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Abstract 

Electronic skin (e-skin) is a hot topic due to its enormous potential for health 

monitoring, functional prosthesis, robotics, and human-machine-interfaces (HMI). 

For these applications, pressure and temperature sensors and energy harvesters are 

essential. Their performance may be tuned by their films micro-structuring, either 

through expensive and time-consuming photolithography techniques or low-cost yet 

low-tunability approaches. This PhD thesis aimed to introduce and explore a new 

micro-structuring technique to the field of e-skin – laser engraving – to produce 

multifunctional e-skin devices able to sense pressure and temperature while being 

self-powered. This technique was employed to produce moulds for soft lithography, 

in a low-cost, fast, and highly customizable way. Several parameters of the technique 

were studied to evaluate their impact in the performance of the devices, such as 

moulds materials, laser power and speed, and design variables. Amongst the 

piezoresistive sensors produced, sensors suitable for blood pressure wave detection 

at the wrist [sensitivity of – 3.2 kPa-1 below 119 Pa, limit of detection (LOD) of 15 Pa], 

general health monitoring (sensitivity of 4.5 kPa-1 below 10 kPa, relaxation time of 

1.4 ms, micro-structured film thickness of only 133 µm), and robotics and functional 

prosthesis (sensitivity of – 6.4 × 10-3 kPa-1 between 1.2 kPa and 100 kPa, stable output 

over 27 500 cycles) were obtained. Temperature sensors with micro-cones were 

achieved with a temperature coefficient of resistance (TCR) of 2.3 %/°C. Energy 

harvesters based on micro-structured composites of polydimethylsiloxane (PDMS) 

and zinc tin oxide (ZnSnO3) nanowires (NWs; 120 V and 13 µA at > 100 N) or zinc 

oxide (ZnO) nanorods (NRs; 6 V at 2.3 N) were produced as well. The work described 

herein unveils the tremendous potential of the laser engraving technique to produce 

different e-skin devices with adjustable performance to suit distinct applications, 

with a high benefit/cost ratio.  

Keywords: Electronic skin; Pressure Sensors; Temperature Sensors; Energy 

Harvesters; Micro-structuring; Laser Engraving.  
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Resumo 

A pele eletrónica (e-skin) é um tópico popular devido à sua potencialidade para 

monitorização de saúde, próteses funcionais, robótica, e interfaces homem-máquina 

(HMI). Nestas aplicações, sensores de pressão e temperatura e geradores de energia 

são essenciais, cujo desempenho é ajustável pela micro-estruturação dos seus filmes 

através de técnicas dispendiosas e demoradas de fotolitografia, ou abordagens 

económicas, porém de fraca customização. Esta tese de doutoramento pretendeu 

introduzir e explorar uma técnica nova de micro-estruturação na área de e-skin – 

gravação a laser – para produzir dispositivos multifuncionais auto-suficientes, 

capazes de detetar pressão e temperatura. Empregou-se esta técnica na produção de 

moldes para litografia macia, de forma rápida, a baixo custo, e altamente 

customizável. Estudaram-se vários parâmetros desta técnica para avaliar o seu 

impacto no desempenho dos dispositivos, nomeadamente materiais dos moldes, 

potência e velocidade do laser, e variáveis de design. Obtiveram-se sensores piezo-

resistivos adequados à deteção da onda de pressão no pulso [sensibilidade de 

– 3.2 kPa-1 até 119 Pa, limite de deteção (LOD) de 15 Pa], monitorização de saúde 

(sensibilidade de 4.5 kPa-1 até 10 kPa, tempo de relaxação de 1.4 ms, filme micro-

estruturado de apenas 133 µm de espessura), e robótica e próteses funcionais 

(sensibilidade de – 6.4 × 10-3 kPa-1 entre 1.2 kPa e 100 kPa, resposta estável durante 

27 500 ciclos). Produziram-se sensores de temperatura com micro-cones com um 

coeficiente de temperatura de resistência (TCR) de 2.3 %/°C. Obtiveram-se 

igualmente geradores de energia baseados em compósitos micro-estruturados de 

polidimetilsiloxano (PDMS) e nano-fios (NWs) de óxido de zinco e estanho (ZnSnO3; 

120 V e 13 µA acima de 100 N) ou nano-bastonetes (NRs) de óxido de zinco (ZnO; 6 V 

a 2.3 N). Este trabalho desvenda o enorme potencial da técnica de gravação por laser 

para produzir diferentes dispositivos e-skin com desempenhos ajustáveis a cada 

aplicação, com um elevado rácio de benefício/custo. 

Palavras-chave: Pele Eletrónica; Sensores de Pressão; Sensores de Temperatura; 

Geradores de Energia; Micro-estruturação; Gravação a Laser.  
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1 Chapter 1. Motivation 

1.1  Contextualization 

Resorting to Nature as an inspiration for their creations, researchers created 

electronic skin (e-skin) as a surrogate of human skin. The e-skin aims to recreate the 

multifunctionality of skin through sensing units to detect multiple stimuli, while 

keeping key features of skin such as low thickness, stretchability, flexibility, and 

conformability. One of the most important stimuli to be detected is pressure due to 

its relevance in a plethora of applications, from health monitoring to functional 

prosthesis, robotics, and human-machine-interfaces (HMI).  

Despite being a hot topic, e-skin pressure sensors still need to face some 

challenges before their implementation in practical activities. It is a widely common 

strategy to micro-structure the films composing these sensors to improve their 

performance. Nevertheless, such micro-structuring is majorly performed though 

expensive and complex photolithography techniques, or using low-cost objects as 

moulds for soft lithography, which limits the tailoring of the structuring design, thus 

constraining the possibility to adapt the performance of the sensor to each 

application. It is, therefore, highly relevant to develop other micro-structuring 

strategies that combine the strengths of existing ones: high design tailoring, low-cost, 

and simplicity.  

Furthermore, to make these e-skin devices truly practical, it is important to 

explore their multifunctionality, either through elements with multiple sensing 

capabilities or assembling several elements for the detection of each type of stimuli. 

Another aim that should be pursued by e-skins is their capability to operate in a self-

powered manner, so that they could be considered true wearables with high 

practicability in any situation, without causing discomfort with the presence of bulky 

energy storage units or the need to stop the usage and recharge the system.   
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1.2  Objectives 

The main goal of this PhD project was to develop a multifunctional e-skin, 

essentially centred in pressure sensing yet contemplating temperature detection, able 

to work in a self-powered way through assembling with an energy harvesting unit. 

To achieve this goal, the following objectives were pursued: 

• Implementation of a novel strategy for the micro-structuring of polymeric 

films, based on laser engraving – in order to attend the needs of the field for 

the creation of highly tailorable e-skin pressure sensors using low-cost 

approaches; 

• Thorough study of several aspects of laser engraving and their impact in the 

micro-structuring of polymeric films – namely the materials used as a mould, 

the designs engraved by the equipment, laser power and speed, and the 

distance between the laser beam and the material to be engraved; 

• Verification of the high customization level of laser engraving – through the 

production of pressure sensors for distinct applications, namely 

− Blood pressure wave detection at the wrist – the target was to achieve 

a sensor sensitive for low pressure signals and specific for the detection 

of compressive forces exerted by the radial artery in the wrist, so that 

the sensor would work even under free movement of the subject, 

without any other type of stimuli (such as torsion, stretching, bending, 

vibration, etc.) affecting and distorting the pulse wave signal. Some 

strategies for the reduction of noise during the monitoring of the 

desired signal were defined, namely the production of arrays of sensors 

for differential measurements and the creation of sensor islands, 

dispersed in a stretchable matrix to dissipate unwanted forces; 

− General health monitoring applications – the target was the 

development of highly conformal sensors with a high sensitivity in a 

low-pressure regime, so that they could detect subtle movements, such 

as the blood pressure wave, eye blinking, finger movement, and throat 

movements; 
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− Functional prosthesis and robotics – the target was the development of 

a sensor with a constant sensitivity in a wide pressure range, 

meaningful for this type of applications (until 100 kPa). Temperature 

sensing through the same pressure element was further evaluated, to 

confer another sensing dimension to the e-skin, thus increasing its 

functionality in a real-case scenario; 

• Exploitation of the potential of laser engraved e-skin sensors for temperature 

monitoring – with the study of the effects that play a role in such monitoring; 

• Exploitation of energy harvesters to confer the self-powering ability to the e-

skin platform, through 

− New mechanisms of pressure transduction to electrical output; 

− New/recent fabrication approaches of piezoelectric nanostructures; 

− New micro-structuring approaches of piezoelectric composites; 

− New fabrication approaches involved in triboelectric devices. 

 

1.3  Thesis Outline 

Chapter 1 explains the motivation for the development of this PhD project and 

states the main goals of the work. 

Chapter 2 presents the e-skin subject, with special emphasis on e-skin pressure 

sensors. The several transduction mechanisms between pressure and an electrical 

signal are summarized, accompanied by a state-of-the-art of e-skin pressure sensors. 

Temperature sensing through e-skin sensors is also briefly explored, accompanied by 

a state-of-the-art. E-skin energy harvesters are presented as well, followed by a 

concise state-of-the-art focusing on the most relevant works. The main applications 

of e-skins are mentioned, namely in health monitoring, functional prosthesis and 

robotics, and HMI. For each application, some of the most relevant works are 

reviewed.  
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Chapter 3 describes the main fabrication techniques employed in the 

production of e-skin pressure and temperature sensors and energy harvesters, as well 

as the respective characterization approaches. 

Chapter 4 presents the results related with the tuning of laser engraving 

parameters (power, speed, and some design considerations) for the fabrication of 

acrylic moulds for the structuring of polydimethylsiloxane (PDMS) films into micro-

cones. The study of a water-based carbon coating as an active layer for a 

piezoresistive sensor is also performed. The results for different designs of 

piezoresistive sensors, micro-structured through acrylic moulds engraved with a 

chosen set of optimum laser parameters, are presented and thoroughly discussed. 

Furthermore, the sensors are tested for health monitoring, specifically for blood 

pressure wave detection at the wrist, to access their potential in practical applications.  

Chapter 5 discloses the results related with the tuning of laser engraving 

parameters (power, speed, and some design considerations) for the fabrication of 

hard PDMS (h-PDMS) moulds for the structuring of standard PDMS (s-PDMS) films 

into semi-spheres. The impact of a layer of poly(methyl methacrylate) (PMMA) 

between PDMS and carbon coating is thoroughly studied. The results for different 

designs of piezoresistive sensors, micro-structured through h-PDMS moulds 

engraved with a chosen set of optimum laser parameters, are presented and 

thoroughly discussed. The sensors are tested for functional prosthesis and robotics 

to access their potential in practical applications. 

Chapter 6 reveals the results related to the optimization of laser engraving 

parameters (power, speed, distance between laser and substrate, and some design 

considerations, namely size, shape, and spacing between the elements of the pattern) 

for the fabrication of shrinking polymeric film (SPF) moulds for the structuring of 

PDMS films into micro-cones, to achieve highly compressible and well 

individualized micro-cones (aspect ratio between 1 and 2, and diameter as low as 

possible) and thin micro-structured films (for conformality). The patterning of 

indium tin oxide (ITO) on polyethylene terephthalate (PET) is also studied to produce 

a counter electrode suitable for the pressure sensor. The results for the e-skin sensors 
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produced through optimized moulds are presented and thoroughly discussed. The 

sensors are tested for several health monitoring applications to access their potential 

in practical applications. 

Chapter 7 presents the results related to the production of temperature sensors, 

composed of PDMS films micro-structured through acrylic moulds fabricated in 

Chapter 4. The several effects that may contribute to the temperature sensing, namely 

the carbon coating layer, the PDMS film behaviour with temperature, and a possible 

positive effect of micro-structuring, are studied and evaluated.  

Chapter 8 describes energy harvesters based on a composite of PDMS and zinc 

tin oxide (ZnSnO3) nanowires (NWs), micro-structured through the acrylic moulds 

produced in Chapter 4, whose harvesting mechanism is mainly explained though 

piezoelectric effect, with some contribution from triboelectricity. The electrical 

characterization of these devices is presented in this chapter, with a highlight to the 

impact of the type of micro-structuring in their performance. The optimized 

harvester is tested for powering several portable electronic devices to access its 

potential in practical applications. 

Chapter 9 reveals energy harvesters based on a composite of PDMS and zinc 

oxide (ZnO) nanorods (NRs), micro-structured through the acrylic moulds produced 

in Chapter 4, whose harvesting mechanism is explained though piezoelectric and 

triboelectric effects. The electrical characterization of these devices is presented in this 

chapter, with a focus on the ZnO NRs load into the composite for the optimization of 

the harvester performance. The optimized harvester is tested for the power of several 

portable electronic devices to access its potential in practical applications. 

Chapter 10 presents two energy harvesters based on fibres: one that employs 

conducting textile fibres coated with doped polyaniline (PANI), whose harvesting 

mechanism is explained by a metal/polymer mechano-responsive charge transfer 

mechanism (MRCTM), and another that employs conductive carbon fibre (CF) yarns 

functionalized with ZnO NRs and a porous PDMS layer, whose harvesting 

mechanism is mainly attributed to triboelectricity. The electrical characterization of 
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these devices is described in this chapter. The harvesters are tested for the power of 

several portable electronic devices to access their potential in practical applications. 

Chapter 11 summarizes the results achieved in the previous chapters, 

presenting the major conclusions and envisioning future work.  
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2 Chapter 2. General Introduction  

2.1 Human Skin 

Throughout millions of years of evolution, Nature created complex organisms 

and systems that work with great perfection and efficiency in most of the times, hence 

it is not surprising that humans look at Nature as a source of inspiration for their 

creations that are meant to keep the world moving forward. 

Human skin is a fascinating organ. It acts as a heat insulator to keep the body 

temperature constant, nonetheless also plays a crucial role in the cooling process of 

the body, for example, during intensive physical activity or when the external 

temperature is excessively high [1]. The skin protects the inner organs from external 

pathogenic agents, ultraviolet (UV) light, and multiple other aggressions, 

maintaining body homeostasis [1]. This organ is also an important interface with the 

surroundings due to thousands of biological receptors, scattered all over it, that are 

specialized in the detection of pressure, touch, vibration, tickle, heat, cold, and pain 

[2]. 

The receptors that detect the above-mentioned mechanical stimuli are called 

mechanoreceptors, which can be classified according to their adaptation to the 

stimulus [2]. Tactile disks, Ruffini endings, and Merkel's disks adapt slowly to the 

stimulus, and so they are able to detect maintained stimuli like a constant pressure 

because they discharge stimulus-induced action potentials in a continued way [2]. 

These mechanoreceptors also provide information on the intensity of mechanical 

stimulus, which translates into skin indentation, as a function of the discharging 

frequency [2]. In fact, Merkel's disks can be sensitive to small indentations of only 

1 µm [3]. Meissner corpuscles and hair-follicle receptors have a moderately rapid 

adaptation, and so they are considered to be velocity detectors since they only 

discharge during movement, for example of a body hair, with a discharging rate that 

increases with the stimulus velocity [2]. Pacinian corpuscles adapt very rapidly and 

so they are considered as acceleration detectors [2]. Their discharging is related to the 

frequency of the stimulus (a vibration, in this case), within a certain frequency range, 
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up to 700 Hz [2]. Figure 2.1 shows all the types of mechanoreceptors present in both 

hairless and hairy skin. Despite their differences, several types of mechanoreceptors 

may respond simultaneously to stimuli of different nature, which makes the 

distinction between pressure and touch a difficult endeavour [2]. 

Some mechanical stimuli are very subtle, such as a fly landing on the hand [4], 

still human skin is able to perceive those signals through a micro-structuring strategy. 

In fact, human skin is composed of three major layers: epidermis, dermis, and 

subcutaneous fat [5]. At its surface, it is possible to distinguish a series of tiny ridges 

and valleys that form the fingerprints, and in the interface of epidermis and dermis 

there is also a set of intermediate ridges which are aligned with the ridges of the 

fingerprints [5]. Some mechanoreceptors such as the slow adapting ones are found 

over the tip of these intermediate ridges (as illustrated in Figure 2.1), which does not 

seem to occur randomly [5]. Through simulations, it has been shown that these 

intermediate ridges focus and amplify the stresses at their tips, which allows the 

mechanoreceptors to respond to subtle stresses, thus increasing the sensitivity of skin 

[5]. This natural micro-structuring of skin inspired several works where e-skin 

pressure sensors with a greater pressure sensitivity were pursued, as will be 

described ahead. 
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Figure 2.1. Types of mechanoreceptors present in hairless (left) and hairy (right) skin (adapted from [2]). The 

mechanoreceptors marked with , , or  are, respectively, very fast, moderately fast, or slow adapting.  

Thermoreceptors also have a complex functioning: within a certain temperature 

range, our body senses temporary warmth or cold depending whether the external 

temperature is higher or lower than skin temperature [2]. As the skin temperature 

readjusts, the thermoreceptors stop spiking and the body no longer experiences the 

sensation of heat or cold [2]. For extremely high or low temperatures, however, the 

warmth or cold sensation persist even if the skin reaches a stable temperature over 

time, and may even activate the pain receptors (over 43 °C and below 17 °C) [2]. The 

dynamic sensing of temperature changes is affected by the initial temperature of skin, 

the rate of temperature change, and the skin area exposed to the stimulus [2].  

The multisensorial capability of human skin, as well as its natural micro-

structuring for the amplification of subtle pressure stimuli, has been inspiring the 

scientific community, as it will be highlighted in the following chapters.  
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2.2 Electronic Skin 

Amidst all the complexity of human skin, sensory ability has triggered scientific 

curiosity the most and instigated researchers to produce an electronic surrogate, the 

so called e-skin, also endowed with the perception of various external stimuli, such 

as mechanical stimuli, temperature, and humidity, while keeping or even surpassing 

the key qualities of human skin [6–8]:  

• Low thickness—skin thickness (usually considered as the sum of epidermis 

and dermis thicknesses) varies with the anatomic location, fluid content, age, 

and gender [9,10]. The breast skin can be as thick as approximately 6 mm (in 

males) [11], while the eyelid skin only reaches 800 µm of thickness [12]; 

• Stretchability—also variable with age, newborns skin can be subjected to a 

deformation of 75 % before rupture, while for the elderly this value decreases 

to 60 % [10]; 

• Flexibility—skin is highly flexible, especially in some anatomical places. For 

example, during squat position, the knee, and consequently the skin on it, can 

bend about 110 ° [13]; 

• Conformability—skin covers body tissues in a conformal way, following its 

exact shape, which allows the perception of movement of internal structures, 

namely blood vessels, muscles, and tendons, at its surface.  

 

Other features such as biocompatibility, biodegradability and recyclability, self-

healing, and self-powering have gained visibility to increase the potential of e-skin 

platforms [7]. With the purpose of making this technology widely available to the 

population in economic terms, it is highly important that e-skins may be produced in 

a low-cost way without compromising their functionality and efficiency. Therefore, 

envisioning a mass production of these devices to serve a large population, self-

healing, biodegradability, and recyclability features get a particular importance as a 

contribution for a green economy. In fact, part of these e-skins may be intended for a 

disposable use or, due to their properties, may degrade quickly, which requires the 



General Introduction 

- 19 -  

repair or replacement of some components and a sustainable way to deal with the 

non-rectifiable parts [6]. The key features of an e-skin are illustrated in Figure 2.2. 

 

Figure 2.2. E-skin key features. Images adapted from: self-healing [14], stretchability [15], low thickness and 

conformability [16], flexibility [17], self-powered [18], biodegradability and recyclability [19], biocompatibility 

[20]. 

Research into e-skin essentially took off in the beginning of the 21st century, as 

Figure 2.3 (a) illustrates, with the groups of Stephanie Lacour [21,22] and Takayasu 

Sakurai [23,24] giving pillar contributions to the field. The first group explored 

several strategies to reach stretchable conductors, such as the induction of 
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spontaneous wrinkling by compressive stress that is built into a thin gold film 

evaporated on PDMS, allowing a 22 % stretching without losing the electrical 

properties of the conductive film [21], or depositing a conductive thin film over a pre-

stretched PDMS substrate, so that both layers would acquire a wavy pattern that 

could accommodate a large strain [22]. The second group developed organic 

transistors entirely produced out of soft materials (except for the electrodes) 

integrated with pressure sensors, aiming for the production of a flexible and 

conformable large area e-skin [23,24], which could withstand a strain of 25 % due to 

a net-shape structure [24] shown in Figure 2.3 (b). 

 

Figure 2.3. The beginning and growth of the e-skin field. (a) Number of publications with the expression 

“electronic skin” on their content since 1990 (numbers estimated through Web of Science results). (b) E-skin 

developed by the group of Takayasu Sakurai in 2005 [24]. 

The massive interest in e-skin is highly motivated by the plethora of 

applications in which it may be employed, such as health monitoring [20,25–27], 

functional prosthesis [28–30], robotics [31–33], and HMI [34–36]. Therefore, it is not 

surprising that the e-skin market value is estimated to be around USD 464.04 million 

in 2020, and is expected to reach USD 1,719.38 million by 2025 [37].  

The following sub-chapters will focus on e-skin sensors or devices that have 

more relevance for the context of this project, namely pressure sensors, temperature 

sensors, and energy harvesters, despite the existence of many other types of 

interesting sensors and devices, such as strain sensors, breathing sensors, biosensors, 
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chemical sensors, gas sensors, antennas, amongst others, covered in several extensive 

reviews [6–8,38]. 

 

2.2.1 Pressure Sensors 

Pressure sensors are fundamental structures in an e-skin. In the context of 

robotics and prosthetics, these pressure sensors aim at the discrimination of normal 

and shear forces, tensile strain, and vibrations, so that the sense of grasping objects 

and manipulation, feeling textures, or proprioception may be simulated [7]. For 

health monitoring, pressure sensors may be used to monitor the blood pressure 

wave, heart rate, body movements, breathing, amongst others, which requires the 

sensors to achieve specific values of key parameters, given that some of the 

mentioned stimuli are very subtle [6,7,39]. These key parameters are used to 

characterize each sensor and constitute the figures of merit of pressure sensors: 

sensitivity, linearity, limit of detection (LOD), hysteresis, response and recovery or 

relaxation time, and stability [40,41]. A description of each parameter is given in 

Table 2.1. 

Table 2.1. Key parameters to characterize a pressure sensor [40,41]. 

Parameter Description 

Sensitivity A measure of the capability of a sensor to transduce a pressure 

stimulus. It corresponds to the slope of a linear regression to the data 

plotted as relative output change versus pressure. Sensitivity can be 

calculated according to Equation (2.1): 

𝑆 =
𝑑 (

∆𝑋
𝑋0

)

𝑑𝑃
 

(2.1) 

where S is the sensitivity of the sensor, X is the quantitative output 

signal of the sensor, P is the applied pressure, and X0 is the output of 

the device in the absence of P. X typically corresponds to resistance 

(R), current (I), or capacitance (C). 
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Parameter Description 

Linearity The degree to which the performance of a sensor is close to a linear 

behaviour, in a specific pressure range. Given than a sensor is more 

accurate and reliable in its linear range, the greater the linear range 

of a sensor the better. 

  

Limit of 

Detection 

The smallest pressure that the sensor can distinguish from 

background noise. 

  

Hysteresis This phenomenon is the incapability of a sensor to return to its 

original state when the pressure is removed, and it is commonly 

associated to the viscoelasticity of the materials that compose the 

sensor. For a pressure sensor it is desirable to have a hysteresis as low 

as possible so that the performance is reproducible. 

  

Response 

Time 

The time spent by the sensor from the instant when it is subjected to 

a pressure until reaching 90 % of a stable output for that pressure. 

This property is also negatively affected by the viscoelasticity of the 

materials. 

  

Relaxation 

Time 

The time spent by the sensor to recover its initial state once the 

stimulus is removed.  

  

Endurance/ 

Stability 

Evaluated by the number of loading and unloading cycles a sensor 

may be subjected without significant differences in its output 

regarding the first solicitations.  

 

2.2.1.1 Pressure Transduction Mechanisms 

The sense of pressure by e-skins is accomplished by transduction mechanisms 

that convert the pressure stimulus into an electrical signal, which can be measured 

by common electronic equipment [7]. Pressure sensors are then categorized 

according to the transduction mechanism they rely on for the pressure sensing, thus 

they can be majorly classified as capacitive, piezoelectric, piezoresistive, and 

triboelectric [7,41]. 
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2.2.1.1.1 Capacitance 

A capacitive sensor is mainly composed of electrodes, a substrate, and an active 

layer that is commonly a dielectric material [41]. Under a pressure stimulus, this 

dielectric material suffers a deformation that leads to capacitance changes [41]. In a 

parallel plate capacitor, capacitance may be determined according to Equation (2.2) 

[40]: 

𝐶 =
𝜀0𝜀𝑟𝐴

𝑑
 

(2.2) 

where C is the capacitance, ε0 is the permittivity of vacuum, εr is the relative 

permittivity of the dielectric material of the capacitor, A is the effective area of the 

electrode, and d is the distance between the two plates [40]. Given that A and d may 

be easily altered by external forces, Equation (2.2) can also be employed in capacitive 

sensors to monitor pressure changes or other stimuli [7]. The simplicity of the 

governing equation also simplifies the analysis of the sensors output, as well as their 

design [7].  

The miniaturization of these sensors must be performed with caution, since the 

size reduction of the sensor implies a reduction in its area, affecting its initial 

capacitance and decreasing the signal-to-noise ratio or increasing the crosstalk 

between adjacent elements [25,36,42–51]. Another issue is related to the dielectric 

materials employed in these sensors, which are typically polymers and consequently 

have a high viscoelasticity, thus resulting in high response times and hysteresis [4,52]. 

In order to improve the performance of these sensors, the maximization of the 

compressibility of the dielectric material is pursued, which is frequently performed 

through the introduction of air-gaps [7]. These air gaps may be achieved by foamed 

dielectric materials [47,52] or through the dielectric micro-structuring [4,42,44], and 

besides increasing the sensitivity of the sensor, they also contribute to the reduction 

in the sensor’s response and relaxation times, as well as hysteresis [4,45,53].  

Professor Zhenan Bao has been leading a research group with a vast experience 

in e-skin capacitive sensors. One of their first devices consisted of an organic field-
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effect transistor (OFET) where the dielectric component was a PDMS film with micro-

pyramids, which contributed to the improvement of the pressure sensor by 

increasing its sensitivity while decreasing its relaxation time (comparatively to an 

unstructured dielectric), and by turning it sensitive to the landing of a fly [4]. In 2011, 

this group created another type of sensor, meant to be highly flexible, stretchable, 

and transparent, which was based on electrodes of single-walled carbon nanotubes 

(SWCNTs) spray-coated over a PDMS film and a dielectric layer of ecoflex [54]. Due 

to pre-strain cycles, the bundles of SWCNTs achieved a wavy pattern (in the strain 

direction) which was able to bear a certain level of strain with a reversible sheet 

resistance change [54]. In 2013, Zhenan Bao and colleagues took a step forward by 

creating an organic thin film transistor (OTFT) that was flexible, unlike his 

predecessor, and showed a greater sensitivity through the operation of the transistor 

in the subthreshold regime, where the source-drain current exhibited a superlinear 

dependency on the capacitance change induced by pressure [25]. In this regime, the 

sensor could operate at a very low power consumption of only 1 mW and it could 

also distinguish the blood pressure wave at the wrist with a high resolution [25]. 

To obtain a matrix of capacitive sensors, insensitive to strain, the group of Steve 

Park explored the strategy of harder sensitive islands embedded in a softer 

elastomeric substrate [55]. The islands were made of PDMS, where the dielectric layer 

was a set of porous PDMS micro-pyramids, whose holes were produced by sacrificial 

polystyrene spheres [55]. The softer substrate was ecoflex, a polymer whose elastic 

modulus is almost 40 times smaller than that of PDMS [55]. Through these different 

properties, when the matrix was subjected to a strain of 50 %, ecoflex concentrated a 

strain of 105.7 %, while the PDMS islands only suffered a strain of 5.2 % [55]. 

Through an innovative approach to micro-structure PDMS based on the mixing 

of the polymer with magnetic particles (silver coated with nickel) and subjecting it to 

a strong magnetic field to induce the formation of micro-needles, the group of Run-

Wei Li created a low-cost capacitive e-skin, whose micro-needles features could be 

fairly controlled through the concentration of magnetic particles or magnetic field 

intensity [56]. With heights ranging from 275 µm to 856 µm, and diameters ranging 
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from 166 µm to 420 µm, the optimized micro-needles conferred the e-skin a modest 

sensitivity of 0.159 kPa-1 bellow 1 kPa [56]. 

 

2.2.1.1.2 Piezoelectricity 

Piezoelectric pressure sensors rely on piezoelectricity to transduce a pressure 

into an electrical signal. The piezoelectric effect was first discovered by the Curie 

brothers in 1880, when they observed that a certain type of crystals subjected to 

pressure changes would give rise to a similar effect to that of pyroelectricity [57]. 

Essentially, a compressive pressure along a specific axis of those crystals would 

generate electric poles, while a tensile pressure would give rise to opposite poles [57]. 

In the case of the pyroelectric effect, the same type of polarization would be obtained 

upon cooling and heating, respectively [57]. The Curie brothers tested these effects 

on sphalerite, sodium chlorate, boracite, tourmaline, quartz, calamine, topaz, tartaric 

acid right, sugar, and Rochelle salt, which are all hemihedral crystals with inclined 

faces [57]. Because they are hemihedral, these crystals have only half the number of 

faces required by the symmetry of the crystal system to which they belong, being 

nonsymmetrical [58]. Due to the left or right orientations of their hemihedral faces, 

two crystals with different orientations cannot be superimposed [58]. In 1881, the 

Curie brothers verified the converse piezoelectric effect, in which a voltage difference 

applied to the extremities of the crystals would induce their contraction or dilation, 

depending on the amplitude of the voltage [59], thus confirming the mathematical 

deductions by Lippmann earlier in that year [60]. Ever since these discoveries, the 

“piezoelectricity” term describes the ability of some materials to generate electric 

displacement that is proportional to an applied mechanical stress and changes its sign 

when the stress varies from compressive to tensile [61]. The reverse piezoelectric 

effect is then the ability of those materials to deform (contracting or elongating) when 

subjected to an electric field [61].  

Ferroelectric materials are widely explored in e-skins given their intrinsic 

piezoelectricity, and are characterized by the existence of a spontaneous polarization 
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that may be reversed under the influence of an electric field [62]. This occurs because 

such materials encompass several crystalline domains, each of them with a random 

polarization direction, and under an electric field, those domains align with the 

direction of the field until reaching a saturation state that results in the polarization 

of the material [62]. Once the field is removed, some of those domains will relax, 

leading to the decrease of the materials’ polarization until a value defined as the 

remnant polarization [62]. The process of applying an electric field and then 

removing it for the material to achieve its remnant polarization is called poling, and 

it is usually performed for several hours at a temperature below the Curie 

temperature, which marks the transition of the materials’ behaviour from 

ferroelectric to dielectric [62]. The electric field required to bring the polarization to 

zero is called the coercive field [62]. All the above-mentioned concepts are illustrated 

in Figure 2.4. The poling process presents hysteresis as a result of the energy needed 

to reverse the dipoles of the material [62]. 

 

Figure 2.4. Representation of a ferroelectric hysteresis loop. Abbreviations: Fc—Coercive Field; Pr—Remnant 

Polarization; Psat—Saturated Polarization. 

The longitudinal piezoelectric coefficient (d33) is commonly used to compare the 

performance of several materials to transduce forces into electrical charges [7,61], and 

it is meant to be as high as possible to make them more sensitive to those forces. The 

most popular piezoelectric materials used in e-skin sensors and also energy 
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harvesters are lead zirconate titanate (PZT) [63–65], ZnO [66–70], barium titanate 

(BaTiO3) [71,72], poly(vinylidene fluoride) (PVDF) and its co-polymers like 

poly(vinylidenefluoride-co-trifluoroethylene) [P(VDF-TrFE)] and poly(vinylidene 

fluoride-co-hexafluoropropene) [P(VDF-HFP)] [69,71–78], and their d33 can be found 

in Table 2.2. Due to their brittle nature, PZT and ZnO must be integrated into flexible 

pressure sensors in the form of thin films or nano/micro-structures [41,64,65,67,68,70]. 

PVDF polymers are highly flexible but usually require a poling process to maximize 

their d33 constant, which is typically low [41,69,71,72,74,76–78]. The electrospinning 

of PVDF polymers fibres has been shown to eliminate the need of post-processing 

poling given that the process itself polarizes the polymer [73]. 

Piezoelectric pressure sensors typically present a fast response time and high 

sensitivity, establishing them as suitable candidates to detect dynamic pressure such 

as vibrations and slip [64,68,75] yet inadequate to sense static pressures [75]. Given 

the pyroelectricity of ferroelectric materials, there is also the possibility of 

misinterpreting the output of a piezoelectric sensor in the presence of temperature 

changes [7,64,75]. 

Table 2.2. d33 of the most used piezoelectric materials in e-skins. *Value for a NW/nanopillar shape. 

Material BaTiO3 PVDF P(VDF-TrFE) PZT ZnO 

d33 (pC N-1) 31.1* [79] 13 – 28 [80] 24 – 38 [80] 
593 [61] 

67* [65] 
7.5* [81] 

The pioneer work of Zhong Lin Wang’s group on ZnO nanostructures and their 

use in energy harvesting and pressure sensing left an important mark in the field of 

piezoelectric e-skins. Since their publication regarding the use of aligned ZnO NWs 

to harvest energy from a mechanical stimulation through an atomic force microscopy 

(AFM) tip [82], and posterior fabrication of a field effect transistor using a single ZnO 

NW to control the source to drain current through its bending, dependant on the 

applied pressure [66], there was an accentuated increase in publications focusing on 

piezoelectric systems, many of them coming from this group [67–69,82–88]. 
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The group of John Rogers has worked on several piezoelectric pressure sensors 

relying on different piezoelectric materials. One of those sensors was based on several 

squares of thin PZT films connected to a silicon metal oxide semiconductor field 

effect transistor (MOSFET) through serpentine paths, to accommodate stretching 

until 30 % [63]. The role of the MOSFET was to amplify the voltage generated by the 

PZT elements upon applying pressure [63]. Due to the design of the sensor, the PZT 

elements were located in the neutral mechanical plane, in order to minimize the 

bending interference in the pressure measurement and allow the sensor to be used in 

curvilinear surfaces, such as the wrist, for the detection of the blood pressure wave 

[63]. Another highly bendable piezoelectric sensor was made of P(VDF-TrFE) 

nanofibres, aligned by the electrospinning process [73]. In this case, the mesh of 

P(VDF-TrFE) did not require a poling process, as the electrospinning of the fibres 

enhanced the orientation of piezoelectric active dipoles in the direction perpendicular 

to the longitudinal axis of the fibres [73]. 

 

2.2.1.1.3 Piezoresistivity 

The discovery of piezoresistivity is attributed to Lord Kelvin in 1856, and it is 

described as the effect of resistance change with an external mechanical stimulus [89]. 

With the piezoresistive effect, not only the geometrical parameters of an electrical 

conductor resistance are susceptible to change, but also the material resistivity itself 

in the case of some particular materials such as crystal semiconductors [89]. 

In piezoresistive sensors, the resistance change may rely on distinct 

mechanisms: 

(i) Resistivity variations—in a semiconductor, as a result of band structure 

changes induced by pressure [90], or in composites, as a result of interparticle 

distance change [35,91,92]. For these cases, the following equation may be 

applicable [Equation (2.3)]: 

𝑅 =
𝜌 × 𝑙

𝐴
 

(2.3) 
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where R is the resistance,  is the material resistivity, l is the conductor length, 

and A is the transverse section area [89]; 

(ii) Contact resistance variations—through the modification of the geometry of 

the sensing element [17,20,93–98], by contact area changes induced in 

interlocked designs [31,68,99–104], or through contact area changes in foamy 

or spongy materials [34,105,106]. For these cases, the contact resistance is 

governed by Equation (2.4): 

𝑅𝐶 ∝ 𝐹−
1
2 

(2.4) 

where RC is the contact resistance and F is the force [7]. This equation shows 

that sensors playing on contact resistance have a high sensitivity for low forces 

and a large working range [7] which can also be easily tuned through micro-

structuring [68,95,100,107]. 

 

Piezoresistive sensors have a very simple design and readout mechanism 

[7,8,40]; however, their high hysteresis and long relaxation times, which are a 

consequence of the use of polymeric and viscoelastic materials in the sensors, require 

micro-structuring of those polymeric films, a strategy that is also employed in other 

types of pressure sensors and even energy harvesters [4,41,52,101,108–111]. Besides 

improving the parameters previously mentioned, the micro-structuring also 

enhances the sensitivity of the sensors, and it can be achieved through several 

strategies [41]: 

• Photolithography techniques to etch silicon wafers and produce moulds. 

Despite being expensive, complex, and time-consuming, this micro-

structuring strategy is widely explored to obtain highly regular and 

homogeneous patterns (shown in Figure 2.5) based on pyramids 

[4,17,93,94,97,104,112–118], pillars [20,68,100,104,119], hairs [99,120], domes 

(or semi-spheres) [101,104,107], triangular lines [25,34,112], and cubes [4]; 
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• Use of everyday objects as unconventional moulds. This approach is much less 

expensive than photolithography techniques, nevertheless it does not allow 

for design changes in the micro-structuring due to limitations regarding the 

objects available to act as moulds. Several objects have been used as moulds, 

from sandpaper [98,121–126] to paper [32], leaves of several plants’ species 

[31,36,111,127–132], insect wings [111], animals skin [133], and fabrics 

[109,134–137]; 

• Treatments of the sensing film, such as heat [138,139], stretching and UV or 

oxygen plasma exposure [44,110,140,141], and self-assembly or chemical 

reaction [56,69,103,139,142–146]. The resultant micro-structuring has a limited 

level of tailoring; 

• Incorporation of some materials such as sponges [147–154], foams [155–162], 

paper [163–167], and natural or synthetic fabrics [26,91,102,168–178] that are 

afterwards chemically modified to become conductive; 

• Production of porous films through freeze-drying [105,179–185] or using 

sacrificial templates made of sugar [106,186–189], salt [188–192], or 

polystyrene spheres [52,193–195]. Despite their low-cost, all these techniques 

also have a limited level of design tailoring; 

• Fabrication of three-dimensional (3D) printed moulds [50,196–199] or direct 

printing of materials with a 3D printer [200,201], which is a low-cost approach 

to achieve a micro-structuring, nonetheless typically only allows the 

achievement of structures with a size in the order of few mm due to printer 

and filament constraints.  
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Figure 2.5. Micro-structures produced through photolithography techniques. (a) Pyramids [4]. (b) Pillars [20]. 

(c) Hairs [99]. (d) Domes [101]. (e) Triangular lines [34]. 

The comparison of the most common approaches for the micro-structuring of 

films for this type of sensors (photolithography and unconventional moulds) is 

presented in Table 2.3. Although both methodologies have advantages and 

disadvantages, there is still a need to develop a technique that combines the best of 

both worlds: high design tailoring at low cost and in a fast way.  

Table 2.3. Comparison of the two widely employed approaches for the micro-structuring of films, 

photolithography and unconventional moulds. 

Approach Photolithography Unconventional Moulds 

Precision High Dependent on the mould 

Design’s Tailoring Possible Not possible/Highly limited 

Complexity Medium/High Low 

Time involved High Low 

Costs High Low 

(a) (b)

(c) (d) (e)

1 µm
5 µm 1 cm
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Human skin structure has been an inspiration for several e-skins developed in 

2015 by the group of Hyunhyub Ko [68,75]. The group mainly explored interlocked 

geometries, mimicking the epidermal-dermal microridges of human skin, in a 

piezoresistive [100,101,104] or piezoresistive and piezoelectric [68,75] configuration. 

In the piezoresistive e-skins, the interlocking strategy enabled an initial contact 

resistance defined by the contact points between the micro-pillars [100,104], micro-

pyramids [104], or micro-domes [101,104] of a composite of PDMS and multi-walled 

carbon nanotubes (MWCNTs). Upon applying pressure, these micro-structures 

suffered severe deformation, which greatly increased the contact between them, thus 

decreasing the resistance of the device, mainly dominated by the tunneling resistance 

[100,101,104]. This operation mode allowed for high sensitivity values which could 

be tuned by adjusting the pitch or the size of the micro-structures [100]. For one of 

the hybrid configurations, PDMS micropillars were covered with ZnO NWs and 

coated with a metallic layer to make them conductive and rigid, with the purpose of 

significantly increasing the contact area variations with pressure and assuring a fast 

response time with minimized hysteresis [68]. By removing the metallic coating from 

one of the micro-structured films, the e-skin could be used in a piezoelectric mode to 

detect mechanical vibrations of high frequency (up to 250 Hz) due to the enhanced 

bending of the ZnO NWs induced by the interlocking geometry [68]. The other 

hybrid e-skin of the group could detect both temperature and pressure changes due 

to the piezoresistive and pyroelectric properties of the micro-dome structured 

composite of PVDF and reduced graphene oxide (rGO) [75]. This interlocked e-skin 

could further monitor the blood pressure wave at the wrist and the temperature 

simultaneously, while its piezoelectric performance allowed the detection of 

dynamic touch and acoustic waves [75]. Recently, in 2018, the group explored the 

impact of the micro-structures’ shape in the sensitivity of interlocked piezoresistive 

devices for the detection of different forces, while maintaining the size and pitch for 

all geometries [104]. These devices showed a much improved output in comparison 

with single micro-structured film devices, since the insulating layer is larger in the 

interlocked geometry, which increases the tunneling resistance, resulting in a lower 

current in the absence of pressure [104]. Even though the devices with pyramidal 
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micro-structures presented a greater height compression with pressure, those with 

dome micro-structures exhibited a greater variation in contact area with pressure, 

leading to an extremely high sensitivity of 47  103 kPa-1 [104]. Micro-dome sensors 

were also more sensitive to bending and strain, while sensors with micro-pillars 

showed superior performance in detecting shear stress [104]. 

Regarding the research conducted to avoid photolithography techniques in the 

production of cheaper, easy-to-fabricate micro-structured pressure sensors, the 

group of Seimei Shiratori actually developed a peculiar micro-structuring technique 

in which uncured PDMS would be slowly dropped over water [202]. Due to 

differences in density and surface tension, the uncured PDMS would float on water, 

and after some time, form a thin cured film [202]. Possibly due to temperature 

differences between air and water during curing, and succeeding post-curing 

bending cycles, fish-scale like structures arose on the surface of the PDMS film, on 

the side that was in contact with air [202]. This micro-structured film was then 

covered with poly(3,4-ethylenedioxythiophene)–poly(styrenesulfonate) 

(PEDOT:PSS) and graphene nanosheets to become conductive, and the pressure 

sensor was produced through the assembly of two films [202]. This piezoresistive 

sensor decreased its resistance with pressure and presented a high sensitivity of 

– 70.86 kPa-1 under 1 kPa, which was enough to detect the blood pressure wave at the 

wrist [202]. 3D printing was also explored by Zhengchun Peng and co-workers to 

produce piezoresistive sensors [203]. The group developed an ink of thermoplastic 

urethane polymer (TPU), sodium chloride, and carbon black nanoparticles, and after 

printing it over PDMS, the sensing layer was submerged in water to remove the 

sodium chloride, subsequently forming a porous matrix [203]. Owing to the presence 

of several pores sizes (nanometre pores originated by the mixing of carbon black 

particles with TPU, tens of micrometres pores originated by the dissolution of sodium 

chloride, and larger pores originated by the 3D construction), the sensor presented 

three distinct sensitivities in a large pressure range that extended up to 800 kPa [203]. 

Although not being the first group to explore sandpaper as a mould for the micro-

structuring of PDMS films, Dawen Zeng and colleagues conducted a thorough 
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research on the impact of different sandpapers in the sensitivity and pressure range 

of the respective piezoresistive sensors [98]. By using sandpaper that produced 

higher (250 µm on average) and larger micro-structures that were further covered 

with rGO, the sensors could achieve a sensitivity of 2.5 kPa-1 between 0 Pa and 1 kPa, 

12 kPa-1 between 1 kPa and 50 kPa, 1051 kPa-1 between 50 kPa and 200 kPa, and 

470 kPa-1 between 200 kPa and 400 kPa [98]. The excellent sensitivity values were due 

to the presence of micro-structures with different heights—the higher micro-

structures would contact with the electrodes for smaller pressures, while the smaller 

micro-structures would contact with the electrodes for larger pressures [98]. Being 

larger, these micro-structures also required more pressure to deform and contact the 

electrode, therefore sandpaper with micro-structures of an average height of 15 µm 

presented a larger sensitivity of 600 kPa-1 between 1 kPa and 50 kPa. However, the 

structures’ deformation saturated more rapidly and so the sensitivity between 200 

kPa and 400 kPa was smaller (5.3 kPa-1) [98]. 

 

2.2.1.1.4 Triboelectricity 

Triboelectricity is the result of the combination of triboelectrification, which is 

the generation of charges at the surface of two different materials when they are 

rubbed, and electrostatic induction, a phenomenon of electricity-generation that is 

characterized by the flow of electrons between two electrodes, through an external 

load, to balance their potential difference [204]. This contact electrification 

phenomenon is potentiated by the difference of triboelectric polarity of each material: 

the higher the difference, the greater the amount of charges generated [108,205]. The 

tendency of some materials to lose or gain electrons when rubbed is commonly 

represented by the triboelectric series, presented in Table 2.4. When the two materials 

are rubbed, opposite charges are induced at their surface, and after separation of the 

two materials, the respective electrodes generate compensating charges for each 

material so that the electrostatic equilibrium may be maintained [108]. An external 

circuit connected to both electrodes allows the electron flow between them, which 

can be amplified by increasing the contact area of the materials and by having a high 
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separation-distance change [108]. In this class of sensors, it is also common to explore 

the micro-structuring of the materials to increase the friction area and, therefore, the 

triboelectrification [205]. When mixing nanoparticles in a polymeric matrix, the 

composite acquires a different permittivity and surface electrification if compared to 

the bare polymer, thus changing its triboelectric potential [205]. 

Despite their obvious capability to transduce mechanical stimuli into induced 

currents, this type of sensors are more suitable to detect dynamic pressures such as 

vibrations because their output is affected by the magnitude and frequency of the 

stimulus [18,41,206,207]. Furthermore, triboelectric sensors have been preferably 

investigated as triboelectric nanogenerators (TENGs) to produce energy in a simple 

way, as shown in section 2.2.3. Amongst the triboelectric units that are indeed 

employed as pressure sensors, a great portion was developed by Zhong Lin Wang 

and co-workers, with emphasis on micro-structured films to increase the friction area 

of the sensors and enhance the triboelectric effect [33,207–213].  
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Table 2.4. Triboelectric series for common materials following a tendency of easily losing electrons (positive) to 

gaining electrons (negative) (adapted from [205]). 

Polyamide 6-6 (Nylon) Positive 

 

Negative 

Wool 

Silk 

Aluminium 

Paper 

Cotton 

Steel 

Wood 

Nickel, Copper 

Brass, Silver 

Poly(methyl methacrylate) (PMMA) 

Polyvinyl alcohol (PVA) 

Polyester 

Polyurethane 

Polyethylene Terephthalate (PET) 

Natural rubber 

Polystyrene 

Polyimide (Kapton) 

Polydimethylsiloxane (PDMS) 

Polytetrafluoroethylene (Teflon) 

 

2.2.1.2 Transduction Mechanisms Comparison 

Table 2.5 compares all the transduction mechanisms previously referred. One 

may conclude that different applications require different transduction mechanisms. 

For static pressure detection, capacitive and piezoresistive pressures are more 

suitable, since their output is maintained with the pressure stimulus, even though 
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these sensors need a power supply to work. For dynamic and high frequency stimuli, 

piezoelectric and triboelectric sensors are more appropriate and have the advantage 

of being self-powered. To monitor the blood pressure wave at the wrist, which is a 

low frequency signal (its monitoring typically requires a bandwidth of 20 Hz in the 

hypertension context, although it may extend to 200 Hz in other health issues such 

as heart failure [214]), and should not be affected by high frequency stimuli such as 

vibrations, the most suitable types of sensors are capacitive and piezoresistive.  

Table 2.5. Comparison between the most used transduction mechanisms in pressure sensors [7,8,41]. 

Transduction 

Mechanism 
Advantages Disadvantages 

Capacitance ✓ Simple governing 

equation 

✓ Simple design and 

analysis 

 Power supply required (yet no 

static power consumption) 

 Limited miniaturization 

 Prone to hysteresis and high 

response times 

 More complex readout 

electronics 

   

Piezoelectricity ✓ Self-powered 

✓ Fast response time 

✓ High sensitivity 

 Unable to detect static pressure 

 Prone to noise from vibrations 

or high frequency stimuli 

 Drift in sensor’s response over 

time 

 Temperature interference 

 Their signal conditioning 

circuits require power supply 

   

Piezoresistivity ✓ Simple structure 

✓ Simple readout 

mechanism 

 Power supply required (with 

static power consumption) 

 Requires micro-structuring for 

performance improvement 

   

Triboelectricity ✓ Self-powered  Unable to detect static pressure 

 Output affected by frequency of 

stimulus 
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2.2.1.3 State-of-the-Art 

Since the pioneer work of the group of Takayasu Sakurai and the group of 

Stephanie Lacour, several e-skin pressure sensors have been reported, exploring the 

different transduction mechanisms previously mentioned and targeting distinct 

applications, as presented in Table 2.6 and Table 2.7.  
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Table 2.6. Features of state-of-the-art pressure sensors based on capacitance (C), piezoelectricity (PE), piezoresistivity (PR), and triboelectricity (TE). “Stability” 

is the number of loading (L), stretching (S), or bending (B) cycles the sensor was subjected. Symbols: 🌬—Breathing; 🦵—Functional Prosthesis; ⚕—Health 

Monitoring; 💻—HMI; 💪—Muscle Movements; 𓃑—Pressure Mapping; ♡—Pulse wave pressure at the wrist/neck/arm/ankle/head or heart rate; ⚙️—

Robotics; 🔊—Sound monitoring; 🗣—Speech; 🌡—Temperature Mapping or Monitoring; —Vibration Monitoring; 👣—Walking. Abbreviations and 

acronyms: 3D—Three-dimensional; Ag—Silver; Al—Aluminium; AR—Aspect Ratio; Au—Gold; CNTs—Carbon Nanotubes; Cu—Copper; Electrospin.—

Electrospinning; EVA—Ethylene-vinyl Acetate; FEP—Fluorinated Ethylene Propylene; ITO—Indium Tin Oxide; LOD—Limit of Detection; MOSFET—Silicon 

Metal Oxide Semiconductor Field Effect Transistor; MWCNTs—Multi-walled Carbon Nanotubes; NaCl—Sodium Chloride; NaOH—Sodium Hydroxide; Ni—

Nickel; NPs—Nanoparticles; NRs—Nanorods; NWs—Nanowires; O3—Ozone; OFET—Organic Field-Effect Transistor; OTFT—Organic Thin Film Transistor; 

P(VDF-HFP)—Poly(vinylidene fluorideco-hexafluoropropene); P(VDF-TrFE)—Poly(vinylidenefluoride-co-trifluoroethylene); PANI—Polyaniline; PDMS—

Polydimethylsiloxane; PEDOT:PSS—Poly(3,4-ethylenedioxythiophene)–Poly(styrenesulfonate); PEN—Polyethylene Naphthalene; PET—Polyethylene 

terephthalate; Photolit.—Photolithography; PLLA—Poly(L-lactide); PMMA—Poly(methyl methacrylate); PPy—Polypyrrole; PS—Polystyrene; Pt—Platinum; 

PTFE—Polytetrafluoroethylene; PU—Polyurethane; PUD—Polyurethane Dispersion; PVA—Polyvinyl Alcohol; PVDF—Poly(vinylidene fluoride); PVP—

Poly(4-vinylphenol); PZT—Lead Zirconate Titanate; Rel.—Relaxation; Res.—Response; rGO—reduced Graphene Oxide; SiO2—Silicon Dioxide; SnSe2—Tin 

Diselenide; SWCNTs—Single-walled Carbon Nanotubes; Ti—Titanium; TPU—Thermoplastic Urethane Polymer; UV—Ultraviolet; ZnO—Zinc Oxide. 

Type 

of 

sensor 

Group, Year Description 

Micro-

structuring 

technique 

Sensitivity (kPa-1), Range of 

pressures (kPa) 

LOD/ 

Maximum 

pressure tested 

Res./Rel. 

times 

(ms) 

Stability 

Operating 

voltage/ 

Energy 

consumption 

Application 

C Z. Bao [4] 2010 
OFET, whose dielectric layer is PDMS with micro-

pyramids (6 µm of width) 
Photolit. 0.55 (0 – 2) 3 Pa/40 kPa 

< 300/ 

< 500 

104 (L) 

15 000 (B) 
- 20 V/- 𓃑 

C Z. Bao [54] 2011 Ecoflex, and electrodes of SWCNTs over PDMS - 2.23 × 10-4 (50 – 1000) 50 kPa/1 MPa 
< 125/ 

< 125 

4 (L) 

4 (S) 
-/- 𓃑 

C Z. Bao [25] 2013 
OTFT, whose dielectric layer is PDMS with 

triangular lines (7 µm of width, 7 µm of height) 
Photolit. 

8.2 (0 – 8) 

0.38 (8 – 50) 
~ 200 Pa/56 kPa < 1/< 10 15 000 (L) - 100 V/1 mW ⚕(♡)𓃑 

C D. Zhu [215] 2015 Flexible suspended gate OTFT - 192 (0.1 – 5) 0.3 Pa/5 kPa < 10/< 10 105 (L) 
- 60 V/< 

1 mW 
⚕(♡)🔊 

C Y. Hong [44] 2015 

PMMA or PVP, and electrodes of PDMS micro-

structures (6 µm of height) coated with Ag NWs, 

and Ag over arylite  

UV/O3 

treatment 

3.8 (0.045 – 0.5) 

0.8 (0.5 – 2.5) 

0.35 (2.5 – 4.5) 

45 Pa/10 kPa 
< 150/ 

< 150 

1 500 (L) 

5 000 (B) 
0.1 V/- 𓃑 

C Z. Bao [120] 2015 

PDMS pyramids (6 µm of width, 3 µm of height), 

PDMS microhairs (30 µm of diameter, AR of 3, 6, 

and 10), and electrodes of PEN and Au 

Photolit. 0.55 – 0.58 (0 – 1) ~ 100 Pa/10 kPa -/< 30 3 000 (L) 1 V/- ⚕(♡) 

C 
S. P. Lacour [29] 

2015 
Porous silicone foam with Au electrodes Foam 1 × 10-2 – 1 × 10-3 (5 – 405) 2 kPa/405 kPa 7/14 

250 000 

(L) 
-/- 🦵 

C 
S.-D. Lee [47] 

2016 

Porous PDMS between glass or PET, and ITO 

electrodes 

Water mixing 

and heat 
1.18 (0 – 0.02) 20 Pa/5 kPa 150/150 - -/- 𓃑 
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Type 

of 

sensor 

Group, Year Description 

Micro-

structuring 

technique 

Sensitivity (kPa-1), Range of 

pressures (kPa) 

LOD/ 

Maximum 

pressure tested 

Res./Rel. 

times 

(ms) 

Stability 

Operating 

voltage/ 

Energy 

consumption 

Application 

C P. Zhu [48] 2017 

PVDF dielectric layer, PDMS micro-structures 

(wavy pattern with 2.6 µm of width, 800 nm of 

height), with Ag NWs as electrode 

Stretching and 

plasma 

treatment 

2.94 ± 0.25 (0 – 2) 

0.75 ± 0.06 (2 – 6.7) 
3 Pa/6.7 kPa < 50/< 50 

103 (L) 

103 (B) 
-/- ⚕(🗣)𓃑 

C 
C. F. Guo [36] 

2018 

Micro-cones (25 µm of height) of an ionic gel 

composed of P(VDF-HFP) and an ionic liquid, with 

electrodes of Ag NWs over polyimide 

Leaf as mould 

54.31 (0 – 0.5) 

30.11 (0.5 – 10) 

8.42 (10 – 40) 

1.03 (40 – 115) 

0.1 Pa/115 kPa 29/37 5 400 (L) -/- 
⚕(💪) 🦵 

𓃑💻 

C 
C. F. Guo [128] 

2018 

PDMS micro-towers (6.5 µm of diameter, 14 µm of 

height) covered with Ag NWs and polyimide 

covered with Ag NWs 

Lotus leave as 

mould 

1.194 (0 – 2) 

0.077 (2 – 13) 
0.8 Pa/13 kPa 36/58 105 (L) -/- ⚕(🌬💪) 

C 
Z. L. Wang [216] 

2018 
Ecoflex, and electrodes of Ag - 

0.0224 (0 – 16) 

1.25 × 10-3 (16 – 360) 
7.3 Pa/360 kPa -/- - -/- 🦵 

C 
C. F. Guo [217] 

2018 

Rose petal, rose leaf, or Acacia Mill leaf, with 

electrodes of Ag NWs over a polyimide film 

Rose petals 

and plants 

leaves 

1.54 (0 – 1) 

0.068 (1 – 40) 

0.014 (40 – 115) 

0.6 Pa/115 kPa -/- 
5 000 (L) 

5 000 (B) 
-/- ⚕(💪)𓃑 

C 
V. Palaniappan 

[218] 2019 

PDMS micro-pyramids, with electrodes of Ag over 

PET, in interlocked design 

Laser 

engraving 
2.2 × 10-3 (0.075 – 0.17) 75 Pa/170 Pa -/- - -/- ⚕(♡) 

C 
J. Y. Park [27] 

2019 

Randomly distributed micro-structures (26 µm of 

size) of an ionic gel [P(VDF-HFP) with an ionic 

liquid], with electrodes of Ag NWs over PDMS 

Sandpaper as 

mould 

131.5 (0 – 1.5) 

11.73 (5 – 28) 
1.12 Pa/32 kPa 43/71 7 000 (L) 0.5 V/- ⚕(♡💪) 

C 
G. Xing [154] 

2019 

Polyurethane sponge covered with a composite of 

silicone rubber, MWCNTs, and graphene 

nanoplates  

Sponge 
0.062 (0 – 0.3) 

0.033 (0.3 – 4.5) 
3 Pa/4.5 kPa 45/83 2 000 (L) -/- 

⚕(♡ 🌬 

💪) 

C R.-W. Li [56] 2020 

Micro-needles (diameter between 166 µm and 

422 µm, height between 275 µm and 856 µm) of 

PDMS and magnetic particles of Ag coated with Ni 

Self-assembly 

0.159 (0 – 1) 

0.019 (1.5 – 11) 

4.1 × 10-3 (12 – 145) 

1.9 Pa/145 kPa 49/51 9 200 (L) -/- ⚕(🌬)⚙️ 

C 
C. F. Guo [126] 

2020 

Iontronic protrusions, with electrodes of Au over 

polyimide 

Sandpaper as 

mould 

3302.9 (0 – 10) 

671.7 (10 – 100) 

229.9 (100 – 360) 

0.08 Pa/360 kPa 9/18 
5 000 (L) 

2 000 (B) 
-/- ⚕(♡)𓃑 

C 
M. Zhang [219] 

2020 

Parylene with an electrode of PDMS micro-

pyramids (35 µm of width, 24.7 µm of height) 

covered with Au and another electrode of ITO over 

PET 

Photolit. 
70.6 (0 – 0.05) 

3.3 (0.05 – 0.325) 
1 Pa/325 Pa -/- 10 200 (L) -/- ⚕(♡) 

C T. Lee [132] 2020 
PDMS hierarchical micro-structures in interlocked 

design, with electrodes of ITO over PET 

Rose petals as 

mould 
0.055 (2 – 10) -/10 kPa 300/250 - 1 V/- ⚕(♡) 

C or 

PR 
S. Park [55] 2019 

Porous PDMS micro-pyramids (50 µm of width), 

with electrodes of ITO over PET (for capacitive 

sensor), or covered with PPy, with patterned source 

and drain electrodes (for piezoresistive sensor) 

Photolit. 
44.5 (0 – 0.1) (C) 

449 (0 – 0.01) (PR) 

0.14 Pa/35 kPa 

(C) 

0.14 Pa/600 Pa 

(PR) 

50/100 

(C) 

9/30 (PR) 

5 000 (L) 

(C) 
1 V/- (C, PR) ⚕(♡) 

PE 
J. A. Rogers [73] 

2013 
Aligned fibre of P(VDF-TrFE) Electrospin. 

0.79 V kPa-1 (0 – 0.012) 

1.1 V kPa-1 (0.4 – 2) 
0.1 Pa/2 kPa -/- 103 (B) -/-  



General Introduction 

- 41 -  

Type 

of 

sensor 

Group, Year Description 

Micro-

structuring 

technique 

Sensitivity (kPa-1), Range of 

pressures (kPa) 

LOD/ 

Maximum 

pressure tested 

Res./Rel. 

times 

(ms) 

Stability 

Operating 

voltage/ 

Energy 

consumption 

Application 

PE 
J. A. Rogers [63] 

2014 

Array of PZT squares connected to the gate 

electrode of a MOSFET 
- 2 µA Pa-1 (0.002 – 0.01) 0.005 Pa/10 Pa 0.1/- 103 (L) -/- ⚕(♡) 

PE 
N.-E. Lee [76] 

2015 

OFET array with P(VDF-TrFE) micro-pyramids 

(4 µm of width, 2.5 µm of height) as gate dielectric 
Photolit. 

1.016 (0.02 – 0.08) 

0.028 (10 – 100) 
20 Pa/20 kPa 20/- 104 (B) -/10 µW ⚕(♡🌡)𓃑 

PE K. J. Lee [64] 2017 PZT thin film over PET, with electrodes of Au - 0.018 (1 – 30) 1 kPa/60 kPa 60/- 5 000 (L) -/- ⚕(♡🌬) 

PE 
Q.-L. Zhao [65] 

2017 
PZT NWs on planar interdigitated Pt/Ti electrodes - 0.14 V kPa-1 (15 – 70) 15 kPa/70 kPa -/- 105 (L) -/- - 

PE 
D. Mandal [220] 

2017 
Fish gelatin nanofibres Electrospin. 0.8 V kPa-1 (0.3 – 10) 2 Pa/25 kPa 16/- 

108 000 

(L) 
-/- 

⚕(♡💪

🗣)𓃑 

PE 
D. Mandal [221] 

2017 
Electrospun PLLA nanofibres Electrospin. 3 V kPa-1 18 Pa/300 kPa -/- 

375 000 

(L) 
-/- 

⚕(♡💪

🗣) 

PR 
K.-Y. Suh [99] 

2012 

Interlocked array of PU nanohairs (50 nm of 

diameter, 1 µm of height) coated with Pt 
Photolit. - 5 Pa/1.5 kPa 50/- 8 000 (L) -/- ⚕(♡) 

PR J.-J. Park [93] 2014 
PDMS micro-pyramids (8 µm of width, 4 µm of 

height) covered with PEDOT:PSS/PUD 
Photolit. 4.88 (0.37 – 5.9) 23 Pa/8 kPa 200/200 800 (S) 0.2 V/- ⚕(♡) 

PR X. Chen [94] 2014 
PDMS micro-pyramids (4.5 µm of width) covered 

with rGO and electrodes of ITO on PET 
Photolit. 

– 5.5 (0 – 0.1) 

– 0.01 (0.1 – 1.5) 
1.5 Pa/1.5 kPa 0.2/- 5 000 (L) 1 V/- - 

PR 
W. Cheng [31] 

2014 

PDMS microdomains (18 µm of diameter, 16 µm of 

height) covered with Au 

Mimosa 

leaves as 

mould 

50.17 (0 – 0.07) 

1.38 (0.2 – 1.5) 

0.04 (2 – 10) 

10.4 Pa/10 kPa 20/- 
104 (L) 

5 000 (B) 
0.1 V/- ⚙️ 

PR 
W. Cheng [168] 

2014 

Interdigitated electrodes on PDMS sheet with Au 

NWs coated tissue paper 
Fabric 1.14 (0 – 5) 13 Pa/5 kPa -/17 

50 000 (L) 

5 000 (B) 
1.5 V/30 µW ⚕(♡) 

PR Z. Bao [34] 2014 

ITO on PET and Cu foil as electrodes and 

interconnected hollow-sphere structures of PPy 

hydrogel micro-structured into triangular lines 

(0.5 mm in height, 1 mm of width) 

Photolit. 56 – 133.1 (0 – 0.030) 0.8 Pa/10 kPa 50/50 8 000 (L) -/- 💻 

PR X. Chen [95] 2014 
Silicon micropillars (20 µm of diameter, 17 µm of 

height) covered with Au, and a PPy film over PDMS 
Photolit. – 1.8 (0 – 0.35) 2 Pa/10 kPa 

< 100/ 

< 100 
- -/- - 

PR 
D.-H. Kim [35] 

2014 

Porous MWCNTs@PDMS with electrodes of 

conductive carbon fabric 

Reverse 

micelles 
- 250 Pa/260 kPa -/- 16 (L) 0.1 V/1 W 💻 

PR H. Ko [101] 2014 
Interlocked array of MWCNTs@PDMS microdomes 

(4 µm of diameter, 3 µm of height) 
Photolit. – 15.1 (0 – 0.5) 0.23 Pa/59 kPa 40/40 103 (L) 10 V/- ⚕(🌬🗣) 

PR H. Ko [100] 2014 

Interlocked array of MWCNTs@PDMS micropillars 

(5 µm of diameter, 6 µm of height) with Cu 

electrodes 

Photolit. – 22.8 (0 – 0.05) 10 Pa/17 kPa 110/130 - 10 V/-  

PR 
T. Zhang [134] 

2014 

PDMS with micro-structures (11 µm of width, 

3.2 µm of height) covered with SWCNTs 
Silk as mould 1.8 (0 – 0.3) 0.6 Pa/1 kPa 10/- 67 500 (L) 2 V/- ⚕(♡🗣) 

PR 
D.-H. Kim [28] 

2014 

Single crystalline silicon nanoribbon with linear or 

serpentine shapes 
- 4.1 × 10-3 (0 – 200) -/200 kPa -/- - -/- 🦵 

PR 
T.-L. Ren [222] 

2015 

Carbon black@rubber with micro-structures (17 µm 

of height) with electrodes of Cu 

Abrasive 

grains as 

mould 

13.8 (0 – 14.5) < 1 kPa/14 kPa 23/- 400 (L) -/- - 
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Type 

of 

sensor 

Group, Year Description 

Micro-

structuring 

technique 

Sensitivity (kPa-1), Range of 

pressures (kPa) 

LOD/ 

Maximum 

pressure tested 

Res./Rel. 

times 

(ms) 

Stability 

Operating 

voltage/ 

Energy 

consumption 

Application 

PR J. S. Ha [20] 2015 
PDMS micropillars (50 µm of diameter, 48 µm of 

height) covered with Au, and PANI fibres on PET 
Photolit. 

2 (0 – 0.22) 

0.87 (0.22 – 1) 
15 Pa/9 kPa 50/- 104 (L) 1 V/- ⚕(♡) 

PR 
T.-L. Ren [223] 

2015 

Two interlocked films of graphene micro-structures 

(20 µm of width, 11 µm of height) 

DVD laser-

scribing 

0.96 (0 – 50) 

5 × 10-3 (50 – 113) 
-/113 kPa 72/0.4 102 (L) -/- 💻 

PR 
R. Jelinek [148] 

2015 

Au-coated amine-functionalized PU sponge with 

electrodes of Cu 
Sponge 

– 0.31 (0 – 2) 

– 0.02 (2 – 10) 
10 Pa/10 kPa 8/- 103 (L) -/- ⚕(♡🗣) 

PR K. Cho [107] 2016 
PDMS hierarchical micro-domes (59 µm of 

diameter) with interdigitated graphene electrodes 
Photolit. 8.5 (0 – 12) 1 Pa/12 kPa 40/30 104 (L) 1 V/- ⚕(♡) 

PR N. Zhao [26] 2016 
Nonwoven wood pulp/polyester textile with carbon 

black particles, and electrodes of Au on polyimide 
Fabric 0.585 (0 – 35) -/35 kPa 4/4 5 800 (L) 1 mV/3 nW ⚕(♡) 

PR 
Y.-F. Chen [224] 

2016 

Ag NWs@PDMS, and conductive threads as bottom 

electrodes in a cloth substrate 
- 

1.04 × 104 – 9.3 × 105 (0 – 0.1) 

2.72 × 106 – 6.57 × 106 (0.38 – 3) 
0.6 Pa/5 kPa 4/16 5 000 (L) 0.1 V/- ⚕(🗣💪) 

PR T. Liu [225] 2016 Graphitic structures in polyimide 
Direct laser 

writing 
- -/- -/- 104 (L) -/- 

⚕(♡💪)

💻 

PR 
H. Zhang [187] 

2017 

PDMS sponge covered with CNTs, with electrodes 

of ITO over PET 

Cube sugar as 

template 

0.03 (0 – 15) 

4.8 × 10-3 (25 – 50) 
26 Pa/150 kPa 300/100 2 000 (L) 2 V/- 

⚕(♡🗣

💪🌬👣) 

PR B. Yu [17] 2017 

PDMS micro-pyramids (10 µm of width, height) 

covered with MWCNTs, and electrode of Au/Ni on 

PET 

Photolit. 
– 9.95 (0 – 0.1) 

– 1.5 × 10-2 (0.175 – 0.6) 
20 Pa/600 Pa < 200/- 20 (L) 1 V/- - 

PR Y. Lin [97] 2017 

PDMS micro-pyramids (11 µm of width, 7.4 µm of 

height) covered with SWCNTs and counter 

electrode of PET with ITO 

Photolit. 

2760 (0 – 0.4) 

8656 (0.4 – 0.9) 

1875 (0.9 – 1.2) 

7.3 Pa/1.2 kPa < 4/- 104 (L) 30 V/26.4 nW ⚕(♡💪) 

PR 
N.-J. Cho [109] 

2017 

MWCNTs@PDMS@Sunflower pollen 

microcapsules, film of PDMS with micro-cubes 

(150 µm of width), and Cu electrodes 

Nylon mesh 

as mould 

56.36 (0 – 1) 

2.51 (2 – 10) 
1.6 Pa/10 kPa 500/300 25 000 (L) -/- ⚕(♡💪) 

PR S. Jeon [113] 2017 
PDMS micro-pyramids (20 µm of width) covered 

with PEDOT:PSS/PUD + Ag NPs 
Photolit. 2.5 (0 – 0.25) 3 Pa/5 kPa 20/20 105 (L) 0.5 mV/- ⚕(♡🌡) 

PR 
M. Khine [138] 

2017 

Interlocked design of PDMS films covered with 

wrinkled CNT film 

Heat and 

shrinking 

278.5 (0 – 0.002) 

13.2 (0.002 – 0.025) 
0.5 Pa/12 kPa < 20/- 500 (L) 1 V/- ⚕(♡🗣) 

PR 
Z. Tang [144] 

2017 

Two films of wrinkled graphene separated by a 

layer of porous anodic aluminum oxide 

Chemical 

synthesis 

6.92 (0.3 – 1.5) 

0.14 (1.5 – 4.5) 
300 Pa/8 kPa -/- 105 (L) 1 V/- - 

PR 
G. Shen [194] 

2017 

Film of PANI hollow nanospheres (≈ 414 µm of 

diameter), MWCNTs, and PVDF, sandwiched 

between electrodes of Au over PDMS 

PS spheres as 

template 

31.6 (0 – 0.25) 

10.61 (1 – 7) 
0.6 Pa/50 kPa 100/150 15 000 (L) 1 V/- 

⚕(♡🌬

🗣💪)𓃑 

PR J. Sun [226] 2017 

PDMS mountain (220 µm of width, 30 µm of height) 

with secondary ridges (35 µm of width, 12 µm of 

height) and tertiary ridges, and Ag electrode 

Banana leave 

as mould 

10 (0 – 0.4) 

3.3 (0.4 – 1) 

0.33 (1 – 7) 

1 Pa/7 kPa 36/30 104 (L) -/- 
⚕(♡🌬

🗣💪) 

PR 
N. Zhao [227] 

2017 

Fibres of nylon covered with Cu and doped with 

carbon black particles and PVDF, with 

interdigitated electrodes of Au over polyimide 

Nylon fibres ≈ 1 (0 – 70) -/60 kPa 2/2 22 000 (L) 1 V/- ⚕(♡) 

PR 
T. Zhang [116] 

2018 

Micro-pyramids (≈ 20 µm of width) of PDMS 

covered with SWCNTs with a substrate of PEN 
Photolit. 

– 3.26 (0 – 0.3) 

– 0.025 (0.6 – 2.5) 
-/2.5 kPa 200/100 5 000 (L) 10 V/- ⚕(♡) 
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Type 

of 

sensor 

Group, Year Description 

Micro-

structuring 

technique 

Sensitivity (kPa-1), Range of 

pressures (kPa) 

LOD/ 

Maximum 

pressure tested 

Res./Rel. 

times 

(ms) 

Stability 

Operating 

voltage/ 

Energy 

consumption 

Application 

PR H. Ko [104] 2018 

MWCNTs@PDMS interlocked micro-domes, micro-

pyramids, or micro-pillars (10 µm of 

diameter/width, 6 µm of height), with Cu electrodes 

Photolit. 

47  103 (0 – 1) 

90  103 (1 – 10) 

30  103 (10 – 26) 

0.09 Pa/26 kPa 12/12 103 (L) 0.1 V/- 
⚕(♡🌬)

🔊 

PR W. Yang [32] 2018 
Two micro-structured PDMS films covered with Ag 

NWs in an interlocked design 

Emery paper 

as mould 

9.8 × 104 (0 – 0.2) 

3.5 × 103 (0.2 – 20) 
5 Pa/20 kPa 

< 62.5/ 

< 62.5 
103 (L) 0.1 V/1.5 nW ⚕(💪)        

PR J. Yao [145] 2018 
Aggregates of ZnO NWs in the shape of sea-urchin, 

between electrodes of ITO over PET 

Chemical 

synthesis 

75 – 121 (0 – 0.2) 

> 15 (0.2 – 10) 
0.015 Pa/10 kPa 7/9 2 000 (L) 5 V/- 

⚕(♡💪

🗣🌬)𓃑 

PR S. J. Oh [146] 2018 

Conductive Ag nanocrystals over a PDMS film with 

triangular lines (1 mm of width, 0.5 mm of height), 

with spacers of insulating Ag nanocrystals 

Self-assembly 

2.72 × 104 (0 – 5) 

4.70 × 103 (5 – 20) 

1.09 × 102 (20 – 100) 

10 Pa/100 kPa 200/50 200 (L) 
0.001 V/< 100 

nW 
⚕(♡)𓃑 

PR Y. Gao [160] 2018 Carbonized melamine foam Foam 
100.29 (0.003 – 2) 

21.22 (2 – 10) 
3 Pa/10 kPa -/- 11 000 (L) 0.1 V/ - ⚕(♡🌬) 

PR 
X. Peng [184] 

2018 

Carbon aerogel with cellulose nanocrystals with 

electrodes of Ni over PET 
Freeze-drying 

103.5 (0 – 0.01) 

27.5 (0.01 – 18) 
1 Pa/18 kPa -/- 50 000 (L) 1 V/- 

⚕(♡🗣

💪) 

PR 
S. Shiratori [202] 

2018 

Two PDMS films micro-structured into fish-scales 

(0.62 µm of height), covered with PEDOT:PSS and 

graphene nanosheets, facing each other 

Surface 

tension 

– 70.86 (0 – 1) 

– 1.15 (2 – 5) 
100 Pa/5 kPa 82.6/- - -/- 

⚕(♡🌬

🗣) 

PR 
Y.-J. Yang [136] 

2018 

MWCNTs@PDMS interlocked micro-domes (3 µm 

of diameter), with electrodes of Au 

Nylon 

membrane 

filter as mould 

– 6.08 (0 – 0.15) -/8.5 kPa -/- 104 (L) -/- ⚕(♡) 

PR Y. Fan [228] 2018 Composite of carbonized lignin and PDMS - 57 (0 – 2) 500 Pa/130 kPa 60/40 105 (L) 1 V/- 
⚕(♡🗣)

⚙️ 

PR F. Xuan [30] 2018 

Triangular lines of PDMS (10 µm to 14 µm of width, 

28 µm to 39 µm of height) covered with CNTs as 

bottom electrode, and smooth PDMS covered with 

CNTs as top electrode 

Laser 

engraving 

– 0.11 (0.005 – 2) 

– 1.28 × 10-3 (10 – 50) 
5 Pa/50 kPa 200/150 104 (L) 1 V/- ⚕(♡)🦵 

PR L. Li [229] 2018 

Pyramid-like structures (4 µm of height) of 

MWCNTs@PDMS, with an electrode of Au and 

other of ITO over PET 

Silicon as 

mould 

474 (0 – 0.4) 

14.7 (0.4 – 1.4) 

8.4 (5 – 110) 

0.6 Pa/110 kPa 
0.002/ 

0.074 
103 (L) 1 V – 5 V/- ⚕(♡)  

PR N. Liu [230] 2018 
NWs of PVA sandwiched between interdigitated 

electrodes of Ag/Ni and a wrinkled rGO film 

Laser 

engraving 

4.52 (0 – 3) 

28.34 (3 – 10) 
2.24 Pa/14 kPa 87-155/- 6 000 (L) 0.1 V/- ⚕(♡💪) 

PR L. Li [231] 2018 
Micro-pyramids of PDMS covered with PPy, with 

co-planar electrodes of Au 
Photolit. 

1907.2 (0 – 0.1) 

461.5 (0.1 – 1) 

230.1 (1 – 1.9) 

0.08 Pa/1.9 kPa 0.05/6.2 15 000 (L) 1 V/- ⚕(♡💪)𓃑 

PR J. Li [150] 2018 Sea sponges with polydopamine, rGO, and Ag NWs Sponge 0.016 (0 – 40) 0.28 Pa/40 kPa -/54 7 000 (L) -/- ⚕(👣💪) 

PR 
T.-L. Ren [123] 

2018 

Micro-structures of PDMS coated with rGO, in 

interlocked geometry 

Sandpaper as 

mould 

25.1 (0 – 2.6) 

0.45 (10 – 40) 
16 Pa/40 kPa 120/80 3 000 (L) -/- 

⚕(♡🌬

🗣👣💪) 

PR 
X. Wang [232] 

2019 
PDMS with graphene protrusions  Laser scribing 

480 (0 – 0.1) 

34 (0.1 – 0.4) 

0.9 (0.4 – 1) 

28 Pa/1 kPa 
0.002/ 

0.002 
4 000 (L) 5 V/160 µW ⚕(♡)𓃑 
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Type 

of 

sensor 

Group, Year Description 

Micro-

structuring 

technique 

Sensitivity (kPa-1), Range of 

pressures (kPa) 

LOD/ 

Maximum 

pressure tested 

Res./Rel. 

times 

(ms) 

Stability 

Operating 

voltage/ 

Energy 

consumption 

Application 

PR D. Zeng [98] 2019 

PDMS micro-structures (250 µm, 60 µm, or 15 µm 

as average height) covered with rGO, with 

electrodes of Au over polyimide 

Sandpaper as 

mould 

2.5 (0 – 1) 

12 (1 – 50) 

1051 (50 – 200) 

470 (200 – 400) 

10 Pa/400 kPa 150/40 104 (L) 1 V/- 
⚕(♡🌬

🗣👣)🦵 

PR V. Roy [125] 2019 

Micro-structured foam (top and bottom sides) of 

PDMS and graphite, with electrodes of ITO over 

PET 

Sandpaper as 

mould 

245 (0 – 120) 

90 (120 – 150) 
5 Pa/150 kPa 8/4 25 000 (L) -/- 

⚕(♡👣)

🦵⚙️ 

PR W. Lu [137] 2019 
Micro-structured PDMS covered with graphene, 

with interdigitated electrodes of Ni/Au 
Silk as mould 

1875.5 (0 – 20) 

853.2 (20 – 40) 
1.8 Pa/40 kPa 2/3 15 000 (L) 1 V/- 

⚕(♡🌬

🗣💪) 

PR 
Z. Peng [203] 

2019 

Porous matrix of TPU@NaCl@carbon black 

particles, with electrodes of TPU@Ag particles 

3D printed 

mould 

5.54 (0 – 10) 

0.123 (10 – 100) 

4.8 × 10-3 (100 – 800) 

10 Pa/800 kPa 20/30 104 (L) 0.3 V/- 
⚕(♡🌬

🗣💪)🦵💻 

PR 
C. Yang [233] 

2019 

Conical frustum-like structures of PDMS covered 

with Au, with interdigitated electrodes of SnSe2 

nanoplates covered with Au 

Photolit. 
433.22 (0 – 2.4) 

2.91 (5 – 40) 
0.82 Pa/40 kPa 0.07/0.09 4 000 (L) -/- ⚕(♡)𓃑 

PR 
F. Xuan [234] 

2019 

PDMS long micro-ridges (19.1 µm of width, 

20.2 µm of height, 1 mm of length), short micro-

ridges (19.1 µm of width, 20.2 µm of height, 

100.5 µm of length), or micro-domes (22.8 µm of 

diameter, 19.5 µm of height) covered with CNTs 

Laser 

engraving 

– 1.82 (0 – 2) 

– 9.1  10-4 (10 – 80) 
1 Pa/80 kPa 36/52 6 000 (L) -/- 

⚕(♡🌬

💪) 

PR 
W. Huang [167] 

2019 

Ag interdigitated electrodes over cellulose paper, 

and porous tissue paper coated with Ag NWs 
Tissue paper 1.5 (0.03 – 30) 30 Pa/30 kPa 90/90 - 0.1 V/10 nW ⚕(♡🗣) 

PR 
C. Pang [119] 

2019 

PDMS film with micro-pillars on top (30 µm of 

diameter, 15 µm or 30 µm of height) and hexagonal 

structures on bottom (200 µm of width, AR of 1.5), 

and electrodes of graphene over PDMS 

Photolit. 
0.015 (0 – 8) 

2 × 10-4 (8 – 20) 
20 Pa/370 kPa 11/5 103 (L) -/- - 

PR Y. Tian [235] 2019 
PDMS micro-pillars (500 µm of diameter, 200 µm of 

height) covered with Ag NWs in interlocked array 
Photolit. 

20.08 (0.05 – 0.8) 

3.81 (0.8 – 2.1) 
20 Pa/8 kPa -/- 104 (L) 1 V/- ⚕(💪) 

PR 
B. Zhou [236] 

2019 

PDMS micro-domes (1000 µm of diameter) with 

hierarchical pillars (50 µm of diameter), covered 

with Ag NWs, in interlocked geometry 

Laser cutting 

and Photolit. 

374.5 (0 – 0.3) 

3.86 (0.3 – 20) 

0.63 (20 – 80) 

2.5 Pa/80 kPa -/- 104 (L) 1 V/- 
⚕(♡🗣 

💪) 𓃑 

PR P. Liu [199] 2020 

NaOH modified tissue paper with silicon rubber, 

carbon black, and graphene nanoplates as active 

layer, silicon rubber micro-domes, and 

interdigitated electrodes of Au over polyimide 

3D printed 

mould and 

tissue paper 

37.5 (0 – 2) 

2.75 (2 – 10) 
5 Pa/10 kPa 50/30 3 000 (L) -/- 

⚕(♡🌬

🗣) 

PR 
T. Zhang [237] 

2020 

PDMS semi-spheres (280 µm of diameter, 200 µm of 

height) with micro-structures covered with rGO, 

with interdigitated electrodes of Ag NWs 

Laser 

engraving 
15.4 (0 – 200) 16 Pa/300 kPa 15/20 7 500 (L) 1 V/- 

⚕(♡🗣

💪👣) 

PR & 

PE 
H. Ko [68] 2015 

Interlocked array of PDMS micropillars (10 µm of 

diameter, 10 µm of height) covered with ZnO NWs 

(coated with Pt or Ni) 

Photolit. 

– 6.8 (0 – 0.3) 

– 1 × 10-2 (0.3 – 4.6) 

– 6.78 × 10-5 (4.6 – 13.1) 

0.6 Pa/13 kPa 5/- 103 (L) 10 V/- 🔊 
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Type 

of 

sensor 

Group, Year Description 

Micro-

structuring 

technique 

Sensitivity (kPa-1), Range of 

pressures (kPa) 

LOD/ 

Maximum 

pressure tested 

Res./Rel. 

times 

(ms) 

Stability 

Operating 

voltage/ 

Energy 

consumption 

Application 

PR & 

PE 
H. Ko [75] 2015 

Interlocked array of rGO@PVDF microdomes 

(10 µm of diameter, 4 µm of height) 
Photolit. - 0.6 Pa/49.5 kPa -/- 5 000 (L) -/- ⚕(♡)🔊 

PR & 

PE 
J. Jang [69] 2016 

ZnO NRs covered with PVDF, and electrodes of 

rGO 

Chemical 

synthesis 
- 4 Pa/20 Pa 120/- 103 (L) -/- ⚕(♡) 

TE 
Z. L. Wang [209] 

2013 

PDMS film with micro-pyramids (10 µm of width), 

with an electrode of Au and another electrode of Al 

with Ag NWs and NPs 

Photolit. 
0.31 (0 – 3) 

0.01 (3 – 12) 
2.1 Pa/12 kPa < 5/< 5 30 000 (L) -/- 𓃑 

TE 
Z. L. Wang [212] 

2016 

PET film, a micro-structured PDMS film, and 

electrodes of Ag 
Dry etching 0.06 (1 – 80) 1 kPa/200 kPa 70/- 104 (L) -/- 𓃑 

TE 
L. Wang [238] 

2016 

Rough PET (40 µm of dimension, 0.8 µm of depth) 

coated with Al, and Al electrode over PTFE  

Chemical 

etching 
- - 1/- - -/- 

⚕ 

(♡🌬💪) 

TE 
Z. L. Wang [213] 

2017 

PDMS film with micro-pyramids (80 µm of width), 

Ag electrodes, and SiO2 as insulator 
Photolit. 6 × 10-3 (0 – 40) 600 Pa/200 kPa 50/- - -/- 𓃑 

TE 
S.-W. Kim [239] 

2017 
Transistor with an ion-gel gate dielectric - 0.02 (0 – 10) < 1 kPa/57 kPa 30/- 1 700 (L) 0.5 V/180 µW 𓃑 

TE 
Y. Zhang [240] 

2017 
PDMS film with electrodes of carbon fibre - 0.055 nA kPa-1 (28.2 – 41.6) 800 Pa/41.6 kPa 68/- 104 (L) -/- 𓃑 

TE 
Z. L. Wang [241] 

2017 

PDMS or VHB, and hydrogel of polyacrylamide 

with lithium chloride as electrode 
- 0.013 (1.3 – 70) 1.3 kPa/100 kPa -/- 

20 000 (L) 

103 (S) 
-/- 𓃑 

TE 
Z. L. Wang [18] 

2018 
Silk, nylon, and an electrode of CNTs Fabric 

0.0479 (0 – 125) 

0.0186 (125 – 350) 

0.0033 (350 – 650) 

-/650 kPa -/- 104 (L) -/- 💻 

TE H. Ko [206] 2018 

P(VDF-TrFE) and PDMS films with interlocked 

semi-spheres (100 µm of diameter, 120 µm of 

height) 

Photolit. 
0.55 V kPa-1 (0 – 19.8) 

0.2 V kPa-1 (19.8 – 98) 
-/98 kPa -/- 104 (L) -/- 

⚕(♡🗣)

💻 

TE 
Z. L. Wang [33] 

2018 

Ecoflex with triangular microprisms (1.24 mm of 

width, 1.64 mm of height), with an electrode of Ag 

flakes over ecoflex 

Laser 

grinding 

machine 

0.29 (0 – 5) 

0.005 (5 – 25) 
63 Pa/320 kPa -/- 103 (L) -/- 

⚕(♡)       

💻 

TE 
Z. L. Wang [242] 

2018 

PTFE strips with NWs (110 nm of diameter, 0.8 µm 

of height), with interlaced woven structure over 

PET, and ITO electrode 

Plasma dry 

etching 

45.7 V kPa-1 (0 – 0.71) 

10.6 V kPa-1 (0.71 – 1.25) 
2.5 Pa/1.25 kPa 5/- 40 000 (L) -/- ⚕(♡) 

TE J. Zhou [243] 2018 

EVA/Ag film with hollow micro-spheres (750 µm of 

diameter, 300 µm of height) in both surfaces, with 

an outer sheet of FEP/Ag 

Hot pressing 

18.98 V kPa-1 (0.5 – 1) 

0.77 V kPa-1 (1.6 – 10) 

0.25 V kPa-1 (10 – 40) 

500 Pa/40 kPa -/- - -/- ⚕(♡🌬) 

TE 
Z. L. Wang [131] 

2019 

Two PDMS films with micro-cones (25.4 µm of 

diameter, 25.7 µm of height) in interlocked 

geometry, one covered with Ag NWs and the other 

covered with PTFE bumps, and a back electrode 

Leaf as mould 127.22 V kPa-1 (5 – 50) 5 kPa/50 kPa -/- 5 000 (L) -/- ⚙️ 

TE 
X. Chou [244] 

2020 

PDMS micro-frustum film (14 µm of width, 5 µm of 

height) covered with Cu with another PDMS micro-

frustum film covered with P(VDF-TrFE) in 

interlocked geometry, and a spacer 

Photolit. 
56.7 mV kPa-1 (0 – 600) 

15.6 mV kPa-1 (700 – 1000) 
-/1 MPa 60/- 80 000 (L) -/- ⚕(♡) 
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Table 2.7. Illustration of state-of-the-art pressure sensors from Table 2.6. 

Illustration 

 

 

Group Z. Bao [4] (Capacitive) Z. Bao [54] (Capacitive) 

Illustration 

 

 

Group Z. Bao [25] (Capacitive) D. Zhu [215] (Capacitive) 

Illustration 

 

 

Group Y. Hong [44] (Capacitive) Z. Bao [120] (Capacitive) 

Illustration 

 

 

Group S. P. Lacour [29] (Capacitive) S.-D. Lee [47] (Capacitive) 
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Illustration 

 

 

Group P. Zhu [48] (Capacitive) C. F. Guo [36] (Capacitive) 

Illustration 

 

 
Group C. F. Guo [128] (Capacitive) Z. L. Wang [216] (Capacitive) 

Illustration 

 

 
Group C. F. Guo [217] (Capacitive) V. Palaniappan [218] (Capacitive) 

Illustration 

 
 

Group J. Y. Park [27] (Capacitive) G. Xing [154] (Capacitive) 

Illustration 

  
Group R.-W. Li [56] 2020 (Capacitive) C. F. Guo [126] (Capacitive) 
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Illustration 

 

 
Group M. Zhang [219] (Capacitive) T. Lee [132] (Capacitive) 

Illustration 
 

(Capacitive Layout) 

 
(Piezoresistive Layout) 

 

Group S. Park [55] (Capacitive or Piezoresistive) J. A. Rogers [73] (Piezoelectric) 

Illustration 

 

 

Group J. A. Rogers [63] (Piezoelectric) N.-E. Lee [76] (Piezoelectric) 

Illustration 

 
 

Group K. J. Lee [64] (Piezoelectric) Q.-L. Zhao [65] (Piezoelectric) 
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Illustration 

  
Group D. Mandal [220] (Piezoelectric) D. Mandal [221] (Piezoelectric) 

Illustration 

 

 

Group K.-Y. Suh [99] (Piezoresistive) J.-J. Park [93] (Piezoresistive) 

Illustration 

 

 
Group X. Chen [94] (Piezoresistive) W. Cheng [31] (Piezoresistive) 

Illustration 

  

Group W. Cheng [168] (Piezoresistive) Z. Bao [34] (Piezoresistive) 
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Illustration 

 

 
Group X. Chen [95] (Piezoresistive) D.-H. Kim [35] (Piezoresistive) 

Illustration 

  

Group H. Ko [101] (Piezoresistive) H. Ko [100] (Piezoresistive) 

Illustration 

 

 

Group T. Zhang [134] (Piezoresistive) D.-H. Kim [28] (Piezoresistive) 

Illustration 

 

 

Group T.-L. Ren [222] (Piezoresistive) J. S. Ha [20] (Piezoresistive) 

Illustration 

 

 

Group T.-L. Ren [223] (Piezoresistive) R. Jelinek [148] (Piezoresistive) 
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Illustration 

 

 

Group K. Cho [107] (Piezoresistive) N. Zhao [26] (Piezoresistive) 

Illustration 

 

 
Group Y.-F. Chen [224] (Piezoresistive) T. Liu [225] (Piezoresistive) 

Illustration 

 

 
Group H. Zhang [187] (Piezoresistive) B. Yu [17] (Piezoresistive) 

Illustration 

 

 

Group Y. Lin [97] (Piezoresistive) N.-J. Cho [109] (Piezoresistive) 
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Illustration 

 

 

Group S. Jeon [113] (Piezoresistive) M. Khine [138] (Piezoresistive) 

Illustration 

  

Group Z. Tang [144] (Piezoresistive) G. Shen [194] (Piezoresistive) 

Illustration 

 
 

Group J. Sun [226] (Piezoresistive) N. Zhao [227] (Piezoresistive) 

Illustration 

 

 

Group T. Zhang [116] (Piezoresistive) H. Ko [104] (Piezoresistive) 
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Illustration 

 

 

Group W. Yang [32] (Piezoresistive) J. Yao [145] (Piezoresistive) 

Illustration 

 

 

Group S. J. Oh [146] (Piezoresistive) Y. Gao [160] (Piezoresistive) 

Illustration 

 

 

Group X. Peng [184] (Piezoresistive) S. Shiratori [202] (Piezoresistive) 

Illustration 

 

 

Group Y.-J. Yang [136] (Piezoresistive) Y. Fan [228] (Piezoresistive) 
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Illustration 

 

 

Group F. Xuan [30] (Piezoresistive) L. Li [229] (Piezoresistive) 

Illustration 

 
 

Group N. Liu [230] (Piezoresistive) L. Li [231] (Piezoresistive) 

Illustration 

 

 
Group J. Li [150] (Piezoresistive) T.-L. Ren [123] (Piezoresistive) 

Illustration 

 

 

Group X. Wang [232] (Piezoresistive) D. Zeng [98] (Piezoresistive) 
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Illustration 

 
 

Group V. Roy [125] (Piezoresistive) W. Lu [137] (Piezoresistive) 

Illustration 

 

 
Group Z. Peng [203] (Piezoresistive) C. Yang [233] (Piezoresistive) 

Illustration 

 

 
Group F. Xuan [234] (Piezoresistive) W. Huang [167] (Piezoresistive) 

Illustration 

 

 

Group C. Pang [119] (Piezoresistive) Y. Tian [235] (Piezoresistive) 
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Illustration 

 

 

Group B. Zhou [236] (Piezoresistive) P. Liu [199] (Piezoresistive) 

Illustration 

  
Group T. Zhang [237] (Piezoresistive) H. Ko [68] (Piezoresistive and Piezoelectric) 

Illustration 

 

 
Group H. Ko [75] (Piezoresistive and Piezoelectric) J. Jang [69] (Piezoresistive and Piezoelectric) 
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Illustration 

 

 
Group Z. L. Wang [209] (Triboelectric) Z. L. Wang [212] (Triboelectric) 

Illustration 

 

 
Group L. Wang [238] (Triboelectric) Z. L. Wang [213] (Triboelectric) 

Illustration 

 
 

Group S.-W. Kim [239] (Triboelectric) Y. Zhang [240] (Triboelectric) 

Illustration 

 
 

Group Z. L. Wang [241] (Triboelectric) Z. L. Wang [18] (Triboelectric) 
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Illustration 

 
 

Group H. Ko [206] (Triboelectric) Z. L. Wang [33] (Triboelectric) 

Illustration 

 
 

Group Z. L. Wang [242] (Triboelectric) J. Zhou [243] (Triboelectric) 

Illustration 

 

 
Group Z. L. Wang [131] (Triboelectric) X. Chou [244] (Triboelectric) 

 

2.2.2 Temperature Sensors 

Body temperature is a vital signal that provides important information 

regarding the health status of an individual. While the core temperature (which may 

be assessed either orally or rectally) typically varies between 36 °C to 37.5 °C in 

healthy people, the skin temperature presents significant variations according to the 

surrounding temperature [1]. Nevertheless, the skin temperature reflects some health 

disorders such as bacterial diseases, brain tumours, heatstrokes, and all of them may 

cause fever, which is defined as an increase in body temperature beyond the regular 

range [1]. When subjected to a very cold environment, the body temperature may 

also fall beyond the regular range [1]. Either cases are worrying, given that both high 
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(above 44 °C) and low body temperatures (below 24 °C) may cause death by different 

mechanisms [1]. The monitoring of skin temperature is, therefore, an easy and useful 

approach to infer about the health condition of a subject, allowing the person to act 

in case of abnormal temperature values.  

 

2.2.2.1 Temperature Transduction Mechanisms 

2.2.2.1.1 Resistivity 

The majority of multifunctional e-skins resort to resistance variations for 

temperature sensing [76,103,113,125,194,234,245–248]. The most common figure of 

merit of resistive temperature sensing elements is the temperature coefficient of 

resistance (TCR), which can be estimated through Equation (2.5): 

𝑇𝐶𝑅 =

∆𝑅
𝑅0

𝑇 − 𝑇0
 

(2.5) 

where ΔR is the resistance variation, R0 is the initial resistance of the sensing element, 

T is the temperature at which the element is heated or cooled, and T0 is the initial 

temperature of the element [246]. The TCR is either negative or positive, depending 

on the behaviour of the sensing layer.  

The sensor of Guozhen Shen and co-workers, based on a composite of PVDF, 

MWCNTs, and PANI hollow nanospheres, was able to detect both pressure and 

temperature through current changes, achieving a negative temperature coefficient 

[194]. In this sensor, the polymer expansion and softening with temperature increases 

the contact area which decreases the contact resistance, thus explaining a negative 

coefficient [194]. The team of Fuzhen Xuan also reported a negative TCR with their 

sensor fabricated by laser engraving technique, with PDMS long ridges, short ridges, 

or semi-spheres, covered with carbon nanotubes (CNTs) [234]. For other groups, the 

polymer expansion with temperature induces the breakdown of the conducting paths 

between the conductive fillers, as it was observed in the works of the Vellaisamy A. 

L. Roy team (PDMS and graphite foam sensor, with pores created by the dissolution 
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of sacrificial NaCl crystals, as well as micro-structures demoulded from sandpaper 

on both sides) [125], and Yuen Hong Tsang group (sensor fabricated with a porous 

carbon/PDMS composite) [246]. While the first group reported a negative 

temperature coefficient as a result of relying on current changes [125], the second 

reported a positive TCR, given that resistance variations were being measured 

instead [246]. The sensor based on interlocked ZnO NRs covered with platinum and 

grown over PDMS, developed by the group of Rongshun Chen, was used to detect 

both pressure and temperature based on resistance changes, also presenting a 

negative temperature sensitivity [103]. In this case, this behaviour was explained by 

the fact that ZnO nanorods are n-type semiconductors with a negative temperature 

coefficient [103]. 

 

2.2.2.1.2 Pyroelectricity 

The pyroelectric effect is the induction of an electrical dipole moment change 

by temperature variations [249], and it has been known even before the discovery of 

piezoelectricity by the Curie brothers [57]. This phenomenon occurs in materials 

which possess polar point symmetry, such as ferroelectrics [249]. Furthermore, all 

pyroelectric materials also present piezoelectricity, although the opposite is not 

always valid [249]. Therefore, the output of a pyroelectric sensor may be affected by 

mechanical input [249]. 

For the e-skin of ZnO NRs covered with PVDF, developed by the group of 

Jyongsik Jang in 2015, the pyroelectric effect of the poled PVDF interfered with the 

motion of the dipoles in the polymer [143]. As a result, during the resistance 

variations measurement of the sensor upon applying pressure and temperature 

simultaneously, there was an increase in the relaxation time with increasing 

temperature, in a range of 20 °C to 120 °C [143]. For the human inspired e-skin 

produced by Hyunhyub Ko and colleagues, based on an interlocked array micro-

domes of PVDF and rGO, both stimuli could be distinguished by monitoring the 

instantaneous and equilibrated resistance values of the sensor [75]. Particularly, 
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while a constant pressure induced a fixed change in resistance, temperature changes 

resulted in instantaneous resistance changes that would then converge to an 

equilibrium value that matched the applied pressure [75]. 

 

2.2.2.1.3 Thermoelectric Effect 

The thermoelectric effect is the phenomenon of conversion between thermal 

and electrical energy [250]. The Peltier effect refers to the conversion of electrical 

energy to thermal energy, while the opposite phenomenon is called Seebeck effect 

[250]. Essentially, when two dissimilar conductors at different temperatures are 

brought together, an electrical connection in series is formed, yet a parallel thermal 

connection arises [250]. Through thermal diffusion, the charge carriers move across 

or against that temperature difference, leading to a voltage drop at the terminals of 

the materials [250]. 

The working principle of the temperature sensing element of the e-skin 

developed by the group of Sanghun Jeon was based on the thermoelectric effect [114]. 

The sensor was composed of two different conducting inks, based on PEDOT:PSS 

and silver nanoparticles, which were printed on paper by inkjet printing [114]. Given 

the high work-function difference between PEDOT:PSS and silver nanoparticles 

(5 eV and 4.3 eV, respectively), temperature could be sensed in a large temperature 

range, from 30 °C to 150 °C [114]. 

 

2.2.2.2 State-of-the-Art 

Several reported e-skins have coupled the detection of pressure with 

temperature monitoring essentially through two distinct strategies. The first strategy 

consists of incorporating multiple sensing capabilities into a single element 

[46,75,76,103,125,143,194,234,246], which demands complex signal processing to 

distinguish pressure from temperature stimuli from the sensor output [46,75,143]. 

Such was verified by Do Hwan Kim and colleagues with their capacitive pressure 
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sensor based on electrodes of CNTs microyarns and ecoflex dielectric [46]. In this 

sensor, temperature variations induced resistance changes in the microyarns, 

consequently impacting the capacitance of the sensor, and demanding intricate 

output processing to distinguish pressure from temperature stimuli [46]. As for the 

second strategy, different sensors are used to discriminate between each stimulus 

[28,113,114,216,245,247,248]. In fact, the latter was employed by the group of Zhong 

Lin Wang to fabricate a multifunctional and stretchable e-skin in 2018, endowed with 

individual sensors specific to each stimulus, amongst which the temperature sensor 

was based on a patterned platinum film due to its high temperature sensitivity but 

low strain sensitivity [216]. Nonetheless, employing multiple sensing elements in the 

same e-skin may increase the complexity of the sensor production and may require 

special attention in the prevention or minimization of sensors’ cross-sensitivity. 

The OFET with a dielectric gate of P(VDF-TrFE) micro-structured into 

pyramids, developed by Nae-Eung Lee and colleagues, discriminated pressure and 

temperature stimuli through alternating current (AC) gate bias technique and signal 

deconvolution method, as well as by measuring the channel transconductance and 

equivalent voltage [76]. Other sensors do not perform the discrimination of the 

stimuli [103,125,194,234,246].  

Several groups implemented multiple sensing elements on an e-skin for the 

detection of each type of stimuli. The group of Sanghun Jeon developed a sensor with 

two distinct units (both applying the same printed patterned electrodes of a 

composite of PEDOT:PSS with polyurethane dispersion and silver nanoparticles): 

one over polyimide film for temperature sensing, and one over PDMS micro-

pyramids for pressure sensing [113]. The resistance output of each sensing element 

was selective to each stimulus as a consequence of the respective design choices [113]. 

Based on silk-derived electrospun carbon nanofibre membranes over PET or PDMS, 

Yingying Zhang and colleagues produced two separate sensing elements, one for 

temperature and one previously stretched for pressure, respectively [245]. Both of 

them showed no interference from other stimuli due to the different substrates used 

and the pre-stretching of the nanofibres [245]. Xiaozhi Wang and co-workers 
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fabricated an e-skin with different sensing elements for pressure, strain, and 

temperature [247]. The temperature sensing element was based on a serpentine 

composite of MWCNTs and PDMS, aiming for the minimization of strain interference 

in the temperature signal [247]. The Kilwon Cho team fabricated an e-skin with 

distinct sensing elements that exploited different mechanisms to discriminate 

pressure and temperature [248]. The bottom part of the e-skin was micro-structured 

for pressure sensing through capacitance variations [248], whereas the top part of the 

e-skin was a Parylene C substrate with co-planar electrodes of nickel and titanium, 

as well as a line-shaped rGO thermistor with a negative TCR [248].  

Figure 2.6 presents the TCR values for most of the temperature sensing e-skins 

previously mentioned, with the respective temperature range in which the TCR value 

is valid.  

 

Figure 2.6. TCR values and respective temperature ranges in which they are valid, for reported e-skins. Symbols: 

 – Hyunhyub Ko (2015) [75];  – Yingying Zhang (2017) [245];  – Guozhen Shen (2017) [194];  – 

Rongshun Chen (2018) [103];  – Yuen Hong Tsang (2018) [246];  – Kilwon Cho (2018) [248];  – 

Vellaisamy Roy (2019) [125];  – Fuzhen Xuan (2019) [234].  
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2.2.3 Energy Harvesters 

The technological revolution has made several electronic devices available to 

millions of people, all of them requiring energy to work [205]. However, resorting to 

common batteries for powering them would not be a viable option, since a 

considerable portion of the materials comprising such batteries are non-renewable, 

and therefore threaten the sustainability of Earth, not to mention the impact of battery 

production on air, water, and land pollution. Harvesting the already existing energy 

on the environment may be a plausible solution for this issue, given the plethora of 

stimuli that may be converted into energy [251]. Additionally, eco-friendly and 

widely available materials may be employed on the fabrication of energy harvesting 

devices, further enhancing their sustainability [251]. Given the bulkiness of batteries, 

the use of nanogenerators (NGs) would further allow the downsizing of portable 

electronic devices (consequently decreasing their energy consumption), while 

increasing their life-span and reducing their ecological footprint and costs [252]. 

Energy harvesters may convert several different stimuli into an electric output, 

from solar energy [252,253] to thermal energy [252,253], mechanical energy [251–254], 

and biochemical reactions [252]. Nonetheless, not all these stimuli are available 24 h 

a day. Despite being abundant, solar energy is widely dependent on the daytime and 

weather conditions [252], thermal energy presents a low conversion efficiency and 

requires large size harvesters [252], and biochemical reactions have a low power 

output [252]. Mechanical stimuli have an advantage over other energy sources, since 

they can be harvested from everywhere, anytime, from body movements 

[86,87,204,254–258] to heart beats [251,259,260], vibrations [74,254,259], sound [260], 

and wind [77,87,260]. 

 

2.2.3.1 Types of Mechanical Energy Harvesters 

The conversion of mechanical energy to electrical energy may be performed 

through electromagnetic induction [252], piezoelectric effect [252,253,261], 

triboelectric effect [252,254], or a combination of these effects [204]. Energy harvesters 
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that rely on piezoelectricity are typically called piezoelectric nanogenerators 

(PENGs), while those based on triboelectricity are named TENGs [204]. These are the 

most popular types of energy harvesters in the era of wearables, given their greater 

output voltage when compared to generators based on electromagnetic induction 

[204,262]. 

 

2.2.3.1.1 Piezoelectric Nanogenerators 

PENGs are a widely popular energy harvester, whose working mechanism was 

already presented in section 2.2.1.1.2. These harvesters share the same materials and 

morphologies as those employed in piezoelectric pressure sensors. 

 

2.2.3.1.2 Triboelectric Nanogenerators 

A TENG, whose working mechanisms was explored in section 2.2.1.1.4, may 

present different modes of operation (illustrated in Figure 2.7), depending on its 

design and purpose [204]: 

• Vertical-contact separation mode—the mechanical stimulus is applied in the 

vertical direction, inducing the rubbing of materials and formation of charges 

in their interface. The separation or re-approximation of the two materials 

establishes an electrical potential between the electrodes; 

• In-plane sliding mode—two materials slide on each other, inducing a lateral 

polarization that leads the electrons to flow between top and bottom 

electrodes; 

• Single-electrode mode—there is only one electrode that exchanges charges 

with the ground when there is a variation in the distance to the triboelectric 

material; 

•  Free-standing mode—two co-planar electrodes are placed below the 

triboelectric material, keeping a defined gap. The triboelectric layer slides over 

the electrodes, without touching them, where an asymmetric charge 

distribution is generated. 
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Figure 2.7. Modes of operation of a TENG [204]. (a) Vertical-contact separation mode. (b) In-plane sliding mode. 

(c) Single-electrode mode. (d) Free-standing mode. 

 

2.2.3.2 State-of-the-Art 

Table 2.8 summarizes some of the most relevant energy harvesters (PENGs, 

TENGs, and hybrids) developed so far, with a description of each device, and also 

highlights of the most relevant figures of merit (open-circuit voltage, short-circuit 

current, and power density). 

(a) (b)

(c) (d)
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Table 2.8. Features of state-of-the-art energy harvesters. Abbreviations and acronyms: Al—Aluminium; Ag—Silver; Au—Gold; BaTiO3—Barium Titanate; 

BNNTs—Boron Nitride Nanotubes; Cu—Copper; ISC—Short-circuit Voltage; ITO—Indium Tin Oxide; MWCNTs—Multi-walled Carbon Nanotubes; NPs—

Nanoparticles; NRs—Nanorods; NWs—Nanowires; P(VDF-HFP)—Poly(vinylidene fluoride-co-hexafluoropropene); P(VDF-TrFE)—Poly(vinylidenefluoride-co-

trifluoroethylene); PANI—Polyaniline; PDMS—Polydimethylsiloxane; PENG—Piezoelectric Nanogenerator; PET—Polyethylene terephthalate; Photolit.—

Photolithography; PPCF—PDMS and Poly(vinylidene fluoride) Composite; PTFE—Polytetrafluoroethylene; PVDF—Poly(vinylidene fluoride); SAMs—Self-

assembled Monolayers; SWCNTs—Single-walled Carbon Nanotubes; TENG—Triboelectric Nanogenerator; TPENG—Triboelectric and Piezoelectric 

Nanogenerator; VOC—Open-circuit Voltage; ZnO—Zinc Oxide; ZnSnO3—Zinc Tin Oxide. 

Type Group, Year Description 
Micro-structuring 

technique 

Output voltage and current 

or current density 

VOC and ISC or ISC 

density 

Output Power or 

Surface Power Density 

PENG Zhong Lin Wang [67] 2010 
ZnO NWs over kapton, with Au co-planar 

electrodes 
Physical vapor deposition 

2.03 V, 107 nA 

(stretching, 0.1 % strain, 

0.33 Hz) 

– 0.22 µW cm-2 

PENG Junghyo Nah [71] 2014 
BaTiO3 NPs@P(VDF-HFP), encapsulated with 

PDMS, with Al electrodes over polyimide 
– 

75 V, 15 µA 

(loading, 230 kPa) 
– – 

PENG Xudong Wang [74] 2014 Porous PVDF, with Cu electrodes ZnO as sacrificial template – 
11 V, 9.8 µA 

(vibration, 40 Hz) 
– 

PENG Sang-Woo Kim [77] 2015 
P(VDF-TrFE) trigonal lines or micro-

pyramids, with ITO and Ag electrodes 
Photolit. 

2.9 V, 900 nA 

(loading, 1.5 N) 
– 

2.8 µW 

(1 MΩ)  

PENG Wenbao Jia [78] 2019 

BNNTs@P(VDF-TrFE) micro-pillars (80 µm of 

diameter, 120 µm of height) protected with 

PDMS layer, with Au and Ag NWs electrodes 

Nanoimprint 
22 V, 640 nA 

(loading, 200 kPa, 2 Hz) 
– 

11.3 mW cm-2 

(6 MΩ, 200 kPa) 

TENG Zhong Lin Wang [208] 2012 
Pyramids, cubes, or lines of PDMS (maximum 

size of 10 µm) with electrodes of ITO over PET 
Photolit. 

18 V, 0.7 µA, 0.13 µA cm-2 

(bending, 0.33 Hz, 0.13 % 

strain) 

– – 

TENG Zhong Lin Wang [210] 2013 
PDMS film with micro-pyramids (< 5 µm of 

size), and an electrode of ITO 
Photolit. – – 1000 V, 0.8 µA cm-2 

50 µW cm-2 

(100 MΩ) 

TENG Zhong Lin Wang [209] 2013 

PDMS film with micro-pyramids (10 µm of 

width), with an electrode of Au and another 

electrode of Al with Ag NWs and NPs 

Photolit. 
75 V, 0.3 µA cm-2 

(loading, 2 Hz) 
– – 

TENG Zhenan Bao [42] 2014 

Porous PDMS (2 µm of width, 100 µm of 

depth) film with air gap as dielectric, and 

SWCNTs films as electrodes over flat PDMS 

Photolit. 
25 V, 8 µA cm-2 

(loading, 2 kPa) 
– – 

TENG Yang-Kyu Choi [111] 2014 
PDMS micro-structures, PDMS spacer, and 

electrodes of Au and Cu 

Plant leaf, rose petal, or 

insect wing as mould 
210 V, 23 µA – 

6.15 mW cm-2 

(10 MΩ) 

TENG Yi Xi [263] 2015 
ZnSnO3 Nanocubes@PDMS film, with 

electrodes of Al over PET 
– – 400 V, 28 µA 

3 mW 

(20 MΩ, 2 Hz) 

TENG Cheolmin Park [264] 2015 PDMS with SAMs, and Al electrode Self-assembly – 105 V, 27.2 µA 
180 µW cm-2 

(10 MΩ) 
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Type Group, Year Description 
Micro-structuring 

technique 

Output voltage and current 

or current density 

VOC and ISC or ISC 

density 

Output Power or 

Surface Power Density 

TENG Jinpyo Hong [256] 2015 

Bottom electrode of Au coated textile covered 

with PDMS with micro-structures, and top 

electrode of textile with Al NPs 

Textile and plasma 

treatment 
– 259 V, 78 µA 

33.6 mW cm-2 

(20 Ω) 

TENG Bin Yang [265] 2016 
MWCNTs@PDMS cylindrical lines as bottom 

electrode, PDMS film, and a metal electrode 
Photolit. – 32.5 V, 0.3 µA cm-2 

10 µW cm-2 

(6 MΩ, 3 N) 

TENG Zhong Lin Wang [255] 2016 
Al-plastic laminated film with nano-pillars 

(600 nm of diameter, 1.5 µm of height) 
Template – 55 V, 0.9 µA 

12 µW cm-2 

(60 MΩ) 

TENG Jikui Luo [266] 2016 
ZnSnO3@PVDF film with a polyimide film, Al 

electrodes, and acrylic plates 
– – 

520 V, 270 µA cm-2 

(489 N, 3 Hz) 
– 

TENG Zhong Lin Wang [241] 2017 

PDMS or VHB as triboelectric layer, hydrogel 

of polyacrylamide with lithium chloride as one 

electrode, and Al foil as other electrode 

NAp – 

182 V, 20 µA 

(loading, 100 kPa, 

1.5 Hz) 

32.8 µW cm-2 

(7 MΩ) 

TENG Hyunhyub Ko [206] 2018 

P(VDF-TrFE) and PDMS films with 

interlocked semi-spheres (100 µm of diameter, 

120 µm of height) 

Photolit. 
64 V, 1.63 µA cm-2 

(loading, 19.8 kPa, 4 Hz) 
60 V, 1.5 µA cm-2 

46.7 µW cm-2 

(60 MΩ) 

TENG Pooi See Lee [267] 2018 

PET fabrics with black phosphorus and 

cellulose NPs, with a PET fabric with PDMS 

and Ag flakes as electrode 

Textile 
880 V, 1.1 µA cm-2 

(loading, 5 N, 6 Hz) 
1860 V, 1.1 µA cm-2 

0.52 mW cm-2 

(100 MΩ) 

TENG Zhiyuan Zhu [268] 2019 PTFE film@tea powder, with Al electrodes Tea leaves powder – 792 V, 42.8 µA 
488.88 µW cm-2 

(10 MΩ) 

TENG Jae Su Yu [269] 2019 
PTFE, with a worn-out cotton textile coated 

with PANI as electrode 
Textile – 

460 V, 55 µA 

(loading, 10 N, 5 Hz) 

1.125 mW cm-2 

(80 MΩ) 

TPENG Walid Daoud [70] 2016 
ZnO NRs grown over PPCF film, with 

electrodes of carbon and Al, and spacers 
Self-assembly – 40 V 

6.5 µW cm-2 

(12 MΩ) 

TPENG Andris Šutka [72] 2019 
BaTiO3 NPs@PVDF, with electrode of ITO over 

PET 
– – 2700 V 

115.7 µW cm-2 

(1 GΩ) 
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2.2.4 Applications 

As it was previously mentioned, e-skin sensors have an enormous potential for 

diverse fields, and several of the platforms developed so far have been tested to 

testify those expectations, as presented in the next sections. 

 

2.2.4.1 Health Monitoring 

2.2.4.1.1 Blood Pressure and Blood Pressure Wave 

Blood pressure is a vital signal that has intrigued Humankind for thousands of 

years. By the time of the yellow Emperor of China Huang-Ti, about 4000 years ago, 

there was some awareness about the impact of salty food on the hardness of the 

pulses, and even ancient Egyptians knew that the pulse could be detected in different 

parts of the body [270]. It was only in 1733, however, that Stephen Hales discovered 

the blood pressure by inserting a glass tube in the artery of a horse and observing 

that blood would rise to a height of 8 ft 3‘’ (approximately 2.5 m) [270,271]. 

Blood pressure is defined as the force exerted by blood against any unit area of 

the vessel wall and due to the pulsatile nature of the heart’s blood pumping, it is not 

constant [1]. Instead, blood pressure alternates between systolic pressure and 

diastolic pressure, which occur due to the contraction or relaxation of the heart, 

respectively [1]. The systolic and diastolic blood pressures are considered to be in 

normal ranges when they are below 120 mm Hg and below 80 mm Hg, respectively 

[272]. If an adult over 18 years old presents systolic and diastolic blood pressures over 

140 mm Hg and 90 mm Hg, respectively, then the subject is diagnosed with 

hypertension, meaning the blood pressure values are excessively high [272]. Figure 

2.8 illustrates a blood pressure wave acquired at the Aorta where one can visualize 

the shape of the signal, and the systolic and diastolic blood pressure values. The mean 

blood pressure is the ratio between the area under a blood pressure cycle and the 

duration of that cycle [273]. 
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Figure 2.8. Aortic blood pressure wave through time, with indication of the method to calculate the mean blood 

pressure [273]. 

The diagnosis of hypertension and its proper follow-up is highly relevant since 

this health issue is one of the most important risk factors for other serious and high 

burden diseases such as coronary heart disease, stroke, and renal failure [272,274]. 

Furthermore, high blood pressure was the leading risk factor for global disease 

burden in 2010, ahead from high body-mass index or tobacco smoking, with 9.4 

million of related deaths and 7.0 % of global disability-adjusted life years (DALYs) 

[275], numbers that increased to 10.7 million of related deaths and 7.8 % (in women) 

or 9.2 % (in men) of DALYs in 2015 [276]. The global percentage of people diagnosed 

with hypertension, based on projections for growth and age composition of the 

population, is estimated to increase from 26.4 % in 2000 to 29.2 % in 2025 (about 1.56 

billion adults affected) [277], which ultimately points towards the importance of 

accurately diagnosing people with hypertension, properly following such patients, 

and adjusting the drug treatment or lifestyle with the help of continuous blood 

pressure monitoring in the simplest and most convenient way for the patients. In the 

year of 2017, the global market size of blood pressure monitoring devices was about 

USD 1037.2 million (from which USD 415.2 million were in North America only), and 

the forecasts point to an increase to USD 2074.6 million in 2025, with recently 

developed technologies being a key factor for new opportunities in this market and 

the growing adoption of portable devices for self-monitoring [278].  
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Nowadays, the gold standard for the blood pressure monitoring in an invasive 

way is based on intra-arterial catheters with miniaturized pressure transducers at 

their tips [279]. Despite being very accurate and giving data in a continuous way, it 

is an expensive and extremely invasive technique that is usually applied in critical 

patients only [279], posing risks of infection, bleeding, arterial obstruction, as well as 

distal limb ischemic damage and vascular damage, and may not be safe in some cases 

[280].  

Within the non-invasive blood pressure assessment techniques, the 

auscultatory and the oscillometric are the most used and both employ a 

sphygmomanometer (composed of an inflatable cuff and a mercury or aneroid 

manometer to measure pressure) [270,272,273]. The first is based in the Korotkov 

sounds, discovered in 1905 [281]. The second was developed by Marey in 1876 

[270,272,273] and relies on the pressure oscillation with the cuff deflation [272]. These 

oscillations occur above the systolic pressure and finish below diastolic pressure, 

reaching a maximum value at the pressure that corresponds to the mean intra-arterial 

pressure [272,273]. There are empiric proprietary and undisclosed algorithms to 

estimate systolic and diastolic values, therefore different equipment may give 

different estimations [272]. Currently, automated devices resorting to either the 

Korotkoff technique or the oscillometric technique perform intermittent 

measurements of blood pressure, instead of continuous, although they can be used 

for long periods (over 24 h) [270]. Furthermore, patients wielding these devices must 

stop their daily activities to perform the measurements, which must happen every 

15-30 min [270].  

The continuous measurement of blood pressure throughout the day, also called 

ambulatory blood pressure, is crucial in several situations, namely in a clinical 

emergency, critical care medicine, surgery and anaesthesia [282], as well as in the 

monitoring of repaired aneurysms, intracardiac pressure of patients with congestive 

heart failure, and patients with a spinal cord injury [214]. This continuous 

measurement may also be useful to adapt a certain treatment or drug to a patient 

[283], to prevent falling events as a consequence of orthostatic hypotension [283], or 
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to diagnose hypertension in patients showing high levels of blood pressure at the 

clinic office, pregnant women, elderly, children and adolescents, and high-risk 

patients [272,284]. The fact that the golden standards for non-invasive blood pressure 

monitoring produce intermittent measurements has stimulated the search for other 

non-invasive techniques able to continuously measure the blood pressure, providing 

a more accurate evaluation of this vital signal’s impact on the health of a subject. 

Examples of those techniques are applanation tonometry [279], volume clamp 

method [285], pulse wave velocity (PWV) [283], and pulse transit time (PTT) [283], 

yet issues associated to high dependence on operator expertise, movement artefacts, 

or patients discomfort are still to be considered.  

The blood pressure wave continuously acquired at the wrist may be employed 

in mathematical entities, transfer functions (TFs), to infer systolic and diastolic BP 

values after a proper wave calibration [279,281]. TFs are, in essence, mathematical 

entities that relate the input and output signals to describe a system [281]. The blood 

pressure wave that is used as an input to the TF is usually a radial pulse acquired 

through tonometry and further calibrated with the systolic and diastolic pressure 

values estimated with a brachial cuff system [281]. Diastolic pressure and mean 

pressure values may also be used to avoid estimation errors originated from the pulse 

amplification that affects mainly the systolic value [281]. Some studies have 

successfully proved that despite incorrectly assuming that the properties of the 

arterial system are equal for all patients and the acquisition conditions are constant, 

a generalized TF, instead of an individual TF (which would be specific for each 

subject), can be used to estimate the central aortic pressure waveform with an 

accuracy superior to 90 % [286–288], which highlights the potential of the technique 

for the clinical field. Due to the recent advances in the acquisition of the radial blood 

pressure wave, especially in the field of e-skin [6–8,38,289,290], there is still room for 

improving this technique and increasing its robustness, simplicity and reliability for 

practical use, in a continuous way and without limiting the activities of the subject.  

A radial blood pressure wave is composed of an incident wave (generated by 

blood flow) and two reflected waves (from the hand region and from the lower body) 
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[291], as shown in Figure 2.9. Its first peak (marked as P1) corresponds to the sum of 

the incident wave and the reflected wave from the hand, while the second peak 

(marked as P2) corresponds to the difference of the reflected wave from the lower 

body and the end-diastolic pressure [291]. The radial artery augmentation index (AIr), 

calculated as the ratio between P2 and P1, is an important indicator of arterial stiffness, 

as well as the time difference between P2 and P1 (ΔTDVP) [291]. The shape of the wave 

suffers modifications with aging and hypertension, essentially due to a decrease of 

blood vessels elasticity [291]. For a proper acquisition of the radial blood pressure 

wave points, it is important that the e-skin sensors present: 

• A suitable sensitivity—it should not be too high, to avoid noise amplification 

[26], yet it needs to be above a certain value to confer the sensor the ability to 

capture the signal and distinguish its exact shape. Therefore, it should be at 

least a few kPa-1; 

• Linearity—over the pressure range involved in the detection of this signal, 

which is typically below 400 Pa [99] in the absence of an external pressure, to 

avoid signal distortions [26];  

• Fast response and relaxation times—of at least 20 ms for a sampling rate of 

50 Hz [26]. 

 

 

Figure 2.9. Radial artery blood pressure wave [291]. 
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The next paragraphs describe some of the most relevant e-skins developed for 

the detection of the blood pressure wave at the wrist. 

Avoiding photolithography techniques for sensor micro-structuring, the group 

of Ni Zhao developed in 2016 a piezoresistive sensor based on a textile with carbon 

black particles to specifically detect the blood pressure wave at the wrist [26]. 

Through the PTT method, they were able to estimate systolic and diastolic blood 

pressure values together with electrocardiogram electrodes [26]. Even though this 

sensor did not present the highest sensitivity ever reported, (0.088 – 0.585) kPa-1 

below 35 kPa, the group successfully proved that higher sensitivities were not 

beneficial for the blood pressure wave detection due to the amplification of noise 

signals, which deteriorates the signal to noise ratio [26]. Furthermore, the monitoring 

of the blood pressure wave could be enhanced under an external pressure of 19 kPa 

due to both minimization of the loss of the blood pulses that are perceived by the 

sensor and higher conformability of the sensor [26]. Nonetheless, higher external 

pressures would occlude the blood flow and decrease the amplitude of the signal 

[26]. Figure 2.10 illustrates the e-skin being worn at the wrist and the 

electrocardiogram sensors placed at the arm for the acquisition of data and estimation 

of systolic and diastolic blood pressure values. 

 

Figure 2.10. E-skin developed by Ni Zhao and co-workers in 2016 [26]. (a) Photograph of the e-skin sensor placed 

on the wrist and the electrocardiogram electrodes over the arm. (b) Electrocardiogram signal and epidermal pulse 

signals, with identification of the PTT.  

The group of Yao-Joe Yang also invested efforts in the design of a piezoresistive 

sensor that could clearly identify the subtle blood pressure wave at the wrist [136]. 

(a) (b)
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To achieve such aim, they produced an array of eight sensing elements with a length–

width ratio over 8, all aligned with the radial artery length [136]. The sensor also 

included a micro-structured element of PDMS and MWCNTs with micro-domes 

produced by demoulding from a nylon membrane filter [136]. After placing the 

sensor over the radial artery, it was possible to guarantee, simply based on the 

sensor’s simple yet clever design, that at least one of the sensing elements could 

clearly capture the blood pressure [136], as illustrated by Figure 2.11, while the other 

element would display a distorted signal.  

 

Figure 2.11. E-skin developed by Yao-Joe Yang and co-workers in 2018 [136]. (a) E-skin attached to the wrist. 

(b) Signals measured in the wrist by two elements of the sensor array. 

Later in 2019, Wei Lu and co-workers employed the already explored technique 

of using silk as a mould [134] to micro-structure a PDMS film, which was then 

covered with a self-assembled graphene film and combined with interdigitated 

electrodes of nickel and gold to form a pressure sensor [137]. The group discovered 

that the sensitivity of their sensor could be increased by reducing the conducting 

resistance, which was accomplished by increasing the number of graphene layers 

over the micro-structures [137]. This would also lead to an increase in the graphene 

layer thickness, resulting in a reduction of the linear range of the sensor [137]. 

Through the optimization of an external pressure applied by a cuff or a medical tape 

(around 4 kPa), the sensor could be placed at the wrist to detect the blood pressure 

wave even when the subject was moving (walking, cycling, or even running) [137]. 

(a) (b)
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Figure 2.12 illustrates this e-skin being worn at the wrist and capable to work with 

different wrist bending levels. 

 

Figure 2.12. E-skin developed by Wei Lu and co-workers in 2019 [137]. (a) Illustration of the detection of blood 

pressure wave on skin surface by the e-skin. (b) Sensor output for different wrist positions.  

One of the most recently reported triboelectric sensors developed by Zhong Lin 

Wang and colleagues was based on polytetrafluoroethylene (PTFE) strips (micro-

structured with NWs) with an interlaced woven structure over a PET substrate as 

triboelectric layers, and ITO as electrode, and it was studied for the detection of the 

blood pressure wave at different spots of the human body, especially at the ear and 

wrist [242]. This sensor was sensitive enough to allow the determination of several 

relevant cardiovascular parameters, such as the K value, artery compliance, and total 

peripheral resistance [242]. Additionally, by placing two sensors at the ear and wrist, 

the group was able to estimate the PTT [242]. With the PTT data, they resorted to a 

linearized model that relates blood pressure with PTT according to Equation (2.6): 

𝐵𝑙𝑜𝑜𝑑 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 = 𝑎 × 𝑃𝑇𝑇 + 𝑏 
(2.6) 

where a and b are undetermined coefficients that are specific to each individual [242]. 

Those coefficients were estimated through a genetic algorithm, and the results were 

very comparable with those obtained with a standard electronic sphygmomanometer 

[242]. Figure 2.13 illustrates the e-skin developed by the group, as well as the 

correspondent output. 

(a) (b)
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Figure 2.13. E-skin developed by Zhong Lin Wang and co-workers in 2018 [242]. (a) E-skin being worn at the 

wrist. (b) Respective output of the e-skin worn at the wrist. 

 

2.2.4.1.2 Heartbeat 

Heartbeat and blood pressure are intrinsically linked, given that both are 

originated by the same phenomenon: the contraction and relaxation of the heart [1]. 

Heartbeat or heart rate is the number of times the heart beats in a minute, and for an 

healthy adult, this number is around 60 beats-per-minute (bpm) to 100 bpm at rest 

[1]. This value is highly variable with age, physical condition, and daily activities, for 

an adjustment of blood supply to the needs of body tissues, being also affected by 

health issues [1,292,293]. Bradycardia is the condition in which the heart beats less 

than 60 bpm, while tachycardia is a heart rate above 100 bpm [1]. Athletes commonly 

have a larger heart that can pump a greater blood volume with each beat, therefore, 

their heart does not need to beat as many times to ensure the blood supply—this is a 

case of a bradycardia that is not prejudicial to the human body [1]. Young children 

present higher heart rates, reaching an average heartbeat of 145 bpm at the age of 1 

month, because their heart is smaller and needs to beat at a higher frequency to 

supply all the blood needed—a common case of tachycardia [293].  

The continuous monitoring of heartbeat may be of significant interest to identify 

or prevent some health issues related to abnormal bradycardia, tachycardia, or even 

irregular heart rates. An elevated heartbeat at rest has been shown to correlate with 

(a) (b)
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high levels of blood pressure, also being a strong predictor of the development of 

hypertension and a major risk for coronary heart disease [292]. 

Given that for the heartrate monitoring, no other details besides the number of 

heart bpm are necessary, e-skins that are capable of monitoring the blood pressure at 

the wrist can intrinsically measure heartrate. This is possible due to the direct 

correspondence between one heartbeat and a full blood pressure wave cycle. 

Nonetheless, not all e-skins that can detect the heartbeat are efficient in discerning all 

the features of the blood pressure wave.  

Despite being considered a strain sensor, the resistive sensor based on an 

interlocked array of polyurethane nanohairs covered with platinum, developed by 

the group of Kahp-Yang Suh in 2012, should be highlighted due to its relevance for 

the field [99]. This sensor was able to detect pressure, shear stress, as well as torsion. 

Moreover, when placed on a human wrist, it was capable of detecting the wrist pulse 

and discriminate between activity states in an individual, such as resting (with a 

maximum signal of 100 Pa) or after exercising (with a maximum signal of 400 Pa) 

[99], as illustrated in Figure 2.14 (a) and (b). 

For an accurate detection of the jugular venous pulses or the radial pulse, the 

group of Zhenan Bao developed a highly conformal capacitive pressure sensor where 

the key feature was a PDMS film with microhairs that would directly contact the skin, 

thus increasing the contact area between the sensor and the irregular surface of the 

skin and consequently amplifying the pulse signal [120]. This sensor could 

distinguish the jugular venous pulse patterns of healthy subjects and patients with a 

cardiac disease, ergo promising an alternative to the expensive and complex 

techniques typically employed in the detection of the jugular venous pulse [120]. 

Figure 2.14 (c) and (d) display the e-skin developed by the group, as well as an 

example of its output when placed over the wrist.  
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Figure 2.14. E-skins applied to heartbeat. (a) E-skin developed by Kahp-Yang Suh and co-workers in 2012, 

attached to the wrist [99]. (b) Output of the e-skin in (a) during resting or after exercise. (c) Schematic 

illustration of the e-skin developed by Zhenan Bao and co-workers in 2015 [120]. (d) Radial artery pulse wave 

detected by an e-skin in (c), with microhairs with an aspect ratio of 10. The inset shows the sensitivity of the e-

skin. 

 

2.2.4.1.3 Respiration Rate 

Respiration (sometimes also called breathing) is an essential biological process 

by which oxygen is supplied to body tissues, while carbon dioxide and other 

metabolic waste products are removed from those tissues [1]. Several structures are 

involved in respiration, besides lungs. In a normal quiet breathing, the lungs are 

expanded and contracted by the action of the diaphragm, a muscle whose downward 

or upward movement lengthens or shortens the chest cavity, respectively [1]. For a 

deeper respiration, the ribs move up or down, by the action of abdominal muscles, 

to respectively increase or decrease the diameter of the chest cavity [1].  

Just like heartbeat, several factors may affect the respiration rate, such as age 

[293], activity [1], and illness [294]. While in some cases a temporary increase in 

(a) (b)

(c) (d)
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respiration rate is an adjustment conducted by the body to provide more oxygen to 

the tissues in case of an increased demand, as in the case of physical exercise [1], it 

has been shown that sustained high respiration rates (above 14 to 36 breaths per 

minute) are important indicators of health issues in several body systems, as well as 

predictors of adverse health events, which points towards the relevance in assessing 

this vital sign in a continuous way in critical patients [294]. 

Many e-skin sensors have been developed and tested for the detection of 

respiration with potential for disease diagnosis or monitoring. The e-skin developed 

by the group of Dawen Zeng (described in section 2.2.1.1.3) was tested under the 

nostrils to detect respiration through air flow, being able to distinguish the pattern 

differences between a weak breath (less intense and more frequent) and a deep breath 

(slower yet more intense) [98], as shown in Figure 2.15 (a) and (b).  

The group of Li Wang developed a triboelectric sensor based on a rough PET 

substrate coated with aluminium, in contact with a PTFE film, which could detect the 

respiration when placed over the chest to monitor the muscles movements [238]. The 

output signal of this sensor reminds of a triangular wave, whose peaks correspond 

to chest stretching, while valleys are associated to chest shrinking, with a full cycle 

being assigned to a single breath [238]. In rest, the sensor detected 19 breaths per 

minute, while after exercise the number increased to 51 breaths per minute with a 

more intense output, due to a greater amplitude of muscles movements [238], as 

displayed in Figure 2.15 (c). 

Jing Sun and colleagues used a banana leaf as a mould to micro-structure PDMS 

films with primary, secondary, and tertiary ridges, covered with silver [226]. The e-

skin was produced by assembling two films with the micro-structures facing each 

other, and by placing it under the nostrils, the sensor could detect the air movement 

induced by respiration [226]. The e-skin was even sensitive enough to distinguish 

normal breathing patterns from rhinitis patient’ patterns, which were more irregular 

and weaker as a result of a partial nose block [226], as Figure 2.15 (d) illustrates. 

Additionally, this patient presented a faster breathing rate to compensate for the less 

efficient respiration [226]. 
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Figure 2.15. E-skins applied to respiration. (a) E-skin developed by Dawen Zeng and co-workers in 2019, 

attached to the skin under the nostrils [98]. (b) Output of the e-skin in (a) when monitoring weak and deep breath 

[98]. (c) Output of the e-skin developed by Li Wang and co-workers in 2016 to detect respiration changes between 

rest state (black line) and post-exercise state (purple line) [238]. (d) Output of the e-skin developed by Jing Sun 

and co-workers in 2017 to detect breathing patterns differences between a healthy subject and a rhinitis patient 

[226]. 

 

2.2.4.1.4 Muscles Movements 

The monitoring of muscles movements can be very useful in a variety of 

situations, such as speech recognition [145,184,203,221,224], speech therapy [194], or 

even detection of diseases such as Parkinson disease [203,224] or sleep disorders 

[224], and may be successfully performed through e-skin sensors.  

In 2016, the group of Yang-Fang Chen developed an e-skin composed of a silver 

NWs (Ag NWs) film embedded on the surface of PDMS, suspended above a cloth 

substrate with conductive threads as bottom electrodes, which was tested to detect 

(a) (b)

(c) (d)
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muscles movements [224]. With extremely high sensitivity values until 3 kPa (over 

104 kPa-1) and fast response and relaxation times (4 ms and 16 ms, respectively), this 

e-skin was able to consistently detect hand shaking, as shown in Figure 2.16 (a), 

which is extremely useful in the case of patients with Parkinson disease [224]. For 

these patients, the detection of tremor by the e-skin could trigger a medicine release 

by another e-skin element, for example, to alleviate the symptoms [224]. If mounted 

on the sleeve opening, the e-skin could also give valuable information about sleep 

quality or estimate the walking steps [224]. The e-skin was further mounted in the 

shirt collar to detect voice patterns with a high consistency, highlighting the potential 

for conformable electronic throats, which aim at the voice reproduction for patients 

with vocal chords issues [224]. 

Dipankar Mandal and co-workers developed a piezoelectric e-skin based on a 

membrane of electrospun poly(L-lactic acid) nanofibres, whose fibres presented a d33 

of (3 ± 1) pC N-1 as a consequence of the electrospinning process, which induced an 

alignment of the C=O dipoles perpendicularly to the length of the nanofibre [221]. 

When attached to the wrist, the e-skin could detect its bending, which is useful for 

motion monitoring in the context of sports [221]. Furthermore, by attaching the e-skin 

to the throat, it was possible to monitor both the movement of the esophagus, 

distinguishing between drinking [as Figure 2.16 (b) illustrates] and swallowing, and 

speech through vocal cords vibration [221]. With a high sensitivity for the 

differentiation of each letter pronunciation, the e-skin showed a high potential for 

voice recognition and speech rehabilitation training [221]. Similarly, the e-skin 

developed by the group of Guozhen Shen (already described in section 2.2.2) was 

placed in the neck to confirm its potential for detection of muscles movement during 

speech, being able to distinguish different spoken words [194], as shown in Figure 

2.16 (c). 

The 3D-printed e-skin developed by Zhengchun Peng and colleagues in 2019 

(previously described in section 2.2.1.1.3) has shown promising results for the 

monitoring or diagnosis of Parkinson disease due to its fast response and relaxation 

times (20 ms and 30 ms, respectively), allowing the distinguish of typical vibrations 
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of this disease (5 Hz) [203]. Furthermore, the e-skin was successful in the detection of 

swallowing, blinking, breathing, and phonation, with very reproducible outputs for 

the same spoken words, which could be turned into a helpful tool to assist deaf 

people [203]. 

 

Figure 2.16. E-skins applied to muscles movements detection. (a) E-skin developed by Yang-Fang Chen and co-

workers in 2016 for the detection of hand shaking and wrist movement [224]. (b) Output of the e-skin developed 

by Dipankar Mandal and co-workers in 2017 when drinking [221]. (c) Output of the e-skin developed by 

Guozhen Shen and co-workers in 2017 when speaking different words [194]. 

 

(a) (b)

(c)
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2.2.4.1.5 Walking and Running 

In the context of sports [98] and the diagnosis of health disorders that disturb 

the gait pattern [123,150], the monitoring of walking or running through an e-skin 

may provide a valuable contribution, as explored in the following paragraphs.  

In 2017, Haixia Zhang and colleagues resorted to the strategy of a sacrificial 

template (a sugar cube) to produce a sponge of PDMS coated with CNTs, with 

electrodes of ITO over PET [187]. With a modest sensitivity (0.03 kPa-1) in a large 

linear range (until 15 kPa), this sensor was attached to the back of the leg to monitor 

walking, jogging, and running [187]. Due to slight differences between these 

movements, the muscles of the leg behaved accordingly, also presenting some 

dissimilarities which were successfully captured by the sensor [187], as shown in 

Figure 2.17 (a).  

By mimicking the micro-structure of skin through an abrasive paper as mould, 

the group of Tian-Ling Ren produced an e-skin with two micro-structured PDMS 

films covered with reduced graphene, with the structures facing inwards [123]. Being 

capable to detect several stimuli, such as breathing patterns or sound, the e-skin 

placed in the heel of the foot was able to distinguish between walking, running, and 

jumping with a high precision [123]. Furthermore, by placing three identical e-skins 

in specific locations of the foot, it was possible to identify three distinct foot gait 

patterns, namely supination, neutral, and pronation [123], as illustrated in Figure 2.17 

(b). This discrimination was possibly due to the distinct concentration forces for each 

gait pattern, which translated into different output intensities for each e-skin [123]. 

This performance has a great potential for the diagnosis of some diseases that affect 

the human gait, such as neurological disorders, arthrities, or foot deformities [123]. 

Employing polydopamine as an adhesion promoter and a green reducing agent, 

Jing Li and colleagues covered a sea sponge with rGO and Ag NWs to fabricate an e-

skin with a sensitivity of 0.016 kPa-1 over a large pressure range (until 40 kPa) [150]. 

Besides the detection of walking, the e-skin could aditionally distinguish subtle legs 
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motion that happens in a sleep disorder called Restless Legs Syndrome, highlighting 

its diagnosis and monitoring potential [150], as shown in Figure 2.17 (c). 

 

Figure 2.17. E-skins applied to detection of walking or other related patterns. (a) Output of the e-skin developed 

by Haixia Zhang and co-workers in 2017 for walking, jogging, and running. The inset shows the placement of 

the e-skin in the back of the leg [187]. (b) Output of the e-skin developed by Tian-Ling Ren and co-workers in 

2018 for the discrimination of neutral, supination, and pronation gait patterns [123]. (c) Output of the e-skin 

developed by Jing Li and co-workers in 2018 for the detection of the motion caused by the Restless Legs Syndrome 

(left) or walking (right) [150]. 

2.2.4.1.6 Temperature 

Temperature is one of the vital signals to access the health state of an individual, 

as discussed in section 2.2.2. Several e-skins have been developed to monitor this 

important parameter, with some of them presented in section 2.2.2.  

Left foot

(a)

(b)

(c)
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2.2.4.2 Functional Prosthesis and Robotics 

With the technological evolution of recent years, many futuristic and even 

fictional ideas that have been portrayed in cinema are being pursued to become a 

reality [7]. Nowadays, the prostheses used by amputees are purely cosmetic or 

employed to help in their movement, lacking a true functionality in the field of 

sensing, which could be replaced by an e-skin [28,216]. In the robotics field, despite 

the advantages of soft robots, such as a more robust and safer interaction between 

robots and humans or the environment [33], or rigid robots with sensing capabilities 

[125,203], it is necessary to develop stretchable, flexible, and robust electronics that 

can be conjugated with such creations, a task that is not that trivial. Nevertheless, the 

e-skin investigation may be the answer to fully potentiate this new generation of 

robotics.  

In the context of robotics and functional prosthesis, instead of presenting 

impressive sensitivity values, it is more valuable for the e-skins to display a stable 

sensitivity over a wide range of pressures that are meaningful for the interaction of 

humans with the surroundings, from less than 10 kPa (linked to gentle touch) to 

100 kPa (associated to objects manipulation) [4,34], which contributes to simplifying 

the signal analysis. This linear range of pressures may be extended to even higher 

pressures, depending on the purpose of the robots or functional prosthesis, given that 

foot pressure may exceed 200 kPa [98] and full body weight bearing may reach 1 MPa 

[29]. 

In 2014, the group of Dae-Hyeong Kim developed a multi-functional e-skin for 

functional prosthesis capable of detecting pressure, as well as strain, temperature, 

and humidity, exploring piezoresistive and capacitive effects [28]. In this e-skin, the 

sensors comprised ultrathin and flexible single crystalline silicon nanoribbons with 

linear or serpentine shapes and variable degrees of curvature, allowing a greater 

sensitivity for mechanical stimuli at the different areas of the prosthesis, and also 

improved mechanical durability by withstanding larger or smaller degrees of 

bending [28]. Due to its multi-functionality, a prosthetic hand covered with the e-

skin, illustrated in Figure 2.18 (a), could monitor the grasping of objects, sense their 
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temperature, and distinguish between dry and wet diapers, which would be an 

enormous advance compared to regular prosthesis [28]. Furthermore, to approximate 

the prosthetic hand to a natural hand, the e-skin had thermal actuators to increase 

the temperature of the prosthesis, mimicking body temperature [28]. To transmit this 

electrical information to the nervous system, the group also developed a low 

impedance multi-electrode array through the use of platinum NWs (to decrease the 

impedance) and ceria nanoparticles (to suppress an inflammatory response by the 

body), which was successfully tested in rats [28].  

Stéphanie Lacour and colleagues created a stretchable e-skin with capacitive 

pressure sensors, where the electrodes were stretchable thin gold films and the 

dielectric layer was a porous silicone foam, and resistive strain sensors with a 

stretchable thin gold film and elastic liquid metal wires interconnections [29]. When 

mounted in a glove, the e-skin could provide pressure feedback in real-time, so that 

the strength of grasping of an object could be quickly adjusted, a crucial achievement 

in functional prosthesis and robotics [29], as shown in Figure 2.18 (b). 

In 2018, the group of Zhong Lin Wang created a highly stretchable 

multifunctional e-skin endowed with different sensors to detect pressure, 

temperature, humidity, strain, light, magnetic field, and proximity [216]. The 

stretchability was achieved by using meandering wires that connected to each sensor, 

with a curvature that would reduce with the level of stretching, and each sensor 

showed low or even null responses to stimuli other than the one they were designed 

for [216]. This e-skin was highly promising for the functionalization of prosthetic 

hands capable of sensing pressure, proximity, and temperature [216]. When worn 

over a prosthetic hand, the e-skin could monitor the grasping strength of an object 

while sensing its temperature simultaneously [216], as displayed in Figure 2.18 (c). 
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Figure 2.18. E-skins applied in functional prosthesis. (a) Prosthetic hand covered with the e-skin developed by 

Dae-Hyeong Kim and co-workers in 2014. The inset shows the e-skin being stretched by 20 % (the scale bar is 

1 cm) [28]. (b) Output of the e-skin developed by Stéphanie Lacour and co-workers in 2015 for the grasping 

strength adjustment in real-time [29]. (c) E-skin developed by Zhong Lin Wang and co-workers in 2018 (left) 

and respective output when grasping an object at different temperatures (right). P1 – P5 and T0 correspond, 

respectively, to the different pressure and temperature sensors distributed in the e-skin [216]. 

In 2018, Zhong Lin Wang and colleagues developed a triboelectric e-skin, 

composed of an ecoflex film with silver flakes as electrode and an ecoflex layer 

triangular microprisms, which was integrated into soft robotics as a robotic skin [33]. 

In a soft gripper it was possible to monitor the approximation to the object, its 

grabbing, and its sudden drop [33], as illustrated in Figure 2.19 (a). As a result of its 

(a) (b)

(c)
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adaptation to irregular surfaces, the soft gripper could also sense the hold and 

shaking of a doll’s hand [33]. Due to the fact that the triboelectric effect is impaired 

by humidity, the e-skin could additionally distinguish wet from dry pants [33]. 

With a variety of applications, the e-skin produced by the group of Zhengchun 

Peng (mentioned in sections 2.2.1.1.3 and 2.2.4.1.4) was placed in the fibres of a 

humanoid robotic hand, and its performance was compared to a commercial flexible 

pressure sensor [203]. Besides being able to monitor the grasping and releasing of an 

object, the developed e-skin could out-perform the commercial sensor concerning the 

speed at which the pressure changes were detected [203], as shown in Figure 2.19 (b).  

Besides the temperature capabilities referred in 2.2.2, the e-skin developed by 

Vellaisamy Roy also displayed a great potential for the robotic field when tested in a 

robotic arm to monitor the pressure change throughout grasping and releasing of 

objects [125]. For the same grasping strength by the robotic arm, the e-skin could 

distinguish objects by their weight through more intense outputs [125], which is 

displayed in Figure 2.19 (c). 
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Figure 2.19. E-skins applied in robotics. (a) Output of the e-skin developed by Zhong Lin Wang and co-workers 

in 2018 for the grasping and dropping of an object by a soft gripper [33]. (b) Output of the e-skin developed by 

Zhengchun Peng and co-workers in 2019, worn in a humanoid robotic hand, for the grasping and dropping of 

an object (SPS), compared to the performance of a commercial sensor (FSR 400) [203]. (c) Output of the e-skin 

developed by Vellaisamy Roy in 2019, attached to a robotic arm, when grasping and releasing objects with 

different weights [125]. 

 

2.2.4.3 Human-Machine-Interfaces 

The development of HMI is of great interest to the society, so that some tasks in 

people’s daily life may be facilitated, from ludic activities [15,34,223] to moving a 

wheel chair in an easier and more accessible way, reducing the effort to the user [35], 

or controlling a robot through gestures [225]. As it is described in the next 

paragraphs, an e-skin placed on the human skin or on some objects may open the 

door to the potentialities of these HMI. 

(a) (b)

(c)
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The group of John A. Rogers developed in 2011 an e-skin mimicking a tattoo, 

endowed with multiple sensors, namely electrophysiological sensors, temperature 

sensors or strain sensors, as well as several electronic components enabling self-

sufficiency, such as transistors, light-emitting diodes (LEDs), photodetectors, radio 

frequency inductors, capacitors, oscillators, antennae, and rectifying diodes [15]. 

Despite relying on well-established but rigid materials (silicon and gallium arsenide), 

this e-skin was highly flexible, stretchable (up to 30 %), and conformable to the 

human skin, since the mentioned materials were employed in the form of filamentary 

serpentine nanoribbons and micro/nano-membranes [15]. This strategy was further 

adopted in other works, both within [63] and outside [28,216] the group of professor 

Rogers. The tattoo e-skin was tested in a HMI to control a computer strategy game 

through the different throat muscles movements [15].  

In 2014, Zhenan Bao and colleagues created an e-skin based on a polypyrrole 

hydrogel (interconnected hollow-sphere structures), micro-structured into triangular 

lines, which possessed a high sensitivity of 56 kPa-1 to 133.1 kPa-1 below 30 Pa [34]. 

With an array of these e-skin sensors placed on a chess board, the group was able to 

detect all pieces of the game by assembling specific weights to each piece, according 

to type and colour as shown in Figure 2.20 (a), demonstrating the potential for HMI 

[34].  

Through an approach based on the formation of reverse micelles (water 

droplets surrounded by emulsifiers), the group of Dae-Hyeong Kim developed an e-

skin with a porous composite of PDMS and MWCNTs that was successfully tested 

for a HMI [35]. Through the jet printing of the composite on a commercial elastomeric 

patch, the group create a two-channels strain gauge and a four-channels pressure 

sensor, where each element was programmed to control one action, from acceleration 

to deceleration, moving forward or backward, and rotations [35]. This e-skin, worn 

in the fingers and wrist, was employed in the wireless control of a tank like robot 

[35], as illustrated in Figure 2.20 (b). 

In 2016, Tao Liu and colleagues used a laser engraving equipment to produce 

graphitic structures on a polyimide substrate, in a zigzag pattern, creating an e-skin 
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to be placed over the finger and control the movement of a robotic arm through finger 

movement [225]. By different finger movements, the robotic arm could move forward 

or backward, up and down, and grasp or release an object, amongst others [225], as 

shown in Figure 2.20 (c). 

In 2018, the group of Zhong Lin Wang created a triboelectric e-skin sensor based 

on a silk fabric, an intermediary layer of CNTs electrode array, and a nylon fabric for 

HMI applications [18]. Despite not presenting a high sensitivity value (which varied 

according to the pressure range, always being lower than 5 × 10-2 kPa-1), the e-skin 

was placed on the wrist to control, through finger gestures, the opening or closing of 

several software in a computer [18]. Additionally, the e-skin could control some 

electrical appliances, such as a light bulb, an electric fan, and a microwave oven [18].  

 

Figure 2.20. E-skins applied in HMI. (a) E-skin array developed by Zhenan Bao and co-workers in 2014 for the 

detection of chess pieces on a chess board (left), with the respective map reconstruction of the pieces position 

according to weight (right) [34]. (b) E-skin developed by Dae-Hyeong Kim and co-workers in 2014 for the control 

of a tank like robot (right), with the identification of the command associated to each pressure or strain sensor 

(left) [35]. (c) E-skin developed by Tao Liu and co-workers in 2016 for controlling a robotic arm [225].  

(a) (b)

(c)
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2.3 Conclusions 

Although the e-skin field has been growing since the beginning of the XXI 

century, there is plenty of work left before e-skin devices start spreading in our 

society and begin to be employed in practical applications. This chapter highlighted 

the strengths and fragilities of the micro-structurating strategies commonly 

employed in the field to improve the performance of pressure sensors. While 

photolithography techniques are highly precise, their costs prevent the generalized 

employment for e-skins production to a significant extent. Other low-cost strategies 

do not offer such a high tailoring of micro-structuring, which prevents fine-tuning in 

the e-skin performance to adjust it for each application. There is, therefore, room to 

explore other micro-structuring approaches that establish a compromise between 

costs, high customization of designs, and precision, allowing an easy scale-up of the 

process.  

The sensitivity and the pressure range for which this parameter is valid is 

displayed in Figure 2.21 for 20 of the most cited works since 2010. Despite the absence 

of a clear trend for the performance of these e-skin pressure sensors, it is visible that 

the works either reflect a concern about reaching high sensitivities, which might 

benefit applications that require the acquisition of subtle signals (such as those 

related to health monitoring), or an attempt to reach a constant, even if more modest, 

sensitivity over a wider range of pressures, which would be very useful in the context 

of robotics and functional prosthesis, where the pressures involved may vary greatly 

from a few kPa until 100 kPa or higher, as previously discussed. By pursuing both 

high sensitivities and large pressure ranges (as is the case in a few works), these 

pressure sensors become more versatile since they serve a broader spectrum of 

applications. 

When the needs for both low-cost and tailorable micro-structuring techniques 

using green materials are simultaneously addressed, the door may open for the 

generalized society to acquire and start actively using e-skins in their daily lives, 

either for health monitoring (which has been a trend in the last years) or HMI, 

robotics, and in the distant future, functional prosthesis, for which the connection 
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between the robotic and the biological parts has still to be deeply investigated and 

tested before seeing the daylight. For this massive usage spread, the 

multifunctionality of e-skins is also essential, so that they can sense pressure, or other 

stimuli, while being self-powered and presenting the capability to send data through 

a wireless communication to other wearables or electronic devices, allowing the user 

to access the monitoring data in an easy way.  

 

Figure 2.21. Sensitivity and the corresponding pressure range for which it is valid for 20 of the most cited works 

since 2010. 
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3 Chapter 3. Device Fabrication and Characterization 

Techniques 

This chapter aims at briefly introducing the most relevant production and 

characterization techniques explored herein, stating some parameters that were kept 

constant throughout the work. Further details regarding the production or 

characterization of specific films, samples, or devices will be disclosed in the 

respective results chapter.  

The main devices fabricated and characterized in the context of this work are 

indexed below: 

• E-skin piezoresistive and temperature sensors micro-structured through 

acrylic moulds, engraved by laser; 

• E-skin piezoresistive sensors micro-structured through h-PDMS moulds, 

engraved by laser; 

• E-skin piezoresistive sensors micro-structured through SPFs, engraved by 

laser; 

• Energy harvesters based on composites of PDMS and ZnO NRs or ZnSnO3 

NWs, micro-structured through acrylic moulds, engraved by laser. 

 

Energy harvesters based on doped PANI-coated conducting textile fibres were 

not produced herein, and the same applies to the ZnO NRs and PDMS coated-yarn 

based triboelectric energy harvesters. However, their electrical performance was 

characterized in this work. 
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3.1 Device Fabrication Techniques 

3.1.1 Moulds Fabrication 

This sub-chapter describes the technique used to fabricate moulds for the 

micro-structuring of polymeric films, which are the central layer of the e-skin 

piezoresistive sensors developed in this work. 

 

3.1.1.1 Laser Engraving 

The laser engraving technique is essentially a micro-structuring approach, 

where a high energy laser scans a substrate, according to a pre-established design, 

and transfers said energy to the material, inducing melting or even degradation. 

Through this technique, patterns of cavities with different shapes and sizes can be 

engraved, in a varied range of materials, to fabricate moulds. The fabrication time of 

each mould is low (from minutes to a couple of hours if the pattern is very dense in 

an area of some cm2), the associated costs are low as well (especially when compared 

to conventional photolithography techniques), and the customization of the cavities 

design is high (contrarily to some of the low-cost micro-structuring techniques 

mentioned in section 2.2.1.1.3), thus resulting in a high benefit/cost ratio for this 

technique. Laser engraved moulds are further employed in the micro-structuring of 

thin polymeric films through simple soft lithography methodologies.  

The designs that were engraved by the laser equipment were previously 

defined in an image software, Illustrator (2015.0.0), to generate a computer-aided 

design (CAD) file that was then imported to the equipment’s software. 

Subsequently, engraving parameters were defined within the laser controller 

software, such as laser power, laser speed, and distance between the substrate to be 

engraved and the laser beam. 

The shape and size of the cavities that are obtained after engraving a certain 

material are the result of multiple factors, such as: 
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• The shape and size of the original design in the CAD file; 

• The spacing of each element in the original design from the CAD file; 

• The line thickness of the original design in the CAD file (here, this parameter 

was kept constant at a value of 0.01 mm); 

• The material to be engraved – softer materials will melt or degrade more 

easily during the engraving process, thus resulting in larger cavities;  

• The distance between the substrate and the laser beam – there is an optimum 

distance that minimizes the size of the laser beam focal spot, therefore 

minimizing the size of the features being engraved in the substrate; 

• The laser power – the greater the power, the more energy is transferred to the 

substrate, increasing its melting or degradation and producing larger and/or 

deeper cavities; 

• The laser speed – the greater the speed, the less energy is transferred to the 

substrate, decreasing its melting or degradation and producing thinner 

and/or smaller cavities. Furthermore, a higher laser speed also induces more 

defects in the engraving of the patterns, which is undesirable for reproducible 

results; 

• The laser engraving mode – the equipment is able to engrave in either Rast 

mode or Vectorial mode. The first is more employed for scraping, while the 

second is more adequate for a precise engraving. 

 

Some of these parameters were modified to study the extent of their exact 

impact in the final shape and size of the cavities engraved in the moulds. 

The equipment used for laser engraving throughout this work was a laser 

engraving machine from Universal Laser System (VLS3.50 model), located at 

CENIMAT. This machine includes a CO2 laser beam with a maximum power of 50 W 

and a maximum speed of 0.254 m s-1. The lens’ focus length is 2.0‘’ and the diameter 

of the focal spot is 127 µm. Figure 3.1 shows a photograph of the equipment.  
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Figure 3.1. Laser engraving equipment (VLS3.50, Universal Laser System, USA). 

 

3.1.2 Thin Film Deposition 

This sub-chapter reviews the techniques explored to produce the thin films 

which are essential in piezoresistive sensors, temperature sensors, and energy 

harvesters, from polymeric films to electrodes. The most relevant ones in the context 

of this work are the ones explored in more detail (spin-coating and spray-coating).  

 

3.1.2.1 Thermal Evaporation 

Thermal evaporation is a physical vapour deposition technique where the 

material to be deposited is heated within a crucible, through Joule effect, until 

reaching the melting temperature of that material. Once in the vapour state, the 

particles travel through vacuum until reaching the substrate, where they cool down 

and return to the solid state, forming a thin film.   



Device Fabrication and Characterization Techniques 

 

- 125 -  

This technique was performed through a home-made system located at 

CENIMAT, at room temperature and at a vacuum base pressure of 2  10-6 mbar. 

The current that was applied to the crucible to induce the melting of the material 

was dependent on the material to be deposited and the deposition rate. Thermal 

evaporation was explored to deposit aluminium electrodes in some samples 

developed herein.  

 

3.1.2.2 Spin-coating 

Spin-coating is a deposition technique in which a material, in the liquid state 

or in suspension, is deposited over a substrate that is rotated at high speed, forcing 

the material to evenly spread over its surface by centrifugal forces. The thickness of 

the film that forms after the spinning process depends on several parameters, such 

as: 

• Viscosity of the material to be deposited – the lower the viscosity, the thinner 

the films formed; 

• The spin speed – the higher the speed, the thinner the films formed; 

• The spin time – the higher the time, the thinner the films formed. 

 

Some of these parameters were modified to study the extent of their exact 

impact in the final thickness of the films. This technique was performed through a 

Laurell spinner (WS-650MZ-23NPP) located at CENIMAT. 

After spin-coating the material over the substrate, the film is typically 

subjected to a curing or annealing process during a certain amount of time, at a 

certain temperature, depending on the material and respective solvent, to obtain a 

solid and homogeneous film in the end of the process. This technique was employed 

to produce polymeric films (PDMS and PMMA), as well as conductive layers based 

on conductive inks (carbon).   
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3.1.2.3 Spray-coating 

Spray-coating is a deposition technique characterized by the deposition of a 

material in suspension through an airbrush. Essentially, the suspension (with a low 

load of material to avoid clogs in the airbrush) is loaded into the airbrush deposit 

and, through a flux of a gas at a certain pressure, the suspension is sprayed directly 

over the substrate. The latter is commonly heated in order to simultaneously induce 

the evaporation of the solvent during the spray process.  

The thickness and/or the homogeneity of the film that is formed after the spray-

coating process depends on several parameters, such as: 

• The concentration of the material in the suspension – the higher the 

concentration, the thicker the film; 

• The pressure of the spray; 

• The distance between the spray and the substrate; 

• The duration of the spraying or the volume sprayed over the substrate. 

 

This technique was performed through an airbrush from Graphics Direct 

(XL2000) in CENIMAT to produce thin films of Ag NWs over glass substrates or 

engraved moulds. The following parameters were fixed: 

• Volume of the commercial suspension of Ag NWs – 2 mL, re-suspended in 

98 mL of propan-2-ol; 

• Gas used in the airbrush – nitrogen; 

• Gas pressure during deposition – 10 psi; 

• Distance between the airbrush and the substrate – 17 cm; 

• Temperature of the substrate – 120 °C. 

 

Herein, the airbrush was used in a fixed position to keep the distance to the 

substrate constant, as well as to increase the homogeneity of the deposition. The 

substrate was rotated throughout the deposition to increase the coverage of cavity 
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sides by the Ag NWs. After deposition, the Ag NWs film was annealed at a 

temperature of 120 °C for 10 min, for a complete evaporation of the solvent.  

 

3.1.3 Synthesis of Nanostructures 

This sub-chapter highlights the techniques employed in the production of ZnO 

nanostructures in suspension. 

 

3.1.3.1 Hydrothermal Synthesis of ZnO Nanostructures by Microwave 

Irradiation 

Solvothermal (or, more commonly, hydrothermal) synthesis is a chemical 

reaction that occurs at high temperature and pressure in a solvent, commonly water, 

which is kept in a closed vessel [1]. The two mentioned physical parameters are 

crucial for the dissolution of the reagents and consequent production of 

nanostructures by crystallization [1], and their tuning, as well as the time of reaction, 

influences the nanoparticles size and shape. The closed vessel is called autoclave and 

is typically composed of steel or other robust alloys, which are able to withstand the 

harsh conditions of the synthesis [1]. The chemical reaction itself occurs inside an 

inert Teflon (PTFE) liner that is placed inside the autoclave to protect it from the 

reaction [1]. The synthesis takes place in conventional ovens [1]. 

An hydrothermal synthesis by microwave irradiation is similar to the 

hydrothermal synthesis by conventional heating, however, instead of taking place 

in a conventional oven, it occurs in a microwave equipment [1]. Given that the 

microwave radiation transfers energy directly to the reactive species in solution, the 

chemical reaction occurs much faster, which considerably decreases the synthesis 

time [1]. The microwave equipment used in this work, a Discover SP microwave 

system from CEM (Matthews, NC, USA), located at CENIMAT, allows the user to 

precisely set a variety of synthesis parameters, such as temperature, pressure, 
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heating ramp, cooling ramp, and synthesis time. The control of these parameters is 

a powerful tool to tune the size and shape of nanoparticles.  

This technique was employed for the production of ZnO NRs or NWs. 

 

3.2 Post-deposition and Post-fabrication Processes 

3.2.1 Plasma Surface Treatment 

Without further treatment, PDMS films are hydrophobic, which greatly 

increases the difficulty in depositing thin films on their surface. An oxygen plasma 

surface treatment is a simple and fast approach to temporarily turn the PDMS 

surface hydrophilic, thus enhancing the bonding to other materials and thin films. 

This treatment consists in removing the methyl groups of PDMS surface through the 

action of highly active oxygen species, to generate polar groups that are available to 

establish covalent bonds with other treated surfaces.  

This technique was performed to a variety of substrates using a Low Pressure 

Plasma System (Zepto) from Diener Electronic (initially located at CENIMAT, but 

transferred to the clean room of CEMOP throughout this thesis timeline), with a base 

vacuum pressure of 0.12 mbar to 0.14 mbar, an oxygen pressure of 0.3 mbar, a power 

of 37.5 W, and an exposure time of 1 min. After this treatment, the deposition of any 

thin film was made within the maximum period of 15 min after exposure, to avoid 

the ceasing of the plasma effect.  

 

3.2.2 Silanization Treatment 

The micro-structured moulds cannot be immediately employed to produce 

polymeric films, since the surface of the moulds is not hydrophobic enough for an 

easy peel off of films after curing. It is, therefore, necessary to treat the surface of the 

moulds and increase their hydrophobicity. In this case, a silanization process can be 

performed in an easy and fast procedure. This approach consisted of placing the 
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substrates in a desiccator with 2 to 3 drops of trichloro(1H, 1H, 2H, 2H-

perfluorooctyl)silane (Aldrich, 97 %) in a plastic petri dish. The desiccator was then 

subjected to a mild vacuum (approximately 0.8 mbar) in order to vaporize the silane 

reagent and induce its deposition in a conformal way over all the substrates inside 

the desiccator, forming a thin hydrophobic layer on their surface. After 30 min in 

these conditions, the substrates were removed and their surface became 

hydrophobic, an effect that lasted for extended periods.  

The moulds only required one silanization process before being continuously 

used without any peeling off issues.  

 

3.3 Morphological Characterization Techniques 

Several techniques were explored herein for the morphological 

characterization of the moulds, polymeric and other thin films, as well as 

nanostructures produced, and they are briefly presented in the following sub-

chapters. 

 

3.3.1 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is a high-resolution microscopy 

technique where the images are created by scanning a sample with an electron beam 

and typically detecting the secondary electrons, emitted as a result of the interaction 

of the incident beam with matter.  

Herein two SEM microscopes were used, depending on the size of the 

structures to be analysed. For small structures such as ZnO NRs or ZnSnO3 NWs, a 

SEM focused ion beam (FIB) Cross-Beam Auriga system from Carl Zeiss was 

employed (operated by a specialized technician). For almost all other samples 

produced in this work, a tabletop scanning electron microscope (TM3030Plus) from 

Hitachi was used, for a greater autonomy. Furthermore, despite presenting a lower 
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resolution, this tabletop equipment was enough for the observation of the micro-

structures produced herein. Both equipment are located at CENIMAT. 

The tabletop equipment (Figure 3.2) has an additional advantage when 

compared to Carl Zeiss equipment: the samples do not require a metallic coating to 

be observed, although they are more prone to slight image distortions if the samples 

are not conductive themselves. For the samples observed in the Carl Zeiss 

equipment, they were previously subjected to a 10 nm to 15 nm coating of 

gold/palladium film or carbon film, which was performed in a sputtering system 

from Quorum (Q150T ES). The samples observed in the tabletop equipment were 

not subjected to any coating, unless stated otherwise (and for this case, the coating 

was identical to the one mentioned for the Carl Zeiss equipment).  

Further analysis of the SEM images, such as feature measurements (height, 

diameter/width, spacing) or film thickness, was later performed using an image 

software, ImageJ (1.49b). 

 

Figure 3.2. Image of a tabletop scanning electron microscope (TM3030Plus) from Hitachi. 

 

3.3.2 X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is a non-destructive technique for the characterization 

of crystalline materials, being able to give information about structures, crystallinity 

levels, phases, crystal orientations, amongst others. The XRD pattern, which is 
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unique for each material, is the result of constructive interference of monochromatic 

X-rays with samples, according to Bragg’s law. 

This technique was performed to ZnO and ZnSnO3 nanostructures, as well as 

composites of PDMS and these nanostructures, through an X-ray diffractometer 

(X’Pert PRO MRD) from Panalytical, placed in CENIMAT, with Cu Kα radiation 

(λ = 1.5406 Å), in a Bragg-Brentano (θ/2θ) configuration. 

 

3.3.3 Contact-angle  

The contact angle, which is the angle measured between the surface of a liquid 

and the outline of the contact surface, reflects the wettability of a solid by a liquid. 

The contact angle (θ) can be determined through the Young’s equation (3.1): 

𝛾𝐿𝐺𝑐𝑜𝑠𝜃 + 𝛾𝑆𝐿 − 𝛾𝑆𝐺 = 0 
(3.1) 

where γLG is the surface tension of the liquid/gas interface, γSG is the surface tension 

of the solid/gas interface, and γSL is the surface tension of the solid/liquid interface. 

According to the contact angle value, the following information may be 

inferred: 

• θ ≈ 0 ° – there is a complete wetting (spreading) of the solid by the liquid; 

• 0 ° < θ < 90 ° – the solid is wettable by the liquid; 

• θ > 90 ° – the solid is not wettable by the liquid; 

• θ ≈ 180 ° – the solid is ultra-hydrophobic. 

 

Contact angle measurements were performed through an equipment from 

Dataphysics (OCA15plus), placed in CENIMAT, using 2 µL deionized water drops 

and the Sessile drop method on several different substrates.  
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3.3.4 Profilometer 

A profilometer is an instrument employed in the measurement of a surface’s 

profile. In the contact profilometers, as it is the case of the equipment used in this 

work, there is a diamond stylus that vertically contacts with the surface of the 

sample and then scans it in the lateral direction for a given distance, applying a 

certain force. Throughout the scan, the vertical stylus displacement indicates 

variation in the surface of the sample, providing valuable information about the 

surface’s roughness, presence of steps, curvature, and flatness.  

Herein, a profilometer from Ambios (XP-Plus 200 Stylus), located at 

CENIMAT, was employed to measure the thickness of several samples, using a 

tracking force of 0.5 mg to 1 mg and a speed of 0.10 mm s−1 to 0.20 mm s−1. 

 

3.3.5 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) is a technique employed in the 

identification of relevant parameters of a sample, such as melting temperature, glass 

transition, crystallization events, amongst others. To do so, the difference in the heat 

required to increase the temperature for both a sample and a well-known reference 

material is measured, as a function of temperature.  

This technique was performed through an equipment from NETZSCH 

(Simultaneous Thermal Analysis STA 449 F3 Jupiter), located at CENIMAT, to the 

SPFs used in this work, in order to determine their thermal degradation point and 

other relevant points. The analysis was performed from 20 °C to 550 °C, with steps 

of 5 °C min-1.  
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3.4 Electrical Characterization Techniques 

3.4.1 Piezoresistive Sensors 

This sub-chapter describes the main electrical characterization approaches 

applied to the piezoresistive sensors developed in this work, in order to determine 

some of their figures of merit.  

 

3.4.1.1 Current-Voltage Characteristic Curves 

Current-Voltage (I-V) characteristic curves represent the relationship between 

direct current (DC) flowing through an electronic component or device and the 

correspondent DC voltage across its terminals, presenting valuable information 

about the behaviour of components and devices. In the case of an ohmic device this 

relationship is a straight line, passing through the origin, with positive slope, given 

that the device behaves as a fixed resistor.  

I-V curves were obtained through an electrometer (Keithley 617 Programmable 

Electrometer), from Tektronix, which applied a voltage sweep within a certain range 

and with a defined step, while simultaneously displaying the current through the 

device. During the measurements, the device was subjected to a constant pressure, 

performed by a weight with a fixed contact area. The weights consisted in acrylic 

plates with different thicknesses (2 mm, 3 mm, 5 mm, 8 mm, and 10 mm), cut by the 

engraving machine, with a cylindrical shape and different sizes in order to have 

different masses of approximately 1 g, 1.5 g, 2 g, 5 g, 10 g, 20 g, 50 g, and 100 g. These 

weights were placed on top of the devices through a support piece, fabricated by a 

3D printer from Ultimaker (Ultimaker2+), with a fixed area of 1.5 cm  1.5 cm and an 

approximated mass of 1.8 g. Figure 3.3 shows the set of weights used in this work, 

as well as the 3D printed support. 
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Figure 3.3. Weights used in this work to exert different pressure levels on the e-skin devices. (a) Set of weights 

and respective support. (b) Weights placed on the support. 

In alternative to the use of an electrometer, a voltage source could be used to 

supply the DC voltage to a circuit, composed of an auxiliary resistor and the 

pressure sensor, with the voltage at the resistor’s terminals being monitored by an 

oscilloscope from Tektronix (TDS 2001C, 50 MHz), as explained in more detail in 

section 3.4.1.2. 

 

3.4.1.2 Sensitivity  

Sensitivity is one of the most relevant figures of merit of pressure sensors, and 

its determination was already presented in section 2.2.1. The simplest way to obtain 

the sensitivity value of a sensor is by plotting its relative output variation (either 

current or resistance) with pressure, followed by the estimation of the slope of the 

curve that adjusts to the linear part of that output. The entire output may be 

segmented in several linear portions, each one corresponding to a specific sensitivity 

value.  

(a) (b)
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The device output (current or resistance) for each pressure (performed by the 

set shown in Figure 3.3), was monitored through the following experimental setup, 

consisting in a voltage divider (illustrated in Figure 3.4): 

• Voltage source, which applied a fixed voltage to the circuit; 

• Auxiliary resistor, which was connected in series to the pressure sensor; 

• An oscilloscope from Tektronix (TDS 2001C, 50 MHz), which monitored the 

voltage drop across the auxiliary resistor. 

 

By recurring to this type of auxiliary circuit instead of employing a device able 

to directly read the voltage of the sensor (such as an electrometer as the one 

mentioned in section 3.4.1.1) or its resistance changes, it was possible to avoid 

possible interferences of such devices in the estimation of response and relaxation 

times or frequency response of the sensors, which could happen as a result of poor 

sampling rates. 

 

Figure 3.4. Schematic for the electric circuit used for measuring the sensor’s output under different pressures. 

By changing the pressure over the sensor, the resistance of the sensor varies 

accordingly: if the pressure increases, the total resistance of the device decreases, 

therefore, under a fixed voltage (V), there is more current (I) flowing through the 

system. Consequently, the voltage drop across the auxiliary resistor (Va), whose 

resistance (Ra) is fixed, also increases. By simply applying the Ohm’s law, the current 

Sensor

Oscilloscope

Vs

Va

V I
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flowing under the applied pressure, or the resistance of the sensor (Rs) can be easily 

determined through  Equation (3.2) and Equation (3.3), respectively: 

𝐼 =
𝑉𝑎
𝑅𝑎

 
(3.2) 

  

𝑅𝑠 =
𝑉𝑠
𝐼
=

𝑉 − 𝑉𝑎
𝑉𝑎
𝑅𝑎

=
(𝑉 − 𝑉𝑎) × 𝑅𝑎

𝑉𝑎
 (3.3) 

Then, these values need to be transformed into relative changes by calculating 

the difference to the current or resistance in the absence of pressure (X0), followed 

by the division of such difference by X0. 

 

3.4.1.3 Limit of Detection 

The LOD of the sensors was determined by placing the smallest weight 

possible on their surface. Herein, a water drop was loaded onto the sensors, whose 

signal was collected using the same electrical circuit as the one presented in Figure 

3.4. After collecting the voltage data, the water drop was removed with an 

absorption paper, and the entire procedure was performed several times for 

statistical purposes.  

 

3.4.1.4 Response and Relaxation Times 

To determine the response and relaxation times, it is necessary to load and 

unload a weight as quickly as possible, so that the time of those actions has a 

minimal impact in the actual response and relaxation times of the sensor.  

The determination of the response time was accomplished by loading a water 

drop on top of the sensor, consequently letting the drop fall from a vertical distance 

from the sensor of approximately 0.5 cm (so that the force impact would not greatly 

disturb the pressure measurements of the LOD), as represented in Figure 3.5 (a).  
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The determination of the relaxation time was performed by previously loading 

a small magnet (1.14 g) on top of the sensor, and quickly unloading it with the help 

of another magnet (which would attract the small magnet by magnetic forces), as 

represented in Figure 3.5 (b).  

For both measurements, the signal was collected using the same electrical 

circuit as the one presented in Figure 3.4, and the entire procedure was performed 

several times for statistical purposes. 

 

Figure 3.5. Approach to measure the response and relaxation times of a sensor. (a) Loading of a water drop. (b) 

Unloading of a small magnet. 

 

3.4.1.5 Frequency Response 

The ability of the sensors to respond to dynamic pressure stimuli was 

investigated through one of the following approaches: 

• A home-made force-applying system, composed of a stepper motor Motor 

Nema17, an Arduino controlling the entire system, a liquid crystal display 

(LCD) as a user interface, and a set of pieces produced in a 3D printer from 

Ultimaker (Ultimaker2+) to transduce a radial movement into a vertical 

movement. This system allowed the definition of several parameters of the 

pressure stimuli, such as pressure intensity and frequency. A small rubber 

with a diameter of 6.5 mm was incorporated into the system to apply the force 

to the sensors. While keeping the pressure intensity constant, the frequency 

of the stimuli was varied between 0.5 Hz, 1 Hz, 2 Hz, and 5 Hz. A photograph 

of this system is shown in Figure 3.6 (a); 

Sensor Sensor Sensor Sensor

(a) (b)
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• A home-made bending machine, controlled by an Arduino, which was 

adapted to perform pushing tests. This machine has a programmable pushing 

frequency, variable between 0.5 pushes per second and a maximum of 2 

pushes per second. The pushing force depends on the initial position of the 

pushing stick, which is manually adjustable. While keeping the pushing force 

constant, the frequency of the stimuli was varied between 0.5 Hz, 1 Hz, 

1.5 Hz, and 2 Hz. A photograph of this system is shown in Figure 3.6 (b). 

 

In either case, the signal was collected using the same electrical circuit as the 

one presented in Figure 3.4. 

 

Figure 3.6. Home-made systems to test e-skin sensors. (a) Home-made force-applying system. (b) Home-made 

bending machine. 

 

3.4.1.6 Endurance 

The endurance tests were performed through one of the following approaches: 

• Placing the sensor in a robotic arm (Figure 3.7), which was controlled by a 

servomotor, connected to an Arduino. The robotic arm was programmed to 

successively open and close in an infinite loop, grasping and releasing a 

(a) (b)
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volumetric flask at a frequency of approximately 10 grasping/releasing cycles 

per minute. The resistance variations of the sensor, resultant from the 

pressure exerted in the volumetric flask, were read by a multimeter (Keithley 

2000 Multimeter), from Keithley, and sent from this equipment to Matlab 

R2018b software, to be plotted in real-time and later saved in a file.  

• Placing the sensor in a home-made bending machine (described in section 

3.4.1.5). The output of the sensor was measured with the same approach as 

the one shown in Figure 3.4. 

 

In either case, the endurance tests were performed without interruptions, for a 

number of cycles that is specified in the results chapters.  

 

Figure 3.7. Photograph of the robotic arm employed in the endurance tests. The blue arrow localizes the sensor 

mounted in the robotic arm. 
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3.4.2 Temperature Sensors 

This sub-chapter describes the approach to determine the main figure of merit 

of a temperature sensor, the TCR. The temperature sensors tested in this work 

essentially consisted of micro-structured pressure sensors, whose micro-structure 

was obtained through acrylic moulds, which were additionally tested to sense 

temperature, in an attempt to confer another level of functionality to these sensors.  

 

3.4.2.1 Temperature Coefficient of Resistance 

The TCR of a temperature sensor can be estimated through Equation (2.5), as 

explained in section 2.2.2.1.1. In order to estimate the TCR of the sensors developed 

in this work, a setup with the following elements and equipment was built: 

• A thermoelectric Peltier module, responsible for the heating or cooling of the 

sample; 

• A type K thermocouple, coupled with the Peltier module to monitor its 

temperature; 

• An Arduino, which was reading the Peltier temperature through the 

thermocouple (with a condicioning circuit, MAX31855) and continuously 

adjusting the power supplied to the Peltier; 

• A switch to invert the polarity of the current, supplied to the Peltier, to 

change from heating to cooling and vice-versa; 

• A fan coupled with the Peltier module to dissipate the heat; 

• A multimeter (Keithley 2000 Multimeter), from Keithley, which was reading 

the resistance variations in the sample. 

 

Both the Arduino and the Keithley were also sending, respectively, their Peltier 

temperature and sample’s resistance data to Matlab, which was running a script to 

continuously loop the temperature between 25 °C and 45 °C, in steps of 1 °C.   
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3.4.3 Energy Harvesters 

This sub-chapter briefly describes the approaches explored for the common 

electrical characterization of the energy harvesters related with this work: micro-

structured composites of PDMS and ZnSnO3 NWs, micro-structured composites of 

PDMS and ZnO NRs, doped PANI-coated conducting textile fibres, and yarns 

coated with ZnO NRs and PDMS.  

 

3.4.3.1 Voltage and Current Output 

The approach to measure the voltage and current output was adapted to each 

energy harvester, due to design factors, as presented in Table 3.1. For example, while 

the energy harvesters based on micro-structured composites of PDMS and ZnSnO3 

NWs or ZnO NRs presented an active area of only 4 cm2, and so the home-made 

bending machine could be employed to exert a pushing force, the other energy 

harvesters were excessively large to be stimulated by the same machine. For all 

cases, the voltage was always measured as a potential difference between both 

electrodes of the energy harvester, or between the electrode and the ground 

(specifically for the energy harvester based on yarns coated with ZnO NRs and 

PDMS, given that it only possessed one electrode). The current was measured in 

series with each energy harvester. For voltage measurements, a high impedance 

oscilloscope probe (10 MΩ) was employed.  However, as it will be discussed in some 

results chapters, the impedance value is possibly too low for accurate voltage 

measurements in these energy harvesters, and so higher impedance probes should 

be chosen instead.  
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Table 3.1. Description of the approaches employed in the measurement of the voltage and current output for each energy harvester characterized in this work. All 

the monitoring equipment are located at CEMOP. Acronyms: 3D – Three-dimensional; NWs – Nanowires; NRs – Nanorods; PANI – Polyaniline; PDMS – 

Polydimethylsiloxane; ZnO – Zinc Oxide; ZnSnO3 – Zinc Tin Oxide. 

Energy Harvester Method to apply force/pushing stimuli 
Parameters 

Changed 

Voltage 

Monitoring 

Equipment 

Current Monitoring 

Equipment 

Doped PANI-coated 

conducting textile 

fibres 

Manual pushing. By the time this harvester was developed, there were 

no home-made machines developed that could properly stimulate the 

energy harvester due to its big proportions (9 cm in length and from 

2 cm to 7 cm in width, depending on the number of fibres in parallel 

connection) 

Number of 

fibres (1, 2, 8, 

or 16) 

 

Oscilloscope from 

Tektronix (TDS 

2001C, 50 MHz) 

Electric circuit for 

current-to-voltage 

conversion and 

oscilloscope from 

Tektronix (TDS 2001C, 

50 MHz) 

Micro-structured 

composite of PDMS 

and ZnSnO3 NWs 

Home-made bending machine adapted to perform pushing tests, 

controlled by an Arduino, with programmable pushing frequency, and 

pushing force dependant on the manually adjustable initial position of 

the pushing stick (contact area of 0.3 cm2). 

Also manual pushing through a pen (contact area of 0.7 cm2). 

The pushing force was monitored in both approaches through a 

commercial force sensing resistor from Interlink Electronics (Ref. 

SEN05003). 

Force 

Oscilloscope from 

Tektronix (TDS 

2001C, 50 MHz) 

Keysight B1500A system 

Micro-structured 

composite of PDMS 

and ZnO NRs 

Home-made bending machine (same as the one used for the PDMS and 

ZnSnO3 NWs composite) 

Frequency 

Force 

Oscilloscope from 

Tektronix (TDS 

2001C, 50 MHz) 

Gamry 600 Potentiostat 

Yarns coated with 

ZnO NRs and 

PDMS 

Custom-made apparatus (Figure 3.8) made of 3D printed pieces and a 

wood hammer (140 mm × 150 mm), levered by an aluminium profile. 

The lever is lifted by a stepper motor, controlled by an Arduino, from 

three distinct heights that control the force applied (250 N, 400 N, and 

600 N). The pressure is applied at a fixed force of 1 impact per second. 

Force 

Oscilloscope from 

Tektronix (TDS 

2001C, 50 MHz) 

Gamry 600 Potentiostat 
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Figure 3.8. Custom-made apparatus with the wood hammer. 

 

3.4.3.2 Power Density 

In order to calculate the power density of the energy harvesters, each of them 

was connected in parallel or in series with diverse loads, and the respective voltage 

and current output was measured through the equipment specified in Table 3.1, 

under a certain pressure/pushing stimulus that is disclosed for each energy harvester 

in the corresponding results section. The current density was estimated by dividing 

the current output obtained by the functional area of each energy harvester. Finally, 

the power density was calculated as the product of the voltage output by the current 

density, for each load, under the same pressure/pushing stimulus.  

 

3.4.3.3 Proof-of-concept 

The energy harvesters characterized in this work were further explored in the 

context of a practical application, such as lighting a set of LEDs or powering other 

small portable electronic devices. For some energy harvesters, whose current was 

high enough, it was possible to directly connect them to the LEDs, lighting them each 

time the devices were mechanically solicitated. For the energy harvesters with lower 
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output current or to power up small electronic devices which require a DC input, a 

simple electronic circuit was assembled, which included (Figure 3.9): 

• Full-rectifier circuit – connected to the energy harvester to convert its AC 

output into a DC signal; 

• Capacitor – with a capacitance that varied for the harvester being tested, 

connected to the AC pins of the full-rectifier circuit; 

• Small electronic device – only connected to the capacitor after the latter was 

fully charged. 

 

 

Figure 3.9. Schematic circuit for the powering of a small electronic device with an energy harvester. 
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Chapter 4 

E-skin Piezoresistive Sensors Micro-structured through Laser Engraved 

Acrylic Moulds 

 

[Cover of Advanced Electronic 

Materials 2018 (4), created in the context 

of this work] 

 

This chapter presents the results 

related to e-skin piezoresistive sensors 

which were micro-structured through 

acrylic moulds engraved by laser. A part 

of its contents is adapted from the 

following publication: 

A. dos Santos, N. Pinela, P. Alves, R. 

Santos, E. Fortunato, R. Martins, H. 

Águas, R. Igreja, Piezoresistive E‐Skin 

Sensors Produced with Laser Engraved Molds, Advanced Electronic Materials 2018, 4, 

1800182, 10.1002/aelm.201800182.  
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4 Chapter 4. E-skin Piezoresistive Sensors Micro-structured 

through Laser Engraved Acrylic Moulds 

4.1 Introduction 

The simplicity in both the production and output recording and analysis of 

pressure sensors relying on piezoresistivity is quite attractive [1–3], still moving 

several research groups in the pursuit of an optimum technique to micro-structure 

the films composing those sensors, thus increasing their sensitivity and linear range 

[4–6]. As pointed out in section 2.2.1.1.3, the most used micro-structuring 

approaches present some drawbacks: the conventional photolithography strategy 

produces highly uniform micro-structures of few micrometres that may be tailored, 

yet at the cost of expensive, time-consuming, and often complex techniques [3,4,7–

14]; using daily life objects or natural components as a mould is a low-cost strategy, 

however the customization of the micro-structures is severely restricted [15–19]. For 

example, the simple change of the micro-structures size or pitch, which is explored 

to improve the sensor’s performance [9,12,20,21], may be impaired through this 

strategy. There is therefore a need to develop an alternative that combines the best 

of both approaches, i. e., an alternative based on a low-cost and simple technique 

that would still allow an easy tailoring of the micro-structuring, so that the 

performance of the piezoresistive sensor could be easily enhanced in a fast way. 

Herein, a method to achieve micro-structured PDMS films is proposed, based 

on the production of acrylic moulds that are engraved by a laser engraving/cutting 

machine. These micro-structured PDMS films are then coated with a conductive film 

and sandwiched to produce an e-skin piezoresistive sensor. This technique allows 

the production of sensors in a fast, easy, and low-cost way, with a great freedom to 

change the design of the sensors with minimum effort, thus being a robust 

alternative to the generic approaches for the films micro-structuring while 

presenting a high benefit/cost ratio. In the context of e-skin sensors, this is the first 

report of the micro-structuring of moulds through laser engraving. 
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The ultimate goal of this e-skin is the detection of the blood pressure wave at 

the wrist, which requires a high sensitivity in the low pressure regime (under 1 kPa) 

and a fast response and relaxation times, in order to capture all the details of the 

mentioned signal.  

 

4.2 Experimental Section 

4.2.1 Chemicals and Materials 

PDMS elastomer and curing agent (Sylgard 184) were purchased from Dow 

Corning. PMMA [molecular weight (MW) approximately 120 000] and trichloro(1H, 

1H, 2H, 2H perfluorooctyl)silane (97 %) were purchased from Aldrich. Toluene 

(99.99 %) was purchased from Fisher Scientific. Highly conductive water-based 

carbon coating (PE-C-808) and water-based silver conductive ink (PE-WB-1078) 

were purchased from Conductive Compounds. Acrylic plates (3 mm of thickness) 

were purchased from Dagol. MilliQ water was used to dilute carbon coating and 

silver ink. Copper tape was purchased from 3M. 

 

4.2.2 Fabrication of Micro-cones Cavities in Acrylic 

The laser engraving equipment was used to engrave cavities in acrylic plates, 

as explained in section 3.1.1.1.  

In a first approach, a design based on 5  5 aligned symmetrical crosses with a 

size of 100 µm and a spacing (both vertical and horizontal) of 300 µm were engraved 

in acrylic plates, with a variable laser power (from 10 % to 100 %, in steps of 10 %) 

and speed (from 10 % to 100 %, in steps of 10 %), to study the influence of these 

parameters in the size and shape of the cavities. The distance between the laser and 

the acrylic was fixed at 0.034’’. 

After choosing a set of laser power and speed values, 25 W (50 %) and 

0.1524 m s-1 (60 %) respectively, acrylic moulds were engraved with symmetrical 
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crosses (size of 100 µm) with different spacing values (150 µm, 300 µm, or 1 mm; 

note the spacing is the same in vertical or horizontal directions) and alignments 

(either aligned or misaligned), in an area of 2 cm  2 cm, as represented in Figure 

4.1. The moulds were then individualized from the acrylic plate in squares of 

5 cm × 5 cm (with the cavities in the centre) through a laser power of 100 % (50 W) 

and a laser speed of 10 % (0.0127 m s-1), respectively. 

 

Figure 4.1. Patterns of crosses read by the laser engraving machine. (a) Aligned pattern. (b) Misaligned pattern. 

The spacings, both horizontal and vertical, are represented by the letter “S” and vary between 150 µm, 300 µm, 

and 1000 µm. 

Following the engraving process, each acrylic mould was cleaned in an 

ultrasonic bath for 15 min in isopropanol alcohol, followed by 15 min in MiliQ 

water. After being dried with compressed air, the moulds were subjected to a 

silanization process to get a hydrophobic surface, according to the process explained 

in section 3.2.2. 

 

4.2.3 Fabrication of Micro-structured or Unstructured PDMS Films 

PDMS was prepared in a 1:10 w/w ratio of curing agent to elastomer and 

degassed in vacuum for 30 min. PDMS was then simply poured over the acrylic 

moulds (for the laser power and speed study) or spin-coated onto each engraved 

acrylic mould or glass substrates (for unstructured films) at 250 rpm for 90 s (for 

y

y

y = 150 mm, 300 mm, 1000 mm

y

y

(a) (b)
S

S S
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subsequent tests) according to section 3.1.2.2, and degassed once more before curing 

PDMS films in an oven for 30 min at 85 ℃. The films were then easily peeled off 

from the moulds.  

 

4.2.4 Study of the Sensor’s Active Layer  

Water-based carbon coating was studied as the active layer for the sensors, and 

PMMA was investigated as an additional layer to improve the adhesion of carbon 

coating to PDMS. Unstructured PDMS films were subjected to a plasma surface 

treatment (as described in section 3.2.1) to improve the adhesion of PMMA. Then, 

PMMA (10 wt% in toluene) was spin-coated at 1000 rpm for 60 s on 4 samples. The 

PMMA films were thermally cured at 140 ℃ for 1 h in vacuum after drying at room 

temperature for some minutes. 8 unstructured PDMS films (4 without PMMA and 4 

with PMMA) were submitted to another surface plasma treatment before spin-

coating water-based carbon coating (100 wt%) at 1000 rpm for 20 s, dried at 85 ℃ for 

30 min. The sheet resistance of these films was evaluated in an area of 2 cm × 2 cm, 

laterally limited by silver electrodes, through a multimeter (Keithley 2000 

Multimeter), from Keithley. The silver electrodes were hand-painted using 50 wt% 

in water of water-based silver conductive ink (PE-WB-1078), which was cured at 

145 ℃ for 120 s. 

To study the impact of carbon coating dilution in sheet resistance, the carbon 

coating was diluted with MiliQ water until reaching a concentration of 40 wt%, 

50 wt%, 67 wt%, or 100 wt% (not diluted). Each carbon coating concentration was 

spin-coated (with the same parameters referred in the previous paragraph) on 4 

unstructured PDMS films coated with PMMA (previously subjected to a plasma 

treatment), and cured. Silver electrodes were deposited, and the sheet resistance of 

the carbon coating films was measured as previously described.  

To study the impact of the number of carbon coating layers in sheet resistance 

and film thickness, carbon coating with a concentration of 67 wt% and 100 wt% was 

spin-coated on unstructured PDMS films coated with PMMA (previously subjected 
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to a plasma treatment). The carbon coating was cured, and the process was repeated 

until a maximum of 4 times, in order to have 4 replica samples with 1, 2, 3, 4, or 5 

layers of carbon coating. Silver electrodes were deposited, and the sheet resistance 

of the carbon coating films was measured as previously described. The thickness of 

the carbon coating film was measured with a profilometer, as described in section 

3.3.4. 

 

4.2.5 Fabrication of E-skin Piezoresistive Sensors 

PDMS films were subjected to a plasma surface treatment before spin-coating 

PMMA (10 wt% in toluene) and curing it as described in section 4.2.4. The films were 

submitted to another surface plasma treatment before spin-coating water-based 

carbon coating (100 wt%) at 1000 rpm for 20 s, dried at 85 ℃ for 30 min.  

The films obtained were cut to the desired size (3 cm × 2 cm) and, finally, two 

films with the same pattern were sandwiched, with the micro-structures facing 

inwards. Each sensor was laterally sealed using PDMS. Lines (1 cm width) of 50 wt% 

in water of water-based silver conductive ink (PE-WB-1078) were deposited on the 

edges of each film and cured at 145 ℃ for 120 s to serve as the lateral transducer 

electrodes and improve the contact between the sensor and the readout electronics. 

These electrodes were connected to external equipment through copper tape. 

Figure 4.2 illustrates the major steps in the fabrication of an e-skin 

piezoresistive sensor whose mould is engraved through laser.  
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Figure 4.2. Schematic fabrication process from mould production to device assemble. (a) Laser engraving conical 

cavities on an acrylic mould (5 cm x 5 cm). (b) PDMS spin-coating on an acrylic mould. (c) Peeling off the 

flexible PDMS film from an acrylic mould. (d) PMMA spin-coating on the PDMS film. (e) Carbon coating 

spin-coating on the PMMA-coated PDMS film. (f) Carbon coating deposited on the film after curing. (g) 

Resultant device with a silver-ink stripe on the smooth edge of each micro-structured PDMS film. None of the 

steps are at scale. 

 

4.2.6 Morphological and Electrical Characterization of Micro-

structured PDMS Films and Piezoresistive Sensors 

The acrylic moulds were morphologically characterized using a digital 

microscope from Hirox (Hirox RH-2000). 3D images of each mould were 

reconstructed after acquiring 252 to 255 frames in the vertical direction, with an 

interval of 3.35 µm to 3.9 µm, using the software of the microscope (HRMT 1.05). An 

attempt to observe the acrylic moulds at SEM was performed by firstly immersing 

Acrylic

PDMS

PMMA

Carbon coating

Silver ink

Acrylic
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PMMA

Carbon coating

Silver ink
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the moulds in liquid nitrogen for 1 min to 3 min, and then segmenting the mould 

with the help of a screwdriver and a hammer. The moulds fragments were coated 

with a conductive film and observed through the tabletop SEM (section 3.3.1). 

Micro-structured PDMS films were observed through the tabletop SEM after being 

coated with a conductive film (section 3.3.1).  

I-V curves were acquired with an electrometer that applied a voltage sweep 

from – 1 V to 1 V, in steps of 0.05 V, under a pressure of 0 Pa to 1625 Pa, according 

to section 3.4.1.1. Under a constant voltage of 1 V, the sensors were subjected to a 

pressure of 0 Pa to 9 kPa for the estimation of sensitivity (section 3.4.1.2). Dynamic 

pressure tests were performed by a home-made force-applying system, according to 

section 3.4.1.5. The LOD and the response and relaxation times were determined by 

loading a small drop of water on the sensors or unloading a small magnet, repeating 

the process 5 to 8 times for statistical results (while applying a constant voltage of 

2 V), as explained in sections 3.4.1.3 and 3.4.1.4. 

 

4.3 Results 

4.3.1 Study of Laser Power and Speed on Acrylic Cavities Size and 

Shape 

The cavities’ shape explored in this work was conical due to its easy production 

through the laser engraving method, as well as the similarity between cones and 

pyramids. In fact, micro-pyramids have been reported to have a more compressible 

shape than other micro-structures such as pillars, which allows them to be sensitive 

to smaller pressures [8]. Therefore, the sensors produced herein were expected to 

benefit from this higher compressibility with micro-cones, as to present an adequate 

sensitivity for blood pressure wave detection at the wrist. The rationale behind 

resorting to a design based on acrylic-engraved crosses is that this design forces the 

laser beam to scan the centre of each cross twice, thus deepening the engraved 

cavities. 
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As shown in another work related to the production of micro-needles for drug 

therapy [22], not only the design engraved by the equipment, but also the power 

and speed of the engraving will have an impact on the shape and size of the cavities, 

therefore influencing the PDMS micro-structures that are peeled off from such 

cavities. Given that the laser beam interacts differently with each material, it was 

important to thoroughly study the effect of laser power and speed, specifically on 

acrylic plates, so that this set of parameters could be properly chosen to produce 

moulds, achieving micro-structures suitable for e-skin applications. 

Figure 4.3 presents PDMS micro-structures peeled off from acrylic plates 

engraved with 100 µm crosses, with different laser power and speed values. A clear 

trend in increasing height with the increase in laser power engraving is observable, 

while the opposite is manifested with increasing laser speed. Both observations 

agree with a priori expectations: when the laser has a greater power, it transfers a 

greater amount of energy to the material, inducing a greater localized degradation, 

which therefore induces the formation of a deeper cavity. When the laser speed is 

increased, the equipment has less time to transfer energy to the material, hence the 

cavities become shallower. For a laser speed of 10 % and a laser power of 80 % or 

more, the energy delivered to the acrylic is so high that the laser cuts through the 

entire thickness of the acrylic plate (micro-structures highlighted in red in Figure 

4.3). Consequently, the respective micro-structures seem to reach a height plateau, 

given that the depth of the cavities from which they were peeled off is limited by the 

thickness of the plate.  

Regarding the micro-structures peeled off from cavities engraved at a laser 

speed of 60 % or more, and a laser power equal or greater than 80 %, the height trend 

seems to be interrupted (micro-structures highlighted in yellow in Figure 4.3). This 

observation resulted from a disturbance of the equipment during the engraving 

process. Given that a high number of laser power and speed conditions were tested 

(100), it was not possible to engrave all combinations in a row. Precisely before 

engraving the cavities with the mentioned conditions, it was necessary to perform a 
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quick cleaning of the equipment due to accumulation of acrylic degradation 

residues, which affected the engraving process and respective results trends.   
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Figure 4.3. PDMS micro-structures peeled off from acrylic engraved with different laser power and speed. The 

micro-structures highlighted in red were peeled off from cavities where the laser thoroughly cut the acrylic plate. 

The micro-structures highlighted in yellow do not follow the trend for their respective laser parameters, as 
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explained in the text. Note that all images were acquired with the same magnification, so that features 

differences are not due to variable zoom in each image.  

The features of the micro-structures shown in Figure 4.3 were measured, 

namely height, diameter, and aspect ratio (the ratio between the height and the 

diameter), as presented in Figure 4.4. While the height measurements confirm the 

previous observations, the diameter measurements highlight that an increase in 

laser power or a decrease in laser speed induces the formation of wider cavities, thus 

translating into micro-structures with a larger diameter. This was also expectable 

since a greater amount of energy not only engraves in depth but also in width.  

For e-skin applications, where thin yet functional sensors are sought, the aspect 

ratio of the micro-structures must be carefully kept within a workable range, so that 

the height of the micro-structures is neither excessively high (to avoid increasing the 

thickness of the sensor) nor excessively low (which would impair the 

compressibility of the structures). Therefore, laser parameters that result in aspect 

ratios within 1 and 2 [ and  in Figure 4.4 (c)] were targeted.  

To avoid an excessive laboratorial burden in testing all the laser conditions that 

give rise to micro-structures with workable aspect ratios, only one set of parameters 

was chosen for further tests: laser power of 50 % and laser speed of 60 %. These 

conditions result in micro-structures with a height of (321  7) µm, a diameter of 

(365  11) µm, and an aspect ratio of 1.14  0.04.  
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Figure 4.4. Features of PDMS micro-structures peeled off from acrylic engraved with different laser power and 

speed. (a) Height, (b) diameter, and (c) aspect ratio of the micro-structures. Note that the values presented 

correspond to average values of a minimum of 4 measurements.   
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4.3.2 Acrylic Moulds and Respective Micro-structured PDMS Films 

Morphological Characterization 

The acrylic moulds engraved with a laser power of 50 %, a laser speed of 60 %, 

and a pattern based on crosses with different spacings (150 µm, 300 µm, and 

1000 µm) and alignments (aligned and a misaligned patterns) are shown in Figure 

4.5. The acrylic moulds present a good homogeneity, although the moulds with 

lower cavity spacing (especially 150 µm) present slightly more imperfections. Such 

may be attributed to the way the laser machine engraves a pattern, which is region 

by region instead of line by line or column by column. When the laser beam moves 

from one region to another, it travels a greater distance than it would if it moved 

only to the next line or column. Therefore, the laser beam is more prone to produce 

slight positioning mistakes which give rise to localized imperfections. This effect is 

more common for denser patterns, where the engraving machine has more cavities 

to produce. 

 

Figure 4.5. Acrylic moulds produced by the laser engraving machine. (a) – (c) Moulds with aligned cavities. 

(d) – (f) Moulds with misaligned cavities. Cavities have a spacing of 150 µm for moulds (a) and (d), 300 µm 

for moulds (b) and (e), and 1000 µm for moulds (c) and (f). 

(a) (b) (c)

(d) (e) (f)
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A deeper morphological characterization of the acrylic moulds produced in 

this work (beyond a simple photograph) posed a series of obstacles. In order to be 

observed by SEM to estimate the depth of the engraved cavities, it was necessary to 

transversally cut the acrylic moulds. However, to cut them though the laser 

engraving equipment would interfere with the cavities pattern due to exposure to 

the laser energy during the cutting. Therefore, this operation was immediately 

discarded. To cut them with a cutting blade was impossible as well due to the 

hardness of acrylic. The last attempt that was performed to achieve a transversal cut 

of the mould was based on freezing the acrylic moulds with liquid nitrogen, to make 

them more brittle, and then impacting the moulds with a screwdriver and a hammer. 

Although it was possible to fragment the moulds and observe them at SEM, as 

shown in Figure 4.6, it was very complicated to precisely control the incision 

location, which did not guarantee that the cut was crossing at the exact centre of 

each cavity. Therefore, the measurements of depth and diameter of the cavities could 

not be considered for the characterization of the moulds, due to possible mismatch 

between the measurements and the actual dimensions. 

 

Figure 4.6. SEM images of an acrylic mould, engraved with aligned crosses with a spacing of 150 µm, after 

being frozen with liquid nitrogen and cut. (a) Transversal view. (b) Close-up of (a).  

Without a transversal cut, the acrylic moulds could yet be observed at SEM 

through a top view perspective for the estimation of the diameter of the cavities and 

their spacing, as shown in Figure 4.7. From these images it was possible to estimate 

(a) (b)



E-skin Piezoresistive Sensors Micro-structured through Laser Engraved Acrylic 

Moulds 

- 161 -  

the average diameter of the cavities for each mould, as presented in Table 4.1, as well 

as the average spacing (both in horizontal and vertical direction), as displayed in 

Table 4.2. In general, an increase in the spacing of the crosses induced the formation 

of cavities with larger diameters. Furthermore, misaligned crosses often induced the 

formation of larger cavities than aligned crosses. It is worth noting that the cavities 

are larger than the designed size of the crosses for all cases, possibly as a result of 

acrylic melting and laser engraving parameters. Regarding the spacing, it is clear 

that the horizontal spacing is smaller than the vertical spacing, probably due to a 

better laser engraving resolution in the vertical direction. For both directions, the 

spacing between cavities is smaller than the spacing designed between crosses, as a 

consequence of the cavities being larger than what was designed. Particularly for a 

crosses’ spacing of 150 µm, the laser engraving parameters did not allow a clear 

separation of the engraved cavities, which induced their lateral overlapping and a 

consequent null horizontal spacing. 

 

Figure 4.7. SEM images of the acrylic moulds. (a), (c), (e), (g), (i), and (k) Generalized view of the moulds. (b), 

(d), (f), (h), (j), and (l) Close-up view of the moulds. The cavities are either (a), (b), (e), (f), (i), and (j) aligned, 

or (c), (d), (g), (h), (k), and (l) misaligned. The cavities have a spacing of (a) – (d) 150 µm, (e) – (h) 300 µm, or 

(i) – (l) 1000 µm. 

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)
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Table 4.1. Average cavity diameter for each acrylic mould design. Note that the values presented correspond to 

average values ± standard deviations of a minimum of 10 measurements. 

Measured Diameter (µm) 
Designed Spacing of the Crosses (µm) 

150 300 1000 

Alignment of 

the crosses 

Aligned 236 ± 14 309 ± 39 356 ± 7 

Misaligned 243 ± 14 341 ± 12 261 ± 19 

 

Table 4.2. Average cavity spacing (both horizontal and vertical) for each acrylic mould design. Note that the 

values presented correspond to average values ± standard deviations of a minimum of 8 measurements. 

Measured Spacing (µm) 
Designed Spacing of the Crosses (µm) 

150 300 1000 

Alignment 

of the 

crosses 

Aligned 
Horizontal 0 62 ± 48 676 ± 31 

Vertical 33 ± 7 115 ± 13 800 ± 35 

Misaligned 
Horizontal 0 50 ± 8 765 ± 30 

Vertical 35 ± 9 117 ± 25 792 ± 31 

A digital microscope capable of acquiring 3D images was briefly studied as a 

possible alternative to SEM images for the morphological characterization of the 

moulds. The 3D images of each mould were reconstructed through the assembly of 

252 to 255 frames taken in the vertical direction, spaced by approximately 3 µm to 

4 µm. The top images of the moulds, a 3D image, and one height profile (represented 

as a white dashed line in the top image) are shown in Figure 4.8 for all moulds. As 

it is clearly observable in the height profiles of each mould, the surface of each mould 

is not always located at a constant height (or z position), due to hardware and/or 

software limitations, which hampers the determination of cavity features through 

this approach. Furthermore, the spacing estimation through these images could be 
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far from the real values since it is clearly visible a spacing between cavities for a 

designed spacing of 300 µm [Figure 4.8 (g) and (j)], even though the respective 

height profiles do not reflect that spacing [Figure 4.8 (i) and (l), respectively]. 
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Figure 4.8. 3D reconstructed images of the acrylic moulds. (a), (d), (g), (j), (m), and (p) Top images of the 

moulds. (b), (e), (h), (k), (n), and (q) 3D perspective images of the moulds. (c), (f), (i), (l), (o), and (r) Height 
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profile of the cavities. The cavities are either (a) – (c), (g) – (i), (m) – (o) aligned, or (d) – (f), (j) – (l), (p) – (r) 

misaligned. The cavities have a spacing of (a) – (f) 150 µm, (g) – (l) 300 µm, or (m) – (r) 1000 µm. Note that 

the white dashed line represents the location for the respective height profile presented. 

Given the previous results, the most reliable strategy to characterize the 

moulds seemed to be the characterization of the PDMS films that are peeled off from 

them, which consists of an indirect but simpler and more accessible observation. 

Figure 4.9 (a) to (f) show a general view of those micro-structured PDMS films. 

Cones are quite homogeneous for all patterns, and the few defects result from the 

patterning process of the respective acrylic mould or an inefficient peel off, which 

broke the tips of some cones. In Figure 4.9 (a) to (c), cones are perfectly aligned 

throughout all lines, while in Figure 4.9 (d) to (f), cones are misaligned (cones of a 

certain line are horizontally placed in the middle of cones from the previous line). 

Cones resulting from the pattern with a spacing of 150 µm, Figure 4.9 (g) and 

(j), both aligned and misaligned, are slightly fused with adjacent cones, which may 

be due to insufficient spacing regarding the laser beam resolution (127 µm), for the 

laser power and speed employed in the engraving process, as also explained and 

observed for the moulds. The proximity of the crosses in the design may induce the 

laser beam to degrade more acrylic in the same spot. Additionally, given the high 

density of cavities of this pattern, the acrylic may undergo overheating and thus 

degrade more than expected, which may further contribute to the overlap of cavities 

and also to their deepening. When observing SEM images of patterns with a spacing 

of 300 µm, Figure 4.9 (h) and (k), or a spacing of 1000 µm, Figure 4.9 (i) and (l), it is 

clear that the cones are perfectly individualized. On aligned patterns, all cones lines 

are aligned behind the frontline, as in the case of Figure 4.9 (g) to (i), while in 

misaligned patterns, the second line of cones shows up in the middle of cones from 

the frontline, as highlighted in Figure 4.9 (j) to (l), as expected. 
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Figure 4.9. SEM imagens of PDMS films with micro-cones. Images (a) – (f) are overall views of (a) – (c) aligned 

and (d) – (f) misaligned patterns. Images (g) – (l) are close ups of cones of PDMS films with (g) – (i) aligned 

or (j) – (l) misaligned patterns. Patterns shown on images (a), (d), (g), and (j) have a cones spacing of 150 µm; 

patterns shown on images (b), (e), (h), and (k) have a cones spacing of 300 µm; patterns shown on images (c), 

(f), (i), and (l) have a cones spacing of 1000 µm. 

Table 4.3 summarizes cones features of the PDMS films shown in Figure 4.9, 

presenting average values ± standard deviation of height and diameter, measured 
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in the horizontal direction of the engraving. Cones’ height is measured from their 

tip to their base. The base of each cone is considered to be the top surface of the 

PDMS film, at which each cone is individualized from its neighbour. Cones’ 

diameter corresponds to the base width of each cone. 

When checking aligned patterns, cones have an average height that increases 

with the spacing. As previously explained, cavities overlapping and acrylic 

overheating during laser patterning for the lowest spacing probably contributed to 

the creation of fused cones. The mentioned effects create cavities that are deeper than 

expected, which would give rise to cones with a greater height. Nevertheless, due to 

their overlapping with bordering cones, their base is located at a higher level than 

the top surface of the PDMS film, which consequently reduces their measured 

height. With an increased spacing, the cones become well individualized since there 

is no cavity overlapping during the engraving process. Overheating effects are also 

probably less influent as the spacing increases, given the lower number of cavities 

to engrave. This fact should conduct to less material degrading in a radial direction, 

which allows the laser beam to have a greater engraving in depth. This phenomenon 

thus explains why cones’ height increases with their spacing. The same tendency is 

present in the misaligned patterns.  

Similarly to the effects pointed out for the cones’ height, cones overlapping for 

the lowest spacing not only decreases their diameter per se but also raises their base 

level, which further contributes to a small diameter. For the remaining spacing 

values, cones have a larger diameter, owing to their full individualization. An 

increasing spacing does not seem to greatly impact the diameter of cones, possibly 

because the average spacing is already enough to minimize the overheating effect. 

Therefore, a further increase of the spacing is not likely to contribute to a further 

reduction of the acrylic overheating, and so the radial degrading of acrylic remains 

similar for both designs, leading to similar cones’ diameters. This diameter tendency 

is also present for the misaligned patterns. In all patterns, the diameter is always 

higher than the one designed in Illustrator®, which was 100 µm. The average 

diameters are even larger than 127 μm (the beam’s focal spot), possibly due to the 
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behavior of acrylic during laser engraving with the laser parameters that were 

defined, which degrades with the laser beam energy and thus prevents the 

patterning of features in the resolution limit of the laser beam. As shown in section 

4.3.1, cones with smaller diameters could be obtained, keeping the engraved pattern 

with a size of 100 µm yet tuning the laser power and/or speed, although such 

parameters change would forcibly impact the cones’ height as well. It is also worth 

noting that the values measured for the diameters of the cones have a good 

agreement with the values presented for the diameter of the cavities in the moulds.  

Table 4.3. Cones features (height and diameter measured on the horizontal direction of the engraving process) 

for each spacing and alignment tested. Note that the values presented correspond to average values ± standard 

deviation of a minimum of 16 measurements. 

Designed Spacing of the 

Crosses 

Measured Height 

(µm) 

Measured Diameter 

(µm) 

150 µm 
Aligned 358 ± 22 221 ± 18 

Misaligned 299 ± 66 230 ± 32 

300 µm 
Aligned 376 ± 41 303 ± 35 

Misaligned 409 ± 13 331 ± 30 

1000 µm 
Aligned 552 ± 15 367 ± 14 

Misaligned 450 ± 9 279 ± 15 

The aspect ratio was calculated for a better understanding of the relation 

between those features, as shown in Figure 4.10 (a). A general increase with spacing 

is observable, from 1.25 (300 µm) to 1.5 – 1.6 (1000 µm), due to the increase of the 

cones’ height. The lowest spacing does not agree with this tendency. Misaligned 

cones spaced by 150 µm show a ratio close to that of the medium spacing (1.25) due 

to their smaller diameter, resultant from the partial overlapping of cones. Aligned 

cones with the lowest spacing have a higher ratio, almost 1.6, due to their higher 

average height. 
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When determining the ratio between diameter measurements performed in the 

horizontal and vertical directions of the engraving process, the values are greater 

than the unity for all designs since the laser engraving machine has a worse 

resolution in the horizontal direction, as it is visible in Figure 4.10 (b).  

 

Figure 4.10. Cone features for each spacing and alignment tested. (a) Aspect ratio (considering the diameter 

measured in the horizontal direction). (b) Ratio between horizontal and vertical measurements of the diameter. 

The line y = 1 is represented to highlight the case in which the diameter shows the same value when measured 

in both directions. Note that the values represented correspond to average values ± standard deviation of a 

minimum of 8 measurements. 

Additionally, the cones’ spacing that was measured was compared to the 

designed one, as shown in Figure 4.11. The measured cones’ spacing is always 

inferior to the designed spacing due to two main reasons. Firstly, the patterns tested 

had a cross size of 100 µm to give rise to cavities with a diameter of 100 µm, which 

could not be achieved, as already mentioned and explained. This mismatch between 

the cross size and the final measured diameter of the cone conduced to smaller 

spacings than the ones designed a priori. Secondly, the diameters either measured 

on the horizontal or vertical directions are considerably larger than the referred focal 

spot, as a result of the material used to produce the moulds, overheating effects, and 

laser power and speed parameters employed in the engraving of the moulds, which 

led to a greater radial degradation than expected. Therefore, with greater diameters, 
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there is a decrease in the measured spacing. However, the difference between the 

spacing measured in the vertical direction or horizontal direction is worthy of notice. 

In fact, for all patterns tested, the vertical spacing is always slightly higher than the 

horizontal spacing, which is in accordance with data shown in Figure 4.10 (b). If 

cones diameter is smaller in the vertical direction than the cones spacing in this 

direction will be consequently larger. It should be highlighted the good agreement 

between the spacing measured between cones and the spacing measured between 

cavities in the moulds, as previously presented.  

 

Figure 4.11. Measured spacing versus the spacing designed in Illustrator®. The line y = x is represented to 

highlight the case in which the measured spacing is equal to the designed spacing. Note that the values 

represented correspond to average values ± standard deviation of a minimum of 8 measurements. 

 

4.3.3 Characterization of the Sensor’s Active Layer 

Given that laser engraving is a technique that does not require clean room 

facilities to be performed, it became relevant to avoid any clean room dependent 

techniques in the remaining steps of the e-skin sensor fabrication, so that the entire 

fabrication could be done with simple and low-cost techniques. Therefore, instead 

of exploring conventional approaches to deposit a conductive film over the PDMS 
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spin-coating was chosen to coat the films with a water-based low-cost carbon 

coating. Due to the well-known hydrophobicity of PDMS films and considering that 

the carbon coating possessed water as solvent, an intermediary layer of PMMA was 

studied to evaluate its capability of increasing the adhesion of carbon coating to the 

PDMS films, which would be crucial for the performance stability of the sensor. In a 

first approach, unstructured PDMS films (coated over glass and posteriorly peeled 

off) were spin-coated with carbon coating, either directly or after the deposition of a 

PMMA layer (also by spin-coating), and the sheet resistance of the carbon coating 

was evaluated, as presented in Figure 4.12 (a). With the PMMA film as an adhesion 

layer between the carbon coating and the PDMS film, the sheet resistance decreases 

from 1.58 kΩ/□ to 1.28 kΩ/□. Furthermore, the variability of sheet resistance 

(standard deviation) also decreases from 0.33 kΩ/□ to 0.13 kΩ/□, which seems to 

point towards a relevant role of PMMA layer in the stabilization of the carbon 

coating. Therefore, PMMA was adopted as an adhesion layer for carbon coating in 

the following tests.  

When the carbon coating is diluted in water, as shown in Figure 4.12 (b), its 

sheet resistance decreases, reaching values of (6.4 ± 0.8) kΩ/□ or (1.3 ± 0.1) kΩ/□ for 

67 wt% and 100 wt% of carbon coating, respectively. The pure carbon coating 

(100 wt%) not only has a low sheet resistance as it also shows good reproducibility 

results, given its small standard deviation. 



E-skin Piezoresistive Sensors Micro-structured through Laser Engraved Acrylic 

Moulds 

- 172 -  

 

Figure 4.12. Carbon coating study on unstructured PDMS films. (a) Impact of the presence of PMMA in the 

sheet resistance of one layer of carbon coating. (b) Sheet resistance of one layer of carbon coating with several 

dilutions in water (over PDMS coated with PMMA). (c) Sheet resistance of 67 wt% and 100 wt% carbon 

coating with 1 to 5 layers of coating (over PDMS coated with PMMA). (d) Thickness of 67 wt% and 100 wt% 

carbon coating with 1 to 5 layers of coating (over PDMS coated with PMMA). Note that the values represented 

correspond to average values ± average absolute deviation of a total of 3 samples. 
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layers due to the heterogeneity of deposited carbon coating. The thickness of this 

layer also increases with the number of coatings, as shown in Figure 4.12 (d), 

however the deviation error is reduced as well. The dilution does not seem to greatly 

influence the thickness of the layers. 

A 100 wt% carbon coating dilution was chosen to produce the active layer of 

the piezoresistive sensors with only one coating layer, due to its sheet resistance 

value (1.3 ± 0.1) kΩ/□ and low thickness (3.2 ± 0.1) µm including the PMMA layer, 

allowing the production of flexible yet functional sensors.  

 

4.3.4 Characterization of the Piezoresistive E-skin Sensor 

4.3.4.1 Morphology 

A photograph of one piezoresistive sensor is presented in Figure 4.13 (and 

illustrated in Figure 4.2). All sensors show great flexibility, which allows them to be 

bent and twisted without losing their integrity and functionality. The inset 

highlights the PDMS micro-cones, where it is evident that in the absence of a 

compressive pressure, the micro-cones of the bottom film slightly touch the micro-

cones of the top film, thus defining the initial nominal resistance of the sensor. 

 

Figure 4.13. Photograph of one piezoresistive device under bending, with the inset highlighting the PDMS 

micro-cones.  

1 cm

1 mm
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4.3.4.2 I-V Curves and Nominal Resistance 

To evaluate the behavior of the sensors and determine their nominal resistance, 

the I-V curves of all sensors produced in this work were obtained, namely sensors 

composed of unstructured PDMS films, PDMS films with aligned or misaligned 

micro-cones spaced by 150 µm, and PDMS films with aligned or misaligned micro-

cones spaced by 300 µm. With a spacing of 1000 µm between cones, the micro-

structures pattern becomes very sparse and some reports have shown that, for 

piezoresistive sensors, denser patterns increase the sensitivity of the sensor due to 

the existence of a larger number of contact spots, which may lead to greater contact 

resistance changes upon pressure [9,23]. Consequently, no sensors were fabricated 

with the micro-cones PDMS films spaced by 1000 µm. 

Figure 4.14 (a) – (e) display the I-V curves of the developed sensors, where a 

clear ohmic behaviour is observed for all the designs tested. Furthermore, the output 

current increases for the same applied voltage with increasing compressive 

pressure, from 0 Pa to 1625 Pa, as a result of the resistance drop. Comparatively to 

the micro-structured sensors, the unstructured sensor shows a poor capability to 

distinguish the applied pressure, given that the I-V curve does not present great 

changes with this stimulus. As highlighted in Figure 4.14 (f), unstructured sensors 

present the lowest nominal resistance, (3.3 ± 1.9) kΩ. The nominal resistance seems 

to increase with a decrease in cones spacing, and is slightly higher for misaligned 

designs, possibly as a result of a less effective interlocking effect in the absence of 

pressure, which decreases the contact area between top and bottom micro-cones, 

thus increasing the initial resistance of the sensor. 
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Figure 4.14. I-V curves for all sensor designs tested in this work, under a pressure of 0 Pa, 219 Pa, 410 Pa, 

828 Pa, and 1625 Pa. (a) I-V curve for a sensor with aligned cones spaced by 150 µm. (b) I-V curve for a sensor 

-1.0 -0.5 0.0 0.5 1.0
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

C
u

rr
e

n
t 

(m
A

)

Voltage (V)

Pressure Applied

 0 Pa

 219 Pa

 410 Pa

 828 Pa

 1625 Pa

-1.0 -0.5 0.0 0.5 1.0
-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

C
u

rr
e

n
t 

(m
A

)

Voltage (V)

Pressure Applied

 0 Pa

 219 Pa

 410 Pa

 828 Pa

 1625 Pa

-1.0 -0.5 0.0 0.5 1.0
-0.4

-0.2

0.0

0.2

0.4

C
u

rr
e

n
t 

(m
A

)

Voltage (V)

Pressure Applied

 0 Pa

 219 Pa

 410 Pa

 828 Pa

 1625 Pa

-1.0 -0.5 0.0 0.5 1.0
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

C
u

rr
e

n
t 

(m
A

)

Voltage (V)

Pressure Applied

 0 Pa

 219 Pa

 410 Pa

 828 Pa

 1625 Pa

-1.0 -0.5 0.0 0.5 1.0
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

C
u

rr
e

n
t 

(m
A

)

Voltage (V)

Pressure Applied

 0 Pa

 219 Pa

 410 Pa

 828 Pa

 1625 Pa

150 300 Unstructured
0

2

4

6

8

10

12

14

16

Aligned Cones

Misaligned Cones

Unstructured Films

N
o

m
in

a
l 

R
e

s
is

ta
n

c
e

 (
k


)

Cones Spacing (mm)

(a) (b)

(c) (d)

(e) (f)



E-skin Piezoresistive Sensors Micro-structured through Laser Engraved Acrylic 

Moulds 

- 176 -  

with misaligned cones spaced by 150 µm. (c) I-V curve for a sensor with aligned cones spaced by 300 µm. (d) 

I-V curve for a sensor with misaligned cones spaced by 300 µm. (e) I-V curve for an unstructured sensor. (f) 

Nominal resistance for each sensors design, calculated from the I-V curves. Note that the values represented 

correspond to average values ± standard deviation of a minimum of 3 devices. 

 

4.3.4.3 Relative Resistance Change and Sensitivity 

Sensitivity is one of the most relevant figures of merit of a pressure sensor, as 

described in section 2.2.1. To estimate the sensitivity associated to each sensor’s 

design, the relative resistance change was monitored for different pressures until a 

maximum of approximately 9 kPa. Nonetheless, it is important to bear in mind that 

each sensor is handmade. Therefore, not all sensors with the same design will have 

the exact same performance, given that, for example, the nominal resistance will 

have slight differences, which impacts the sensitivity of each sensor. To minimize 

this issue and attempt to identify a performance trend within each design, several 

sensors with the same design were produced, between 3 to 5, and each replica was 

evaluated. Figure 4.15 illustrates curves for relative resistance change of all replicas 

of each design. For all the micro-structured sensors, it is clear that all curves have a 

similar behaviour, despite reaching varied levels of relative resistance changes for 

higher pressures. Only unstructured devices present a greater curve variability, 

possibly as a result of the absence of micro-structures and consequently a more 

unstable output, as other groups have also reported [6,13]. 
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Figure 4.15. Relative resistance change for all replicas of each design tested in this work, under a pressure from 

0 Pa to approximately 9 kPa. Each curve corresponds to one of the replicas. (a) Design based on aligned cones 

spaced by 150 µm. (b) Design based on misaligned cones spaced by 150 µm. (c) Design based on aligned cones 
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spaced by 300 µm. (d) Design based on misaligned cones spaced by 300 µm. (e) Design based on unstructured 

films. Acronyms: A – Aligned, M – Misaligned; S – Spacing. 

To evaluate the hysteresis of the sensors when increasing or decreasing the 

loading pressure, one sensor of each design was subjected to 3 cycles of successive 

increasing and decreasing pressure, from 0 Pa to almost 9 kPa, and the results are 

displayed in Figure 4.16. Generally, the curves that correspond to a pressure 

decrease are more similar amongst them than the curves for increasing pressure. 

This is probably related to the way the weights were placed or removed from the 

support piece (shown in section 3.4.1.1). In fact, it was simpler to remove a weight 

without significantly disturbing the system, than to add a weight. Furthermore, 

given that the contact area of the support piece (1.5 cm  1.5 cm) was smaller than 

the active area of the sensor (2 cm  2 cm), any slight displacement of the support 

piece, which was more prone to happen during the adding of weights for pressure 

increase, could interfere with the contact resistance of the sensor, thus inducing 

changes that were not related to pressure change. Once more the unstructured 

sensors present more variable curves, either for increasing or decreasing pressure. 
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Figure 4.16. Relative resistance change for one sensor of each design under 3 cycles of increasing (up) or 

decreasing (down) pressure to access the hysteresis of the curve. (a) Design based on aligned cones spaced by 

150 µm. (b) Design based on misaligned cones spaced by 150 µm. (c) Design based on aligned cones spaced by 
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300 µm. (d) Design based on misaligned cones spaced by 300 µm. (e) Design based on unstructured films. 

Acronyms: A – Aligned, M – Misaligned; S – Spacing. 

The three curves for increasing pressure and for decreasing pressure were 

averaged, as shown in Figure 4.17. As expected, the standard deviation for the 

averaged curve of decreasing pressure is lower than that for increasing curve, or for 

the curve that averaged all the increasing and decreasing curves. In these figures, it 

becomes clearer that in fact there is hysteresis between loading increasing or 

decreasing pressures, especially for higher pressures (above 1 kPa). Furthermore, 

and apart from the unstructured sensors, the curve for decreasing pressure 

corresponds to greater relative resistance changes than the curve for increasing 

pressure. 
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Figure 4.17. Average values of relative resistance change for the sensor chosen for hysteresis studies 

(respectively, Figure 4.16), either for increasing pressures only (increasing), decreasing pressures only 

(decreasing), or all cycles of pressure change (general). (a) Design based on aligned cones spaced by 150 µm. 
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(b) Design based on misaligned cones spaced by 150 µm. (c) Design based on aligned cones spaced by 300 µm. 

(d) Design based on misaligned cones spaced by 300 µm. (e) Design based on unstructured films. Acronyms: 

A – Aligned, M – Misaligned; S – Spacing. 

Knowing the behaviour of all sensors replicas for each design, one replica was 

chosen to better represent the trend for the respective design, and so the relative 

resistance changes for the representative of each design are presented in Figure 4.18 

(a) and (b). The output was employed in the determination of the sensitivity, as 

explained in section 3.4.1.2.  

For an unstructured sensor, the relative resistance change presents three slopes 

in the full range of tested pressures. Below 160 Pa, their low sensitivity is due to the 

presence of a thin air gap between top and bottom films. This air gap diminishes 

upon compression, thus slightly increasing the contact area between both films, and 

leading to a reduction of the sensor’s resistance. Once this air gap is eliminated, the 

sensitivity decreases, with the reduced output of the sensor being related to the 

compression of the carbon coating on top of PDMS and a consequent slight increase 

of contact area. This phenomenon was already reported for unstructured films of 

PDMS coated with graphene [3]. For even higher pressures, above 1.2 kPa, the 

output of these sensors reaches saturation, which further reduces their sensitivity in 

this regime. 

Micro-structured sensors also show three distinct pressure ranges 

characterized by different sensitivities. These pressure ranges may be defined as 

low-pressure regime, from 0 Pa to 160 Pa (for misaligned designs and unstructured 

sensors), 260 Pa (for an aligned design with a spacing of 150 µm), or 420 Pa (for an 

aligned design with a spacing of 300 µm), medium pressure regime, until 1.2 kPa 

(for misaligned designs) or 2.1 kPa (for aligned designs and unstructured sensors), 

and high-pressure regime, until 9.0 kPa. In the low-pressure regime, the sensitivity 

of micro-structured sensors is at least three times higher than that of unstructured 

sensors, which highlights the importance of the micro-structuring for a sensitivity 

enhancement [7,13,24]. In the case of these sensors, the existence of three different 

sensitivities may be explained by the geometry of the sensors, as illustrated in Figure 
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4.18 (c). The resistance will depend on the contact area between the top and bottom 

micro-structured films. In the low-pressure regime (from a pressure of 0 Pa to P1), a 

small increment in pressure induces the slipping of cones between them and a 

consequent significant increase in contact area, as shown in Figure 4.18 (c) (low-

pressure regime), which in turn reduces the overall sensor resistance. This regime 

(characterized by a sensitivity of S1) ends when the tips of the cones touch the 

surface of the opposite micro-structured film, at pressure P1, then starting the 

medium pressure regime. In this regime, instead of slipping, cones start to be 

compressed and gain a truncated form, which slightly contributes to increase the 

contact area between cones’ tips and the surface of opposite films, as shown in 

Figure 4.18 (c) (medium pressure regime). Nevertheless, this phenomenon does not 

contribute as much as the previous one to the reduction of sensor resistance, and so 

the sensitivity in this regime, S2, is smaller than S1. When a pressure P2 is reached, 

cones are at their maximum compression, and so the sensor’s output saturates. For 

pressures higher than P2 (high pressure regime), the increase in applied pressure 

only contributes to a very small increment of contact area which translates to an 

almost negligible decrease of resistance, with a sensitivity of S3, smaller than S2. This 

sensitivity change caused by the saturation of micro-structures deformation is in 

accordance with the results achieved by other research groups [3,10]. 

Cone alignment seems to have some impact in the sensitivity of sensors. In fact, 

sensors with a misaligned design generally show greater sensitivities than sensors 

with aligned cones, as one may see in Figure 4.18 (b), especially for the low-pressure 

regime. In misaligned designs, each cone has more neighbour cones than in aligned 

designs, approximately three versus two, as illustrated in Figure 4.18 (d). Therefore, 

upon the slipping phenomenon, misaligned designs suffer a greater increase in 

contact area since each cone may slip over more neighbour cones, thus improving 

their sensitivity in the low-pressure regime.  
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Figure 4.18. Relative resistance change for one device that represents the general trend of each sensors design. 

(a) Output under a pressure from 0 Pa to approximately 9 kPa. (b) Inset of (a) showing the relative resistance 

change from 0 Pa to 500 Pa. In (a) and (b), the symbols correspond to the following designs: ⬟ unstructured 

films, ▲ aligned cones with spacing of 150 µm, ◼ aligned cones with spacing of 300 µm, ⚫ misaligned cones 

with spacing of 150 µm,  misaligned cones with spacing of 300 µm. (c) Mechanism of resistance change of 

micro-structured sensors. (d) Alignment of top and bottom films for an aligned (left) and misaligned (right) 

design. 
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The sensitivities for all sensors produced for all designs are shown in Table 4.4. 

For each design, the sensitivities of all replicas were averaged. Furthermore, the 

pressure range for which the averaged sensitivity is valid was defined as follows: 

• Lower limit – corresponds to the maximum value of the lower limits of 

pressure ranges of each replica; 

• Upper limit – corresponds to the minimum value of the upper limits of 

pressure ranges of each replica. 

 

Through this definition of pressure range, it is guaranteed that the average 

sensitivity is valid for each replica within each design.  

The data presented in Table 4.4 corroborates what is seen in Figure 4.18 (a) and 

(b), showing that the piezoresistive sensor design with misaligned micro-cones 

spaced by 150 µm presents the highest sensitivity in the low pressure regime. This 

value is – 2.5 kPa-1 (below 159 Pa) for the replica sensor that represents the general 

tendency, while the averaged sensitivity for the design is (– 2.4 ± 0.6) kPa-1 (below 

119 Pa). This design also possessed the sensor with the highest sensitivity from all 

the sensors produced, – 3.2 kPa-1 (< 119 Pa), which reinforces this design as the one 

with the best performance. It is thought that by having a smaller spacing between 

cones, the cones pattern is denser, which means there is a greater contact resistance 

change upon pressure, given the existence of a larger number of contacts to be 

changed. This phenomenon is also supported by other reports from the literature 

[9,23]. 

The sensitivity reduces around one order of magnitude in the medium-

pressure regime and two orders of magnitude in the high-pressure regime, relatively 

to the low-pressure regime. This design also has a sensitivity that is one order of 

magnitude higher than that of unstructured sensors, for any pressure regime 

considered in this work, highlighting the importance of micro-structuring for a 

sensitivity increase.  
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For sensors with a PDMS or P(VDF-TrFE) film micro-structured with pyramids 

by photolithography, sensitivities of 0.2 kPa-1 to 1.016 kPa-1 [21,24–27], 4.88 kPa-1 

(below 5.9 kPa, by Jong-Jin Park et al. [8]), – 5.53 kPa-1 (below 100 Pa, by Xiaodong 

Chen et al. [3]), 8.2 kPa-1 (below 8 kPa, by Zhenan Bao et al. [20]), and – 9.95 kPa-1 

(below 100 Pa, by Bin Yu et al. [10]) have been reported, with the sensing mechanism 

varying from piezoresistivity to capacitance and triboelectricity. The PDMS micro-

structuring into micro-domes performed by Kilwon Cho et al. and Hyunhyub Ko et 

al. also gave rise to interesting sensitivity values, respectively 8.5 kPa-1 (below 

12 kPa) [4] and – 15.1 kPa-1 (below 500 Pa) [7]. Piezoresistive sensors with PDMS 

pillars showed sensitivities of – 1.8 kPa-1 (below 350 Pa, by Xiaodong Chen et al. 

[12]), 2.0 kPa-1 (below 220 Pa, by Xiaodong Chen et al. [14]), – 6.8 kPa-1 (below 300 Pa, 

by Hyunhyub Ko et al. [13]), and – 22.8 kPa-1 (below 50 Pa, by Hyunhyub Ko et al. 

[9]). Comparing the reported values of sensitivity with the ones obtained in this 

work for sensors with the optimized design, it becomes clear that micro-structuring 

sensors through laser engraving, a low-cost technique with lower precision than 

photolithography techniques, does not impair the overall sensor performance. 

Instead, the design’s tailoring that is possible with laser engraved moulds allows for 

an optimization of the sensors’ sensitivity in a fast and easy way (in this case, simply 

changing the cones alignment and/or spacing), thus reaching sensitivities that are as 

good as, or even better, than those achieved through photolithography or even 

unconventional techniques, for which distinct sensitivities of 1.194 kPa-1, 1.8 kPa-1, 

50.17 kPa-1, and 64.3 kPa-1 have been achieved using lotus leaves, silk, mimosa 

leaves, and sandpaper to micro-structure the sensors, respectively [16–19].  
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Table 4.4. Sensitivity of all sensors for each design, and respective average. 

Design Spacing (µm) 

Sensitivity (kPa-1) / 

Pressure Range 

(Low Regime) 

Sensitivity (kPa-1) / 

Pressure Range 

(Medium Regime) 

Sensitivity (kPa-1) / 

Pressure Range 

(High Regime) 

Aligned Cones 

150 

(1)  – 0.9 (< 258 Pa) – 9.5 × 10-2 (339 Pa – 1.6 kPa) – 9.2 × 10-3 (2.1 kPa – 9 kPa) 

(2) – 1.0 (< 258 Pa) – 1.2 × 10-1 (339 Pa – 2.1 kPa) – 5.1 × 10-3 (2.9 kPa – 9 kPa) 

(3) – 1.0 (< 339 Pa) – 1.5 × 10-1 (416 Pa – 1.2 kPa) – 2.3 × 10-2 (1.6 kPa – 9 kPa) 

(4) – 1.0 (< 119 Pa) – 4.4 × 10-2 (159 Pa – 2.1 kPa) – 3.1 × 10-3 (2.9 kPa – 9 kPa) 

Average 
– 1.0 ± 0.01 

(< 119 Pa) 

(– 1.0 ± 0.4) × 10-1  

(416 Pa – 1.2 kPa) 

(– 1.0 ± 1) × 10-2  

(2.9 kPa – 9 kPa) 

300 

(1) – 1.1 (< 416 Pa) – 5.6 × 10-2 (608 Pa – 2.1 kPa) – 1.0 × 10-2 (2.9 kPa – 9 kPa) 

(2) – 1.6 (< 258 Pa) – 1.7 × 10-1 (339 Pa – 1.2 kPa) – 8.5 × 10-3 (1.6 kPa – 9 kPa) 

(3) – 0.7 (< 339 Pa) – 4.7 × 10-2 (416 Pa – 2.1 kPa) – 4.4 × 10-3 (2.9 kPa – 9 kPa) 

(4) – 0.7 (< 119 Pa) – 7.8 × 10-2 (159 Pa – 812 Pa) – 5.0 × 10-3 (1.2 kPa – 9 kPa) 

(5) – 2.9 (< 258 Pa) – 7.6 × 10-2 (339 Pa – 1.6 kPa) – 5.7 × 10-3 (2.1 kPa – 9 kPa) 

Average 
– 1.4 ± 1 

(< 119 Pa) 

(– 8.6 ± 5) × 10-2  

(608 Pa – 812 Pa) 

(– 6.8 ± 2) × 10-3  

(2.9 kPa – 9 kPa) 
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Design Spacing (µm) 

Sensitivity (kPa-1) / 

Pressure Range 

(Low Regime) 

Sensitivity (kPa-1) / 

Pressure Range 

(Medium Regime) 

Sensitivity (kPa-1) / 

Pressure Range 

(High Regime) 

Misaligned Cones 

150 

(1) – 2.5 (< 159 Pa) – 2.0 × 10-1 (200 Pa – 1.2 kPa) – 1.2 × 10-2 (1.6 kPa – 9 kPa) 

(2) – 1.6 (< 200 Pa) – 2.4 × 10-1 (258 Pa – 1.2 kPa) – 1.1 × 10-2 (1.6 kPa – 9 kPa) 

(3) – 3.2 (< 119 Pa) – 9.2 × 10-2 (159 Pa – 2.1 kPa) – 1.3 × 10-2 (2.9 kPa – 9 kPa) 

Average 
– 2.4 ± 0.6 

(< 119 Pa) 

(– 1.8 ± 1) × 10-1  

(258 Pa – 1.2 kPa) 

(– 1.2 ± 0.1) × 10-3  

(2.9 kPa – 9 kPa) 

300 

(1) – 2.6 (< 159 Pa) – 3.0 × 10-2 (200 Pa – 1.6 kPa) – 2.2 × 10-3 (2.1 kPa – 9 kPa) 

(2) – 0.8 (< 159 Pa) – 2.6 × 10-2 (200 Pa – 2.1 kPa) – 5.9 × 10-3 (2.9 kPa – 9 kPa) 

(3) – 1.4 (< 159 Pa) – 3.6 × 10-2 (200 Pa – 1.2 kPa) – 3.2 × 10-3 (1.6 kPa – 9 kPa) 

(4) – 1.4 (< 258 Pa) – 3.6 × 10-2 (339 Pa – 2.1 kPa) – 3.3 × 10-3 (2.9 kPa – 9 kPa) 

Average 
– 1.6 ± 1 

(< 159 Pa) 

(– 3.2 ± 0.4) × 10-2  

(339 Pa – 1.2 kPa) 

(– 3.7 ± 1) × 10-3  

(2.9 kPa – 9 kPa) 

Unstructured films - 

(1) – 0.1 (< 159 Pa) – 2.3 × 10-2 (200 Pa – 1.6 kPa) – 4.0 × 10-3 (2.1 kPa – 9 kPa) 

(2) – 0.2 (< 159 Pa) – 2.1 × 10-2 (200 Pa – 2.1 kPa) – 1.0 × 10-3 (2.9 kPa – 9 kPa) 

(3) – 0.5 (< 159 Pa) – 5.5 × 10-2 (200 Pa – 812 Pa) – 9.0 × 10-3 (1.2 kPa – 9 kPa) 

Average 
– 0.3 ± 0.2 

(< 159 Pa) 

(– 3.3 ± 2) × 10-2  

(200 Pa – 812 Pa) 

(– 4.7 ± 3) × 10-3  

(2.9 kPa – 9 kPa) 
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4.3.4.4 Limit of Detection, Response and Relaxation Times, and 

Frequency Discrimination 

To determine the LOD of one of the sensors with the best-performing design 

(misaligned micro-cones spaced by 150 µm), a water drop of approximately 

(32 ± 2) mg was loaded on top of the sensor, exerting a pressure of (15 ± 1) Pa, as 

shown in Figure 4.19 (a). This pressure was successfully detected, with a relative 

resistance change of (– 8.1 ± 0.5) %, and equals or surpasses the LOD of micro-

structured piezoresistive sensors reported in literature, which varies from 0.2 Pa to 

23 Pa [3,4,7,8,10,12–14,16,18,25]. The loading of the water drop was performed 8 

times to access the response time of the sensor, which is displayed in Figure 4.19 (b). 

The sensor presents a response time of (20 ± 9) ms, which is better than some reported 

values in the literature for sensors micro-structured through photolithography (from 

0.2 ms to 200 ms) [3,4,7,9,10,13,14,20,25,27] or using natural moulds (from 10 ms to 

36 ms) [16,17,19,28,29]. The response and relaxation times (assessed as described in 

section 3.4.1.4) were also estimated for all sensors produced in this work, and 

averaged for each design, as presented in Table 4.5 and Figure 4.19 (c). This figure 

highlights that the average response and relaxation times of sensors with a smaller 

spacing between the micro-cones are slightly smaller than those for the other sensors: 

around 73 ms to 75 ms (response times) and 81 ms to 86 ms (relaxation times). These 

values are still competitive with what was already reported in the literature (and can 

be consulted in section 2.2.1.3). Furthermore, the unstructured sensors present a 

much longer response time, (0.4 ± 0.2) s, than micro-structured sensors. This has also 

been previously reported [6,7,24,28,30] and can be related to the viscoelasticity of 

PDMS, which is usually minimized through micro-structuring. In fact, in an 

interlocked micro-structured sensor, instead of deforming the bulk film, pressure 

induces the deformation of the micro-structures surface, thus minimizing the time-

delay behaviour that happens for bulk films [6]. Furthermore, the presence of many 

void spaces between the micro-structured films facilitates the release of energy 

during pressure unloading, leading to faster relaxation times [6]. 
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The good performance of the sensors produced by laser engraved moulds, in 

terms of LOD and response and relaxation times, associated with a high sensitivity, 

further reinforces the fact that a technique such as laser engraving, which makes a 

compromise between precision and low-cost, speed, and customization, is suitable to 

produce efficient piezoresistive sensors with a high benefit/cost ratio. Moreover, the 

conductive materials used herein, namely water-based carbon coating and water-

based silver conductive ink, present some advantages of eco-friendly solvents, low-

cost, easy deposition (by spin-coating), and good stability when compared to the 

most used materials by other research groups, which are either complex to be 

synthesized [3,4] or require time-consuming and vacuum-based techniques for 

deposition [7,10,12–14,26,27]. 

Figure 4.19 (d) shows the dynamic performance of a sensor with the optimized 

device when compressed with the same pressure at different frequencies (as 

described in section 3.4.1.5). The reproducibility of the sensor’s output is notable, 

with similar relative resistance changes throughout time for each pressure cycle. 

From 0.5 Hz to 5 Hz, the maximum relative resistance change is – 9 % to – 16.4 %. It 

is important to notice that part of the output difference with frequency could be due 

to reproducibility issues of the home-made machine developed to stimulate the 

sensor. Nevertheless, the sensor’s ability to distinguish these frequencies is a result 

of its fast response and relaxation times. 
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Figure 4.19. LOD and output of piezoresistive sensors in time. (a) LOD of a sensor with the optimized design 

(misaligned micro-cones spaced by 150 µm), determined through the loading and unloading of a water drop 

(approximately 15 Pa). The inset photograph shows a water drop on top of the sensor. The sensor was spray-

coated with a white paint and the drop was dyed in blue for a better distinction of the water drop. The green star 

marks the moment when the drop is loaded on top of the sensor. The light blue star marks the moment when the 

drop is absorbed by a paper. (b) Response time of a sensor with the optimized design (misaligned micro-cones 

spaced by 150 µm), determined from the loading of a water drop. The values indicated in the figure correspond 

to average values ± standard deviation of a total of 8 measurements. (c) Average response and relaxation times 

for each design (data from Table 4.5). (d) Dynamic performance of a sensor with the optimized design (misaligned 

micro-cones spaced by 150 µm), for the same compressive pressure at different frequencies: 0.5 Hz, 1 Hz, 2 Hz, 

and 5 Hz. 
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Table 4.5. Response and relaxation times of all sensors for each design (the values indicated correspond to average 

values ± standard deviation of a total of 5 to 8 measurements), and respective average. 

Design Spacing (µm) 
Response Time 

(ms) 

Relaxation Time 

(ms) 

Aligned Cones 

150 

(1) 55 ± 6 64 ± 7 

(2) 87 ± 9 90 ± 16 

(3) 54 ± 6 91 ± 16 

(4) 94 ± 10 78 ± 6 

Average 73 ± 18 81 ± 11 

300 

(1) 127 ± 11 170 ± 30 

(2) 100 ± 26 121 ± 9 

(3) 130 ± 15 74 ± 6 

(4) 130 ± 39 97 ± 15 

Average 122 ± 13 116 ± 36 

Misaligned Cones 

150 

(1) 94 ± 4 91 ± 17 

(2) 20 ± 9  

(3) 111 ± 37 81 ± 10 

Average 75 ± 40 86 

300 

(1) 154 ± 3 91 ± 5 

(2) 114 ± 17 106 ± 12 

(3) 77 ± 15 93 ± 11 

(4) 204 ± 51 84 ± 7 

Average 137 ± 47 94 ± 8 

Unstructured 

films 
- 

(1) 712 ± 147 114 ± 12 

(2) 328 ± 12 143 ± 11 

(3) 260 ± 21 102 ± 4 

Average 433 ± 199 120 ± 17 
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4.3.4.5 Proof of Concept for Blood Pressure Wave Detection 

To explore a practical application, a piezoresistive sensor (with aligned cones 

spaced by 300 µm) was attached to the wrist to monitor the radial artery blood 

pressure wave, as illustrated in Figure 4.20. The obtained signal is very consistent 

and in good agreement with a typical blood pressure wave acquired at the wrist, 

showing the two characteristic peaks, P1 and P2, corresponding to the sum of the 

incident wave and the reflected wave from the hand, and the difference of the 

reflected wave from the lower body and the end-diastolic pressure, respectively [31]. 

With these peaks it was possible to estimate the AIr, a relevant indicator of arterial 

stiffness that increases with age [31] as described in section 2.2.4.1.1, as 0.68, which is 

in accordance to the values found in the literature for a 26 years old female [32]. 

Additionally, the blood pressure wave in Figure 4.20 (a) was used to estimate a heart 

rate of 55 bpm. These results prove that the sensors have a sensitivity and response 

and relaxation times suitable to detect the radial artery blood pressure wave and 

distinguish its relevant peaks, therefore, there is a great potential in using these 

sensors for an e-skin aiming for health monitoring.  

 

Figure 4.20. Performance of a piezoresistive sensor (aligned cones spaced by 300 µm) for blood pressure wave 

detection. (a) Relative current change throughout time during the detection of the radial artery blood pressure 

wave (at the wrist). (b) Individual wave of the signal from (a), highlighted by a dashed blue line. The inset is a 

photograph of the sensor attached to the wrist.  
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4.3.5 Conclusions 

Herein, an unconventional method for the micro-structuring of polymeric films 

based on the engraving of moulds in a very customizable, fast, and low-cost way was 

introduced and explored for the production of piezoresistive sensors. Some 

engraving parameters, namely laser power and speed, were investigated to 

determine their influence on the cavities engraved in acrylic moulds and, 

consequently, the micro-structures that were peeled off from them. By varying these 

two parameters and keeping everything else constant, it was possible to achieve 

micro-structures with a diameter from 127 µm to 386 µm, a height from 44 µm to 

2844 µm, and an aspect ratio from 0.3 to 7.7.  

While playing on the best of the most usual approaches for the films micro-

structuring, the alternative presented in this work revealed a performance that is 

either comparable to the state of the art, or even improved in some aspects. Cones 

were elected as the micro-structure for these sensors and the influence of their 

alignment and spacing on the performance of the sensors was studied. The sensor’s 

design with the highest sensitivity in the low-pressure regime [achieving a maximum 

sensitivity of – 3.2 kPa-1 for pressures below 119 Pa, and an average sensitivity of 

(– 2.4 ± 0.6) kPa-1 below 119 Pa] had misaligned cones spaced by 150 µm, with a 

height of (299 ± 66) µm and an aspect ratio (height/diameter) of 1.3. These sensors 

could easily detect a small pressure of 15 Pa, produced by a water drop, presenting 

an average response and relaxation times of 75 ms and 86 ms, respectively. They also 

exhibited a consistent relative resistance change for compressive pressure 

frequencies at least until 5 Hz. The performance of the sensors was adequate for their 

use for the radial artery blood pressure wave monitoring, with a clear detection and 

estimation of important parameters of the wave. These sensors demonstrate, 

therefore, a great potential for the development of health monitoring e-skins, with 

the advantages of having a high benefit/cost ratio, using low-cost and easy to deposit 

materials, and with a highly tailorable performance which may be adjusted for other 

purposes, namely prosthesis and HMI.  
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Chapter 5 

E-skin Piezoresistive Sensors Micro-structured through Laser Engraved Hard 

PDMS Moulds 

 

 

 

 

 

 

This chapter presents the results related to e-skin piezoresistive sensors which 

were micro-structured through h-PDMS moulds engraved by laser. Its contents are 

adapted from the following publications: 

A. dos Santos, N. Pinela, P. Alves, R. Santos, E. Fortunato, R. Martins, H. Águas, 

R. Igreja, E-Skin Pressure Sensors Made by Laser Engraved PDMS Molds, Proceedings 

2018, 2, 1039, 10.3390/proceedings2131039; 

A. dos Santos, N. Pinela, P. Alves, R. Santos, R. Farinha, E. Fortunato, R. 

Martins, H. Águas, R. Igreja, E-Skin Bimodal Sensors for Robotics and Prosthesis 

Using PDMS Molds Engraved by Laser, Sensors 2019, 19(4), 899, 10.3390/s19040899.  
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5 Chapter 5. E-skin Piezoresistive Sensors Micro-structured 

through Laser Engraved Hard PDMS Moulds 

5.1 Introduction 

The majority of pressure sensors so far reported typically exhibit two different 

sensitivity values depending on the applied pressure: a higher value for low 

pressures and a significantly lower value for higher pressures [1–13]. If such sensors 

are to be used in the wrist for the detection of the blood pressure wave, the 

requirement is for these to show a high sensitivity below 400 Pa [14]. In the case of 

functional prosthesis and robotics, the need is different; sensors should be able to 

accurately detect pressure stimuli in a range that is associated to human common 

interactions with the surroundings, from less than 10 kPa for gentle touch to 100 kPa 

for object manipulation [1,8]. Thus, a constant sensitivity in such a pressure range 

would be preferable. Moreover, the two most explored approaches for the sensor 

micro-structuring are based on the use of either expensive and time-consuming 

photolithography techniques [1,2,6,7,10,13–21] or low-cost however also low-

customizable techniques consisting of the use of everyday objects as moulds [9,22,23]. 

There is, therefore, a need for the development of a low-cost e-skin pressure sensor 

whose production is based on simple and highly customizable techniques. Such 

customization is crucial to tailor the performance of the sensors to each application, 

either showing a high sensitivity in a low-pressure range for health applications, or 

a constant sensitivity in a wide pressure range that is meaningful for prosthesis and 

robotics applications. 

The previous section (Chapter 4) introduced a micro-structuring technique for 

polymeric films based on the easy and fast production of highly customizable acrylic 

moulds through a laser engraving equipment. The piezoresistive sensors that were 

produced presented different sensitivity values until 9 kPa, despite their high 

sensitivity below 160 Pa, being, therefore, unsuitable for robotic applications. Herein, 

other designs for the moulds were explored in order to tailor the sensitivity of the 

sensors and extend the correspondent pressure range from less than 10 kPa to 
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100 kPa to make them suitable for prosthesis and robotics applications. Instead of 

using acrylic, h-PDMS was explored as the material of the moulds. With circular 

cavities engraved in the moulds, s-PDMS films with semi-sphere like structures were 

patterned by soft-lithography and explored in e-skin piezoresistive sensors. PMMA 

was further studied as an adhesion layer between carbon coating (the active material 

of the sensor) and s-PDMS. This work further contributes to illustrate the versatility 

of laser-engraved moulds for the production of sensors suitable for a plethora of 

applications, where it is only necessary to change the design features of the sensor to 

have a substantial impact on its performance. Furthermore, although the micro-

structures achieved through this technique are not as homogeneous and regular as 

those produced through photolithography techniques, they were proven to be very 

functional, which highlights the high benefit/cost ratio of using laser engraving for 

the micro-structuring of films for e-skin sensors. 

 

5.2 Experimental Section 

5.2.1 Chemicals and Materials 

PDMS elastomer and curing agent (Sylgard 184) were purchased from Dow 

Corning. PMMA (MW approximately 120 000) was purchased from Aldrich. Toluene 

(99.99 %) was purchased from Fisher Scientific. Highly conductive water-based 

carbon coating (PE-C-808) and water-based silver conductive ink (PE-WB-1078) were 

purchased from Conductive Compounds (Hudson, NH, USA). Copper tape was 

acquired from 3M. 

 

5.2.2 Fabrication and Laser Engraving of h-PDMS Moulds 

h-PDMS moulds were fabricated by mixing PDMS curing agent with PDMS 

elastomer in a 1:5 w/w ratio. The mixture was then degassed in vacuum for 30 min, 

poured into a Petri dish, and cured for 1 hour at 70 °C, reaching a thickness of 

approximately 5 mm. The patterns to be engraved consisted of a repetition of aligned 
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circles with a diameter of 100 µm or 200 µm and a spacing of 150 µm or 200 µm over 

an area of 2 cm × 2 cm. The h-PDMS moulds were engraved as explained in section 

3.1.1.1 and illustrated in Figure 5.1 (a). The engraving was performed with a laser 

speed of 0.254 m/s (100 %) and a laser power of 2.5 W, 7.5 W, 12.5 W, or 25 W. 

The moulds were afterward cleaned in an ultrasonic bath for 10 min in 

isopropanol alcohol, rinsed in MiliQ water, and dried with compressed air. Then, the 

moulds were subjected to a silanization process, according to the process explained 

in section 3.2.2. 

 

5.2.3 Fabrication of E-skin Sensors 

s-PDMS was prepared in a ratio of 1:10 w/w of curing agent to elastomer and 

was subsequently degassed in vacuum for 30 min. The mixture was then spin-coated 

at 250 rpm for 90 s onto each engraved h-PDMS mould [Figure 5.1 (b)], followed by 

another degassing process and curing at 85 °C for 30 min. Posteriorly, the micro-

structured s-PDMS films were easily peeled off, as shown in Figure 5.1 (c), and 

submitted to an O2 plasma treatment (as explained in section 3.2.1) before spin-

coating PMMA (10 wt% in toluene) at 1000 rpm for 1 min [Figure 5.1 (d)]. Thermal 

curing of PMMA films occurred in vacuum for 1 h at 140 °C. 

The PMMA-coated s-PDMS films underwent another O2 plasma treatment 

before spin-coating highly conductive water-based carbon coating (PE-C-808) at 

1000 rpm for 20 s [Figure 5.1 (e)]. The carbon coating was cured for 30 min at 85 °C to 

finalize the treatment of each film, as illustrated in Figure 5.1 (f). After cutting the s-

PDMS films (3 cm × 2 cm), pairs of films with the same pattern were sandwiched and 

sealed with s-PDMS. Lateral transducer electrodes were created by depositing lines 

(1 cm width) of 50 wt% in water of water-based silver conductive ink (PE-WB-1078) 

on the edges of each film. The curing of this ink was done for 120 s at 145 °C. A 

scheme of a final e-skin piezoresistive sensor is shown in Figure 5.1 (g), with the inset 

highlighting the semi-spheres and all the layers that compose them. Copper tape was 

employed to facilitate the connection of the sensor’s electrodes to external equipment.  



E-skin Piezoresistive Sensors Micro-structured through Laser Engraved Hard PDMS 

Moulds 

- 204 -  

 

Figure 5.1. Fabrication process of an e-skin piezoresistive sensor. (a) Laser engraving cavities on a h-PDMS 

mould. (b) s-PDMS spin-coating on the engraved mould. (c) Peeling off the flexible s-PDMS film from the 

mould. (d) PMMA spin-coating on the s-PDMS film. (e) Carbon coating spin-coating on the previous film. (f) 

Final micro-structured film after curing of carbon coating. (g) Final device with a silver-ink stripe on the smooth 

edge of each film. None of the steps are to scale. 

 

5.2.4 Morphological Characterization of Micro-Structured s-PDMS 

Films 

Micro-structured h-PDMS moulds and s-PDMS films were observed through 

SEM, as explained in section 3.3.1. A profilometer was used to estimate the roughness 

of PDMS films, performing 5 to 10 measurements of each sample, as described in 

section 3.3.4. A contact-angle equipment (section 3.3.3) was used to measure the 

contact angle in PDMS films before and after the oxygen plasma treatment. 

 

5.2.5 Electrical Characterization of Films and Sensors 

A Keithley 617 Programmable Electrometer was employed for the acquisition 

of I–V curves of the films and sensors, with a voltage sweep from – 2 V to 2 V, in steps 

of 0.5 V (section 3.4.1.1). To test the sensors response to changes in pressure, several 
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weights were loaded on the sensors to apply pressures from 15 Pa to 100 kPa, at a 

constant voltage of 5 V to 10 V (section 3.4.1.2). The relaxation time was estimated 

through a small magnet (~ 184 Pa), as described in section 3.4.1.4. Pressure stability 

tests were conducted after mounting sensors in a robotic arm and monitoring the 

pressure variability throughout grasping and releasing cycles (27 500) of a hard object 

(section 3.4.1.6).  

 

5.3 Results 

5.3.1 h-PDMS Moulds Patterning 

The interaction between the laser beam and PDMS was explored for the 

production of h-PDMS moulds. When the CO2 laser hits h-PDMS, its radiation 

(10.6 µm) is greatly absorbed by the polymer [24], which will then heat locally and go 

through a photothermal evaporation process [25,26], resulting in the creation of 

cavities in the bulk material. In order to investigate the effect of laser power on some 

features of the moulds’ micro-cavities, moulds were engraved with a design based 

on circles with a spacing of 200 µm through a laser power of 2.5 W, 7.5 W, 12.5 W, or 

25 W, while fixing the laser speed at 0.254 m s-1. This high value of laser speed 

reduces the working time of the laser on h-PDMS, thus inducing the production of 

smaller and less sharp micro-structures. The effects of this laser power, in addition to 

different circle diameters (which varied between 100 µm and 200 µm), were 

evaluated by checking the final features of s-PDMS films micro-structured through 

these engraved moulds. Figure 5.2 presents the results of this study, where it is 

observable that the height of s-PDMS micro-structures increases with laser power, 

which is explained by the greater degradation of h-PDMS in depth, thus creating 

deeper cavities that result in higher micro-structures. A relationship between 

diameter and height is also observable, whereby a larger designed diameter gave rise 

to higher semi-spheres. This results from the fact that the engraving of larger areas 

induces a greater h-PMDS degradation in depth. The roughness of the smooth part 
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of the micro-structured films was estimated to be less than 100 nm, without 

significant variations with the laser parameters. 

 

Figure 5.2. Effect of laser power and circle diameter on micro-structures peeled off from h-PDMS moulds, with 

an engraving laser speed of 0.254 m s-1 and a circle’s spacing of 200 µm. (a) SEM images of micro-structures 

with the respective aspect ratio. (b) Micro-structures height variation with laser power and circle diameter. Note 

that the values correspond to average values ± standard deviation of a minimum of 3 measurements.  

Given that one of the main goals of the present work was to achieve an e-skin 

sensor with a stable sensitivity in a wide pressure range, the choice of the micro-

structures of the films composing the sensor plays a critical role. As it was pointed 

out by the work of Jong-Jin Park  and colleagues, micro-structures with a pyramidal 

shape are more compressible than pillars with a circular base; therefore, sensors with 

pyramids have a greater sensitivity for low pressures than sensor with pillars [10]. 

However, this sensitivity decreases for higher pressures, and this phenomenon is 

common to other works [6,27–29] due to the complete deformation of these highly 

compressible micro-structures. As a consequence of these studies, less compressible 

structures such as semi-spheres were developed, pursuing the production of 

piezoresistive sensors that are able to withstand larger pressures while maintaining 

a constant sensitivity, even if this parameter is not maximized for low pressures. To 

achieve a micro-structure similar to a semi-sphere, not only should its shape be 

round, but its aspect ratio (ratio between height and diameter) should be close to 0.5. 

For a laser power of 12.5 W and 25 W, the referred ratio was much greater than 0.5, 

mainly because the micro-structures were higher. Regarding these results, a laser 

power of 7.5 W seems to be more appropriate to produce semi-sphere like structures, 

given that the aspect ratio for this condition was closer to 0.5. 
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Micro-structures resultant from two similar designs were investigated to 

compare the theoretical diameter and spacing with the actual measurements of these 

features, as well as to compare the laser engraving resolution over vertical and 

horizontal engraving directions. Such micro-structures were produced after 

engraving moulds with circles with a theoretical diameter of 100 µm or 200 µm and a 

spacing of 150 µm or 200 µm, using a laser speed of 0.254 m s-1 and a laser power of 

7.5 W. The general view of the resultant s-PDMS micro-structured films shows a nice 

homogeneity for each pattern while highlighting the differences between spacings 

and diameters over horizontal and vertical directions, as presented in Figure 5.3. Each 

feature can be easily discerned even for the lower spacing, meaning that a theoretical 

spacing of about 150 µm was achievable with this technique and with the laser 

parameters employed. Local defects in the pattern may be attributed to the engraving 

of the moulds or the peeling off process. Given the limitations of the laser 

equipment’s resolution, the laser may engrave some defects in the moulds, which are 

then transmitted to the micro-structured films. Furthermore, a high laser speed also 

induces more defects in the engraved pattern. The peeling off process may introduce 

additional defects to the micro-structures due to some adhesion forces between the 

h-PDMS of the moulds and the s-PDMS of the films. Although these forces are 

minimized through a silanization process that makes the moulds more hydrophobic, 

they are still present and may hamper the peeling off of the films. Hence, pieces of s-

PDMS may get stuck inside the cavities of the moulds, giving rise to broken micro-

structures seen in the SEM images of Figure 5.3. 
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Figure 5.3. SEM images of s-PDMS micro-structured films peeled off from h-PDMS moulds engraved with 

circles of different diameters and spacings, with a laser power of 7.5 W and a laser speed of 0.254 m s-1.  

The measurements for both diameter and spacing of the micro-structures are 

often far from the designed values; however, their sum tends to be very close to the 

sum of the designed features, as highlighted in Table 5.1. This can be explained by 

the fact that the laser beam degrades more h-PDMS than designed, thus enlarging 

the diameter of the cavities. Therefore, the spacing is much smaller than expected, to 

maintain the design. The laser engraving resolution in the vertical direction is notably 

better than in the horizontal direction, given that features measured in the vertical 

direction of the laser engraving show diameter and spacing values closer to the 

designed ones. Such dissimilarity may be attributed to either the low-cost of the laser 

equipment (which is less precise than other more costly equipment) or an asymmetry 

of the beam spot, resultant from the distance between the laser source and the spot 

where the laser engraves the material, as observed by Susan M. Lunte and colleagues 

[25]. 
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Table 5.1. Measurements of diameter and spacing for s-PDMS micro-structures peeled off from h-PDMS moulds 

engraved with circles presenting different diameters, different spacings, with a laser power of 7.5 W and a laser 

speed of 0.254 m s-1. These measurements were performed either according to the horizontal direction or the 

vertical direction of the engraving process. The theoretical sum values correspond to the sum of the theoretical 

spacing and the theoretical diameter, while the measured sum values correspond to the sum of the measured 

spacing and the measured diameter. The relative difference is related to the difference between the measured sum 

and the theoretical sum. Note that the values correspond to average values of a minimum of 15 measurements. 

 Power = 7.5 W 

Laser Engraving Direction Horizontal Vertical 

Theoretical Spacing (µm) 150 150 200 200 150 150 200 200 

Theoretical Diameter (µm) 100 200 100 200 100 200 100 200 

Theoretical Sum (µm) 250 350 300 400 250 350 300 400 

Measured Spacing (µm) 0 23 43 37 63 63 103 95 

Measured Diameter (µm) 240 322 260 350 183 277 186 280 

Measured Sum (µm) 240 345 303 387 246 339 289 375 

Relative Difference (%) – 4.0 – 1.3 0.9 – 3.3 – 1.4 – 3.0 – 3.7 – 6.3 

As Figure 5.3 highlights, micro-structures with a designed diameter of 200 µm 

have a shape closer to a semi-sphere than micro-structures with a designed diameter 

of only 100 µm. Therefore, a design based on circles with a diameter of 200 µm and a 

spacing of 150 µm or 200 µm was engraved on h-PDMS moulds with a laser power 

of 7.5 W and a laser speed of 0.254 m s-1. The photographs of these moulds are 

presented in Figure 5.4 (a). Figure 5.4 (b) and (c) show a close-up view of the mould 

cavities engraved with a circles’ spacing of 150 µm and 200 µm, respectively, where 

it is perceptible the regularity of the cavities’ shape, dimension, and spacing. 
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Figure 5.4. h-PDMS moulds engraved with circles with a diameter of 200 µm, at a laser power of 7.5 W and a 

laser speed of 0.254 m s-1. (a) Photograph of the engraved moulds. (b) Close-up view of the cavities of a mould 

engraved with circles with a spacing of 150 µm. (c) Close-up view of the cavities of a mould engraved with circles 

with a spacing of 200 µm. 

 

5.3.2 Characterization of Coated s-PDMS Micro-structured Films 

Using molds with the optimized parameters to obtain semi-sphere like 

structures (those shown in Figure 5.4), s-PDMS films were peeled off, with an average 

thickness of (215 ± 23) µm (for 16 measurements), and coated with carbon coating or 

both PMMA and carbon coating. Herein, the use of PMMA layer aimed at a greater 

adhesion of carbon coating to s-PDMS, as described in Chapter 4. SEM images were 

acquired to analyze the impact of the coated films on the micro-structure features, as 

shown in Figure 5.5. These general views of the semi-spheres (according to the 

vertical direction of the engraving process) highlight the good homogeneity of the 

structures and a perfect alignment over both the vertical and horizontal directions. 

When facing two films to produce a piezoresistive sensor, the spacing and diameters 

chosen for these patterns will promote the contact between both groups of semi-

spheres, thereby granting reproducibility over sensors and possibly contributing to a 

greater resistance change upon pressure due to the existence of a great number of 

contact spots for the flowing of electrical current. Additionally, the measurements of 

the semi-sphere features, namely height, diameter, and spacing, reveal that the 

thickness of the carbon coating and the PMMA films is small and has no impact on 
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these features. In fact, the values of these features are very similar for films with 

PMMA and carbon coating or just carbon coating, being also very close to those of 

films without these coated films (Table 5.1). The close-up view of these semi-spheres 

also shows that the coated films completely cover them in a homogeneous way, 

which is important for the correct performance of the sensors. 

 

Figure 5.5. General view and close-up view of s-PDMS semi-spheres peeled off from optimized moulds (circles 

with a diameter of 200 µm, engraved with a laser power of 7.5 W and a laser speed of 0.254 m s-1) with different 

spacings and with carbon coating only or with both PMMA and carbon coating. Measurements of the height, 

diameter, and spacing of the semi-spheres (the last two related to the horizontal engraving direction) are 

displayed below the SEM images. Note that the values correspond to average values ± standard deviation of a 

minimum of 3 measurements. 

To further study the impact of the PMMA layer in the adhesion of carbon 

coating to the s-PDMS films, and consequent impact at the electrical performance 

level, the sheet resistance of s-PDMS films with the designs tested (semi-spheres of 

200 µm of diameter, spaced by 150 µm or 200 µm) was measured either with or 

without the PMMA layer between carbon coating and PDMS, as shown in Figure 5.6 

(a). Without the PMMA layer, the sheet resistance of carbon coating presents a larger 

variability, adding to larger average values (above 6 kΩ/□ without PMMA, and 

below 2 kΩ/□ with PMMA), which may be attributed to a poorer adhesion of carbon 

coating directly to PDMS, thus translating into a greater electrical instability. Contact-
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angle measurements in unstructured s-PDMS films with and without the PMMA 

layer also show that, either before or after an oxygen plasma treatment to the films, 

the presence of PMMA decreases the contact angle, which makes the surface more 

hydrophilic and helps the adhesion of the water-based carbon coating to the films, as 

presented in Figure 5.6 (b). In fact, by having a PMMA layer, the contact angle of this 

film after an oxygen plasma treatment is inferior to 10 °, yet, the exact value 

estimation cannot be performed due to technique limitations. Nevertheless, these 

data point towards the beneficial role of PMMA layer for the adhesion of carbon 

coating and consequent increase of its electrical stability.  

 

Figure 5.6. Evaluation of the PMMA layer as an adhesion layer between carbon coating and s-PDMS. (a) Sheet 

resistance of carbon coating on micro-structured s-PDMS films. Note that the values represented correspond to 

average values ± standard deviation of a minimum of 3 films. (b) Contact angle for unstructured s-PDMS films 

and s-PDMS films coated with PMMA, before and after being subjected to an oxygen plasma treatment. Note 

that the values represented correspond to average values ± standard deviation of a minimum of 6 measurements. 

For PDMS films coated with PMMA, the contact angle after the oxygen plasma treatment is represented as 

being 10°. However, the real value is smaller, yet it cannot be precisely estimated due to technique limitations. 

 

5.3.3 Electrical Characterization of E-Skin Piezoresistive Sensors 

Figure 5.7 (a) presents the I–V curves of the sensors produced with s-PDMS 

films peeled off from optimized moulds, with semi-spheres having a designed 
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spacing of 150 µm or 200 µm, with or without the PMMA layer. As expected, the 

sensors have an ohmic behaviour. Additionally, sensors without the PMMA layer 

have a nominal resistance of 7.5 kΩ or 15.8 kΩ for a semi-sphere designed spacing of 

150 µm or 200 µm, respectively. However, upon the presence of the PMMA layer, the 

nominal resistance of the sensors decreases to 1.5 kΩ or 1.2 kΩ for a semi-sphere 

designed spacing of 150 µm or 200 µm, respectively. Such results seem to point 

toward a contribution of PMMA to the electrical stability of the sensor, in 

corroboration with the results shown in section 5.3.2. The nominal resistance values 

could be modified by changing the concentration of the carbon coating film, or by 

varying the thickness of the carbon coating, as it was already studied in Chapter 4. 

Nevertheless, the nominal resistance of the sensors should not be excessively high, 

and their flexibility should be preserved. Therefore, a carbon coating thickness of 

approximately 3 µm with a sheet resistance of 1.3 kΩ/□ was used in these sensors as 

a compromise between nominal resistance and flexibility. The inset of Figure 5.7 (a) 

shows one e-skin piezoresistive sensor under bending to illustrate its flexibility. 

Figure 5.7 (b) shows the relative resistance change of the sensors for each design 

for a pressure range from 79 Pa to 100 kPa. The respective sensitivity values 

(calculated as indicated in section 2.2.1 and 3.4.1.2) for each sensor in a low-pressure 

range (from 0 Pa to 400 Pa) and a high-pressure range (from 1.2 kPa to 100 kPa) is 

presented in Table 5.2. Although there is not a clear trend for the sensitivity change 

with the presence or absence of the PMMA layer, sensors without the PMMA layer 

show a more unstable performance upon the loading and unloading of weights than 

sensors with this layer, as illustrated by Figure 5.7 (c) – (e). In fact, sensors without 

PMMA layer present higher hysteresis upon the pressure unloading, as visible in 

Figure 5.7 (d), or do not always maintain an approximately constant nominal 

resistance under a fixed pressure, showing some sudden resistance changes that are 

associated with electrical instability of the carbon coating, since the sensors were not 

being stimulated [Figure 5.7 (e)]. For sensors with the PMMA layer, their nominal 

resistance is kept constant during a fixed pressure, only showing sudden changes 

when the weight is loaded or unloaded. Additionally, given that sensors without 
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PMMA presented a higher nominal resistance, it should be further considered the 

possibility of these sensors to have a capacitive component, which would be 

responsible for a slow decay of the sensor’s output towards the steady-state upon 

pressure unloading. For the sensors with PMMA, their nominal resistance is 

considerably lower and they show no evidences of the existence of such component. 

Nevertheless, no impedance measurements were performed to support this 

hypothesis.  

There is also no clear trend for the sensitivity change with the semi-sphere 

theoretical spacing; however, the results highlight the fact that the sensors have a 

very stable sensitivity value, as high as – 6.4 × 10-3 kPa-1 throughout a long pressure 

range that falls between the relevant values for functional prosthesis and robotics, 

from less than 10 kPa to 100 kPa [1,8].  

When comparing the performance of several e-skin like sensors reported in the 

literature (summarized in section 2.2.1.3) to the ones obtained herein, it is noticeable 

that the sensitivity values reached in this work are 10 times better than that of some 

reported sensors [30–32], being also constant over a wider pressure range, while other 

sensors suffer a sensitivity decrease below 10 kPa [6,13,23]. Additionally, the majority 

of sensors reported so far were not tested in the full range of pressures that are 

relevant for these applications (10 kPa to 100 kPa). Similar e-skin sensors to those 

presented herein, but having micro-structures with the shape of cones instead of 

semi-spheres, can reach higher sensitivities but in a reduced pressure range, with a 

maximum of – 3.2 kPa-1 below 119 Pa, as presented in Chapter 4. Such facts 

demonstrate that the laser engraving technique allows a great customization of the 

micro-structuring design, which has a direct impact in the performance of the 

sensors. Furthermore, the local defects that could be observed in the micro-structured 

s-PDMS films in Figure 5.3 did not hamper the sensing performance of the sensors, 

which highlights the high benefit/cost ratio of this micro-structuring technique. 
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Figure 5.7. Electrical characterization of e-skin piezoresistive sensors with and without a PMMA layer, 

presenting a semi-sphere theoretical spacing of 150 µm or 200 µm. (a) I–V curves of the sensors. The inset shows 

one e-skin piezoresistive sensor under bending (b) Relative resistance change of the sensors under a pressure of 

79 Pa to 100 kPa. (c) Resistance change from 20 kPa to 15 kPa of a sensor with a PMMA layer and a semi-

spheres theoretical spacing of 150 µm. (d) Resistance change from 20 kPa to 15 kPa of a sensor without a PMMA 

layer and a semi-spheres theoretical spacing of 150 µm. (e) Resistance change from 26 Pa to 0 Pa of a sensor 

without a PMMA layer and a semi-spheres theoretical spacing of 200 µm.  
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Table 5.2. Sensitivities of the sensors shown in Figure 5.7 (b) for the low-pressure range (from 0 Pa to 400 Pa) 

and the high-pressure range (from 1.2 kPa to 100 kPa). 

 Without PMMA With PMMA 

Design Spacing (µm) 150 200 150 200 

Low Pressure 

Range 

Sensitivity 

(kPa-1) 
– 4.8 × 10-1 – 6.4 × 10-1 – 5.4 × 10-1 – 1.8 × 10-1 

High Pressure 

Range 

Sensitivity 

(kPa-1) 
– 5.8 × 10-3 – 5.8 × 10-3 – 2.3 × 10-3 – 6.4 × 10-3 

The relaxation time of each sensor was estimated by loading and unloading a 

small magnet (184 Pa) on top of them, as shown in Figure 5.8. Sensors with the 

PMMA layer present slightly better relaxation times than sensors without the 

presence of such layer, reaching a low value of (28 ± 7) ms for a semi-spheres spacing 

of 200 µm. This value is better than some relaxation times reported for other sensors 

[7,13,21,23]. Furthermore, the presence of the PMMA layer seems to smooth the 

sensors’ behavior during relaxation, while sensors without PMMA have a peak 

before stabilizing their resistance. Such behavior may be explained by a contribution 

of PMMA for the reduction of the viscoelastic behavior that PDMS has when used 

alone [1,33]. 

 

Figure 5.8. Relaxation time of the sensors upon unloading of a small magnet (184 Pa). Note that the values 

correspond to average values ± standard deviation of seven measurements.  
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5.3.4 Proof of Concept 

To test the performance of these sensors in a robotics application and to 

simultaneously perform a fatigue evaluation, a sensor was placed in a robotic arm to 

monitor the pressure change throughout the cyclic grasping and releasing of an 

object, at 23 °C, fixed humidity of 60 %, and a constant grasping pressure of 

approximately 160 Pa. This test was performed with a sensor with a PMMA layer and 

a semi-sphere theoretical spacing of 150 µm due to a more stable performance, which 

makes them better than sensors without such layer. Figure 5.9 (a) shows the cyclic 

change of the nominal resistance of the referred sensor placed in the robotic arm. 

When the robotic arm grasps the object, the nominal resistance of the sensor 

decreases (inset with the orange outline) due to the pressure increase; however, after 

some seconds, the robotic arm releases the object and the resistance of the sensor goes 

up to its original value (inset with the dark red outline). A resistance peak shows up 

when the robotic arm releases the object due to adhesion forces between the sensor 

and the object. After 12,500 cycles (corresponding to almost 21 h of continuous 

motion) or even 27 500 cycles (corresponding to almost 46 h of continuous motion), 

the resistance change of the sensor does not show significant differences when 

compared to the first grasping and releasing cycle. SEM images before [Figure 5.9 (b) 

and (c)] and after [Figure 5.9 (d) and (e)] the fatigue test show no evident signs of 

degradation with such a high number of pressure cycles on the micro-structured 

films. These data point toward a highly stable performance of the sensor. Such 

stability, summed to fast relaxation times and constant sensitivity from 1.2 kPa to 

100 kPa, show that these e-skin piezoresistive sensors have great potential for 

applications in the robotics and functional prosthesis fields, where the detection of a 

large spectrum of pressures is required and a cyclic detection also plays a crucial role. 
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Figure 5.9. Endurance tests of the e-skin sensors. (a) Resistance change for the cyclic grasping and releasing of 

an object by a robotic arm, from the 1st cycle to the 27 500th cycle, monitored by an e-skin piezoresistive sensor 

with a semi-spheres spacing of 150 µm and with the PMMA layer. This test was performed at 23 °C, fixed 

humidity of 60 %, and a constant grasping pressure of approximately 160 Pa. The inset with a dark red outline 
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shows the robotic arm releasing an illustrative object. The inset with the orange outline shows the robotic arm 

grasping the illustrative object. The sensor (marked with an orange arrow) is placed over the grey sponge of the 

robotic arm and has black and grey wires connecting it to the remaining readout equipment. (b) – (e) SEM 

images of s-PDMS films with PMMA and carbon coating, peeled off from optimized moulds (circles with a 

diameter of 200 µm, engraved with a laser power of 7.5 W and a laser speed of 0.254 m s-1). (b) General view of 

a film before applying cyclic pressure. (c) Close-up view of a film before applying cyclic pressure. (d) General 

view of another film after applying cyclic pressure (27 500 cycles of grasping and releasing of an object). (e) 

Close-up view of another film after applying cyclic pressure (27 500 cycles of grasping and releasing of an object). 

 

5.4 Conclusions 

The present work demonstrates the versatility and high benefit/cost ratio of the 

laser engraving technique for the production of h-PDMS moulds, used to micro-

structure s-PDMS films that compose e-skin piezoresistive sensors. Through the 

micro-structuring of such films into semi-spheres, instead of micro-cones as explored 

in Chapter 4, and with the presence of a PMMA layer that is crucial for the electrical 

stability of the sensors, the sensitivity of the sensors (with a maximum value of 

– 6.4 × 10-3 kPa-1) could be kept constant in a large pressure range that is important 

for prosthesis and robotics applications, from 1.2 kPa to 100 kPa. With a highly stable 

performance over 27 500 cycles, these semi-sphere sensors are promising for this type 

of applications and contrast with some sensors reported so far that either use 

expensive fabrication techniques to achieve similar performances, or are not tested in 

the full range of pressures that are meaningful for robotics and functional prosthesis. 
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Chapter 6 

E-skin Piezoresistive Sensors Micro-structured through Laser Engraved 

Shrinking Polymeric Film Moulds 

 

 

 

 

 

 

 

 

This chapter presents the results related to e-skin piezoresistive sensors which 

were micro-structured through SPFs moulds engraved by laser. Its contents are 

adapted from the following manuscript: 

A. dos Santos, E. Fortunato, R. Martins, H. Águas, R. Igreja, E-skin 

Piezoresistive Pressure Sensor Combining Laser Engraving and Shrinking 

Polymeric Films for Health Monitoring Applications (under preparation).  
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6 Chapter 6. E-skin Piezoresistive Sensors Micro-structured 

through Laser Engraved Shrinking Polymeric Film 

Moulds  

6.1 Introduction 

Laser engraving technique was introduced in the previous chapters (Chapter 

4 and 5) as an alternative micro-structuring technique which presents lower costs 

than conventional photolithography techniques while allowing a high design 

customization unlike the alternative techniques mentioned in section 2.2.1.1.3, thus 

showing a high benefit/cost ratio. In this technique, a laser equipment is employed 

for the production of moulds through the energy transfer of the laser beam to a 

certain material. Such energy will induce the formation of cavities through melting 

or degradation of material, according to shapes that are previously defined in a CAD 

file, read by the equipment. Different micro-structures may be achieved by changing 

the shape of the cavities, the material of the mould, laser power and speed, type of 

laser beam, and laser lens [1–3]. In order to produce highly conformal sensors, 

facilitating the acquisition of subtle signals such as the blood pressure wave, it is 

important to have small micro-structures, in the order of few micrometres to tens of 

micrometres, so that the thickness of the polymeric film is low enough to reach 

conformality, yet high enough to give structural support to the micro-structures. 

One way to laser engrave moulds with smaller cavities is to explore different 

materials to be engraved. So far, the most explored materials in laser engraving were 

acrylic (Chapter 4), PDMS (Chapter 5 and [1,2]), and acrylonitrile butadiene styrene 

plates [3]. SPFs have not been explored so far as a possible material for moulds, 

despite their enormous potential to produce smaller laser engraved cavities. In fact, 

if they are engraved and posteriorly submitted to high temperatures (160 °C), these 

films will shrink, reducing the size of the cavities, and consequently leading to the 

production of smaller and high aspect ratio micro-structures. 
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This chapter reports for the first time the use of SPFs to produce moulds 

through laser engraving, and aims to give a deep study on the minimization of the 

mould cavities size through the tuning of several laser and design parameters, so 

that the final micro-structured films are as thin and conformal as possible. E-skin 

piezoresistive sensors containing PDMS films, micro-structured through optimized 

SPF moulds, were fully characterized and tested for a plethora of applications 

related to health monitoring. 

 

6.2 Experimental Section 

6.2.1 Chemicals and Materials 

PDMS elastomer and curing agent (Sylgard 184) were purchased from Dow 

Corning. Trichloro(1H, 1H, 2H, 2H perfluorooctyl)silane (97 %) and Ag NWs 

(diameter  length of 115 nm  20-50 µm, 0.5 % in isopropyl alcohol suspension) 

were purchased from Sigma-Aldrich. Propan-2-ol (99.97 %) was purchased from 

Fisher Scientific. Printable polymeric shrink films (290 µm) were purchased from 

Skull Paper. PET substrates with ITO were purchased from Kintec Company. 

Copper tape was purchased from 3M. 

 

6.2.2 Fabrication of Micro-structured Moulds 

As described in section 3.1.1.1, a laser engraving machine was employed to 

engrave conical cavities on SPFs. The mould pattern consisted in aligned 

symmetrical crosses, circles, or vertical lines with a line width of 0.01 mm, a size of 

10 µm, 15 µm, 20 µm, 25 µm, 50 µm, or 100 µm, with a horizontal and vertical 

spacing of 300 µm, 200 µm, 150 µm, or 100 µm. The engraving was performed with 

a laser power of 1 % to 5 % in steps of 1 %, a laser speed of 50 %, 25 %, 15 %, 10 %, 

or 1 %, and a distance to the substrate of – 0.1’’ to 0.09’’ in steps of 0.01’’. After 

optimizing the patterning parameters, arrays of 50 × 50 aligned vertical lines with a 

size of 10 µm and a spacing of 200 µm were engraved in the smooth side of the SPFs 
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with a laser power of 3 % and speed of 25 %, with a distance of 0.04‘’ between the 

laser and the films. The moulds were then cleaned with abundant isopropanol 

alcohol and MiliQ water, dried with compressed air, and desiccated for 30 min with 

2 drops of trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane for a hydrophobic 

treatment (section 3.2.2). Finally, the moulds were subjected to a temperature 

treatment (160 °C for 15 min) for a complete shrinking. 

 

6.2.3 ITO Patterning by Laser Engraving/Etching 

The ITO electrode (over PET) was patterned in an array of alternating 

conductive (intact ITO) and non-conductive (etched ITO) lines to increase the 

contact resistance change with pressure. A previous study of laser 

engraving/etching parameters was conduced to define the parameters successful in 

the creation of well-individualized and non-conductive ITO etched lines, with the 

lowest width and highest density possible. Therefore, lines with a width of 50 µm, 

40 µm, or 30 µm and a spacing of 500 µm, 400 µm, 300 µm, 200 µm, or 100 µm were 

engraved with a fixed distance between the laser and the substrate of – 0.1’’ and a 

laser power and speed of 20 % and 100 %, 17.5 % and 70 %, 15 % and 60 %, or 12.5 % 

and 50 %.  

 

6.2.4 Fabrication of E-skin Piezoresistive Sensors 

Ag NWs were spray-coated over the SPF moulds as described in section 3.1.2.3. 

PDMS was prepared by mixing elastomer and curing agent in a 1:10 w/w ratio and 

degassed in vacuum for 30 min. The mixture was then spin-coated onto the Ag NWs 

coated moulds (section 3.1.2.2) at 1000 rpm for 30 s to achieve a thickness of 

(74 ± 13) µm, and degassed once more before curing for 30 min at 85 °C. A PET with 

ITO substrate was previously patterned through laser engraving with a laser power 

of 15 %, a laser speed of 60 %, a distance of – 0.1‘’ between the laser and the 

substrates, and an array of lines with a width of 40 µm and a spacing of 200 µm. 
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Both the PDMS films coated with Ag NWs and the patterned PET with ITO were 

trimmed and assembled, with the cones facing the patterned ITO. Copper tape was 

employed for an easier access to both electrodes of the sensor. Unstructured sensors 

were also produced through the same procedure yet using flat glass as a mould. 

Figure 6.1 illustrates the main fabrication steps of one micro-structured e-skin 

sensor. 

 

Figure 6.1. Fabrication steps of one e-skin micro-structured piezoresistive sensor. (a) Fabrication of the SPF 

mold, from the laser engraving to the shrinking of the mold with temperature. (b) Micro-structuring of PDMS 

films, from the spray-coating of the mold with Ag NWs to the pouring of PDMS on the mold, and peel off of 

the final micro-structured PDMS film. (c) Micro-patterning of ITO over PET though laser engraving. (d) Final 

e-skin after assembling one PDMS micro-structured film and one micro-patterned ITO over PET, with the 

photograph illustrating the final result.  
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6.2.5 Characterization of the Moulds, the Micro-structured Films, and 

the E-skin Sensors 

DSC was performed to a SPF sample according to section 3.3.5. The moulds, 

the micro-structured PDMS films, and the patterned PET with ITO substrates were 

observed by SEM (section 3.3.1) and analysed by ImageJ. SEM images were also 

employed for energy-dispersive spectroscopy (EDS) studies regarding the 

deposition of Ag NWs.  

I–V curves of the sensors were acquired under a voltage sweep from − 5 V to 

5 V, in steps of 0.5 V, for several applied pressures (section 3.4.1.1). The sensors 

response was acquired as described in section 3.4.1.2, under a constant voltage of 

5 V and several weights with a fixed area, exerting a pressure from 56 Pa to 100 kPa. 

Relaxation times of the sensors were estimated by placing a small magnet (exerting 

a pressure of approximately 540 Pa) on the sensors and quickly removing it with the 

help of another magnet (section 3.4.1.4). A home-made bending machine with a 

linear motor at a frequency of 2 pushes per second and a constant pushing force was 

adapted to perform the endurance test to the sensors throughout 30 000 pushing 

cycles (4 h and 10 min of continuous cycling pushing), according to section 3.4.1.6. 

 

6.3 Results 

6.3.1 Characterization of the SPFs 

SPFs were studied in this work as an alternative to the materials that have been 

explored for laser engraving, mainly acrylic and PDMS, due to their potential to 

shrink with temperature, therefore further reducing the size of the cavities that are 

engraved in the films before their shrinking. This decrease in micro-structures size 

could then be achieved while keeping the fabrication costs as low as possible, since 

it would not imply the use of better and more expensive laser lens or laser 

equipment (with smaller wavelength laser beams).  
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In order to know the maximum temperature that the SPFs could be subjected 

during the sensors production process, one sample was analysed by DSC, and the 

results are shown in Figure 6.2. According to the manufacturer, the irreversible 

shrinking of the film occurs at 160 °C, and the data shown in the figure indicate that 

the SPFs can withstand around 350 °C without degradation. This feature represents 

an opportunity to explore other methods involving high temperature depositions 

(until 160 °C) of conductive materials in the substrate of the sensors, which would 

not be compatible with acrylic moulds, that cannot withstand temperatures above 

100 °C without starting to suffer some deformation.  

 

Figure 6.2. DSC analysis of a SPF sample. 

 

6.3.2 Optimization of Laser Engraving Parameters 

Several aspects of the laser engraving process had to be optimized in order to 

produce PDMS films with the following requirements, suitable for e-skin sensors: 

0 100 200 300 400 500
0.0

0.5

1.0

1.5

2.0

2.5

D
S

C
 (

m
W

/m
g

)

Temperature (ºC)

0

20

40

60

80

100

M
a
s
s
 (

%
)



E-skin Piezoresistive Sensors Micro-structured through Laser Engraved Shrinking 

Polymeric Film Moulds 

- 231 -  

i. Structures similar to micro-cones; 

ii. Well individualized structures; 

iii. Structures with the lowest diameter possible, in the order of micrometres to 

tens of micrometres; 

iv. Structures with an aspect ratio between 1 and 2. 

 

These requirements are relevant given that cones are highly compressible, due 

to their shape [4], which contributes to a sensor with a high sensitivity in the low-

pressure regime. Smaller and denser micro-structures have also been shown to 

contribute for increased sensitivities [5–7], given the increase in contact area spots, 

which translates into greater contact resistance changes upon pressure. 

Furthermore, to achieve more conformal sensors and improve the detection of subtle 

signals, having small structures is vital, therefore their aspect ratio cannot be 

excessively high, otherwise the peel off process could be severely impaired and/or 

the micro-structures could lack the necessary structural support to be functional. For 

the engraving optimization aiming at these requirements, a set of parameters was 

varied while keeping other parameters constant. Then, the set of optimized 

parameters was fixed, and the remaining parameters were varied, in a sequential 

optimization process. 

 

6.3.2.1 Laser Power and Speed 

To optimize the laser engraving power and speed, the design imported to the 

equipment was based in 5 aligned crosses with 100 µm and a spacing of 300 µm. The 

distance of the laser to the substrate was kept at – 0.1’’. The laser power was varied 

between 1 %, 2 %, 3 %, 4 %, and 5 % (of 50 W), while the laser speed was varied 

between 50 %, 25 %, 15 %, 10 %, and 1 % (of 0.254 m s-1). Figure 6.3 and Figure 6.4 

show the SEM images of the PDMS micro-structured films, peeled off from the 

moulds before and after shrinking the SPFs (160 °C for 15 min), respectively. It is 

observable an increase in both height and diameter of the micro-structures with the 
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increase in laser power, especially for the micro-structures peeled off from moulds 

that were not shrunken. As laser speed increases, the opposite tendency is noticeable 

for the height and diameter of the structures. These results are in accordance with 

what was previously reported [1,8] and verified in Chapter 4. In fact, a greater laser 

power delivers more energy to the SPF, inducing a greater melting/degradation of 

material and thus the formation of larger and deeper cavities. In a similar way, if the 

laser speed is greater, the laser has less time to deliver its energy to the film, and so 

the cavities produced are smaller in diameter and depth.  

 

Figure 6.3. SEM images of PDMS micro-structures peeled off from moulds (before shrinking) engraved with 

different laser power (1 % – 5 %) and speed (1 % – 50 %). 
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Figure 6.4. SEM images of PDMS micro-structures peeled off from moulds (after shrinking) engraved with 

different laser power (1 % – 5 %) and speed (1 % – 50 %). 

Figure 6.5 sums up the results obtained in a qualitative way. For a laser speed 

of 1 % and a laser power between 2 % and 5 %, the energy of the laser is so high that 

the cavities formed have the depth of the entire SPF thickness, which then turns to 

be unviable to produce micro-structures with a regular pattern. In fact, after 

shrinking the respective moulds, the micro-structures are not well individualized 

and seem to be broken, possibly due to issues during the peel off due to excessively 

deep cavities formed in the shrunken mould. There are also some laser power and 

speed combinations that are not sufficient to engrave cavities that then produce 

visible micro-structures (marked in yellow in Figure 6.5), and even after the 

shrinking of the mould, those micro-structures still do not have enough dimensions 

to be detectable by eye.  
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For the majority of laser power and speed combinations marked as green in 

Figure 6.5 before shrinking the SPF, the micro-structures seem to have a rounder 

shape, closer to a semi-sphere structure (Figure 6.3). After shrinking the respective 

moulds, the cavities get deeper because the SPF shrinks in its x and y directions, yet 

enlarges in the z direction to keep the volume constant. Therefore, the micro-

structures get more conical and higher (Figure 6.4). In fact, most of the mentioned 

laser power and speed combinations that seem to produce viable micro-structures 

in the moulds before shrinking lead to the formation of excessively high micro-

structures after shrinking the mould, with heights that vary from 175 µm to over 

2 mm, approximately. Excessively high structures will then impair the correct peel 

off of the PDMS films from the moulds, which may result in broken structures in the 

micro-structured films, as seen in Figure 6.4. Furthermore, if the micro-structures 

are too high, then the thickness of the PDMS films cannot be decreased, with the risk 

of also impairing the successful peeling off or not having enough support to 

withstand such structures. 

 

Figure 6.5. Qualitative evaluation of the results shown in Figure 6.3 and Figure 6.4 for the optimization of 

laser power and speed. Colour meaning: BLUE () – The micro-structures are not well individualized; GREEN 

(✓) – The micro-structures seem to be appropriate for further tests; ORANGE (!) – The micro-structures are 

excessively high; RED () – the laser engraves through the entire SPF thickness; YELLOW () – The micro-

structures are not visible or barely visible. 

The set of laser parameters that produced micro-structures with the greatest 

potential for the micro-structuring of the PDMS films was a laser power of 3 % and 

a laser speed of 25 %. For these parameters, the micro-structures peeled off from 

shrunken moulds present an average height, diameter, and aspect ratio of 

(86 ± 32) µm, (65 ± 7) µm, and 1.3 ± 0.4, respectively.  
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6.3.2.2 Distance Between Laser and Substrate 

By fixing the laser engraving power and speed at 3 % and 25 %, respectively, 

the distance between the laser and the substrate was varied between – 0.1’’ and 0.09’’ 

in steps of 0.01’’. The variation of this distance was expected to have an impact in 

the diameter of the micro-structures, since there is an optimum distance that induces 

the smallest focus point of the laser in the substrate. The results of this study are 

shown in Figure 6.6 and summarized in Figure 6.7. For both micro-structures peeled 

off from molds before and after shrinking, there is a general tendency of height and 

diameter increase until a distance of – 6’’ or – 5’’, after which those parameters 

decrease again. The laser to substrate distance that complied with all the mentioned 

requirements for e-skin devices was either – 0.1’’ or 0.04’’. For – 0.1’’, the height, 

diameter, and aspect ratio of the micro-structures peeled off from shrunken molds 

are (117 ± 39) µm, (72 ± 5) µm, and 1.6 ± 0.5, respectively. For 0.04’’, the height, 

diameter, and aspect ratio of the micro-structures peeled off from shrunken molds 

are (122 ± 20) µm, (64 ± 7) µm, and 1.9 ± 0.3, respectively. Both these distances were 

tested in the subsequent optimization tests.  
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Figure 6.6. SEM images of PDMS micro-structures peeled off from moulds before and after their shrinking, 

engraved with different laser distances to the substrate. For a distance of – 0.1’’, the micro-structures were not 
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visible, either when peeled off from a mould before or after its shrinking. For a distance of 0.08’’ and 0.09’’, the 

micro-structures peeled off from shrunken moulds could not be observed at the microscope. 

 

Figure 6.7. (a) Height, (b) diameter, and (c) aspect ratio for micro-structures peeled off from moulds (after 

shrinking) engraved with different laser distances to the substrate. The area in light green marked in (c) 

highlights the distances that produced micro-structures with potential for the e-skin sensors. For the distances 

of – 0.04’’ to – 0.01’’, the height of the structures could not be measured given that they were broken, as shown 

in Figure 6.6, possibly due to an excessive height that hampered the correct peel off. 

 

6.3.2.3 Size of the Pattern 

With the laser engraving power and speed fixed at 3 % and 25 % respectively, 

and the distance between the laser and the substrate fixed at – 0.1’’ and 0.04’’, 10 

crosses with a variable size of 100 µm, 50 µm, 25 µm, 20 µm, 15 µm, and 10 µm were 

engraved to investigate what is the minimum size that the laser is able to correctly 

engrave. The results of this study are shown in Figure 6.8 and summarized in Figure 

6.9. For both laser to substrate distances, there seems to be a tendency for height, 

diameter, and aspect ratio increase with the increase of cross size, which was already 

verified in Chapter 5. In fact, with larger crosses being engraved in the SPF, an 

increase in the cavities’ diameter is expectable. Additionally, given that the laser 

engraves a larger cross, it will deliver a greater amount of energy to the SPF, also 

melting/degrading more material in depth and creating deeper cavities as well. This 

test clarified that the laser is able to engrave small features of 10 µm size. 
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Furthermore, cavities engraved with this size and a distance between the laser and 

the substrate of 0.04’’ resulted in micro-structures that fill the requirements of aspect 

ratio (1.2 ± 0.4), while minimizing the diameter that can be achieved, (86 ± 15) µm. 

 

Figure 6.8. SEM images of PDMS micro-structures peeled off from moulds before and after shrinking, engraved 

with crosses of different sizes and different laser to substrate distances. 
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Figure 6.9. (a) Height, (b) diameter, and (c) aspect ratio for micro-structures peeled off from moulds after 

shrinking, engraved with different crosses sizes and different laser to substrate distances. For a cross’s size of 

100 µm, the height of the structures could not be measured given that they were broken or bent, as shown in 

Figure 6.8. 

 

6.3.2.4 Shape of the Pattern 
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and circles, while keeping the optimized parameters fixed at the values mentioned 

in the previous optimization studies, and the results are presented in Figure 6.10. 
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Figure 6.10. (a) SEM images of PDMS micro-structures peeled off from moulds before and after shrinking, 

engraved with different shapes. (b) Height, (c) diameter, and (d) aspect ratio for micro-structures peeled off 

from moulds (after shrinking), engraved with different shapes. 
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reduction at this value. Therefore, the lowest spacing that could be achieved without 

significantly impairing the aspect ratio was 200 µm. 

 

Figure 6.11. SEM images of PDMS micro-structures peeled off from moulds before and after shrinking, 

engraved with vertical lines with different spacing values. 
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Figure 6.12. (a) Height, (b) diameter, and (c) aspect ratio for micro-structures peeled off from moulds after 

shrinking, engraved with vertical lines with different spacing values. For a spacing of 100 µm, the micro-

structures were not well individualized, as shown in Figure 6.11, and so their features were not measured. 

 

6.3.3 Characterization of a Mould with the Optimized Engraving 

Parameters 

With the optimization process concluded for all the engraving parameters that 

could be varied, moulds of SPFs with an array of 50 × 50 vertical lines, with a size of 

10 µm and a spacing of 200 µm, were engraved with a laser power and speed of 3 % 

and 25 % and a distance between the laser and the SPF of 0.04’’. These parameters 

guarantee an array of well-individualized micro-cones with the highest density 

possible, having SPFs as a material for the moulds. One mould after being engraved 

is shown in Figure 6.13, before (a) and after (c) its shrinking. After shrinking with 

temperature, the mould’s dimensions reduce from 6 cm by 6 cm to 2.6 cm by 2.6 cm. 

The thickness increases with the shrinking, from 0.284 mm to 1.475 mm, thus 

keeping the mould’s volume approximately constant. The respective SEM images, 

(b) and (d), were employed in the estimation of the size (diameter) of the engraved 

cavities: approximately (178 ± 8) µm and (36 ± 7) µm before and after shrinking the 

mould.  
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As seen in Figure 6.13 (e) – (j), either before and after shrinking the mould, the 

micro-structures peeled off from the mould present a good alignment and a fair 

homogeneity amongst them. Before shrinking the mould, the structures are more 

similar to a semi-sphere, as displayed in Figure 6.13 (i) and as previously discussed. 

After shrinking, the micro-structures get closer to a sharp cone shape, as highlighted 

in Figure 6.13 (j). This process is highly reproducible, since two moulds engraved 

with the optimized conditions give rise to similar micro-structured films, as 

highlighted in Figure 6.14. Figure 6.13 (k) shows the average diameter and height of 

the PDMS micro-structures, peeled off from the mould before and after shrinking. 

Before shrinking, the structures are larger and smaller. Their average diameter 

matches well with the average cavities’ diameter value pointed out in Figure 6.13 

(b). The dimensions of the structures drastically change after shrinking the mould, 

getting an average diameter of (52 ± 9) µm and an average height of (59 ± 17) µm. 

The diameter of the micro-cones is a slightly larger than the average diameter of the 

cavities possibly due to errors in the measurement of the cavities’ diameter by SEM 

images. Even though the diameter of the cones obtained is larger than the size of the 

vertical lines that were engraved in the mould (10 µm), it was possible to 

demonstrate that using the same equipment as in the previous chapters (Chapter 4 

and 5) however engraving in a different material as the mould allowed to reach 

thinner structures with an aspect ratio of 1.1 ± 0.3, which is within the e-skin 

requirements established in the beginning of this work. A relevant aspect of the 

height of these structures is that its value is small enough to allow the production of 

globally thinner micro-structured films without compromising the structural 

support of the micro-structures, with an overall thickness (of the smooth part and 

the micro-cones) of 133 µm, on average. The pitch between micro-cones is also 

within the expected values, (33 ± 13) µm. 
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Figure 6.13. Characterization of the moulds and the respective micro-structured films produced with the 

optimized engraving conditions. Photograph of a mould (a) before and (c) after shrinking. SEM image of the 

mould (b) before and (d) after shrinking. The inset is a close-up with the average diameter of the cavity. D and 

d represent the diameter of the cavities, with average values of (178 ± 8) µm and (36 ± 7) µm, respectively. 

SEM image of a PDMS film peeled off from the mould (e, g) before and (f, h) after shrinking. Cross-section of 

the PDMS film peeled off from the mould (i) before and (j) after shrinking. (k) Average values with standard 

deviations (of about 50 measurements) of diameter and height of the micro-structures peeled off from the mould 

before and after shrinking. 
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Figure 6.14. SEM images of micro-structured films produced with the optimized engraving conditions. (a) 

Overview of one film peeled off from one optimized mould. (b) Close-up view of (a). (c) Overview of one film 

peeled off from another optimized mould. (d) Close-up view of (c). 

 

6.3.4 Characterization of the Ag NWs Conductive Film 

Given that, after shrinking, the SPFs could be subjected to temperatures as high 

as 120 °C without being deformed by heat, the SPF molds were kept at 120 °C and 

spray-coated with Ag NWs so that after PDMS spin-coating and curing, the micro-

structured PDMS films would be covered with a robust and stable homogeneous 

conductive film of Ag NWs, tightly adhered to their surface. Figure 6.15 shows SEM 

images and EDS analysis from a PDMS micro-structured film, peeled off from one 

optimized mould, covered with the Ag NWs film. As it is observable, the Ag NWs 

are undoubtedly present in the sample (given the presence of the silver element), 

covering the micro-structures almost completely (except for the tip of the cone). The 
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sheet resistance of this film was less than 100 Ω/□, which is suitable for the film to 

work as a sensor’s electrode.  

 

Figure 6.15. EDS analysis of PDMS micro-structures covered with an Ag NWs film. (a) SEM image and 

respective EDS analysis for the presence of (b) silver, (c) carbon, (d) oxygen, and (e) silicon (from the inset 
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area). (f) SEM close-up and respective EDS analysis for the presence of (g) silver, (h) carbon, (i) oxygen, and 

(j) silicon, and (k) EDS data (from the inset area). Note that carbon, oxygen, and silicon are the elements present 

in PDMS. 

 

6.3.5 Optimization of the ITO Electrode 

To increase the sensitivity of the e-skin sensor, the ITO electrode was patterned 

by laser engraving in order to create intercalated lines of conductive ITO lines and 

non-conductive PET lines (formed by the etching of ITO). With this pattern, the 

increase in pressure was expected to induce a greater change in contact resistance, 

with the deformed area of the cones establishing contact with the conductive lines 

of ITO and allowing a sudden increase in the passage of current [9].  

Lines with a width of 50 µm were engraved in ITO with a laser to substrate 

distance of – 0.1’’ and a laser power and speed of 20 % and 100 %, 17.5 % and 70 %, 

15 % and 60 %, and 12.5 % and 50 %, to screen the pair of laser engraving parameters 

that was adequate to completely etch the ITO in a defined and intact line. Figure 6.16 

resumes the results of this study, with indication of the average width of the lines 

engraved in ITO. For a laser power and speed of 12.5 % and 50 %, respectively, the 

laser was not able to etch an intact line in ITO. For a laser power and speed of 20 % 

and 100 %, respectively, the line width was the smallest. However, a high laser speed 

is more prone to give rise to imperfections in the etching process. Therefore, further 

studies were conducted with a laser power and speed of 15 % and 60 %, respectively, 

which originated lines with an average width of (68 ± 28) µm. 
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Figure 6.16. Etched lines of ITO on PET, at different laser power and speed values. (a) Line etched at a power 

and speed of 20 % and 100 %, respectively. (b) Line etched at a power and speed of 17.5 % and 70 %, 

respectively. (c) Line etched at a power and speed of 15 % and 60 %, respectively. (d) Line etched at a power 

and speed of 12.5 % and 50 %, respectively. The values indicated in the figures correspond to average values 

with standard deviations of 30 measurements of line width. 

The next step in the study was to find the thinnest line that could be etched 

from ITO, so that the pattern of lines in the electrode could be as dense as possible, 

increasing the probability of greater contact resistance changes with pressure. With 

the laser power and speed fixed at 15 % and 60 %, respectively, the laser engraved 

lines with a width of 50 µm, 40 µm, and 30 µm, as shown in Figure 6.17. The laser is 

able to etch lines with a designed value of 30 µm, however, the designed line that 

results in etched lines with the smallest width are lines with 40 µm.  
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Figure 6.17. Etched lines of ITO on PET with different line width. The values indicated in the figures 

correspond to average values with standard deviations of a minimum of 39 measurements of line width. 

By fixing the width of the engraved lines in 40 µm, sets of 5 lines were engraved 

with different spacings between the lines to investigate the smallest spacing that 

would lead to well individualized etched lines: 500 µm, 400 µm, 300 µm, 200 µm, 

and 100 µm. Figure 6.18 illustrates the results of this study, including the 

measurements of the actual spacing that is present between the etched lines. The 

laser could engrave well individualized lines for all spacings except for a spacing of 

100 µm. The smallest measured spacing was achieved with a designed spacing of 

200 µm, which resulted in an actual spacing of (103 ± 29) µm.  
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Figure 6.18. Etched lines of ITO on PET with different line spacing. (a) Lines with a designed spacing of 

500 µm. (b) Lines with a designed spacing of 400 µm. (c) Lines with a designed spacing of 300 µm. (d) Lines 

with a designed spacing of 200 µm. (e) Lines with a designed spacing of 100 µm. (f) Measured spacing for the 

SEM images shown. The values indicated correspond to average values with standard deviations of a minimum 

of 30 measurements of line spacing. 

With all the parameters optimized to achieve a patterned ITO electrode with 

the highest density of conductive lines, ITO films were etched by laser with a 
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distance between the laser and the substrate of – 0.1’’, a laser power of 15 %, a laser 

speed of 60 %, a line width of 40 µm, and a line spacing of 200 µm, as shown in 

Figure 6.19. After the engraving/etching, the etched lines have a width of 

(134 ± 26) µm and a spacing of (137 ± 33) µm. 

 

Figure 6.19. Micro-patterned ITO on PET. The engraving/etching pattern was performed with an array of lines 

with a width of 40 µm and a spacing of 200 µm, with a laser power of 15 %, a laser speed of 60 %, and a 

distance of – 0.1‘’ between the laser and the substrate. The light area corresponds to the intact ITO, while the 

dark area is the etched ITO (or the PET underneath the etched ITO).  

 

6.3.6 Characterization of E-skin Sensors 

Laser engraving is employed in two essential steps in this production process. 

The first one is the micro-structuring of SPFs to produce moulds. Given their 

resistance to high temperatures after shrinking, these moulds can withstand the 

spray-coating process of Ag NWs and the posterior curing of the conductive Ag 
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NWs film. By spin-coating PDMS over these Ag NWs coated moulds, the cured 

PDMS films will have a well adhered Ag NWs films at their surface, which offers 

greater stability of the conductive film and increased robustness to mechanical 

stimulation. The second essential step is the micro-patterning of the counter 

electrode (ITO), to induce greater contact resistance changes under pressure 

variations. With this patterning, the ITO film will have conducting ITO lines 

intercalated with non-conductive PET lines, produced through ITO laser etching.  

Unlike the previous chapters (Chapter 4 and 5), the strategy adopted for this e-

skin was based on only one micro-structured film and a micro-patterned counter 

electrode to avoid the adhesion forces that were observable in previous results 

(Figure 6.10) and that would be present between two very thin micro-structured 

films of PDMS. The exploiting of a different material for the counter electrode was 

an attempt to minimize the adhesion forces with PDMS. To compensate for the 

absence of a second micro-structured film, the counter ITO electrode was patterned 

to maximize the contact resistance change with pressure. 

As shown in Figure 6.15 (a), the Ag NWs cover the majority of the micro-

structures surface, leaving only their peak uncovered. Therefore, when the PDMS 

micro-structured film lays on the patterned ITO film under the absence of pressure, 

there are no conductive paths between these two structures. However, under the 

influence of a certain pressure level, the micro-cones deform so that the conductive 

Ag NWs film can contact with the conducting ITO lines, letting current flow between 

these two films, as Figure 6.20 highlights. This design can be advantageous to reduce 

overall power consumption since there will be no power consumption when the 

sensor is in a resting (not pressured) state.  

 

Figure 6.20. Schematic of the working mechanism of the e-skin sensor (not at scale). 
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The Ohmic behaviour of the micro-structured sensor was verified through I-V 

curves performed under 0.4 kPa, 9.3 kPa, 55.5 kPa, and 100.8 kPa, as shown in 

Figure 6.21 (a). Given that there is no contact between the Ag NWs film of the micro-

structures and the patterned ITO of the PET substrate in the absence of pressure, the 

I-V curve could not be obtained for 0 Pa. Nevertheless, under the referred pressures, 

there is a tendentially linear behaviour of output current with increasing voltage. 

Furthermore, a higher pressure increases the current for the same voltage value, 

which is expected due to a greater contact resistance change. Figure 6.21 (b) shows 

the stability of the current output of the sensor under several different pressures, 

highlighting that greater pressures induce a higher current output.  
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Figure 6.21. Electrical characterization of a micro-structured (with the optimized mould) e-skin piezoresistive 

sensor. (a) I–V curves for the sensor under 0.4 kPa, 9.3 kPa, 55.5 kPa, and 100.8 kPa. (b) Current change, 

throughout time, for the sensor under different pressure values. (c) Relative current change, between 0 Pa and 
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100 kPa, for one micro-structured and one unstructured e-skin piezoresistive sensors. (d) Relative current 

change, between 0 Pa and 10 kPa, for one micro-structured and one unstructured e-skin piezoresistive sensors. 

In both (c) and (d), the points represent average values with the standard deviation of 3 to 10 measurements. 

(e) Current change, throughout time, for the sensor when removing a small magnet (540 Pa). (f) Current output 

of the sensor throughout a fatigue test of 30 000 pressure cycles. (g) First pressure cycles of the fatigue test (1st 

to 4th). (h) Middle pressure cycles of the fatigue test (9 000th to 9 003th). (i) Last pressure cycles of the fatigue 

test (29 997th to 30 000th). 

As shown in section 2.2.1, sensitivity is one of the most relevant figures of merit 

of pressure sensors, and for its estimation it is necessary to plot the relative current 

change with pressure, which implies to know the current flowing through the sensor 

in the absence of pressure. Given that for this e-skin, no current flows through it in 

the absence of pressure, I0 was considered to be the current flowing under the 

smallest pressure that could be detected by the sensor, which was 60 Pa. Figure 6.21 

(c) displays the relative current change for pressures from 0 Pa to approximately 

100 kPa, with Figure 6.21 (d) showing a close up for the lower pressures, for a micro-

structured sensor (with the optimized moulds) and an unstructured sensor. Even 

though the unstructured sensor displays a modest sensitivity of 2.8 kPa-1 between 

0 Pa and 350 Pa, its output immediately saturates for greater pressures, with the 

sensitivity dropping to 7 × 10-3 kPa-1. For the micro-structured sensor, not only the 

sensitivity for low pressures is higher, 4.5 kPa-1, as it is also kept for a greater range, 

between 0 Pa and almost 10 kPa, which is attributed to the highly compressible 

micro-cones that are present in its structure. Between 10 kPa and 100 kPa, the 

sensitivity drops to 0.6 kPa-1, a value that is still high, especially when compared to 

other micro-structured sensors fabricated with more expensive or less customizable 

techniques (Table 6.1). The reproducibility of this micro-structuring technique is 

once more proved by the results shown in Figure 6.22, given that two micro-

structured sensors produced through two identical moulds (engraved with the 

optimized parameters) present very similar sensitivities in the same range of 

pressures. 
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Figure 6.22. Relative current change, between 0 Pa and 100 kPa, of 2 identical micro-structured e-skin 

piezoresistive sensors. The points represent average values with the standard deviation of 3 to 10 measurements. 

The relaxation time of the micro-structured sensor was evaluated by placing a 

small magnet (540 Pa) on its top and removing it as fast as possible. This action was 

repeated 5 times, with an average relaxation time of only (1.4 ± 1) ms, as displayed 

in Figure 6.21 (e), which makes this sensor suitable to detect dynamic pressure 

signals with high accuracy. Furthermore, the sensor was subjected to cyclic pressure 

to evaluate the reproducibility of its output and the robustness to repetitive stimuli. 

The results of this test are shown in Figure 6.21 (f). Throughout the first 9 000th cycles, 

the sensor produces a fairly stable average current output, with some variations that 

may come from the apparatus used to perform the test or from an instability in the 

electrical connections between the sensor and the measuring system, as shown in 

Figure 6.21 (g) and (h). However, after 9 000 cycles, the output of the sensor 

markedly decreases, as displayed in Figure 6.21 (f) and (i) for the last cycles of the 

test. This may occur due to either fractures in the Ag NWs net or due to adhesive 

forces between the micro-cones and the surface of PDMS, which prevent them to be 
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available to suffer a full compression. Figure 6.23 shows the micro-structured PDMS 

film after the fatigue test. Overall, the micro-structures are intact, as well as the Ag 

NWs films. Yet, some micro-cones appear to be damaged, which might have 

resulted from the cyclic pressure. These results point to the robustness of the sensor 

until 9 000 pressure cycles, after which the sensor can still work with a slightly 

deteriorated performance.  

 

Figure 6.23. SEM images of the micro-structured PDMS film from the sensor after being subjected to 30 000 

pressure cycles. (a) Overview of the film. (b) Close-up of (a).  

Table 6.1 compares the performance of the micro-structured e-skin sensor 

developed herein with other piezoresistive sensors, produced through conventional 

photolithography techniques, unconventional techniques, and laser engraving. The 

information displayed emphasizes the high benefit/cost ratio of laser engraving 

associated with SPFs, given that the e-skin sensor produced in this work shows a 

high sensitivity in a wide pressure range, with a remarkable fast relaxation time. 

Furthermore, by keeping the same low-cost laser equipment, it was possible to reach 

smaller micro-structures, allowing the production of more conformal and, 

consequently, more sensitive sensors.  

(a) (b)
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Table 6.1. Figures of merit of e-skin piezoresistive sensors with micro-structuring. Acronyms: Ag – Silver; CNTs – Carbon Nanotubes; D – Diameter; H – Height; 

L – Length; LOD – Limit of Detection; MWCNTs – Multi-walled Carbon Nanotubes; NWs – Nanowires; PDMS – Polydimethylsiloxane; PPy – Polypyrrole; rGO 

– reduced Graphene Oxide; SWCNTs – Single-walled Carbon Nanotubes; W – Width; ZnO – Zinc Oxide. 

Year 
Description of the micro-

structured layer 

Micro-structuring 

technique 

Sensitivity (kPa-1), 

Range of pressures 

(kPa) 

LOD/ 

Maximum 

pressure 

tested 

Response/ 

Relaxation 

times (ms) 

Fatigue 

cycles 

(loading) 

Operating 

voltage/ 

Energy 

consumption 

2014 [10] 

Interconnected hollow-sphere 

structures of PPy hydrogel micro-

structured into triangular lines (H 

= 0.5 mm, W = 1 mm) 

Photolithography 
56 – 133.1 

(0 – 0.030) 
0.8 Pa/10 kPa 50/50 8 000 -/- 

2014 [11] 

Interlocked array of 

MWCNTs@PDMS microdomes 

(D = 4 µm, H = 3 µm) 

Photolithography – 15.1 (0 – 0.5) 0.23 Pa/59 kPa 40/40 1 000 10 V/- 

2014 [5] 

Interlocked array of 

MWCNTs@PDMS micropillars 

(D = 5 µm, H = 6 µm) 

Photolithography – 22.8 (0 – 0.05) 10 Pa/17 kPa 110/130 - 10 V/- 

2014 [12] Porous MWCNTs@PDMS Reverse micelles - 250 Pa/260 kPa -/- 16 0.1 V/1 W 

2014 [13] 

PDMS with micro-structures (W = 

11 µm, H = 3.2 µm) covered with 

SWCNTs 

Silk as mold 1.8 (0 – 0.3) 0.6 Pa/1 kPa 10/- 67 500 2 V/- 

2015 [14] 
PDMS micropillars (D = 50 µm, H 

= 48 µm) covered with gold 
Photolithography 

2 (0 – 0.22) 

0.9 (0.22 – 1) 
15 Pa/9 kPa 50/- 10 000 1 V/- 

2015 [6] 

Interlocked array of PDMS 

micropillars (D = 10 µm, H = 

10 µm) covered with ZnO NWs 

(coated with platinum or nickel) 

Photolithography 

– 6.8 (0 – 0.3) 

– 1 × 10-2 (0.3 – 4.6) 

– 6.8 × 10-5 

(4.6 – 13.1) 

0.6 Pa/13 kPa 5/- 1 000 10 V/- 

2016 [15] 
Nonwoven wood pulp/polyester 

textile with carbon black particles 
Fabric 0.6 (0 – 35) -/35 kPa 4/4 5 800 1 mV/3 nW 

2016 [16] 
PDMS hierarchical micro-domes 

(D = 59 µm) 
Photolithography 8.5 (0 – 12) 1 Pa/12 kPa 40/30 10 000 1 V/- 
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Year 
Description of the micro-

structured layer 

Micro-structuring 

technique 

Sensitivity (kPa-1), 

Range of pressures 

(kPa) 

LOD/ 

Maximum 

pressure 

tested 

Response/ 

Relaxation 

times (ms) 

Fatigue 

cycles 

(loading) 

Operating 

voltage/ 

Energy 

consumption 

2018 [17] 
Micro-pyramids (W ≈ 20 µm) of 

PDMS covered with SWCNTs 
Photolithography 

– 3.3 (0 – 0.3) 

– 0.03 (0.6 – 2.5) 
-/2.5 kPa 200/100 5 000 10 V/- 

2018 [18] Carbonized melamine foam Foam 
100.3 (0.003 – 2) 

21.2 (2 – 10) 
3 Pa/10 kPa -/- 11 000 0.1 V/ - 

2018 [19] 
Sea sponges with polydopamine, 

rGO, and Ag NWs 
Sponge 0.02 (0 – 40) 0.28 Pa/40 kPa -/54 7 000 -/- 

2018 [Chapter 4] 

PDMS micro-cones (D = 221 µm 

to 367 µm, H = 299 µm to 552 µm) 

covered with carbon coating 

Laser engraving 

– 2.5 (0 – 0.16) 

– 0.2 (0.2 – 1.2) 

– 0.01 (1.6 – 9) 

15 Pa/9 kPa 20/- - 1 V/- 

2018 [1] 

Triangular lines of PDMS (W = 

10 µm to 14 µm, H = 28 µm to 

39 µm) covered with CNTs 

Laser engraving 

– 0.1 (0.005 – 2) 

– 1.3 × 10-3 

(10 – 50) 

5 Pa/50 kPa 200/150 10 000 1 V/- 

2019 [Chapter 5] 

PDMS semi-spheres (D = 320 µm 

to 340 µm, H = 105 µm to 155 µm) 

coated with carbon coating 

Laser engraving 

– 0.2 (0 – 0.4) 

– 6.4 × 10-3 

(1.2 – 100) 

79 Pa/100 kPa -/28 27 500 5 V – 10 V/- 

2019 [2] 

PDMS long or short micro-ridges 

(W = 19.1 µm, H = 20.2 µm, L = 

1 mm or 100.5 µm), or micro-

domes (D = 22.8 µm, H = 19.5 µm) 

covered with CNTs 

Laser engraving 

– 1.8 (0 – 2) 

– 9.1  10-4 

(10 – 80) 

1 Pa/80 kPa 36/52 6 000 -/- 

2020 [3] 

PDMS semi-spheres (D = 280 µm, 

H = 200 µm) with micro-

structures covered with rGO 

Laser engraving 15.4 (0 – 200) 16 Pa/300 kPa 15/20 7 500 1 V/- 

2020 [This work, 

Chapter 6] 

PDMS micro-cones (D = 52 µm, H 

= 59 µm) covered with Ag NWs 
Laser engraving 

4.5 (0 – 10) 

0.6 (10 – 100) 
60 Pa/100 kPa -/1.4 30 000 5 V/1 mW 
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6.3.7 Proof of Concept of the E-skin Sensor 

Given the high sensitivity for low pressures and a high relaxation time, 

associated to a high conformability of the PDMS film due to its low thickness, the 

potential of the micro-structured e-skin was evaluated for health monitoring 

applications, such as during the monitoring of movements, eye blinking, swallowing, 

speech, and blood pressure wave at the neck. When placed in the index finger, the e-

skin could sense its flexing and return to the original state with reproducible results, 

as illustrated in Figure 6.24 (a). If placed next to the eye, the eye blinking could also 

be captured, with a quite repeatable sensor output for a similar blinking strength, as 

it is visible in Figure 6.24 (b). The sensor was additionally attached to the throat to 

monitor the swallowing movement, present in Figure 6.24 (c), or to capture the throat 

movements during speech, as shown in Figure 6.24 (d) and (e). When speaking the 

same word, the sensor displayed similar outputs (with variations possibly being 

explained by slightly different speaking intensities). Moreover, the sensor was 

capable to distinguish different words, such as “Hello” and “Blue”, which has a great 

potential for speech therapy or to develop HMI that help disabled people to 

communicate with others when they are not able to speak, either due to vocal chords 

health issues or other diseases affecting the speech capability. When placed over the 

neck, as shown in Figure 6.24 (f), the sensor could capture the subtle signal of the 

blood pressure wave from the carotid artery, Figure 6.24 (g). The performance of the 

sensor was in fact sufficient to detect some relevant details of this wave, such as the 

peak associated to the systolic blood pressure (Ps), the peak associated to the diastolic 

blood pressure (Pd), and the inflection point (Pi), which indicates the beginning 

upstroke of the reflected pressure wave [20]. It is well known the importance of 

monitoring the blood pressure wave, given that it reflects the impact of aging, some 

diseases, and medication [20], and so employing e-skins for such monitoring may be 

a helpful, practical, and comfortable way to monitor patients in a prevention mindset 

or as a follow-up strategy.  
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Figure 6.24. Health monitoring applications of the micro-structured (with the optimized mould) e-skin 

piezoresistive sensor. (a) Monitoring of finger flexing. The insets show the e-skin placed over the finger and the 
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different finger positions, associated to the current output. (b) Monitoring of eye blinking. The insets show the 

e-skin placed next to the eye and the respective eye movements that give rise to the output current presented. (c) 

Monitoring of swallowing. The inset shows the e-skin placed over the throat. (d) Monitoring of speech when 

saying the word “Hello”. (e) Monitoring of speech when saying the word “Blue”. (f) E-skin placed on the neck 

for the monitoring of the blood pressure wave acquired over the carotid artery. (g) Blood pressure wave acquired 

over the carotid artery. 

 

6.4 Conclusions 

The work herein presented provides more proves for the versatility of laser 

engraving as a viable micro-structuring technique for the e-skin field. Allied to SPFs 

as a material to produce moulds which can shrink with temperature and further 

reduce the size of the patterned micro-cavities while increasing their aspect ratio, 

low-cost laser engraving equipment has a valuable potential for the low-cost and 

highly tailorable production of piezoresistive sensors, with a low thickness and, 

therefore, high conformability to surfaces such as human skin. This property is vital 

to better capture subtle signals such as eye blinking or the blood pressure wave at the 

neck with high accuracy and detail. The highly compressible micro-cones obtained 

through laser engraved SPF moulds and covered with Ag NWs further contributed 

for a high sensitivity of 4.5 kPa-1 over a wide pressure range of 10 kPa, which opens 

the door to other applications in the functional prosthesis field and HMI.  
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Chapter 7 

E-skin Resistive Temperature Sensors Micro-structured through Laser 

Engraved Acrylic Moulds 

 

 

 

 

 

 

 

 

This chapter presents the results related to e-skin piezoresistive sensors which 

were micro-structured through acrylic moulds engraved by laser. Its contents are 

adapted from the following publication: 

A. dos Santos, N. Pinela, P. Alves, R. Santos, R. Farinha, E. Fortunato, R. 

Martins, H. Águas, R. Igreja, E-Skin Bimodal Sensors for Robotics and Prosthesis 

Using PDMS Molds Engraved by Laser, Sensors 2019, 19(4), 899, 10.3390/s19040899.  
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7 Chapter 7. E-skin Resistive Temperature Sensors Micro-

structured through Laser Engraved Acrylic Moulds 

7.1 Introduction 

In order to sense both pressure and temperature, researchers worked either on 

sensors able to simultaneously detect both stimuli or on the integration of multiple 

sensors. While the first option may imply complex data analysis to distinguish the 

contribution of each stimulus to the sensor’s output [1–4], the second requires special 

attention to prevent or minimize sensors’ cross-sensitivity and may lead to bulky 

sensors [5–7], which still leaves room for further research and improvement of 

current e-skin sensors to achieve more functional prosthesis and robotics. 

The previous results from Chapter 4 to 6 proved the versatility of laser 

engraving technique to produce different micro-structures, which greatly influence 

the performance of e-skin piezoresistive sensors. Herein, and following the work 

presented in those sections, the sensors micro-structured through acrylic moulds 

were further explored for temperature sensing, which is highly valuable for health 

monitoring, robotics, and functional prosthesis applications, and demonstrates the 

great versatility of laser engraving for the production of a plethora of different types 

of sensors. Furthermore, this is the first report of laser engraving technique employed 

in the production of temperature sensors.  

 

7.2 Experimental Section 

7.2.1 Chemicals and Materials 

PDMS elastomer and curing agent (Sylgard 184) were purchased from Dow 

Corning. PMMA (MW approximately 120 000) was purchased from Aldrich. Toluene 

(99.99 %) was purchased from Fisher Scientific. Highly conductive water-based 

carbon coating (PE-C-808) and water-based silver conductive ink (PE-WB-1078) were 
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purchased from Conductive Compounds. Acrylic plates (3 mm of thickness) were 

purchased from Dagol. Copper tape was acquired from 3M. 

 

7.2.2 Laser Engraving of Acrylic Moulds 

Acrylic plates were engraved through a laser power and speed of 25 W and 

0.1524 m s-1, respectively, with symmetrical crosses (size of 100 µm), spaced by 

300 µm, in a misaligned pattern over an area of 2 cm  2 cm (section 3.1.1.1). The 

moulds were individualized from the plate in squares of 5 cm × 5 cm through a laser 

power of 50 W and a laser speed of 0.0127 m s-1. The moulds were posteriorly cleaned 

in an ultrasonic bath for 15 min in isopropanol alcohol, followed by 15 min in MiliQ 

water. After drying with compressed air, they were subjected to a silanization 

process, according to the process explained in section 3.2.2. 

 

7.2.3 Fabrication of E-skin Sensors 

PDMS was prepared in a ratio of 1:10 w/w of curing agent to elastomer, 

degassed in vacuum for 30 min, and spin-coated at 250 rpm for 90 s onto each 

engraved acrylic mould (section 3.1.2.2), being degassed once more before curing at 

85 °C for 30 min. Posteriorly, the micro-structured PDMS films were peeled off and 

subjected to an O2 plasma treatment (as explained in section 3.2.1) before spin-coating 

PMMA (10 wt% in toluene) at 1000 rpm for 1 min. The PMMA films were cured in 

vacuum for 1 h at 140 °C. 

Highly conductive water-based carbon coating (PE-C-808) was spin-coated at 

1000 rpm for 20 s on PMMA-coated PDMS films, which were previously subjected to 

another O2 plasma treatment, and cured for 30 min at 85 °C. Each film was trimmed, 

and sensors were assembled by sandwiching two micro-structured films, with the 

micro-cones facing inwards. PDMS was used to seal the lateral side of the sensors. 

50 wt% in water of water-based silver conductive ink (PE-WB-1078) was employed 

to deposit electrodes with 1 cm width in the edges of each film, cured for 120 s at 
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145 °C. These electrodes were connected to external equipment through copper tape 

for a more robust connection. 

 

7.2.4 Fabrication of Additional Samples for Temperature Studies 

For the concretization of temperature studies in the most complete way, other 

samples besides full e-skin sensors were prepared, namely: 

• Glass substrates coated with carbon coating; 

• Unstructured PDMS films coated with carbon coating; 

• Unstructured PDMS films with PMMA, coated with carbon coating; 

• Micro-structured PDMS films with PMMA, coated with carbon coating. 

 

For all samples, carbon coating was deposited by spin-coating (with the same 

parameters as those indicated in section 7.2.3), preceded by an oxygen plasma 

treatment (according to section 3.2.1), and followed by curing for 30 min at 85 °C. 

Unstructured PDMS films were produced through spin-coating (over flat glass 

substrates) and curing with the same parameters mentioned in section 7.2.3. PMMA 

was as well deposited over PDMS as described in section 7.2.3.  

 

7.2.5 Electrical Characterization of Films and Sensors 

The temperature response of all samples was evaluated by successively 

applying three temperature looping cycles (warming and cooling) in increments of 

1 °C between 25 °C and 45 °C while monitoring the nominal resistance or sheet 

resistance change through the apparatus described in section 3.4.2.1. All tests were 

performed at an approximately constant humidity of 60 %. For each type of sample, 

three replicas were evaluated for statistical purposes. 
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7.3 Results 

7.3.1 E-skin Temperature Sensor Performance 

Three e-skin sensors with misaligned cones theoretically spaced by 300 µm 

were subjected to three temperature cycles each, between 25 °C and 45 °C in steps of 

1 °C, applied successively. The nominal resistance change for each sensor, as well as 

the average of the three sensors, is presented in Figure 7.1. All sensors present a good 

linearity in the range of temperatures tested, from 25 °C to 45 °C, with R2 values close 

to 1. The sensors also show an increase in nominal resistance with temperature, which 

indicates that an increasing temperature reduces the current flow through the sensor. 

Either individually for each sensor or for the average of the three sensors, it is visible 

that the output of the sensors during their warming is slightly different from their 

output during cooling, which indicates the presence of hysteresis. Hysteresis can be 

quantified according to Equation (7.1) (adapted from [8] for pressure sensors): 

𝐻 =
𝑚𝑎𝑥|𝑂𝑤(𝑇) − 𝑂𝑐(𝑇)|

𝐹𝑆
× 100 % 

(7.1) 

where H is the hysteresis, Ow(T) is the output of the sensor for the temperature T 

during the warming curve, Oc(T) is the output of the sensor for the temperature T 

during the cooling curve, and FS is the full-scale output of the sensor.  

The hysteresis for the average of the three sensors was calculated to be only 

2.3 % (at 26 °C), and so the output of the sensors is considered to be reproducible and 

robust. Furthermore, the small error bars shown in Figure 7.1 (d) highlight the 

similarity of behaviours amongst the three identical sensors, which further 

corroborates the reproducibility of performances for the same sensor’s design.  
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Figure 7.1. Nominal resistance change with temperature for (a – c) 3 identical micro-structured e-skin sensors 

and (d) average output of those sensors. In (a – c), the values represented correspond to average values ± average 

absolute deviation of a total of 3 runs. In (d), the values represented correspond to average values ± average 

absolute deviation of the 3 sensors. 

The TCR of each sensor and of their average output was also calculated 

according to Equation (2.5) of section 2.2.2.1.1, as presented in Table 7.1. The average 

TCR of these sensors is 2.6 %/°C for warming and 2.3 %/°C for cooling, which is 

slightly higher than most of the e-skins reported so far, as it is observable in section 

2.2.2.2, indicating the good performance of this type of sensors for temperature 

monitoring. Such performance may result from the contribution of three main effects: 
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• A sheet resistance change of the active material of the sensor, the carbon 

coating film, with the temperature; 

• A thermal expansion of the polymers present in the sensor; 

• A change in the contact resistance between the micro-cones of the sensor. 

 

It is not trivial, however, to estimate the individual contribution of each effect 

to the final performance of the sensors, and the TCR of a sensor may not even be the 

result of the sum of each effect’s contribution, since they may interfere with each 

other. Nonetheless, an attempt to study each effect was performed by studying, for 

different samples, the sheet resistance variation with temperature, as it will be 

explained in the next sections.  

Table 7.1. TCR values for the e-skin sensors shown in Figure 7.1. The values presented correspond to averages 

of 3 runs or 3 sensors, with the respective standard deviations. 

 TCR (%/°C) 

Sensor Warming Cooling 

Replica 1 2.2 ± 0.2 1.7 ± 0.2 

Replica 2 2.8 ± 0.1 2.8 ± 0.1 

Replica 3 2.8 ± 0.1 2.5 ± 0.1 

Average 2.6 ± 0.3 2.3 ± 0.5 

 

7.3.2 Effects Contribution 

7.3.2.1 Sheet Resistance Change of Carbon Coating 

Carbon coating is the active layer in these e-skin sensors, and it may present 

temperature induced sheet resistance variations that are independent of other 

phenomena. To assess its isolated contribution to the performance of the sensors, 

carbon coating was spin-coated on glass, a substrate that has a low thermal expansion 
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of 0.5 × 10-6 ℃-1 [9] to avoid the interference of the substrate’s expansion. The change 

of sheet resistance of three samples of carbon coating on glass is displayed in Figure 

7.2 (a) to (c), as well as the average of those samples, Figure 7.2 (d). The figures show 

that an increase of temperature induces an increase of sheet resistance, possibly 

because the carbon particles of the carbon coating layer get further apart between 

them with a temperature rise. Furthermore, carbon coating does not present such a 

linear behaviour as the sensor as a whole. For all samples, the warming curve 

displays higher sheet resistance values than the cooling curve, however, the 

hysteresis reaches a maximum of only 1.9 % at 36 °C, for the average behaviour. 

Nevertheless, except for the third sample, the error bars in the warming and cooling 

curves intersect each other, so this hysteretic behaviour may be even smaller, given 

that the measures are within the error margin.  
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Figure 7.2. Sheet resistance change with temperature for (a – c) 3 identical samples of carbon coating on glass 

substrates and (d) average output of those samples. In (a – c), the values represented correspond to average 

values ± average absolute deviation of a total of 3 runs. In (d), the values represented correspond to average 

values ± average absolute deviation of the 3 samples. 

The TCR for all samples and their average is presented in Table 7.2. On average, 

carbon coating on glass has a TCR of 0.1 %/°C upon warming and cooling. When 

compared to the sensors, carbon coating seems to have a very modest, yet irrefutable 

contribution to the global TCR. Nonetheless, it does not seem to be the effect with the 

greatest impact for such performance. 
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Table 7.2. TCR values for the samples of carbon coating on glass, shown in Figure 7.2. The values presented 

correspond to averages of 3 runs or 3 samples, with the respective standard deviations. 

 TCR (%/°C) 

Sample Warming Cooling 

Replica 1 0.2 ± 0.04 0.2 ± 0.1 

Replica 2 0.03 ± 0.01 0.02 ± 0.03 

Replica 3 0.2 ± 0.1 0.2 ± 0.1 

Average 0.1 ± 0.1 0.1 ± 0.1 

 

7.3.2.2 Thermal Expansion of Polymers 

7.3.2.2.1 Sheet Resistance Change of Carbon Coating on Flat PDMS 

PDMS has a thermal expansion of 3 × 10-4 ℃-1 [10] and so, upon warming, PDMS 

expands and induces the stretching of the carbon coating film, consequently leading 

to an increase of this film’s sheet resistance with temperature. Given the difficulty in 

developing an experiment to solely account for this thermal expansion effect on 

carbon coating, carbon coating was spin-coated on flat PDMS, and its sheet resistance 

changes were evaluated with varying temperatures. The changes observed resulted, 

however, from the two effects previously mentioned, both the carbon coating change 

promoted solely by temperature and the impact of PDMS thermal expansion on 

carbon coating’s sheet resistance variation. It is not easy to assess the impact level of 

PDMS thermal expansion on carbon coating, nor to verify if the effects sum to each 

other or have a more complex interaction.  

The sheet resistance change of carbon coating on flat PDMS is shown in Figure 

7.3 (a) to (c) for three samples and in Figure 7.3 (d) for the average of those samples. 

The sheet resistance of the samples seems to be stable between 25 °C and 32 °C, after 

which it rises with temperature until 45 °C, in an approximately linear way. For these 

samples, the cooling curve displays higher sheet resistance values than the warming 
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curves, reaching a maximum hysteresis of 1.9 % at 32 °C for the average of the 

samples. Once more the error bars of the warming and cooling curves intersect each 

other for several temperature points, which may indicate that the points of each curve 

are within the error measurement, and so the hysteresis may actually be smaller than 

the calculated value.  

 

Figure 7.3. Sheet resistance change with temperature for (a – c) 3 identical samples of carbon coating on flat 

PDMS and (d) average output of those samples. In (a – c), the values represented correspond to average 

values ± average absolute deviation of a total of 3 runs. In (d), the values represented correspond to average 

values ± average absolute deviation of the 3 samples. 
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The TCR for all samples and their average is presented in Table 7.3. On average, 

carbon coating on flat PDMS has a TCR of 0.8 %/°C upon warming and 0.7 %/°C upon 

cooling. Comparatively to the sensors, the association of both carbon coating and 

PDMS thermal expansion effects seem to have a more meaningful contribution to the 

global TCR.  

Table 7.3. TCR values for the samples of carbon coating on flat PDMS, shown in Figure 7.3. The values presented 

correspond to averages of 3 runs or 3 samples, with the respective standard deviations. 

 TCR (%/°C) 

Sample Warming Cooling 

Replica 1 0.7 ± 0.2 0.5 ± 0.1 

Replica 2 1.0 ± 0.1 0.9 ± 0.1 

Replica 3 0.7 ± 0.04 0.7 ± 0.1 

Average 0.8 ± 0.2 0.7 ± 0.2 

 

7.3.2.2.2 Sheet Resistance Change of Carbon Coating on Flat PDMS Coated with 

PMMA 

Given that the sensors have an additional layer of PMMA between carbon 

coating and PDMS, it was relevant to understand the impact of PMMA in the sheet 

resistance change of carbon coating. The thermal expansion of PMMA is around 

(5 – 10) × 10-5 °C-1 [11], being, therefore, higher than that of glass, yet lower than that 

of PDMS. Its impact was thus evaluated by spin-coating carbon coating on flat PDMS, 

previously coated with PMMA. The sheet resistance change of three samples of 

carbon coating on PDMS with PMMA and their average is displayed in Figure 7.4. 

The behaviour of the samples is slightly different for each of them, nevertheless, all 

of them present an increasing sheet resistance with temperature, especially between 

32 °C and 45 °C. Hysteresis seems to be more relevant in sample 2 [Figure 7.4 (b)] and 

3 [Figure 7.4 (c)], for which the warming and cooling curves have several non-
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overlapping points, even when accounting with the error bars. For the average 

behaviour, hysteresis reaches 1.4 % at 30 °C.  

 

Figure 7.4. Sheet resistance change with temperature for (a – c) 3 identical samples of carbon coating on flat 

PDMS with PMMA and (d) average output of those samples. In (a – c), the values represented correspond to 

average values ± average absolute deviation of a total of 3 runs. In (d), the values represented correspond to 

average values ± average absolute deviation of the 3 samples. 

The TCR for all samples and their average is presented in Table 7.4. On average, 

carbon coating on flat PDMS with PMMA shows a TCR of 0.4 %/°C upon warming 

and cooling. Comparatively to the samples of carbon coating on flat pure PDMS, the 
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presence of PMMA reduces the TCR of the samples in almost half, which may result 

from the lower thermal expansion of PMMA when compared to that of PDMS.  

Table 7.4. TCR values for the samples of carbon coating on flat PDMS with PMMA, shown in Figure 7.4. The 

values presented correspond to averages of 3 runs or 3 samples, with the respective standard deviations. 

 TCR (%/°C) 

Sample Warming Cooling 

Replica 1 0.6 ± 0.02 0.7 ± 0.1 

Replica 2 0.3 ± 0.02 0.3 ± 0.03 

Replica 3 0.2 ± 0.01 0.2 ± 0.03 

Average 0.4 ± 0.1 0.4 ± 0.2 

 

7.3.2.2.3 Sheet Resistance Change of Carbon Coating on Micro-structured PDMS 

Coated with PMMA 

The e-skin sensor is composed of micro-structured PDMS films, not flat ones, 

and so it was important to verify if micro-structuring would have an impact on the 

thermal expansion of PDMS and PMMA and, consequently, on the sheet resistance 

of carbon coating. Therefore, carbon coating was spin-coated on micro-structured 

PDMS films covered with PMMA, being the micro-structuring the same as that of the 

sensors. The sheet resistance change of three micro-structured films of PDMS with 

PMMA, coated with carbon coating, and their average behaviour is displayed in 

Figure 7.5. Comparatively to the samples previously studied, the sheet resistance 

change of carbon coating on micro-structured films behaves more linearly with 

temperature, with an R2 generally above 0.99. The warming curve generally presents 

higher sheet resistance values than the cooling curve, with a maximum hysteresis of 

4.3 % at 25 °C.  
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Figure 7.5. Sheet resistance change with temperature for (a – c) 3 identical samples of carbon coating on micro-

structured PDMS with PMMA and (d) average output of those samples. In (a – c), the values represented 

correspond to average values ± average absolute deviation of a total of 3 runs. In (d), the values represented 

correspond to average values ± average absolute deviation of the 3 samples. 

The TCR for all samples and their average is presented in Table 7.5. On average, 

carbon coating on micro-structured PDMS with PMMA shows a TCR of 1.9 %/°C 

upon warming and 1.8 %/°C upon cooling. Comparatively to the flat samples, the 

presence of micro-structuring seems to enhance the TCR in almost 5-fold, despite the 

presence of PMMA. Such may be explained by an easier thermal expansion of PDMS 

in a micro-structured form when compared to a flat (unstructured) form, which thus 
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induces a greater stretching of carbon coating and, thus a more pronounced increase 

of its sheet resistance with temperature.  Nevertheless, this 5-fold TCR increase may 

not be solely justified by the micro-structuring, given the uncertainty about the 

interaction amongst the different effects contributing to the TCR. 

Table 7.5. TCR values for the samples of carbon coating on micro-structured PDMS with PMMA, shown in 

Figure 7.5. The values presented correspond to averages of 3 runs or 3 samples, with the respective standard 

deviations. 

 TCR (%/°C) 

Sample Warming Cooling 

Replica 1 1.2 ± 0.3 1.2 ± 0.04 

Replica 2 2.5 ± 0.3 2.5 ± 0.3 

Replica 3 1.9 ± 0.3 3.5 ± 5 

Average 1.9 ± 0.6 1.8 ± 0.6 

 

7.3.3 Contact Resistance Change Between Micro-cones 

The last effect that should be accounted for the TCR of the e-skin sensors is the 

contact resistance variation with temperature. Since the TCR of carbon coating on 

micro-structured PDMS films with PMMA is inferior to the TCR of the sensors, with 

a difference that is over 0.5 %, the effect of contact resistance must have an important 

role in the global behaviour of the sensors. Nevertheless, without a proper 

mathematical model of the sensor, estimating the contribution of pure contact 

resistance change is not trivial, and so it was not considered on the scope of this work.  

 

7.4 Conclusions 

The work presented in this chapter proved that the e-skin sensors with 

misaligned cones theoretically spaced by 300 µm could be successfully employed, 
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beyond pressure detection (as shown in Chapter 4), in temperature monitoring, at 

least between 25 °C and 45 °C, with a linear behaviour. A high TCR of 2.6 %/°C for 

warming and 2.3 %/°C for cooling was obtained, capable of competing against other 

e-skin temperature sensors, many of which were produced through expensive 

photolithography techniques and achieved lower TCR values.  The effects behind 

such a high TCR are definable yet hard to quantify in an isolated experiment: the 

sheet resistance variation of carbon coating with temperature, the thermal expansion 

of PDMS, which may be impaired by PMMA yet improved through micro-

structuring, and the contact resistance variation between the micro-cones, induced 

by temperature. The sheet resistance change of carbon coating seemed to be a modest 

contributor to the global TCR of the sensors, with a TCR resultant from this effect of 

only 0.1 %/°C (warming and cooling). When adding the thermal expansion of PDMS, 

these TCR values increased to 0.8 %/°C (warming) or 0.7 %/°C (cooling), decreasing, 

however, to almost half the value, when in the presence of PMMA between PDMS 

and carbon coating. With micro-structuring, the TCR values reached 1.9 %/°C 

(warming) or 1.8 %/°C (cooling), which, despite high, are still inferior to the TCR of 

the sensors, indicating that the contact resistance change induced by temperature 

must give a valuable contribute to increase the TCR, despite its challenging 

quantification. Nevertheless, the results support the premise that laser engraving 

may be employed not only to produce pressure sensors but also to fabricate 

functional and high performance temperature sensors with a linear behaviour in a 

meaningful range of temperatures and a high TCR, while presenting a low hysteresis 

between warming and cooling cycles of 2.3 % at 26 °C. Furthermore, this work 

proved that these e-skin sensors have the potential to be multifunctional, with the 

capability of simultaneously monitor pressure and temperature, despite more 

investigation is needed in order to distinguish both inputs from the same output.  
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Chapter 8 

Piezoelectric Energy Harvesters Based on a PDMS and ZnSnO3 NWs 

Composite Micro-structured through Laser Engraved Acrylic Moulds 

 

 

 

 

This chapter presents the results related to the energy harvester based on a 

composite of PDMS and ZnSnO3 NWs, which was micro-structured through laser 

engraved acrylic moulds to enhance the piezoelectric effect of the NWs. Its contents 

are adapted from the following publication: 

A. Rovisco, A. dos Santos, T. Cramer, J. Martins, R. Branquinho, H. Águas, B. 

Fraboni, E. Fortunato, R. Martins, R. Igreja, P. Barquinha, Piezoelectricity 

Enhancement of Nanogenerators Based on PDMS and ZnSnO3 Nanowires through 

Microstructuration, ACS Applied Materials & Interfaces 2020, 12, 16, 

10.1021/acsami.9b21636. The author co-fabricated all the devices tested in the 

worked, co-performed their electrical characterization, co-analysed the results 

obtained, and co-wrote the manuscript.   
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8 Chapter 8. Piezoelectric Energy Harvesters Based on a 

PDMS and ZnSnO3 NWs Composite Micro-structured 

through Laser Engraved Acrylic Moulds 

8.1 Introduction 

Zinc based nanostructures have been widely investigated due to the need to 

avoid toxic, scarce, and unsustainable materials in the production of NGs. The high 

polarization of ZnSnO3 along the c-axis (≈ 59 μC cm-2) [1] makes this material an 

attractive candidate for the field. Well-controlled ZnSnO3 NWs were already 

produced by a seed-layer free hydrothermal route, developed at CENIMAT [2,3], 

nonetheless, they were lacking an application. Therefore, the mentioned ZnSnO3 

NWs were mixed with PDMS to form a robust composite (ZnSnO3@PDMS) for the 

production of energy harvesters. Furthermore, acrylic laser engraved moulds were 

explored for the micro-structuring of the composite to access both the versatility of 

the micro-structuring approach for other applications besides the production of 

pressure and temperatures sensors, and the impact of the composite’s micro-

structuring in the piezoelectric output of the energy harvesters.  

 

8.2 Experimental Section 

8.2.1 Chemicals and Materials 

PDMS elastomer and curing agent (Sylgard 184) were purchased from Dow 

Corning. PET/ITO substrates were acquired from Kintec Company. Kapton tape was 

purchased from DuPont. Copper tape was acquired from 3M. 

 

8.2.2 ZnSnO3 NWs’ Synthesis 

The ZnSnO3 NWs were produced as detailed in [2]. 
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8.2.3 Fabrication of Acrylic Moulds 

The acrylic moulds employed in the micro-structuring of the ZnSnO3@PDMS 

composite were the same as those described in Chapter 4, namely moulds engraved 

with aligned or misaligned crosses spaced by 150 µm or 300 µm.  

 

8.2.4 Energy Harvesters Fabrication 

The ZnSnO3 NWs were mixed with PDMS elastomer with a weight ratio of 

20 wt%. Then, the curing agent was added to the previous mixture in a 1:10 w/w ratio 

of curing agent to elastomer. The mixture was then spin-coated onto each mould at 

250 rpm for 90 s, and degassed before curing the ZnSnO3@PDMS composite in an 

oven at 85 °C. After 15 min to 30 min of curing, a commercial PET/ITO substrate was 

placed on top of the composite films, which were left in the oven until completing 

the curing. This PET/ITO substrate played the role of bottom electrode in the device. 

After peeling off the composite bounded to PET/ITO, another PET/ITO substrate was 

placed on top of the micro-structured face, to work as top electrode. Both substrates 

were tightly secured to each other by using kapton tape. For an easier connection to 

external equipment, copper tape was used as an extension of each electrode of the 

energy harvester. Figure 8.1 shows all the steps of the fabrication process of an energy 

harvester. 
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Figure 8.1. Fabrication steps of a micro-structured energy harvester. The inset is a photograph of one energy 

harvester. 

 

8.2.5 ZnSnO3 NWs, Composites, and Energy Harvesters 

Characterization 

XRD data of ZnSnO3 NWs and ZnSnO3@PDMS composite was performed as 

described in section 3.3.2, in the 10° – 90° 2θ range with a step size of 0.033°. 

ZnSnO3 and ZnSnO3@PDMS were morphologically evaluated through SEM. To 

investigate the piezoelectric properties of the composite, cured films of unstructured 

ZnSnO3@PDMS composite were spin-coated with the same parameters as previously 

mentioned, and aluminium electrodes (100 nm) were evaporated on their surface 

(section 3.1.2.1). As a comparison, the same was performed for only PDMS. As 

explained in section 3.4.3.1, the home-made bending machine was used to test the 

energy harvesters with a constant force of approximately 10 N and at a frequency of 

2 pushes per second. For variable force (between 12 N and over 100 N), a pen was 
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employed to apply human force. The capacitance of only PDMS and the 

ZnSnO3@PDMS composite was measured using a Keysight B1500A system. 

Piezoelectric force microscopy (PFM) was performed with a NX10 Park-Systems 

setup using Micromash NSC36CrAu probes. Sparse NWs on ITO substrates were 

detected in non-contact mode. Piezoresponse measurements were subsequently 

performed by contacting a single point on the NW surface and applying an AC signal 

of 1 V to 4 V by the tip at 17 kHz. 

The energy harvester with the optimized configuration was either directly 

connected to LEDs or employed to charge a capacitor (through the home-made 

bending machine) for powering small electronic devices, as explained in section 

3.4.3.3. 

 

8.3 Results 

8.3.1.1 Characterization of ZnSnO3 NWs and ZnSnO3@PDMS Films 

Figure 8.2 (a) and (b) show the XRD patterns and morphology of ZnSnO3 NWs. 

These structures have an average length of 600 nm and diameter of 65 nm. 

Concerning the crystalline identification, the #28-1486 card fits well with ZnSnO3 

orthorhombic phase.  

Electromechanical properties of individual and unpolarized NWs were 

characterized by AFM. A piezoresponse curve was obtained by contacting a single 

spot on the NW surface and is shown in Figure 8.2 (c) for ZnSnO3. The ZnSnO3 

structures yield a d33 of (23 ± 4) pC N-1, a value that compares fairly well with what 

has been reported in the literature for one-dimensional (1D) nanostructures produced 

by hydrothermal synthesis [4].  

In order to investigate the piezoelectric effect of the ZnSnO3@PDMS composite 

and to compare it with a film of only PDMS, electrodes of aluminium were directly 

evaporated on both surfaces of these samples to avoid any air gaps between the films 

and the electrodes, thus preventing any triboelectric effect. Subsequently, the 
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samples were subjected to mechanical stimuli of 10 N. In Figure 8.2 (d) it is clear that 

PDMS has barely any voltage generation upon pushing, which is expectable given 

that PDMS is not a piezoelectric material. The small signal that is visible is coming 

from the interference with the electrodes. 

The 𝑑33 value of a material can be determined according to Equation (8.1) [5]: 

𝑑33 =
𝑄

𝐹
 

(8.1) 

where 𝑄 is the electric charge and 𝐹 is the force. Knowing that the charge can be 

obtained by Equation (8.2): 

𝑄 = 𝐶 × 𝑉 
(8.2) 

being 𝐶 the capacitance and 𝑉 the voltage, the expression for 𝑑33 becomes [Equation 

(8.3)]: 

𝑑33 =
𝐶 × 𝑉

𝐹
 

(8.3) 

To clarify that the voltage output differences for PDMS and ZnSnO3@PDMS are 

not solely due to different capacitance values, the capacitance of these materials was 

measured, achieving values of 7.3 pF and 10 pF, respectively, for samples with the 

same area (≈ 3 cm2). Given that the capacitance of ZnSnO3@PDMS composite is higher 

than PDMS, and assuming similar d33 coefficient for both, ZnSnO3@PDMS composite 

output voltage should be smaller. However, as shown in Figure 8.2 (d), the output 

voltage for the composite is much higher than for PDMS, and so it is necessarily 

related to the larger 𝑑33 of ZnSnO3@PDMS, which was determined as 

approximately 2 pC N-1. Therefore, the ZnSnO3@PDMS composite presents an 

evident piezoelectric response which must be attributed to the ZnSnO3 NWs. 
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Figure 8.2. Morphological characterization of ZnSnO3 NWs and ZnSnO3@PDMS composite. (a) XRD patterns 

of PDMS, ZnSnO3@PDMS film and ZnSnO3 NWs before mixing with PDMS. The identification was following 

ICDD card #28-1486 as explained in [2]. (b) SEM image of ZnSnO3 NWs. (c) Contact mode tip oscillation (in 

AFM) as a function of tip-bias AC-voltage to extract the effective piezocoefficient d33 of a ZnSnO3 NW. The inset 

shows the topography of a ZnSnO3 NW obtained in non-contact mode (the red spot indicates the area that was 

contacted in piezoresponse measurements). (d) Piezoelectric response of ZnSnO3@PDMS and only PDMS for a 

pushing force of 10 N. The inset shows the output of ZnSnO3@PDMS with greater detail, highlighting the peaks 

corresponding to the pressing and releasing of the composite. 
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8.3.1.2 Optimization of the Devices’ Architecture 

Herein, two different energy harvester architectures (an unstructured and a 

micro-structured one) were explored to study the influence of the micro-structuring 

into micro-cones of the ZnSnO3@PDMS composite in the devices’ performance. Four 

different engraving designs were explored to obtain aligned or misaligned micro-

cones with different spacings between cones (150 µm or 300 µm). For a better 

comparison between the devices and to achieve more reproducible results, a home-

made machine was used with a pushing force of 10 N and a pushing area of 0.3 cm2. 

Figure 8.3 (a) and (b) show the output voltage and current of devices with the 

different configurations previously described, highlighting the reproducibility of the 

output for each repeated stimulus. The results evidence that the presence of a micro-

structuring in the devices gives rise to a higher output when compared to the 

unstructured devices. Even though the micro-structuring of the films reduces the 

effective contact area between the composite and the electrode, it is thought that it 

concentrates the compressive forces into the cones, and so upon their compression 

and deformation, the NWs dispersed in the micro-structures undergo a greater 

compression/bending. This translates into more charges being induced at the 

electrode, resulting in a greater piezoelectric signal. The compressive forces do not 

actuate so effectively upon the NWs in unstructured devices, which is illustrated in 

Figure 8.3 (c). Therefore, in the unstructured energy harvesters the NWs suffer less 

mechanical deformation resulting in lower charge induction and consequently in 

smaller outputs, even though their contact area with the electrode is larger. 
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Figure 8.3. Evaluation of the micro-structuring impact in the output of the energy harvesters. Output (a) voltage 

and (b) current generated from the ZnSnO3@PDMS device with different configurations: unstructured films, 

micro-structured films with aligned (A) or misaligned (M) micro-cones with a spacing (S) of 150 μm or 300 μm. 

The insets show a magnified view of output voltage and current from the ZnSnO3@PDMS micro-structured 
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films device with aligned micro-cones with a spacing of 300 μm. All devices were tested with a pushing force of 

10 N applied with a home-made machine. The circles represent average values with standard deviations (of 4 to 

6 measurements) for positive and negative peaks. (c) Proposed schematics of force deformation for a micro-

structured and unstructured device and photographs showing the cross-section of the devices before and after 

pushing force. Note that the schemes are not at scale. T (1.2 mm) and T’ (940 µm), and t (782 μm) and t’ 

(724 µm) are the thicknesses of the micro-structured/unstructured ZnSnO3@PDMS films before and after 

pushing, respectively. 

The micro-structuring of the composite also induces the presence of air gaps 

between the basis of the cones and the top electrode, which contributes to the 

induction of charges by triboelectric effect. This is verified in Figure 8.4 (a) and (b), 

where a micro-structured device of only PDMS shows a higher output voltage and 

current than an unstructured one. To investigate the relevance of the triboelectric 

effect contribution to the performance of the ZnSnO3@PDMS composite energy 

harvesters, micro-structured devices of only PDMS and ZnSnO3@PDMS, with 

aligned micro-cones spaced by 300 µm, were tested under the same conditions as 

previously described, with the results shown in Figure 8.4 (c) and (d). If the 

triboelectric effect was the main effect contributing to the performance of the energy 

harvesters, then the ZnSnO3@PDMS would have an output similar to that of only 

PDMS, where its output can only come from the triboelectricity generated between 

PDMS and ITO. However, the PDMS device shows a peak-to-peak voltage (0.7 V) 

and current (95 nA) output much smaller than the respective values for the 

ZnSnO3@PDMS energy harvester with the same configuration (8.7 V and 1.25 µA). 

Therefore, the output results for the ZnSnO3@PDMS energy harvester point towards 

an enhanced piezoelectric effect resultant from the structuring of the composite into 

micro-cones, which is the dominant effect dictating the performance of this type of 

energy harvesters. 
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Figure 8.4. Investigation of the triboelectric impact in the output of energy harvesters. Output (a) voltage and 

(b) current signals of unstructured and micro-structured (with aligned micro-cones spaced by 300 µm) PDMS 

films. Output (c) voltage and (d) current generated from only PDMS and ZnSnO3@PDMS micro-structured 

films devices with aligned micro-cones with a spacing of 300 μm. All devices were tested with a pushing force of 

10 N applied with a home-made machine. The circles represent average values with standard deviations (of 4 to 

6 measurements) for positive and negative peaks. 
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current detected by the ammeter. Negative charges are also induced by triboelectric 

effect in the interface between the composite’s surface and ITO, as well as positive 

charges in the top electrode. When the pressure is released until the point that the 

ZnSnO3 NWs are back to their original position in the composite, another 

piezoelectric current with the opposite direction is induced. As the pressure is 

released, the top electrode gets further away from the composite, which induces a 

charge compensation between the electrodes of the device and gives rise to a 

triboelectric current. When the top electrode has the maximum distance possible 

from the composite, the charges are in an equilibrium state and there is no current 

flowing through the ammeter. After this stage, a new pressure stimulus is applied to 

the device, approximating the top electrode to the composite and forcing the 

triboelectric charges in the electrodes to rearrange to balance the charges of the 

composite, which induces another triboelectric current with the opposite direction to 

flow through the ammeter. Finally, in the maximum compression state, no 

triboelectric current is detected, but a new piezoelectric current arises, initiating a 

new cycle with the same steps. 
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Figure 8.5. Proposed charge generation and displacement mechanism for both the piezoelectric and triboelectric 

effects in micro-structured devices. Symbols: - – negative piezoelectric charge; + – positive piezoelectric charge; 

 – negative counter charge;  – positive counter charge;  – negative triboelectric charge. 
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Regarding the different designs explored herein, devices with aligned cones 

present a slightly higher voltage than devices with misaligned cones, while for 

current output the alignment does not seem to produce a significant influence. Table 

8.1 presents the peak-to-peak output voltage and current values of all the devices 

shown in Figure 8.3 (a) and (b). The configuration with aligned micro-cones spaced 

by 300 µm has the best performance with a peak-to-peak voltage of 8.7 V and a peak-

to-peak current of 1.3 µA, possibly because the density of cones in this configuration 

is smaller than in the configurations with a cones spacing of 150 µm, and so the forces 

get more concentrated in the first configuration, leading to a greater deformation of 

the micro-cones. This effect has been shown by other groups in capacitive sensors 

[6,7]. Additionally, the micro-cones spaced by 300 µm are higher than the micro-

cones spaced by 150 µm because the latter ones suffer from a fusion effect as a 

consequence of their fabrication process (as explained in Chapter 4). Therefore, there 

is a greater volume to be easily compressed in the configuration with a spacing of 

300 µm, and so a greater number of NWs may be bent, thus increasing their 

piezoelectric signal. 
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Table 8.1. Peak-to-peak voltage and current from the devices shown in Figure 8.3 (a) and (b). The values 

presented correspond to average values with standard deviations of a minimum of 5 measurements. 

Design 
Peak-to-Peak 

Voltage (V) 

Peak-to-Peak 

Current (µA) 

Unstructured ZnSnO3@PDMS 0.5 ± 0.02 0.2 ± 0.01 

Micro-structured ZnSnO3@PDMS 

(Aligned cones spaced by 150 µm) 
3.8 ± 0.1 0.2 ± 0.01 

Micro-structured ZnSnO3@PDMS 

(Misaligned cones spaced by 150 µm) 
3.5 ± 0.2 0.2 ± 0.01 

Micro-structured ZnSnO3@PDMS 

(Aligned cones spaced by 300 µm) 
8.7 ± 0.1 1.3 ± 0.03 

Micro-structured ZnSnO3@PDMS 

(Misaligned cones spaced by 300 µm) 
4.8 ± 0.2 0.4 ± 0.03 

 

8.3.1.3 Pushing Force Dependence 

To stimulate the optimized device (aligned cones with a spacing of 300 μm) 

with larger forces and test it as a pressure sensor, different levels of tapping force 

using a pen (contact area of 0.7 cm2) were tested. Figure 8.6 shows the peak-to-peak 

voltage and current outputs obtained in these experiments. The results highlight that 

the nature of these manual stimuli is different from those applied by the home-made 

machine: while the first are more impulse like, the latter resemble continuous-like 

stimulus. Therefore, for similar forces applied manually (between 12 N and 15 N), 

the device has a higher voltage and current outputs with values of 31.2 V and 1.8 μA, 

corresponding to an instantaneous power density of approximately 82 μW cm-2. 

There is also a trend of increasing output with increasing force, which sustains the 

possibility of using these energy harvesters as self-powered force/pressure sensors. 

The maximum output of the device with this type of stimuli was ≈ 120 V and ≈ 13 μA, 
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corresponding to an instantaneous power density of ≈ 2.3 mW·cm-2, for a pushing 

force over 100 N. 

 

Figure 8.6. Output voltage of the optimized energy harvester (aligned cones with a spacing of 300 μm) generated 

applying a human force (a) from 15 N to 50 N and (b) over 100 N using a pen (inset) to deliver the stimulus. 

Output current generated applying a human force (c) from 15 N to 50 N and (d) over 100 N using a pen to 

deliver the stimulus. 
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8.3.1.4 Device Stability 

In order to study device stability over time, 12 000 cycles were applied for 

100 min without interruptions with the home-made machine, on an energy harvester 

with the optimized ZnSnO3@PDMS micro-structured film. As shown in Figure 8.7 (a) 

and (b), despite a slight variation in the output, the device presents a stable 

performance even after being pushed over 12 000 cycles. The micro-cones display no 

signs of degradation after this test, as shown in Figure 8.7 (c). A similar performance 

is observed for this device when repeating the same proceeding one month later, as 

illustrated by Figure 8.7 (d) and (e), comparing to insets from Figure 8.3 (a) and (b). 
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Figure 8.7. Stability evaluation of the energy harvester with the optimized configuration (aligned cones with a 

spacing of 300 μm), tested with the home-made machine exerting a force of 10 N. Output (a) voltage and (b) 

current throughout 12 000 pushing cycles. (c) SEM images of ZnSnO3@PDMS micro-structured films with 
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aligned micro-cones spaced by 300 µm after the stability test (12 000 cycles of pushing force). Output (d) voltage 

and (e) current one month after the measurements shown in Figure 8.3.  

 

8.3.1.5 Proof of Concept 

To test the device for a practical application it is relevant to investigate the 

electric power that the device can provide with a load. Therefore, the output voltage, 

current, and instantaneous power of the device with the optimized configuration 

were evaluated under several load resistances, as shown in Figure 8.8 (a) and (b). The 

output current decreases with an increasing load resistance while the output voltage 

increases. The instantaneous power increases with the load resistance, reaching a 

maximum peak of 1 µW with 15 MΩ, then decreasing for higher load resistances. 

This load value indicates what should be the impedance of the device to be powered 

on by the harvester, in order to maximixe the supplied power and make the process 

more efficient.  

The device with the optimized configuration was then directly connect to one 

white LED or five blue LEDs in series. Figure 8.8 (c) and (d) show that after manually 

pushing the device either the single white LED or the multiple blue LEDs in series 

could be light up.  

Powering of small electrical devices was also tested with the optimized energy 

harvester. For this end, the energy harvester was stimulated to charge a 10 µF 

capacitor through a full-wave rectifier over 10 min to 15 min. The capacitor was then 

connected to an electronic humidity sensor and a digital watch to successfully switch 

them on, as shown in Figure 8.8 (e) and (f).  
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Figure 8.8. Output (a) voltage and current and (b) instantaneous power generated from the ZnSnO3@PDMS 

micro-structured films with the optimized configuration under several load resistances. Photographs of a device 

directly connected to (c) a single white LED and (d) five blue LEDs in series, with the respective insets showing 

the LED/LEDs off and on (driven by the energy of the energy harvester). Photographs of (e) an electronic 

humidity sensor and (f) a digital watch being powered by a 10 µF capacitor previously charged by the energy 

harvester. 

Table 8.2 shows a comparison between the device with the best performance 

produced in this work with the literature related to the use of ZnSnO3 nanostructures 

in piezo/triboelectric harvesters. Although a direct comparison is not possible due to 

the lack of some information from other works (namely the intensity of the 
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mechanical input), the device produced herein shows a high performance for energy 

harvesting from stimuli with a moderate force, compatible with everyday activities. 

For example, the energy harvester could be attached to the bottom of shoes to get 

energy from walking or running. The instantaneous power density reached herein is 

also one of the highest reported so far, and only the ZnSnO3 nanocubes@PDMS 

composite reported by Wang et al. [8] has a higher response, yet due to the lack of 

information and quantification about the applied force, a direct comparison is not 

feasible. Nevertheless, these results highlight the potential for powering portable 

electronics. Furthermore, given the higher flexibility of the wires morphology when 

compared with cubes or other structures, the optimization of the weight ratio 

between ZnSnO3 NWs and PDMS is expected to result in devices with a greater 

output for the same stimulus, when compared to those presented in Table 8.2. 
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Table 8.2. Performance comparison of ZnSnO3 nanostructures-based piezo/triboelectric energy harvesters. Acronyms: MWCNTs – Multi-walled Carbon 

Nanotubes; NWs – Nanowires; PDMS – Polydimethylsiloxane; PVC – Polyvinyl Chloride; PVDF – Poly(vinylidene fluoride); TENG – Triboelectric 

Nanogenerator; ZnSnO3 – Zinc Tin Oxide. 

Year Material 
Stimulus/ 

Applied Force 

Output 

Voltage 

Current 

Voltage 

Instantaneous Power 

Density 

2012 [9] 
Single-ZnSnO3 microbelt@high temperature 

process 

Compressive strain 

(0.33 Hz – 1.20 Hz) 

– 

110 mV 80 nA – 

2012 [10] 
Single-ZnSnO3 microbelt@high temperature 

process 

Compressive strain 

(0.30 Hz – 1.66 Hz) 

– 

5.3 V 0.1 µA 11 µW cm-3 

2014 [11] ZnSnO3 nanocubes@PDMS 
Motion of vehicle tires 

– 
20 V 1 µA cm-2 – 

2015 [12] ZnSnO3/MWCNTs 
Strain 

– 
40 V 0.4 µA 10.8 µW cm-3 

2015 [8] ZnSnO3 nanocubes@PDMS 

Linear motor / Bending 

(1.5 Hz – 3 Hz) 

– 

400 V 28 µA 280 µW cm-2 

2016 [13] ZnSnO3 nanocubes@PVDF 

Fatigue testing system 

(1 Hz – 7 Hz) 

489 N 

520 V 2.7 µA m-2 – 

2016 [14] ZnSnO3 nanocubes@PVC 

Human finger 

(1 Hz – 10 Hz) 

– 

40 V 1.4 µA 3.7 µW cm-2 

2017 [15] ZnSnO3 nanoplates@PDMS 
Bending (2 Hz) 

– 
20 V 0.6 µA – 

2017 [16] ZnSnO3 nanocubes@PDMS + TENG 

Hand stabbing 

mechanism 

– 

50 V (PENG) 

300 V (Hybrid) 
– 10.4 mW cm-2 (Hybrid) 

2019 [17] ZnSnO3 nanocubes@PDMS 
Footstep 

– 
18 V 8 mA – 

This 

Work 
ZnSnO3 NWs@PDMS 

Pen 

> 100 N 
120 V 13 µA 2.3 mW cm-2 
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8.3.1.6 Conclusions 

Piezoelectric energy harvesters were fabricated using a composite film of PDMS 

and ZnSnO3 NWs produced by hydrothermal synthesis at only 200 °C. The ZnSnO3 

NWs clearly showed piezoelectric properties through PFM measurements, reaching 

a d33 of (23 ± 4) pC N-1. Several micro-structuring designs of the composite films, 

achieved through laser engraving technique, were also studied to enhance the 

performance of the energy harvesters, proving the versatility of the micro-structuring 

approach, regarding its applications. The micro-cones helped to improve the 

piezoelectric signal coming from the NWs through an increased efficiency in the force 

transmission. Such effect results in a better performance achieved for the 

configuration with aligned micro-cones spaced by 300 µm, showing a peak-to-peak 

voltage around 8.7 V and a peak-to-peak current of 1.3 µA (instantaneous power 

density of 32 µW cm-2) for a 10 N stimulus applied by a home-made machine. When 

stimulated manually with a pen (a force over 100 N), a maximum output of 120 V 

and 13 µA was achieved, with an estimated instantaneous power density of 

2.3 mW cm-2. This instantaneous power density is enough for practical applications, 

such as lighting LEDs and charging capacitors for powering small electronic devices, 

showing a great potential for energy harvesting in wearables. This work ultimately 

proves the versatility of laser engraving as a micro-structuring technique for the 

production of piezoresistive sensors, temperature sensors, and energy harvester of 

high performance. 
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Chapter 9 

Energy Harvesters Based on a PDMS and ZnO NRs Composite Micro-

structured through Laser Engraved Acrylic Moulds 

 

[Cover of Chemosensors 2021 Vol. 9, Issue 

2, created in the context of this work] 

This chapter presents the results related 

to the energy harvesters based on a composite 

of PDMS and a variable ZnO NRs loading, 

which was micro-structured through laser 

engraved acrylic moulds to enhance the 

piezoelectric effect of the NRs, while also 

promoting the triboelectric effect. Its contents 

are adapted from the following publication: 

A. dos Santos, F. Sabino, A. Rovisco, P. 

Barquinha, H. Águas, E. Fortunato, R. Martins, 

R. Igreja, Optimization of ZnO Nanorods 

Concentration in a Micro-Structured Polymeric Composite for Nanogenerators, 

Chemosensors 2021, 9, 27, doi:10.3390/chemosensors9020027.  
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9 Chapter 9. Energy Harvesters Based on a PDMS and ZnO 

NRs Composite Micro-structured through Laser Engraved 

Acrylic Moulds 

9.1 Introduction 

Given the potential of the energy harvesters based on the composite of 

ZnSnO3@PDMS (Chapter 8), there was an interest in maximizing the performance of 

such devices by varying the load of NWs in the composite, as it was performed in 

other works [1,2]. However, due to the long (24 h of furnace heating [3]) and low 

yield synthesis of ZnSnO3 NWs (30 mg of NWs per synthesis, with a maximum 

reagent to precursor mass ratio efficiency of 50 % [3]), such optimization would be 

extremely time-consuming. Therefore, a more viable option would be to perform this 

study with other type of nanostructures with a higher synthesis yield, while keeping 

the raw materials as sustainable as possible. Despite showing a lower d33 value 

(~ 10 pC N-1) [4,5] when compared to ZnSnO3 NWs, (23 ± 4) pC N-1 as presented in 

section 8.3.1.1, ZnO nanoparticles appeared as a viable alternative due to their easy 

fabrication, high abundance, and good performance [2,6–12]. There are several 

methods of synthesizing ZnO NRs [13–16]. The hydrothermal synthesis under 

microwave radiation is a low cost and fast method, which can provide the hexagonal 

wurtzite structure with a high yield of nanostructures [17].  

Having the research from Chapter 8 as a starting point, the fabrication of a NG, 

based on a composite of ZnO NRs embedded in a PDMS matrix, is presented in this 

work. With the aim of enhancing the devices’ performance, the load of the NRs in the 

PDMS film was studied and the composite was further micro-structured through 

laser engraving technique for an improved output. The device showed a high 

stability under stress and over time and, as proof of concept, a high intensity LED 

and a commercial household thermometer were powered using the optimized 

device, proving its capabilities as a successful energy harvester.  
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9.2 Experimental Section 

9.2.1 Chemicals and Materials 

PDMS (Sylgard 184) was purchased from Dow Corning. Ethyl acetate was 

purchased from Fluka-Honeywell. PET with ITO was purchased from Kintec 

Company. Kapton tape was purchased from DuPont. Copper tape was purchased 

from 3M. 

 

9.2.2 Fabrication of Micro-structured Moulds Through Laser 

Engraving 

Acrylic moulds, produced as described in Chapter 4, were employed to micro-

structure the ZnO@PDMS composite. The design of the moulds was based on aligned 

crosses spaced by 300 µm. 

 

9.2.3 Production of ZnO NRs 

The ZnO NRs were produced by hydrothermal synthesis assisted by 

microwave irradiation as described in reference [18] and using the equipment 

mentioned in section 3.1.3.1. 

 

9.2.4 Fabrication of the NGs 

For the fabrication of the NGs, the ZnO NRs were mixed with PDMS elastomer 

in a ratio of 15 wt%, 20 wt%, 25 wt%, or 30 wt%, and ethyl acetate (enough volume 

to promote the mixing of elastomer and NRs). After mixing until evaporating most 

of the solvent volume, the PDMS curing agent was added in a weight ratio to 

elastomer of 1:10, and the mixture was mixed thoroughly before spin-coating on 

commercial substrates of PET with ITO (PET + ITO), for unstructured NGs, or acrylic 

moulds, for micro-structured NGs, at 250 rpm for 90 s, with an acceleration of 
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100 rpm s-1. The ZnO@PDMS films were partially cured at 60 °C for 10 min to 15 min 

before placing one PET + ITO substrate directly over the composite. After completing 

the cure at 60 °C for 45 min, the micro-structured ZnO@PDMS film with the PET + 

ITO substrate was peeled off from the mould and assembled with another electrode 

of PET + ITO with Kapton tape. In both types of NGs, copper tape was used as an 

extension of each electrode. The main steps to fabricate one NG are displayed in 

Figure 9.1. 

 

Figure 9.1. Fabrication steps of a micro-structured NG based on a ZnO@PDMS composite. 

 

9.2.5 Morphological and Electrical Characterization of the Composite 

and NGs 

An XRD analysis was performed to the ZnO NRs and the ZnO@PDMS 

composites according to section 3.3.2, in a 10° – 60° 2θ range, with a step size of 0.033°. 
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The morphology of these structures was analysed by SEM as described in section 

3.3.1. 

PFM was performed to sparse ZnO NRs over ITO in non-contact mode through 

an NX10 Park-Systems setup using Micromash NSC36CrAu probes. By contacting a 

single point on the NR surface, piezoresponse measurements were performed 

applying an AC signal of 1 V to 4 V with the tip at 17 kHz. 

The NGs were tested as explained in section 3.4.3, with a contact area of 0.3 cm2, 

a fixed force between 0.8 N to 4.1 N, at a frequency of 0.5, 1, 1.5, and 2 pushes per 

second. The force applied by the home-made machine was estimated with a 

commercial force sensing resistor (Ref. SEN05003) from Interlink Electronics.  

 

9.3 Results 

9.3.1 Morphological and Structural Characterization of ZnO NRs and 

ZnO@PDMS Films 

Figure 9.2 (a) and (b) show the SEM images of ZnO NRs, which have an average 

length and diameter of (2.4 ± 0.5) µm and (0.4 ± 0.1) µm, respectively. Each synthesis, 

with a microwave heating of less than 1 h, produced around 150 mg of NRs, which 

is considerably more than the yield of the ZnSnO3 NWs [3]. Figure 9.2 (c) shows the 

ZnO@PDMS composite, where it is visible that the NRs are well dispersed in the 

polymeric matrix. Figure 9.2 (d) presents the XRD diffractogram of ZnO NRs, 

ZnO@PDMS, and pure PDMS. The peaks observable for the NRs are assigned to the 

hexagonal wurtzite ZnO structure, with lattice constants of a = 0.3296 nm and 

c = 0.52065 nm. As expected, those peaks are also present in the ZnO@PDMS 

composite, yet absent in pure PDMS.  
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Figure 9.2. Morphological and structural characterization of the ZnO NRs and the ZnO@PDMS composite. (a), 

(b) SEM images of ZnO NRs and (c) ZnO@PDMS composite. The inset shows a close-up of some ZnO NRs 

embedded in the PDMS matrix. (d) XRD diffractogram of ZnO NRs, ZnO@PDMS film, and pure PDMS. The 

identification of ZnO was following ICDD card #36-1451. 

 

9.3.2 Piezoelectric Characterization of ZnO NRs  

PFM was employed in untreated individual ZnO NRs for the characterization 

of their electromechanical properties, as shown in Figure 9.3. The response is slightly 

above the noise level and leads to an effective d33 of (9 ± 2) pC N-1, in agreement with 

the values reported for ZnO nanostructures [5], which demonstrates the piezoelectric 

properties of the individual NRs. 
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Figure 9.3. Piezoresponse characterization of ZnO NRs through PFM. (a) ZnO NR topographies obtained in 

non-contact mode. The area that was contacted for piezo-response measurements is highlighted with a red circle. 

(b) Contact mode tip oscillation as a function of tip-bias AC-voltage. From the shown data, the effective d33 was 

extracted. 

 

9.3.3 Optimization of the ZnO Load in the ZnO@PDMS Composite 

In order to produce NGs with the highest potential, it is important to evaluate 

their performance with the ZnO load. In fact, several groups have already studied 

this issue and verified that with an increasing mass of piezoelectric particles 

dispersed in a polymeric matrix there is an increase in the output, yet beyond a 

certain mass value, the output starts decreasing [1,19–21]. Such occurrence may be 

explained by a possible electrical breakdown due to an excessive nanoparticles load, 

an inefficient dispersion of the nanoparticles in the polymeric matrix, which then 

prevents the alignment of electric dipoles in a large proportion [1,19], or due to a 

degradation of electromechanical coupling effects, such as the deformability, with 

increasing loading [21]. 

Figure 9.4 (a) presents the peak-to-peak voltage variation with the load of ZnO 

NRs in the ZnO@PDMS composite. The composites were mechanically stimulated 

with a home-made bending machine, adapted to exert a pushing force of 2.3 N at a 

frequency of 2 pushes per second. There seems to be a trend of increasing voltage 

with the increase of ZnO NRs load until 25 wt%, after which the output decreases for 
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greater loads. This observation is therefore in accordance to what was previously 

reported [1,19–21]. 

Considering 25 wt% as the optimum load of ZnO NRs in the composite, two 

types of NGs were fabricated to further explore and enhance the potential of the 

composite: an unstructured one and a micro-structured one, with its micro-

structuring being based in the best design found in Chapter 8. The output voltage for 

these two NGs in the same conditions as before is shown in Figure 9.4 (b). The micro-

structured NG shows a better performance, achieving a peak-to-peak voltage of 

(6.0 ± 0.7) V, against only (0.9 ± 0.2) V for the unstructured counterpart. Such 

enhancement in voltage, about 6 times, may be explained by two effects: an increased 

efficiency in force delivery to the ZnO NRs due to the micro-structuring of the 

composite for a composite of ZnSnO3@PDMS, reinforcing the piezoelectric effect of 

the ZnO NRs (as it was verified in Chapter 8), and an additional triboelectric effect 

that arises due to the introduction of air gaps between the ZnO@PDMS composite 

and the ITO electrode with the micro-structuring.  

 

Figure 9.4. Performance of the ZnO@PDMS composites with the load of ZnO. (a) Peak-to-peak voltage for 

ZnO@PDMS composites with different loads of ZnO NRs. Each point is the average output with standard 

deviation of 2 to 6 identical devices. (b) Voltage output for an unstructured and a micro-structured NG with a 

ZnO NRs load of 25 wt%. All results were obtained with a mechanical stimulation by a home-made bending 

machine that exerted a pushing force of 2.3 N at a frequency of 2 pushes per second.  
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9.3.4 Electrical Characterization of ZnO@PDMS Nanogenerators 

Given the superiority of the micro-structured NG, this type of device was 

further characterized regarding its performance for mechanical stimuli of different 

frequencies, forces, and applied for long periods.  

Figure 9.5 (a) illustrates the performance of the referred nanogenerator when 

the force of the mechanical stimuli is fixed at 2.3 N, yet its frequency is varied. As 

expected, there is an increase in voltage output with the increase of the number of 

pushes per second that the home-made machine performs on the NG. This effect has 

been observed by other groups [22–26] and may be explained by a residual charges 

accumulation that occurs due to an inefficient neutralization resultant from the fast 

pushing stimuli [22]. 

When the frequency of the stimuli is fixed at 2 pushes per second but the force 

is varied, the NG is also capable of producing an increasing voltage output with 

increasing force, as shown in Figure 9.5 (b), which highlights the potential of these 

devices not only for energy harvesting but also for force/pressure sensing. This effect 

is also widely documented in other works [22,24,26–29] and may be explained by two 

factors. Regarding the piezoelectric effect that is present in the NGs, with an increase 

of the intensity of the mechanical stimulus, the deformation applied to the crystalline 

structure of the ZnO NRs increases as well, which induces a larger charges 

rearrangement and thus translates into a greater piezoelectric signal. For the 

triboelectric effect, mechanical stimuli of increasing force induce a greater rubbing 

and increase the contact area between the ZnO@PDMS micro-cones and the ITO 

electrode, thus inducing more charges at their interface.  

Figure 9.5 (c) shows the peak-to-peak voltage for a fixed pushing force of 2.3 N 

applied at 2 pushes per second for 15 000 cycles. The micro-structured NG seems to 

have a greater voltage with the number of pushing cycles, possibly due to charges 

accumulation throughout the cycles. After being subjected to 15 000 pushing cycles, 

the micro-structured NG shows a peak-to-peak voltage of (7.7 ± 0.1) V. This value 

proves the robustness of the NG and its potential usage in a daily life situation, where 
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it is necessary to have a device able to withstand a great number of cycles without a 

significant deterioration of its performance.  

 

Figure 9.5. Electrical characterization of a micro-structured ZnO@PDMS NG. (a) Peak-to-peak voltage for a 

pushing force of 2.3 N applied at varied frequencies. (b) Peak-to-peak voltage for a pushing frequency of 2 pulses 

per second with different forces. (c) Peak-to-peak voltage for a pushing force of 2.3 N applied at 2 pulses per 

second for 15 000 cycles. Each point represents the average with standard deviation of 5 measurements. 

 

9.3.5 Proof of Concept 

The micro-structured ZnO@PDMS NG was connected to several load 

resistances (10 MΩ to 100 MΩ) to evaluate the variation of voltage and power density 

with a fixed pushing force of 2.3 N at 2 pushes per second. As shown in Figure 9.6 

(a), the peak-to-peak voltage generated by the NG increases with an increasing load 

resistance. Regarding the power density, it increases approximately until 70 MΩ, 

reaching a maximum value of 4.8 µW cm-2, and then it slightly decreases. 

To test the practicality of this NG, the device was connected to a full-rectifier 

circuit and its DC output was used to charge a 10 µF capacitor. After charging for 

approximately 1 h with the home-made machine, the capacitor was connected to a 

blue LED or a digital thermometer to power them up, as illustrated in Figure 9.6 (b) 
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and (c). These results show that the NG can generate enough energy to be stored and 

later used to power up small electronic devices, proving its potential as a NG.  

 

Figure 9.6. Application of the micro-structured ZnO@PDMS NG, under a pushing force of 2.3 N at a frequency 

of 2 pushes per second for several load resistances. (a) Peak-to-peak voltage and power density for several load 

resistances. Note that each point represents average with standard deviation of measurements of 5 outputs. NG 

being used to charge a 10 µF capacitor to power up (b) a blue LED and (c) a digital thermometer. 

The performance of this micro-structured NG was compared to some other 

reported NGs based on ZnO (Table 9.1). Despite showing a lower power density, the 

fact that not all NGs report the force intensity for which their output is displayed 

impairs a deeper comparison. Nevertheless, given the low force intensity and low 

frequency for which the electrical characterization of the micro-structured NG was 

conducted, it is expectable that the NG can achieve a better performance for higher 

force and/or frequency stimuli.   
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Table 9.1. Performance comparison of ZnO NGs. Acronyms: MWCNTs – Multi-walled Carbon Nanotubes; 

NFs – Nanoflowers; NFks – Nanoflakes; NRs – Nanorods; NWs – Nanowires; PDMS – Polydimethylsiloxane; 

PMMA – Poly(methyl methacrylate); PVDF – Poly(vinylidene fluoride); ZnO – Zinc Oxide. 

Year Material 

Stimulus/ 

Applied 

Force 

Output 

Voltage 

Instant Power 

Density 

2010 [6] ZnO NW (lateral) 
Linear motor 

- (0.33 Hz) 
2 V 0.2 mW cm-2 

2012 [30] ZnO@PMMA 
- 

- 
20 V 200 mW cm-3 

2013 [7] ZnO NWs@PDMS 

Finger 

bending 

- 

6 V 0.4 nW cm-2 

2014 [22] ZnO NRs (vertical) 

Finger 

pushing 

80 N – 100 N 

(1 Hz) 

5.3 V - 

2016 [31] 
ZnO 

nanospheres@PDMS 

- 

(2 Hz) 
271 V 0.4 mW cm-2 

2018 [2] 
ZnO NFs@PDMS@ 

MWCNTs 

- 

16 N (5 Hz) 
140 V 260 mW cm-2 

2018 [9] ZnO NFks@PDMS 

- 

1 N – 3 N 

(10 Hz) 

470 V 28.2 mW cm-2 

2018 [32] ZnO NRs@PVDF 

Finger 

pressing 

28 N 

24.5 V 32.5 mW cm-3 

2019 [12] ZnO NRs@PVDF 
- 

(4 Hz) 
85 V - 

2020 (this 

work) 
ZnO NRs@PDMS 

Pushing 

2.3 N (2 Hz) 
6 V 4.8 µW cm-2 

 

9.4 Conclusions 

In this work, composite films of PDMS and ZnO NRs were employed in the 

production of NGs. The influence of the ZnO NRs load in the devices’ performance 

is clear. After the optimization of the NRs load, the composite films were micro-
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structured, which resulted in a great enhancement of the performance of the NGs. 

The micro-cones contributed to the performance improvement through two aspects: 

first, the structuring increases the efficiency in force delivery to the ZnO NRs, 

enhancing their piezoelectric output; second, the structuring introduced air gaps 

between the composite and the ITO electrodes, which is beneficial to potentiate the 

triboelectric effect. NGs with a ZnO@PDMS micro-structured into micro-cones and a 

ZnO NRs load of 25 wt% presented a peak-to-peak voltage of approximately 6 V at a 

pushing frequency of 2 pushes per second with a pushing force of 2.3 N. The NGs 

could withstand 15 000 pushing cycles without a performance deterioration, being 

also able to charge a 10 µF capacitor to power a blue LED or a digital thermometer. 

With an external load of 70 MΩ, the NGs could deliver a power density of 

approximately 4.8 µW cm-2. These results prove the potential of these NGs for energy 

harvesting and practical applications such as powering of small electronic devices, 

while simultaneously contributing to establish laser engraving as an efficient micro-

structuring technique in the field of NGs.  
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Chapter 10 

Energy Harvesters Based on Functionalized Fibres 

 

 

This chapter presents the results related to energy harvesters based on 

functionalized conducting textile fibres. Its contents are adapted from the following 

publication and manuscript: 

S. Goswami, A. dos Santos, S. Nandy, R. Igreja, P. Barquinha, R. Martins, E. 

Fortunato, Human-motion interactive energy harvester based on polyaniline 

functionalized textile fibres following metal/polymer mechano-responsive charge 

transfer mechanism, Nano Energy 2019, 60, 794, 10.1016/j.nanoen.2019.04.012. The 

author made the complete electrical characterization of the devices and contributed 

for the revision of the manuscript; 

R. Barras, A. dos Santos, T. Calmeiro, E. Fortunato, R. Martins, H. Águas, P. 

Barquinha, R. Igreja, L. Pereira, In situ porous PDMS curing for high power output 

in carbon fiber based triboelectric energy harvesters (under preparation). The author 

treated the data and analysed the results from the electrical characterization of the 

energy harvesters, and co-wrote the manuscript.   
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10 Chapter 10. Energy Harvester Based on Functionalized 

Fibres 

10.1 Energy Harvesters with PANI Functionalized Fibres 

10.1.1  Introduction 

π-conjugated polymers are a class of materials combining hard (metal like) and 

soft (organic like) matter, with great potential for the conversion of mechanical input 

into electrical potential energy [1–3]. In these materials, there is one unpaired 

electron, the π-electron, per each carbon, as a result of the chemical bonding [1]. 

Furthermore, these π-electrons are delocalized along the backbone of the polymer, 

alloying carrier mobilities [1]. PANI is one example of a conjugated polymer (Figure 

10.1) that is commonly subjected to doping to tune its properties [4,5].  

 

Figure 10.1. Molecular structure of PANI [1]. 

PANI has been used in some TENGs [6,7], however, this work proposed a 

different approach to produce an energy harvester with another mechanical 

transduction mechanism for the production of energy. The energy harvester is 

composed of several individual conductive textile fibres (CTFs), covered with doped 

PANI, with an electrode that was woven around each functionalized fibre to increase 

the contact area and thus the efficiency of the harvester. Regarding the transduction 

mechanism, a mechanical input induces a mechano-responsive charge transfer 

mechanism (MRCTM) and an energy-transfer process in PANI at the organic-metal 

interface layer [8]. Essentially, the back electrode of the harvester acts as a static 

electrode, with a chemical permanent interface with doped PANI. The woven 

electrode (top electrode) acts as a stress-deliverer and charge collector (SDCC) 

electrode that forms a transient metal/polymer interface with PANI upon stress. 
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During the stress, the SDCC electrode locally deforms the molecular structure of 

PANI, inducing the squeezing of its chains. Due to this phenomenon, the deformed 

area will become overcrowded with mobile ions, creating a localized Fermi energy 

level pinning that will induce a charge transfer mechanism between the SDCC 

electrode and the doped PANI.  When the stress is removed, the squeezed polymeric 

chains go back to their original undeformed state, which causes a localized Fermi 

level depinning with scarcity of charge carriers. Such scarcity will be balanced by the 

energy transfer from the neighbour doped PANI polymeric chains through hoping 

conduction mechanism. At a lower level, the back electrode also transfers charges to 

the doped PANI. 

This chapter will essentially focus on the electrical characterization of this 

energy harvester, which was the main involvement of the author in the work.  

 

10.1.2  Experimental Section 

10.1.2.1 Chemicals and Materials 

Silver coated CTFs with a diameter of 400 µm were purchased from Statex. 

Aniline, ammonium persulfate (APS, 99.99 %), hydrochloric acid (HCl), and D-10-

camphorsulfonic acid (CSA) were purchased from Sigma-Aldrich. Methanol was 

purchased from Merck. Kapton tape was purchased from DuPont. PDMS (Sylgard 

184) was purchased from Dow Corning. Copper tape was purchased from 3M. 

Deionized water was used throughout different steps of the experiment.  

 

10.1.2.2 Preparation of the Fibres 

The CTFs were cleaned by immersion in ethanol for 15 min, followed by rinsing 

with deionized water for several times. Afterwards, the CTFs were placed inside a 

reaction vessel, with one end covered with Kapton for the protection of the electrode 

for later access. Aniline and CSA were added in a 4:1 molar ratio to 20 mL of 

deionized water and left for cooling in an ice bath (0 °C). In a separate container, the 
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oxidant APS was dissolved in 10 mL of deionized water, and 100 µL of HCl were 

added to the mixture. The mixture was then also cooled down in an ice bath before 

being added dropwise to the Aniline-CSA complex solution (in a 1:1 molar ratio 

between aniline and APS), while vigorously shaking the latter. The final mixture was 

immediately transferred to the reaction vessel to proceed with the polymerization 

process over the CTFs during 1 h without further agitation. The fibres were then 

removed from the vessel and thoroughly washed with deionized water, followed by 

rinsing with methanol for three times to remove the excess of monomers or 

oligomers. They were finally dried with compressed air and stored before fabricating 

the harvester.  

 

10.1.2.3 Fabrication of the Energy Harvesters 

Each functionalized CTF (f-CTF), with around 9 cm in length, was wrapped up 

with another commercial silver-coated CTF with 150 µm of diameter. A variable 

number of f-CTFs was assembled by connecting their protected electrode (back 

electrode) to one strip of copper tape and the thinner wrapped electrode to another 

strip of copper. The entire set was protected by an encapsulation layer of PDMS, with 

an elastomer to curing agent ratio of 10:1, cured at 65 ℃. Figure 10.2 illustrates one 

energy harvester with 16 f-CTFs, encapsulated with PDMS (whose ends are closed 

through Kapton tape).  
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Figure 10.2. Photograph of an energy harvester with 16 f-CTFs. 

 

10.1.2.4 Electrical Characterization of the Energy Harvesters 

The output voltage and current of the energy harvesters were measured 

according to section 3.4.3.1 upon manual patting with a force that was not measured, 

yet was kept as constant as possible.  

The power density was estimated according to section 3.4.3.2. An optical stereo 

microscope (Leica M80) was employed to take images of the f-CTFs with the wrapped 

electrode and ImageJ (1.49b) was employed to estimate the contact area between the 

SDCC electrode and the f-CTFs. The power density of the energy harvester was 

additionally calculated for different loads varying between 10 kΩ and 100 MΩ. 

For the proof-of-concept, an extra electronic circuit was mounted, as explained 

in section 3.4.3.3, with a capacitor of 10 µF or 47 µF. This circuit was then connected 

to LEDs, an LCD digital temperature-humidity-time display meter, or a digital 

stopwatch.  
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10.1.3  Results 

10.1.3.1 Impact of the Number of Fibres on the Harvester 

The output of the energy harvester based on CTFs functionalized with doped 

PANI was evaluated by varying the number of f-CTFs connected in parallel, as shown 

in Figure 10.3. An increasing number of f-CTFs leads to higher voltage and current 

outputs, reaching a maximum of 106 V and 17 µA for 16 f-CTFs. For current, such 

observation is expectable since there are more charges being induced, an effect that 

has been verified in other work [9]. However, given the parallel connection, a 

constant voltage output was expectable, instead of an increasing voltage with 

increasing number of f-CTFs. Nevertheless, given that the measuring setup was not 

optimized for these measurements, with an oscilloscope probe with an impedance of 

only 10 MΩ, the generated current could be too low to allow a voltage measurement 

with high accuracy. Therefore, if the output current reaches a certain threshold (by 

increasing the number of f-CTFs), it is expectable that the setup gets the conditions to 

measure the real voltage that is being generated by the harvester, and a further 

increase in the number of f-CTFs will not further increase the voltage output being 

measured by the setup.  

Figure 10.3 (b) and (d) present one voltage and current output, respectively, for 

one patting, showing one positive peak, correspondent to the pressing phase of the 

patting movement, and one negative, correspondent to the releasing phase. The high 

sampling rate of the oscilloscope guaranteed that the output peaks were integrally 

captured, so that the signals acquired were as close as possible to the actual output 

of the harvester. The differences that are visible for the energy harvester with a fixed 

number of f-CTFs may then be attributed to the natural variation of the patting force, 

given that this mechanical stimulation was performed by hand.  

A microscope and an image software were employed to estimate the contact 

area between the SDCC electrode and the doped PANI. For one fibre, such area was 

calculated to be around 4.7 × 10-5 m2. Given the average current output for the energy 

harvester with 16 f-CTFs, an output current density of approximately 22.6 mA m-2 
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was estimated, a value that has a great potential for practical applications, as explored 

in the next section.  

 

Figure 10.3. Study of the performance of the energy harvester as a function of the number of f-CTFs. (a) Output 

voltage of the energy harvester for 1 f-CTF, 2 f-CTFs, 8 f-CTFs, and 16 f-CTFs. The circles represent average 

voltage peak values with standard deviation error bars. (b) Output voltage of an energy harvester with 16 f-

CTFs. (c) Output current of the energy harvester for 1 f-CTF, 2 f-CTFs, 8 f-CTFs, and 16 f-CTFs. The circles 

represent average current peak values with standard deviation error bars. (d) Output current of an energy 

harvester with 16 f-CTFs. 
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10.1.3.2 Proof of Concept 

The electric power that an energy harvester with 16 f-CTFs can provide with a 

load was investigated for several loads, as displayed in Figure 10.4 (a). With an 

increasing load, the current density provided by the energy harvester decreases, 

while the power reaches a maximum of 6 × 10-5 W cm-2 for a load of 5.5 MΩ.  

After manually charging a capacitor of 47 µF through an electronic circuit with 

a full-rectifier circuit and the energy harvester with 16 f-CTFs, until reaching a voltage 

of 3 V, the capacitor was connected to small electronic portable devices, such as a 

digital temperature-humidity display meter and a digital stopwatch, to power them, 

as shown in Figure 10.4 (b) and (c). With a capacitor of 10 µF, charged until reaching 

3 V (which took around 80 s), a set of 5 LEDs connected in series was successfully 

powered, as presented in Figure 10.4 (d) and (e). These results prove the potential of 

this type of energy harvesters in the conversion of human motion into electrical 

energy, useful to power several portable devices.  
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Figure 10.4. Proof of concept of an energy harvester with 16 f-CTFs. (a) Current density and power density 

under several load resistances. Note that each point corresponds to average values and standard deviation error 

bars of a minimum of 7 output measurements. Photograph of a digital temperature-humidity display meter and 

a digital stopwatch (b) before and (c) after being powered by a 47 µF capacitor previously charged by the energy 

harvester. Photograph of 5 LEDs connected in series (d) before and (e) after being powered by a 10 µF capacitor 

previously charged by the energy harvester.  
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10.2 Energy Harvesters with ZnO NRs and PDMS Functionalized 

Fibres  

10.2.1  Introduction 

Several mechanisms can be explored for the transduction of body movement to 

electrical energy, however, triboelectricity is one of the most popular due to the easy 

fabrication of TENGs and the employment of low-cost materials [10,11]. The single-

electrode mode of operation employs the ground as a reference electrode, which 

makes the TENG more versatile for integration in wearables [12]. 

The output of a TENG can be enhanced by increasing the surface area available 

for the triboelectric effect  [13–16], for example by taking advantage of the shape of 

ZnO rods [17] or by producing a porous PDMS film through the mixture of the 

elastomer with water, followed by a fast curing to induce the evaporation of the 

solvent, leaving holes in the PDMS matrix [18]. Nevertheless, the integration of 

PDMS into TENGs is tendentially performed in a planar structure due to the need to 

adapt current methods to the deposition in 1D geometry of yarns/fibres, which 

impairs a full integration of the TENG in textiles [19]. There is a limited number of 

examples of fibre/yarn PDMS based TENGs in the literature [9,20–22]. Furthermore, 

the potential of using the yarn conductive core to achieve 1D structures seems to be 

under-exploited.  

This chapter shows the main results regarding the electrical characterization of 

a single-electrode TENG, composed of a variable number of CF yarns, which are 

functionalized with ZnO NRs and porous PDMS, exploring its potential for practical 

applications, such as powering several small electronic devices.   
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10.2.2  Experimental Section 

10.2.2.1 Assembly of the CF Yarns into TENGs 

Each energy harvester was composed of 1 to 5 CF yarns functionalized with 

ZnO NRs and with a porous PDMS film, connected in parallel to one strip of copper 

tape (3M), as illustrated in Figure 10.5. The production of each yarns will be explored 

in the PhD thesis of other author of the manuscript, and so it was not contemplated 

herein.  

 

10.2.2.2 Characterization 

As explained in section 3.4.3.1, a custom-made apparatus was employed to 

mechanically test the energy harvesters with a force of 250 N, 400 N, and 600 N at a 

pushing frequency of 1 push per second. The power density was estimated according 

to section 3.4.3.2. The energy harvesters were tested to power LEDs, a digital 

thermometer, and a digital hygrometer with an electronic circuit, as explained in 

section 3.4.3.3. 

 

10.2.3  Results 

10.2.3.1 Composition of the TENGs 

Figure 10.5 illustrates the elements that compose each CF yarn. The ZnO NRs 

have an average length of 1.5 µm and the porous PDMS film has a thickness of 

718 µm. 
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Figure 10.5. Schematic of an energy harvester containing 5 CF yarns with the cross-section representation of 

one yarn functionalized with ZnO NRs and porous PDMS (not at scale). 

 

10.2.3.2 Electrical Characterization of the TENGs 

Figure 10.6 (a) and (b) show the output voltage and current of a TENG with 4 

yarns, respectively, with the insets clearly displaying the shape of the output signal 

for a pushing force of 600 N. The outputs are highly reproducible and present the 

shape of a typical piezo/triboelectric signal [9,13,23–25]. The first positive peak 

corresponds to the force loading, while the negative peak corresponds to the force 

release. The peak-to-peak voltage and current for the mentioned conditions is around 

72 V and 10 µA, respectively. This high output may be the result of several effects: 

• The triboelectric effect induced by PDMS [26]; 

• The enhancement of such triboelectric effect due to the presence of holes in the 

PDMS matrix. The holes may contribute to increase the deformability of PDMS 

film, as well as the effective contact surface between PDMS and the CFs, which 

helps to induce more charges upon compression [27]. Furthermore, the holes 

may increase the separation distance between PDMS and CFs, which also 

enhances the triboelectric effect [28]; 

• The piezoelectric effect of ZnO NRs [29–31] (also verified in Chapter 9), which 

may enhance the electrical output by increasing the electrostatic induction in 

these set of yarns [32]; 

Cross-section View

CF

PDMS

ZnO NRs

Copper tape
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• The enhancement of triboelectric effect through the increase in surface area by 

the presence of ZnO NRs [25].  

 

When keeping the number of yarns constant, an increasing pushing force from 

250 N to 600 N induced higher voltage and current outputs, as presented in Figure 

10.6 (c) and (d). These observations are in line with what has been reported in the 

literature for piezoelectric and triboelectric harvesters [14,17,24].  

If the pushing force is kept constant, at 600 N, yet the number of yarns 

connected in parallel is varied between 1 to 5, both voltage and current outputs 

increase, as shown in Figure 10.6 (e). The current increase with a higher number of 

yarns was expectable, since it was already reported [9] and verified in section 10.1.3.1, 

being attributable to a greater amount of charges that are induced under the same 

force. However, the parallel connection of more yarns was not expected to induce a 

greater output voltage. Similarly to the constrains mentioned in section 10.1.3.1, the 

measuring setup in this work was probably not suitable for an accurate measurement 

of the output voltage due to an insufficient impedance of the oscilloscope probe 

(10 MΩ) and a low current output. It is, therefore, expectable that if the TENG reaches 

a certain value of parallel yarns to produce enough current, a further increase in the 

number of yarns will not impact the output voltage, since the setup will be able to 

more accurately measure this signal.  

A TENG with 5 yarns was subjected to a cyclic force of 600 N for 10 000 cycles 

to evaluate its fatigue, as presented in Figure 10.6 (f). During the first 100 cycles the 

TENG seems to accumulate charges, which translates into successive higher voltage 

and current outputs. For the subsequent cycles, the outputs tend to reach a more 

stable value.  
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Figure 10.6. Electrical characterization of the TENG. (a) Output voltage and (b) current of a set of 4 yarns under 

a pushing force of 600 N. The insets show the respective signals with greater detail. (c) Output voltage and (d) 

current of a set of 5 yarns under variable pushing force. (e) Average peak-to-peak voltage and current for a set of 

variable number of yarns under a pushing force of 600 N. Note that each point corresponds to average values 
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with a standard deviation of 5 measurements. (f) Output voltage and current of a set of 5 yarns under a pushing 

force of 600 N applied for 10 000 cycles. 

 

10.2.3.3 Proof of Concept 

A TENG with 5 CF yarns was tested for a practical application. First, the voltage, 

current density, and power density of this TENG under several load resistances were 

evaluated for a pushing force of 600 N, as displayed in Figure 10.7 (a) and (b). As 

expected, the output voltage increases with an increasing load, while current density 

presents the opposite trend. Power density registers a maximum value of 

74.1 µW cm-2 at 20 MΩ. When directly connected to 29 blue LEDs, the TENG could 

power them through manual pressing, as Figure 10.7 (c) illustrates. By previously 

charging a 10 µF capacitor for 15 min with a pressing force 600 N (exerted by the 

custom-made apparatus) applied on the TENG, it was also possible to power a digital 

thermometer and a digital hygrometer, as presented in Figure 10.7 (d) and (e), 

respectively.  
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Figure 10.7. Proof of concept of a TENG based on 5 CF yarns, subjected to a pushing force of 600 N. (a) Voltage 

and current density for a variable load. (b) Power density for a variable load. (c) LEDs directly powered by the 

TENG. (d) Digital thermometer powered by a 10 µF capacitor, which was charged by the TENG during 15 min. 

(e) Digital hygrometer powered by a 10 µF capacitor, which was charged by the TENG during 15 min. 
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10.3 Comparison with State-of-the-Art 

Table 10.1 compares the main results of the energy harvesters based on fibres 

functionalized with PANI or ZnO NRs with porous PDMS with the literature. A deep 

comparison with other devices is hampered by the lack of information regarding, for 

example, the force of the mechanical stimuli for which the results presented are valid. 

Nevertheless, the energy harvesters described in this chapter seem to be competitive 

with some of those devices, highlighting the potential of the techniques and 

functionalization employed in the fabrication of the harvesters.  
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Table 10.1. Performance comparison of textile-based or fibres-based energy harvesters. Abbreviations and acronyms: Al – Aluminium; CF – Carbon Fibre; MRCTM 

– Mechano-responsive Charge Transfer Mechanism; Ni – Nickel; NRs – Nanorods; NWs – Nanowires; PANI – Polyaniline; PDMS – Polydimethylsiloxane; PTFE 

– Polytetrafluoroethylene; PZT – Lead Zirconate Titanate; ZnO – Zinc Oxide. 

Year Key Materials 
Transduction 

Mechanism 

Output 

Voltage (V) 

Output 

Current (µA) 

Maximum Power 

Density 

2008 [33] 
Kevlar fibre coated with ZnO 

NWs 
Piezoelectric 3 × 10-3 4 × 10-3 8 × 10-3 mW cm-2 

2012 [34] PZT textile composed of NWs Piezoelectric 6 45 × 10-3 2 × 10-1 mW cm-3 

2015 [35] Parylene-Ni based cloth Triboelectric 50 4 3.9 × 10-2 mW cm-2 

2015 [36] 
Textile functionalized with Al 

nanoparticles-PDMS 
Triboelectric 368 78 34 mW cm-2 

2017 [20] 

Three-ply twisted stainless 

steel/polyester fibre blended 

yarn coated with silicone 

Triboelectric 150 2.9 8.5 × 10-3 mW cm-2 

2017 [37] 
Ni-coated polyester conductive 

textile and silicone 
Triboelectric 540 140 8.9 × 10-1 mW cm-2 

2017 [21] 

PDMS coated stainless 

steel/polyester fibre blended 

yarn and a nonconductive 

binding yarn 

Triboelectric 45 - 2.6 × 10-2 mW cm-2 

2019 [7] 
Worn-out cotton textile coated 

with PANI and PTFE layer 
Triboelectric 350 45 1.1 mW cm-2 

2019 (this work) Functionalized PANI textile fibre MRCTM 106 17 6 × 10-2 mW cm-2 

2020 (this work) 
CF yarns functionalized with 

ZnO NRs and porous PDMS 
Triboelectric 76 10.5 7.4 × 10-2 mW cm-2 
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10.4 Conclusions 

This work showed the potential of an energy harvester with an unconventional 

transduction mechanism of mechanical energy to electrical energy, based on CTFs 

functionalized with doped PANI and a woven electrode. With 16 f-CTFs, the energy 

harvester could reach an average of 106 V, 17 µA, and 0.64 W m-2 (for a load of 

5.5 MΩ) under manual patting with an undetermined force. This energy harvester 

could additionally power several portable electronic devices by previously charging 

a capacitor of 47 µF or 10 µF (in just 80 s). 

The results in this chapter also proved the high performance of a single-

electrode TENG based on CF yarns functionalized with ZnO NRs and porous PDMS. 

Both the holes in the PDMS film as the ZnO NRs increase the area available for 

charges induction by triboelectric effect, and the latter also may contribute with a 

piezoelectric effect for the TENG to achieve high voltage and current outputs. A 

TENG based on 5 CF yarns could reach a peak-to-peak voltage of 76 V and a peak-

to-peak current of 10.5 µA under a stimulus of 600 N. When connected to a load of 

20 MΩ, the TENG showed a power density of 74.1 µW cm-2, which was enough to 

demonstrate its practical application in directly powering 29 blue LEDs or previously 

charging a 10 µF capacitor to then power small portable devices such as a digital 

thermometer and a digital hygrometer. 

This chapter demonstrated the potential of the devices herein studied, based on 

different types of fibres with distinct functionalization, for the fabrication of 

wearables and textile-based harvesters from human motion.  
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11 Chapter 11. Conclusions 

This chapter presents the main conclusions and explores future perspectives of 

this work. 

 

11.1 Main Conclusions 

This PhD project aimed at the development of a multifunctional e-skin, able to 

monitor pressure and temperature while being self-powered through an energy 

harvesting unit. To achieve these goals, each element of the e-skin (pressure sensors, 

temperature sensors, and energy harvesters) was separately studied, so that in the 

end of the project they could be eventually assembled into one e-skin device.  

A greater emphasis was given to e-skin pressure sensors due to their relevance 

in a myriad of distinct applications, from health monitoring to functional prosthesis, 

robotics, and HMI [1–13]. As explained in Chapter 2, the micro-structuring of the 

films composing these pressure sensors is essential to adjust their performance 

(namely sensitivity, response and relaxation times, and linear pressure range) to the 

different applications [14–21]. Although there are currently well-established 

techniques for films micro-structuring, it is still of great interest to develop a low-cost 

technique that does not compromise the customization of the micro-structures 

design.  

Despite being a technique already employed for the production of graphene in 

the context of e-skins [22–24], laser engraving had never been previously investigated 

for the production of moulds to be employed in soft-lithography processes to obtain 

structured polymeric films for e-skin sensors. Therefore, this work pursued the 

exploitation of laser engraving and its potentialities were tested in the production of 

piezoresistive sensors, temperature sensors, and even energy harvesters.  

Laser engraving proved to be an extremely versatile micro-structuring 

technique, allowing the production of micro-cones with different aspect ratios and 

sharpness levels (Chapter 4 and 6), semi-spheres with varied sizes (Chapter 5), and 
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since the first works published in the context of this thesis, other shapes were 

explored by other groups, namely triangular lines [12] and long and short ridges [25]. 

The shape of the micro-structures, as well as their size (diameter/width and height), 

and spacing/density could be well controlled through several design and engraving 

parameters, such as the shape, size, and spacing of the design to be engraved, laser 

power and speed, distance between the laser and the substrate, and type of material 

to be engraved. The control over these aspects of the micro-structures is crucial to 

customize the performance of the sensors, as it has been demonstrated in several 

works [26–34].  

Chapter 4 demonstrated the feasibility of creating piezoresistive e-skin sensors 

for blood pressure wave detection at the wrist through the laser engraving of acrylic 

moulds. For this type of application it was vital to achieve very compressible micro-

structures, so that the sensors would show an increased sensitivity in a low pressure 

range, being then suitable to detect a low pressure signal like the blood pressure wave 

[35]. Therefore, structures similar to micro-cones were pursued by screening different 

combinations of laser power and speed to engrave acrylic plates. By being a stiffer 

material than, for example, PDMS, acrylic could offer the opportunity of more easily 

achieving sharp structures. After choosing a set of laser power and speed values, 

patterns based on symmetrical crosses with different spacings and alignments were 

engraved in acrylic moulds to investigate their impact in the performance of the 

sensors. Crosses were the chosen design element given that they would force the laser 

beam to scan the same spot (the centre of the cross) twice, thus deepening the 

engraved cavity and leading to the production of taller micro-structures. In an 

interlocked design, it was verified that the sensitivity of the sensors could be 

increased by misaligning the micro-cones of their interlocked PDMS films, as a result 

from the fact that in such configuration, each micro-cone would have more contact 

points with neighbour structures, inducing greater contact resistance changes with 

pressure. Furthermore, sensors with misaligned micro-cones and a smaller spacing 

presented the highest sensitivity, reaching a maximum of – 3.2 kPa-1 below 119 Pa. 

These sensors also demonstrated the beneficial impact of micro-structuring in their 
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response time, reaching a value as fast as 20 ms, which complies with the 

requirements for a proper acquisition of the blood pressure wave at the wrist [11]. In 

fact, when placed over the radial artery in the wrist, the sensor could detect the 

relevant peaks of the wave for the estimation of the AIr, which gave plausible results 

for a healthy young female. 

For robotics and functional prosthesis, it is more interesting to reach a stable 

sensitivity over a wide pressure range, instead of a high sensitivity in a short pressure 

range. The rationale for that is the ability of the sensor to detect pressures related to 

interactions between man and the surroundings, from gentle touch to objects 

manipulation, therefore between less than 10 kPa until 100 kPa [6,14]. If the 

sensitivity can keep its value throughout this pressure range, which means the 

behaviour of the sensor is linear in such range, then the distortion of the sensor’s 

output signal is minimized [11]. Therefore, Chapter 5 explored laser engraving for 

the production of micro-structures similar to semi-spheres that, by being less 

deformable than cones, could actually extend the pressure range for which the 

sensor’s output would be linear and present a constant sensitivity, as it was verified 

in another work with micro-structures produced by sandpaper demoulding [36]. The 

patterns to be engraved consisted in circles with different sizes and spacings, 

engraved with different laser powers to optimize the round shape of the structures. 

Furthermore, the engraving was performed on h-PDMS to take advantage of its 

softness (when compared to acrylic) and more easily achieve rounder shapes without 

compromising the size of the structures. The piezoresistive e-skin sensors developed 

herein could maintain a sensitivity of – 6.4 × 10-3 between 1.2 kPa and 100 kPa, 

validating the importance of less compressible shapes to maintain the linearity of the 

sensor. Both in this chapter as in Chapter 4, the active layer of the sensors was based 

on carbon coating, and Chapter 5 also tried to give a deeper study on the influence of 

the presence of an additional layer of PMMA between the carbon coating and the 

PDMS film. The results proved the relevance of the PMMA layer to increase the 

electrical stability of the active layer, also having a beneficial impact in the relaxation 

times of the sensor, which reduced from 69 ms to 28 ms. These e-skin sensors showed 
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an additional robust response to cyclic pressure throughout 27 500 cycles without a 

deterioration of the output, which is relevant for the applications aimed for these 

devices.  

In Chapter 4 and Chapter 5, the best e-skin sensors had micro-structures with a 

height of at least 155 µm, and considering the interlocked geometry of the sensors, 

the global thickness of the devices was too high to make them conformal, which is 

important for health monitoring applications, where there is an interest in capturing 

the subtleness of some movements, such as speech, eye blinking, swallowing, 

amongst others. To pursue more conformal sensors it was necessary to engrave 

smaller cavities without losing their high aspect ratio, to keep the sensors’ sensitivity 

as high as possible in the low pressure region. Additionally, there was an intent to 

replace carbon coating by another active layer that would have a stronger bound to 

PDMS, thus increasing the stability and robustness of the sensor. An alternative that 

was already explored in other works was based on the coating of the moulds with 

Ag NWs, which would tightly adhere to the surface of PDMS upon curing of the 

polymer over the previously coated moulds [13,37,38]. However, for a uniform 

coating of the moulds by spray-coating, and to cure the Ag NWs film, it would be 

necessary to expose the moulds to 120 °C, a temperature that acrylic moulds could 

not withstand without starting to suffer deformation. Therefore, SPFs arose as a 

possible alternative to acrylic moulds, given their resistance to higher temperatures 

(until 160 °C) and due to their interesting property of permanently shrinking with 

temperature. Chapter 6 was devoted to the study of the engraving of SPFs with 

different geometries (crosses, circles, and vertical lines), at different laser powers and 

speeds and distinct laser to substrate distances, and exploring several spacings and 

sizes. The aim was to achieve the densest pattern as possible, with well 

individualized structures similar to micro-cones with the smallest size (to allow the 

reduction of the overall thickness of the sensor), yet keeping an aspect ratio between 

1 and 2 to be very compressible. The SPFs were engraved in their original form and 

used as a mould before and after shrinking, to evaluate the effects of the shrinking in 

the shape of the micro-structures. The optimization of all the parameters studied 
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showed that the shrinking of the moulds was beneficial for the creation of sharp 

micro-cones with a height of only 59 µm and an aspect ratio of 1.13. The engraving 

and shrinking process revealed to be quite reproducible and robust, with a uniform 

array (50 × 50) of micro-cones. The spray coating of Ag NWs on the shrunken SPF 

moulds was also successful, given that PDMS films cured over these moulds 

presented a dense and well bound superficial film of Ag NWs covering the micro-

cones almost entirely. Laser engraving was further tested to pattern the counter ITO 

electrode, creating alternating conductive ITO lines with non-conductive ITO-etched 

(only PET) lines with the aim of increasing the sensitivity of the sensors by inducing 

greater contact resistance changes with pressure, as studied somewhere else [39]. 

Given that the tips of the micro-cones were not covered by Ag NWs, there was no 

current flowing through the sensor in the absence of pressure, which reduced its 

power consumption. Upon a pressure between 60 Pa and 10 kPa, the sensors could 

reach a sensitivity of 4.5 kPa-1, which decreased to 0.6 kPa-1 until 100 kPa. This was 

one of the highest sensitivities reported for e-skin sensors produced through laser 

engraving. Furthermore, due to the micro-structuring and possibly also as a result of 

an incomplete coverage of Ag NWs, the sensors presented as well an exceptional fast 

relaxation time of only 1.4 ms, which associated to the high sensitivity over a wide 

pressure range and the low thickness of the micro-structured PDMS film, highlighted 

the potential of these devices for health monitoring applications such as blood 

pressure wave acquisition with a great detail. In fact, the sensor could be conformably 

placed over the neck to acquire the carotid pressure wave with identification of its 

most relevant peaks. It was also able to detect swallowing and speech, making 

distinction between different words. 

After exploting the potentialities of laser engraving for the production of 

piezoresistive e-skin sensors tailored for diverse applications, the idea of testing one 

of those sensors as a temperature sensor took shape. By being essentially made of a 

polymer (PDMS) with a high thermal expansion, covered by a conductive ink based 

on carbon particles, it was expectable that these sensors would present a resistance 

change induced by temperature, which could be explored for temperature sensing. 
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Chapter 7 was then focused on testing the micro-cones sensors, micro-structured by 

acrylic moulds, between 25 °C and 45 °C, to cover a range of temperatures that could 

have interest not only for health monitoring applications but also for functional 

prosthesis and robotics. Through a setup that could apply temperature, in steps of 

1 °C, in a looped cycle, the sensors output was measured for the mentioned range, 

presenting a high TCR of 2.6 %/°C for warming and 2.3 %/°C for cooling, with a low 

hysteresis of only 2.3 %. Different samples were prepared to further investigate the 

phenomena behind such a high TCR value, namely carbon coating over glass (to 

evaluate the isolated effect of carbon coating sheet resistance change with 

temperature), carbon coating over flat PDMS (to evaluate the effect of the thermal 

expansion of PDMS), carbon coating over flat PDMS coated with PMMA (to evaluate 

the effect of the PMMA presence in the thermal expansion of PDMS), and carbon 

coating over a micro-structured PDMS film coated with PMMA (to evaluate the effect 

of micro-structuring in the thermal expansion of PDMS). The TCR values for each 

sample were all inferior to the TCR of the sensor, which indicated that another 

phenomenon, possibly the contact resistance change with temperature, could play an 

additional role in the sensor’s performance. Furthermore, it was complex to 

investigate the effects of thermal expansion in an isolated form, since PDMS is not 

conductive by itself, so the TCR values for samples with PDMS always accounted in 

part with the effect from the carbon coating. It was also not clear if each effect 

contributed to the final TCR in an additive way or if there was an interaction amongst 

them. Nonetheless, the carbon coating sheet resistance change with temperature 

seemed to give a modest contribute to the sensor’s performance, followed by a 

greater contribute from PDMS thermal expansion, which seemed to be highly 

enhanced by the micro-structuring of the film, with PMMA slightly limiting that 

effect.  

With several evidences for the high benefit/cost ratio of employing laser 

engraving for the micro-structuring of films for piezoresistive and temperature e-skin 

sensors, Chapter 8 and Chapter 9 investigated the advantages of also employing the 

technique in the production of energy harvesters based on micro-structured 
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composites of PDMS and ZnSnO3 NWs or ZnO NRs, respectively (through the acrylic 

moulds produced in Chapter 4). In fact, the micro-structuring has been shown to 

improve the performance of this type of devices, especially by enhancing the 

triboelectric effect due to an increase of contact area available for friction [16,40–46]. 

In the case of the composite with ZnSnO3 NWs, it was proven that the micro-

structuring also boosted the piezoelectric effect by concentrating the forces in the 

micro-cones, thus delivering more mechanical energy to the NWs, which could suffer 

a greater bending or compression and induce more piezoelectric charges. The 

piezoelectric behaviour of the isolated NWs was also verified, with a 

d33 of (23 ± 4) pC N-1, at the level of other nanostructured piezoelectric crystals [47]. 

With a force over 100 N, these energy harvesters could achieve an output of 120 V, 

13 µA, and 2.3 mW cm-2. Additionally, it was verified that, for this case, the 

performance of the generators was enhanced with a greater spacing between the 

micro-cones, possibly due to an increased force concentration in each cone, an effect 

that is transversal to capacitive sensors [1,48]. This detail highlights the importance 

of having a micro-structuring technique that allows a fast and easy tailor of the 

moulds to suit the performance of the devices to each application, given that an 

optimized design for piezoresistive sensors was not the best for energy harvesters, 

for example. Regarding the energy harvesters with ZnO NRs, the optimization of the 

devices was focused on the ZnO load in the composite, an important parameter to 

consider, as shown by other studies [49–52]. It was verified that a load of 25 wt% 

would optimize the output voltage of flat energy harvesters, which could be further 

enhanced through the same micro-structuring as the one determined as the best in 

the case of ZnSnO3 NWs. In fact, for a modest force of 2.3 N, these energy harvesters 

reached 6 V and 4.8 µW cm-2. Both the energy harvesters based on ZnO NRs and 

ZnSnO3 NWs could charge a capacitor to later power LEDs and small portable 

electronic devices, thus demonstrating their potential in a practical application, while 

evidencing the relevance of micro-structuring (through laser engraving) for their 

enhanced performance.  



Conclusions 

- 362 -  

Finally, Chapter 10 emphasized other systems for energy harvesting, based on 

different types of fibres, which could be extremely valuable for textile-based 

wearables due to their inherent flexibility. One of the energy harvesters studied was 

made of a variable number of CTFs coated with doped PANI, with a woven electrode 

around each fibre. The transduction mechanism was neither piezoelectricity nor 

triboelectricity, but a MRCTM coupled to an energy-transfer process in PANI at the 

organic-metal interface layer. A higher number of fibres connect in parallel (16) 

contributed to improve the performance of the harvester, which could reach an 

output of 106 V, 17 µA, and 6 × 10-5 W cm-2. The other energy harvester explored in 

the chapter was a single-electrode type based on a variable number of CF yarns 

functionalized with ZnO NRs and with a porous PDMS film. If subjected to a force 

of 600 N, this energy harvester with 5 yarns could generate an output of 76 V, 

10.5 µA, and 74.1 µW cm-2. Both this energy harvester and the one based on doped 

PANI could be directly connected to LEDs and instantaneously power them through 

patting/pushing. They could also charge a capacitor for powering small electronic 

devices, proving their applicability in fibre-based wearables for generation of energy 

from human motion. 

Table 11.1 compares the most explored micro-structuring approaches for the e-

skin field (photolithography and unconventional moulds) with the technique 

introduced in this work, laser engraving, highlighting the advantages of each 

technique. With a compromise between precision, costs, and customization, laser 

engraving shows a great potential to produce highly tailorable e-skin devices, from 

piezoresistive sensors to resistive temperature sensors and energy harvesters. 
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Table 11.1. Comparison of the two widely employed approaches for the micro-structuring of films, 

photolithography and unconventional moulds, and the technique introduced in this work, laser engraving. 

Approach Photolithography 
Unconventional 

Moulds 

Laser 

Engraving 

Precision High Dependent on the mould Medium 

Design’s 

Tailoring 
Possible 

Not possible/Highly 

limited 
Possible 

Complexity Medium/High Low Low 

Time involved High Low Low 

Costs High Low Low 

 

11.2 Future Perspectives 

The goals defined for this PhD thesis were mostly achieved, although there are 

always points requiring improvement. It was possible to implement a new micro-

structuring technique for polymeric films in the e-skin field, addressing the need to 

develop a low-cost and simple technique that could easily tailor the micro-structures 

design for customization of the devices’ performance. Most of the laser engraving 

parameters were studied, as well as their impact in pressure sensors for divergent 

applications, temperature sensors, and even energy harvesting units, proving the 

versatility of the technique, either for the fabrication of different devices as for aiming 

at distinct applications. Nevertheless, the integration of all these elements into a 

single multifunctional e-skin device was left for future work. Despite such integration 

not being a novelty in the field [53–56], it would still be highly relevant as a follow-

up of this work, for a complete demonstration of laser engraving versatility and 

utility. Exploring the technique to produce other e-skin elements, such as antennas 

and strain sensors, could add additional value to the multifunctionality of the device, 
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making it one step closer to a powerful tool for self-monitoring in an independent 

and self-powered way.  

Another aspect that should be further explored is the capability of producing 

arrays of sensors to map, for example, mechanical stimuli. This could be very helpful 

in the acquisition of blood pressure wave in the wrist without the need to place the 

e-skin in the exact anatomical location [57], which could be an advantage for a less 

trained user. With an array of sensors, the probability of having one element placed 

over the best location for a correct capture of the blood pressure wave would increase 

significantly. An array of sensors may also be employed in the extraction of noise 

from the desired signal. In that case, the e-skin could be worn without limiting the 

subject’s movements, given that it would be possible to minimize the noise from the 

signal under monitoring. Similarly, another path that should receive some attention 

should be the creation of sensors on rigid islands, dispersed through a softer 

polymeric matrix [58] for strain relieve and minimization of its impact in the output 

of the sensors, improving the signal-to-noise ratio and the stretchability of the e-skin.  

Still with plenty of room for improvement, the e-skin field is reaching, year by 

year, the necessary level of maturity to jump from the research light to daily lives, 

where it could bring a considerable novelty and improvement in the way healthy 

people or patients monitor their health and daily activities, amputees interact with 

their surroundings, or even robots and other electronic devices interact with humans 

and vice-versa. By exploring the right production techniques, so that these e-skin 

devices are affordable and producible in a large-scale, as well as the right materials 

for a sustainable technology, they may be one essential piece in the puzzle that 

represents the hi-tech future, many times envisioned in sci-fi books and movies as 

belonging to a distant time, yet getting one step closer to become the next reality.   
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