 

and (b) 30 wt% of G ink. 
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Appendix Figure 4 - Seebeck coefficient measurements for Cot samples with 3 printed layers of: (a) 20 wt% G ink 

and (b) 30 wt% of G ink. 
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C  TOUCH DETECTION TESTS - DIFFERENT USERS 

The touch detection test is dependent on two different temperatures: the room temperature 

and the user finger temperature. This means that, even if the RT is kept constant, the sensors response 

will vary with the user temperature and on the other hand, a same user can have different responses, 

if the RT is different or if he is using a glove or not. This is relevant for the results section 4.3.3, where 

were a change in the tester user for the touch detection tests. To confirm this, a simple test was per-

formed, where two users touched the same sensor ate the same time, with and without gloves, as can 

be seen in the following Appendix Figure 5: 

 
Appendix Figure 5 - Sensor response for a touch detection test, with two different users, for gloved and ungloved 

fingers. 
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D  TOUCH TIME VARIATION 

The main objective was the optimization of the sensor's SNR, and not the response times, in-

deed, the higher the amplitude of the output response (for instance, due to a warmer touch or due to 

a longer touch), the slower these times are. Figure 4.12 - (a) of the main text, in which several touch 

times were tested, underlines that behaviour. Moreover, with older samples, the same touch time 

variation test was carried out, but for quicker touches, Appendix Figure 6. The same sensor was 

touched with three different thermal contact times, giving distinct responses. Although this figure 

shows a normalization of all curves, the rise and fall times were calculated normalizing each peak indi-

vidually. 

 

 
Appendix Figure 6 - Touch detection tests for very fast gloved touches. 
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E  STATIC CONTACT ANGLE MEASUREMENTS 

Full compilation off CA measurements, for the three encapsulant materials studied, on cotton 

and paper substrates. 

 

Appendix Table 1 - Contact angle measurements summary table. (* represents measurements where water droplets were 

absorbed by the substrate; - represents measurements that were not performed). 
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F  VARIATION OF THE GRAPHITE CONTENT IN VER-

TICAL TOUCH DETECTORS 

 

Three vertical devices of six elements connected electrically in series each were tested to check 

the differences between using 40, 45 or 50 wt% of graphite in the PDMS composite in vertical touch 

detectors, Appendix Figure 7. The results show that using 40 wt% of graphite in the composition is 

enough to achieve fast responses with SNR bigger than 30. However, looking at the electrical resistance 

values there is a huge decrease in resistivity when adding more GFlakes, which is critical and should be 

considered when the goal is to connect multiple elements to increase the VOUT and/or the goal is energy 

generation. On the other hand, although the 50 wt% composition presents higher electrical conduc-

tivity without significant losses in the response signal, the processability issues explained in section 

5.2.2 determine that the optimal composition to explore in vertical sensors is the one with 45 wt% of 

GFlakes. 

 
Appendix Figure 7 - Touch detection results for vertical samples with 6 elements connected electrically in series, varying the 

GFlakes concentration and the period between gloved touches. 
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G  VALIDATION OF THERMAL STIMULUS EXCLUSIV-

ITY 

The following graph in Appendix Figure 8 confirms that the developed thermoelectric sensors 

respond exclusively to the thermal stimulus during the experiments. A vertical PDMS/GFlakes device 

with 6 elements connected electrically in series was submitted to a test where the VOC was measured 

over time while the sensor was stimulated first with a hot water glass, which originated a voltage peak, 

and afterwards with a room temperature water glass, where no response was recorded. 

 
Appendix Figure 8 - Open circuit potential results for two water glass contacts with the PDMS/GFlakes sensor depicted in the 

inset image - the initial peak was consequence of a thermal stimulation event during ~10 s due to the hot water inside the 

glass and the absence of response in the following period meant that the contact with the water glass at room temperature 

did not stimulate the sensor. 
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