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Abstract 

Stretchable electronic systems are needed in realising a wide range of applications, such 

as wearable healthcare monitoring where stretching movements are present. Current 

electronics and sensors are rigid and non-stretchable. However, after integrating with 

stretchable interconnects, the overall system is able to withstand a certain degree of bending, 

stretching and twisting. The presence of stretchable interconnects bridges rigid sensors to 

stretchable sensing networks. In this thesis, stretchable interconnects focusing on the 

conductive polymer Poly (3,4-ethylenedioxythiophene): poly (4-styrenesulfonate) 

(PEDOT:PSS) , the composite and the metallic-polyimide (PI) are presented. Three type of 

stretchable interconnects were developed including gold (Au) -PEDOT:PSS hybrid film 

interconnects, Graphite-PEDOT:PSS composite interconnects and Au-PI dual-layered 

interconnects. The Au-PEDOT:PSS hybrid interconnects’ stretchability can reach 72%. The 

composite exhibits a stretchability of 80% but with an extremely high variation in resistance 

(100000%). The Au-PI interconnects that have a serpentine shape with the arc degree of 

260° reveal the highest stretchability, up to 101%, and its resistance variation remains within 

0.2%. Further, the encapsulation effect, cyclic stretching, and contact pad’s influence, are 

also investigated.  

To demonstrate the application of developed stretchable interconnects, this thesis also 

presents the optimised interconnects integrated with the electrochemical pH sensor and 

CNT-based strain sensor. The integrated stretchable system with electrochemical pH sensor 

is able to wirelessly monitor the sweat pH. The whole system can withstand up to 53% strain 

and more than 500 cycles at 30% strain. For the CNT-based strain sensor, the sensor is 

integrated on the pneumatically actuated soft robotic finger to monitor the bending radius 

(23 mm) of the finger. In this way, the movement of the soft robotic finger can be controlled. 

These two examples of sensor’s integration with stretchable interconnects successfully 

demonstrate the concept of stretchable sensing network. Further work will focus on realising 

a higher density sensing and higher multifunctional sensing stretchable system seamlessly 

integrated with cloth fibres. 
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Chapter 1 Introduction 

1.1 Background and motivation 

Stretchable electronics, as the emerging technology, have shifted the paradigm in 

electronics due to their wide range of applications such as healthcare monitoring [1]–[5], 

energy and storage [6]–[9], e-skin for robotics [10]–[13], consumer electronics [14]–[17] 

and telecommunications [18]–[21]. The trend of the development in stretchable electronics, 

which can be recognised as part of the “More than Moore” concept, which aims to develop 

electronic devices that incorporate more functionalities and can help people interact with the 

changing environment [22]. Figure 1.1 shows several examples of stretchable electronics 

throughout the past decade when the development of stretchable electronics came into being. 

Healthcare monitoring has been benefiting extensively from stretchable electronics due to 

its requirement of a close interaction between human and electronics devices. The 

conformability or stretchability of healthcare monitoring devices can improve the reliability 

to collect non-invasive physiological parameters including heart rate, blood pressure, skin 

temperature, respiration rate and electrolyte concentration in body fluids [23]–[26]. Non-

invasive systems for diagnosis and health monitoring (particularly for chronic illness) will 

have a major impact on healthcare practices, as patients are likely to be more compliant with 

such methods [27]. These non-invasive wearable electronics are also attracting a lot of 

attention due to ease of use.  

Aiming at integrating a power supplying system in stretchable electronics, stretchable 

energy harvesting and storage system has started to attract huge attentions recently. The 

energy harvesting and storage system include smart battery, supercapacitor, piezoelectric 

power generation, and triboelectric power generation. Stretchable energy harvesting systems 

are often realised either through solar energy or kinetic energy [6]–[9]. Another application 

of stretchable electronics is the electronic skin (e-skin) for robotics. Robotics has been 

adopted in many fields, such as precise manufacturing, harvesting in agriculture and 

manoeuvring /exploring under extreme environment [28], [29]. Current robotics are 

programmed and controlled through computers with accurate programming instructions. 

However, they lack the accurate and real-time sensing feedback from the working 

environment, and this restricts them in providing a dynamic response. Those feedbacks can 

be tactile sensing, proximity sensing and extended to chemical sensing. In order to obtain 

the sensing information, the concept of “e-skin” was proposed to integrate multifunctional 

sensors with robotics. Rather than using traditional rigid electronics, stretchable electronics 
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could withstand certain deformation and ensure the electronics’ performance even when 

robotics are moving, holding objects and gesturing. Such applications of e-skin can also be 

expanded for soft robotics. Unlike rigid-body robots that have restricted movements due to 

stiff joints, soft robotics expand their degree of freedom and allow them to perform complex 

movements of bending, wrinkling, buckling, and twisting. They are light in weight and soft 

 

Figure 1.1: A variety of applications of stretchable electronics in major directions including 

healthcare monitoring, energy and storage, e-skin for robotics, consumer electronics and 

telecommunication over the past decade. Reprinted and adapted with permission, [1], [3], 

[5], [9-10], [12], [14], [16] copyright © Springer Nature, [2], [15] copyright © AAAS, [7-

8], [11], [18-20] copyright © Wiley, [6], [21] copyright © RSC Publishing, [13] copyright

© Cambridge University Press, [17] copyright © American Chemical Society.  
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to interact with. With the integration of stretchable electronics, soft robotics are able to 

perform dynamically, which is in the similar way as animals, such as chameleons. Other 

applications of stretchable electronics, such as consumer electronics that allow customers to 

roll over the screen or even fold the display, and stretchable antennas that can tune the 

resonant frequency while stretching, are all attracting a lot of attention. 

 

Figure 1.2: The IDTechEx report of technology readiness in stretchable electronics from 

2018 to 2028 [30]. 

 

Figure 1.3: The trend from accumulated number of publications during the period from 1965 

to 2020. The data was extracted from Web of science by searching keywords such as flexible 

electronics and stretchable electronics [238]. 



Chapter 1  19 
 

Figure 1.2 summarised the current technology in stretchable electronics in terms of the 

materials, components (sensors) and system, with their development stages [30]. In 

materials, the stretchable conductive inks have developed to an early commercial sales stage. 

These inks are mainly made from silver and carbon conductive particles. However, the 

biocompatibility issue of the commercial stretchable inks restrict their applications in 

wearable electronics. Some physical sensors including resistive sensors and inductive 

sensors have shifted from the proof of concept stage to maturity. However, most of the 

stretchable electronics at system level are still in the proof of concept and early prototype 

stages, such as stretchable energy storage and harvesting system and stretchable logic circuit 

system. In particular, the stretchable sensor systems, which integrated with energy supplying 

and data transmission modulus, have not yet developed to the proof of concept stage. This 

gap calls for a further investigation on stretchable electronics. Such a trend can also be 

reflected by the evidence of the exponential growth in publications in the field of stretchable 

electronics, especially in the past decade, as can be seen from Figure 1.3. In terms of an 

annual number of publications, stretchable electronics are expected to attract more than 5600 

papers by the year 2020.  

Amongst the components in stretchable electronics, stretchable interconnects play an 

important role due to their capability of providing traditional rigid electronic systems with 

an extra degree of freedom while retaining their electrical performance. Particularly in 

applications where large deformations are experienced at unconventional surfaces, such as 

the knees and elbows of a humanoid robot, where the need for tactile skin has been 

highlighted by many researchers [31]–[34], stretchable interconnects are indispensable. In 

another case where high-density sensing is required, the stretchable interconnects can 

connect each sensing pixel to allow distributive sensing. For example, an array of 

temperature sensors connected by stretchable interconnects allows distributed sensing over 

a curved and deformable surface [1], [35]. Current challenges still remain in the dilemma 

between the high electrical performance and the mechanical softness of electronics.  

1.2 Objectives of the Ph.D. research 

The general objectives of this thesis are to understand, design and characterise 

stretchable interconnects and their integration with sensors. The detailed major objectives 

are: 
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1. To understand the mechanism of stretchable interconnects, with respect to the 

structural mechanics of the deposited conductive films and stretchable substrate 

2. To understand the relationship between the mechanical deformation and variation 

in electrical performance of interconnects 

3. To investigate conductive materials that can withstand a certain degree of 

deformation 

4. To optimise the fabrication process with conventional/unconventional materials 

for stretchable interconnects 

5. To characterise the fabricated interconnects with various methodologies 

including uni-axial stretching, sheet resistance measurement, surface 

morphological measurement 

6. To integrate stretchable interconnects with sensors in order to develop novel 

applications 

1.3 Structure of the thesis 

This thesis is planned as follows: Chapter 2 introduces the state-of-the-art technologies 

on stretchable electronics. In particular, more discussion is about the conductive materials 

including conductive polymers, metal liquids and composites, which are the materials that 

have been used for stretchable interconnects. Different geometry designs and fabrication 

process for interconnects are also included in Chapter 2. This chapter obtained the object 3 

in the previous section.  

Chapter 3 discusses the mechanical and electrical analysis of stretchable interconnects. 

These analysis include the mechanical and mathematical modelling and Finite Element 

Methods (FEM) simulation (COMSOL). This chapter provides the theoretical support and 

guides for the design of stretchable interconnects. This chapter reached the object 1&2 in 

the previous section.  

Chapter 4 presents stretchable interconnects’ fabrication process. In this chapter, the 

fabrication processes of stretchable interconnects, which are made from gold (Au) thin film, 

Au-PEDOT:PSS hybrid film, graphite-PEDOT:PSS composite and Au-Polyimide (PI), are 
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optimised with the assistance of different methodologies. These methodological techniques 

include Atomic Force Microscopy (AFM), Raman spectroscopy, Scanning Electron 

Microscopy (SEM), high-resolution microscopy and optical/physical surface profilometry. 

The major fabrication process of interconnects includes the microfabrication process and 

spray-coating. This chapter aligned with the object 4 in the previous section.  

Chapter 5 provides the results of the electro-mechanical characterisation of the fabricated 

stretchable interconnects. The chapter first introduces the setup system for electro-

mechanical characterisation of interconnects. Then the interconnects based on Au thin film, 

Au-PEDOT:PSS hybrid film, graphite-PEDOT:PSS composite and Au-PI are characterised 

to obtain the ultimate strain before failure. More characterisations on Au-PI based 

interconnects are carried out including the encapsulation test, cyclic stretching test and 

different bond pad design test. In addition, the Au-PI based interconnects are characterised 

under AC condition. This chapter met the object 5 in the previous section. 

Chapter 6 demonstrates the applications of stretchable interconnects that integrate with 

sensors. In this chapter, two applications are demonstrated, including stretchable sweat pH 

monitoring system and strain monitoring system of soft robotic fingers. This chapter realised 

the object 6 in the previous section. Following this chapter, the thesis will end with the 

conclusion and future perspective in Chapter 7. 

1.4 Key contributions of this thesis 

The key contributions of this thesis can be summarised as follows: 

• The mechanical and electrical analysis of stretchable interconnects is carried out, 

which are important for material selection and interconnects’ geometry designs.  

• The optimised fabrication process is developed for stretchable interconnects 

through microfabrication technology. The interconnects are made from Au thin 

film, Au-PEDOT:PSS hybrid film and Au-PI dual layer. The Au thin film based 

interconnects exhibit a limited stretchability, which are not a suitable candidate 

for stretchable interconnects.  

• The stretchable interconnects based on the hybrid film of Au and conductive 

polymer PEDOT:PSS show a higher stretchability, which is up to 72%. 
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• The stretchable interconnects based on Au-PI are suitable candidates for 

stretchable interconnects due to their higher stretchability (101%) and lower 

resistance variation (0.2%). 

• The composite graphite-PEDOT:PSS also reveals high stretchability, which can 

reach 80%. However, the electrical performance of such material indicates an 

unstable behaviour under large strain. The variation of their resistance can reach 

100000% at 80% strain. 

• Two applications of the Au-PI based stretchable interconnects integrated with 

sensors are successfully demonstrated. One of the applications is on wearable 

electronics, when the stretchable interconnects are integrated with pH sensor. The 

whole system can be applied to monitor sweat pH. The other application is on 

soft robotics, where the interconnects are integrated with CNT-based strain 

sensor. This application allows the movement of the soft robotic finger to be 

monitored. 
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Chapter 2 State-of-the-art 

Common strategies to achieve stretchable electronic systems can be categorised into two 

type of architectures: the fully stretchable system and the semi-stretchable system, as 

illustrated in Figure 2.1. The fully stretchable system refers to the multilayered integration 

of various materials including the stretchable conductor, stretchable active 

materials/semiconductor and stretchable dielectrics. These materials exhibit excellent 

electrical performance, such as the soft conductor that can be compared to metal and the 

stretchable semiconductor that can be compared to silicon. In the meantime, these materials 

are able to regain their shapes after large deformations including stretching, bending and 

twisting [36]. The semi-stretchable system can also be described as a “bridge-island” 

structure, of which the “island” refers to the rigid electronic devices or sensors and the 

“bridge” is the stretchable interconnect. Unlike the fully stretchable systems where most 

layers (electrode, semiconducting/active material and dielectric) are monolithically 

integrated, semi-stretchable electronics system integrate devices and interconnect with the 

assistance of additional solder joints. In this system, the overall system can also withstand 

certain movement where the generated strain will concentrate on stretchable interconnects, 

but not on rigid electronic devices. 

Aside from the architecture of stretchable electronic systems, the mechanical and 

electrical properties of materials play a vital role in establishing such systems. Traditionally, 

metals such as gold (Au) and copper (Cu) have been preferred for interconnects and 

electrodes, owing to their high electrical and thermal conductivity that permits the passage 

of large current and efficient transmission of signals. However, these metals have been found 

 

Figure 2.1: Architecture of stretchable electronic systems (a) fully stretchable layered 

structure (b) semi-stretchable system where stretchable interconnects are integrated with 

rigid device/sensors. 
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to have limited use for the stretchable system due to their limited elastic properties  [37], 

[38]. As shown in Figure 2.2, metals, such as Au, Cu, and Ag exhibit an elastic modulus of 

about 100 GPa and a high electrical conductivity in the range of 109 S/m. On the other hand, 

highly stretchable elastomers, such as PDMS, PU, and Ecoflex, which are widely used as 

highly stretchable substrates, exhibit an elastic modulus below 1 MPa. Unlike traditional 

metals and polymeric substrates, conductive polymers, such as polyaniline (PANi) [39] and 

poly(3,4-ethylenedioxythiophene): poly(4-styrenesulfonate) (PEDOT: PSS) [40] have both 

moderate electrical conductivity and elastic modulus. Other materials, such as composite, 

exhibit high electrical conductivity and elasticity through mixing highly conductivity fillers 

(i.e. CNTs, graphene, AgNWs) with soft polymer matrix (i.e. PDMS, Ecoflex) [41], [42]. 

As illustrated in Figure 2.2, the high conductivity fillers (i.e. CNTs) exhibit high elastic 

modulus while most polymers, which are compliant to human skin due to similar softness, 

are insulating. The composite structure takes the advantages of high conductivity from fillers 

and softness from the polymers. Efforts have been made by researchers to further improve 

the behaviour of such composites through more efficient filler dispersion and solvent 

selection.  

In the following sections, the further review on widely used stretchable substrates and 

stretchable materials including semiconductors and conductors will be presented. A more 

 

Figure 2.2: Comparison of elastic property of various materials (including dielectric 

polymers, organic conductive polymers, metals and carbon materials) for stretchable 

interconnects with electrical conductivity. 
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focused review on stretchable conductors regarding their geometries, materials and 

fabrication process will also be included. 

2.1. Substrate Materials 

Stretchable electronic systems are usually utilising hyper-elastic polymer as a substrate. 

The widely used polymers include PDMS [43], Polyurethane [44], Ecoflex [45], Parylene 

[9] and Polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS) [36]. 

PDMS (Sylgard 184, Dow Corning, U.S) is a widely-used substrate material in which 

Young’s modulus is tuneable with the varied ratio of base polymer and its crosslink agent. 

For example, a 10:1 ratio of base and crosslink PDMS is recommended by the manufacturer 

and its Young’s modulus is 7.1 MPa, which is provided by the datasheet [46]. However, the 

actual Young’s modulus may vary depending on the curing temperature during process, as 

well as the ratio between PDMS base polymer and the crosslink agent. As reported, the 

PDMS film is generally cured under 25°C and exhibits Young’s modulus of 1.3 MPa, while 

the film cured under 200°C has Young’s modulus of 2.97 MPa [47]. This data indicates that 

the low curing temperature can lead to a softer PDMS film. The amount of crosslinking agent 

while preparing the pre-polymer PDMS is vital for the mechanical property in PDMS film. 

When the ratio between PDMS base polymer and the crosslinking agent is increasing (e.g. 

from 10:1 to 15:1 and 20:1), the resulting PDMS will become much softer [43]. The chemical 

stability and physical properties of PDMS are compared with other polymers (Table 2.1). In 

comparison, PDMS is biocompatible and resistant to most of the alcohol, acid, and base. In 

addition, it is optically transparent throughout the visible spectrum down to 240 nm. Hence, 

PDMS is a popular candidate to be applied as encapsulation for implants [48][49], replicable 

mold in soft lithography [50] and microfluidic systems [51]. Another elastic polymer that is 

widely used for the stretchable substrate is Ecoflex® (Smooth-on, U.S), which is chemically 

termed as Polybutylene adipate terephthalate (PBAT). Unlike the transparent PDMS, 

Ecoflex is translucent. Ecoflex exhibits a compostable feature [52], which benefits in 

biodegradable electronics. The ultimate strain test indicates that the PDMS substrate can 

easily be stretched up to 150% longer than its original length, while the Ecoflex can be easily 

stretched to 650% without breaking [53]. Polyurethane is a common polymer that can be 

found in daily life, such as in cleaning foams, tubing, and vanish paint. The thermoplastic 

polyurethanes have good mechanical properties which can also be used for the stretchable 

substrate. Compared with PDMS and Ecoflex, the polyurethane is less compatible with 

solvents such as ethanol, isopropanol and other high-polar organic solvents [54]. SEBS 

draws the attention of researchers for its elastic property. In addition, due to its tuneable 
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viscosity under a levitated process temperature, it can be thermally drawn into fibres, which 

can be further integrated into wearable electronic applications [55]. Parylene, as a 

biocompatible material, is often used as an encapsulation layer for implants. It is highly 

resistant to acid and base solution and most of the solvents [56][57]. However, the 

stretchability of parylene is less, when compared with other polymers. Polyimide has a 

relatively higher strength, with the highest Young's modulus among all the polymer 

substrates. It is robust and can withstand a higher temperature (300°C), which makes it 

popular for flexible PCB substrate. Amongst the reviewed polymeric substrate, the PDMS 

has the advantage of chemically stable and biocompatible. In addition, its mechanical 

property is tuneable, which can meet different requirements. Compared with other expensive 

polymer (e.g. Polyimide from HD Microsystem costs around £747 for 1 kg), PDMS costs 

around £170 for 1 kg. Hence, the PDMS was chosen as the substrate in this thesis.  

Table 2.1: Comparison between popular substrates to integrate stretchable electronic 

systems based on their mechanical property, electrical property and chemical stability. 

Substrate 

materials 

Young’s 

modulus 

Elongation at 

break 

(Stretchability) 

Dielectric 

constant 

(at 1kHz) 

Chemical compatibility 

PDMS 
1-7 MPa 

[43] 
150% [53] 

2.32-2.4 

[58] 

Biocompatible, low 

solubility in most alcohols, 

compatible with acid and 

base [59] 

Polybutylene 

adipate 

terephthalate 

(Ecoflex) 

22 kPa 

[21] 
650% [53] 2.1 [21] 

Biocompatible, 

biodegradable [52] 

Polyurethane 
1.1 MPa 

[60] 
200% [61] 5.68 [60] 

Swelled in alcohols  such as 

ethanol and isopropanol, 

dissolved in the high polar 

organic solvent, resistant to 

diluted base and acid, 

biocompatible [62][63] 
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SEBS 

10-

100MPa 

[64][65] 

700% [64][55] 2.45 [65] 

Dissolved in polar organic 

solvent, did not dissolve in 

acetone, methanol and 

DMSO [66] 

Parylene-C 
1.3-3.5 

GPa [67] 
18% [67] 3.1 [68] 

Resistant to acid and base, 

low solubility in most 

alcohols Biocompatible [69] 

Polyimide 
2.84 

GPa [70] 
19% [70] 

3.1-3.4 

[71] 

Resistant to most solvents 

and chemicals, 

biocompatible [56][57] 

 

2.2. Other materials 

The commonly used stretchable materials consist of semiconductors and conductors. 

Those materials are either intrinsically stretchable or can be engineered into a serpentine 

shape to increase its stretchability. In the following subsections, a review on stretchable 

materials including carbon-based nanomaterials (i.e. graphene, CNTs), semiconducting 

nanowires (i.e. SiNWs), conductive polymers (i.e. P3HT, PANI, PEDOT), metal liquid (i.e. 

EGaIn) and nanocomposite (i.e. MWCNTs-PDMS, AgNWs-PDMS) regarding their 

electromechanical properties, will be presented. Various engineered geometries designed to 

increase the stretchability in electronic systems will also be discussed.  

2.2.1. Semiconductors 

So far, research on stretchable semiconducting material have focused on silicon 

nanowires/nanoribbons [10], [72], [73], polymer-based semiconductor [36], [74], [75], 

carbon-based nanomaterials (graphene [76], CNTs [77]). Silicon, as a widely used 

semiconducting material, has been exploited to improve the device’s performance regarding 

carrier mobility, transit frequency and Ion/Ioff ratio. Reported device based on 

monocrystalline silicon can reach a mobility of 1200 cm2V–1 s–1 and an Ion/Ioff ratio in the 

range of 109 [78]. In order to modify a non-stretchable and inorganic semiconductor, such 

as silicon, into deformable and stretchable, change in morphology and shape is the only 

option. These modifications include geometrical patterning of silicon membrane into 

“wavy” shaped ribbons [10], [79] and synthesising nanowire structures through bottom-up 

and top-down approaches [72]. Compared with conventional silicon-based semiconducting 
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nanostructured materials, carbon-based nanostructures such as graphene, CNTs etc. exhibit 

higher carrier mobility [76]. However, the wafer-level fabrication and processing of 

graphene-based devices are still challenging and it has a limited capability to withstand strain 

[80]. Semiconducting SWCNTs, on the other hand, attract researchers due to their excellent 

mechanical bendability. However, given the fact that the SWCNT network is often 

consisting of both semiconducting and metallic SWCNTs, it is challenging to obtain the 

device with high Ion/Ioff ratio and mobility [77].  

Conjugated polymers have drawn attention to be the candidates as stretchable 

semiconducting materials, due to their intrinsic semiconducting property, low weight and 

high flexibility. Furthermore, they can be processed in solution for large-scale manufacture, 

including ink-jet printing and roll-to-roll printing for printing in large scale [81]. For 

applications in stretchable electronics,’ semi-conducting and mechanical softness properties 

of conjugated polymers can be optimised through various methods. For example, pristine 

P3HT has Young’s modulus of 0.92 GPa with limited tolerate strain [82]. However, if P3HT 

is synthesised with copolymer polyethylene, and transferred into P3HT-block-polyethylene 

copolymer (P3HT-PE), the modified polymer can be stretched up to 660% with a 240 MPa 

Young’s modulus. The mobility can reach 2×10–2 cm2V–1 s–1 with device ON-OFF ratio of 

Ion/Ioff∼ 105 [83]. Another approach is based on the nanoconfinement process with different 

polymers [36], [74]. It was reported that the combination between conjugated polymer 

DPPT-TT and elastomer SEBS exhibits the nanoconfinement effect in crystallinity 

reduction, which significantly helps to reduce the crack propagation. Nanoconfinement 

effect is not only suppressing resultant polymer’s crystallisation but also increasing the chain 

dynamics, which leads to producing more elasticity. Thus, it allows the semiconducting 

polymers to become soft enough for 1000 cycles up to 100% strain and the stretchability of 

600%. In addition, the resultant polymer exhibits a mobility of 1.37 cm2v-1s-1. A successful 

demonstration of the logic circuit based on this OFET has realised to perform a stretchable 

amplifier [36]. However, the challenges of such polymer-based electronic materials are their 

limited mobility and limited life time due to their sensitivity to become damaged by the 

organic solvent and ultraviolet light. Proper encapsulation is required for this type of 

material.  

2.2.2. Conductors 

A stretchable conductor should possess properties of softness (with a low Young’s 

modulus E), ability to retain the original shape after deformation (Poisson’s ratio reaching 
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0.5), high electrical conductivity and ideally with negligible variation in electrical 

conductivity. Such materials for interconnects are discussed in detail in the following 

sections. A few examples of this type of stretchable conductors include elastic conductors 

based on Single-Walled Carbon Nanotubes (SWNT)-PDMS composite films [84]–[87]. In 

these interconnects, the nanotubes fillers conduct electricity and the rubber provides the 

stretchable matrix. These elastic conductors allow uniaxial and biaxial stretching of 70–

100%—without mechanical damage or electrical loss. Microfluidics channels with 

conductive liquid/gel is another popular alternative that has been developed in recent years 

to obtain stretchable conductors [88]. These approaches are not yet at a stage where they can 

be employed in sensors’ integration. Nonetheless, recent advances in material engineering 

show promise in this area. 

i. Organic conductive polymer 

The organic conductive polymers have emerged as the popular candidate for filler 

materials, owing to their moderate electrical conductivity and mechanical softness [89]. 

Some of the widely used organic conductors include Polyaniline (PANi) [39] and Poly(3,4-

ethylenedioxythiophene): poly(4-styrenesulfonate) (PEDOT:PSS) [40]. They are 

electrically conductive (~100 S/cm) in addition to having mechanical softness of up to 10% 

stretching without any cracks in the film [40]. Furthermore, PEDOT, as an efficient hole 

collector and transparent conductor, is popular to be applied in photovoltaic electronics and 

optoelectronic applications [90], [91]. The electrical conductivity of these conductive 

polymers can be tuned through different methods. In the case of PEDOT:PSS, the highly 

conductive PEDOT grains are surrounded by excess weakly ionic- conducting PSS. 

Although the PSS ions help PEDOT to be easily dispersed in water for a homogenous 

deposition, it separates PEDOT from establishing a conductive path [92]. A secondary 

doping can improve the electrical conductivity of the resulting PEDOT:PSS film [90], [93] 

and the maximum conductivity can reach to the order of 1000 S/cm, which is still low in 

comparison with metals. So far, the PEDOT:PSS film has been demonstrated to replace ITO 

sheet successfully in solar cells application [94]. 

ii. Metal liquid 

Eutectic metal liquids have been used for stretchable interconnects due to their high 

conductivity and low resistance variation when subjected to deformability [95]. It is an alloy 

that is composed of low melting point metals such as Mercury (Hg), Tin (Sn), Indium (In) 

and Gallium (Ga). Aiming at low vapour pressure and low toxicity, researchers tend to use 
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more of liquid metal alloys made of Galinstan (Ga 68.5 %, In 21.5 %, and Sn 10 %) and 

EGaIn (eutectic gallium-indium alloy, Ga 75.5 % and In 24.5 %) [19]. These metals can 

either be filled into microfluidic channels in a stretchable substrate [19], [96] or be directly 

3D printed into a conductive pathway [95], [97]. The fluidic property of eutectic metal liquid 

allows the metal interconnect to deform without losing the electrical continuity. However, 

these low melting metals are inclined to become oxidised at room temperature. The oxide 

skin of metal liquid further prohibits the wetting of contact pads and increases the contact 

resistance, which brings the challenge for sensors’ integration [98]. 

iii. Composite 

The conductive composite benefits from the high electrical conductivity of fillers 

dispersed in elastic polymer matrix and the softness nature of elastic polymer matrix. The 

synthesis of such composite with the appropriate ratio of fillers is critical in terms of 

optimising the composite’s performance. The synthesis process requires three essential 

components: the conductive filler, the binder (polymer matrix) and the solvent [41]. To make 

sure that the fillers are homogeneously dispersed in the matrix, the appropriate solvent is 

selected to de-bundle the fillers with adjusted physical agitation. Mechanical milling and 

sonication are two common techniques for the physical agitation. The prior method utilises 

external mechanical stress to activate physical and chemical transformation in solid materials 

[99][100]. For instance, the ball milling method, which has been extensively used for 

composite synthesis shows its advantage on high efficiency and controllable synthesising 

conditions (i.e. temperature, rotating speed, pressure). In this method, powders are processed 

under mechanical stress from the collisions between milling tools and the material surface. 

However, during the composite synthesising process, not only will the chemical activation 

happen, but also the mechanical degradation can be found simultaneously. This mechanical 

degradation can fail the resulting composite, especially for polymeric composite [100]. The 

process required power from another physical agitation technique, sonication, can be much 

lower. The sonication power and duration can be tuned to transduce the energy for dispersing 

the fillers homogenously without breaking them [101]. In general, the electrical behaviour 

of the final composite will be enhanced if the loading ratio of fillers is increased. However, 

the elastic modulus of the composite will also increase and therefore a balance is needed 

between the elastic modulus and electrical conductivity. The following sub-sections describe 

the theory governing this trade-off and further discussion on various composites based on 

various conductive fillers and the polymer matrix. 
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a. Percolation and tunnelling theory 

The conductivity of composites varies as a result of variations in filler concentration [34]. 

The composite’s conductivity is governed by the percolation theory, which is represented by 

Equation 2.1 [102], [103]: 

� ≈ ���� − ��	
, for � > ��    (2.1) 

Where � is the bulk conductivity of the composite,  �� is the conductivity of the filler,  � 

is the weight percentage of the filler and  is the critical exponent. The critical percentage �� 

of the filler is defined as the percolation threshold. This critical fraction is obtained when a 

continuous electrical path is established within the polymer matrix, as illustrated in Figure 

2.3 [103]. The value of the percolation threshold is contributed by several parameters and 

these include the dimension of filler, the morphology of the filler, and synthesis method of 

the composite. Many numerical simulation and mathematical modelling studies have been 

carried out to investigate the effect of the filler’s dimension on the percolation threshold 

[104]–[106]. For instance, in Balberg et al.’s theory, a composite system can be modelled as 

a lattice-like system and its percolation threshold is strongly dependent on the density and 

dimension of the fillers [107]. Some researchers have studied the composite system based 

on Monte Carlo Simulation. In that regard, the percolated network is dealt with as a statistic 

problem. Both studies suggest that the percolated threshold is proportional to the reciprocal 

of particle’s aspect ratio [108] and is  mathematically  expressed  in Equation 2.2, where L 

and D are the length and diameter of filler respectively. 

 

Figure 2.3: Schematic diagram of theory of (a) percolated network and (b) tunnelling effect 

between adjacent nanowires [238]. 
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�� ∝  �
�    , � = �

�       (2.2) 

The experimental results obtained from variously reported composites and plotted in 

Figure 2.4(b) and (c) are in line with the above theoretical relationship between the 

percolation threshold and the filler’s aspect ratio. Extending further this relationship, Figure 

2.4(a) also concludes the correlation between the maximum achieved conductivity and the 

aspect ratio of fillers among various composites. The global conductivity of the percolated 

network within the polymer matrix depends on the conductivity of the filler, the contact 

resistance between overlapped fillers and conductivity of electron tunnelling effect through 

the nearby fillers [109]. The distance of the tunnelling effect �
�����. can be estimated as: 

�
����� = ℏ/�8��∆!     (2.3) 

Where, ℏ is the Planck’s constant,  �� is the mass of electron and ∆! is the difference 

in work function between filler and polymer matrix. However, this tunnelling effect can be 

ignored if the wrapped polymer between adjacent nanowires is thicker than a cutoff distance 

���
"##. [109].  

b. Elastic modulus of composite materials 

The studies estimating the elastic modulus of composite materials have a long history 

and they can date back to the 1970s [110]. The general form for the elastic modulus of the 

composite is defined as [111]: 

$
$% = �&'()

�*()  +ℎ-�- . = $/ $%⁄ *�
$/ $%⁄ &'      (2.4) 

Where M represents the elastic modulus of composite and M1 and M2 are the modulus of 

the polymer matrix and filler respectively. 1 is the volume fraction of fillers and A is a 

critical parameter defined by the geometry of filler and the Poisson’s ratio of the polymer 

matrix. This general equation skips some factors such as the sediments and aggregations of 

fillers, but it gives a fair estimation of the mechanical property of the resulting composite. 

Observed in Figure 2.4(c), the trend in stretchability with respect to the filler’s aspect ratio 

indicates a reciprocal relationship. With the same polymer and filler materials, lesser fillers 

lead to a softer and more elastic composite. 
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c.. Carbon-based nanocomposite 

Carbon particles are widely used as conductive fillers due to the availability, high 

electrical conductivity and low cost. Many reported studies on carbon-based composite for 

applications in stretchable interconnects are listed in Table 2.2. It can be noted that graphite 

is one of the most widely used carbon fillers for stretchable and conformable electrodes. The 

filler size is above 10 µm. Compared to CNTs, EG and GNPs, they are much larger. 

However, the bulk size of graphite does not provide lower percolation ratio within the 

composite. Hence, in order to achieve the desired level of electrical conductivity a large 

number of fillers are used, which leads to degradation of stretchability in graphite-based 

composites [112]. On the other hand, owing to the high aspect ratio of CNTs, CNT-based 

nanocomposite has a much lower percolation threshold [113]. However, due to the strong 

 

Figure 2.4: Plot of reported data points collected from Table 2.2 and Table 2.3. (a) 

Correlation between the maximum conductivity and aspect ratio of fillers from various 

nanocomposites, (b) Correlation between percolation ratio and aspect ratio among various 

nanocomposites, (c) The trend of percolation ratio and stretchability with respect to aspect 

ratio for carbon-based nanocomposite, (d) The mapping of data points with the elastic 

modulus against the maximum conductivity [238]. 
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Van-der-Waal forces among carbon fillers, they tend to bundle and entangle together, which 

leads to an inhomogeneous conductivity. By evaluating the maximum conductivity of 

variously reported nanocomposites, it is observed that the group of Graphene Nanoplatelets 

(GNPs) nanocomposites exhibits a superior conductivity with low percolation ratio. This is 

because graphene has a large surface area of 2630 m2g-1 and a high electrical conductivity 

of 7200 S·m -1 [114]. In addition, the composite-based interconnects that was carried out in 

this thesis is also compared in Table 2.2. With similar size of graphite fillers, the achieved 

composite exhibits a much higher stretchability.  

Table 2.2: Comparison of various nanocomposites based on carbon fillers with respect to 

properties such as filler’s size, percolation ratio, maximum conductivity, and mechanical 

elasticity. 

Material 

(Filler-polymer 

matrix) 

Filler size 

Aspec

t ratio 

(L/D) 

Percolati

on ratio 

Maximum 

conductivit

y 

Elastic 

Modulus 

Stretch

ability 
Ref. 

Graphite-

PDMS 
25.4 µm - 

11.1 
vol.% 

1.8 S/cm 5.1 GPa 0.71% [112] 

Graphite-

PDMS 
10 µm - 12 vol.% 2×10-6 S/cm - - [115] 

Graphite-

Epoxy 

D: 10 µm, 
t: 0.1 µm 

- 1.3 vol.% 1 S/cm 5.56 GPa - [116] 

Graphite-PUa 
D: 10 µm, 
t: 0.1 µm 

- 1.7 vol.% 1×10-5 S/cm 7.14 GPa - [116] 

Graphite-

Epoxy 
4-44 µm - 20 vol.% 

3.3×10-2 

S/cm 
- - [117] 

Graphite-

Phenolic Resin 
< 1 µm - 15 vol.% 66.7 S/cm 1.3 MPa - [118] 

Graphite-PPb 21.3 µm - - 20.16 S/cm - - [119] 
Graphite-

PVDFc 
21.3 µm - - 0.56 S/cm - - [119] 

Graphite-

LDPEd 

2.1-82.6 
µm 

- 

2.1 µm 
13.5 

vol.% 
82.6 

µm 
25.5 

vol.% 

1 S/cm - - [120] 

eEG-PANI 

L: 400 
nm, 

t: 10-40 
nm 

- 
0.91 

vol.% 
35 S/cm - - [121] 

fGNP- PEg 

L: 39-115 
nm 

t: 3.6-7.1 
nm 

- 
0.51, 1.2, 
2.4 vol.% 

- - - [122] 

hG-ODA-

PDMS 
t: 2.7 nm - 

0.63 
vol.% 

2×10-6 S/cm - - [114] 

Graphite-PSi 
D: 6.5 
µm, 

- 3.5 vol.% 1×10-5 S/cm - - [123] 
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t: 100-300 
nm 

jMWCNT-

PDMS 

L: 1-25 
µm 

- 2.1 vol.% 0.1 S/cm 1.43 MPa 45% [113] 

MWCNT-

PDMS 

L: 5-15 
µm 

D: 60-100 
nm 

125 
0.72 

vol.% 
2×10-4 S/cm - - [124] 

MWCNT-

PDMS 

L: 30-50 
µm 

D: 15-20 
nm 

2285 0.3 vol.% 1×10-3 S/cm 2.18 MPa 50% [125] 

MWCNT-

PDMS 

L: 10-30 
µm 

D: 20-40 
nm 

666 2.9 vol.% 
6.5×10-2 

S/cm 
- 40% [126] 

MWCNT-

PDMS 

L: 1-2 µm 
D: 40-60 

nm 
30 

1.91 
vol.% 

0.8 S/cm 7.38 MPa 1.2% [127] 

kCNF-PU 

L: 30 µm 
D: 80-150 

nm 
260 

0.42 
vol.% 

1.72×10-5 

S/cm 
56 MPa 450% [128] 

Graphite-

PEDOT:PSS 
45 µm - ~90 wt.% 0.535 Ω/□ - 50-80% 

(Sect
-ion 
5.4) 

aPU: Polyurethanes, bPP: Polypropylene, cPVDF: Poly(vinylidene fluoride), dLDPE: Low 
density polyethylene, eEG: Exfoliated graphite, fGNP: Graphene Nanoplatelets, gPE: 
Polyethylene, hG-ODA: Alkyl-functionalized graphene, iPS: Polyester, jMWCNT: Multi-
walled carbon nanotube, kCNF: Carbon Nanofiber. 

 

d. Metal-based composite 

Metal-based composites generally comprise metallic particles or nanowires (NWs) as 

filler materials. They are popular owing to their higher conductivity compared to carbon-

based fillers. Silver flakes are widely used in commercially available conductive inks. 

Recently, the stretchable and conductive silver-based ink has been commercialised [42]. The 

reported silver based composites exhibit a high conductivity, with a range of 103-104 S/cm, 

as shown in Table 2.3. In the process, the resulting composites tend to be softer, especially 

compared with graphite-based composites. The high aspect ratio of AgNWs can be the 

reason, due to its lower percolation threshold in the polymer matrix. However, the maximum 

conductivity of AgNWs nanocomposite does not indicate a strong correlation between the 

aspect ratio of NWs, based on the collected data from the reported literature (Table 2.3). In 

general, the percolation ratio of AgNWs nanocomposites is lower than that carbon-based 

nanocomposites. With a filler ratio of 0.005 vol.%, their conductivity can reach 2.3×10-2 

S/cm [129]. On average, the stretchability of AgNW nanocomposites can reach 115%, which 

makes AgNW nanocomposites a good candidate for stretchable interconnects. Some other 
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metallic NW-based composites, such as CuNWs and AuNWs, show similar performance to 

that of AgNWs. Although metal-NWs composites have the advantages of high conductivity 

with a lower elastic modulus that are suitable for stretchable interconnects application, there 

are challenges with respect to their fabrication and chemical stability. For example, due to 

the fact that metallic NWs are usually manufactured in a solution-based method, the 

insulating ligands in the solvent should be removed to obtain a low contact resistance 

between adjacent NWs. Usually, a post-treatment process, such as thermal annealing, is 

introduced for this purpose and this poses a challenge for the devices on soft polymeric 

substrates which are sensitive to temperature variations. In the meanwhile, the metallic 

nanowires tend to oxidised easily, which requires a post-treatment to remove the oxidation 

layer. Such treatment often involves the acid or alkali solutions. To avoid post-treatment on 

metallic NWs, the idea of introducing conductive polymer PEDOT:PSS as the nano-solder 

junctions among wires can dramatically improve the performance of interconnects [130]. 

Other solutions, such as building up a hybrid system with AgNWs and other nano-fillers 

(CNTs [131] and Graphene [132]), also show highly stretchable and conductive 

performance.  

Table 2.3: Comparison among various nanocomposites based on metal fillers in terms of 

properties such as filler’s geometry, percolation ratio, maximum conductivity and 

mechanical elasticity. 

Material (filler-

polymer 

matrix) 

Filler size 

Aspect 

ratio 

(L/D) 

Percola

tion 

ratio 

Maximum 

conductivity 

Elastic 

Modulu

s 

Stretch

ability 
Ref 

Ag flakes-PU 2-3 µm - 
56 

vol.% 
3.6×103 S/cm - 600% [133] 

AgNW-

poly(acrylate) 

L: 5-15 
µm 

D: 60 nm 
83-250 - 7.84 S/cm 

16.25 
MPa 

50% [134] 

Ag Powder-

PDMS 
2-3.5 µm - 

12.6 
vol. % 

6×102 S/cm 8 MPa 150% [135] 

AgNW-PUAa 

L: 15-25 
µm 

D: 25-35 
nm 

666 
0.83 

vol.% 
4.5×104 S/cm - 70% [41] 

AgNW-PDMS 

L: 20-50 
µm 

D: 115 
nm 

304 - 
9.97×103 

S/cm 
- 100% [136] 

AgNW-PDMS 

L: 10-60 
µm 

D: 90 nm 
388 - 

8.13×103 

S/cm 
- 15% [137] 

Ag flakes-PU - - - 
4.31×104 

S/cm 
- 74% [42] 

AgNW-PDMS 
L: 10 µm 
D: 60 nm 

166 - 
4.69×103 

S/cm 
- 150% [138] 
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AgNW-PDMS 

L: 10-60 
µm 

D: 90 nm 
388 - 

8.13×103 

S/cm 
- 80% [139] 

AgNW-PDMS 

L: 80 µm 
D: 100 

nm 
800 

3.85 
vol.% 

20 S/cm - 35% [140] 

AgNW-

poly(TBA-co-

AA)b 

L: 20 µm 
D: 60 nm 

333 - 5.6×102 S/cm - 160% [141] 

AgNW-PLAc 
L: 8 µm 

D: 60 nm 
133 

0.13 
vol.% 

0.27 S/cm 
3048 
MPa 

3% [142] 

AgNW-MCd - - 
0.29 

vol.% 
3.3×102 S/cm 

5519.9 
MPa 

- [143] 

AgNW-

PEDOT:PSS 

L: 10-30 
µm 

D: 90 nm 
222 

2.5% 
Areal 

fraction 
104 S/cm - - [144] 

AgNW-

PEDOT:PSS 

L: 50-100 
µm 

D: 10 nm 
7500 - 

0.73×103 

S/cm 
- 120% [145] 

AgNW-PEKKe 

L: 10-100 
µm 

D: 120-
400 nm 

211 
0.59 

vol.% 
1 S/cm - - [146] 

AgNW-PCf 

L: 10 µm 
D: 117 

nm 
85 

0.005 
vol.% 

2.3×10-2 

S/cm 
- - [129] 

AgNW-PA11g 

L: 30-60 
µm 

D: 200-
300 nm 

180 
0.59 

vol.% 
2.7 S/cm - - [147] 

AgNW-PS 

L: 10-60 
µm 

D: 70-140 
nm 

333 
0.489 
vol.% 

10 S/cm - - [148] 

AgNW-SBSh 

L: 30 µm 
D: 150 

nm 
200 9 vol.% 1.2×104 S/cm - 100% [149] 

CuNW-PVAi-

PDMS 

L: 20 µm 
D: 60 nm 

333 - 8.1 S/cm 37.5 kPa 60% [150] 

CuNW-

GFRHybrimerj 

L: 35 µm 
D: 50 nm 

700 - 4.8 S/cm - - [151] 

CuNW-PS 
L: 3 µm 

D: 25 nm 
120 

0.25-
0.75 

vol.% 
10-6 S/cm - - [152] 

CuZr-PDMS - - - 
1.32×104 

S/cm 
- 70% [153] 

NiNW-P(VDF-

TrFE)k 

L: 50 µm 
D: 200 

nm 
250 

0.75 
vol.% 

1 S/cm - - [154] 

AuNW-P(VDF-

TrFE) 

L: 45 µm 
D: 200 

nm 
225 

2.2 
vol.% 

1 S/cm - - [155] 

aPUA: Polyurethane acrylate, bPoly(TBA-co-AA): Poly(tert-butylacrylate-co-acrylic acid), 
cPLA: Polylactide, dMC: Methylcellulose, ePEKK: Poly(ether ketone ketone), fPC: 
Polycarbonate, gPA11: Polyamide 11, hSBS: Styrene butadiene styrene, iPVA: Poly(vinyl 
alcohol), jGFRHybrimer: Glass-fabric reinforced plastic film, kP(VDF-TrFE): 
Poly(vinylidene difluoride)- trifluoroethylene. 
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2.2.3. Geometry 

Aside from improving the intrinsic properties of conductors, geometry selection also 

plays an important role. Figure 2.5 summarises the reported work on stretchable 

interconnects with different geometries, obtained the ultimate strain (which can also be 

referred to stretchability) and the structure size fabricated through different patterning 

technologies.  

The engineered geometries such as helical wires have been widely used for stretchable 

interconnects for a long time. The idea of a helical conductive wire is straightforward, which 

resembles the structure of a spring or wire connecting a telephone receiver to its base in the 

recent past [46], [47]. As illustrated in Figure 2.5, the helical-shaped wires are capable of 

storing a significant length in wire depending on its spool radius and pitch distance. While 

the wire is pulled from one side, the radius of the helix is reduced and the pitch is enlarged. 

This spring tension leads to helical wire under torsion and bending, but the wire does not 

need to be stretchable. Based on the principle of helical wires, twisted wires, knitted network, 

and hybrid geometries were developed. For example, the expandable spiral electrodes, which 

is obtained by winding the copper wires around an elastic nylon line, have been used to 

obtain large-area tactile skin [158]. Conductive twisted threads based clothing has been used 

in stretchable wearable electronics [159], [160]. Likewise, the stretchable fabrics with 

 

Figure 2.5: Various engineered geometries of stretchable interconnects which are sorted 

according to their maximum elongation ratio (stretchability) with respect to the scale of 

structure size achieved by different patterning technologies [238]. 
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knitted tactile sensing materials have been reported for stretchable tactile sensing [32], [161]. 

Such a stretchable fabric system often requires a core to guide the pathway of helical wire’s 

movement. It can be chosen as an elastic thread and the conductive wire is wound around 

the core. The winding is under a precise control in pitch and winding speed to build the 

helical shape. As explained previously, the wire can either be rigid commercial copper wires 

[157] or elastic polymeric wires coated with a highly conductive material (e.g. AgNWs 

[156]). Depending on the winding pitch, helical diameter, and wiring material, the elongation 

ratio (stretchability) of such designs can reach up to 100% with an increased resistance by 

70% [156]. However, the interconnects with helical and twisted geometries are commonly 

restricted in the millimetre scale dimensions and narrowed scalability. 

Another engineering technique for obtaining stretchable interconnects involves realising 

interconnecting layers in “wavy” or serpentine shapes [162]–[165]. Compared to the limited 

scalability possible in the helical coil and twisted threads, the geometry of in-plane “wavy” 

design can be easily scaled down into microscale by microfabrication technology as 

compared in Figure 2.5. Serpentine shape geometry can be regarded as an extended version 

of helical wires. It storages the length of interconnect into a planar direction. Similarly, it 

does not require the material of interconnects to be stretchable. Bending and distorting at the 

curved section in interconnects can lead to a stretching movement in overall interconnect 

geometry. In order to study the working mechanism of serpentine shaped interconnects and 

further optimise the serpentine geometry design, many mechanical and mathematical models 

have been developed. One analytical model is based on the space-fill principle [166]. It 

indicates that the longer interconnects that can be patterned within a certain space; the higher 

degree of stretchability can be achieved. In this model, stretchable interconnects are not 

considered to bond to substrate and the interaction between interconnects and substrate is 

neglected. The boundary condition at the two ends of interconnects is modelled as clamped 

terminals. The model can give an estimation of the trend in stretchability when the number 

of turns in serpentine-shaped interconnects increases. However, the simulation condition 

may not be suitable for all situations. To be closer to the real situation in experiments, another 

model which includes plastic deformation in interconnects was proposed to analyse the 

serpentine-shaped interconnects [167]. In this model, the serpentine-shaped interconnect is 

modelled as an Euler-Bernoulli beam and it is clamped from both ends. Through considering 

the stress-strain relationship of interconnect in plastic region, the total stretchability 

estimation of interconnects is more accurate. A simplified model on serpentine geometry 

was also proposed by H. Hocheng et.al. [168]. There are four parameters defined as 

illustrated in Figure 2.6(a) in coplanar serpentine routing, R (radius of arc), θ (arc angle), L 
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(straight section of routing) and W (width of routing). The geometric function can be 

described by Equation 2.5 with two boundary conditions, L=0 and L≠0. The equation was 

conducted under the restriction of avoiding overlapping adjacent serpentine curves.  

2 cos 67 − 8
9: − �

9 cos�; − 7	 ≥ �
9 62 + >

9 :    (2.5) 

Boundary condition 1 (if L=0):  θ ≤ π − arc sin 6�
9 + �

F
>
G :   (2.5a) 

Boundary condition 2 (if L≠0):  
�
G ≤ 2 sec 7 6�

9 + �
F

>
G − sin 7:  (2.5b) 

The theoretical strain of a fully stretched coplanar serpentine routing is expressed in 

Equation 2.6. The relationship between the ratio of the straight section length and radius of 

arc (L/R), arc angle and the theoretical strain is concluded in Figure 2.6(b). The arc angle 

has a limit of 150° when boundary condition 1 (Equation 2.5b) is met in Equation 2.5 and 

W is zero. Here to note, this model does not include the conditions of material’s failure and 

the failure at the interface between the substrate and the conductor. 

ε�"K�L�L� 
MK� 67, �
G: = 9N&O

P
9 QRS N&O

P TUQ N − 1    (2.6) 

 

Figure 2.6: (a) Schematic representation of the geometric variation of serpentine-shaped 

conductor under stretching and (b) the theoretical strain after fully straightening of 

serpentine routing designs [168]. 
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In order to achieve a more realistic estimation of how the shape of serpentine routing 

helps to reduce the maximum stress and strain to the conductor, analytic models and 

numerical simulations, such as Finite Element Method (FEM), are performed. The optimised 

serpentine interconnects can be applied up to 90% strain with a negligible influence on 

electrical response [165]. With the serpentine-shaped design, the concentrated plastic strains 

are found at the crest and trough area in conductor routings. The out-of-the-plane “wavy” 

structure or the buckled film can either be deposited along with buckled substrate [37] or 

partial-free standing on the substrate [169], [170]. The stretchability of wavy structures on 

buckled substrates mainly relies on the degree of pre-straining of the substrate, which 

depends on the substrate’s softness. On the other hand, the interconnects that are partial-free 

standing on the substrate have a higher degree of stretchability, which benefits from the 

releasing from interfacial stress and strain between interconnects and substrate. Both in-

planar and out-of-planar serpentine shaped interconnects can be connected by rigid sensor 

islands into a network. Such network increases the sensing resolution by defining each 

sensor island as a pixel/node. The connected sensors are able to conformably attach to an 

unconventional surface such as elbows. A popular method to realise such interconnect 

network is to deposit conductive materials on a prestrained elastic substrate and release or 

transfer print pre-defined interconnect structures to the elastic substrate [79]. 

Engineering the topography of the substrate can also enhance the stretchability of 

interconnects. One such example is incorporating mini-valleys on the surface of the soft 

substrate and followed by the conductive materials’ coating. The valley-shaped topography 

helps stress/strain re-distributes over the surface under stretching, which leads to a stable 

electrical performance over a cyclic stretching [171]. Other than implementing mini-valleys 

on the surface of the substrate, structures such as the honeycomb lattice architecture or 

sponge shape are designed for stretchable interconnects. The introduced vias or air pores to 

the substrate give the structure space in deformation, resulting in nearly 90% stretchability 

(Figure 2.5). The conductive sponge can either be achieved by electrodeless-plating on 

commercial available PU sponge [172] or drop-casting carbon nanotube on the sponge [173]. 

Recent research on multilayered graphene sponge has also attracted great interest [174]. 

However, the idea of using a conductive sponge as stretchable interconnects has several 

limitations, including the trade-off between pore size in the sponge and the stretchability of 

the sponge. Finer pore size in the sponge is favourable in order to scale the overall sponge 

size down, but it may compromise the stretchability. Further, there are challenges related to 

the sensors’ integration and assembly of such structures, as the pores in the structure do not 

allow seamless integration as in conventional electronics. Some technologies can realise a 
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very fine pore structure of interconnects. For example, the nano-mesh structure fabricated 

by grain boundary lithography. This nanoscale structure can withstand the strain up to 160%. 

However, after a 1000 cycles' test, the structure fails as its resistance increases significantly 

[175]. Another example is the nano-accordion structure which is made of atomic layer 

deposition (ALD) deposited Al-doped ZnO. This structure can be elongated up to around 

53%, but in the meantime with unstable electrical performance [176].  

2.4. Fabrication process 

The fabrication of stretchable interconnects and sensors’ integration on stretchable and 

conformable substrates includes the material process, patterning, sensors’ integration, and 

their packaging. The material process is vital for unconventional materials to optimise their 

electrical performance. Unconventional materials, as reviewed in previous section, often 

refers to an organic material and nanocomposites, which involves 1D/2D materials. By 

modifying the material’s chemical structure, hydrophobicity, morphology, and rheology, an 

optimised electrical/mechanical property of the resultant material can be obtained. This 

material process also benefits subsequent steps such as coating and patterning which are 

closely linked to reproducibility and scalability. Various technologies have been developed 

to pattern conventional/unconventional materials. These include microfabrication method, 

moulding, roll-to-roll printing, micro-contact printing, transfer printing, inkjet printing, 

screen printing, and spray coating. Based on the processed material, the required resolution 

and material of the substrate, the different patterning method can be chosen.  

2.4.1. Microfabrication 

Microfabrication process is a well-developed industrial-level process. It comprises 

several steps including aqueous cleaning, spin-coating, baking, ion-implantation, deposition 

(i.e. chemical vapour deposition, E-beam evaporator), photolithography, etching (dry etch/ 

wet etch), lift off. The major steps that are often used for stretchable interconnect fabrication 

are spin coating, photolithography, and etching, which are illustrated in Figure 2.7(a). By 

using this technology, researchers have realised the silicon-based stretchable ribbons, metal 

interconnects and metal-polyimide based stretchable interconnects [177], [178]. The 

advantage of such a technology is its scalability and compatibility with standard silicon 

devices fabrication. However, the restriction of this technology can be found in the limited 

choice of material, available only to planar substrates and unavoidable to solvent, acid and 
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base solutions. Due to these restrictions, many researchers combine this microfabrication 

method with other printing technology to develop the stretchable electronic system.  

2.4.2. Contact printing 

Contact printing is a printing technique to describe the process when the donor substrate 

and foreign receiver substrate come in touch with each other. One of the major applications 

of contact printing is to transfer and align the nano-structures (e.g. nanowires, nanoribbons 

etc.) from a donor substrate to various receiver substrate (e.g. polymeric substrate). This 

transfer process, as shown in Figure 2.7(b) can avoid incompatible issues of polymeric 

substrate to some fabrication process. For example, the silicon nanowires which are 

fabricated through either bottom-up or top-down methods have critical steps such as ion-

implantation, oxidation, patterning, and etching. During these processes, high temperature 

(~1000°C), strong acid (HF) and organic solvent conditions are commonly involved. In this 

case, the nanowires are often fabricated on a silicon substrate and then transfer printed on 

the desired flexible substrate/devices [179]. The assistive transfer medium can be a PDMS 

block or tape. The contact printing can also assist to highly align the nanowires in one 

direction to the receiver substrate [180], [181].  

Another type of contact printing involves the pre-fabricated stamp contacting with 

conductive ink first and this is followed by contacting with the target substrate under specific 

pressure, as described in Figure 2.7(c). It is also called stamp printing. The resolution of 

printed film highly depends on the resolution of the pre-fabricated stamp. Various fabrication 

technologies have been reported to realise the stamp including photolithography [182], E-

beam lithography [183], micromachining [184] and nano-imprinting [185]. The resolution 

of final printed structure also depends on the contact pressure, the vicosity of the ink and the 

surface energy of the target substrate. More surface energy on the target substrate will help 

the ink to bond more strongly with the substrate and then lead to a higher resolution printing. 

The reported resolution ranges from nano-meter to micro-meter.  

2.4.3. Spray coating 

The spray coating technology, as one of the popular printing technologies (Figure 2.7(c)) 

attracts attention due to its high efficiency to deposit materials on various substrates. This 

technology utilises the air pressure/electric field to drive a fine nozzle to spray the solution-

based materials on the substrate. The substrates vary from cloth, polymer substrate to a 

conventional silicon substrate. The spray coating has the advantage of efficient material 
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usage and the technique suffers from poor resolution. It is often used for an entire substrate 

coating and with the combination of other printing technologies such as contact printing or 

transfer printing [186]–[189]. 

2.4.4. Inkjet printing 

Compared to spray coating, the inkjet printing can realise a versatile pattern directly from 

graphical designs in software (Figure 2.7(d)). This technology is a revolutionary of the 

traditional ink printer. However, it is still a dot-matrix based printer, in which all the patterns 

are composed of tiny dots. Those dots are driven by piezoelectrical crystals which are 

activated by an electronic circuit. The achievable resolution by inkjet printing is hugely 

dependent on the parameters such as the solution in the printing ink, the diameter of the 

nozzle and the distance between the targeting substrate. The inkjet printing technology has 

been widely used in fabricating organic thin-film transistors, solar cells and light emitting 

devices [190]. 

2.4.5. Screen printing 

The concept of screen printing is to spread and pattern the ink/paste directly on the 

substrate by the squeegee as categorised in additive manufacturing. The pre-defined pattern 

on the stencil will allow the ink/paste to only pass through a certain area. It is a mature 

technology which is often used for printing thick electrode or a printed circuit board. The 

printing qualities are decided by various factors, such as solution viscosity, printing speed, 

angle, pressure, the material of the squeegee, the space between screen and substrate, mesh 

size and substrate’s property [102]. Screen printing has been demonstrated not only for 

printing on a flexible substrate, but also on a stretchable substrate. The drawback of this 

fabrication process is the limited resolution.  
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2.4.6. Comparison between different printing technologies 

The printing technologies of spray coating, inkjet printing and screen printing are 

compared in Table 2.4. In terms of the ink/paste for printing, different printing technologies 

require different rheological properties. In general, screen printing utilise more viscous ink 

or paste compared to the other printing technologies. The viscosity of the paste also 

influences the thickness of the final printed film. In industry, the thickness of the printed 

film is larger than 0.5 µm [191]. However, the screen-printed film with a thickness around 

100 nm has been reported by a research group by using a diluted ink (10 mPa·s viscosity) 

[192]. Inkjet printing requires lower viscous ink, but the challenge is the clogging issue from 

the ink at the nozzle. It is a versatile printing process with an accurate alignment (±0.5-

25 µm) and fine resolution (down to 20 µm) [190], [191], [193]. Spray coating is an effective 

material deposition process. This technique can accommodate the viscosity of ink ranging 

from 5 to 440 mPa·s [194]. However, the patterning of spray-coated film requires the 

assistance of additional process such as photolithography or contact printing [194]–[196]. 

Based on the concluded ink requirement of these printing techniques and the reported results 

in Table 2.4, an efficient printing technique can be employed for different applications. In 

this thesis, the spray coating technique in combination with photolithography patterning was 

adopted to fabricate the PEDOT:PSS-based stretchable interconnects. 

 

Figure 2.7: Graphical illustration of common fabrication technologies for realising 

stretchable interconnects including (a) Microfabrication, (b) Transfer printing, (c) Contact 

printing, (d) Spray coating, (e) inkjet printing and (f) Screen printing [238]. 
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Table 2.4: Comparison in inks’ viscosity, thickness of printed film, resolution of printing 

and accuracy among spray coating, screen printing and inkjet printing technologies. 

 Spray coating Screen printing Inkjet printing 

Viscosity of inks 

(mPa·s) 

5-440 [194] 500-50000 [197] 1-40 [197] 

Thickness of 

printed film (µm) 

0.012-50 [194]–

[196] 

> 0.5 (industry) [191] 

0.109±0.004 has 

reached with 10 mPa·s 

viscosity ink [192] 

5-10 [190] 

Resolution (µm) NA 50-500 [192] 20-50 [190], 

[191] 

Accuracy (µm) NA ± 25 [191] ± 0.5-25 [193] 

 
 
 
 

2.5. Approaches adopted in this thesis 

In the framework of this thesis, stretchable interconnects combined between smart 

geometry designs with soft conductive materials are mainly investigated. Novel materials 

that exhibit high electrical conductivity and mechanical softness are still facing challenges 

in terms of the chemical stability, degradability, and process compatibility with established 

MEMS/CMOS technology. This thesis presents the solution for some of the challenges 

through various approaches. 

• Polyimide (PI) film is adopted in this thesis to be used as a supporter of the 

metallic thin film. PI has Young’s modulus of 2.34 GPa, which is between the 

metal (~90 GPa) and soft substrate (~ MPa). It has advantages including higher 

process temperature (300°C), stable under most of the solvents, acid and base 

solutions and can be patterned through photolithography technology. Hence, the 

Au-PI dual layer was patterned in a serpentine shape through multiple 

microfabrication steps including the photolithography, wet etching, and dry 

etching. The electrical response of fabricated Au-PI interconnects was 

characterised in both DC and AC ranges.  

• Conductive polymers, such as PEDOT:PSS, have been pursued due to their dual 

property of being electrically conductive and mechanically soft. However, this 
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type of polymer is sensitive to the environment (i.e. humidity, solvent, 

temperature) and easily biodegradable. In addition, as it is mostly in solution, the 

process and patterning technologies are restricted to spray coating and inkjet 

printing, which have a limitation in resolution. In the approach adopted in this 

thesis, the Au-PEDOT:PSS hybrid film was investigated as stretchable 

interconnects. The Au metal layer serves not only as an electrical conductor, but 

also a protection of PEDOT film to avoid direct contact with water, acid and base 

solutions in the following photolithography step. 

• Composites, as the popular candidates for stretchable interconnects, exhibit the 

high stretchable and high electrical conductivity due to the soft polymer matrix 

and high aspect ratio of conductive fillers, respectively. One of the drawbacks is 

their high contact resistance from the dielectric polymer matrix. The achieved 

composite has graphite flakes as conductive filler and PEDOT:PSS as a polymer 

matrix, which results in a low contact resistance (35 Ω) and low sheet resistance 

(695.7 Ω/□). The stretchability of such composite can reach 80%, which is higher 

than the reported carbon-based composite. 

• To demonstrate the applications of stretchable interconnects, the interconnects 

with the optimised design were integrated with a flexible electrochemical pH 

sensor and a stretchable RFID antenna. The overall stretchable electronic system 

allows a real-time sweat pH monitoring. Another application for stretchable 

interconnects was the movement monitoring of soft robotic fingers. The 

interconnects were integrated with CNT-based strain sensor through 

dielectrophoresis (DEP) method.  
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Chapter 3 Design, modelling and simulation 

The state-of-the-art technology on stretchable electronics, and particularly the 

stretchable interconnects discussed in the previous chapter, unveils the dilemma between 

material’s electrical performance and mechanical softness. In order to optimise the thickness 

of the conductor and its coupled substrate, it is important to understand the mechanical 

interaction between them under the strain. In addition, these mechanical analysis help to 

determine the geometrical designs of interconnects as it plays an important role in optimising 

interconnects’ stretchability without compromising their electrical performance. In this 

chapter, an in-depth mechanical analysis of various geometries with the assistance of Finite 

Element Method (FEM) simulation of stretchable interconnects is discussed. 

3.1 Bendability and stretchability  

In the view of classical mechanics, the stretchability refers to the maximum possible 

external strain that an elastic structure can withstand before breaking. The strain W is 

expressed as the ratio between the elongation and original length ∆X/X�. When a bar is under 

uniaxial force from both ends, as illustrated in Figure 3.1(b), the normal stress at the cross-

section area A is generated, as represented by � = Y
'. Thus, the strain under that normal force 

can be expressed as W = Z
[ = Y

[∙', where E is the Young’s modulus of the subject. The E·A is 

also defined as axial rigidity and can be used as an index to estimate the stretchability of a 

subject. In the case of bending movement, the mechanical principle is different. The subject 

experiences a bending moment in order to obtain a bending movement. Such moment is 

 

Figure 3.1: (a) Schematic illustration for the mechanics in a bar when it is subjected to (b) 

stretching and (c) bending movements [198]. 
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equivalent to the sum of distributed normal stress, as illustrated in Figure 3.1(c), with respect 

to y-direction. If we integrate all the infinitesimal moments, the resultant moment can be 

referred to the moments of inertia: ] = ^ _9�`. If the cross-section is in rectangular as 

described in Figure 3.1(a), the inertia can then be transferred into ] = ^ _9�` =
^ _9�a�_	 = bcd

�9
c/9

*c/9  where b and h are the width and thickness of the bending structure. 

Similar to stretching, here the E·I is defined as bending rigidity [198]. The term “bendability” 

usually refers to the minimum bending radius of certain structures. Unlike in axial rigidity, 

which only considers a cross-section’s area, the geometry in a cross-section, particularly the 

thickness of bending bar, plays an important role in its bendability. In general, the moving 

of a structure may involve stretching, bending and even twisting, which makes the 

mechanical analysis rigorous. Hence, the tool of Finite Element Method (FEM) simulation, 

such as ANSYS, COMSOL and Abaqus, has been widely used for mechanical, and even 

electrical analysis. 

3.2 Thin film conductor on stretchable substrate 

One of the methods to realise the stretchable interconnect is to deposit and pattern the 

noble metal (Au, Pt etc. ) directly on stretchable substrate (PDMS, Ecoflex etc.). The main 

issue with stretchable interconnects coupled with stretchable substrate is their large 

difference in mechanical property parameters such as Young’s modulus E and Poisson’s 

ratio e. Stretchable substrates, which are usually made of polymer elastomers, have a low 

Young’s modulus (~kPa to MPa) and a Poisson’s ratio of nearly 0.5. Hence, they can be 

easily stretched more than 100% and re-shaped after removing the stress. On the contrary, 

metallic thin film interconnects are limited in extension under stretching. When these two 

layers (metal-substrate) are stretched simultaneously, the metallic layer undergoes the stress 

generated from normal force from stretching, as well as an additional stress generated at 

 

Figure 3.2: Mechanical analysis model for metallic thin film deposited on soft substrate. 
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metal/substrate interface which leads to cracks and delamination. Inspired by the work done 

by X. Chen et.al. [199], a model composed of a soft substrate (e.g. PDMS) and a rigid 

metallic thin film (e.g. gold) was built. As illustrated in Figure 3.2, a conducting film with 

the thickness of 2ℎ9 is bonded to the substrate which is 2ℎ� thick. The dual-layer structure 

is clamped from one end and pulled from the other. The !�,9, e�,9 represent the Young’s 

modulus and Poisson’s ratio of conducting film and soft substrate respectively. Under the 

equilibrium condition, the stress state for each layer can be written as below (Equation 3.1 

to 3.10). 

fZg
fh + fijg

fM + fikg
fl + mh = 0     (3.1) 

figj
fh + fZj

fM + fikj
fl + mM = 0     (3.2) 

figk
fh + fijk

fM + fZk
fl + ml = 0     (3.3) 

Wh = �
[ o�h − e��M + �l	p      (3.4) 

WM = �
[ o�M − e��h + �l	p      (3.5) 

Wl = �
[ o�l − e��h + �M	p       (3.6) 

Wh = f�
fh       (3.7) 

WM = fq
fM       (3.8) 

Wl = fr
fl        (3.9) 

shM = �
9 6f�

fM + fq
fh:      (3.10) 

To simplify the equation, the volume force (e.g. gravity) in three directions (mh,M,l = 0) 

and the stress in z direction (�l = 0) are not considered. Because the applied normal force 

is in x direction, we have WM = 0, shM = 0, sMl = 0. By rearranging the above equations, we 

can express the stress by the following equations:  
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69*t
�*t

f/
fh/ + f/

fl/: �h = 0     (3.11) 

fZg
fh + fZgk

fl = 0      (3.12) 

By solving the Equation 3.11&3.12, the normal stress �hh and shear stress �hl can be 

represented as shown in Equation 3.13&3.14. 

�hh�u	�v, _	 = ��
�w	xwu + yu ∑ {`�u sinh�yu��_	 + .�u cosh�yu��_	}~� cos���v	 (3.13) 

�hl�u	�v, _	 = ∑ {`�u cosh�yu��_	 + .�u sinh�yu��_	 + ��u��}~� sin���v	 (3.14) 

The superscripts i,j indicate the layer, while the parameter y and � are yu9 = 9*t�
�*t�

 and 

�� = ��&� 9� 	8
� . The constants A, B, C in the equations are determined by boundary conditions. 

First, we have the free rolling surface: �hl��	�v,  − ℎ�	 = �hl�9	�v,  ℎ9	 = 0. Then it is assumed 

that there is a perfect bonding between the conducting film and the substrate, which indicates 

that there is no relative movement between the two layers: �hl��	�v,  ℎ�	 = �hl�9	�v,  − ℎ9	 =
0; ���	�v,  ℎ�	 = ��9	�v,  −ℎ9	. Moreover, there is no force on z direction: 

∑ ^ �hl��	�v, _	�_c�
*c� = 09u�� . Considering the dual layers that are composed of PDMS 

(E1~MPa, e�=0.49) and gold (E2~GPa, e9=0.4), with the thickness h1=200 µm and h2=0.1 

µm, the normal stress and shear stress are calculated by a Matlab code. From the results in 

Figure 3.3, it can be concluded that the stress in xx direction (normal direction) is much 

higher than the stress in xz direction (shear direction). However, for stress both in normal 

direction and shear direction, the stress is concentrated at the boundary area between the 

substrate and conductor, which contributes to the failure of the conductor. 
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To further investigate the effect of materials’ property (!�,9, e�,9) and thickness (ℎ�,9) on 

resultant normal stress in the film and the shear stress at the boundary more accurately, the 

Finite Element Method (FEM) simulation (COMSOL Multiphysics®) tool was adopted. In 

the FEM simulation model, the substrate PDMS has a thickness of 0.16 mm and the 

conductor Au has a thickness of 100 nm. These parameters are chosen to allow the 

simulation model to be in consistence with experimental data. The length and width of both 

substrate and conductor are 10 mm and 7 mm respectively. The conductor is perfectly 

bonded to substrate and the dual-layered film has one fixed-end and the other end pulled. 

The external force elongates the dual-layered film to a prescribed distance. Under different 

 

Figure 3.3: Calculation results from Matlab regarding the normal stress and shear stress that 

substrate and conductor experienced while stretching. 
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degree of stretching, the maximum von Mises stress and overall resistance in the conductor 

are monitored. The von Mises stress is a strength hypothesis, which can also be called as 

Maximum-distortion-energy hypothesis. It predicts whether the material becomes critical 

 

Figure 3.4: FEM simulation results: comparison between the resistance and maximum von 

Mises stress within the conductor when the Young’s Modulus of (a) substrate was swept 

between 1 MPa to 10 GPa and (b) conductor was swept between 1 MPa and 100 GPa; 

Maximum von Mises stress in conductor with (c) the thickness of substrate varies from 0.04 

mm to 1mm and (d) the thickness of conductor varies from 50 nm to 1200 nm when the 

dual-layered film is stretched up to 50%; Variation of resistance when the film is stretched 

up to 50% with a change in (e) substrate (f) conductor’s thickness. 
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when energy needed for distortion reaches a critical value [198]. The resistance can reflect 

the deformation in the conductor.  

The first simulation study is to investigate the influence of substrate and conductor’s 

Young’s modulus (E) on conductor’s resistance variation and the maximum experienced 

stress. As depicted in Figure 3.4(a-b), an increase in substrate’s Young’s modulus, from 

1 MPa to 10 GPa, can reduce the von Mises stress when the film is under 2% strain. This is 

because the increase in substrate’s Young’s modulus reduces the difference between the 

conductor and the substrate’s modulus and thus reduces the shear stress between the two 

materials under strain. On the other hand, the increase in conductor’s Young’s modulus leads 

to a larger difference with the substrate and dramatically increases the von Mises stress 

within the conductor. Then the influence of each layer’s thickness is discussed. When the 

substrate’s thickness increases from 0.04 mm to 1 mm, the von Mises stress in conductor 

does not show much difference before the strain reaches 40%. Afterwards, thicker substrate 

(0.64 mm, 1 mm) show a significant increase in stress. However, the resistance of conductor 

doesn’t indicate much change as shown in Figure 3.4(c,e). If the mechanical property of 

substrate is fixed, the change in conductor’s thickness leads to a different trend compared 

with previous results. The variation in conductor’s thickness won’t change much in its von 

Mises stress as this is more influential by the interface between two different materials. 

However, the thickness of the conducting film is vital to the change in resistance. From the 

results in Figure 3.4(d,f), it can be concluded that the thicker the conductor is, the less 

influence the external strain can have on its resistance. However in reality, the thicker 

conductor means higher cost and the conductor’s thickness is also limited by process 

technologies.  

In conclusion, the thickness of substrate will not influence the overall resistance of 

conducting film but stress. It is not recommended to use thick substrate that is above 0.64 

mm for a high degree of stretching. Moreover, the thickness of conducting film above 

300 nm will help to reduce the change in resistance under stretching. The effective method 

to reduce the von Mises stress in the conductor is to select the conductive material with its 

Young’s modulus in the range of 1-1000 MPa and thickness above 300 nm. 
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3.3 Serpentine-shaped interconnects 

The previous section focuses on the coupling effect between conductive thin film and 

soft substrate. Such coupling effect is influenced by the mechanical properties of substrate 

and conductor and their thickness. In this section, the influence of the conductor’s geometry 

will be discussed. A common strategy to design stretchable interconnects is to utilise the 

serpentine shape, as illustrated in Figure 3.5. The curved design within the interconnect will 

help to redistribute the normal stress which is caused by stretching. This can be explained 

by the Saint-Venant’s principle. Considering the cross-sections along the serpentine-shaped 

interconnects, as pointed out in A-A’, B-B’ and C-C’ in Figure 3.5, L3 exhibits longer than 

L1 and L2, which leads to a higher cross-section area. Hence, the stress generated at this area 

turns out to be lower, as � = Y
'. The crest area (B-B’) with the narrowest width is expected 

to concentrate higher stress than other locations in interconnects. In this way, compared with 

the straight line as interconnects, the serpentine-shaped interconnects are expected to have 

much higher stretchability. 

With the assistance of FEM simulation software (COMSOL), a further investigation has 

been made for an optimised stretchable interconnect design. A collection of different 

stretchable interconnects are compared, as shown in Table 3.1. The name of the design, such 

as “Serp XX”, depends on the degree of arc curvature in the serpentine-shaped interconnect. 

The geometrical elongation ratio is the variation between the lengths in perimeter of the 

curved interconnect and the shortest distance between two electrodes for clamps. This 

distance is kept constant to be 10 mm for all the interconnects designs and the width of 

interconnects is 0.5 mm. The model in the simulation is composed of a 100 nm-thick metallic 

interconnect and 0.16 mm-thick elastic PDMS substrate. The thickness values are chosen to 

be consistent with experimental results. The material parameters are listed in Table 3.2. In 

the material’s parameter, the PDMS is modelled as hyper-elastic polymer (Neo-Hookean 

model). This model can predict non-linear stress-strain behaviours of materials. The Lamé 

 

Figure 3.5: Schematic illustration for the mechanics in the serpentine-shaped conductor. 
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parameters are the material-depend quantities to describe the elasticity and shear modulus of 

a material [200]. The FEM meshed model with boundary conditions are illustrated in Figure 

3.6. The interconnect is modelled as perfectly bonded to a PDMS substrate, which means 

that no relative dislocations are expected between two layers. Both layers are fixed at one 

end and stretched with a step distance of 1 mm from the other end. The substrate is modelled 

to have a frictionless support. In COMSOL simulation, a Solid Mechanics module is used to 

define mechanical movement and boundaries, AC/DC module is used to monitor the 

resistance of interconnects along with the stretching movement. As compared in Figure 3.7, 

the concentrated von Mises stress can be found at the crest in the serpentine-shaped 

interconnects and the apex in triangular-shaped interconnects. However, for the interconnect 

with straight line design, the highest stress is found at the fixed end. The resistance of 

interconnects increases along with the increase in strain due to the extension in its length and 

shrinkage in the cross-section area. After reaching 80% strain, the simulation results show a 

non-linear behaviour which will be considered as the plastic region of materials. The 

variation in resistance of different designs against strain is shown in Figure 3.8. The design 

with 260º in arc curvature reveals the most stable resistance against strain. Since the 

resistance variation is strongly linked with the strain, which will be discussed in the next 

section, the sequence of stretchability with respect to different designs can be summarised 

as follows: Serp260 > Serp45 > Triangle > Serp180 > Serp60 > Straight line. From the point 

of view of geometrical elongation ratio in Table 3.1, “Serp180” design supposes to have 

larger stretchability than “Triangle” and “Serp45” designs, since it has longer length in 

perimeter. The maximum von Mises stress indicated in Figure 3.7 also indicates the higher 

value in the “Serp 180” design. This result indicates that the geometrical deformation ratio 

is not the only factor for stretchability. 

 

 

Figure 3.6: Boundary condition of the FEM model. 
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Table 3.1: Geometry design of stretchable interconnects. 

Name Schematic 
Geometrical 

elongation ratio 

Straight line 

 

0 

Serp 45 

 

33.4% 

Serp 60 

 

3.7% 

Serp 180 

 

55.6% 

Serp 260 

 

180% 

Triangle 

 

34.5% 

 

 

 

Table 3.2: Material parameters used in COMSOL simulation. 

Material 
Young’s 

Modulus 

Poisson’s 

ratio 

Electrical 

conductivity 

PDMS 

(Neo-Hookean model) 

Lamé parameter 
λ: 6.93 GPa 

0.49 2.5 ×10-14 S/m 
Lamé parameter 

µ: 0.77 GPa 

Au 70 GPa 0.4 4.56 ×106 S/m 
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Figure 3.7: The concentrated von Mises stress and the location of maximum von Mises stress 

within different interconnects under 70% stretching. 

 

Figure 3.8: (a) Resistance of stretchable interconnects with different geometry design during 

stretching, (b) The variation in resistance of stretchable interconnects with different 

geometry design up to 70% stretching. 
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In particular for the interconnect design with arc degree of 260°, the variation in the 

thickness of interconnect shows negligible influence on von Mises stress, as shown in Figure 

3.9(a). For the resistance variation (Figure 3.9(b)), no significant change by the thickness 

was found within 60% strain. Above 60% strain, the thicker (1 µm) interconnects show a 

lower resistance variation.  

 

3.4 Electro-mechanical behaviour of interconnects 

The interconnects are conductors as well as inductors. In low frequencies, the resistance 

variation in interconnects are the results of their deformation under stretching. In general, 

the length increases and the cross-section reduces when the interconnect is under tensile 

strain. The resistance of interconnect can be expressed as follows: 

2 = � ∙ �
'      (3.15) 

If the natural logarithm is taken from both sides, the formula can be modified into: 

ln 2 = ln � + ln X − ln ` 

If the conductor is assumed to have a circular cross-section, where ` = ;�9. 

 

Figure 3.9: Von Mises stress and resistance variation in serpentine-shaped interconnect 

under strain up to 100% when the thickness of interconnects vary from 100 nm to 1 µm.  
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Then the formula can be transferred into 
�G
G = ��

� + ��
� − 2 ��

�   

Since the strain in radius direction can be transferred in longitudinal direction  

W� = ��
� = −e �X

X  

The formula can then be changed into 
�G
G = ��

� + �1 + 2e	 ��
�   where 

��
� = W 

Finally, it can be obtained into   
�G
G = W ∗ �1 + 2 ∗ e	 + ��

�  . 

If the piezoresistive effect change in resistance is omitted: 
��
� = 0, the resistance 

variation of interconnect with a round cross-section is decided by the applied strain ε and 

twice of its Poisson’s ratio e. 

In the AC range, the interconnects are regarded as inductor. The inductance is a property 

of conductor when the electrical current flows within the conductor changes, a voltage can 

be induced as expressed in the following equation: � = X �u
�
. At low frequency (<1 MHz), 

the skin effect is not considered in the conductor. In addition, in the study of this thesis, the 

thickness of conductor is in the order of nanometer, where the length of the conductor is in 

millimeter range. Hence, the model can be analysed as a thin tape model, of which the 

inductance can be simplified into Equation 3.16 [201].  

 

Figure 3.10: Calculation results of inductance and Q factor’s variation of a straight conductor 

under external strain.  
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X = ��
�8L/ �3�9� ln �&√�/&L/

L − ��9 + �9	d
/ + 3��9 ln L&√�/&L/

� + �� + ���   (3.16) 

Where a and � are the width and length of the conductor. When the conductor is under 

external strain W, the length will be stretched to ���1 + W	 and the width will reduce to 

���1 − W ∙ e	. Then the inductance will change with respect to the variable W. If the original 

length of conductor is assumed to be 10 mm, the original width to be 0.5 mm and the 

Poisson’s ratio to be 0.34, the trend of inductance with respect to the strain can be plotted in 

Figure 3.10(a). Low inductance (~nH) is expected from a thin film metallic conductor. The 

inductance value is observed to have a monotonic growth along with the increase in strain. 

The Q factor, which defines the bandwidth of the circuit, is formulated as � = ��
G . The 

influence of strain on Q factor come from both resistance R as discussed in the previous 

section and inductance, the variation trend of Q can be plotted in Figure 3.10(b). As can be 

noticed from the asymmetric dipping trend curve, the decrease of Q factor saturates when 

the strain reaches 60% and then recovers. This reveals that in low strain range (<60%), the 

variation in resistance of the conductor dominates the Q factor trend, while at larger strain, 

the inductance shows a more significant change compared to resistance. In the inset of 

Figure 3.10(b), the variations of Q factor are compared under different signal frequencies. 

In the range between 1 kHz and 1 MHz frequencies, the trend of Q factor exhibits the same. 

Minor variation of Q factor is observed at the 60 % strain region. This may result from the 

nonlinearity of the conductor’s dimension under stretching. 

 

Summary 

This chapter briefly reviewed the classical mechanics and extensively studied the 

mechanism for conductor-substrate dual layer through mechanical analysis. The mechanical 

analysis reveals that under the strain, the bonding region between the conductor and substrate 

experiences a concentrated stress, which leads to the failure of conductor. Further studies 

indicate that the stress can be reduced if the difference in Young’s modulus between 

conductor and substrate is less. The stress value will not have significant influence by the 

variation in thickness of either conductor or substrate. However, the resistance variation with 

a thinner conductor is larger than the thicker one. Aside from the planar conductor, various 

shapes of conductor/interconnect were discussed. The general solution for stretchable 

interconnects is to adopt a serpentine shape, which is based on the principle of increasing 
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the conductor’s cross-section to reduce stress. With the assistance of FEM simulation 

software, a comparison has been carried out between different designs of interconnects 

regarding their maximum von Mises stress and the resistance variation against external 

strain. Simulation results show that the interconnects’ resistance variation with higher degree 

in arc curvature is less influential by the strain. In addition, the stress will concentrated at 

the crest area within the serpentine-shaped conductor. Unlike the planar conductor, the 

serpentine-shape design varies less in resistance with different thicknesses. The correlation 

between electrical performance and mechanical deformation was investigated in both DC 

and AC regions. In DC region, the resistance variation exhibits a linear relationship with the 

applied strain. The slope is the Poisson’s ratio e of the conductor. In AC region (f=1 MHz), 

the inductance variation has a higher degree of complexity in equation. The Matlab 

calculation indicates a linear trend with inductance with respect to strain. The Q factor, on 

the other hand, can be plotted in an asymmetric dipping curve. The Q factor falls in the strain 

range between 0 to 60% and then increases from 60% to 100%. Guided by the result from 

simulation and analysis, the thickness of substrate is designed to keep below 0.64 mm, while 

the thicker conductor (> 100 nm) is preferable. In addition, the geometry design of 

stretchable interconnects is optimised with “Serp 260” design. 
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Chapter 4 Fabrication of stretchable interconnects 

This chapter elaborates the fabrication process of stretchable interconnects. In all, three 

types of stretchable interconnects were developed comprising metallic thin film based 

interconnects, metal-conductive polymer hybrid interconnects and metal-polyimide dual 

layered interconnects. The geometries of fabricated interconnects are the same as the FEM 

simulated designs discussed in Chapter 3. For all the interconnects, the soft elastomer PDMS 

was chosen as stretchable substrate. However, as mentioned in Chapter 2, there are 

challenges for PDMS substrate, as it is sensitive to temperature variations, which restricts 

the process temperature. The PDMS surface is super-hydrophobic, which leads to poor 

adhesion with metals and poses difficulties for depositing the materials that contain water. 

Methodologies have been investigated to resolve these issues and the protocols for 

processing conductive materials on the PDMS substrate have been developed. 

4.1 PDMS substrate and metallic thin film interconnects 

PDMS, as a stretchable substrate, is a polymer composed of repeating siloxane, 

SiO(CH3)2 units as shown in Figure 4.1(a). It has a strong adhesion with silica because of 

the hydrogen bond formed between oxygen in PDMS and silanol group on silica surface 

[202]. Hence, before depositing the PDMS solution, the silicon carrier wafer (with native 

oxide) was first silanised in chlorotrimethylsilane vapour for 30 minutes at room 

temperature. The chlorotrimethylsilane vapour introduces the silane group and replaces the 

–OH group with -Si-CH3 bond to help PDMS film to be easily removed, as illustrated in 

Figure 4.1(b). The main process for fabricating metallic interconnects on PDMS substrate 

is illustrated in Figure 4.2. The PDMS solution (base: crosslink=10:1) (Dow Corning, USA) 

was spun-coated on top of silanised silicon carrier wafer at the rate of 500 rpm for 60 seconds 

to attain a thickness of 160 µm. The PDMS substrate was then cured under 90°C for 2 hours. 

A short period of oxygen plasma treatment was performed before the e-beam evaporation of 

metal. Here the metallic film was chosen as gold (Au) as it is highly conductive, inert to 

oxidation and ductile. An additional thin layer of Ti or Cr (~5 nm) can be evaporated prior 

to the Au to further enhance the adhesion. The metallic thin film was then patterned through 

photolithography and wet etching. 
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One of the challenges during the fabrication process is the hydrophobic nature of PDMS 

substrate. This feature from PDMS results a poor adhesion to the deposited conductor. The 

oxygen plasma modifies the surface of PDMS substrate, as explained in Figure 4.1(c) 

enriching the PDMS surfaces with siloxyl groups (Si-OH) by oxidation of the methyls in the 

exposed polymer chains, which can convert the surface of PDMS from hydrophobic into 

hydrophilic [203].  

Another challenge comes from the large interfacial stress generated between the 

deposited metallic film and PDMS substrate. During the metal depositing process, an 

intrinsic stress is developed in the metallic film. After the film was deposited, this internal 

 

Figure 4.1: The binding mechanism between PDMS and silica (a) without surface 

modification, the hydrogen bond is formed and leads to strong adhesion between PDMS and 

silica surface, (b) the chlorotrimethylsilane (CH3)3SiCl replaces the –OH bond with –SiCH3 

to reduce the adhesion and (c) the effect of oxygen plasma on PDMS surface with the 

introduce of –OH bond to convert hydrophobic PDMS surface into hydrophilic. 
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stress tends to release. Since PDMS is a soft substrate, the metallic film releases the stress, 

which leads to cracks. As reported, a low metal deposition rate can reduce the internal stress 

level to a certain extent [204]. Hence, the deposition rate was kept down to 0.04 nm/s. The 

thickness of deposited Au film is 100 nm. The density of cracks generated within the 

deposited film significantly reduced observed through a microscope. To further improve the 

process, an oxygen plasma treatment on PDMS was investigated under varied durations. A 

comparison between the plasma condition and substrate surface morphology has been 

investigated, as listed in Table 4.1. Confirmed by Atomic Force Microscopy (AFM) 

(Nanoscope, ScanAsist Mode, Brucker IconAFM, U.S) measurement, the surface roughness 

reduced from 17.3 nm to 10.7 nm after increasing the duration of oxygen plasma from 10 

seconds to 30 seconds. After 60 seconds exposure, the surface becomes smooth, with a 

roughness of 2.21 nm. However, the cracks in the resulting film can still be noticed. 

Observed from an optical microscope, the density of cracks was reduced. A further study 

was conducted to investigate the effect of depositing pure Au layer on top of PDMS 

substrate. The deposited Au film was first inspected through an optical microscope, as shown 

 

Figure 4.2: Fabrication process for depositing and patterning gold directly on PDMS 

substrate.  
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in Table 4.2. No cracks have been observed on all the samples of which the metal was 

deposited under different plasma conditions. However, under the AFM scanning, the nano-

scale cracks can be found. As shown in Table 4.2, a short time (10 seconds and 30 seconds) 

plasma do not benefit the Au film to significantly reduce the cracks. 60 seconds oxygen 

plasma resulted in a crack-free metallic film on PDMS substrate. 

As shown in Figure 4.2, after depositing a crack-free metal film (Au) on PDMS 

substrate, the photolithography step was carried out to define the pattern of stretchable 

interconnects. The photoresist was used as a protection layer for the wet etch of Au layer. 

The wet etch of Au was realised through 15 seconds bath in Potassium Iodide (KI) solution. 

The patterned interconnects were inspected through the Scanning Electron Microscopy 

(SEM) image (Figure 4.3). In the high magnified SEM image, significant wrinkles present 

on the deposited Au film as well as PDMS substrate. This surface morphology may be due 

to the elasticity of PDMS substrate, of which the surface experienced an expansion and 

reduction during the process of metal deposition [205]. The oxygen plasma treatment can 

reduce the effect of wrinkles, as compared in AFM images (Table 4.1). 

Table 4.1: Comparison of change in morphology of Ti-Au film under different oxygen 

plasma conditions. 

Metal Process Microscopic Image AFM 
Surface 

Roughnes

s 

Ti-Au 

(10-

50 

nm) 

O2 
plasma 

10s 
@80W 

 

 

Rq: 17.3 
nm 

Ra: 14.4 
nm 

Ti-Au 

(10-

50 

nm) 

O2 
plasma 

30s 
@80W 

 

 

Rq: 10.7 
nm 

Ra: 8.79 
nm 
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Ti-Au 

(10-

50 

nm) 

O2 
plasma 

60s 
@80W 

 

 

Rq: 2.21 
nm 

Ra: 1.75 
nm 

 

Table 4.2: Comparison of change in morphology of Au film under different oxygen plasma 

conditions. 

Metal Process Microscopic Image AFM 

Surface 

Roughnes

s 

Au 

(50 

nm) 

No 
plasma 

Rq: 6.47 
nm 

Ra: 5.03 
nm 

Au 

(50 

nm) 

O2 
plasma 

10s 
@80W 

Rq: 11.8 
nm 

Ra: 9.11 
nm 

Au 

(50 

nm) 

O2 
plasma 

30s 
@80W 

Rq: 4.18 
nm 

Ra: 3.34 
nm 
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Au 

(50 

nm) 

O2 
plasma 

60s 
@80W 

Rq: 3.63 
nm 

Ra: 2.92 
nm 

 

 
 
 
 
 
 
 
 
 
 

4.2 Metal-conductive polymer hybrid film interconnects 

To overcome the presence of cracks in the metallic conductor under stretching, soft 

conductors have been studied. The conductive polymer Poly (3,4-ethylenedioxythiophene)-

Poly (styrenesulfonate) (PEDOT:PSS) is widely used due to its ability to maintain electrical 

properties while being mechanically soft. However, the electrical conductivity of 

PEDOT:PSS film is moderate compared with metallic conductors. In addition, such 

conductive polymer is sensitive to moisture, which brings the challenge for a long-term 

stability. To address these issues, a hybrid structure with metal-conductive polymer 

interconnects was proposed. The deposited metal on top of the PEDOT: PSS film serves not 

 

Figure 4.3: SEM image of patterned gold interconnect on PDMS substrate.  
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only as a protective layer from water and chemicals, but also highly enhances the electrical 

conductivity of the hybrid structure. In addition, the PEDOT:PSS film can be served as a 

stress release buffer between the brittle metallic film and soft elastic substrate. As described 

in Figure 4.4 & 4.5, the cracks generated in the top metallic film due to the external strain 

will not immediately lead to a break in electrical connection. The metallic islands still 

partially connect and build the electrical conducting path. Even up to a certain strain level, 

the electrical conducting path will not disconnect. Compared to the structure with metallic 

conductor on the PDMS, the underlying PEDOT:PSS film in the hybrid structure will keep 

the separated metal islands electrically connected. 

The PEDOT: PSS is a conductive polyelectrolyte complex. The conductive part is the 

positive charged PEDOT, while the PSS part is to balance the doping charges and makes 

PEDOT easier to be dispersed in water [93]. Although PSS contributes to a better dispersion 

of PEDOT in water, it blocks the connection of conductive PEDOT molecules and lowers 

the resulting electrical conductivity in the film. In order to enhance the conductivity of 

 

Figure 4.5: Schematic representing the effect under an applied strain in interconnect with 

underlying layer of PEDOT:PSS. 

 

Figure 4.4: Schematic diagram of the cross-section view when Au-PEDOT:PSS dual-layer 

is under applied strain. The PEDOT:PSS underlying layer provides the electrical path in the 

cracks area. 
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PEDOT: PSS film, the pristine PEDOT:PSS solution is often mixed with polar solvent such 

as isopropanol (IPA), methanol and ethylene glycol etc. [92], [206], [207]. The PEDOT:PSS 

used in this work was purchased from Ossila (UK) with 1-1.3 wt.% dispersion in water. 

Since the PEDOT:PSS solution is water dominated, it is difficult to obtain a continuous film 

on the hydrophobic surface such as PDMS. In order to convert the hydrophobic surface into 

hydrophilic, three major reported methods including oxygen plasma exposure, hydrochloric 

acid treatment and surfactant immersion were investigated [40]. The effects of these methods 

were analysed through a custom-made contact angle measurement setup. Compared in Table 

4.3, the oxygen plasma treatment is the most efficient method among the three. The 

maximum observed contact angle from oxygen plasma exposure was 172.36°. On the other 

side, the higher concentrated acid and surfactant sodium dodecyl sulfate (SDS) contribute to 

a larger contact angle. However, the effect is not significant compared to the observed effect 

from oxygen plasma exposure. After modifying the surface of PDMS, the PEDOT:PSS film 

can either be deposited through spray-coating or spin-coating method. Similar to the 

fabrication process of metallic interconnects on the PDMS, the metal stack (Ti-Au: 10 nm-

100 nm) was deposited on top of the PEDOT:PSS film as illustrated in Figure 4.6(b). 

Following this, the photolithography process was carried out to define the pattern. Then the 

metal stack was wet-etched (Au: 15 s in KI solution; Ti: 5 s in 10% Hydrogen Fluoride (HF) 

Table 4.3: Comparison in contact angle with different methods of surface treatment on 

PDMS substrate. 
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solution) and PEDOT:PSS film was dry-etched in Reactive Ion Etching (RIE) system (5 

minutes in O2 plasma under 50 sccm, 100W and 50 mTorr). The interconnects were 

fabricated after removing the protection layer of photoresist in acetone.  

 

4.2.1. PEDOT:PSS Spray-coating 

Spray coating of PEDOT:PSS solution on PDMS substrate was developed utilising a fine 

pressure-driven nozzle with a 0.4 mm inner diameter (NanoNC, Korea) as shown in Figure 

4.6(c). The compressed nitrogen (N2) gas was used to drive the spraying of PEDOT:PSS 

solution. To help the water-dispersed PEDOT:PSS solution to easily coat on PDMS 

substrate, 5% IPA was mixed with PEDOT:PSS solution. As discussed in the previous 

section, the contact angle between the PEDOT:PSS solution and the surface of PDMS can 

be effectively increased through a short period of oxygen plasma (10 seconds) treatment. In 

 

Figure 4.6: Fabrication process flow by incorporating spray-coated PEDOT:PSS between 

gold conducting film with PDMS substrate. 
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this way, the PEDOT:PSS can be easier spread over PDMS substrate. Multiple runs of spray-

coating can be carried out to adjust the thickness of the PEDOT:PSS film. In order to 

optimise the spray coating process, an investigation into the relationship between the 

thickness variation in spray-coated PEDOT:PSS film, number of spray runs and the sheet 

resistance of the film has been conducted. Each run of spray coating results in a 200-300 

nm–thick PEDOT:PSS film based on the measurement taken by the interferometer (Leitz 

Ergolux). However, the thickness becomes saturated after further increasing of the spray 

runs, from 3 runs to 5 runs as presented in Figure 4.7(a). However, for all the samples, the 

deviation in thickness is evident. The sheet resistance of PEDOT:PSS film was measured by 

a sheet resistance measurement machine (Napson, Japan). The measurement detects a slight 

drop of sheet resistance by increasing the runs of spray. Considering the measured results of 

the thickness and the sheet resistance, three runs of PEDOT:PSS spray coating on PDMS 

substrate was chosen. The resultant PEDOT:PSS film exhibits a low sheet resistance with 

low standard deviation. An approximate 700 nm-thick PEDOT:PSS film which was 

deposited on PDMS substrate by spray coating, as shown in Figure 4.7(b). The spray-coated 

PEDOT:PSS film exhibits a resistivity around 0.0072 Ω·m. Following this step, a metal 

stack (10 nm Ti and 100 nm Au) was deposited by e-beam evaporation. The metal pattern 

was achieved through photolithography and etching, as discussed in Figure 4.6(e-j). 

 

Figure 4.7: (a) Measurement results in sheet resistance and thickness of spray-coated 

PEDOT:PSS layer and (b) optical image of spray-coated PEDOT:PSS film on PDMS 

substrate [242]. 
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Some issues were noticed during the process. As PDMS substrate is sensitive to 

temperature, the curing process of PEDOT:PSS has to be performed at a lower temperature 

(~70°C), which could degrade the electrical conductivity of the resulting film. Another issue 

is that the presence of PEDOT:PSS beneath the Ti-Au film, which get affected during wet 

etching of Ti-Au. This leads to a delamination and dissolution of PEDOT:PSS film 

afterwards, as shown in Figure 4.8&4.9. The delamination of the PEDOT:PSS film will 

further drag the upper Ti-Au stack layer off from the substrate. One of the method to resolve 

this issue is to replace the wet etching process of metal with dry etching, which depends on 

the facility in the clean room. Another method is to restrinct the duration of aqueous process. 

 

Figure 4.9: Microscopic image of fabricated interconnects with the delamination of 

PEDOT:PSS film.  

 

Figure 4.8: SEM image of fabricated interconnects with part of gold film cracked and 

delaminated due to the peeling of underlying PEDOT:PSS film. 
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The wet etching process duration can be significantly reduced if the Ti-Au metal stack was 

replaced with Au metal. In this way, no delamincation or dissolution phenomena was 

observed after wet etching of Au film. The PEDOT:PSS film was then dry-etched in O2 

plasma (50 sccm, 100 W, 50 mTorr) with RIE system. The achieved interconnect is shown 

in Figure 4.10 with no delamination of PEDOT:PSS film observed. 

 

4.2.2. PEDOT:PSS Spin-coating 

As one of the drawbacks of spray-coating PEDOT:PSS film on PDMS substrate is the 

non-uniform thickness, the spin-coating technique was developed to overcome this issue. 

The purchased pristine PEDOT:PSS is dispersed in water, which makes it challenging for 

directly depositing on the PDMS substrate due to its hydrophobicity. Despite enough oxygen 

plasma treatment was given to the PDMS substrate, the solution tends to detach from the 

substrate during spinning. In order to assist the uniform spreading of the PEDOT:PSS 

solution and enhance the electrical conductivity in the resulting film, three low-boiling-point 

solutions (IPA, Methanol and DMSO) were mixed with the PEDOT:PSS pristine solution 

separately. The PDMS substrates were first deposited on the square-shape glass slides with 

the dimension of 1.5 cm×2 cm. Then the PDMS substrates were exposed to oxygen plasma 

for 60 seconds at the power of 80 W, as optimised in Table 4.3. The PEDOT:PSS solution 

was prepared through mixing the solvent in different volumetric ratios. Afterwards, the 

 

Figure 4.10: Optical microscopic image of fabricated Au-PEDOT:PSS interconnects. 
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mixed solution was spun on the PDMS for 30 seconds with a rate of 1000 rpm. Soon after 

the spinning, samples were heated in the oven for 30 minutes at the temperature of 70°C. 

The results were inspected through microscope and multimeter. To make a fair comparison, 

the microscopic images were captured at two diagonal corners from the square substrate. 

The electrical conductivities of the deposited films were measured at three locations with 

multimeter. It is noted that the thickness of PEDOT:PSS film varies with different solvent 

ratio. However, for the PEDOT:PSS solutions with the same amount of solvent, the resultant 

films were assumed to have the same thickness. In this way, the resistance of the resultant 

film used by different solvent can be compared. As summarised in Table 4.4, the continuous 

conductive film can be obtained when the mixed solvent is above 50 vol.% in general. In the 

case of IPA, the extra volume of solvent that was added to the mixture diluted the conductive 

PEDOT and led to a decrease in the resultant resistance. On the contrary, the solvents such 

as Methanol and DMSO enhanced the electrical conductivity. This effect can be explained 

that the extra solvent helps to separate the conductive part of PEDOT with the non-

conductive part of PSS. This separation process allows a rearrangement of PEDOT 

Table 4.4: Comparison of the optical microscope images of the spin-coated PEDOT:PSS on 

PDMS and their two-terminal resistance with different ratio of solvents. 
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molecules and gives more pathways for building up a PEDOT conductive network in the 

film.  

The spin-coated PEDOT:PSS film on PDMS substrate was characterised through 

Transfer Line Measurement (TLM) and electro-mechanical measurement. The samples with 

different lengths of 10 mm, 20 mm and 30 mm have the same width of 5 mm. The contact 

electrodes that are composed of a stack metal (Ti-Au) was e-beam evaporated through a 

shadow mask. Measurements of two-wired resistance with respect to the length was 

concluded in Figure 4.11 with a linear fitting. The estimated sheet resistance of PEDOT:PSS 

film is 524.4±94.75 Ω/� and the contact resistance is 190.645±59.825 Ω. However, the 

values of fitted curve have a high variation (standard error). This may be due to the unstable 

contact between the probe and the sample surface. Since the surface of the sample is soft, 

the metallic probes easily pierced into the film. Another possible explanation is that the 

conductivity of PEDOT:PSS is anisotropic that the conductivity directional dependent [92]. 

The interface between PEDOT:PSS and the deposited electrode may vary from sample to 

sample. The high deviation in resistance measurement may also be attributed from the 

variated thickness of the film. Confirmed by AFM scanning at the edge of etched 

PEDOT:PSS film, as indicated in Figure 4.12, the thickness of spin-coated PEDOT is 

around 30 nm. 

 

 

 

Figure 4.11: TLM measurement for spin-coated PEDOT:PSS film on PDMS. 
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In this section, an optimised process to deposit crack-free metal (gold) on PDMS 

substrate is realised. In addition, two methods including spray coating and spin coating 

techniques for depositing PEDOT:PSS on PDMS substrate were discussed. The spray 

coating technique can realise an around 700 nm-thick PEDOT:PSS film on PDMS while the 

spin coating method results in an around 30 nm-thick PEDOT:PSS film. Afterwards, the 

stretchable interconnects based on hybrid structure with PEDOT as under-layer and metal 

(gold) as upper-layer were fabricated. The electro-mechanical response of fabricated 

interconnects will be discussed in Chapter 5.3.  

 

Figure 4.12: AFM scan at the edge of PEDOT:PSS film to estimate the thickness of the film.
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4.3 Graphite-conductive polymer composite based 
interconnects 

As explained in the previous section, the electrical behaviour of PEDOT:PSS film can 

be significantly improved by incorporating the solvent DMSO. In order to further increase 

the conductivity of the resulting PEDOT:PSS film, the highly conductive graphite powders 

are introduced to dope PEDOT, in order to obtain a better conductive composite. The 

graphite powders were purchased from Sigma Aldrich with an average size below 45 µm. 

Initially the graphite powder was dispersed into DMSO with a ratio of 0.1 g/ml. To help 

graphite powders disperse homogeneously in the solution, the graphite dispersion was probe 

sonicated (Ultrasonic disintegrator 500W, Fisherbrand, UK) for 30 seconds and then bath 

sonicated for 15 minutes. Afterwards, the composite was spun-coated on top of the PDMS 

substrate. In order to reduce the contact resistance, the contact electrode that is composed of 

a stack metal (Ti-Au) was deposited through a shadow mask. As shown in Figure 4.13(a), 

the PDMS deposited with graphite-PEDOT:PSS composite was diced into different lengths 

(10 mm, 20 mm and 30 mm) and with the same width of 5 mm.  The thickness of the 

composite is 0.81±0.35 µm, which was measured by surface profilometer (Dektak, Bruker, 

US). The dispersed graphite powders within PEDOT:PSS film were examined through 

various studies. The image from the optical microscope (Figure 4.13(b)) indicates that the 

graphite powders are agglomerated. However, with the conductive polymer as matrix, the 

electrical network between agglomerated graphite can be built. To investigate the chemical 

doping effect from graphite powder to the PEDOT:PSS film, the Raman spectroscopic 

measurement was performed with a 532 nm excitation wavelength (Ventus 532 laser 

system). Symmetric �� = �� stretching vibration consisting of two components, which are 

(a)  (b)   

Figure 4.13: (a) Image of Graphite-PEDOT:PSS composite that was spun-coated on 2-inch 

PDMS substrate and (b) Optical microscopic image of dispersed graphite powder within 

PEDOT:PSS film. 
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contributed by the neutral and oxidised structure of polymer [208]. Neutral component at 

1410.27 cm-1 in pristine PEDOT:PSS is observed to shift to 1432.55 cm-1. The oxidised 

structure is vibrated at around 1450 cm-1 in pristine PEDOT:PSS has been shifted to 

1507.57 cm-1. In the meantime, the G peak at 1584.77 cm- 1 and D peak at around 1360 cm- 1 

from graphite becomes prominent, as indicated from Figure 4.14(a-b) [200]. In the 

meantime, the morphology of thin films was investigated using the AFM measurement. As 

illustrated in Figure 4.15(a-b), the surface roughness increased due to the doped-graphite 

powder effect. The powder introduced pothole structure to the surface. The measured depth 

is around 8.4 nm. Therefore, the overall roughness is increased from 2.94 nm to 5.11 nm.  

The electrical characterisation of graphite-PEDOT:PSS composite was performed using 

IV-characterisation probe station (B1500A, Keysight). The sheet resistance and contact 

resistance was measured through the TLM method. Compared with un-doped PEDOT:PSS 

film, the graphite-PEDOT:PSS composite shows more stable results by linear fitting for 

resistance respecting the variated distance, as recorded in Figure 4.16. 

 
 

 

Figure 4.14: (a) Raman spectra of PEDOT:PSS film with Lorenz fitting curve, (b) Raman 

spectra of Graphite-PEDOT:PSS composite film with Lorenz fitting curve 
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(a) (b)  

Figure 4.15: (a) AFM images of PEDOT:PSS film on PDMS substrate and (b) AFM images 

of Graphite-PEDOT:PSS composite film on PDMS substrate. 

 

Figure 4.16: Linear curve fitting of the measurement results during TLM measurement. 
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4.4 Metal-Polyimide dual layer transferable interconnects 

The previous methods, Au deposited on top of PDMS substrate and Au with 

PEDOT:PSS film on top of PDMS, both have the same drawback of requiring a releasing 

step after fabrication. The peeling process gives a large strain on both Au and PEDOT:PSS 

film which develops some cracks in the film even before the film is under test. Hence, it is 

necessary to investigate a feasible process to transfer the patterned interconnects to release-

free PDMS substrate. In this method, the Polyimide (PI) film is chosen as a mechanically 

supportive layer for the transfer printing along with a thin PMMA layer is used as a sacrificial 

layer for releasing the PI layer.  

 

Figure 4.17: Fabrication process flow which adopts polyimide as transfer support layer. 
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The detailed fabrication process of stretchable interconnects is illustrated in Figure 4.17. 

Initially, a polyimide (PI) (DuPont) layer was spun on 100 nm-thick poly(methyl 

methacrylate) (PMMA) (Sigma Aldrich) coated silicon wafer at the spin rate of 3000 rpm 

for 30s. Curing for three hours at 200°C in nitrogen ambient resulted in the PI film with 

7 µm thickness, which was confirmed by interferometer (Leitz Ergolux) measurement. Then, 

a stack of Cr/Au (5/150 nm) metal film stack was e-beam evaporated and this was followed 

by a mild (15 seconds at 200W) oxygen plasma treatment on PI film. In the next step, a 10-

µm-thick positive photoresist (AZ 4562) was used with a bright field mask. During UV 

exposure and development processes, the designed pattern protects the metal stack from wet 

etching, where Au was etched in KI solution for 30s and Cr was etched in a mixture solution 

of perchloric acid (HClO4) and ceric ammonium nitrate (NH4)2[Ce(NO3)6] 

(MicroChemicals) for 5 seconds. The PI film was dry-etched in the O2 plasma through the 

RIE system (30 minutes at 100 W, 50 sccm, 50 mTorr). The finest structure tested is the 

electrode with a 25 µm-width with 10 µm-space as shown in Figure 4.17. The optical 

microscopic images compare the test structures for determining fabrication’s resolution 

before and after the dry-etching of the PI film. The interconnects fabricated on silicon wafer 

were then transferred to PDMS substrate by using water-soluble tape (3M, US), as shown in 

Figure 4.18. The tape dissolved in water within 5 minutes and removed residues after 3 

hours. The PDMS substrate (180 µm thick) was obtained separately by spin coating a 10:1 

(base polymer: crosslink) PDMS solution on silanised silicon wafer at 300 rpm for 

60 seconds and curing in the oven for 2 hours at 90°C.  

 

Figure 4.18: Transfer patterned interconnect from Si wafer to PDMS substrate with the 

assistance of water-soluble tape. 
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Summary 

This chapter described the fabrication process of stretchable interconnects based on 

different conductive materials. In this thesis, the elastomeric polymer PDMS was used as 

substrate for all kinds of the interconnects. Table 4.5 compared the materials used for the 

interconnects with respect to their fabrication process technologies, the process complexity, 

scalability and reproducibility. Metallic thin film, such as Au, Ti-Au and Cr-Au as the 

conventional conductors for traditional electronic devices, has been widely exploited. The 

optimised fabrication process was developed to deposit the metallic thin film on soft 

substrates. The processes are based on microfabrication technology. Hence, these processes 

show the advantages of high resolution (up to 5 µm), scalability and reproducibility. Solution 

processed organic polymers like PEDOT:PSS have been developed for stretchable 

interconnects through spray coating as discussed in Section 4.2.1. This method exhibits a 

non-uniform thickness of the resulting PEDOT:PSS film. To overcome this drawback, the 

spin coating process was developed for PEDOT:PSS solution on PDMS substrate. In 

addition, an additional metallic layer was designed to deposit on the PEDOT:PSS film to 

form a hybrid conductive film. This method ensures that the chemical and water sensitive 

PEDOT film is protected by the addition of metal through the following photolithography 

and etching process steps. On the other hand, the pattern process for graphite-PEDOT:PSS 

composite is still under development. The composite film can be acquired through spin-

coating and dicing manually. In this way, the resolution of fabricated interconnects is poor 

compared with the microfabrication process. To further increase the resolution and 

scalability for fabricating composite based interconnects, the screen printing process is under 

development. Interconnects based on metal-polyimide dual layer can be fabricated in a 

similar method as metallic thin film interconnects. In addition to the wet etch process step 

to the pattern metal layer, the polyimide is required to be dry-etched in oxygen plasma 

environment. Afterwards, the interconnects have to be transferred from a carrier wafer to the 

PDMS substrate, which brings more complexity into the fabrication process. However, this 

method reveals a high resolution, high scalability and high reproducibility process that can 

be concluded as the most reliable process among all the processes in Table 4.5.  
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Table 4.5: Comparison between each fabrication process for different materials to realise 

stretchable interconnects. 

Material Process Process 

Complexity 

Scalability Resolution Reproduc

ibility 

Metal 

(Au) 

E-beam 

evaporation 

Complex (high 

vacuum, high 

voltage) 

Number of 

process steps: 

>6 

High (Pattern 

through 

photolithogra

phy) 

~µm High 

PEDOT: 

PSS 

Spray coat Moderate 

(nozzle, control 

system required) 

Number of 

process steps: 

>2 

Poor NA Poor 

(thickness 

deviation) 

Spin coat Straightforward 

Number of 

process steps: 

>2 

Poor NA Moderate 

Au-

PEDOT: 

PSS 

hybrid 

film 

Spray coat 

and E-beam 

evaporation 

Complex 

Number of 

process steps: 

>10 

High (Pattern 

through 

photolithogra

phy) 

~µm Moderate 

Spin coat 

and E-beam 

evaporation 

Complex 

Number of 

process steps: 

>10 

High (Pattern 

through 

photolithogra

phy) 

~µm Moderate 

Graphite-

PEDOT: 

Probe 

sonication 

Moderate Poor ~mm High 
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PSS 

composite 

and spin 

coat 

Number of 

process steps: 

>2 

Au-

Polyimide 

dual layer 

Spin coat 

and E beam 

evaporation 

Complex 

Number of 

process steps: 

>12 

High ~µm High 
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Chapter 5 Characterisation of stretchable 
interconnects 

This chapter describes the in-house developed experimental setup for characterising the 

stretchable interconnects. The setup utilised two stepper motors with high precision 

movement and the electrical measurement machine. Motor and electrical measurement 

systems have to be synchronised for a simultaneous movement and measurement in parallel 

with adjusted speed (data recording/motor moving) to collect adequate data points. The 

electro-mechanical results from fabricated interconnects described in Chapter 4 will be 

further elaborated in this chapter. 

5.1 Characterisation setup 

The custom-developed uniaxial stretching setup was developed for stretchable 

interconnects characterisation. A pair of stepper motors (Micronix, U.S) can stretch the 

interconnects from two sides simultaneously. In the meanwhile, the electrical measurement 

tools including a Multimeter (34461A, Agilent, U.S) and a LCR meter (E4980AL, Keysight, 

U.S) will start to record the resistance/inductance of the interconnects. In addition, the high 

precision microscope can help to observe and record the in-situ response of interconnects 

under tension. All of the different parts from setup are controlled by the Labview 

programme. Figure 5.1 illustrates the flowchart of the Labview programme that was 

 

Figure 5.1: Flowchart of Labview programme to synchronise the stepper motor and electrical 

measurement machines (Multimeter/LCR meter). 
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developed to synchronise the stepper motors and electrical measurement tools. The motors 

were first initialised with set parameters, such as speed, acceleration and travel distance. 

Then, the motor is set with a zero position. After the multimeter is initialised, the motor starts 

to move while the multimeter starts to measure the resistance of interconnects. The total 

displacement was set as initial input parameter. As the motor is moving with a constant 

speed, the location where interconnects fail can be calculated through the point where the 

measurement signal is discontinued. The operating programme also has the option of cyclic 

stretching and single-time stretching. The maximum force that the motor can withstand is 10 

N and its speed is between 0.005 mm/s and 5 mm/s. The fastest sampling rate of multimeter 

is 2.3 s-1. Hence, the motor’s speed for characterising interconnects is chosen between 0.1 

mm/s and 0.5 mm/s to ensure sufficient data points. The developed uniaxial stretching setup 

system is shown in Figure 5.2. 

 

5.2 Metallic thin film interconnects 

Metallic thin film deposited and patterned on PDMS substrate as stretchable 

interconnects are measured with a custom-developed stretching setup, as described in 

Section 5.1. To investigate the electro-mechanical response of the metallic thin film 

interconnects, strips of 100-nm-thick gold deposited on PDMS substrate with the dimensions 

of 10 mm width and 50 mm long are tested, as shown in Figure 5.3(a). Under the stretching, 

 

Figure 5.2: Electro-mechanical measurement setup for stretchable interconnects. 
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significant cracks can be observed through a microscope (Figure 5.3(b-c)). The direction of 

cracks is perpendicular to the transverse stretching direction. The cracks are generated 

immediately at the fixation area when the stretching movement starts, then the cracks spread 

to the complete film and the cracks becomes wider, as compared in Figure 5.3(b-c)). The 

resistance variation is calculated as 6∆G
G�: ∗ 100%. The ultimate strain that the gold film can 

remain electrical conductive varies, as illustrated in Figure 5.3(d). Three samples of Au-

PDMS strips with identical dimension were tested. The maximum strain that the gold film 

can withstand is 7.8%. At the small strain range of stretching, the gold film can remain 

electrically conductive because the film is not completely discontinued by cracks. However, 

with the increase of strain, the resistance variation of gold film can reach as high as 4000%. 

This is due to the dramatic increase of crack density in the gold film and finally leads to a 

complete break of gold film.  

The electro-mechanical response from serpentine-shaped gold interconnects are shown 

in Figure 5.4. The results show that the different geometry designs are not improving the 

interconnects’ stretchability. All the designs of interconnects cannot withstand a strain above 

1%. Analysed from the images of tested samples as presented in Figure 5.5, minor cracks 

are generated even at an early stage of stretching. Compared with the gold strip with 10 mm 

width, the patterned gold interconnects has 500 µm width. Hence, the electrical path is easily 

disconnected with minor cracks at low strain range. The results shown in Figure 5.4 is not 

following the simulation results from Chapter 3. This is due to the different mechanism in 

 

Figure 5.3: (a) Photograph shows the strip of PDMS deposited with gold thin film, (b) 

microscopic image of gold thin film at the beginning of stretching (c) microscopic image of 

gold thin film while breaking and (c) resistance variation of gold film under stretching. 
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resistance’s variation in two cases. In the case of Au-PDMS, the resistance’s variation of 

interconnects is attributed from the cracks’ density. However, in the simulation, the variation 

of resistance is due to the conductor’s deformation. Conductor cracks easily even at small 

deformation, but this cannot be reflected through FEM simulation. 

 

 

Figure 5.4: Resistance variation of patterned gold interconnects while stretched to failure. 

Figure 5.5: Microscopic images of patterned Au interconnects (a) serp60 (b) serp260 on 

PDMS after stretching test. 
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5.3 Metal-conductive polymer hybrid film interconnects 

The gold-PEDOT:PSS hybrid film was first investigated to identify its sheet and contact 

resistance as they are the fundamental parameters in electrical performance. The Transfer-

Line Measurement (TLM) test structure was fabricated in order to measure these parameters. 

As depicted in Figure 5.6(a), the total resistance between two measurement points is the 

sum of two times of contact resistance and sheet resistance multiplied by the conductor’s 

width. The trend of the resistance with respect to the distance intervals can be linearly fitted. 

The slope of the fitted line represents the division between sheet resistance and width of 

conductor and intercept equals to the value of twice of the contact resistance. 

The TLM measurement results concluded in Figure 5.6(b) indicate that the sheet 

resistance of pure gold film is only around 30% of Au-PEDOT:PSS hybrid film. Also, the 

contact resistance of pure gold film is lower. These results are not aligned with the fact that 

two conductive layers (gold and PEDOT:PSS) in parallel results in a lower resistance 

compared to either of the individual layers, as illustrated in Figure 4.6. One possible 

explanation is the incompatibility of the gold etching solution with PEDOT:PSS film. The 

underlying PEDOT:PSS film is sensitive to water which the gold etching solution contains. 

When the underlying PEDOT:PSS film starts to degrade, it turns to be softer, decomposing 

and delaminating from PDMS. This provides pathways for the gold film to also crack and 

delaminate. Another possibility is due to the unevenness of the wafer after PEDOT:PSS was 

spray-coated. The uneven wafer results in the next layer of spin-coated photoresist to be 

 

Figure 5.6: (a) Schematic diagram of TLM measurement and (b) the comparison of TLM 

results between gold and gold-PEDOT:PSS hybrid film on PDMS substrate. 
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uneven throughout the wafer as well. This leads to an insufficient protection on the gold film 

for wet etching, which is affected by the etching solution and influences the resulting sheet 

resistance. The inhomogeneous thickness of PEDOT:PSS film can also contribute to the 

large deviation in resistance in Figure 5.6(b).  

Although TLM measurement results do not show significant improvements in lowering 

the hybrid film’s sheet resistance, the gold-PEDOT:PSS hybrid film exhibits promising 

results in terms of electro-mechanical performance. The electrical response shown in Figure 

5.7(d) indicates that the interconnects with “Serp60” design can withstand up to 60% strain. 

Compared with the pure gold interconnects, the stretchability of the gold-PEDOT:PSS 

hybrid film has increased more than 40 times, as summarised in Table 5.1. With further 

analysis in combination with hybrid film morphologic images recorded by microscope 

(Figure 5.7(a-c)), the electrical behaviour curve can be separated into three regions. In strain 

region A (0-2.5%), the increased density of cracks in the Au film is the primary reason for 

the change in resistivity. This variation in resistivity is significantly lower than the 

interconnects without PEDOT:PSS because the underlying PEDOT:PSS film has not yet 

started to crack. In the following strain region B (~10%), as the cracks on the gold film 

become wider, the gold film separates into “islands” but is still connected by the 

 

Figure 5.7: (a-c) Optical images on the trend in crack propagation with an increasing of 

external strain, (d) the electrical response respects to the regions with different crack density 

[242]. 
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PEDOT:PSS film beneath to remain electrical continuity. In this region, the PEDOT:PSS 

film with a moderate electrical conductivity dominates the hybrid film’s conductivity, hence 

the hybrid film’s resistivity is 10-50 times higher compared to the film’s resistivity in region 

A. When the PEDOT:PSS film starts to break (region C), the resistivity rises to around 

0.022 Ω·m.  

 

Table 5.1: Comparison of the stretchability and resistivity variation between three different 

designs of interconnects with/without PEDOT:PSS underlying layer [209]. 

Design Material Stretchability 
Δρ/ρ0 @ 1% 

applied strain 

Δρ/ρ0 @ 10% 

applied strain 

Straight line 

Au film 1% 77.2% - 
Au+PEDOT:PSS 

hybrid-film 
1.2% 33.6% - 

Serpentine 

(60°) 

Au film 0.5% 13.2% - 
Au+PEDOT:PSS 

hybrid-film 
60.2% 2.1% 43.91 

Serpentine 

(180°) 

Au film 1.5% 48.4% - 
Au+PEDOT:PSS 

hybrid-film 
71.9% 0.9% 64.93 

 

As discussed in Chapter 3, the serpentine-shaped design in interconnect routings not 

only re-distributes the concentrated stress while the interconnect is under deformation, but 

also provides longer overall length which allows more freedom for movements. For 

example, the serpentine-shaped design with the arc curvature of 180° has a stretchability up 

to 71.9%, compared to the straight-line design that only has a limited stretchability of 1.2%. 

Figure 5.8 compared three interconnect designs with arc curvatures of 60° and 180° while 

being stretched until they fail (or failure strain). As expected, larger arc curvature gives 

longer arc length. Thus, it can withstand higher deformation and provide higher 

stretchability. 
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5.4 Graphite-conductive polymer composite based 
interconnects 

The sheet resistance of graphite-PEDOT:PSS composite was tested with three different 

lengths (10 mm, 20 mm and 30 mm). The width of the test structures are identical to be 

5 mm. As shown in Figure 5.9(a), the sheet resistance of graphite-PEDOT:PSS composite 

exhibits to be 542.75±9.5Ω/□ and the contact resistance is around 38.11±19.23 Ω. Compared 

with the gold-PEDOT:PSS hybrid film, the composite shows a much higher sheet resistance. 

 

Figure 5.8: Microscopic images of interconnects under failure strain with different design in 

curvature (a) 60º (b) 180º [242]. 
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However, the stretchability of composite can reach up to 85%, as presented in Figure 5.9(b). 

For all the three samples, the resistance increases in the order of 2-3 along with the increasing 

strain. Samples no. 2 and no. 3 fail at around 50%, while sample no. 1 fails at 85%. The 

inconsistency for each sample may be due to the varying thickness of the resultant composite 

film, which is attributed to the agglomeration of graphite fillers. 

 

 

 

 

5.5 Metal-Polyimide dual layer transferrable interconnects 

DC range characterisation 

The electro-mechanical response from the Au-PI based stretchable interconnects can be 

reflected through their changes in resistance. Two-terminal resistance of interconnects was 

monitored through multimeter under stretching. The first study aims to investigate the 

maximum strain (stretchability) that the interconnects can withstand with respect to different 

designs. Figure 5.10(a) provides a general comparison between different designs of 

interconnects’ trend in resistance variation under stretching. To further investigate the 

morphological changes while the interconnects are under stretching, the in-situ microscopic 

images were recorded and shown in Figure 5.11. For the “straight-line” shaped 

Figure 5.9: (a) Linear curve fitting of the measurement results during TLM measurement, 

(b) Recorded resistance of Graphite-PEDOT:PSS composite film under external strain. 
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interconnects, the resistance linearly increases with the increasing strain applied. The 

maximum strain of such design is limited to around 5.7%. Compared with pure metal (Au) 

on PDMS substrate as interconnects with less than 1% stretchability (section 5.2), the dual-

layered Au-PI exhibits a higher stretchability. This is due to the intrinsic stretchability of the 

PI. The maximum elongation ratio of bulk PI sheet, as suggested by datasheet, is around 

10% [210]. After patterning the PI sheet with 500 µm straight line, the stretchability of PI is 

Figure 5.10: (a) Resistance variation of stretchable interconnects with different designs and 

(b-f) the comparison between the experimental results and COMSOL simulation results. 
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limited. The dramatic variation in interconnects’ resistance results from the deformation of 

Au film (at the early level of strain) and the increased density of cracks within the Au film 

(at nearly broken level). With a moderate curved design (Serp 60), the maximum strain of 

interconnects does not have significant improvement. The experimentally observed 

resistance variation is lower, compared to the COMSOL simulation results.  The reason 

 

Figure 5.11: Optical images of various interconnect geometries comparing the beginning 

stage under stretching and nearly breaking stage in stretching: (a-b) serp60; (c-d) serp45; (e-

f) serp180; (g-h) serp260 and (i-j) triangle. 
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behind is the difference in boundary conditions between the experiment and simulation. For 

example, under the simulation, the interconnects are perfectly bonded to PDMS substrate. 

In this case, the deformation of conductor under stretching is much higher, which leads to 

wider variation in resistance. In reality, the bonding between the Au-PI interconnects and 

PDMS substrate is weaker than the pulling force. As shown in Figure 5.11(a-b), under mild 

stretching, small wrinkles can be found at the crest area and those wrinkles become more 

significant when more stretching strain is applied. The wrinkles are formed due to the 

concentrated stress at crest area in the interconnects. Because the interconnects bond weakly 

to the PDMS substrate, the stress causes partially delaminating and subsequently leads to 

wrinkles. Since most of the deformation from stretching strain has transferred to wrinkles 

generation, which is a general geometrical modification, the local deformations within the 

conductor, such as cross-section area reduction and length elongation, are not much 

influenced. For all the interconnect designs, similar distinct trend between experimental and 

COMSOL simulation results can be noticed. Different degrees in arc curvature from 

serpentine-shaped interconnect can result in different characteristics under large degrees of 

stretching, as compared in Figure 5.11. Since the substrate is stretching in a transverse 

direction and shrinking from the bilateral side, the movement gives a twisting momentum to 

the interconnect and leads to the rolling of curved structures. Thus, the resistance variation 

along the increasing strain does not follow linear trend as the straight line shaped 

interconnect. With a closer observation of the resistance’s variation of the interconnects, one 

or two kinks in the trend can be noticed. For example, for the design “Serp 45”, the resistance 

first increases as the strain increases due to the deformation of the Au film as shown in 

Figure 5.11(c). When the strain reaches a threshold value, the interconnect structure starts 

to delaminate from PDMS substrate, this delamination provides an extra degree of freedom 

to interconnects which attributes to a slightly reduce in resistance. Hence, a kink in the trend 

line of resistance’s variation can be found. In the case of interconnects with “Serp 260” 

design, several kinks were recorded. In the design of “Serp260” interconnects, five arcs with 

high degree in curvature are connected in sequence. During stretching movement, those arcs 

are under stretching in translational direction and shrinking in lateral direction, which lead 

them to delaminate from PDMS substrate. However, they are not delaminating 

simultaneously. Depends on the location of arc, the strain that the arc experiences exhibits 

different. Each time when an arc section delaminates from the substrate, the variation trend 

of resistance is disturbed and a kink is  observed. While comparing the interconnects between 

the moderate stretching and nearly breaking stage, it can be noticed that the concentrated 

stress within the interconnects, which are reflected through wrinkles, are aligned with the 
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location of concentrated Von Mises stress in COMSOL simulation (Chapter 3). In addition, 

it can be observed that with all the interconnect designs, the shapes are rolled and 

straightened at the final stage before breaking. For each design, at least three samples were 

tested. The resistance variation trend curves of all the samples are not identical. The average 

and standard deviation of maximum strain of each interconnect design are summarised in 

Figure 5.12. Amongst all the designs of interconnects, “Serp 260” is observed to be the 

optimised design due to several reasons: its resistance variation is the lowest and most stable 

(within 0.3%) and the highest stretchability of this design can attain 101%.  

 

Figure 5.12: Comparison of stretchable interconnects with different geometry design in 

terms of their maximum strain (stretchability). 
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Figure 5.13: Optical microscopic images of connection area of fabricated interconnects 

including (a) the interconnect made with the pad size of 7×14 mm2, the inset image shows 

the broken connection when the interconnect failed under stretching, (b) the interconnect 

bonded with the pad size of 1×1 mm2. 
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These studies verify that the overall length of curved interconnects decides the 

stretchability, as discussed in Chapter 3. However, the experimental results also indicate 

that the stretchability of interconnects are much lower than the calculated overall length 

variation ratio. Aside from the variation of material’s intrinsic elastic properties during 

processing, there are other factors that influence interconnects’ stretchability. For example, 

the connection design of interconnects to the external measuring tool is critical. For all the 

stretchable interconnects, their connection to the measuring instrument is realised through 

attaching one thread from the ribbon cable with silver paste to the contact pad from the 

interconnects. After the silver paste is completely cured, an epoxy layer is deposited and 

cured as the encapsulation. Two designs of contact pads are implemented in the experiments, 

as shown in Figure 5.13. In the design in Figure 5.13(a), the contact pad has a size of 

7×14 mm2, which is not fixed to PDMS substrate with epoxy glue. The second design in 

Figure 5.13(b) has a pad size of 1×1 mm2 and it is completely covered with epoxy glue and 

adhered to PDMS substrate. Repeated tests have revealed that the interconnect with unfixed 

contact pad exhibits much lower stretchability. The stretchability of Figure 5.13(a) design 

is 10.36±2.5% (n=4) and the stretchability of Figure 5.13(b) design is 77.7±23.3% (n=3). 

For all the samples with unfixed electrical connections, the breaking point is at the junction 

between the contact pad and the interconnect, as pointed out in Figure 5.13(a). However, 

the interconnects with fixed electrical connections fail at the middle of the interconnects, 

where the maximum strain is expected, as verified through COMSOL simulation. It is 

observed that the contact pad with unfixed electrical connection is dragging the curved 

interconnect under stretching. With an additional factor that the angle between the contact 

pad and the interconnect is narrow, that sharp angle junction is the most fragile part within 

the interconnect. 

Another factor that influences the interconnects’ stretchablility is the encapsulation. To 

investigate the effect of encapsulation, the two “Serp45” shaped interconnects, with one of 
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them encapsulated, are compared. The encapsulation was done through spin-coating another 

layer of PDMS with the same spinning rate as for substrate. Compared between the 

interconnects with encapsulation (Figure 5.14(a-c)) and without the encapsulation (Figure 

5.14(a-c)), the additional top layer restricts the interconnects from twisting and rolling under 

the stretching. The movement of the interconnects is confined within planar direction. 

Furthermore, the encapsulation attributes to a lower stretchability and higher variation in 

resistance, as illustrated in Figure 5.15. Without the encapsulation, the interconnect is able 

to reach a stretchablity of 23% but reliability in life-cycle is only limited to 2 cycles. After 

encapsulating the interconnects, the stretchability reduces to 15% but the life-cycle can 

increase to 7. Similar effect of encapsulation can also be found with the design “Triangle” 

as illustrated in Figure 5.16(b). However, the effect of encapsulation in design “Serp60” is 

not significant as shown in Figure 5.16(a). The stretchability of interconnects between the 

samples with encapsulation and samples without one are similar in design “Serp60”. 

However, the variation in resistance is higher for the samples with encapsulation. The 

 

Figure 5.14: Sequence of optical images of (a-c) encapsulated interconnects and (d-f) 

without encapsulated interconnects under increasing stretching strain.  
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encapsulation can be regarded as an additional constrain to the interconnects and results in 

a higher strain within the interconnects. Same observation can be found in design “Triangle” 

as well. Aside from the higher resistance’s variation, the kink in the trend, which is due to 

the delamination of interconnects from substrate, is not observed in the sample with 

encapsulation. This comparison can also prove the explanation for the non-monotonic trend 

in resistance’s variation of interconnects. 

 

Figure 5.15: Results in cyclic stretching of stretchable interconnects (a) without 

encapsulation and (b) with encapsulation. 
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Figure 5.16: Results in (a) inductance variation and (b) Q factor variation and their 

comparison with simulation results. 
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AC range characterisation 

The electro-mechanical response from Au-PI based stretchable interconnects were also 

characterised in AC range through monitoring the change of their inductance and the Q 

factor. The AC range characterisation for interconnects is essential considering the 

possibility of integrating with sensors that operate in AC range.  

In section 3.4 (Chapter 3), the relationship between the inductance and Q factor of a 

straight conductor with a rectangular cross-section and the strain was derived at low 

frequency (1 MHz). Compared with the experimental results as shown in Figure 5.17(a), 

the simulated variation in inductance exhibits a steeper slope with respect to the strain. The 

reason behind this is due to the intrinsic stretchability of fabricated interconnect, which is 

reflected from the Poisson’s ratio, being lower than theoretical value. In the simulation, the 

model does not include the PI as under-layer.  Regarding Q factor’s variation in Figure 

5.17(b), the experimental result indicates a much higher reduction than a theoretical one. 

This phenomenon could be explained by the dramatic increase in resistance from straight 

line under stretching. The Q factor reflects both the inductance and the resistance of a 

conductor. When the resistance increases much more than the inductance, the Q factor will 

drop in consequence. Q factor is an important parameter for inductors as a lower Q factor 

represents a lower influence is expected from the resistive part in the inductor. This can 

reflect a lower energy loss and better performance of the inductor. 

 

Figure 5.17: Results in (a) inductance variation and (b) Q factor variation and their 

comparison with simulation results. 
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The AC response from stretchable interconnects vary with different designs, as 

concluded in Figure 5.18. “Serp 260” design interconnects prove a much higher 

stretchability, but their inductance shows a higher variation against strain as indicated in 

magnified trends from each design Figure 5.18(b). The interconnect with design “Serp 45” 

exhibits the lowest variation in inductance. However, the interconnects with “Serp 260” 

design still reveals to be the optimised design due to its stable Q factor under strain, as 

displayed in Figure 5.18(c). The more the Q factor drops, the better inductive behaviour 

from the conductor can be observed.  

 

 

 

 

Figure 5.18: Comparison in (a-b) inductance variation between different interconnect 

designs and (c-d) Q factor variation between different interconnect designs  
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Summary 

This chapter presented the key results from the developed stretchable interconnects. 

Concluded in Table 5.2, pure metallic thin film based interconnects exhibit a low 

stretchability due to the dramatically increased density of cracks observed through a 

microscope. The bulk strip metallic film exhibited a slightly higher degree in stretching, but 

with an extremely large resistance variation. The stretchability in this case highly relies on 

crack density in the conductor. If the number of cracks are constant under the same strain, 

the patterned metallic film will have a higher density of cracks due to the reduced area. 

Therefore, it is observed that the patterned metallic films have a lower stretchability than 

bulk film. Compared with pure metallic thin film, the metal-PEDOT:PSS hybrid film has 

shown a much higher stretchability. Furthermore, the variation in resistance can remain 

within 1%. Aside from the hybrid film, the graphite-PEDOT:PSS composite also shows 

similar stretchability (~80%). However, the resistance is not stable against strain. Among all 

the materials, the Au-PI dual layer interconnects proved to have the most stable electro-

mechanical response against strain (0.2%) with the maximum stretchability. If the design at 

the junction between interconnect and contact pad can be improved, interconnects with 

higher stretchability can be achieved. Hence, the Au-PI dual layer interconnects are observed 

to be a potential candidate to be applied in sensors integration, more investigations have been 

conducted. For example, the encapsulation of interconnects leads to an approximate 16% 

reduction in stretchability. The electro-mechanical response of the Au-PI interconnect in the 

AC region was also investigated. In general, the inductance is increasing for all the 

interconnect designs. However, the Q factor is strongly affected by resistance. The lower the 

Q factor leads to a higher energy loss within the inductor. Hence, the “Serp260” design has 

shown its advantages, as its Q factor is stable over a large strain range (~60%). The 

experiment results for Au-PI interconnects also align with the simulation results discussed 

in Chapter 3 except for one design. The sequence of simulated stretchability of different 

interconnect designs is Serp260 > Serp45 > Triangle > Serp180 > Serp60 > Straight line. 

However, the experimental results indicate that the “Serp60” design is less stretchable than 

the straight line design. This may be due to the poor design between the interconnect and the 

contact pad, as discussed in Section 5.5. To achieve a reliable and highly stretchable 

interconnect, in addition to the design of serpentine-shaped interconnect routings important, 

the contact pad and its connection designs are also critical to interconnects. 
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Table 5.2: Comparison of electro-mechanical response among stretchable interconnects 
based on different materials. 

Material 
Sheet 

resistance 
Stretchability 

Resistance 

variation 

Failing 

mechanism 

Metal (Au) 2.6 Ω/□ 
Bulk 4-8% 

Patterned 1% 

Bulk  
100 times 

Patterned 
80% 

Cracks in films 

Au-

PEDOT:PSS 
8.3 Ω/□ 

Patterned  
71.9% 

Patterned  
57000 times 

Cracks in films 

Graphite-

PEDOT:PSS 
695.7 Ω/□ Bulk  80% 

Bulk   
1000 times 

Cracks in films 

Au-Polyimide 5.1 Ω/□ 
Patterned  

101% 
Patterned  

0.2% 

Interconnect-
Contact pad 

junction failure 
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Chapter 6 Sensors’ integration and applications 

This chapter demonstrates the sensors’ integration with stretchable interconnects and 

their applications. Two types of sensors are demonstrated, namely electrochemical pH sensor 

and strain sensor.  

6.1 Stretchable system for sweat pH monitoring 

This section is extracted from the published paper “Stretchable wireless system for sweat 

pH monitoring” in Biosensors and Bioelectronics, Volume 107, 1 June 2018, Page 192-202 

[4]. 

6.1.1 Introduction 

Recent technological advances in the field of flexible electronics and wireless 

communication have fuelled a new wave in the healthcare sector by enabling non-invasive 

methods for continuous monitoring of key physiological parameters such as heart rate, blood 

pressure, skin temperature, electrocardiogram and respiration rate [23]–[26]. Wearable 

systems based on these technological advances underpin the shift in the healthcare paradigm 

towards individual-centric management of health, also known as mobile health (mHealth) 

[211] self-health management [212]. The electronics on flexible and stretchable substrates 

allows wearable systems to conform to body parts and thus improves the reliability of non-

invasive data collection. Non-invasive systems for diagnosis and health monitoring 

(particularly for chronic ailments) will have a major impact on healthcare practices as 

patients are likely to be more compliant with such methods [27]. These methods are also 

attracting a lot of attention due to ease of use. In addition, such systems can be used in low-

resource settings without the need for highly-trained medical staff, and have the potential to 

greatly improve patient care in disease outbreaks where complex sample handling is 

undesirable. For this reason, recently there has been increased interest in monitoring health 

conditions through body fluids such as sweat, tears, and urine etc. [213], [214]. 

As depicted in Table 6.1, various analytes such as glucose, urea, ascorbate are found in 

the blood as well as in tears and sweat and research suggests that there is a correlation 

between them. These body fluids could be a potential treasure trove for diagnosing several 

diseases (including chronic diseases) and might eliminate the need for acquiring blood 

samples. As an example, the pH value of a healthy person is in the range of 4.5-6.5, but 
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patients with cystic fibrosis have alkaline sweat (up to pH 9) due to the defect in bicarbonate-

reabsorption (H+-secretion) [215]. The pH value in sweat is also an indicator for the human 

body’s exercise intensity and dehydration level. While exercising, the concentration of 

ammonia in sweat decreases, due to its transformation into ammonium (NH4
+). As NH4

+ is 

less diffusible across cellular membranes compared to ammonia, the excess NH4
+ molecules 

accumulate ions, which leads to an increase in sweat pH [216], [217]. Considering these, the 

reliable monitoring of sweat pH is essential for health monitoring and wellness applications. 

This is a vital step towards realising a multi-sensory conformable system for a 

comprehensive sweat-based health monitoring. 

 

 

It is challenging to have a fully integrated wearable system (with data process and 

transmission modules) that could maintain a conformal physical contact with human skin, 

especially under dynamic motions [25], [220], [221]. A few methods explored to improve 

conformal contact include using ionogel as a sensitive layer [222], adhesive stickers [223] 

and tattoo papers [220]. These sensing solutions are not stretchable and long-term wearing 

of stickers may cause irritation. Furthermore, it is difficult to realise a miniaturised and light-

Table 6.1: Analytes in blood, tears, and sweat with their diagnostic significance [213], 
[218], [219]. 

Analytes Blood 

(mM) 

Tear (mM) Sweat(m

M) 

Diagnostic application 

Glucose 3.3-6.5 0.013-0.051 0.33-0.65 Hyper/hypo Glycaemia /Diabetes 

Lactate 3.6-7.5 1.1-2.1 13.4-26.7 Ischemia, Sepsis, Liver disease, 
Cancer 

Urea 6.2±0.9 3.0-6.0 22.2±8.0 Uraemia indicating Renal 
dysfunction 

Creatinine 0.077-
0.127 

0.014-0.051 0.014-
0.051 

Renal dysfunction 

Na+ 140.5±2.
2 

120–165 66.3±46.0 Hyper/hyponatremia 

K+ 4.8±0.8 20–42 9.0±4.8 an indicator of ocular disease 

Ca2+ 2.0–2.6 0.4–1.1 4-60  Hyper/hypo Calcemia 

Mg2+ 0.7–1.1 0.5–0.9 0.6 Acidosis and muscle contraction 

Cl- 98.9±6.7 118–135 59.4±30.4 Hyper/hypo Chloremia 

Pyruvate 0.1–0.2 0.05–0.35 0.003- 1 Disorders of energy metabolism 

Ascorbate 0.04–
0.06 

0.22–1.31 0.43 Diabetes 
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weight wearable system with integrated signal transmission circuitry, especially with non-

flexible or rigid devices used for Bluetooth technology [223]–[225]. These reported 

solutions allow continuous wireless data transmission, but with bulky and rigid Bluetooth 

modules, which also consume significant energy and require frequent charging. This issue 

could be addressed with stretchable radio-frequency-identification (RFID) coils, as 

demonstrated here. 

The demonstrated stretchable pH sensing system comprises a stretchable pH sensor with 

stretchable RFID antenna and data processing and transmission circuitry to communicate 

with a smartphone, as shown in Figure 6.1(a). This system has several advantages in terms 

of fast pH sensing response, mechanical robustness and real-time data transmission under 

dynamic motion. The sensing electrodes of the pH sensor are based on the graphite-

polyurethane composite. The pH sensing electrode (SE) and the printed Ag/AgCl quasi-

reference electrode (RE) are connected through stretchable interconnects to allow the pH 

sensor to withstand up to 53% strain without compromising their electrical performance. As 

human skin experiences an average strain of 30% [226], the stretchable pH sensing patch 

presented here can be conformably attached to the skin and used with minimal influence on 

their electrical performance. To demonstrate the wireless data transmission, the pH sensor 

patch is integrated with a stretchable antenna and the pH value from the sweat equivalent 

solution is acquired through a mobile phone App. 

6.1.2 Experiments 

a. pH sensor design and fabrication 

The pH sensor comprises a pair of stretchable interconnects, and graphite-polyurethane 

composite together with an Ag/AgCl reference electrode as a potentiometric sensing 

structure, as illustrated in Figure 6.1(b). The optimal geometry of stretchable interconnects 

which has been optimised in previous studies (Chapter 3). The graphite-polyurethane 

composite-based pH SE and Ag/AgCl RE are deposited on the contact pad (1×1 mm2) of 

interconnects (500 µm width). The overall sensor is encapsulated in the 

polydimethylsiloxane (PDMS). 
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The detailed fabrication process of stretchable interconnects is illustrated in Figure 

6.1(c). Firstly, the polyimide (PI) (DuPont) was spun on 100 nm-thick poly(methyl 

methacrylate) (PMMA) (Sigma Aldrich) coated silicon wafer at the spin rate of 3000 rpm 

for 30 s. Curing for three hours at 200°C in nitrogen ambient resulted in the PI film with 

7 µm thickness (confirmed by interferometer (Leitz Ergolux) measurement). Then, a stack 

 

Figure 6.1: (a) Photo of a stretchable wireless system for sweat pH monitoring, (b) 

Schematic diagram of a stretchable pH sensor with graphite-polyurethane composite SE, 

Ag/AgCl-based RE and a pair of stretchable interconnects. Schematic diagram of the 

fabrication process for (c) stretchable interconnects, (d) SE electrodes (e) assembly and 

encapsulation of sensor patch. 
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of Cr/Au (5/150 nm) metal was electron beam (e-beam) evaporated and this was followed 

by a brief (15s at 200W) oxygen plasma treatment on PI film. In the next step, a 10-µm-thick 

positive photoresist was used with a bright field mask. During the UV exposure and 

development processes, the designed pattern protects the metal stack from wet etching and 

the PI film from dry etching. The interconnects fabricated on a silicon wafer were then 

transferred to a PDMS substrate by using water-soluble tape (3M, US), as shown in Figure 

6.1(c)(I-IV). The PDMS substrate (180 µm thick) was obtained separately by spin coating a 

10:1 (base polymer: crosslink) the solution on a silanised silicon wafer at 300 rpm for 60 s 

and curing in the oven for 2 hours at 80°C.  

For each pH sensor, a pair of stretchable interconnects was previously transferred to the 

PDMS substrate. The pH SE was fabricated by printing graphite-polyurethane composite 

(1:1 ratio) paste on the top of multi-layered graphene sheet (Graphene Supermarket, US), 

which accelerated the electron transportation during the ion exchange between the SE and 

the solution. The electrode was then cured in an oven at 80°C for 30 minutes. The fabrication 

procedure of pH SE is shown in Figure 6.1(d). After obtaining the pH SE, the SE and RE 

electrodes were assembled and encapsulated, as shown in Figure 6.1(e). The pH SE 

(8×8 mm2) was connected to one of the stretchable interconnects by using conductive epoxy 

silver ink. The Ag/AgCl ink (Gwent Group, UK) [200] then dropped cast to the contact pad 

from the second interconnect, which is used as RE in the sensor. To ensure a robust 

connection between SE/RE and stretchable interconnects, the epoxy glue was applied to the 

connection area. The epoxy glue also serves as a barrier during drop casting of top 

encapsulation PDMS layer to allow the sensing area to contact with the solution under test. 

b. Stretchable antenna design and fabrication 

The stretchable RFID antenna developed here is effective for Near Field Communication 

(NFC), which requires 13.56 MHz resonant frequency. The antenna is designed to have 

inductance together with the capacitors and the internal capacitance to match with the RFID 

transponder IC (TI RF430FRL152H), used here as an interface between the sensor and the 

antenna coil (Figure 6.2(a)). The specification of the transponder IC requires a 1.84 µH 

inductance. The designed square-shaped spiral coil antenna has an inductance of 1.88 µH. 

This value was estimated through a modified wheelers equation [227]:  

X = ��/�����%
9 �ln 6�/

� : + ��� + �F�9	    (6-1) 
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Where, µ  refers to the vacuum permittivity (4π×10−7 H/m), n is the number of turns in 

the loop, davg is the average diameter of antenna (�Lq� = �� ¡&��¢
9 ), � is the fill ratio (� =

�� ¡*��¢
�� ¡&��¢

) and the Ci are the coefficient based parameters. The square-shaped antenna has 4 

turns with the turn width of 1 mm and 1 mm spacing between adjacent turns. The outer/inner 

dimension of the antenna is 6/4.6 mm. The antenna design was further modified to obtain 

wavy or serpentine-shaped coils, as shown in the inset of Figure 6.2(b). The inner/outer 

radius of the wavy structure is 1.5/2.5 mm with an arc degree of 180º. The minimum space 

between each turn of the coil is 1 mm. To estimate the influence of stretching on the 

antenna’s output, an approximate estimation was performed using basic magnetic flux  

�£¤
�
 = �

�
 ^ .�	��`	 and self-inductance equations 
�£¤

�
 = X �u
�
. The induced magnetic flux 

is strongly related to the area enclosed by the coil. The maximum strain which the antenna 

can withstand (calculated from the length of stretchable antenna) is about 40%. For a square-

shaped in-plane coil, the influence of stretching on the area A was estimated by using 

equation`′ `� = �1 + W	 ∙ �1 − eW	. Here A’ is the enclosed area after stretching, W is the 

external strain introduced during stretching and e is the Poisson’s ratio. Considering the 

Poisson’s ratio is 0.34 (for copper) and 0.4 as strain, the area will increase by 20%. 

To fabricate the designed antenna, a rapid prototyping method with blade cutters 

(Silhouette Cameo) was used. The cutting system used here results in cut-width of about 

50 µm. As compared with the standard microfabrication, this method is economical and 

faster. To obtain the antenna with high conductance, we used a flexible polyimide film with 

copper clad (Pyralux, DuPont) on one-side. The thickness of polyimide and copper films are 

94 µm and 18 µm respectively. Prior to blade cutting, the water-soluble glue was applied to 

the copper sheet and the sheet was then laminated to the cutting mat (Figure 6.2(i, d). During 

blade cutting, the parameters such as blade speed, height, and cutting thickness were adjusted 

to prevent the copper sheet from being damaged (Figure 6-2(ii)). Then, the reminder of the 

material was carefully removed (Figure 6.2(iii)). Afterwards, the patterned antenna structure 

was transferred to blue tape (dry photoresist) by dissolving the sacrificial water-soluble layer 

in the water (Figure 6.2(iv-v, e). In the following step, the patterned antenna on blue tape 

was adhered to the partially cured PDMS substrate (spin-coated on a silicon wafer and baked 

for 30 mins at 70°C). The blue tape was dissolved in acetone after the PDMS was fully cured 

(Figure 6.2(vii, f)). At last, the stretchable antenna on the PDMS substrate was detached 

from the silicon wafer (Figure 6.2(viii)). The inductance of the fabricated antenna, measured 

by LCR meter (E4980AL, Keysight), was found to be 1.89 µH. 
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Figure 6.2: (a) Circuit design and (b) system-level block diagram for wireless pH data 

transmission with the inset image of antenna design and (c) Fabrication steps of stretchable 
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c. Reagent for pH sensor characterisation 

Three sets of testing solution were used for performance analysis of the fabricated 

sensors. These include: (1) pH buffer solution ranging from 5 to 9 (Sigma Aldrich); (2) 

Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich), which is a standard culture 

medium used for maintaining mammalian cell in vitro; and (3) solution equivalent of human 

sweat prepared by mixing NaCl (Sigma Aldrich), KCl (Sigma Aldrich) and lactic acid 

(Sigma Aldrich) in deionised water according to the concentration in Table 6.1. The pH 

value of DMEM was tuned by adding diluted HCl and KOH solutions. The pH measurement 

technique used for acquiring reference values in all comparison studies and for calibration 

were acquired by using a commercial digital pH tester HI 98130 from Hanna® Instruments 

fitted with an HI 73127 pH electrode, except for some samples in which case standard 

buffered pH solutions from Sigma Aldrich were used. The pH tester was calibrated with 

standard buffer solutions before measurement. The specifications of the pH testing system 

used to acquire reference values include a range of 0.00 to 14.00 pH with a resolution of 

0.01 pH and accuracy of ±0.05 pH. Further, the system has an automatic temperature 

compensation by using an inbuilt temperature sensor with resolution and accuracy of 0.1°C 

and ±0.5°C respectively. The electrochemical characterisation of the pH sensor was analysed 

with cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and 

potentiometric methods in a two-electrode (SE and RE) system with Autolab 

electrochemical workstation (PGSTAT302N, Metrohm, Netherland). The CV analyses were 

carried out at a scan rate of 100 mV/s in the potential range of -1 to 1 V. EIS analysis was 

carried out in a frequency range of 10 Hz to 1 MHz with an amplitude of 10 mV. To test the 

electrochemical performance of the sensor under the influence of ions and analytes including 

Na+, K+, and glucose which can be widely found in sweat (as shown in Table 6.1), we 

antenna including (i) laminating flexible copper sheet to cutting mat with water-soluble glue 

as sacrificial layer, (ii) blade cutting the antenna pattern, (iii) removing the reminder of 

material, (iv) attaching the blue tape over the antenna pattern, (v) dissolving the glue in water 

and transferring the antenna pattern to blue tape, (vi) adhering to partially cured PDMS 

substrate (separately prepared through spin-coating on the silicon wafer), (vii) curing PDMS 

and dissolving blue tape in acetone and (viii) detaching the PDMS substrate from silicon 

wafer. Photos of critical steps c(i), c(v) and c(vii) are also included in (d), (e) and (f) 

respectively. 
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prepared dissolved salt solutions of 100 mM NaCl, 100 mM KCl and 100 mM glucose. To 

further investigate the influence of NaCl on SE’s property, we prepared three sets of NaCl 

concentration (1 mM, 10 mM, and 100 mM). To test the robustness of the fabricated 

stretchable sensor, the patch was tested with a controlled uniaxial stretch test setup. This 

stretch test setup has two stepper motors (Micronix, USA) which can stretch the sample from 

the two sides. For stretchability test of the sensors presented here, the stepper motor was 

moving at 0.5 mm/s. The resistance between the graphite-polyurethane composite electrode 

and stretchable interconnect was monitored through a multi-meter (34461A, Agilent). 

6.1.3 Results and discussion 

a. pH sensor characterization 

The electrochemical reaction at the surface of SE was measured using CV analysis at a 

scan rate of 100 mV/s. The CV curve of SE in a buffer solution of pH value 7 (Figure 6.3(a)) 

shows that there is no redox or oxidation reaction between the active electrode and the 

solution. The results from CV analysis (Figure 6.3(a)) predict non-Faradaic electrochemical 

reaction and indicate an ideal CV scan for a graphite-based electrode. As per general 

mechanism, when the SE reacts with the solution, an electrical double layer (EDL) structure 

is formed on the surface of the electrode by absorption of ions. This is due to the non-

Faradaic electrochemical reaction between the graphite composite based electrode and the 

solution. The changes in pH value of the solution lead to variations in the solution resistance 

(Rser), charge transfer resistance (Rct), double layer capacitance (Cdl) and ionic exchange 

resistance at the electrode-solution interface. The variation of these parameters can be 

measured by using complex impedance data of the EIS analysis. These parameters were 

optimised by measuring the variations in the impedance and capacitance values with a pH 

value of the solution. However, with reference to readout electronics, the sensitivity is 

explained in terms of the potential difference between SE and RE. The potentiometric 

readout is advantageous as it simplifies the circuit design.  

The complex impedance data of the sensor was analysed by using Nyquist plot (Figure 

6.3(b)), which shows a straight line in the lower frequency section and a semicircle in the 

higher frequency range. A similar Nyquist plot can be found for graphite-polyurethane 

composite in ion detection [228]. The straight line could be attributed to the diffusion of 

H+/OH- ions from the solution into the graphite electrode. The impedance due to the 

diffusion of ions also depends on the structural properties of the material. For an ideal 
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capacitor, allowing perfect ion diffusion of the electrode, the angle of this curve should be 

45º. However, our experimental results indicate approximately 32º, at a neutral pH value. 

This indicates a capacitive reactance behaviour due to material structure and less ionic 

concentration at the neutral solution. The Nyquist plot was analysed using Autolab NOVA 

software (Metrohm, Netherland). The measured curve was fitted by using the Randles circuit 

model, which consists of equivalent Rser, Cdl, Rct and Warburg diffusion element (W). The 

fitted Nyquist curve matches the measured curve perfectly in high-frequency range. The 

value of Rct, which is reflected by the diameter of the semi-circle, was estimated to be 

23.2 kΩ. The charge transfer resistance is related to solution/electrode interaction and 

transfer of electrons from the SE to the external conducting electrode. Some offset in the low 

frequency range can be observed. This is due to the low diffusion resistance of pH SE. It can 

indicate a capacitive reactance behaviour due to material structure and less ionic 

concentration at the neutral solution. The steep line observed in the low frequency region of 

the Nyquist curve also proves a double layer capacitive behaviour. The EIS analysis (Figure 

6.3(b-c)) shows that the variations in solution pH changes the electrical properties of EDL 

and as a result, the impedance of SE varies. 

 

Figure 6.3: (a) CV curve and (b) Nyquist plot for graphite-polyurethane composite electrode 

at pH 7 buffer solution and fitted curve based on Randles circuit model (c) impedance versus 

pH measured between SE and RE at selected frequencies (d) hysteresis in pH response and 

(e) response time of the sensor (f) potentiometric performance of the pH sensor. 
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The SE electrode was further characterised in DMEM solution, which is a medium used 

as a blood equivalent solution to check the pH value of a body fluid. This solution offers 

minimised ion reaction property, which prevents the pH drifting in the solution when diluted 

HCl/KOH is added for different pH measurement, especially in the range 5-9. Figure 6.3(c) 

exhibits the impedance variation of DMEM solutions at different pH values. A similar 

observation is found for variations in capacitance at various pH values. The sensor shows a 

sensitivity of 49 Ω/pH at 20 Hz sweeping frequency. The hysteresis effect of the pH sensor 

was investigated by continuously monitoring its electrical response in terms of capacitance 

while alternating the pH of the solution between 6 and 7, as shown in Figure 6.3(d). The 

deviation of the pH sensor’s capacitance at the same pH is not significant. The curve 

indicates a fast and uniform recovery after every cycle. We estimated the response time by 

altering the pH in the solution and the pH sensor exhibits a fast response with a response 

time of 8 seconds as shown in Figure 6.3(e). The response time of the sensor is contributed 

by many factors including the material, the fabrication process and the surface morphology 

[229]. In general, one of the major issues in thick-film sensors is their high potential to 

interfere with other ions or analytes in the solution. As shown in Table 6.1, sweat contains 

glucose in the range of 0.33-0.65 mM, Na+ 66.3±46.0 mM, and K+ 9.0±4.8 mM. To test the 

interference effect of the pH sensor with a distinguishable electrical response, the ions and 

analytes are used here in a much higher concentration (100 mM). The influence from Na+, 

K+ ions, and glucose on the pH sensor is estimated by monitoring the capacitance of the 

sensor due to change in the conductivity of the solution by adding salts of Na+ and K+. The 

relative change in the capacitance is -0.32 for Na+, -0.28 for Na+ and K+ and -0.29 for Na+, 

K+, and glucose. A comparatively higher change in capacitance is observed for Na+, which 

could be attributed to the conductivity of the solution. In addition, no redox or oxidation 

reaction is observed between SE and the solution. Hence, it can be concluded that major ions 

and glucose in sweat will have a minor influence on the performance of the fabricated pH 

sensor.  

To transmit pH data in a straightforward way, we also carried out the potentiometric 

analysis. The measured potential difference (emf- electromotive force) between SE and RE 

is shown in Figure 6.3(f). We observed a sub-Nernstian response with a sensitivity of 

13.76±5.45 mV/pH (n=4) in the range of pH 5-9.5 at room temperature.  
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b. Characterization of pH sensor under stretch conditions 

To test the performance of the pH sensor under stretching conditions, the resistance 

between the SE and stretchable interconnect is measured with the experimental setup shown 

in Figure 6.4(a). The original distance between one end of the interconnect and the graphite-

polyurethane composite electrode is 15 mm. The maximum extension distance from one side 

of the stepper motor is 8 mm, which corresponds to 53% uniaxial strain. The failing part 

from the sensor is at a connection area where the graphite-polyurethane composite and 

stretchable interconnects joint. At this strain, the resistance variation is 5.6%, as shown in 

Figure 6.4(b). This resistance variation can be attributed to: (i) the deformation in 

 

Figure 6.4: (a) The electro-mechanical characterisation setup controlled with custom 

LabVIEW programme. The inset shows the birds-eye-view of stretchable pH sensor 

mounted on the setup. The sensor is symmetrically integrated with two interconnects. During 

stretching, only one side (one interconnect with working electrode) is monitored 

dynamically. (b) The variation in resistance across pH sensing electrode and stretchable 

interconnect with respect to the external strain experienced by the pH sensor. (c) Cyclic 

stretching test for stretchable pH sensor up to 30% strain. (d) Comparison in resistance 

variation between the first cycle of stretching and releasing and 500th cycle. 
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conductors; (ii) change in contact resistance between the graphite-polyurethane composite 

and stretchable interconnects; and, (iii) change in surface area of the micro-structured 

graphite-polyurethane composite electrode during bending. To evaluate the robustness of the 

pH sensor, a further cyclic stretching test was carried out. The sensor was tested up to 500 

cycles under 30% strain and the electrical response was found to be stable (Figure 6.4(c)). 

By comparing the resistance between the first cycle of stretch and the 500th cycle (Figure 

6.4(d)), the variation in resistance increases from about 1% after the first cycle to about 6% 

after the 500th cycle.  

c. Stretchable antenna characterisation 

The response of a stretchable antenna was evaluated through a vector network analyser 

(VNA) (Agilent E8362B). This included performance evaluation during stretching. The S-

parameter was measured with a frequency range between 10 MHz to 40 MHz. This 

parameter represents the power reflected through the antenna. The measurement results 

reveal that the S11 of the antenna is reduced by - 1.5dB at 13.56 MHz after tuning with the 

circuit. No shift or distortion was observed in the S-parameter curves for 20% stretched 

condition. This indicates a stable signal radiation performance of the stretchable antenna. 
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d. Evaluation of full system 

The real-time wireless pH measurement capability of the developed stretchable sensing 

system was evaluated, as shown in Figure 6.5. A custom smartphone App “SenseAble” was 

developed with two options for pH data display (Figure 6.5(a)). The first option allows 

display of the pH value calibrated on the basis of potentiometric measurement. The second 

option displays the potential between SE and RE. The temperature from human skin can also 

be measured as the third option. Considering the influence of temperature on pH sensitivity, 

the App allows the user to re-calibrate the pH data based on the temperature change. To 

validate the full system, the fabricated pH sensor was evaluated with a solution equivalent 

to human sweat. The pH value was wirelessly transmitted to the App as shown in Figure 

6.5(b). The sensitivity of the pH sensor with a solution equivalent of human sweat is about 

11.13±5.8 mV/pH (n=3), which is slightly less compared to the sensitivity with the DMEM 

solution. Unlike the DMEM solution, the solution equivalent of sweat contains excess ions 

when the pH is varied. The slight variation in the pH value could be attributed to the excess 

ions affecting the stability of the solution. The ion reaction disturbs the stability of the 

solution and leads to pH drifting. 

6.1.4 Conclusion  

In this work, a stretchable system for wireless monitoring of pH from sweat was 

presented. The pH sensor is based on a novel combination of graphite-polyurethane 

 

 

Figure 6.5: (a) Screenshot of smartphone App “SenseAble” and (b) photo of real-time pH 

monitoring system including stretchable pH sensor in sweat equivalent solution, stretchable 

antenna and mobile monitoring App. 
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composite material. An extensive electro-chemical study performed to characterise the pH 

sensor shows the sensor response in the pH range of 5-9. The pH sensitivity of the fabricated 

stretchable sensor tested on the human sweat equivalent solution is 11.13±5.8 mV/pH. The 

interference by major ions and glucose in sweat are negligible. The pH sensing patch with 

integrated stretchable interconnects is robust with stretching up to 53% strain and more than 

500 cycles for 30% strain. The stretchable RFID antenna allows the pH data to be read out 

without external power through a custom-developed smartphone App. The stretchability also 

leads to improved conformability of pH sensor system. Compared with the reported wearable 

pH sensing devices, our stretchable system is advantageous in being highly stretchable and 

conformable to the skin, while offering faster pH sensing response and convenience in terms 

of wireless data transmission. The costliest component in the developed system is the 

RF430FRL152H NFC microcontroller IC including which the system could be made less 

than ~$3.5. The sensor can be disposed-off separately or the entire system could be disposed 

of. Further, the use of a low-power microcontroller helps in local computations for carrying 

out advanced digital signal processing, multi-sensor calibration routines, flexibility, and 

reconfigurability before transmitting the data to the mobile phone. This feature is not 

available in other implemented systems reported in the literature. The above research could 

be extended in several directions, such as detection of multi-biomarkers including glucose, 

ammonia, and urea with the integrated wearable system, a smart disposable bandage for 

wound exudate monitoring, multi-biofluidic solutions forming a body area network. 

 
 
 

6.2 Stretchable strain sensor integrated on the soft 
robotic finger 

This section is extracted from the published paper “Soft robotic finger with integrated 

stretchable strain sensor” in the Proceeding of IEEE sensors, October 2018 [230]. Copyright 

© 2018 IEEE. 

6.2.1 Introduction 

Soft robotics is attracting significant attention these days for applications ranging from 

surgical tools [231] to object handling [28], muscle/tendon rehabilitation [232], and 

manoeuvering objects under extreme conditions [29]. Unlike rigid-body robots that have 

restricted movements due to stiff joints, soft materials (e.g. elastomers) in soft robotics 
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expand the degree of freedom from merely the six (three rotations and three translations) to 

literally infinite [233], [234]. This allows them to perform complex movements of bending, 

wrinkling, buckling and twisting. The soft materials also act as absorbents or cushions in the 

event of a collision and thus make soft robots much safer to interact with. These properties 

are readily available in natural organisms and their complex body/surface architecture has 

served as inspiration for the development of the coming age of engineered soft devices. 

However, natural organisms also exhibit tightly integrated sensing, actuation, and 

computation, which allow them to achieve dynamic shape and appearance changes (e.g. 

birds in flight), or tactile sensing at very high dynamic range (e.g. human skin) [34]. This is 

where today’s soft robots are failing. While a lot of work is being done on the soft structures 

(e.g. limbs) to enable complex movements, often by mimicking the morphology of natural 

organisms, the inherent functionalities such as sensing, actuation, and computation are 

largely missing. As a result, the real-time feedback and accurate control of soft robots 

becomes increasingly difficult.  

The solutions that are being explored today to address the above issues primarily use off-

the-shelf sensing or electronic components [235], [236], which, owing to their rigid 

structure, nullify to a greater extent the gains made with soft structures. This calls for the 

development and integration of soft sensor systems with the soft robots. The recent 

technological advances related to 3D printing of soft materials [237] and printed electronics 

[89], [238] on soft and stretchable substrates have raised hope for early solutions to the above 

challenges.  
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Building on the advances in stretchable and soft electronics, this paper presents a 

pneumatic actuated soft robotic finger with integrated stretchable strain sensor based on 

carbon nanotubes (CNTs) (Figure 6.6). The CNT network on interdigitated electrodes of the 

sensor was assembled with the dielectrophoresis (DEP) method. Further, the sensor is 

connected to stretchable interconnects to ensure the robust electrical connection during 

bending of a soft finger. When the robotic finger bends, the stretchable strain sensor 

experiences changes in the resistance, which can be used to control the actuation and hence 

the movement of the finger. The developed strain sensor can monitor the bending of a soft 

robotic finger up to a bending radius of 23 mm. 

6.2.2 Fabrication and Integration 

a. Fabrication of soft robotic finger 

The soft robotic finger was fabricated through the moulding method. The selected 

material is Ecoflex (Smooth-on, US), which is a highly elastic and biodegradable silicone 

rubber. The mould was 3D printed (Stratasys, US) with acrylate with the finest structure size 

of 1 mm. The moulded structure has a length of 40 mm, width of 10 mm and height of 8 mm. 

The design of the soft robotic finger is composed of four air chambers connected with a 

1 mm wide air channel, as illustrated in Figure 6.7. After the Ecoflex solution was cured in 

the mould for 30 minutes at 90°C, the structure can be released from the mould. The TYGON 

tubing with an inner diameter of 0.8 mm was connected with the air channel in the soft 

 

Figure 6.6: Schematic illustration of soft robotic finger with integrated strain sensor. The 

strain sensor is based on the CNT network. 
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robotic structure and sealed with Teflon tape. The tubing was then connected to the rubber 

blowing ball. The photos in Figure 6.8 have shown the pneumatically actuated finger, which 

is able to bend with a radius of 23 mm under pneumatic actuation. The pneumatic actuation 

utilises the expansion of the air chamber under air pressure to achieve finger movements.  

 

 

Figure 6.8: Photos of fabricated soft robotic finger before and after pneumatically actuated. 

 

Figure 6.7: Schematic illustration of 3D printed mould to fabricate the soft robotic finger. 
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b. Fabrication of Stretchable interconnects 

The stretchable interconnects were fabricated on silicon (Si) wafer. Firstly, poly (methyl 

methacrylate) (PMMA) solution was spun on a Si wafer cured on the hotplate at 120°C. 

Then, PI precursor (PI 2545, HD MicroSystemsTM) solution was spun, as illustrated in 

Figure 6.9(a). The PI film was soft-baked for 5 minutes at 140°C and fully cured at 200°C 

for three hours. The thickness of the resultant PI film is ~2 µm. Afterwards, a dual metal 

layer of titanium (Ti) and gold (Au) with 10 and 100 nm thicknesses were deposited through 

E-beam evaporation (Figure 6.9(b)). The pattern of interconnects was realised by 

photolithography and the photoresist from this step was used as a protection layer for 

subsequent etching steps (Figure 6.9(c-d)). After this, the pattern was transferred to the 

elastic PDMS (Sylgard®, Dow Corning) via water-soluble tape (3M, US) as described in 

Figure 6.9(e). The PDMS has a thickness of 160 µm and the pre-polymer/ cross-link ratio 

of 10:1. The tape was dissolved in deionised water overnight to ensure no residue was left. 

 

Figure 6.9: Fabrication steps related to strain sensor: (a) spin coating of PI solution, (b) metal 

deposition on PI film, (c) photolithography patterning of stretchable interconnects, (d) 

etching, (e) transferring from Si carrier wafer to PDMS substrate (d) dissolving transfer tape 

in DI water and (g) DEP assembly of CNTs.  
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c. Sensor Design and Assembly of CNTs 

The sensitive part of the strain sensor is designed to have an interdigitated structure with 

three fingers at a gap of 50 µm (Figure 6.6). This is connected to a pair of serpentine-shaped 

stretchable interconnects with a curved arc of 260°, to obtain high stretchability. The CNTs 

used in this work were purchased from Sigma-Aldrich. The diameter of the used CNTs is 

43±4 nm, which was measured with AFM (Figure 6.10). The length of CNTs was estimated 

through SEM images to be around 2-3 µm. They are dispersed in water with a concentration 

of 1 mg/mL. The original solution is highly concentrated, and it was diluted in ethanol to 

obtain a concentration of 1% with a homogeneous dispersion by 5 seconds probe sonication. 

Afterwards, CNTs were drop-casted on the interdigitated structure and DEP was performed 

by applying an AC signal. To assemble the CNTs with a homogenous distribution and tune 

the electrical conductivity to a required level, AC signal with different peak-to-peak voltage 

(5 V, 10 V, and 15 V) and frequencies (10 kHz, 100kHz, 1 MHz and 10 MHz) were used. 

The DEP force can be represented as [239]: 

¦�[§ = �
9 ;�9W¨2�©mª�$« ^ ¬1 + m®�v	¯9∇|!|9�vhO

h�    (6.2) 

Where r is the radius of CNT, W¨is permittivity of CNT, E is the magnitude of AC electric 

field, mª�$ is the Clausius-Mossotti factor, which depends on the permittivity, conductivity 

of CNTs and the suspending solvent and the frequency of the electrical field. Under a 

 

Figure 6.10: AFM measurement of assembled CNT network with three locations’ width 

measurement.  
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constant AC frequency of 1 MHz, the peak-to-peak voltage (Vpp) is swept from 5, 10 to 

15 V. The resistance across the CNT network and scanning electron microscopic (SEM) 

image were observed. As depicted in Figure 6.11, the overall resistance drops dramatically 

with an increase in Vpp voltage with a reduction in variation. In terms of AC frequencies, a 

 

Figure 6.12: SEM images of DEP assembled CNT network near electrode with variations in 

Vpp and AC frequencies. 

 

Figure 6.11: Variation in the resistance of DEP assembled CNT network with respect to (a) 

peak-to-peak voltage (Vpp) under constant AC frequency of 1 MHz, and (b) AC frequency 

under constant Vpp voltage of 10 V. 
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peak can be found in the trend of resistance variation at 1 MHz. The SEM images (Figure 

6.12) also exhibit a similar trend. With a lower Vpp, fewer CNTs are observed to bridge the 

electrode. It is roughly estimated from the SEM images that 3 assembled CNT/µm2 was 

found at 5 V peak-to-peak voltage and it is increased to 5.67 assembled CNT/µm2 at 15 V. 

The CNTs tend to agglomerate under 10 kHz and for this reason higher frequencies were 

used. Although higher Vpp voltage leads to a lower resistance (<500 Ω), 10 V is selected as 

Vpp because the resistance of Au-PI electrode is in the range of 50 Ω. To exclude the effect 

of the resistance variation of the electrode, the resistance of the strain sensor is tuned to the 

kΩ range, as measured in Figure 6.11(a). After the DEP of CNTs, another layer of PDMS 

was spin-coated to protect the CNT network. 

In this work, the elastomer PDMS was chosen as the substrate for the strain sensor 

instead of Ecoflex. The reason behind is due to the stronger adhesion was found between 

CNT and PDMS compared with CNT and Ecoflex. This adhesion is attributed to the different 

interaction energy level between CNT and the polymeric substrate. Evidence has been found 

out regarding this issue. The DEP assembled CNT network exhibits the resistance of 1.4 kΩ 

before the encapsulation with Ecoflex. However, after the encapsulation, the resistance 

increased to 40 kΩ. This variation in the resistance of the CNT network’s reflects the 

disturbance that is provided by the viscous polymer solution. The PDMS encapsulation also 

influences the original resistance of the CNT network, but the variation in resistance is lower 

than the Ecoflex encapsulation. Comparing the sensor performance between the strain sensor 

on the PDMS substrate and the Ecoflex substrate, the sensor on the Ecoflex substrate exhibits 

 

Figure 6.13: Variation in the resistance of the strain sensor on the PDMS substrate and 

Ecoflex substrate under applied strain. 
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a less stable trend of resistance variation, as depicted in Figure 6.13. The observed 

oscillating behaviour from the sensors on Ecoflex substrate can be attributed to the variation 

in contact resistance, which also results from the poor adhesion.  

d. Results and discussion 

The developed strain sensor was integrated with the soft robotic finger and characterised 

under custom-developed uniaxial stretching setup. The working principle of the sensor is 

based on changes in the resistance of the CNT network upon external strain. It is a piezo-

resistive type sensor. During measurement, two stepper motors were synchronised to move 

apart with the overall resistance continuously recorded by a multimeter (Agilent 34461A). 

The bending of the developed soft robotic finger can be actuated up to a radius of 23 mm 

which roughly corresponds to 16% strain finger and therefore the strain sensor was 

characterised up to 16% stretching. As illustrated in Figure 6.14(a), the sensor resistance 

follows monotonic growth up to 9% strain (strain speed of 50 µm/s). An increase of 61.6% 

in resistance is observed with an external strain of 9% (inset of Figure 6.14(a)). Afterwards, 

an exponential growth from 100 to 1300% in resistance can be observed between 9% to 11% 

strain. Then the variation in resistance is saturated to about 1500% range. A hysteresis effect 

in the sensor is also noticed after releasing the sensor from 16% to 4% strain. However, the 

resistance of the sensor was able to return to the original value. Five cycles (out of ten cycles) 

of up to 11% strain are represented in Figure 6.14(b). The variation in resistance is attributed 

 

Figure 6.14: (a) Variation in the resistance of sensor under applied strain and (b) the resistance 

of sensor under five cycles of 11% strain. 
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to the morphology change in CNT network, contact resistance variation between CNT and 

Au electrode and adjacent CNTs [240], [241]. 

Finally, the stretchable strain sensor was integrated on the fabricated soft robotic finger 

as shown in Figure 6.15(a). The pneumatic actuation of the soft robotic finger was realised 

by connecting to the rubber blowing ball. While compressing the ball, the finger starts to 

bend with a real-time resistance variation recorded in the Labview programme (Figure 

6.15(b)). After the releasing of the finger back to its original shape, the resistance is back to 

the initial value. This demonstrates the capability of the developed strain sensor to facilitate 

the movement control of the soft robotic finger, as the resistance values of the integrated 

sensor can be used to monitor the bending of the robotic finger and possibly alarm the users 

before the soft robotics finger is damaged. 

6.2.3 Conclusion 

This work successfully demonstrated a soft robotic finger integrated with CNT-based 

stretchable strain sensor. The strain sensor has been characterised by a full working range of 

soft finger and an increase of 61.6% in resistance is observed with an external strain of 9%. 

 

Figure 6.15: Real-time monitoring of the bending of soft robotic finger with integrated CNT 

based strain sensor. 
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The variation of resistance can reach 1300% in the 9-11% strain range and is saturated to 

approximately 1500% above 12% strain. The variation in resistance was also noted after the 

integration of sensors on the soft finger and this demonstrates the possibility of using sensory 

feedback to control the pneumatic actuation of the finger. The work shows that by integrating 

different types of sensors it will be possible to use soft fingers to identify the size, hardness, 

temperature and chemical structure of the objects. 

Summary 

This chapter demonstrated two applications of stretchable interconnects integrated with 

sensors. The first application is the stretchable sweat pH monitoring system, which is based 

on an electrochemical pH sensor connected with a pair of stretchable interconnects and a 

stretchable RFID antenna. The connection between the pH sensor and the interconnects is 

realised through the silver adhesive and further secured by epoxy glue. In this method, the 

sensor connected with stretchable interconnects can withstand maximum 53% strain, which 

is lower than the stretchable interconnect without sensors (77.7±23.3%) as presented in 

Chapter 5. In addition to the restriction from encapsulation, the stretchability of 

interconnects is limited by the adhesive for sensor connection. The achieved stretchable 

sensing system can be used for wearable sweat monitoring, as generally human skin 

experiences an average strain of 30%. Another application is the stretchable strain sensor for 

the soft robotic finger. In this application, the strain sensor is integrated with interconnects 

through dielectrophoresis assembly of CNTs on the interdigitated electrode. Here, no extra 

adhesives are required for sensor’s assembly. The variation of contact resistance between 

CNTs and electrode also contributes to the strain sensitivity of the developed sensor. This 

stretchable sensing system works in the strain range between 0-10% with a high strain 

sensitivity. Such a system is aimed to help soft robotics detect the size, hardness, and 

temperature of the holding objects.  
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Chapter 7 Conclusion and future perspective 

7.1 Conclusion 

In this work, three types of stretchable interconnects have been developed. They include 

the metal (Au)-conductive polymer (PEDOT:PSS) hybrid film, graphite-PEDOT:PSS 

composite and Au-PI dual-layered interconnects. The achieved interconnects are comparable 

with the major materials for stretchable interconnects in the state-of-the-art, as illustrated in 

Figure 7.1. Conductive polymer PEDOT:PSS has been widely reported due to its potential 

for stretchable interconnects. However, due to its high sensitivity to water and other 

chemicals, it is challenging to pattern the PEDOT:PSS and process the next layers (i.e. 

semiconductor, dielectric) through an aqueous process. The hybrid structure with an 

additional metallic film (i.e. Au) can resolve this issue. The additional metallic film helps 

the hybrid film not only increase the electrical conductivity but also act as a protective 

encapsulation to isolate PEDOT:PSS film from an aqueous environment. The achieved 

interconnects can reach 72% with a resistance variation below 1%, which reveals a superior 

performance compared to the reported results. 

 

Figure 7.1: Illustration of the major materials presented in Chapter 2 for stretchable 

interconnects and the comparison with the developed stretchable interconnects in the thesis. 
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Composites, as one of the widely used conductors for stretchable interconnects, exhibit 

the high stretchability and high electrical conductivity due to the soft polymer matrix and 

high aspect ratio of conductive fillers, respectively. One of the drawbacks is their high 

contact resistance from the dielectric polymer matrix. The achieved composite has graphite 

flakes as conductive fillers and PEDOT:PSS as a polymer matrix, which results in a low 

contact resistance (35 Ω) and low sheet resistance (695.7 Ω/□). The stretchability of such 

composite can reach 80%, which is higher than the reported carbon-based composite. 

Currently, the composite was deposited on the PDMS substrate through spin-coating and 

manually dicing. Common strategies for composite patterning include screen-printing, 

moulding, and contact-printing etc. Further work will be focused on patterning the graphite-

PEDOT:PSS composite through a screen-printing process, as it is compatible with the 

industrial fabrication process. 

Au-PI dual-layered has been reported to be used as stretchable interconnects. In this 

thesis, the interconnects were characterised in both DC and AC ranges in order to integrate 

with a wider variety of sensors. After characterising different geometrical designs of 

interconnects, the serpentine-shaped design with arc curvature of 260 degree exhibits the 

best electro-mechanical performance in both DC and AC ranges. Without the encapsulation 

of PDMS, the achieved interconnect can be stretched up to 101% with 0.2% variation in DC 

resistance and a 1% variation of the Q factor in AC range. The encapsulation for this kind 

of interconnect is expected to be a reduction of 16% in stretchability, due to the limitation 

of interconnects distortion movement. The fabricated interconnects with optimised 

geometrical design were demonstrated to integrate with an electrochemical sensor and a 

strain sensor. The prior stretchable electronic system can be applied to wirelessly monitor 

the sweat pH and the latter system was applied to a soft robotic finger for monitoring its 

bending radius. 
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To generally estimate the three stretchable interconnects developed in this thesis, a radar 

chart is concluded in Figure 7.2. Five parameters, including electrical performance, 

stretchability, ease of fabrication, cost, and ease of sensor integration, are discussed. In terms 

of stretchability, graphite-PEDOT:PSS composite and Au-PEDOT:PSS hybrid film show a 

similar degree of stretchability. The Au-PI dual-layered interconnect reveals a higher 

stretchability. In addition, its electrical performance is more stable compared to the other 

two interconnects. However, the fabrication process of Au-PI interconnects is the most 

complicated one. It requires photolithography, wet etch, dry etch and transfer printing steps. 

These steps cost relatively high and consume longer time. On the other hand, the fabrication 

of the composite is much simpler. From the step of solution processing, graphite mixing, 

depositing on the substrate to curing, the overall process takes less than one hour. However, 

the drawback of composite interconnects is its significant variation in resistance under strain. 

The Au-PEDOT:PSS hybrid film shares the similar fabrication process with Au-PI 

interconnects, which requires the photolithography and etching steps, but it does not need an 

extra step of transferring to the soft substrate. If only the contact resistance is considered for 

integrating sensors, the interconnects with the metallic contact pad, which refer to Au-

PEDOT:PSS hybrid film and Au-PI interconnects, have much lower contact resistance 

compared to the composite.  

In order to integrate multifunctional sensing elements into a stretchable system, the 

scalability to fabricate the interconnects plays an important role. The microfabrication 

 

Figure 7.2: General comparison between stretchable interconnects with different materials. 
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process is the option for interconnects’ fabrication with high resolutions in wafer scale. 

However, the fabrication of Au-PI interconnects is restricted to a limited area due to the 

transfer process, which highly depends on the size of the assistive tape. In this case, only the 

Au-PEDOT:PSS hybrid interconnects can be fabricated through a wafer-level process.  

 

7.2 Future perspective 

With the development of printing technology, the high-resolution printing can be realised 

through inkjet printing and even super inkjet printing. Medium resolution can be obtained 

by screen printing. With these technologies, the development of composite-based ink can be 

promising. The current graphite-PEDOT:PSS composite has certain limits and it can be used 

for screen printing due to the grain size of graphite (~45 µm). Based on its promising electro-

mechanical response to strain, further improvements in reducing the grain size of the 

composite are planned. 

Further work also aims to integrate stretchable interconnects with multi-sensing modulus 

in a higher sensing density. This includes expanding the sweat pH monitoring system into a 

sweat multi-sensing system and a soft robotic finger multi-sensing system. The more 

effective method has to be explored for multi-sensors’ integration. Currently, the sensors are 

integrated individually, which consume a long time and reduce the reproducibility of the 

process. A wafer-level integration for the multi-sensing system is necessary to realise the 

next-generation of the stretchable electronic system. 
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