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Abstract 

3D printing on flexible microelectronics design and manufacturing is an emerging and 

burgeoning field. However, the existing platforms cannot meet the requirements for processing 

complex 3D flexible electronic circuit models. This project aims to establish a full-scale 

framework for 3D printing and its applications.  

The combination of stretchable polymers with conductive carbon-based fillers has attracted 

attention in the multifunctional sensing materials field. Upon dynamic loading, these polymer 

composites exhibit piezoresistive behaviour that can be utilised for strain and tactile pressure-

sensing applications. This project investigates the piezoresistive behaviour of stretchable 

thermoplastic conductive polymers and their strain and pressure-sensing capabilities.  

Modification of the conductive composites has led to the development of fully 3D printed strain 

sensors. A 3D printer with a dual material extrusion system was employed to fabricate the 

conductive composites embedded in a stretchable elastomer substrate to create highly sensitive 

and linear strain sensors. Pre-straining of the 3D printed strain sensors caused crack formations; 

higher pre-straining values resulted in higher sensitivity. The sensors’ sensitivity reached a 

gauge factor (GF) value of 163. Highly sensitive and tuneable pressure sensors were also 

realised by utilising multi-material 3D printing techniques. Combining conductive flexible 

polymers and scaffold materials allowed the fabrication of novel pressure sensors with 

enhanced compressibility and a wide sensing range. The physical properties of the materials 

were tested, and the electromechanical properties of the 3D printed sensors were investigated. 

Characterisation through scanning electron microscopy (SEM) and optical microscopic 

imaging was conducted throughout this research. The 3D printed strain and pressure sensors 

demonstrated cyclic behaviour with linear, repeatable, and reproducible responses suggesting 

great potential for many applications.   
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Chapter 1– Introduction  

1.1 Introduction 

Additive manufacturing (AM), also known as three-dimensional printing (3DP), has attracted 

considerable attention over the past few decades. It is recognised as one of the most promising 

new manufacturing technologies for the revolutionising of conventional fabrication. It is an 

advanced technology that constructs computer-aided design (CAD) by building the models 

layer-by-layer. 3DP is based on the process of making a physical object from a 3D digital 

model, typically by laying down many thin layers until a 3D structure is formed. The resolution 

of the 3D model is determined by both the vertical resolution (Z-axis), which is the smallest 

achievable layer thickness and the horizontal resolution, which is the minimum feature size 

that can be made through the XY plane [1]. Stereolithography (SLA), selective laser sintering 

(SLS), and fused deposition modelling (FDM) are amongst the first and earliest 3D printing 

technologies found in the 1980s [2]. Since then, AM has been rapidly evolving and expanding 

to include a myriad of applications in areas including aerospace, automotive, electronics and 

medicine. Recent progress in additive manufacturing AM has shown great potential in paving 

the way towards soft electronics. 

In electronics, engineering customised and miniaturised computers, transportation and medical 

products all rely on advances that have made smaller, faster, and smarter electronic circuits. 

However, to date, most of these circuits and sensors are mechanically limited as they consist 

of rigid and brittle components [3], [4]. Recently, the need has arisen for new types of electronic 

devices that are flexible and stretchable. These devices are inspired by human biology and, at 

the same time, offer similar if not better electrical and performance characteristics of rigid 

components. Developments in soft electronics, including stretchable, wearable biosensors, 

artificial skin, and soft actuators, have proven to be essential for future electronics and 

biomedical applications. Specifically, strain and pressure sensors play a significant role in 

advancing the field of human-machine interfaces, wearable electronics, soft robotics, and 

health monitoring. 

The technologies offered by AM enabled the fabrication of hierarchically complex structures 

that had not been possible otherwise. It offers many advantages such as single-step fabrication, 

density tuning of models, material waste reduction and simplified operation. Extrusion based 

3D printing such as FDM has been gaining popularity in academic research due to availability, 

affordability, the ability to be modified, simultaneous multi-material fabrication, ease of 
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material adaption and development [5], [6]. FDM uses thermoplastic materials that are easy to 

use, widely available. Some have conductive and other functional fillers and are recyclable. 

Some of the most common thermoplastic materials explored in FDM are polylactic acid (PLA) 

and acrylonitrile butadiene styrene (ABS). They are rigid materials that offer ease of use, are 

abundant, have stiffness and strength and are used primarily on prototype models. Other 

popular thermoplastic materials are elastomer and industrial-grade polymers filled with 

functional nanomaterials such as carbon fibre filled nylon and carbon nanotube, and graphene 

filled thermoplastic polyurethane. The nanofillers add more functionality to the materials, such 

as electrical conductivity, more stiffness and strength. Graphene, carbon nanotube (CNT) and 

carbon black (CB) have been popular nanofillers for elastomer polymers owing to their 

outstanding mechanical and electrical properties. These nanocomposite elastomers offer 

stretchability and compressibility that meet the requirements of several strains and tactile 

sensing applications [7], [8]. There are also other materials that are 3D printed as scaffold 

support structures and later removed, such as water-soluble polyvinyl alcohol (PVA) [9]. 

The development of composite polymers infused with nanofillers promise to improve the 

electrical and mechanical properties of objects produced by FDM. Recently, thermoplastic 

polymers infused with nanocomposites have attracted much attention and opened the 

possibility of enhancing the properties of the addition of host material with a small amount of 

filler [10]. The FDM technique relies solely on the use of thermoplastic materials that are driven 

via geared motors to a heated nozzle. FDM process uses thermoplastic polymers where the 

filament is extruded at a temperature above its glass transition through a nozzle and deposited 

on a platform layer-by-layer to build a three-dimensional object. The focus of this research was 

on thermoplastic elastomers for use in stretchable and compressible sensing systems. 

Thermoplastic elastomers are polymers that consist of hard and soft segments. The hard 

segments have a melting temperature that acts as physical crosslinks. The FDM 3D printer's 

heating zone melts the filament's driven spool through the heated nozzle to form arbitrary 3D 

designs.  

Sensors are one of the primary devices that benefit from the evolving development of such 

technologies. They are used to detect the change of the surrounding environment and could be 

employed to collect data that are inaccessible otherwise or to register and store data for further 

analysis and decision making. The development of flexible, skin-mountable and wearable 

sensors has gained much attention due to their high stretchability, low power consumption, 

biocompatibility, durability, and lightweight [11]. Flexible sensors have facilitated data 
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logging and monitoring to an unprecedented number of applications, including biomedical and 

wearable electronics [10]. Unlike rigid sensors, flexible sensors are more suitable and 

compliant for mounting onto an object, clothing or attaching directly to human skin, offering 

higher monitoring efficiency and minimum discomfort. The focus here was on stretchable and 

compressible sensors that rely on electrical resistance change upon induced mechanical change. 

Piezoresistive strain and pressure sensors are amongst the most popular due to their inherent 

flexibility, stretchability, low energy consumption and easy data read-out [8]. These types of 

sensors hold great promise for the development of health monitoring devices, electronic skin 

for human machine interaction, robotics, and prosthetics. 

Wearable and flexible technologies have been of great interest in the area of electronics and 

biomedical engineering. Data read from temperature, heartbeat and blood pressure attached to 

a wearable device can be sent wirelessly to a nearby device via various technologies for 

continuous monitoring. Also, integrating sensing capabilities in soft robotics has the potential 

to advance the area of human-machine interfaces [12]. Here, this thesis presents the realisation 

of 3D printed soft electronics in wearable technology and its potential for innovation in 

numerous applications in sensors, health monitoring and biomedical devices. A method for 

employing multi-material FDM 3D printing to fabricate highly sensitive strain and pressure 

sensors has also been presented. 

1.2 Motivation for the thesis 

Additive manufacturing using 3D printing is a promising technology with the advantages of 

rapid and distinct manufacturing processes. Extrusion based 3D printing technologies such as 

fused deposition modelling (FDM) and direct ink write (DIW) offer rapid prototyping, 

customisation, and complex model fabrication for soft electronics. The use of flexible 

elastomer materials can act as substrate elastomers, and conductive polymer composites act as 

conductive interconnects to be utilised for various applications. Flexible materials with their 

composition of conductive fillers play a major role in enabling 3D printed soft sensor 

fabrication. However, it was observed that the addition of more conductive loading to the 

elastomer matrix to enhance the electrical performance affects the mechanical properties 

dramatically. Conductive elastomers used in sensing applications offer excellent stretchability 

and compressibility, suffer nonlinear mechanical and electrical behaviour. This nonlinear 

hysteresis behaviour prevents their reliability in soft electronics and health monitoring 

applications. The current 3D printed strain sensors suffered from either poor stretchability [13], 

[14], low sensitivity determined by the low values of gauge factor [15], [16] or hysteresis and 
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non-linearity [17], [18]. Poor stretchability means that the strain sensor has a maximum 

stretchability of up to 5% [13], [14]. Hysteresis and non-linearity were experienced in 

stretchable strain sensor where the change in electrical resistance does not linearly change with 

the applied strain [17], [18]. Thus, there is a need for new fabrication techniques as well as a 

new class of materials modification to overcome the issues faced in stretchable, skin mountable 

and soft sensing materials. In this matter, 3D printing has proved its potential to facilitate the 

fabrication of multi-material innovative sensing designs. The purpose of this project was to 

employ FDM 3D printing techniques to overcome the aforementioned limitations. Therefore, 

the conductive composite materials were modified to enhance the linearity and improve on the 

sensitivity of the 3D printed strain sensors. In addition, the use of supporting sacrificial material 

for the 3D printed pressure sensor influenced its mechanical compressibility and enhanced its 

sensitivity and sensing range. The ability to fabricate soft conductive materials printed layer-

by-layer and embedded within flexible substrate has been utilised. This has allowed for the 

implementation of these 3D printed sensors in applications including wearable soft electronics, 

robotics and health monitoring. 

1.3 Significance of the study 

It was found in the literature that most of the current conventional technologies used to fabricate 

soft electronics usually suffered from complexity, high cost, multi-step and time-consuming 

fabrication processes. On the other hand, 3D printing has proved its potential to facilitate the 

fabrication of multi-material innovative sensing designs. It is an additive manufacturing tool 

that offers the possibility of rapid prototyping, novel and innovative geometrical freeform 3D 

designs. One of the key devices to enable wearable and soft electronics is stretchable and 

compressible sensing devices. Flexible materials with their composition of conductive fillers 

play a major role in enabling 3D printed soft sensors. One of the challenges of flexible sensors 

and wearable electronics is integrating a closed-loop system to provide feedback from the 

controlled machine and ensure the human-machine interaction has been successful. Most 

previously reported sensors focused on achieving high sensitivity and ignored the importance 

of simplifying the fabrication and packaging process of such flexible sensory systems.  It is 

therefore essential to utilise a customisable and simple fabrication system to realise the growing 

interest in wearable soft electronics. As previously discussed, the implementation of high 

stretchability, linearity, and high sensitivity attributes remains challenging [19]–[23]. 

Furthermore, the current 3D printed strain and pressure sensors suffered either poor 

stretchability [13], [14], low sensitivity[15], [16] or hysteresis and non-linearity [17], [18]. This 
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nonlinear hysteresis behaviour prevents their reliability in soft electronics and health 

monitoring applications. The need arose for the development of fabrication techniques as well 

as a new class of materials modification to overcome the issues faced in wearable soft 

electronics. Therefore, the purpose of this project is to employ FDM 3D printing techniques to 

overcome these limitations. 

1.4 Aims and objectives 

1.4.1 Aims 

3D printing of flexible conductive composites remains a new area to explore in research. This 

project presents a methodology to test the 3D printability of these thermoplastic materials. It 

also delves into analysing and characterising the mechanical and electrical properties of the 3D 

printed samples. This project presents the development of 3D printed multi-layered resistive 

strain and pressure sensors. 3D printing using dual extrusion FDM has been employed here to 

3D print the prepared conductive composites embedded in a stretchable elastomer substrate to 

create highly sensitive and linear strain sensors. The emphasis here is on utilising flexible 

conductive polymer composites for the fabrication of 3D printed soft electronics for wearable 

and health monitoring applications. 

The composites have been characterised using scanning electron microscopy (SEM) and 

optical microscopic imaging. The mechanical and electrical properties have been tested further. 

The set of materials and design of the multi-material strain and pressure sensors have also been 

described. A method of mixing 2 conductive pellets to fabricate highly sensitive strain sensors 

with linear response has been presented for the sensing material. For the pressure sensor, a 

novel design that utilises the advantages of multi-material 3D printing has been developed. 

Simultaneous multi-material printing allowed the fabrication of the sensing flexible 

thermoplastic polyurethane TPU material with soluble scaffold materials to support the 

pressure sensor's novel design structure. The 3D printed pressure sensor exhibited improved 

compressibility in comparison to the solid structure and presented linear, cyclic behaviour to 

applied pressure with an extensive sensing range. This allows the sensors to be applied in 

various wearable soft electronic applications. 

1.4.2 Objectives 

• To investigate 3D printability of thermoplastic materials using a dual extrusion 3D 

printer and test the strain sensing behaviour of 3D printed conductive elastomers.  
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• To explore CNT, CB and Graphene filled polymers and their strain and pressure-

sensing capabilities  

• To modify the conductive polymer composites for the 3D printed strain sensors in order 

to enhance their stretchability, linearity and sensitivity.   

• To introduce the novel design of pressure sensor using conductive elastomer 

simultaneously 3D printed with PVA as scaffold support material to enhance the 

sensitivity and sensing range of the 3D printed pressure sensor.  

• To demonstrate the feasibility of the novel, 3D printed sensors in terms of performance, 

reliability and sensitivity and further demonstrate functional applications of the 

fabricated sensors.  

1.5 Thesis outline 

Chapter 1 introduces the thesis and the motivation behind the work. 

Chapter 2 gives the background focusing on 3D printing technologies. It also delves into the 

materials employed for stretchable and compressible sensing materials for electronic skin, 

wearable soft electronics and health monitoring applications.  

Chapter 3 demonstrates the methodologies performed throughout the research that enabled the 

fabrication of the sensors, the electrical and mechanical analysis as well as the characterisation 

and applications of the fabricated sensors.  

Chapter 4 explores the feasibility of fused deposition modelling FDM 3D printing technology. 

It investigates the multi-material 3D printing of the prepared, flexible filaments challenges of 

printability of flexible filaments and their strain-sensing behaviour compared to rigid and brittle 

conductive materials. 

Chapter 5 presents a method for mixing 2 conductive pellets to fabricate highly sensitive strain 

sensors with a linear response. Various ratios of the 2 conductive pellets were mixed to tune 

their mechanical and electrical properties. The resulting conductive mixtures were extruded to 

form a 3D printable filament. The purpose was to enhance the sensors’ performance to 

overcome non-linearity and sensitivity issues.  

Chapter 6 introduces the development of 3D printed multi-layered resistive pressure sensors 

and their performance under compressive load. A novel method of fabricating soft 

compressible multi-layered pressure sensors via FDM 3D Printing was presented. The layer-
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by-layer fabrication process and post-processing have been demonstrated throughout the 

chapter.  

Chapter 7 summarises the research and suggests future work and applications of the outcome 

of this project.  
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Chapter 2– Literature review  

2.1 Introduction 

In the last two decades, 3D printing, also known as additive manufacturing (AM), has been 

widely researched in electronics, automotive aerospace, biomedical and many other fields. 

Fabrication of various complex designs that would not have been possible otherwise has been 

successfully realised by 3D printing [1], [4], [24]–[26]. It is claimed that AM holds the promise 

to revolutionise conventional computerised numerical control (CNC) subtractive methods from 

prototyping to end-parts by building the structures layer by layer from CAD models instead. 

Additive Manufacturing (AM) is a distinct rapid prototyping technique first introduced in the 

1980s [2]. Various 3D printing technologies have been explored, specifically fused deposition 

modelling FDM, direct ink writing (DIW), selective laser sintering (SLS), and 

stereolithography (SLA). These techniques have been investigated widely and thoroughly 

developed. Consequently, many 3D printers and 3D bioprinters based on these technologies 

are commercially available [27]. 

AM eliminates the need for moulding, CNC, lithography, and other conventional methods. 

Instead, as described in Figure 2.1, the CAD model is designed and saved in the form of a 

stereolithography (STL) file. It is then sliced into a series of two-dimensional (2D) layers in 

the form of pattern-generating geometric code (Gcode). After that, these layers are translated 

through a computer-controlled pattern to build the 3D object [28], [29]. 

 

Figure 2.1: Generic vision of 3D printing process. [28] 

2.1.1 Stereolithography (SLA) 

SLA is the oldest AM process, originating in 1986. An ultraviolet (UV) laser is directed into 

photo-curable liquid resin to build the layers in this method. As shown in Figure 2.2 below, 
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once a layer solidifies, a new layer is introduced, and depending on the CAD model, supporting 

structure in the building process may be required. The directed laser, which causes the resin to 

polymerise, has a beam diameter resolution, which is as low as 0.025 mm, resulting in an 

accurate solidification process [30]. The resolution can reach 100 nm in newer techniques like 

two-photon polymerisation (2PP), which uses the same basic concept [31], [32]. 

 

Figure 2.2: Stereolithography 3D printing process. [30] 

2.1.2 Selective laser sintering (SLS) 

SLS is a laser-based 3D printing process. In SLS, a laser beam is directed to a thin layer of 

metal powder, which causes it to heat the particles and fuse them selectively. The build 

platform is then lowered, as illustrated in Figure 2.3, and a new thin layer of powder is spread 

on the building platform. The minimum accuracy of the SLS method reaches 0.1 mm, which 

is considered a high resolution. One distinct advantage this process has is that no supporting 

structure is required during building the 3D model. However, this makes it hard to construct 

completely hollowed structures with solid surfaces that trap the metal powder inside [33], [34]. 
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Figure 2.3: Selective laser sintering 3D printing process. [33] 

Although SLA and SLS techniques offer high accuracy 3D printing, they are significantly 

expensive to buy and maintain. Another disadvantage is that they have a limited selection of 

materials, which restricts the freedom to introduce more flexible, biocompatible, and functional 

composition materials. In addition, these processes only allow one material to be used for each 

print. This limitation means that SLS and SLA lack the ability to 3D print multi-material 

simultaneously in a one-step process. In contrast, the second core AM techniques such as FDM 

and DIW are extrusion-based 3D printing processes that enable a wide range of rigid and 

flexible materials. They also allow multi-material fabrication simultaneously in one step. 

Various processing methods can be utilised by adjusting parameters such as shear yield stress, 

viscosity, shear loss and elastic moduli of the material composites. To date, the most common 

3D printing processes that allow multi-material fabrication are hot-melt extrusion methods 

known as FDM and liquid deposition modelling known as direct writing [1], [4], [24], [25], 

[30], [33], [35], [36]. 

2.1.3 Direct ink writing (DIW) 

DIW or otherwise known as direct writing DW, is an extrusion-based 3D printing process. It 

usually processes at room temperature and does not require an elevated temperature to heat the 

extruded material.  This process exhibits few limitations in the range of materials used, unlike 

other 3D printing techniques. Consequently, the DIW method has been demonstrated as an 

alternative process with a broad range of material composites. The composite's viscosity should 
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be low to facilitate the fabrication via various mechanical techniques described in Figure 2.4, 

including pneumatic, piston, and screw extrusions. However, one drawback of DIW is that it 

requires low viscous materials, which adds an additional post-treatment of the deposited 

material. Therefore, this process requires extensive development and modification in the 

material to ensure the correct tuning for the extrusion process. It also requires post-processing 

to ensure optimal solidification of the deposited structure. It is also commonly employed for 

3D printing of simple structures but cannot fabricate complex models [15], [37]–[40]. 

 

Figure 2.4: Three different methods of direct-write 3D printing. [27] 

2.1.4 Fused deposition modelling (FDM) 

FDM 3DP technique is achieved by melting thermoplastic materials through a heated nozzle, 

as shown in Figure 2.5. Rigid, soft and electrically conducting materials can be 3D printed by 

adjusting the filament and 3D printer’s parameters. The filaments used in this technique are 

strands of thermoplastic polymers driven through a geared motor to the heated nozzle tip and 

solidify instantly on the printing platform. The heating temperature required depends on the 

melting point of the deposited material. FDM 3D printing offers many advantages, such as 

fabrication simplicity and attainable complexity of 3D printed models. The use of thermoplastic 

materials allows this technique to include various types of rigid and flexible materials. This 

technique also offers multi-material fabrication capability, and it is cheap to buy and maintain 

[37], [41]–[43].  
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Figure 2.5: Illustrative schematic of FDM 3D printing process. [27] 

2.1.5 3D printing method choice  

It was found in the literature that although SLS and SLA offer high-resolution 3D printing, 

they can only fabricate one material at a time, lacking the ability to fabricate multi-materials in 

one step. Also, they are very expensive to install and maintain [30]–[34]. On the other hand, 

extrusion-based 3D printing, such as DIW and FDM, offer multi-material fabrication 

capability. However, it was found that DIW techniques could only fabricate low viscous 

materials, which require the post-treatment of the fabricated samples. Also, low viscosity 3D 

printing prevents their ability to fabricate hierarchically complex 3D models [15], [37]–[40]. 

In contrast, FDM offers a variety of highly viscous thermoplastic materials that can be melted 

through a heated nozzle with high-resolution ability. It also offers simultaneous multi-material 

3D printing with no need for post-treatment of the materials [37], [41]–[43]. Due to its 

advantages for this research, FDM was employed as our 3D printing method. 

2.1.5.1 FDM 3D printing materials  

Examples of the most common used thermoplastic materials are polylactic acid (PLA) and 

acrylonitrile butadiene styrene (ABS). These two materials have various prototyping 

applications and can be printed in multi-colour. In addition, other forms of materials such as 

water-soluble polyvinyl alcohol (PVA) and high impact polystyrene (HIPS), which can be, 

applied as sacrificial (supporting) materials, as illustrated in Figure 2.6. However, these 

materials are rigid and cannot be employed as elastomers [6], [27], [44]–[46].  
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Figure 2.6: FDM printing with white support material (back) and then removed (front) revealing a Hilbert 

cube. [27] 

In other 3D printable thermoplastic polymers have flexible and stretchable properties. An 

example is Ninja-Flex, a flexible thermoplastic polyurethane (TPU) with soft and elastic 

properties. Figure 2.7 shows the compressibility of 3D printed honeycomb-shaped NinjaFlex 

under a compressive load [47]–[50]. 

 

Figure 2.7: Compressibility of 3D printed NinjaFlex TPU filament.[47]  

These types of polymers can also use additive fillers to add functionality to the material. For 

example, adding conductive nanofillers such as carbon nanotubes CNT can create electrical 

conductivity. Another example of these nanomaterials is electrically conductive TPU, a carbon 

additive that enables it to act as electrically conductive flexible interconnects for low current 

applications. Due to its thermoplastic behaviour, TPU with additional conductive filler has 

proven its compatibility for use in the FDM 3D printing process [18], [42], [51], [52]. Figure 

2.8 shows an exemplar neat TPU and an image of TPU substrate with electrically conductive 

flexible CNT/TPU on top, simultaneously 3D printed to form a flexible circuit board [53]–[55]. 

It has been observed that FDM has been widely used on industrial and desktop printers, which 

are commercially available and open-source, permitting modification of the printer and 
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material at relatively low-price points. FDM also allows the fabrication of multi-materials 

simultaneously in one process. In addition, the nature of the thermoplastic materials used in 

FDM technique facilitates the modification of the conductive composite to tune the material as 

desired before 3D printing. The fabrication of complex models is also possible using FDM by 

incorporating soluble support materials that can be simultaneously 3D printed as needed. 

Consequently, the FDM 3D printing technique was chosen in this project for multi-material 

fabrication due to the ability to modify materials and easy modification of the process [13], 

[14], [42], [51], [56]. 

 

Figure 2.8: a) Pure insulative TPU 3D printable filament, b) Electrically infused TPU/carbon nanotubes 3D 

printable filament and c) Multi-material 3D printed flexible circuit board. [53] 

2.2 Flexible conductive polymer composites  

The composition of insulating and electrically conductive materials has led to new applications 

in soft electronic skin, sensors and biomedical devices. Developments in flexible conductive 

polymer composites have paved the way to facilitate the fabrication of soft electronics by 

integrating various methods of extrusion-based 3D printing. In addition, TPU based conductive 

polymer possesses stretchability of more than 100% tensile strain unlike rigid polymers such 

as PLA, which exhibited a very low tensile strain of less than 5% when filled with conductive 

polymers such as graphene PLA strain sensors [57]. TPU can bend to a strain of more than 

100% while maintaining electrical conductivity, unlike rigid polymers such as PLA, which is 

naturally brittle and breaks when stretched to a maximum of 5% [13], [14], [58], [59]. 

Graphene is an example of an effective carbon-based conductive filler. It is one atom thick and 

exhibits excellent mechanical and electrical properties [60], [61]. An example of a simple 
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method of adding graphene to a TPU matrix by mixing them in a solvent is shown in Figure 

2.9 below. Adding less than 1 wt% of graphene to an elastomer TPU matrix shows a significant 

impact on strain sensitivity compared to rigid metal-based sensors. CNT is another carbon-

based conductive filler that has drawn much attention due to its high aspect ratio and affinity 

to flexible materials. This has made it a candidate for stretchable sensing applications [62]. 

Carbon black is another popular nanofiller due to its abundance, low cost and good electrical 

conductivity for use in conductive polymer composites [63]–[68].  

 

Figure 2.9: Steps for obtaining a homogeneous mixture of graphene-TPU.[69]  

The addition of conductive filler to the elastomer matrix is based on the percolation threshold 

theory. The percolation threshold is described as the critical value reached when the conductive 

network is formed in the elastomer matrix, as shown in Equation (2.1) below: 

𝜎 =  𝜎0(𝑚 − 𝑚𝑐)𝑡 

Where 𝜎 is the conductivity, 𝑚 represent filler mass, 𝑚𝑐 is the percolation threshold and 𝑡 is 

the critical resistance exponent. It was observed that the addition of graphene impacts the 

mechanical properties of the elastomer matrix. Hence, Figure 2.10 shows the stress-strain test 

and the impact of adding 0.1, 0.2, 0.4, 0.6 and 0.8 weight in per cent (wt%) of graphene to the 

TPU matrix. It was found that due to their high aspect ratio, CNT and graphene require minimal 

addition to the host polymer of less than 10 wt% to assure electrical conductivity. On the other 

hand, carbon black usually requires an addition of ~30 wt% to the total weight of the composite 

to fulfil the percolation threshold and ensure electrical conductivity [69]–[73].  

(2.1) 
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Here, the 3 carbon-based additives, namely, CNT, graphene and CB, were tested in this project 

due to their affinity to TPU [69]–[73]. In addition, the elastomer used in this research was TPU 

due to its 3D printability via our chosen FDM 3D printing technique. 

 

Figure 2.10: Effect of graphene loading on TPU. [69] 

2.3 Conductive TPU composites as strain and pressure-sensing materials 

 Sensors are used to detect changes in the surrounding environment. Strain and pressure sensors 

are usually used to monitor the mechanical and physical changes of their attached objects. For 

the sensors to be adequate for wearable and health monitoring applications, they must be 

flexible, compressible and stretchable [74], [75]. TPU is an engineering thermoplastic polymer 

that offers the flexibility, compressibility and stretchability that fulfil the requirement for strain 

and pressure-sensing applications. Carbon-based nanofillers namely, graphene, CNT and 

carbon black, have been commonly used as conductive fillers within conductive polymer 

composites. Figure 2.11 shows the piezoresistive behaviour of TPU filled with various carbon-

based conductive composites when subject to tensile strain [7], [8], [67], [76]–[79]. Resistive-

based strain and pressure sensors have gained much interest in research and applications [80]–

[82]. Compared to capacitive sensors, they require low-voltage and simple read-outs without 

the complication of capacitive sensors arising from electric field interaction, a complex read-

out setup or electrochemical reactions [39], [83].  
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Figure 2.11: Electrical resistance change of conductive TPU strain sensors with mixed carbon fillers. [79] 

The combination of TPU as an insulative stretchable matrix with carbon-based conductive 

nanofillers has shown outstanding electromechanical performance for pressure-sensing 

applications. The use of TPU as a host matrix has proved its feasibility for use in pressure 

sensors. When homogenously filled with conductive additives, under dynamic loading, as 

illustrated in Figure 2.12, they show significant piezoresistive behaviour, leading to high 

sensitivity. Carbon-based conductive fillers have proven to be a great candidate for conductive 

polymer composites due to their affinity with TPU and their functional properties in 

electromechanical pressure sensors. Given their superior properties, the combination of TPU 

with the carbon-based conductive fillers was investigated here for their feasibility to be used 

as strain and pressure sensors [8], [67], [84]–[87].  

TPU is an engineering thermoplastic polymer that is compatible with our chosen FDM 

technique and offers flexibility, compressibility, and stretchability, fulfilling the requirements 

for strain and pressure-sensing applications [58], [59]. Due to its thermoplastic behaviour, TPU 

with additional conductive filler has proven its compatibility for use in the FDM 3D printing 

process [88]. TPU and carbon-filled TPU materials can be stretched to strain values of more 

than 100% while maintaining electrical conductivity, unlike rigid polymers such as PLA, which 

is naturally brittle and breaks when stretched to a maximum of 5% [13], [14], [58], [59]. 
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Figure 2.12: Schematic diagram of sample preparation illustrating the mechanism of pressure sensor resistance 

measurement and piezoresistance behaviour test under compression. [89] 

2.3.1 Mechanism of resistive-based strain and pressure sensors 

Strain sensing is driven by the piezoresistive effect caused by the conductive network's change 

upon mechanical loading. Stretching a conductive polymer composite decreases the conductive 

network’s density leading to a decrease in the electrical conductivity and consequently 

increases the electrical resistance [90]. When a conductive polymer is stretched, it causes 

changes in the conductive network that can be acquired by calculating the change in electrical 

resistance. This mechanism is explained schematically in Figure 2.13. Upon loading, the main 

changes to the conductive nanoparticles within conductive polymers include the breakage of 

conductive pathways and an increase in the tunnelling distance between conductive 

nanoparticles, resulting in electrical resistance.               

The tunnelling effect is an acceptable scenario where an excited voltage or temperature causes 

electrons to hop through a thin polymer layer and tunnel a small distance in the nanometre 

range [91], [92]. In some cases, the reconstruction of new conductive pathways occurs upon 

stretching, causing a decrease in electrical resistance. Upon strain release, while some broken 

conductive pathways become irreversible, other conductive pathways return to their original 

state resulting in fewer changes to the electrical resistance. This electromechanical behaviour 

governs the working principle of strain sensors.  When the material is stretched, the conductive 

filler network changes, allowing the loss of conductive pathways to be observed. This 

stretching leads to non-recoverable behaviour in the initial value of the electrical resistance 

[93]–[95]. 
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Figure 2.13: Mechanism of strain sensing upon loading/unloading of graphene-TPU elastomer. [69]  

At the same time, piezoresistive behaviour can also be experienced in compressive strain 

loading, which occurs in pressure sensors as described schematically in Figure 2.14 [96]. The 

represented schematic illustrated the compressive behaviour of piezoresistive pressure sensors 

upon pressure input. When the pressure force is applied to the flexible sensor, the resulting 

mechanical compression enhances the sensing material's conductive pathways, leading to a 

decrease in electrical resistance. The change in electrical resistance is measured by calculating 

the effect of strain or pressure loading on the value of electrical resistance, as illustrated in 

Equation (2.2):  

∆𝑅

𝑅𝜊
=  

(𝑅−𝑅𝜊)

𝑅𝜊
   

Where Ro represents the initial resistance and ∆R represents the change in resistance. A 

significant requirement for the evaluation of good strain and pressure sensors is that the change 

in electrical resistance ∆R to the initial resistance value Ro with respect to change in length L 

to the initial length l of the sensors should be as large as possible. This change is known as a 

gauge factor (GF), and the sensitivity of the strain and pressure sensors can be evaluated by the 

measurement of GF illustrated by Equation (2.3) below, which is expressed as:  

 

(2.2) 



20 

 

𝐺𝑎𝑢𝑔𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 (𝐺𝐹)  =  

∆𝑅

𝑅𝜊

𝜀
  

where ∆𝑅 represents the change resistance during strain loading, 𝑅𝜊represents the value of the 

initial sensor’s resistance, 𝜀 denotes the strain, 𝜀 =
∆𝐿

𝐿𝜊
 where ∆𝐿 is the change in length and 𝐿𝜊 

is the initial length. In pressure sensors, sensitivity can also be evaluated by dividing the 

theoretical change in resistance by the pressure applied in kPa, as demonstrated in Equation 

(2.4), which is expressed as:  

∆𝑅
𝑅𝜊

⁄

∆𝑃
 

Where 
∆𝑅

𝑅𝜊
 represents the change in electrical resistance divided by initial resistance 𝑅𝜊 and ∆𝑃 

represents the varied applied pressure measured in Pascal. [97] 

 

Figure 2.14: Sensing mechanism of piezoresistive pressure sensor. [41] 

2.3.2 Linearity, hysteresis and negative strain effect of stretchable conductive polymers  

The stretchable conductive polymers' strain and pressure-sensing mechanism is mainly 

influenced by the activity of the conductive network within the polymer matrix during the 

stretching and releasing process. The negative strain effect is when the change in electrical 

resistance is not linearly proportional to the applied strain, as shown in Figure 2.15 below. 

Previous research has found an inherent negative strain effect in the electrical piezoresistivity 

(2.4) 

(2.3) 
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change to applied strain [8], [98], [99]. The electrical resistance is expected to increase to the 

increase in applied tensile strain, but the negative strain effect occurs when electrical resistance 

decreases to strain increase, as illustrated in Figure 2.15b. One of the main factors that causes 

this effect is the competition between the destruction of the conductive network and the newly 

introduced conductive pathways. Other factors that influence this negative effect include the 

type of conductive fillers and a negative Poisson’s ratio. When the material is stretched, the 

Poisson’s ratio compresses the material perpendicular to the strain direction. In pressure 

sensors, the negative effect can be seen in terms of applied compressive pressure as opposed 

to applied strain [98], [100]. 

  

Figure 2.15: a) First cycle of relative change in resistance to various tensile strain values, and b) The change in 

resistance to applied strain with apparent negative strain effect after the 1st cycle. [100] 

Under a dynamic load, strain sensors can experience a hysteresis effect in the 

electromechanical curve. Large hysteresis impacts the reliability of the sensor, causing 

irreversible sensing behaviour. The viscoelastic nature of stretchable polymers is thought to be 

the primary factor causing hysteresis behaviour in stretchable strain sensors. Avoiding 

hysteresis is essential for the sensor’s feasibility for use in wearable and health monitoring 

applications. Hysteresis in elastomers and conductive elastomers can be seen in their 

mechanical stress-strain curve in which the stress (measured in Pascal) does not increase 

linearly to applied strain (%). This inversely occurs upon strain release, and it can consequently 

influence the electrical resistance behaviour of the conductive elastomer [7], [101], [102]. 

Elastomers also experience a softening effect referred to as the “Mullins’ effect”. In a 

conductive elastomer, the combination of soft domains due to the nature of the host elastomer 

and hard domain is because of the addition of a stiffer conductive filler such as graphene. When 

the material is stretched, more significant deformation occurs to the soft domain to 

accommodate the applied stress and the conductive filler experience low strain. Mullins and 

a) b) 
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Tobin (1957) suggested that the softening in filled elastomers is due to decreased volume 

fraction of the hard domains, resulting in an irreversible rearrangement of the microstructure 

network during dynamic load [103]. 

2.3.3 Pre-straining impact on stretchable and compressible resistive sensors 

Pre-straining is a process that is employed to regulate the conductive pathways within 

stretchable conductive polymers. It is essential to acquire regular electrical resistance 

behaviour to applied strain loading and unloading. This behaviour ensures the reliability and 

reproducibility of the sensors [104],  which is critical as the first few strain cycles ensure 

monotonic behaviour in the fabricated sensor's electromechanical behaviour for use in strain 

and pressure-sensing applications. After the first 3-4 cycles, the electromechanical behaviour 

follows a regular electrical resistance curve to applied strain loading and unloading, as 

illustrated in Figure 2.16.  

Pre-straining was performed to regulate the conductive network embedded in the stretchable 

material, especially under large strain amplitudes. Upon strain application, the competition 

between lost and newly constructed conductive pathways could induce double peaks in the 

electrical resistance curve. It was also suggested that pre-straining resolves double peak issues, 

as shown in Figure 2.16 and consequently obtain a better single peak response pattern in the 

electrical resistance curve. The single peak pattern is preferable as it demonstrates a linear 

electromechanical relationship with the electrical resistance curve upon mechanical strain 

loading and unloading.  

As can be seen, cyclic pre-straining between 5-20% stabilised the electrical resistance change 

when the same sample was tested at cyclic strain between 0-15% after 24h, see Figure 2.16b. 

The observed significant difference in the change in electrical resistance before and after the 

pre-straining is attributed to the non-recoverable electrical resistance caused by the initial 

loading/unloading, which is apparent in the first cycle in Figure 2.16a. It can be said that pre-

straining can modify the electrical resistance to ensure predictable electromechanical behaviour 

for reliance in use for strain and pressure- sensing applications [99], [105]–[108].  
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Figure 2.16: Effect of pre-straining showing strain sensing behaviour of conductive-TPU at (a) Initial strains 

between 5-20%, and (b) Cyclic strain between 0-15% after the initial pre-straining. [104] 

2.3.4 Crack-based sensing mechanism 

Upon stretching, fabricated strain sensors are prone to cracks in the sensing material, either 

controlled or unintentionally. The incident of cracks can lead to a positive effect on the 

sensitivity of the sensors. For example, when carbon nanotubes (CNT) are embedded in 

stretchable polydimethylsiloxane (PDMS), the PDMS accommodates the tensile strain as 

shown in Figure 2.17, whereas the embedded CNT has a crack formation due to its high 

stiffness in comparison to PDMS [109]. The cracks in the conductive material cause a loss in 

electrical connection, leading to a high electrical resistance increase. Cracks that occur on 

stretched strain sensors add advantageous properties because of their sensitivity, and they can 

detect unprecedented low strain levels like monitoring heart rate pulses. The cracks usually 

occur to the sensing material embedded or adhered on top of a stretchable substrate. Previous 

research has presented highly sensitive crack-based strain sensors; the sensors suffered a low 

strain range of up to 20% [110]–[116]. The crack formation is caused when the strain or 

pressure sensor is subjected to stretching or compression. While the stretchable substrate by 

nature responds elastically to applied strain, crack formation occurs in various levels to the 

sensing material due to its higher stiffness or brittleness [117]–[120]. Other previously reported 

crack assisted strain and pressure sensors involved scattering conductive fillers such as thin 

gold films[121], silver (Ag) nanowire [122], carbon nanotubes [109], [123]–[125] and 

graphene [126] meshes wrapped within a stretchable substrate, required multiple steps and 

lacked the freedom of customising the sensors for a broader range of applications [109], [123]. 

The incident of cracks causes a substantial increase in electrical resistance, which results in 

high sensitivity strain and pressure sensors. The steep increase in electrical resistance caused 

by fractures is rarely reversible, and stretchable encapsulate materials play a significant role in 
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assuring reversibility. Therefore, linearity between the applied strain and electrical resistance 

under cyclic test is an essential property to be satisfied for the application of strain sensing 

[121], [127]–[131]. 

 

Figure 2.17: Opening of cracks of CNT embedded within TPU elastomer under tensile strain from 0-250% and 

inset showing the average crack displacement to applied strain. [109] 

Previously reported crack-based sensors focused on high sensitivity for low tensile strain 

ranges of up to 20%. Besides, the highest sensitivity that can be achieved is inversely 

proportional to the stretchability, with the highest sensitivity values reported were for strain 

limited to 2%. On the other hand, crack induced strain sensors that offered high stretchability 

commonly suffered low sensitivity with a measured gauge factor of up to 30. Upon the crack 

formation on stretchable sensors, electrical conduction can be preserved to an extent as 

illustrated schematically for graphene woven fabric (GWF) in Figure 2.18 [110]. The 

requirements of linearity and high sensitivity can be satisfied by ensuring reversibility and 

considerable variation in electrical resistance, respectively. Innovative geometrical designs 

achieved substantial changes under slight strain, such as woven fabrics, crack-assisted overlap, 

spider’s slit inspired sensory system and thickness gradient films usually suffered from 

complexity, high costs and time-consuming fabrication processes. Although research has been 

dedicated to crack-based sensors, fulfilling the combination of high sensitivity, high 

stretchability and linearity with a simple and customisable fabrication process remains a 

challenge.  

 

Figure 2.18: a) Schematic illustration of electrical current path of graphene woven fabric undergoing crack 

formation, and b) Change in electrical resistance of GWFs with various sizes. [110] 

a) b) 
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2.4 3D printed strain sensors 

Additive manufacturing employing 3D printing has been explored for the fabrication of strain 

sensors. AM has proven to be an effective technique to fabricate strain sensors and is a viable 

tool that can be utilised to fabricate customisable strain sensors. Previously 3D printed strain 

sensors either suffered a negative strain effect or presented low sensitivity, as illustrated in 

Table 2.1 [132]–[136]. Various 3D printing techniques have been employed to fabricate 

stretchable strain sensors. For example, a DIW method named embedded 3D printing 

(EMB3D) printing was developed to fabricate highly conformable and stretchable strain 

sensors [137]. This method involves extruding conductive elastomer into an elastomeric 

reservoir in which, afterwards, the materials are thermally cured to form the strain sensor [15]. 

The EMB3D printing technique has also been employed to fabricate multi-material, multi 

resistive-based sensory for a closed-loop feedback system for robotic and human machine 

interaction applications [15], [38], [39], [138]. Although the strain sensors showed high 

stretchability, the sensitivity was limited by a gauge factor of 3.8 [15]. In addition, the 3D 

printing technique requires the use of a reservoir or a moulded elastomeric matrix, which limits 

the freedom of design and customisation. Another technique involves modifying an FDM 3D 

printer by replacing the extruder with a syringe pump. Then, using the syringe pump, the 

multiwalled carbon nanotube MWCNT/PDMS mixture is 3D printed on a pre-cured PDMS to 

create a strain sensor [139]. The 3D printed sensor performed with a linear piezoresistive 

response of up to 30% of maximum strain and had moderate sensitivity with a gauge factor 

value of 4.3 [139]. Another strain sensor, fabricated using the FDM 3D printing technique, has 

shown high stretchability and sensitivity (illustrated in Figure 2.19) [18]. Although they 

achieved a gauge factor of 176, the sensors suffered from nonlinear behaviour in the electrical 

resistance curve upon dynamic loading, which prevented their reliability and feasibility for use 

in strain sensing applications [16], [18], [42], [140]–[144][145].    

Table 2.1: Stretchability, linearity and sensitivity of previous work on 3D printed strain sensors.  

Tensile strain (%) 

(stretchability) 

Linearity Sensitivity 

(Gauge Factor) 

Reference 

1.5 Linear n/a [13] 

100 Linear 3.8 [15] 

50 Non-linear 3 [17] 

100 Non-linear 176 [18] 

30 Linear 4.3 [139] 
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Figure 2.19: a) Schematic of FDM 3D printing process, b) Mechanical properties, c) Electrical conductivity 

measurement and d) Cyclic piezoresistive behaviour of 3D printed strain sensors. [18] 

2.5 3D printed pressure sensors 

Pressure sensors play a leading role in advancing human machine interaction, wearable 

electronics, soft robotics, and health monitoring. Piezoresistive pressure sensors specifically 

are amongst the most popular due to their inherent flexibility, stretchability, low energy 

consumption and easy read-out [146]–[149]. High sensitivity and a wide sensing range are 2 

crucial properties that mark a good pressure sensor. Various 3D printing techniques were 

adapted to fabricate pressure sensors, owing to their flexibility, simplicity, and cost-

effectiveness, as illustrated in Table 2.2. To date, many additive manufacturing technologies 

have been employed for pressure- sensing applications, including FDM multi-material and 

direct-write 3D printing techniques [51], [150]–[155]. The latest advances also include the use 

of 3D printed moulds to create microstructures that enhance the sensitivity of tactile pressure 

sensors [150]. In this type, 3D printing is employed to fabricate novel mould designs that tailor 

the surface structure of the sensing element of a pressure sensor. A dual-material FDM 3D 

printer was used to fabricate a 3D multiaxial force sensor that contains MWCNT/TPU filament 

as the sensing material and a neat TPU as the structural support body [51]. As illustrated in 

Figure 2.20, the two materials were 3D printed simultaneously in a one-step fabrication 

process. The 3D printed sensor could measure the forces along 3 axes (x, y and z) with 

moderate sensing capability apparent in the theoretical change of electrical resistance [19], 

[51], [152].  

 

a) b) 

c) d) 
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Figure 2.20: a) Schematic illustration of FDM 3D printing process of multiaxial force/pressure sensors, b) 

Image of the 3D printed multiaxial force sensor, and c) Real time electrical resistance measurements of the 

sensor under simultaneous multiaxial mechanical forces. [51] 

 

Table 2.2: Sensing range and sensitivity of previous work on 3D printed pressure sensors. 

3D printing 

technique  

Sensing range (kPa) Sensitivity Reference 

FDM n/a ∆𝑅

𝑅𝜊
  = (0.14) [51] 

DIW 20 GF (180) [151] 

FDM of moulds 2 3.5 kPa-1 [150] 

 

Innovation using a direct writing technique showed promise for the fabrication of multi-

material, multifunctional 3D pressure sensors. The process involves 4 independently controlled 

nozzles to fabricate nanocomposites with varied conductive contents and a sacrificial 

supporting material in a one-step 3D printing process [151]. The tactile sensors were 3D printed 

under ambient conditions conformally onto a freeform surface. The sensitivity was evaluated 

using a gauge factor with the highest value reaching 180. Although the tactile sensor exhibited 

high stretchability and compressibility, the practical sensing range presented went up to 20kPa. 

Microstructure templates of  pyramid, semi-sphere and semi-cylinder shapes were firstly 

fabricated via FDM 3D printing. After printing, uncured PDMS was poured into these 

templates [150]. The PDMS was then cured, peeled off the templates and spray-coated with a 

thin layer of carbon nanotubes to create highly sensitive pressure sensors. The use of 3D printed 

a) 

b) c) 



28 

 

mould replaced the multistep photolithography process with a single 3D printing step. These 

sensors exhibited high sensitivity reaching -3.6 kPa-1 but the maximum sensing range presented 

was up to 2kPa [150]. 

2.6 Applications of flexible sensors  

Flexible sensors have great potential in many applications, including biomedical devices for 

health monitoring, wearables for sports, virtual reality and entertainment. They also hold great 

promise in the development of human-machine interaction, soft robotics, prosthetics, smart 

skin and textiles. Tactile sensors that mimic human touch perceptions have been explored to 

translate mechanical signals such as pressure, strain and force into electrical signals for use in 

wearable electronic applications [156]. Various types of strain and pressure sensors have been 

developed for health monitoring, prosthetics, robotics and wearable electronics embedded in 

textiles or attached directly to the human body. For example, it has been possible to control a 

robot remotely using strain sensors attached to a glove controlled by human bending fingers.  

Figure 2.21 shows an example of a robotic hand mimicking human fingers' motion via the 

strain sensors mounted on a human hand. In biomedical applications, such sensors would be 

useful for controlling and monitoring medical devices used in surgery and injury rehabilitation 

[157]–[159].  

 

 

Figure 2.21: Representative images for strain sensors application in human motion mimicking for human 

machine interaction. [160] 

With the rise of wireless communication and the internet of things, the potential of such 

personalised wearable devices can allow remote health monitoring and reduce the pressure on 

medical systems [161]. It also plays a significant role in the early diagnosis of viral diseases 

and enhances health quality for elderly and vulnerable people. Wearable health stretchable and 

skin mountable sensors can monitor heart pulses, blood pressure, oxygen levels and breathing 
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rates. For example, a pressure sensor attached to the artery of a wrist was able to capture real-

time physical pulses of heartbeats, as shown in Figure 2.22 [90], [162]–[165]. In addition, strain 

sensors that offer high stretchability can be employed to monitor human body movements. 

Regarding human motion detection, usually up to 50% strain can fulfil most of a human body's 

joint movement. For example, a strain sensor attached to a glove was able to detect fingers 

movement. Another strain sensor woven into trousers was able to detect various knee 

movements such as extending, flexing, squatting, and jumping. Stretchable sensors can also be 

utilised for human-machine interaction for controlling robots and robotic arms. Controlling 

robotics from afar is crucial in areas unreachable by people or for safety purposes such as 

dangerous, harsh environments [88], [147], [166]–[170]. 

 

Figure 2.22: Applications of 3D printed tactile sensor showing a) Image of the sensor attached directly on hand 

wrist for heart pulse detection, b) Heart pulse measurement in resting state, c) Pulses post-exercise state, d) 

Signal of a sensor attached to finger-tip, e) Signal corresponding to sensor attached on top of an index for 

finger bending and f) Optical image showing the conformally 3D printed tactile sensor on a fingertip. [151] 

2.7 Contribution to knowledge 

It was found in the literature that previously 3D printed strain and pressure sensors have had 

apparent limitations. In the 3D printed strain sensors, the sensors that achieved GF values of 

up to 176 suffered non-linear behaviour in their change in electrical resistance to applied strain 

[17], [18], whereas achieving high stretchability of >50% with linear response was associated 

with low sensitivity [13], [15], [139]. For the 3D printed pressure sensors, it was found that 

that previous works presented high sensitivity, but the maximum sensing range presented was 

up to 20kPa [51], [150], [151]. Therefore, in order to overcome the issues mentioned above, a 
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method of 3D printed conductive composites simultaneously embedded within a stretchable 

substrate was presented. The crack formation caused by the pre-straining of the 3D printed 

strain sensors was investigated to explore its influence on the measured sensitivity. In addition, 

the use of a removable supporting scaffold via simultaneous multi-material 3D printing was 

implemented to explore its influence on the mechanical compressibility of the multi-layered 

pressure sensor. It was further investigated to explore its influence on the change in electrical 

resistance in comparison to a solid sample of the same material. The purpose was to overcome 

the limitations and enhance the sensitivity and the sensing range of the 3D printed multi-layered 

pressure sensor. 
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Chapter 3– Materials and methods 

3.1 Introduction 

This chapter presents the materials used in this research and explains the properties and 

purposes of each material. This chapter also summarises the experimental methodologies and 

techniques. The methodology, which explains how to combine, mix and produce 3D printable 

materials, is also introduced here. This chapter describes the 3D printing technology employed 

to fabricate samples with various materials. For the analysis of the samples, data acquisition 

techniques were used to collect electrical and mechanical data to assist in completing the thesis. 

Different imaging instruments were also introduced here for the characterisation of the 3D 

printed materials.  

3.2 Materials 

This research involved the use of thermoplastic materials which are compatible with the fused 

deposition modelling (FDM) 3D printing technique. Thermoplastic polyurethane (TPU) was 

used as the insulating stretchable substrate. In addition, 3 types of carbon-filled conductive 

polymers were utilised. Two of the conductive materials were TPU based stretchable materials, 

and one was polylactic acid (PLA) based rigid material. Polyvinyl alcohol (PVA) water-soluble 

material was also used. 

3.2.1 Insulating stretchable substrate 

Thermoplastic polyurethane (TPU), namely NinjaFlex, (Ninjatek Ltd, USA), has been used for 

the 3D printing of insulating substrates. It is a highly elastic and stretchable material with a 

shore hardness of 85A and elongation of up to 660% strain at break [171]. It was received in 

the form of 3D printing filament spool, as shown in Figure 3.1 and was used as received. The 

material was purchased and used in various colours, including white, clear, red and blue. It was 

employed as the encapsulating 3D printed substrate material in Chapters 4 and 5. 
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Figure 3.1: NinjaFlex thermoplastic polyurethane TPU. 

3.2.2 Conductive materials 

3.2.2.1 Carbon black thermoplastic polyurethane (CBTPU) 

Carbon black thermoplastic polyurethane (CBTPU), with a shore hardness of 70A, was 

purchased from Hexpol TPE (see Figure 3.2a, below). According to the manufacturer, this 

CBTPU has a  carbon black content of 30 % and electrical volume resistivity < 104 Ω.cm, 

[172]. CBTPU has a pellet diameter of 2 mm, and it was used as a sensing material in 3D 

printed strain and pressure sensors in Chapters 4-6. 

3.2.2.2 PLASTYCYLTM TPU1001 

PLASTYCYLTM TPU1001, multi-walled carbon nanotube thermoplastic polyurethane 

(CNTTPU) provided by Nanocyl SA (Sambreville, Belgium), was used. CNTTPU, shown in 

Figure 3.2b, has a shore hardness of 93A, carbon nanotubes content of 10% and electrical 

volume resistivity of 3.61 x 102 Ω. cm [173]. It has a pellet diameter ranging between 1 – 2 

mm, and it was employed as a sensing material in 3D printed strain sensors in Chapter 4. 

3.2.2.3 Graphene polylactic acid (GPLA)  

The third conductive material used in this work was graphene polylactic acid (GPLA), and it 

was purchased from Graphene Lab Ltd (USA). Due to the host polylactic acid polymer, GPLA 

is a rigid material with a graphene content of 16% and an electrical volume resistivity of 1 

Ω.cm [174]. GPLA, shown in Figure 3.2c, has a pellet diameter between 1.5 – 2 mm, and it 
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was employed as an addition sensing composite material in 3D printed strain sensors in Chapter 

5. 

All 3 conducting polymers were employed to evaluate the strain and pressure behaviour of 

thermoplastic materials and to test their viability as strain and pressure sensors. They are 

compatible with our chosen FDM technique and were received in the form of pellets, as 

illustrated in Figure 3.2. 

 

 

Figure 3.2: Examples of conductive pellets: a) Carbon black thermoplastic polyurethane (CBTPU), b) Carbon 

nanotubes thermoplastic polyurethane (CNTTPU), and c) Graphene polylactic acid (GPLA). 

3.2.3 Water-soluble material 

Polyvinyl alcohol (PVA), shown in Figure 3.3, is a dissolvable material purchased from eSun 

(China). It was utilised as the supporting structure for the 3D printed samples that included 

a) b) 

c) 
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overhangs structures, detailed in Chapter 6. It is a water-soluble material in the form of a 3D 

printing filament spool and was used as received [175].  

 

Figure 3.3: Polyvinyl alcohol PVA, a water-soluble material.  

3.3 Composites filament preparation 

3.3.1 Filament extruder 

Noztek Pro is a desktop filament extruder purchased from (Noztek, UK) [176]. It can be loaded 

with various thermoplastic polymer pellets such as ABS, PLA and TPU. The filament extruded 

can then be used with the 3D printer. It can extrude a single type or combination of polymer 

composites. The extruder, pictured in Figure 3.4a, consists of a hopper to load the pellets. The 

extruder temperature is adjustable and can heat up to 300 °C. It includes 2 swappable nozzles 

of 1.75 mm and 3 mm diameters which can extrude strand of filament with (±0.04 mm 

tolerance) to use with the 3D printer. The pellets are driven to the heated nozzle through a 

single screw, driven by a direct current (DC) motor. It has an extrusion speed of up to 2.5 

metres per minute with an attached fan to cool the material as it is extruded through the nozzle. 

It also has a 45-degree bracket to ease the process of filament extrusion [176]. 
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Figure 3.4: a) Image of Noztek Pro filament extruder and b) schematic explanation of the composite 

preparation via filament extruder  

3.3.2 Composites preparation 

The conductive pellets used throughout this research were dried at 70 °C overnight before any 

melt processing using material dryer Figure 3.5b The pelletized materials were dry mixed, 

melt-processed and extruded at 170 °C, using the single-screw filament extruder (Noztek), and 

described in a schematic in Figure 3.4b, above. The digital scale, shown in Figure 3.5c, was 

used to control the weight of conductive pellets loaded. In addition to the 3 types of conductive 

materials, CNTTPU, CBTPU and GPLA, a mixture of CBTPU and GPLA were achieved by 

dry mixing CBTPU-30GPLA, CBTPU-40GPLA and CBTPU-50GPLA prior to filament 

b) 

a) 
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extruding. The mass loading (wt.%) of GPLA to CBTPU is denoted as CBTPU-χGPLA, where 

χ denotes the mass loading wt.% of GPLA to CBTPU. The mixed pellets were first extruded 

through Noztek Pro using the 3 mm nozzle diameter. They were then manually cut to form 

pellets and were dry mixed one more time to ensure a homogenous mix.  The extruder formed 

a consistent strand of 3D printable filament with a diameter of 1.75 mm (±0.04 mm tolerance).  

 

  

Figure 3.5: a) Materials dryer, and b) Digital scale.  

3.4 Fused deposition modelling (FDM) 

3.4.1 3D printer 

The fabrication of the samples utilised a FlashForge Creator Pro FDM printer, pictured in 

Figure 3.6 below, which was purchased from (FlashForge Corporation, China) [177]. It has a 

build volume of 227 mm length X 148 mm width X 150 mm height and a maximum speed of 

up to 100 mm/s. The layer resolution is between 100–500 µm; the positioning accuracy is 11 

µm in XY and 2.5 µm on the Z-axis. The printer uses a dual extrusion system that allows a 

simultaneous fabrication of 2 materials, which in this research were the insulating substrate 

and the conductive filaments in one single step. The dual extrusion system in the 3D printer 

also allows for the simultaneous fabrication of the conductive filament and sacrificial water-

soluble filament.  

a) b) 
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Figure 3.6: FlashForge Creator Pro 3D Printer.  

3.4.2 Flexion extruder 

The extrusion system in the purchased FlashForge Creator Pro FDM 3D printer was originally 

designed to 3D print rigid materials such as PLA and ABS. Therefore, the printer was modified 

by fitting a flexion extruder purchased from (Diabase Engineering, USA) and shown in Figure 

3.7a below [178]. This extruder allows for the printing of flexible filaments like TPU 

elastomers, used in this work. As shown in Figure 3.7b and further explained schematically in 

Figure 3.7c, the extruder uses a Cam dial that adjusts the pressure on the driven filament 

through the motor gear to the hot end nozzle. Figure 3.7b shows a closed up image of the fitted 

extruder with the left extruder’s filament fan dismantled to illustrate the extruder’s features 

[178]. 

3.4.3 3D CAD design PTC Creo 

PTC Creo is a piece of Computer-aided design (CAD) software that has been used in this work. 

It has been primarily employed to create 3D digital models for 3D printing. The 3D model 

designs are then converted into stereolithography (STL) formats, which is the 3D modelling 

format compatible with additive manufacturing AM and 3D printing [179]. 
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Figure 3.7: a) Image of the flexion dual extruder, b) Closed up image of the extruder fitted to the 3D printer, 

and c) Schematic explanation of the flexion dual extruder’s features (image was modified from the source 

[178]). 

3.4.4 MakerBot software  

MakerBot software was used to combine and slice the 3D models of STL format. This slicer 

software allows for the 3D models to be transformed into a sequence of two-dimensional layer-

by-layer deposition of the material via 3D printing. It controls the values of the 3D printing 

parameters, such as the extruder nozzle’s temperature, printing speed and layer height which 

is detailed in the 4th chapter. Table 3.1 summarises the values of parameters used in this work 

which were then sliced and exported to a secure digital (SD) card as geometric code (Gcode) 

files which the 3D printer can read. As shown in Table 3.1, a slightly larger nozzle was used to 

print the conductive filaments composites to avoid clogging during printing. 

 

a) b) 

c) 
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Table 3.1: 3D printing parameters used in the dual extrusion process. 

Parameters Conductive 

filaments 

Insulating 

filament 

Water-soluble 

filament 

Print Temperature (°C) 230 230 200 

Platform Temperature (°C) 60 60 60 

Nozzle Diameter (mm) 0.8 0.5 0.5 

Layer Height (mm) 0.2 0.2 0.2 

Print infill (%) 100 100 100 

Print Speed (mm/s) 15 15 15 

3.4.5 Multi-material 3D printing process 

Multi-material 3D printing was employed here using 2 independent extruders which can 

function simultaneously in the 3D printer. Each extruder can load a different material, and the 

3D printer alternately dispenses materials one at a time, as illustrated in Figure 3.8 below. The 

3D printer consists of an automated XYZ plane, where the extruders move on the printer’s XY 

axis. At the start of the print, the platform that translates the printer's Z-axis rises until it almost 

hits the tip of the extruders’ nozzles. After that, it lowers layer by layer during the 3D printing 

process. The process follows a pattern given by a CAD file and materials exiting the heated 

nozzle welds to the printing platform and solidifies layer by layer. 

 

Figure 3.8: Schematic of the process of 3D FDM dual printing.  
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3.5 Electrical conductivity testing  

The electrical conductivity test was performed using Agilent TTi 1604, 4000 count digital 

multi-metre shown in Figure 3.9. Strands of the extruded conductive filaments were measured; 

each had a length of 40 mm and a diameter of 1.75 mm (±0.04 mm). The samples were coated 

in a silver paste at the 2 ends of the strands before measuring to ensure electrical connection to 

the digital multi-metre.  

 

Figure 3.9: Agilent TTi digital multi-metre.  

3.6 Mechanical testing 

The Instron 3367 machine shown in Figure 3.10 was used to test the mechanical behaviour of 

the materials. It was utilised to evaluate the elasticity of the materials, tensile strength, 

compression and examine the fracture properties at which tensile strain the materials break. 

Specimens used were of the extruded filaments with lengths of 40 mm and diameter of 1.75 

mm and the 3D printed samples throughout this work. The 3D printed samples' gauge length 

was 20mm; the width was 5mm and thickness 1mm. 
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Figure 3.10: Instron (tensile and pressure) machine.  

3.7 Data acquisition  

3.7.1 PicoLog 1000 series 

PicoLog 1000 series is a portable universal serial bus (USB) multichannel data acquisition 

device which was purchased from (Pico Technology, UK) [180]. As shown in Figure 3.11a, it 

has 12 input channels and up to 4 output channels. The 12 input channels can be used for the 

data logging to acquire the data and register the values to a computer through the PicoLog 

software. The output channels can be used to supply a voltage of up to 2.5 Volts. It has a 10-

bit resolution which means the data logger can detect a change in voltage as low as 2.4 mV 

from the supplied 2.5 V. It can acquire data at a sampling rate of up to 1 million samples per 

second. Furthermore, as shown in Figure 3.11b, an external terminal board was attached to the 

data logger. The external terminal board has screw terminals to allow the connection of wires 

without the need for soldering.  
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Figure 3.11: a) Image of PicoLogger 1000 series and b) Image of the external terminal board. 

3.7.2 Breadboard 

As shown in Figure 3.12a, a breadboard is a constructed rectangular base with a grid of holes 

that can build and connect electronic circuits. It was used to connect the data logger and the 3D 

printed samples by pushing electrical wires and other electronic components into the grid holes. 

The breadboard offers a solderless connection which eliminates the need to solder for easy 

adjustment of the wires. 

      

Figure 3.12: a) Image of the breadboard and b) Examples of the electrical resistors. 

3.7.3 Electrical resistors 

The electrical resistor is a passive two-terminal component illustrated in Figure 3.12b above. 

It controls the flow of the electrical current depending on the resistor's value, which is measured 

in ohms (Ω). Electrical resistance describes how much the material resists electrons' flow and 

can be measured using a digital multi-metre. It was used here as a constant element to construct 

the electrical circuits used in this research. 

3.8 Electromechanical testing 

In order to evaluate the electromechanical response of the 3D printed samples, the samples 

were first wired, and silver coated at the 2 ends to reduce the contact resistance to the probes. 

The samples were then connected to a PicoLog Data Logger with a supply of constant input 

a) b) 

a) b) 
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voltage of 2.5 V. A voltage divider circuit was designed as shown in Figure 3.13 below, and 

with corresponding Equation (3.1) expressed as: 

𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛 ×
𝑅2

𝑅2+𝑅1
  

Where Vin is the constant voltage of 2.5V supplied from the data logger, R1 is a constant 

resistor, R2 is the 3D printed strain sensor. 

 

Figure 3.13: Voltage divider circuit. 

Using a breadboard as shown in the schematic in Figure 3.14a, a resistor R1 of 8 kΩ was 

connected in series with the 3D printed samples to form the voltage divider circuit. The node 

between the constant resistor and 3D printed sensor was connected to Channel 1 in the data 

logger to register the data of the output voltage Vout, illustrated in schematic form in Figure 

3.14a. They were simultaneously attached to an Instron 3367 (Instron Ltd., Norwood, MA, 

USA) machine to perform the tensile test at a strain rate of 1 millimetre per second (mm/s), 

shown in Figure 3.14b. The voltage divider circuit was rearranged for R2 (as the 3D printed 

sensor) to obtain the value of the 3D printed sensor and is expressed in Equation (3.2) as:  

𝑅2 = 𝑅1 ×
𝑉𝑖𝑛

𝑉𝑜𝑢𝑡−1
   

Where R2 represents 3D printed sensors, R1 represents constant 8kΩ resistor, Vin is the input 

voltage, and Vout is the output voltage. The gauge factor which is defined as the ratio of the 

electrical resistance to the mechanical strain applied was utilised to evaluate the sensitivity of 

the sensors expressed in Equation (2.3). 

 

(3.1) 

(3.2) 
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Figure 3.14: a) Schematic of data logging setup and b) Image of the calibration of the data logging setup to the 

Instron machine. 

3.9 Arduino and servo motors 

Servo motors were employed to provide finger movements of the 3D printed robotic hand. An 

Arduino Uno was used to power and programme the servo motors to perform coded 

movements.  

Figure 3.15(a-b) shows an image of the Arduino Uno and a servo motor, respectively.  

Figure 3.15c illustrates schematically an exemplar electrical wiring connection of a servo motor 

to the Arduino Uno to provide power from the 5V source and control of the servo motor from 

the Arduino Uno Digital pin [181]. 

 

b) 

a) 
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Figure 3.15: a) image of the Arduino Uno, b) Servo motor, and c) Schematic illustration of the wiring of the 

servo motor to the Arduino Uno to provide power and control.  

3.10 Scanning electron microscopy (SEM)  

SEM (SEM, FEI Quanta 3D FEG), shown in Figure 3.16 below, was used to characterise the 

surface morphology of the conductive materials and their composition. Samples were pre-dried 

without coating, and images were acquired at voltage operation of 5 kV, in high vacuum mode 

with a magnification of 60x, 67x, 2500x and 5000x. This procedure allowed us to examine the 

mixture of the conductive polymers by evaluating the surface profile of the composite 

materials. 

 

Figure 3.16: Image of the scanning electron microscopy (SEM) instrument. 

a) b) 

c) 
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3.11 Optical microscopy 

Optical microscopic images were taken using a Dino-Lite AD4113ZTL digital microscope, 

purchased from (Dino-Lite, UK) and shown in Figure 3.17a below [182]. It has a magnification 

capability of 20x-90x, long working distance ability and a resolution of 1.3 megapixels 

(1280x1024 pixels) with an adjustable polarizer to avoid glare on the surface of the samples. It 

was attached to a personal computer (PC) using a dedicated Dino Capture software to acquire 

the images with the setup shown in Figure 3.17b. Throughout this work, it was used to 

characterise the structure of the 3D printed samples and the behaviour of the conductive 

material during compression and tensile testing. 

  

Figure 3.17: a) Image of the optical microscope and b) Image of the optical microscope setup with the Instron 

machine. 

a) b) 
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Chapter 4– 3D Printing of multi-material composite filaments 

4.1 Introduction 

This chapter aims to establish the digital platform and materials necessary for the multi-

material fabrication of wearable soft electronics. It introduces an experimental method of multi-

material FDM 3D printing technology. Prior to 3D printing, pellets of conductive polymers 

were first prepared for the sensing materials via a filament maker extruder. To investigate the 

3D printability of prepared materials, a combination of conductive filaments with an 

encapsulate substrate were simultaneously 3D printed using a dual extrusion 3D printer. The 

electrical and mechanical properties of the 3D printed samples were further explored 

throughout. The focus of this chapter is to explore the compliance of these flexible conductive 

materials and their viability in 3D printing, specifically here in FDM. We further investigated 

the feasibility of these conductive polymer composites for their potential in sensing small and 

large strain deformations.  

4.2 Filament preparation 

Pellets of CNTTPU, CBTPU and GPLA were firstly prepared for use as conductive element 

materials using filament maker extruder. Before using the filament extrusion, the pellets were 

dried at 70 °C overnight before any melt processing using a material dryer. The materials were 

weighed using the digital scale where 25 grams of each of the conductive materials, CNTTPU, 

CBTPU and GPLA were prepared. It was essential to measure the weight of each material to 

compare it with the final batches of the extruded filament. After that, each material was melt-

processed and extruded at 170 °C, using the single-screw filament extruder (Noztek) with a 

1.75 mm nozzle, as shown in Figure 4.1a. A 1.75 mm nozzle was used since it was the 

compatible size of filament diameter for the 3D printer used in this research. Between the 

filament extrusions of each material, the filament maker's nozzle was unscrewed, and the inner 

side of the barrel was cleaned using isopropyl alcohol to ensure there was no residue from the 

previous material. The resulting filament measured 1.75mm (±0.04 mm) in diameter, and 

batches of the filaments extruded were wound manually to filament spools, as shown in Figure 

4.1b. A pure thermoplastic polyurethane elastomers TPU namely NinjaFlexTM was used as the 

encapsulating substrate without any modification. 
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Figure 4.1: Image of a) Filament maker extrusion process and b) Extruded 3D printing filament wound in a 

spool. 

4.3 Physical properties of the filaments  

4.3.1 Electrical conductivity 

Strands of the extruded CNTTPU, CBTPU and GPLA conductive filaments were prepared. 

Five samples from each of the filaments were measured and cut to a length of 40 mm. The 

samples were coated in the silver paste at the 2 ends of the strands before measuring the 

electrical conductivity to ensure an electrical connection to the digital multi-metre. An Agilent 

TTi 1604, a 4000-count digital multi-metre was used to measure the electrical conductivity 

samples.  

As shown in Figure 4.2, the samples' conductivity differs due to the type of carbon material 

and content of the polymer matrix. Although the CBTPU has carbon black content as high as 

30 wt.%, it was well established in the literature that the spherical dimensionality structure of 

carbon black reduces electrical conductivity. This is why the percolation threshold of carbon 

black was higher than that of the carbon nanotubes and graphene. Graphene polylactic acid had 

the highest conductivity due to the high aspect ratio of graphene. In addition, GPLA had 

graphene nanomaterial content of 16 wt.%, which was higher than the carbon nanotube content 

in CNTTPU of 10 wt.% according to the materials' datasheets. 

a) b) 
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Figure 4.2: Electrical conductivity of extruded 3D printing conductive filaments. 

4.3.2 Strain at break 

Strands of the CNTTPU, CBTPU and GPLA filaments were subjected to mechanical testing to 

explore their mechanical behaviour using the Instron machine. Five samples of each of the 

filaments were measured and cut to lengths of 40 mm with a diameter of 1.75 mm each. The 3 

conductive materials were also compared with 5 samples with the same dimensions of the 

encapsulate pure TPU, namely NinjaFlex.  

A tensile strain was performed on all the materials, and the strain at break for each was 

obtained, see Figure 4.3a. TPU based materials showed a significant strain capability, breaking 

at strains above 300%. On the other hand, GPLA showed a brittle behaviour breaking at strains 

as low as 2%. This fragility was mainly due to the rigid polylactic acid PLA based polymer. 

Figure 4.3b shows the average strain at break values, demonstrating a relatively small standard 

deviation error.  
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Figure 4.3: a) Stress-strain curve showing maximum values of strain at break. b) Comparison of average values 

of strain at break (inset magnifies GPLA bar). 

4.3.3 Tensile strength  

The tensile strength measures the maximum stress materials can withstand when elongated. It 

can be acquired from the tensile stress-strain curve. It has been observed that stretchable 

materials often with tensile strain larger than 100%, which here were TPU filaments, deform 

elastically until breaking and do not exhibit yield point. The stretchable materials' elasticity 

was further explored by obtaining the tensile stress at 50% and 100% of the stress-strain curves 

shown in Figure 4.4. The tensile strength values were summarised in Table 4.1. GPLA had the 

highest tensile strength value due to the rigidity inherited from the PLA's base material 

compared to elastomers TPU based materials. CNTPU had the highest tensile strength of the 

TPU based materials due to the high aspect ratio of the carbon nanotube filler. CBTPU had the 
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lowest tensile strength noticeably due to the spherical dimensionality of carbon black and the 

use of a base TPU with higher soft segment content.  

 

Figure 4.4: Stress-strain behaviour of the materials at a) 50% strain and b) 100% strain. 

4.3.4 Young’s modulus 

Young's modulus measures the stiffness of materials in the stress-strain curve's linear state at 

low deformation. The higher the Young’s modulus value, the stiffer and less elastic the material 

becomes. Young’s modulus was calculated by taking a secant value between strain levels of 

0.05%-0.25% based on the International Organization for Standardization (ISO), ISO 527 

standard and the measured values were summarised in Table 4.1 and Figure 4.5 [102]. CBTPU 

exhibited high elasticity with a Young’s modulus value as low as 13 MPa. NinjaFlex was also 

highly elastic with a value of 29 MPa. However, CNTPU was shown to be the least elastic TPU 

based material reaching a Young’s modulus value of just over 100 MPa. On the other hand, 

GPLA was highly stiff compared to the TPU based materials reaching a Young’s modulus 

close to 1 GPa. 

Table 4.1: Average tensile strength, stress and Young’s modulus values of 3D printing filaments. 

 Tensile 

Strength (MPa) 

Tensile Stress 

at 50% (MPa) 

Tensile Stress 

at 100% 

(MPa) 

Young’s 

Modulus 

(MPa) 

CNTTPU 21 11.2 13.6 104 

CBTPU 3.3 1.96 2.45 14.3 

GPLA 24 - - 1024 

NinjaFlex 20.4 5.7 7.6 25.6 
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Figure 4.5: a) Average theoretical tensile strength and tensile stress at 50&100% strain, and b) Average 

theoretical Young’s modulus (inset magnifies samples with low Young’s modulus values).  

4.4 3D printability of the materials  

4.4.1 Flexible filament printing 

It was observed that during the preparation process of 3D printing, the 3D printer’s extruder 

was designed for rigid materials (i.e. PLA and ABS). Since most of the materials in this 

research were flexible materials, it was noticed that soft materials block between the drive gears 

of the extruder and the heated nozzle. The reason for this was a gap between the filament drive 
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gears and the hot end. This gap caused the soft materials to find the least resistant area, which 

caused the filament to clog, as illustrated in Figure 4.6a. 

In an attempt to overcome the problem, the extruder was replaced with a flexion extruder 

system as this ensures an enclosed area between the drive gear and the hot end and is suitable 

for rigid and flexible materials. It has a dial from 1-4 to specify the desired pressure depending 

on the material deposited. This dial controls the amount of pressure that the gear’s roller 

compresses on the guided filament. Figure 4.6b below shows the fitted extruder, which has an 

enclosed path for the 3D printable filaments to travel from the drive gear to the hot end. 

   

Figure 4.6: a) Default extruder designed for rigid materials with the apparent gap between drive gear and hot 

end. b) Replacement of Flexion extruder with enclosed path to the hot end fitted to the printer.  

4.4.2 Filament loading  

Before the 3D printing process, each filament must be loaded to the extruder to test its viability 

for 3D printing. The loading process shows if the materials can be driven through the printer's 

motor drive gear and subsequently can exit the hot end via the hot nozzles. The hot end 

temperature was set to the recommended 230 °C for the 4 materials demonstrated in Table 4.2 

below and experimented with 3 nozzle sizes. The 3 nozzles were tested for the 3 conductive 

and the NinjaFlex filaments, and Table 4.2 below shows if tested materials were able to load 

through the nozzles or not. Due to its highest elasticity, CBTPU was loaded only via the largest 

0.8 mm nozzle tip.  

 

 

a) b) 
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Table 4.2: Filament loading test through various nozzle sizes. 

Nozzle  

 Diameter 

Filament Type 

0.5 

mm 

0.6 

mm 

0.8 

mm 

CNTTPU No Yes Yes 

CBTPU No No Yes 

GPLA Yes Yes Yes 

NinjaFlex Yes Yes Yes 

 

Figure 4.7 shows the conductive filaments while loading through a 0.8 mm nozzle and the 

NinjaFlex loading through the second extruder with a 0.6 mm nozzle. It was possible to load 

GPLA in all the nozzles due to its rigidity which allowed the filament to be easily driven to the 

hot nozzle.  NinjaFlex could also be loaded through all the nozzles because of its pure TPU 

elastomer, which has no carbon filler content. However, CNTTPU is relatively stiff, which 

suggests that the morphology of the carbon nanotubes prevented the filament from being loaded 

through the small 0.5 mm nozzle tip. It was also found that CBTPU was only extruded through 

a 0.8 mm in diameter nozzle tip due to its high elasticity and high carbon black content, 

indicating that even with the Flexion extruder, the high content of carbon black might only 

allow the load through a nozzle with a large diameter. 

  

Figure 4.7: Images of the loading process of filaments through the 3D printer’s hot nozzles. 
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4.4.3 Flow rate  

The flow rate defines the filament amount that the motor extruder drives to the hot end during 

3D printing. This rate is determined by the number of steps per millimetre that the motor 

extruder pushes the filament through the heated nozzle. Under and over, extrusions were 

controlled by the value of the extrusion multiplier to be below or over 1, respectively. In the 

software, setting the extrusion multiplier below 1 makes the 3D printed lines thinner whereas, 

setting it higher than 1 causes the lines to thicken, as illustrated schematically in Figure 4.8.  

 

Figure 4.8: Schematic representation of normal, under and over extrusions of filament through the hot nozzle.  

Examples were 3D printed to illustrate the result of various extrusion multiplier values. Using 

a 0.5 mm nozzle and setting the multiplier value to 0.8, 1, and 1.2 resulted in the line width 

variants of a 3D printed GPLA filament shown in Figure 4.9a-c, respectively.  

              

Figure 4.9: Optical microscopic images of extrusion multiplier values of a) 0.8, b) 1, and c) 1.2. 

4.5 3D printing of multi-material samples 

4.5.1 CAD designs 

The designs were prepared using CAD software called PTC Creo Parametric 3.0. Each 3D 

printed sample was composed of electrically conductive sensing filament encapsulated within 

an elastomer substrate (i.e. embedded within an insulative TPU). Two designs were prepared 

for the conductive models; one was the straight lines used for the TPU based stretchable 

conductive filaments shown in Figure 4.10a with associated measurements. The second design 

was a meander structure, which had 90° of orientation as illustrated in Figure 4.10b and was 

a) b) c) 
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used for the rigid GPLA conductive filament. The substrate shown in Figure 4.10c had a total 

length of 40 mm, a width of 5 mm, and 1 mm thickness. It was designed for the conductive 

material to be embedded inside the encapsulate substrate. As further illustrated in Figure 4.10d, 

the substrate had a cavity inside that allowed the conductive model to be merged in the substrate 

during the 3D printing process. 

 

  

Figure 4.10: 3D models of a) Strain lines of conductive traces. b) meander lines with 90° of orientation, c) 

Substrate model with cavity inside that allows the conductive model to be merged, and d) Schematic example of 

straight lines (black) embedded inside insulative substrate (red) 

4.5.2 Dual extrusion 3D printing process results 

The fabrication of the samples was based on simultaneous fused deposition modelling FDM 

3D printing process. Firstly, stereolithography STL files of 3D models were exported to slicer 

software. The STL files of the substrate and the conductive filament models were merged, and 

each of the materials was assigned to an extruder. The values of 3D printing parameters used 

in this work were summarised in Table 3.1. 

The multi-material platform enabled the fabrication of the samples using the 3D printer. The 

right extruder was assigned for 3D printing the conductive filaments, and the left one was for 

the encapsulate insulative substrate. The process illustrated schematically in Figure 4.11 

follows the Gcode pattern generated in the software alternating between the 2 materials to 

construct the 3D samples of the models. 

 

a) 

d) c) 

b) 
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Figure 4.11: Schematic illustration of the dual extrusion 3D printing process, which deposit materials by 

alternating between 2 independent extruders.  

Using the 3D slicing software, Figure 4.12a shows the merged CAD models of conductive 

material (grey) and substrate material (red) converted into a series of discrete coordinate 

positions sliced layer by layer. These settings were then exported to an SD card as Gcode files 

in which the 3D printer can read. Figure 4.12b shows an image of dual materials 3D printing 

in progress. An exemplar sample shown in Figure 4.12c was wired with electrical wires and 

silver coated using a silver paste at the 2 ends, as shown in Figure 4.12d, to reduce the contact 

resistance to the probes for electrical testing.  

         

             

Figure 4.12: a) Image of the 3D merged model converted into layers for 3D printing process, b) Image of the 

dual extrusion 3D printing process in action, c) Image of 3D printed sample as off the printer and d) 3D printed 

sample wired and silver coated. 

a) b) 

c) d) 
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4.6 Mechanical testing of 3D printed samples 

4.6.1 Stress-strain behaviour 

The 3D multi-material printed samples were subject to initial uniaxial tensile tests. The 3D 

printed samples' gauge length was 20mm; the width was 5mm and thickness 1mm. The tensile 

strength was acquired, and the stress-strain curves of 18 samples were obtained. 

Figure 4.13 and Figure 4.14 show the stress-strain behaviour of the CBTPU and CNTTPU over 

the initial 10 cycles at 50% and 100% of tensile strain, respectively. Both strain amplitudes 

were acquired from fresh samples for each strain to investigate the effect of higher strain 

magnitude on the stress-strain curve of the samples. The loading curve in the first cycle of both 

CBTPU and CNTTPU showed stiffer behaviour than the following cycles. 

 

Figure 4.13: Stress-strain curve of 10 Cycles stretched at 50% of a) CBTPU and b) CNTTPU. 

TPU based materials composed of hard and soft segments, which under tensile strain exhibit 

noticeable softening. Stress from the applied strain causes strain softening, which is attributed 

to the rearrangement and breakage of the elastomer polymer hard and soft segment. This was 

proportional to the value of strain, as a higher strain caused more breakages to the polymer 

chains and hence caused more strain softening, as shown in Figure 4.14b at 100% strain. It can 

be noticed that strain softening appeared mainly in the first few cycles before reaching a state 

of equilibrium.  

The applied strain caused rearrangement and breakage of elastomer molecular chains known 

as strain softening. This phenomenon occurring in the elastomer is referred to as the “Mullins’ 

effect”, named after Mullins due to his comprehensive study on filled and unfilled elastomers 

[8]. The Mullin’s effect explains that elastomer softening was due to the irreversible 

rearrangement of the molecular network during tensile strains deformation. From the 1st-10th 
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cycle, a downward shift of the stress-strain curve was observed. After the first few cycles (4 

cycles), the Mullin’s effect saturated the stress-strain curve, and the samples reached an 

equilibrium that indicated the cyclic pre straining's viability to minimise the softening and 

Mullin’s effect.  

 

Figure 4.14: Stress-strain curve of 10 cycles stretched at 100% of a) CBTPU and b) CNTTPU. 

4.6.2 Effect of carbon nanofillers on the stress-strain behaviour 

As shown in Figure 4.15, there was a noticeable difference between the first cycles of CNTTPU 

and CBTPU. The existence of stiff carbon-based fillers magnifies the amplitude of strain on 

the host elastomer's soft segment. In this case, greater deformation occurred on the soft segment 

of the TPU to accommodate the applied strain, which had little effect on deforming carbon-

based nano contents. The influence of the stiffer CNTTPU on the mechanical behaviour in 

comparison with CBTPU can be seen in the 1st and 10th cycles of strain amplitude of 50% and 

100%, as shown in Figure 4.15(a-b) respectively. The higher stiffness in the CNTTPU stress 

curve was influenced by its higher Young’s modulus and tensile strength.  

Furthermore, all the samples showed the softening effect in the 10th cycles; however, greater 

stiffness in the CNTTPU samples could still be observed. It can be noticed that the unloading 

paths showed significant hysteresis behaviour with noticeable residual strain. The higher level 

of stiffness in the CNTTPU loading resulted in a higher value of residual strain than in the 

CBTPU, as shown in the stress curve upon unloading in Figure 4.15. 

It can be observed that the stress-strain behaviour normalised to steady cyclic stress to 

subjected strain in the 10th cycle, as demonstrated in Figure 4.13 and Figure 4.14 above. It was 

noticed that the loading and unloading behaviour tended to stabilise as most of the softening 

effect occurred in the 1st cycle. This stabilisation highlights the importance of pre-straining the 

0 50 100

0

2

4

Initial 10 Cycles At 100%

S
tr

e
s
s
 (

M
P

a
)

Strain (%)

 CBTPU

 Cycle 1

 Cycle 10

0 50 100

0

2

4

6

8

Initial 10 Cycles at 100%

S
tr

e
s
s
 (

M
P

a
)

Strain (%)

 CNTTPU

 Cycle 1

 Cycle 10

a) b) 



60 

 

samples to ensure the stress-strain curve is stabilised, which is confirmed by the literature 

[104]. 

 

Figure 4.15: Comparative stress-strain curves of 1st and 10th cycles of both CBTPU and CNTTPU stretched at 

a) 50% strain and b) 100% strain. 

4.7 Electrical testing 

4.7.1 Electrical response of initial strain cycle 

Carbon-filled elastomers exhibit piezoresistive behaviour upon mechanical strain deformation.  

This deformation increases or decreases the gaps and contacts of the carbon nanofillers in the 

elastomer matrix leading to an overall increase or decrease in the electrical resistance. This 

dynamic change in electrical resistance upon applied strain was studied for the 3D printed 

samples to evaluate their potential as strain sensors. The PicoLog data logger was used here for 
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recording the electrical resistance change and was coupled synchronously with the mechanical 

stress-strain cyclic loading.  

The change in electrical resistance was simultaneously measured during the initial strain of 

CBTPU and CNTTPU samples at 50% and 100% strain amplitudes, as illustrated in Figure 

4.16(a-b), respectively. The corresponding initial change in electrical resistance increased 

linearly with increasing the strain for all samples, which agrees with previous reports [18], [67], 

[79], [98]. This increase was mainly caused by the breakdown in the carbon nanotube and 

carbon black network structures in the CNTTPU and CBTPU samples.  

The change in electrical resistance in CNTTPU samples in the initial strain loading was 

noticeably higher than in the CBTPU of both 50% and 100% strain amplitudes. One reason 

could be that the CBTPU had a carbon black content of 30wt.% (as purchased), which was 

higher than the carbon nanotube content of 10 wt.% in the CNTTPU samples. The higher 

content of the conductive filler in CBTPU meant a more stable conductive network in which 

the initial increase in electrical resistance was less than the change in CNTTPU. Thus, the 

conductive network in the CNTTPU was more straightforward to destruct than in the CBTPU, 

which resulted in a more significant change in electrical resistance. Whereas in CBTPU 

samples, the competition between destruction and reconstruction of the high content of 

conductive networks inside the polymer matrix caused a moderate change in electrical 

resistance in both strain amplitudes.  

In addition, at 100% strain, as shown in Figure 4.16b, CNTTPU had a sharper change in 

electrical resistance than the lower strain value of 50%. This difference could be attributed to 

the increase in distance between the percolation network of the carbon nanotubes. Furthermore, 

with less CNT, the percolation network that governed the conductive network was upon a large 

deformation of 100% tensile strain [67], [100].  
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Figure 4.16: Change in electrical resistance of CBTPU and CNTTPU initially stretched at a) 50% of strain and 

b) 100% of strain. 

Figure 4.17 shows the complete cycle of loading and unloading of the first cycle for CBTPU 

and CNTTPU at 50% and 100% strain amplitudes, respectively. Upon unloading, the electrical 

resistance values that the samples returned to were significantly higher than the values before 

strain. Permanent destruction of conductive paths caused non-recoverable residual of high 

electrical resistance. During the unloading process, a permanent increase in electrical resistance 

was observed in both samples. At 50% strain, the increase in electrical resistance upon 

unloading was relatively similar in CNTTPU and CBTPU. However, at 100% strain, the 

increase in CNTTPU was noticeably larger than in CBTPU. This increase was caused by the 

morphology of the carbon nanotubes that caused a non-recoverable aggregate upon unloading, 

which led to a higher increase in electrical resistance. At 100%, the higher value of tensile 

strain caused high destruction and a non-recoverable conductive network in CNTTPU.   
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Figure 4.17: Change in electrical resistance of CBTPU and CNTTPU initial cycles stretched at a) 50% of strain 

and b) 100% of strain. 

Another reason for the hysteresis behaviour was the apparent mechanical residual strain noticed 

in the mechanical unloading of the samples. The residual strain of the first cycle, experienced 

on the stress-strain curve, caused the non-recoverable initial value of electrical resistance in 

both CBTPU and CNTTPU samples. The CNTTPU had a higher residual strain which led to 

an increase in electrical resistance upon unloading. The microstructure of the carbon nanotubes 

in CNTTPU had a significantly greater aspect ratio of the spherical structure of the carbon 

black in CBTPU. This ratio resulted in further excluded areas in the CNTTPU due to less CNT 

content meaning there were fewer conductive paths within the elastomer matrix than in the 

CBTPU. The reduction in conductive paths could be one of the reasons for the large change in 

electrical resistance in the first loading in CNTTPU, according to the literature [8], [101]. 

Further indicating that the conductive networks within the elastomers reorganise during the 

0 25 50

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

∆
R

/R
ₒ

Strain (%)

 CBTPU

 CNTTPU

50% Initial Cycle

0 50 100

0

2

4

6

8

10

∆
R

/R
ₒ

Strain (%)

 CBTPU

 CNTTPU

100% Initial Cycle

a) 

b) 



64 

 

first loading-unloading cycle result from the mechanical strain and release of residual stresses 

[98].  

Furthermore, the mechanical deformation of the samples also induced compressive strain 

perpendicular to the strain direction. As illustrated in Figure 4.18a, elastic polymers experience 

a negative compressive strain (lateral strain) in the transverse direction to axial strain 

(longitudinal strain), and this is referred to as Poisson’s ratio [101], [183]. As demonstrated in 

Figure 4.18(b-e), when the CBTPU sample was stretched from 0-100% in the axial direction, 

the Poisson effect caused a compressive strain in the normal direction of the tensile strain axis 

apparent in the decrease in width in the CBTPU sample from 5.6 mm at 0% to 4.55 mm at 

100%. Hence, the compressive strain in CNTTPU and CBTPU introduce new conductive paths, 

which in turn causes competition between destructed and newly constructed conductive 

pathways.  

 

Figure 4.18: a) Schematic of Poisson’s ratio effect and (b-e) illustration of the Poisson effect on the CBTPU 

sample upon tensile strain from 0-100%. 

The deformation upon stretching also caused an increase in the distance between the carbon 

nanofillers inside the elastomer, which is referred to as the tunnelling effect [42], [69], [184]. 

This effect appears in carbon-filled elastomers where electrons move between neighbouring 

conductive particles separated by a very thin insulative polymer in the nanoscale. Upon 

stretching, the change in distance between neighbouring conductive particles causes an 

increase or decrease in electrical resistance. The destruction and increase in distance between 

conductive nanofillers led to hysteresis behaviour in the change of electrical resistance in both 

CNTTPU and CBTPU samples. The hysteresis effect of the polymer caused the non-

recoverability of the initial electrical resistance value. 
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4.7.2 Electrical response of cyclic strain 

The change in electrical resistance behaviour was further measured simultaneously as the 

samples were subject to cyclic strain. As explained previously, it was observed that the 

significant change in the mechanical and electrical behaviour during the first cycle was 

associated with the permanent rearrangement and breakage of polymer chains. The change in 

electrical resistance of 10 cyclic loading and unloading of the CBTPU and CNTTPU samples 

at 50% and 100% strain amplitudes is demonstrated in Figure 4.19(a-b), respectively. After the 

first cycle, the change in electrical resistance showed a repeatable trend in both strain 

amplitudes. The cyclic mechanical deformation of the samples resulted in a repeatable 

piezoresistive response. 

 

Figure 4.19: Change in electrical resistance under 10 cycles of CBTPU, and CNTTPU stretched at a) 50% of 

strain and b) 100% of strain.  

It was noticed that after the first cycle, CBTPU showed a linear electrical resistance behaviour 

during cyclic loading and unloading. In contrast, CNTTPU tended to linearly decrease and then 

fluctuate to a slight increase in electrical resistance during loading when reaching maximum 

strain value. In the releasing process, CNTTPU showed fluctuation again in electrical 

resistance during the unloading at both strain amplitudes of 50% and 100%. This fluctuation is 

illustrated in Figure 4.20(a-b), which showed the 10th cycles of the CBTPU and CNTTPU 

samples at 50% and 100% strain amplitudes. At 50% strain, in the 10th cycle, both samples 

showed similar amplitude in the electrical resistance. However, CBTPU showed linear 

behaviour with an increased change in resistance, whereas CNTTPU showed fluctuation in 

electrical resistance during loading and unloading. At 100% strain, it was observed that most 

of the higher change from initial resistance in CNTTPU was not recovered. Also, CBTPU 

showed linear behaviour in comparison to apparent fluctuation behaviour in CNTTPU upon 

loading and unloading. This fluctuation is referred to as double peak and was well established 

stretchable conductive composites in the literature [67], [100], [104].  
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Figure 4.20: Change in electrical resistance of 10th cycles of CBTPU and CNTTPU stretched at a) 50% of 

strain and b) 100% of strain. 

4.7.3 Negative strain effect  

The negative strain effect was experienced in the first cycle in which the electrical resistance 

increased in both the loading and unloading, creating new permanent higher value of electrical 

resistance. After that, the change in electrical resistance became transverse to the applied strain, 

meaning a decrease upon increasing the strain loading and increase when unloading. The 

phenomenon was further illustrated in Figure 4.21(a-b), which shows the magnification of 3 

cycles where the change in electrical resistance was inversely proportional to applied strain 

values of 50% and 100%, respectively. This is known as the negative strain effect, which occurs 

in stretchable conductive filled elastomers. The negative change in resistance upon loading was 

trending down from the newly created resistance value and then reverse linearly back up upon 

unloading. 

The mechanical hysteresis behaviour, Poisson’s ratio and residual strain influenced the cyclic 

electrical resistance response. Conductive paths within carbon-filled CBTPU and CNTTPU 

elastomers were disconnected and lost due to the residual strain, and new conductive paths 

were potentially created due to the Poisson’s ratio compressive effect. Although an inverse 

response was obtained, it was observed that stabilisation of cyclic loading after the first cycle 

led to repeatable resistance variation. Linear behaviour was noticed in CBTPU whereas, a slight 

fluctuation of double peaks at the maximum strain in the CNTTPU curve was noticeably 

present in both strain amplitudes; 50% and 100%.  
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Figure 4.21: magnified 7th, 8th, and 9th cycles of CBTPU and CNTTPU illustrating negative change in electrical 

resistance under a) 50% of cyclic strain and b) 100% of cyclic strain. 

4.7.4 Cyclic electrical response at low strain amplitudes  

The behaviour of the 3D printed samples was further monitored under cyclic loading at 

relatively lower strain amplitudes after the initial tensile strain cycles were achieved. The 

change in electrical resistance was measured by calculating the change in electrical resistance 

divided by the initial resistance as illustrated in Equation (2.2). Therefore, the change in 

electrical resistance was measured for 10 cycles of 10%, 30% of tensile strains, shown in Figure 

4.22 after both initial strain amplitudes of 50% (in Figure 4.22a-b) and 100%  (in Figure 4.22c-

d). The equilibrium state reached in the initial pre straining cycles demonstrated earlier resulted 

in a continuous and reproducible change in electrical resistance of the samples’ following 

response. Cyclic variation in strain loading and unloading return to the original value in a 

repeatable manner.  

Interestingly, CBTPU showed a continuous and repeatable change in electrical resistance in 

samples pre-stretched to 50% and 100% with no apparent drifting (Figure 4.22a-d). On the 

other hand, CNTTPU samples pre-stretched to 50% only showed a steady change in electrical 

resistance during cyclic strain at 10%. However, CNTTPU samples pre-stretched to 100% 

showed a steep reduction in electrical resistance magnitude during cyclic strain from the 1st – 

10th cycles, as shown in Figure 4.22c-d with apparent fluctuation, which is referred to as 

double-peak [98], [100], [104]. This double-peak was mainly attributed to the significant non-

recoverable electrical resistance experienced in CNTTPU in its initial strain of 100% in Figure 

4.20b. It was suggested that cyclic strain allowed a slight recoverability of the change in 

electrical resistance during cyclic strain from the 1st – 10th cycles in CNTTPU, which had 

undergone considerable destruction during the 100% initial strain. In addition, it was noted that 

behaviour slightly fluctuated in the CBTPU samples only at 10% strain after 100% initial 

straining; however, a steady performance was also observed, as can be seen in Figure 4.22c.  
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Figure 4.22: Change in electrical resistance under 10 cycles of CBTPU, and CNTTPU stretched at a) 10% of 

samples pre-stretched at 50%, b) 30% of samples pre-stretched at 50%, c) 10% of samples pre-stretched at 

100% and d) 30% of samples pre-stretched at 100%. 

4.8 Discussion 

It was found that the results acquired were in good agreement with previous studies [17], [18], 

[98], [100]. Generally, although high stretchability of >50% and good reproducibility of the 

results, the sensors suffered negative strain effect in their mechanical and electrical tests. The 

non-linear mechanical stress-strain curve of TPU based conductive polymers led to a non-linear 

electrical response apparent in the decrease in the change in electrical resistance to applied 

strain. CNTTPU presented fluctuation in the change of electrical resistance, which is referred 

to as the double-peak effect [98], [100], [104]. On the other hand, the CBTPU strain sensor 

presented a steady response in its change in electrical resistance upon cyclic loading between 

10-100% with moderate fluctuation only at 10% cyclic strain. The TPU substrate proved its 

ability to withstand great stretchability along with the embedded conductive polymer and 

showed the major advantage of simultaneous multi-material 3D printing.  It was essential to 

test rigid conductive polymer and evaluate its strain sensing capabilities to overcome the 

negative strain effect found in the embedded stretchable conductive polymers. However, it was 

found in the literature that the rigid conductive polymer could only withstand minimal strain 

(<5%) [13], [46], [56], [185]. This fragility was evident in the strain at break test here of GPLA, 
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which showed significantly lower stretchability of <5% compared to TPU based composites 

with a stretchability of well over 100%. One of the major advantages that AM offers is the 

ability to 3D print any given design regardless of its complexity. In this case, it allows us to 

design conductive traces and structure the rigid conductive composite in a way that it can 

withstand the great stretchability of its host substrate. The purpose was to design the GPLA in 

a way that it could withstand high stretchability and obtain the strain sensing response under 

dynamic loading. The design of conductive GPLA should consider its rigidity when embedded 

in stretchable TPU substrate and be able to withstand high stretchability of up to 100% for 

strain sensors. Straight-line rigid conductive traces would break if stretched to higher than 5% 

due to the brittleness nature of rigid 3D printable materials such as PLA. Therefore, in the 

remainder of this chapter, there is a discussion of the testing of 3D printing conductive rigid 

polymers embedded in a stretchable substrate in meander structure. We further tested their 

electromechanical behaviour for use as strain sensors. [166], [186], [187]. 

4.9 Graphene polylactic acid (GPLA) samples 

4.9.1 Meander traces of GPLA 

By analysing the results in TPU based conductive composites, it was found that they offer 

superior stretchability beyond the stretching range required for wearable and skin mountable 

applications. In contrast, it was observed in the literature that rigid conductive composites and 

cracked based strain sensing materials offer high sensitivity with positive strain response but 

lack stretchability. Therefore, to evaluate the feasibility of these rigid and brittle conductive 

materials, we utilised the advantages of freeform design and fabrication offered by the FDM 

technique. The advantage of multi-material FDM allowed us to 3D print GPLA as sensing 

material embedded within a stretchable elastomer. The idea is to design the brittle GPLA in a 

way that it could withstand high stretchability and obtain the strain sensing response under 

dynamic loading. PLA demonstrated bonding with Graphene and ease of 3D printability; For 

strain sensing applications, however, its rigidity limits the stretchability [4]. 

On the other hand, elastomers such as thermoplastic polyurethane TPU showed stretchability 

and 3D printability but commonly had an inherent mechanical and electrical negative strain 

effect, which limited the linearity and sensitivity of these stretchable materials. The purpose of 

this test is to see further the possibility of combining the advantages of the stretchable 

conductive elastomers and sensitivity of the crack and brittle conductive composites. The 

intention was to combine the advantages of both conductive materials to create highly sensitive, 
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linear, and stretchable 3D printed sensing materials. The electromechanical behaviour of GPLA 

samples was evaluated separately from the TPU based conductive materials due to the 

brittleness nature of the PLA. The use of 3D printing multi-material capability allowed for the 

construction of traces that would not affect the brittleness of the conductive materials. In order 

to overcome the low stretchability, 3D printing offers freedom of design that allowed us to 

fabricate rigid conductive traces embedded in stretchable elastomer that can withstand extreme 

stretchability.  The brittleness of the material allowed us only to test the samples with the 

meander shaped trace of the conductive GPLA. As illustrated in Figure 4.23(a-b), it was found 

that the meander structure of the rigid GPLA conductive traces had a spring-like behaviour 

when subject to tensile strain up to 100%. Following the same process illustrated previously in 

this chapter, Figure 4.23c shows an image of the simultaneous dual-material 3D printing 

process of meander-shaped GPLA filament embedded in TPU filament. Meander structure was 

chosen for rigid conductive GPLA embedded within the stretchable substrate to accommodate 

the intended high values of applied strain. 

  

 

Figure 4.23: Illustration of spring-like behaviour of meander rigid GPLA at a) 0% strain, b) 100% strain and c) 

Image of dual extrusion 3D printing of meander conductive GPLA embedded in TPU in action. 

a) b) 

c) 
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4.9.2 Resistance response of initial strain  

Based on the meander design fabricated here, we 3D printed meander traces of GPLA in 

stretchable TPU substrate, namely NinjaFlex and tested its electrical response. The sample was 

subject to 100% initial strain, while the substrate accommodates the tensile strain; the GPLA 

traces encapsulated acted like spring inside the substrate with little to no strain, as shown in the 

images in Figure 4.24a-b. Interestingly, the change in electrical resistance of the sample 

increased upon loading during the initial strain, as shown in Figure 4.24. Moreover, most of 

the resistance value recovered linearly upon unloading, as shown in Figure 4.24c. It was noticed 

that the electrical resistance of the sample had positive strain behaviour. The linearity of GPLA 

was obtained for axial strain compared to CNTTPU and CBTPU, which had a negative strain 

effect upon the unloading of the initial strain. 

 

 

Figure 4.24: a) 3D printed meander structured sample at 0% strain, b) Sample stretched to 100% and c) 

Change in electrical resistance of the initial cycle of GPLA sample stretched to 100% of strain. 
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4.9.3 Electrical response of GPLA under cyclic strain 

To further examine the 3D printed sample, cyclic strains of 10%, 30% and 50% were performed 

and illustrated in Figure 4.25a–c respectively, on cycles between 1st-10th cycles. The sample 

showed a gradual increase in the change in resistance with strain loading and a decrease with 

unloading, which is described as a positive strain effect. Reproducible cyclic response of 

change in electrical resistance can be seen in all strain amplitudes. The meander structure of 

GPLA in stretchable TPU was able to withstand a broad range of strain amplitudes as high as 

the initial strain of 100% to as low as 10% with a linear change in electrical resistance and 

repeatable under cyclic strain. It was suggested that the peak pre-straining of 100% strain at 

the first cycle resulted in the sample performing with good sensing stability at lower cyclic 

strains, represented with good recoverability and reproducibility.  

 

Figure 4.25: Change in electrical resistance of 10 cycles of GPLA stretched at a) 10% of cyclic strain, b) 30% 

of cyclic strain, and c) 50% of cyclic strain. 

4.10 Electrical sensitivity and gauge factor 

The gauge factor expresses the sensitivity of the samples by dividing the change in electrical 

resistance by the rate of change in tensile strain. The equation that calculates the gauge factor 

GF is expressed in Equation (2.3). 
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Figure 4.26 shows gauge factor values of the CBTPU, CNTTPU and GPLA at strain amplitudes 

of 10%, 30%, 50% and 100%. The GF values at 10%, 30% and 50% in CBTPU exhibited 

higher sensitivity with almost double than CNTTPU values. The highest GF value for CBTPU 

was 4.5 at 50% strain. In contrast, the significant destruction of carbon nanotubes in CNTTPU 

beyond 50% strain influenced the change in electrical resistance and led to higher sensitivity 

observed at 100% strain with a GF value of 6. Although positive linear behaviour was obtained 

in GPLA, the sensitivity was very low compared to both CBTPU and CNTTPU due to the 

spring-like behaviour of the sensor under applied strain. The spring-like behaviour with 

minimal strain on the GPLA traces upon stretching influenced the low sensitivity with the 

highest GF value of 0.28 at 10% strain, and the lowest was 0.09 at 100% strain.  

 

Figure 4.26: Average gauge factor GF values at various strain amplitudes between 10%-100%. 

4.11 Summary 

This chapter explored the feasibility of fused deposition modelling FDM 3D printing 

technology. The conductive materials used here were firstly processed through a filament 

maker to form 3D printable filaments. Carbon black, graphene and carbon nanotubes proved 

to be excellent conducting fillers to the polymer matrix. The mechanical performance of the 

materials, as well as the electrical conductivities, were tested. It was found that the type of 

carbon fillers greatly influenced the electrical conductivity of the filaments. It also 

mechanically influenced the stiffness and elasticity of the filaments.  
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The feasibility of multi-material 3D printing of the prepared filament was also tested. It was 

possible to simultaneously co-print conductive materials encapsulated within a flexible 

elastomer. CNTTPU samples showed high sensitivity with a gauge factor of 6 at an initial strain 

of 100%. However, most of the change in electrical resistance had not recovered, which led to 

lower GF values at lower strain amplitudes (<50%). CBTPU showed linear behaviour with a 

gauge factor value of 4.5 at 50% strain. Multi-material 3D printing also allowed to fabricate 

brittle GPLA filament in stretchable TPU substrate, which allowed for a tensile strain of up to 

100% with electrical sensing capability. To our knowledge, the work presented in this chapter 

was the first extensive investigation to compare the strain sensing behaviour of 3 types of 3D 

printed conductive polymers. The 3D printed samples proved to have great repeatable and 

reproducible results in sensing small and large strain deformations. 
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Chapter 5– 3D Printing of highly sensitive multi-material composite 

sensors with linear electrical responses 

5.1 Introduction 

The rapidly growing fields of wearable soft electronics and health monitoring require more 

reliable, sensitive, and compliant sensory systems. Development in sensing devices relies on 

advances in functional materials and fabrication processes. In Chapter 4, it was possible to test 

the 3D printability of rigid and flexible filaments and identify the key issues found in FDM 

multi-material 3D printing. The digital platform and its parameters were modified to overcome 

the difficulties found and ensure successful 3D printing of flexible filaments. Based on the 

outcomes of Chapter 4, CBTPU presented higher sensitivity than all the conductive materials 

tested but with a negative strain effect. On the other hand, GPLA presented good cyclic 

behaviour with linear electrical resistance response to applied strain but suffered low 

sensitivity. In order to overcome the issues found in Chapter 4, a method of mixing 2 

conductive pellets to fabricate highly sensitive strain sensors with a linear response is 

presented. CBTPU and GPLA have been chosen as the conductive pellets for this chapter. 

Various ratios of the 2 conductive pellets were mixed to optimise their mechanical and 

electrical properties. The resulting conductive mixtures were extruded to form a 3D printable 

filament. 3D printing utilising dual extrusion FDM was employed here to 3D print the prepared 

conductive composites embedded in a stretchable elastomer substrate to create highly sensitive 

and linear strain sensors. The set of materials and design of the multi-material strain sensors 

are described. The composites were characterised using SEM imaging, and the mechanical and 

electrical properties were further tested. The purpose was to enhance the sensors’ performance 

to overcome non-linearity and sensitivity issues.  

5.2 Composite preparation  

For the sensing material, CBTPU and GPLA were combined with three weight ratios. The mass 

loading (wt.%) of the GPLA pellets added to CBTPU pellets is denoted as CBTPU-χGPLA, 

where χ represents the mass loading wt.% of GPLA to CBTPU. Prior to the filament extrusion, 

the pellets were dried at 70 °C overnight using a material dryer before any melt processing. 

Figure 5.1 shows optical images of the preparation process of the 3D printable filaments. Each 

material composition was melt-processed and extruded at 170 °C, using a single-screw extruder 

(Noztek Pro, Noztek Ltd.) to form a strand of 3D printable filament with 1.75 mm of diameter. 

The resulting filament measured 1.75mm (±0.04 mm) in diameter, and batches of the filaments 
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extruded were wound manually to filament spools as shown in Figure 5.1c to be used later for 

the 3D printing process. Further demonstration of the SEM images of surface morphology of 

the extruded composites is illustrated in Appendix A. For the substrate, the TPU filament was 

used as received without any modification.  

   

Figure 5.1: a) Composite of CBTPU and GPLA pellets, b) Pellets extruded as 3D printable filament, and c) A 

spool of the 3D printed filament CBTPU-50GPLA filament ready for use. 

5.3 Physical properties of the filaments  

5.3.1 Electrical conductivity of composites 

Strands of the extruded composite filaments were prepared for measuring their electrical 

conductivity before the 3D printing process. 5 samples of each of the composite filaments were 

measured and cut to a length of 40 mm and a diameter of 1.75 mm (±0.04 mm). The samples 

were silver coated at both ends, as shown in Figure 5.2a, to assure the electrical connection 

when connected to the digital multi metre. As shown in Figure 5.2b, the addition of GPLA in 

the CBTPU-30GPLA filament enhanced the electrical conductivity to double that of neat 

CBTPU. This increase was attributed to the high electrical conductivity of the neat GPLA, 

which had a value of 0.11 S/m compared to the CBTPU at  0.008 S/m. CBTPU-40GPLA had 

an electrical conductivity of 0.025 s/m, which was slightly higher than the conductivity of 

CBTPU-30GPLA with a value of 0.022 S/m. CBTPU-50GPLA had the highest electrical 

conductivity of the 3 composite filaments reaching an electrical conductivity value of 0.03 S/m. 

It was found that the addition of up to 50 wt% of GPLA increased the electrical conductivity 

by almost 4 times the value found in the neat CBTPU. 

 

a) b) c) 
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Figure 5.2:  a) Strands of filament samples silver coated for electrical conductivity measurements. b) Electrical 

conductivity of the prepared samples. 

5.3.2 Strain at break 

The tensile strain testing was performed on samples of the three composites using an Instron 

tensile machine. Five strands of each of the 3 filaments, CBTPU-30GPLA, CBTPU-40GPLA 

and CBTPU-50GPLA, were prepared with lengths of 40 mm and 1.75 mm diameters (±0.04 

mm). The comparison of the strain at break of the samples can be seen in Figure 5.3. CBTPU-

30GPLA samples withstood considerable strain and broke at a value of over 100% of tensile 

strain. In comparison, CBTPU-40GPLA withstood a tensile strain of 75% with an apparent 

higher stress value of the tensile strain. On the other hand, CBTPU-50GPLA samples had the 

highest stress value breaking at a tensile strain of less than 55%.  

 

Figure 5.3: Strain at break of composite filament sample. 
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5.3.3 Tensile strength and Young’s modulus 

The tensile strength was obtained from the stress-strain curve to investigate the mechanical 

behaviour of the samples. As illustrated in Table 5.1 and Figure 5.5, the tensile strength value 

of the CBTPU-30GPLA sample was 3.64 MPa, which appeared to be the lowest tensile strength 

of the 3 filaments. It was noted that as the value of GPLA increases in the CBTPU-40GPLA 

and CBTPU-50GPLA, the tensile strength value distinctly increases to 4.78 MPa and 5.1 MPa, 

respectively. Furthermore, Young’s modulus was calculated to investigate the materials’ 

mechanical behaviour. It was measured by taking a secant value from the stress/strain curve in 

Figure 5.4 at low strain levels of < 1%, where the stress-strain curve relationship is linear. The 

measurement was based on the ISO 527 standard, and the measured values were summarised 

in Table 5.1. CBTPU-30GPLA exhibited the highest elasticity of the three filaments, with a 

Young’s modulus value as low as 73.97 MPa. The Young’s modulus value of CBTPU-

40GPLA filament was 107 MPa. 

On the other hand, CBTPU-50GPLA was shown to be relatively stiffer with the least elastic 

behaviour of the three filaments, with a Young’s modulus of 184 MPa. It can be noted that the 

addition of GPLA has shown a significant impact on the Young’s modulus of the samples. 

Nevertheless, these values were found to be in the elastic range of materials [48].   

 

Figure 5.4: Young’s modulus calculation of composite filament samples. 
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Table 5.1: Tensile strength and Young’s modulus of composite filament samples. 

 Tensile 

Strength (MPa) 

Young’s 

Modulus (MPa) 

CBTPU-30GPLA 3.64 73.97 

CBTPU-40GPLA 4.78 107 

CBTPU-50GPLA 5.1 184 

 

  

Figure 5.5: a) Average theoretical tensile strength, and b) Average theoretical Young’s modulus of the samples 

detailed. 

5.4 3D printing of strain sensors 

5.4.1 Design and fabrication  

The designs were prepared using CAD software called PTC Creo Parametric 3.0. Each 3D 

printed sample was composed of electrically conductive sensing filaments encapsulated within 

an elastomer substrate (i.e. embedded within an insulative TPU). For the embedded conductive 

filament, a straight-line design was used, measuring 36mm in length, 3.6 mm in width and 0.4 

mm in thickness, as shown in Figure 4.10a. The substrate shown in Figure 4.10b had a total 

length of 40 mm, a width of 5 mm, and 1 mm. It was designed for the conductive material to 

be embedded inside. As further illustrated in Figure 4.10b, the substrate had a cavity inside that 

allowed the conductive model to be merged in the substrate during the simultaneous 3D 

printing process. The substrate was designed with apertures measuring 3 mm2 at the 2 ends to 

enable electrical connection for the 3D printed samples.  

The fabrication of the 3D was based on simultaneous fused deposition modelling FDM 3D 

printing process. Firstly, stereolithography STL files of 3D models were exported to slicer 

software. The STL files of the substrate and the conductive filament models were merged, and 
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each of the materials was assigned to an extruder. The values of the 3D printing parameters 

used in this work were summarised in Table 3.1. These settings were then exported to an SD 

card as Gcode files from which the 3D printer can be read.  

The multi-material platform using the 3D printer enabled the fabrication of the samples where 

the right extruder was assigned for 3D printing of the conductive filaments, and the left one 

was for the encapsulate insulative substrate. Using the 3D slicing software, Figure 5.6a shows 

the merged CAD models of conductive material (black) and substrate material (red) converted 

into a series of discrete coordinate positions sliced layer by layer. As illustrated schematically 

in Figure 5.6a, the process follows the Gcode pattern generated in the software and alternates 

between the 2 materials to construct the 3D samples of the models. An optical image of the 3D 

printing process was shown in Figure 5.6b. 

 

Figure 5.6: Schematic illustration of the dual extrusion 3D printing process, which deposits materials by 

alternating between 2 independent extruders. b) Simultaneous dual 3D printing in progress.  

a) 

b) 
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For the glove and robotic hand strain sensors applications, a U-shaped strain sensor was 

designed and illustrated schematically in Figure 5.7(a-b) of the sensing traces and the substrate, 

respectively. The bending of the glove and robotic hand induce a tensile strain on the 3D printed 

sensors, which reflects to the change in electrical resistance [15], [17], [185]. The U-shaped 

strain sensor was employed to facilitate the electrical wiring and measurement of the electrical 

signal. Figure 5.7c shows a schematic representation of the robotic hand with detailed 

measurements. It was worth noting that the fingers of the robotic hand had cavities to allow the 

u-shaped strain sensors to be merged for the simultaneous 3D printing of the robotic hand with 

embedded strain sensors.  

 

 

Figure 5.7: Schematic illustration of a) U-shaped 3D strain sensor model, b) 3D design of the U-shaped strain 

sensor’s substrate, and c) 3D design of the robotic hand model (All measurements are in millimetre mm). 

a) b) 

c) 
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An exemplar sample shown in Figure 5.8a was wired with electrical wires and silver coated at 

the 2 ends to reduce the contact resistance to the probes for electrical testing. Figure 5.8b and 

Figure 5.8(c-d) showed images of the U-shaped 3D printed strain sensors and the 3D printed 

robotic hand with embedded strain sensors, respectively. 

       

        

Figure 5.8: Optical images of a) 3D printed strain sensors wired and silver coated, b) U-shaped strain sensors, 

and (c-d) The robotic hand 3D printed. 

5.4.2 Mechanical stress-strain behaviour of 3D printed samples 

Tensile strain tests were conducted on the 3D multi-material printed samples. Three samples 

of each of the CBTPU-30GPLA, CBTPU-40GPLA and CBTPU-50GPLA filaments were 

prepared for the mechanical testing. The 3D printed samples were attached to the Instron tensile 

machine, as shown in Figure 5.9, with a 20mm long, 5 mm wide, and 1mm thick gauge. The 

tensile strength was acquired, and the stress-strain curves of a total of 9 samples were obtained. 

The 3D printed samples were subjected to 10 cycles of tensile strain values of 50%, 70% and 

100%. The cyclic tensile pre- straining test was performed for the three types of the 3D printed 

a) b) 

c) d) 
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CBTPU-30GPLA, CBTPU-40GPLA and CBTPU-50GPLA to test their mechanical 

performance under various strain loadings. The first strain loading shows a steep increase in 

the stress amplitude of the applied strain. This increase is attributed to the rearrangement of the 

elastomer polymer chains to accommodate the applied elongation. It was also impacted by the 

embedded sensing materials, which increased the stress concentration on the first cycle. 

CBTPU-50GPLA had a steep increase in stress to the applied strain values compared to 

CBTPU-30GPLA, CBTPU-40GPLA from 50% to 100% of tensile strain. The increase in the 

concentration of stress in the first loading was also impacted by embedded composites, which 

have a higher elastic Young’s modulus than the encapsulate substrate.  

After the first cycle, the samples showed a softening effect where the curve demonstrated 

monotonic behaviour when loading and unloading. After that, the samples reached an 

equilibrium, which indicated the viability of the cyclic pre-straining to minimise the softening 

effect.  It can be noted that the hysteresis mechanical behaviour in the cyclic curve after the 

first cycle increased as the tensile strain value increased from 50-100% (i.e. the linearity in 

loading and unloading decreases as the value of tensile strain increases). This inherent 

mechanical hysteresis behaviour is well known in stretchable materials [48]. As further 

illustrated in Figure 5.9(b-d), the samples showed a residual strain in the cyclic stress-strain 

with an apparent residual strain of 10%.  

It was noticed that although there was slightly different behaviour in the first loading cycle, all 

embedded conductive materials had mechanically similar behaviour in the following cycles. 

However, the difference was found in the tensile strain value, where the hysteresis behaviour 

was more apparent in the cyclic loading-unloading curve as the strain values increased from 

50-100%.  
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Figure 5.9: a) Optical image of the 3D printed sample clamped for mechanical testing, (b-d) Stress-strain curve 

of 10 cycles stretched at b) 50%, c) 70% and d) 100%. CNTTPU. 

5.4.3 Electrical response of initial strain cycle 

The sensing capability of the 3D printed samples was tested by measuring the change in 

electrical resistance to the applied strain. The samples were initially subjected to stretching of 

tensile strain at 1mm/s of strain rate as illustrated in the setup in Figure 5.10a. Upon loading, 

the results showed a monotonic change in the resistance response of the 3 embedded 

composites, namely CBTPU-30GPLA, CBTPU-40GPLA and CBTPU-50GPLA. The change 

in electrical resistance increased as a function of the applied strain due to the destruction of the 

conductive path networks within the sensing filaments. The 3 samples showed a distinctly 

different pattern of change in electrical resistance as the tensile value increases.  

Upon loading 50% strain, CBTPU-30GPLA possessed low electrical resistance change, as 

shown in Figure 5.10b. In comparison, CBTPU-40GPLA experienced a more significant 

change in resistance at 50% strain than CBTPU-30GPLA. CBTPU-50GPLA showed the 

highest increase change in electrical resistance to the applied strain. It was noticed that at a 
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strain value greater than 30%, the change in electrical resistance increased rapidly to the applied 

strain.  

The change in resistance in CBTPU-50GPLA possessed exponential behaviour at tensile strain 

values of 70% and 100%, as illustrated in Figure 5.10(c-d), respectively. Interestingly, CBTPU-

40GPLA had also demonstrated a sharp increase in electrical resistance at strain values of 70% 

and 100%, as shown in Figure 5.10(c-d), respectively. On the other hand, CBTPU-30GPLA 

had a moderate change of electrical resistance in all strain values compared to CBTPU-

40GPLA and CBTPU-50GPLA. It was worth noting that the higher the content of GPLA, the 

higher the change in resistance was observed. However, the change in the electrical resistance 

of CBTPU-50GPLA between 70-100% showed a steep exponential increase in electrical 

resistance. This curve of change in electrical resistance shows that the operating range for 

CBTPU-50GPLA reaches a tensile strain up to 50%. Upon unloading, the initial strain showed 

that the electrical resistance was reversible, recovering the initial electrical resistance’s value 

considerably. This repeatable behaviour is explored further in the next section to investigate 

their feasibility for use as strain sensors.  

     

     
Figure 5.10: Image of data logging setup. (b-d) Change in resistance response of CBTPU-50GPLA, CBTPU-

50GPLA and CBTPU-50GPLA at strain values of a) 50%, b) 70% and c) 100%. 
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5.5 Pre-straining of samples and their effect on materials and electrical resistance  

The electromechanical behaviour of the samples was furthered explored by following cyclic 

pre-straining. In elastomeric stretchable materials, pre-straining is essential for regulating the 

elastomer matrix chains and the conductive network within the elastomer. This regulation was 

witnessed in the mechanical behaviour where the softening effect occurred in the first stress-

strain cycles. For the use in strain sensing, pre-straining at tensile strain values of 50%, 70% 

and 100% was essential. Therefore, fresh samples were subject to 10 cycles of maximum strain 

values of 50%, 70% and 100%. At 50% cyclic strain, illustrated in Figure 5.11, the samples 

showed repeatable behaviour change in electrical resistance. Upon cyclic loading, the change 

in electrical resistance in CBTPU-30GPLA peaked at 2, which was lower than the change in 

CBTPU-40GPLA, which had a peak value of 4.2. CBTPU-50GPLA had the highest electrical 

change reaching 12.5. During the cyclic strain, CBTPU-50GPLA and CBTPU-40GPLA 

showed a positive change in electrical resistance where the change of resistance increased upon 

strain loading and decreased upon unloading. However, CBTPU-30GPLA fluctuated in 

response to applied strain, showing double peaks at each cycle. This fluctuation in the change 

of electrical resistance response is known as the negative effect where electrical resistance 

change is inversely proportional to applied strain [8], [42]. After the first cycle in CBTPU-

30GPLA, fluctuation occurred with the change in electrical resistance increasing from 0 to 15% 

strain loading and then decreasing from 15% to peak 50% strain loading. Upon unloading, it 

continued to fluctuate with a slight decrease in electrical resistance, followed by a sharp 

increase in the electrical resistance. 

 

Figure 5.11: 3D printed CBTPU-50GPLA, CBTPU-50GPLA and CBTPU-50GPLA at cyclic initial strain value 

of 70%. 
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At a 70% cyclic strain, illustrated in Figure 5.12, the samples demonstrated a continuous 

increase in the change to the electrical resistance upon the loading and a decrease in the 

unloading of tensile strain. Upon cyclic loading, the change in electrical resistance in CBTPU-

30GPLA reached a peak value of 3.9. CBTPU-40GPLA had a peak value of 38, which was 10 

times higher than that acquired in CBTPU-30GPLA. There was apparent drifting in the 

CBTPU-40GPLA initiating higher values of electrical resistance upon the cyclic strain. The 

value of change in electrical resistance was the highest in CBTPU-50GPLA, reaching 56 with 

repetitive behaviour upon loading/unloading.  

 

Figure 5.12: 3D printed CBTPU-50GPLA, CBTPU-50GPLA and CBTPU-50GPLA at cyclic initial strain value 

of 70%. 

At the 100% cyclic strain, illustrated in Figure 5.13, the change in electrical resistance for the 

CBTPU-30GPLA reached a peak value of 15, with apparent drifting observed during the cyclic 

strain. The CBTPU-40GPLA peaked at 52, which was more than 3 times the change in 

resistance value found in the CBTPU-30GPLA. On the other hand, CBTPU-50GPLA showed 

an irregular change in electrical resistance, reaching a peak value of 1963, suggesting a 

disconnection in the conductive paths. However, CBTPU-50GPLA showed repeatable 

behaviour upon loading/unloading despite the electrical signal disconnecting at a peak strain 

value of 100%. Furthermore, the TPU substrate encapsulates exhibited the ability to withstand 

high stretchability mechanically and govern the reconstruction of the conductive pathways 

upon unloading, as evidenced by the ability of the sample to recover after each cycle. 
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It was noticed that the samples did not fully recover after each cycle, which was expected in 

stretchable materials. The non-recoverable electrical resistance was attributed to the residual 

strain observed in the mechanical behaviour of the samples. Another reason was that the 

permanent destruction of conductive paths due to tensile strain prevented the full recovery of 

change in electrical resistance after each cycle. 

 

Figure 5.13: 3D printed CBTPU-50GPLA, CBTPU-50GPLA and CBTPU-50GPLA at cyclic initial strain value 

of 100%. 

5.6 Analysis and characterisation of crack formation 

The samples were characterised using an optical microscope. The substrate colour was a clear 

visible TPU filament to allow visualisation of the embedded conductive filaments. CBTPU-

30GPLA, CBTPU-40GPLA and the CBTPU-50GPLA embedded in the substrate were black. 

The samples were characterised in the optical microscope while they were subjected to tensile 

strain. This process was carried out to investigate the distinct difference in electrical resistance 

behaviour in the 3 samples at strain values up to 100% tensile strain. Optical microscopic 

images were taken in real-time as the strain values increases. The images were further 

processed in software called ImageJ (See Appendix A). In the software, the images were 

converted into binary black and white, where black represented uncracked conductive material 

and white represented the cracked areas of the embedded sensing material. This software 

allowed us to capture the cracks, and consequently, we were able to take measurements of their 

effect in the sensing materials.  It was possible to identify the average cracks’ opening height 

to the longitudinal strain and registered the values in excel sheets. 
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At 50% strain, the sensing filaments embedded within the substrate had different responses to 

the applied strain. Samples with higher GPLA (>= 40 wt%) content showed apparent crack 

formation to the applied strain. CBTPU-50GPLA and CBTPU-40GPLA induced crack 

formations to the sensing material (black) embedded within the encapsulate (clear) substrate. 

CBTPU-50GPLA, induce a relatively high density of crack formation at a strain value of 50%. 

On the other hand, CBTPU-40GPLA showed low crack formation at strain value >= 50% in 

comparison to CBTPU-50GPLA. In contrast, CBTPU-30GPLA with the least content of GPLA 

had not shown any crack formation up to a strain value of 100%.  

It was also found that the cracks propagated as a function to applied strain where higher strain 

induced a higher value of average crack openings, as shown in Figure 5.14. Also, the heights 

of the longitudinal strain depended on the content of GPLA within the sensing materials. The 

higher the addition of GPLA to CBTPU, the higher the average height of cracks in the 

embedded conductive material within the stretchable substrate. Looking at the graph of 

comparison between the CBTPU-50GPLA and CBTPU-40GPLA, we can see a distinct 

difference in the crack openings at tensile strain values of 50%, 70% and 100%.  

This difference was attributed to the mechanical capability of CBTPU-30GPLA to withstand 

tensile strain >100% to break. Increasing the content of the GPLA increased the rigidity of the 

material and introduced crack formation to the sensing material within the stretchable substrate 

with GPLA content => 40 wt%. Sensors with 50 wt% GPLA content showed the highest crack 

formation, with crack density increasing gradually with increased tensile strain from 50-100% 

strain. The optical microscopic images allowed us to see which of the samples had crack 

formation induced. Also, we were able to see which value of tensile strain the cracks started to 

occur. 
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Figure 5.14: a) Crack formation of different samples at various strain values. b) Comparison of average crack 

height (mm) between CBTPU-50GPLA and CBTPU-40GPLA at various strain values. 

5.7 Crack formation of CBTPU-50GPLA at lower strain values 

We further investigated the optical microscopic images of CBTPU-50GPLA in the range 

between 5-50%, as illustrated in Figure 5.15. Inspection of the crack openings revealed average 

crack opening values increased at tensile strain values between 5-10%, as shown in Figure 

5.15b. The average crack height slightly changed between 10-30%. At higher strain values, we 

noticed a sharp increase between 40-50%. The sharp increase could be attributed to the higher 

mechanical stiffness of the sensing material to accommodate the higher strain. To investigate 

the crack effect in the samples more thoroughly, we looked at the total area of cracks at strain 

values from 5-50%. In the CBTPU-50GPLA samples, Figure 5.15c shows the total area of 

crack formation in the sensing material, the percentage of the total crack area increases 

gradually as the strain value increases from 5-50%. Looking at the graph, we see a gradual 

increase in the total crack area as in strain value increases. At strain values from 10-30%, 

although there was no significant increase in crack height, there was an apparent gradual 

increase in the total cracks’ area as the strain increases. The increase of total crack area was 

a) 

b) 
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attributed to the increased number of crack spots, as evidenced in the optical images. Looking 

at the total crack area in the range between 40-50%, we can see a distinct increase in the total 

crack area complementing the increase in average crack heights. 

As seen in the previous section, increasing the content of the GPLA introduced a crack 

formation to the sensing material within the stretchable substrate with GPLA content => 40 

wt%. At 40 wt% GPLA content, the sensors showed a small crack formation at a tensile strain 

of 50%, 70% and 100%. Sensors with 50 wt% GPLA content showed the highest crack 

formation, with crack density increasing gradually with increased tensile strain from 50-100% 

strain. The crack formation explains the higher value of change in electrical resistance as the 

content of GPLA increases. We also saw higher tensile strain-induced higher crack density, 

which led to higher electrical resistance change at a peak strain value of 100%. 

  

Figure 5.15: a) Crack formation of CBTPU-50GPLA at strain values between 5-50%. b) Comparison of 

average crack height (mm) of CBTPU-50GPLA as strain value increases from 5-50%. c) Calculation of total 

crack area (%) of CBTPU-50GPLA as strain value increases from 5-50%. 
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5.8 Electrical response of cyclic strain 

The samples were further monitored under cyclic loading at relatively lower strain amplitude 

after the initial tensile strain cycles. The samples pre-strained to 50%, 70% and 100% were 

further subjected to 30% of 10 strain cycles. The change in electrical resistance was measured 

simultaneously as the samples were subject to cyclic strain. Cyclic testing of the 3D printed 

samples was performed to investigate their reversibility and reliability for strain sensing 

applications. 

Figure 5.16a shows the change in electrical resistance of 10 cycles at 30% strain of samples 

with 50% pre-straining. CBTPU-50GPLA and CBTPU-40GPLA showed a gradual increase in 

the change to resistance with strain loading and a decrease with unloading, which is described 

as the positive strain effect. However, CBTPU-40GPLA showed a slight double peak effect as 

the strain value increased from 15%-50%. Reproducible cyclic response of change in electrical 

resistance can be seen in both CBTPU-50GPLA and CBTPU-40GPLA as illustrated in the 8th 

cycle magnified in Figure 5.16b. In contrast, CBTPU-30GPLA showed a negative strain effect, 

where the cyclic change in electrical resistance decreased inversely to the increase in tensile 

strain and a further increase in the electrical resistance as the strain value decreased. CBTPU-

50GPLA change in electrical resistance reached a peak value of 5.7, which was almost 4 times 

higher than CBTPU-40GPLA with a peak value of 1.5. CBTPU-30GPLA reached a peak value 

of 0.45, which was noticeably lower than that found in CBTPU-50GPLA and CBTPU-

40GPLA.  

The change in electrical resistance at 30% strain in samples with 70% pre-straining is illustrated 

in Figure 5.16(c-d). CBTPU-50GPLA and CBTPU-40GPLA also performed with good linear 

stability at cyclic strains reaching peak values of 14.2 and 7.4, respectively. CBTPU-30GPLA 

showed a positive linear increase in electrical resistance up to 15%, followed by a slight double 

peak effect as the strain value increased from 15%-50%, reaching a peak value of 1.2. 

Figure 5.16(e-f) shows the cyclic behaviour of change in electrical resistance in samples with 

30% strain and 100% pre-straining. CBTPU-50GPLA and CBTPU-40GPLA also performed 

with good linear stability at cyclic strains reaching peak values of 48.6 and 11.7, respectively. 

We noticed the value of change in electrical resistance in CBTPU-50GPLA pre-strained to 

100% increased more than 3 and 8 times than those in samples pre-strained to 70% and 50%, 

respectively. CBTPU-30GPLA showed a positive linear increase in electrical resistance of up 

to 15%, followed by a minor double peak effect as the strain value increased from 15-50%, 

reaching a peak value of 4. All 3 samples pre-strained to 100% showed good linearity with a 
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moderate double peak effect observed in the CBTPU-30GPLA sample. Overall, they 

performed with good sensing stability at 30% cyclic strain, represented with good 

recoverability and reproducibility. 

 

 

  

Figure 5.16: Change in electrical resistance at 30% strain under 10 cycles of samples pre-strained at a) 50% 

pre-strain with b) 8th cycle magnified, c) 70% pre-strain with d) 8th cycle magnified, and e) 100% pre-strain 

with f) 8th cycle magnified. 
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5.9 Gauge factor 

We measured the gauge factor of the sensors at a 30% strain value. The gauge factor was 

calculated by dividing the change in electrical resistance divided by the change in length of the 

sensor caused by tensile strain. The calculation for the gauge factor GF is expressed in Equation 

(2.3). Figure 5.17 shows the average gauge factor calculations at 30% cyclic strain of samples 

pre-strained from 50%-100% strain values. CBTPU-30GPLA showed relatively low 

sensitivities with an average gauge factor ranging between 1.5, 4 and 13 at samples pre-strained 

to 50%, 70% and 100%. In contrast, CBTPU-40GPLA showed noticeably higher sensitivity 

with average gauge factor ranging between 5, 24 and 39 at samples pre-strained to 50%, 70% 

and 100%, respectively. CBTPU-50GPLA showed the highest calculated sensitivity with 

average gauge factors ranging between 19, 48 and 161 at samples pre-strained to 50%, 70% 

and 100%, respectively. Looking at the Gauge factor values shown in Figure 5.17, we can see 

that 2 distinct factors influenced the sensitivity of the 3D printed samples. The samples with 

the highest value of GPLA content had markedly higher sensitivity values, for example, 

CBTPU-50GPLA. Another factor was that as the higher initial strain increased, the sensitivity 

increased sharply. For example, the samples reached the highest gauge factor of 163 in the 

CBTPU-50GPLA sample with 100% initial strain. The increase in sensitivity was due to the 

increase in the crack formation as the strain value increases (as seen in the crack formation 

section 5.6). 

 

Figure 5.17: Average theoretical gauge factor GF values at 30% cyclic strain of samples with various GPLA 

content and pre-strained values.  
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5.10 Varying range and strain rate  

In order to further illustrate the capability and wide range of sensitivity, Figure 5.18 shows the 

CBTPU-50GPLA sample at various cyclic strain values ranging from 5-50%. The sensor 

showed good linearity and reproducibility of change in electrical resistance.  

 

  

Figure 5.18: Cyclic resistance change at various strain values. 

The strain sensor was also subjected to various strain rates, and the electrical response was 

measured. Figure 5.19 shows the sensor subjected to strain rates ranging from 0.5-4 mm/s as 

different applications may require various strain rates. It shows that the sensor coped with little 

to no effect in electrical resistance response under various strain rates. This result also shows 

the strain independent of stretching speed rate. 

 

 

Figure 5.19: Cyclic resistance change of 20% tensile strain at various strain rates. 
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5.11 Reliability and stability performance 

One thousand cycles were performed to test stability and reproducibility to ensure the sensor's 

reliability for long term use. The CBTPU-50GPLA sensor was subjected to 1000 cycles at 30% 

strain, as shown in Figure 5.20. The sensor possessed excellent repeatability and 

reproducibility, proving it to be a great candidate for vast applications in human motion 

detection and robotics.  

 

Figure 5.20: Electrical response at 1000 cycles. Insets of magnified cycles from first 5 cycles through 500-504 

cycles and 950-954 cycles. 

5.12 Applications of the 3D printed strain sensors 

5.12.1 Hand fingers motion detection 

We fabricated a number of these sensors to detect the motion of hand fingers, robotic hand 

fingers and detect the heartbeat pulses to demonstrate the potential of the 3D printed strain 

sensors. Five strain sensors were sewed to a glove by attaching one sensor for every finger, as 

illustrated in Figure 5.21a. The attached sensors were connected to a data logger through a PC 

to record the sensors in real-time. The attached sensors allowed us to register the motion of 

each finger in real-time by recording change in electrical resistance as fingers moved, as 

demonstrated in Figure 5.21b.  
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Figure 5.21: a) Optical image of the strain sensors attached to glove. b) Electrical resistance change as 

function of time for capturing finger motion detection to various hand gestures. 

5.12.2 Robotic hand finger motion detection 

A robotic hand was fabricated with 5 embedded strain sensors 3D printed simultaneously inside 

the robotic hand’s fingers. The robotic hand fingers were attached to 5 servo motors connected 

to an Arduino and connected to a PC, as illustrated in Figure 5.22, allowing us to programme 

the motion of the fingers by writing a simple code for the servo motors. The servo motors 

which move the robotic fingers were assigned to the Arduino digital channels. Then, a code 

provided from the Arduino library was used to rotate the servo motors, which move the robotic 

a) 

b) 
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fingers. The motion of the fingers can be monitored and registered by recording the change in 

resistance of the sensors embedded in the robotic hand. These embedded sensors provided 

feedback function of the 3D printed robotic hand. (See Appendix B) 

 

Figure 5.22: a) Optical image of the robotic hand with embedded strain sensors, b) Electrical resistance change 

as a function of time for the strain sensors embedded in the robotic hand.  

5.12.3 Heartbeat sensing 

A 3D printed strain sensor was attached to the wrist to record the physical movement of the 

heartbeat pulses, as shown in Figure 5.23a. Monitoring was achieved by recording the change 

in electrical resistance in real-time as the heartbeats, as illustrated in Figure 5.23b. The ability 

a) 

b) 
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to detect the physical strain caused by the heartbeat pulses on the wrist proved that these 3D 

printed strain sensors were able to detect very low strain values.  

  

Figure 5.23: a) Optical image of strain sensor attached to the wrist, b) Heartbeat pulse detected by the strain 

sensor attached and Inset showing magnified image of accurate measurement of a heartbeat pulse. 

5.13 Summary 

The development of the sensing material composites allowed the creation of strain sensors with 

good recoverability and reproducibility. These samples were subjected to various strain 

amplitudes ranging from 5 to 100% tensile strain values.  A method of mixing 2 conductive 

pellets to fabricate highly sensitive strain sensors with a linear response is presented. Pre-

straining of the 3D printed sensors caused a crack formation, which possesses high sensitivity. 

The influence of pre-straining was evident in the sensitivity as higher pre-straining values 

resulted in higher sensitivity. The pre-straining positively impacted the 3D printed strain 

sensors' cyclic behaviour, and it was evident that samples with a higher GPLA content had a 

positive linear behaviour with higher sensitivity under cyclic strain. The results obtained 

combined the ability of highly stretchable 3D printed strain sensors of  >50% while maintaining 

positive linearity. In addition, the values of gauge factors obtained reaching as high as 163 

showed unprecedented sensing capabilities in comparison to previously 3D printed strain 

sensors summarised in Table 2.1. The sensors performed with little evidence of hysteresis at 

various strain values and demonstrated good stability and reproducibility in cyclic tests of up 

to 1000 cycles. Consequently, these sensors proved they had a comprehensive range of sensing 

capabilities ranging from robotic hand and finger motion detection to a heartbeat. 

90 91 92 93 94

0.00

0.01

0.02

0.03

Heart Beat

∆
R

/R
ₒ

Time (s)

 ∆R/Rₒ

91.9 92.0 92.1 92.2 92.3
0.005

0.010

0.015

0.020

a) b) 



100 

 

Chapter 6–Tuneable sensitivity by multi-material 3D printing of multi-

layered resistive pressure sensors 

6.1 Introduction 

Tactile and pressure sensors are examples of devices that play a major role in advancing human 

machine interaction, wearable electronics and soft robotics. The purpose of this chapter is to 

extend further the capabilities of the digital platform developed in Chapter 4 and Chapter 5 by 

taking advantage of multi-material 3D printing in developing pressure-sensing applications. 

Piezoresistive pressure and tactile sensors have attracted much attention in recent years due to 

their inherent flexibility, stretchability, low energy consumption, and easy read-out. This 

chapter presents the development of 3D printed multi-layered resistive pressure sensors and 

their performance under compressive load. A novel method of fabricating soft compressible 

multi-layered pressure sensors via FDM 3D printing is presented. The set of materials and 

design of the pressure sensors are also described. It is followed by the illustration of the layer-

by-layer fabrication process and post-processing. The chapter introduces a multi-layered 

pressure sensor design that takes advantage of multi-material 3D FDM printing. The 

mechanical and electrical performance of the 3D printed pressure sensors tests is outlined in 

detail. The distinctive tuneable sensitivity of the multi-layered pressure sensors is further 

illustrated and discussed. The proposed multi-layered sensor design is compared to a solid 

design of the same conductive material. We also look at how increasing the thickness of the 

multi-layered sensor influenced the sensitivity of the samples. The use of 3D printing allowed 

us to tune the sensitivity using supporting scaffold material and made it possible to increase 

the number of sensing layers. The design flexibility offered by 3D multi-material printing 

overcame the constraint of conventional fabrication techniques. Eventually, to show the 

capability, versatility and potential of these sensors, various applications are illustrated. 

6.2 Materials preparation  

For the sensing material, carbon black thermoplastic polyurethane CBTPU was chosen as it 

was the highest elastic material suitable for the pressure sensor. To prepare the 3D printable 

filament, pelletised CBTPU was extruded via a filament extruder. CBTPU pellets were dried 

at 70 °C overnight before any melt processing using a material dryer. After that, CBTPU was 

melt-processed and extruded at the recommended temperature of 170 °C, using a single-screw 

extruder (Noztek Pro, Noztek Ltd.) to form a strand of 3D printable filament with a 1.75 mm 

diameter. The average electrical resistivity of the material measures 100 Ω.m. For the 
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supporting material, Polyvinyl alcohol (PVA, a dissolvable material, was chosen. It was used 

as the supporting structure for 3D printed pressure sensors that included overhang structures. 

It is a water-soluble material in the form of a 3D printing filament spool and was used as 

received. 

6.3 3D Design and fabrication of pressure sensors 

6.3.1 Design 

The pressure sensors were modelled using 3D CAD modelling software. The design considered 

the flexibility of the sensing material chosen and the accuracy of the 3D printer. As shown in 

the schematic illustration in Figure 6.1, the design concept consists of suspended layers 

measuring an area of 10 mm2. Since the conductive material was highly flexible, we designed 

the layers to be 0.4 mm thick for the integrity of the structure. The layers were connected at 2 

corners, measuring an area of 2 mm2 and 0.2 mm thick. These thin interface corners make a 

0.2 mm gap between each of the suspended layers. The sensors were designed with 3 different 

heights based on the number of layers illustrated in Figure 6.1. The heights of the sensors were 

1.6 mm, 2.8 mm and 4 mm. The dimensions of the samples consider the smallest feature size 

for their use and practicality in various applications [150], [151]. For comparison, a solid sensor 

was designed to measure an area of 10 mm2 and 1.6 mm in height. 

 

Figure 6.1: Schematic illustration of the multi-layered design of a) Side and top views showing measurements of 

the design, b) Side view of the models with various thicknesses, and c) 3D models of the sensors with varying 

thicknesses.  

a) 

b) 

c) 
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6.3.2 Multi-material fabrication 

The fabrication of the pressure sensors takes advantage of multi-material FDM 3D printing. A 

3D printer with a dual extrusion FDM system was employed to 3D print the conductive sensing 

filament simultaneously with the supporting material. The schematic illustration in Figure 6.2 

shows the one-step fabrication of the multi-layered pressure sensors. The sensors were 3D 

printed layer by layer. Firstly, the 3D CAD design was imported to the printer’s software to 

tune the printing settings and slice the model in layers. The tuned design was then exported to 

an SD card in a G-code format that the 3D printer understands. For each layer, the printer’s 

platform lowers to allow for the next layer to be printed. At the start of 3D printing, 2 layers of 

the conductive material were printed with a layer thickness of 0.2 mm each. Then for the next 

layer, 2 corners were printed to connect the lower conductive layer to the subsequent upper 

one. In order to ensure the integrity of the design, the gaps between the suspended conductive 

layers were filled by the simultaneous printing of the PVA supporting material in which the 

printer switches to the second extruder to print the PVA. After that, the upper conductive layer 

is printed over the supporting PVA. This step was then repeated for the subsequent layers based 

on the number of layers for each sensor.  

 

Figure 6.2: Schematic illustration of the dual extrusion 3D printing process, which deposits materials by 

alternating between 2 independent extruders. 

Figure 6.3a shows images of the samples freshly 3D printed and ready for post-processing. 

Images in Figure 6.3(a-d) show the 3D printed sensors before, during, and after the removal of 
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the supporting material, respectively. The post-processing of a 3D printed sample was 

performed to remove the water-soluble PVA scaffold material. After the 3D printing was 

finished, the PVA scaffold material was simply removed by immersing the sample in water.  

The sample stayed in the water for 24 hours to allow complete removal of the PVA supporting 

material. After that, the sample was rinsed and dried at 70°C for an hour to ensure the removal 

of the remaining water. The delamination apparent in Figure 6.3d can be attributed to the 

immersion of the samples in water. 

 

  

   

Figure 6.3: Images of the 3D printed multi-layered 1.6 mm sensor of a) The model as 3D printed without any 

post-processing, b) The sample immersed in water and left for 24 hours, c) Image of the soluble scaffold 

material dissolving in water and d) Image of the sample dried and ready for use. 

For comparison purpose, a solid sample measuring 10 mm2 and 1.6 mm thickness was printed 

and is shown in Figure 6.4a. The multi-layered 3D printed samples fabricated in 1.6 mm, 2.8 

mm and 4 mm thicknesses were shown in Figure 6.4b, c and d, respectively. The images show 

visible gaps between the multi-layered samples after the removal of the support material. The 

structure's integrity was maintained in the samples due to the printed corners between the 

suspended layers, ensuring continuous electrical conduction through the samples in the vertical 

a) b) 

c) d) 
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(Z) direction. The 1.6mm sample had 2 gap interfaces between the conductive layers, whereas 

the 2.8mm and the 4mm samples had 4 and 6 gap interfaces. The gaps were introduced to alter 

the samples' mechanical and electrical behaviour, explored in the following sections. 

 

  

Figure 6.4: Optical images of 3D printed a) 1.6mm Solid sample, b) 1.6mm multi-layered sample, c) 2.8mm 

multi-layered sample, and d) 4mm multi-layered sample.  

6.4 Mechanism of the 3D printed resistive pressure sensors 

The working principle of the resistive pressure-sensing of the 3D printed multi-layered sensor 

is illustrated in Figure 6.5, which shows a schematic representation of the mechanical and 

electrical behaviour of the resistive pressure sensors used in this research. The represented 

schematic illustrates the compressive behaviour of multi-layered sensors upon pressure input. 

When pressure force is applied to a flexible pressure sensor, the resulting mechanical 

compression enhances the conductive pathways within the sensing material, leading to a 

decrease in electrical resistance. As the pressure increases, the applied force increases the 

interface area of contact between suspended layers. The higher the pressure value, the more the 

sensor compresses, and hence the area of contact between the suspended layers increases. This 

dynamic mechanical contact deformation greatly influenced the change in electrical resistance 

of our 3D printed sensors. The applied pressure compressed the layers, which brought the 2 

a) 

c) 

b) 

d) 
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ends of the samples closer together. This compression enhanced the interface contact area 

between the layers in our sensors. The applied pressure caused the electrical resistance to 

change as it is compressing the 2 ends of the samples closer together. Higher-pressure 

compresses the top and bottom ends of the sample closer together, which lowers electrical 

resistance. The mechanical change in the sensor induced change in electrical resistance 

measured simultaneously using a simple voltage divider circuit. The sensing mechanism is 

represented in an equivalent circuit illustrated in the schematic in a graph. When a mechanical 

force is applied to the sensor, the change of contact area between the suspended layers results 

in a change in the electrical resistance upon pressure force. The change in electrical resistance 

upon pressure is measured by Equation (2.2). 

 

Figure 6.5: Schematic illustration of the mechanism of the multi-layered resistive pressure sensor 

6.5 Mechanical results 

The mechanical performance of the solid and multi-layered sensors was evaluated. The sensors 

were subjected to 200 kPa of compressive pressure loading to test its compressibility measured 

in compressive strain (%) using the Instron machine. The graph shows the resulting 

compressive strain of the first compressive loading at 200 kPa in Figure 6.6. When 200kPa was 

applied, the solid sensor's low change in strain compression decreased to 3.5% of compressive 

strain. On the other hand, the applied pressure greatly influenced the compression strain in the 

multi-layered sensor. The compressibility in the suspended multi-layered sensor was 4 times 

higher than that of the solid sensor. The influence of the suspended multi-layer design showed 

that it was compressed by 13% compressive strain in comparison to the solid sensors with 3.5% 

compression, both at 200kPa of maximum pressure.  
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Figure 6.6: Mechanical compressive strain (%) to applied pressure (kPa). 

To further investigate their mechanical behaviour, the solid and multi-layered sensors were 

subjected to cyclic pressure to evaluate their compressibility. Figure 6.7 shows the 

corresponding response of compressive strain for 10 cycles of constant 200kPa compressive 

pressure. The cyclic loading demonstrated repeatable mechanical behaviour of both solid and 

multi-layered sensors. Both sensors showed reproducible strain compressibility with an applied 

constant pressure of 200kPa. However, the cycles presented a distinct difference in the 

mechanical behaviour where high compressibility was noted in the multi-layered sensor 

compared to the solid sensor. With gaps between conductive layers, the multi-layered design 

allowed for noticeably high compressibility of the multi-layered sensor.  

 

Figure 6.7: Mechanical cyclic strain response (%) to 200 kPa of applied pressure (kPa).  
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6.6 Optical microscopic images 

An optical microscope was used to explore the mechanism of the multi-layered pressure sensor 

under compression further. Figure 6.8 shows optical microscopic images of the 4mm 3D 

printed multi-layered sensor before, during applied pressure forces between 200-1000 Pascals, 

and after the release of the force. The optical microscopic images show an example of how 

applied pressure affects the pressure sensor from 0-1000 Pa. The images also show the concept 

of a contact interface with a 4mm sensor under dynamic compressive pressure. The increase in 

pressure from 0-1000 pascal compressed the sensor’s layers in which area of contact increases 

between the suspended layers as pressure increased. Under compression, the suspended layers 

were forced to pack more closely together. When the pressure was released, the sensor returned 

to its initial state, leading to full recovery of the sensor.  

 

 

 

Figure 6.8: Optical microscopic images of the 3D printed sensor a) Before pressure loading, b) After pressure 

loading, c) Under 200 Pa, d) Under 500 Pa, and d) Under 1000 Pa of compressive pressures.  

6.7 Measurement of initial electrical resistance of solid vs multi-layered samples 

6.7.1 Initial electrical resistance 

The samples were wired and silver coated at the top and bottom ends, as shown in Figure 6.9, 

to assure the electrical connection when connected to the digital multi metre. The average 

electrical resistance was measured in the 3D printed solid and multi-layered samples. The 2-

a) 

c) 

b) 

d) e) 
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probe measurement was satisfactory for the pressure sensors due to their high electrical 

resistance values (well above 1 Ω), which does not require higher 3 or 4 probe electrical 

resistance measurements [15]. The 3D printed solid sample measured a low value of 27 Ω of 

initial electrical resistance. In comparison, the 3D printed multi-layered sample had markedly 

higher electrical resistance, reaching 77 Ω. The solid samples achieved lower electrical 

resistance due to the conductive material's intense content, which led to higher conductivity 

and a lower electrical resistance value. In comparison, the multi-layered sample exhibited 

markedly lower conductivity due to the suspended multi-layered structure, which had 0.2mm 

layer gaps between every 2 layers printed.  

 

  

Figure 6.9: a) Optical image of a wired and silver coated 3D printed sensor and b) Initial electrical resistance 

values of the solid and multi-layered sensors. 

6.7.2 Initial change of electrical resistance under compressive load 

The change in electrical resistance was measured for solid and multi-layered samples under 

compressive load. Figure 6.10 shows the change in electrical resistance to compressive 

pressure loading. The applied pressure caused the electrical resistance to decrease as the 

pressure increased. A sharp change in electrical resistance was observed in suspended layers 

compared to moderate change in the solid sample. At 100kPa of compressive pressure, the 

change of electrical resistance in the multi-layered sample reached -0.634, which was 10 times 

higher than the solid sample with a change in the resistance value of -0.0674. At 140kPa, the 

multi-layered sample started to reach a plateau reaching a change in resistance of -0.7787. A 

lower change in resistance was evident after 140kPa, as the highest value measured at 200kPa 

was -0.805. 
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On the other hand, the solid sample demonstrated moderately linear behaviour with the highest 

value of change in electrical resistance, reaching -0.1778 at 200kPa. The graph shows that the 

electrical resistance change was very high in the multi-layered sample compared to the solid 

sample under a 200kPa compressive load. The multi-layered sample change in resistance value 

was 5 times higher than that of the solid sample at 200kPa. This difference was attributed to 

the fact that, under compression, the layers in the multi-layered sample were forced to pack 

more closely together, decreasing the electrical resistance sharply and increasing the electrical 

conduction pathways. The contact interface between the suspended layers was previously 

illustrated in the optical microscopic images in Figure 6.8. The gradual closure between 

suspended layers under compression increased the effective resistance change, which was 

noticeably distinct from the solid sample. It was also influenced by the fact that the suspended 

multi-layered sample had 5 times higher compression strain to applied compression force at 

200kPa compared to the solid sample.  

 

Figure 6.10: Electromechanical response of the first pressure loading of solid and multi-layered samples.  

6.7.3 Change of electrical resistance under cyclic pressure  

Cyclic loading was performed to compare the repeatability and reproducibility of the solid and 

multi-layered samples. Figure 6.11 shows the corresponding change in electrical resistance to 

10 cycles of applied 200kPa compressive pressure. Both sensors showed repeatable and 

reproducible electrical resistance change to cyclic loading and unloading. However, the cycles 

showed a distinct difference in the change in electrical resistance values between the multi-
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significant change in electrical resistance, reaching an average value of -0.77, in comparison 

to the solid sample with an average value of -0.18. The high compressibility of the multi-

layered sample and repeatable higher change in electrical resistance suggests that it is feasible 

to use the 3D printed multi-layered design as a pressure sensor. A slight fluctuation was 

observed in the first 3 cycles of both sensors. This oscillation could be attributed to elastic 

deformation of the CBTPU material where the sensors experienced rearrangement of the 

polymer chains to accommodate the applied pressure during the first loading-unloading cycles. 

The overall response to cyclic pressure in the multi-layered sample showed repeatable and 

reproducible behaviour. This behaviour indicated it is feasible to investigate them further for 

use as pressure sensors. 

 

 

Figure 6.11: Electromechanical response of solid and multi-layered samples under cyclic pressure of 200kPa.  

6.8 Influence of thickness increase on multi-layered sensors 

6.8.1 Initial electrical resistance of multi-layered samples with various heights     

The multi-layered design was further explored by testing the effect of varying the number of 

layers on the electrical resistance behaviour. As shown in Figure 6.12, 3D printed samples with 

total heights of 1.6 mm, 2.8 mm and 4 mm were wired and silver coated to test their electrical 

resistance. The values of electrical resistance measured were illustrated in Figure 6.12b. It was 
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noticed that increasing the height influenced the initial electrical resistance distinctively. The 

1.6mm had an initial electrical resistance of 77 Ω, the 2.8mm measured 250 Ω and the 4mm 

measured the highest electrical resistance reaching 635 Ω. It can be noticed that the increase in 

electrical resistance was proportional to the number of layers. The increase in the height of the 

3D printed sensor increased the measured electrical resistance. This rise was mainly influenced 

by the growth in the number of gaps between the suspended layers and the increase in the 

overall distance between the top and bottom ends, where the wire connections were attached.  

 

 

Figure 6.12: a) Optical image of the 3D printed sensors with various thicknesses wired for electrical 

measurement and b) Values of initial electrical resistance of the samples (Ω).  
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resistance reached -0.774 and -0.811 in the 2.8mm and 4mm samples. A slight increase in the 

change of electrical resistance was observed in the first loading of the samples in Figure 6.13. 

This increase could be attributed to the elastic compression of the material experienced upon 

pressure loading, further explored under cyclic loading in the following section. At 

approximately 140kPa, the 3 samples' change in electrical resistance continued decreasing and 

reached a plateau with an apparent difference in the peak values. Under compression, the 

suspended layers were forced to pack more closely, decreasing the electrical resistance. The 

1.6mm sample reached a value of -0.7786 at 140kPa. In contrast, the 2.8mm and 4mm samples 

reached higher values of -0.834 and -0.945, respectively. At 200kPa, the peak change in 

electrical resistance reached -0.788, -0.855 and -0.94 for the 1.6mm, 2.8mm and 4mm samples, 

respectively. These changes showed that increasing the number of suspended layers increased 

the change in electrical resistance.  

 

 

Figure 6.13: Electromechanical response of the first pressure loading of the multi-layered samples with 

different thicknesses.  
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the average change in electrical resistance measured was -0.77 in the thinnest 1.6mm sample. 

The 2.8mm sample averaged a change in the resistance value of -0.86. The thicker 4mm sample 

registered the most significant change in electrical resistance, reaching an average value of -

0.94 at peak 200kPa of applied pressure. It can be observed that the samples slightly fluctuated 

in the first 3 cycles, which could be attributed to softening effect experienced in elastic 

materials. The change in electrical resistance to cyclic pressure was stable in the following 

cycles. The thinner sample had a close vertical distance between the top and bottom silver 

coated wires which could have caused a slight fluctuation in the resistance behaviour under 

cyclic pressure. When the pressure was released, the sensors could recover due to their elastic 

properties resulting in the complete recovery of electrical resistance.  

 

Figure 6.14: a) Electromechanical response of the multi-layered samples with different thicknesses under cyclic 

pressure of 200 kPa and b) Average change in resistance with an error bar.  

The samples were further subjected to cyclic loading at relatively lower values after the initial 

compressive pressure cycles. The sensors were subjected to cyclic pressure-sensing ranging 

between 10-50kPa to test their reproducibility and durability; Figure 6.15 shows the change in 

electrical resistance of 10 cycles at 10kPa compressive pressure. The change in electrical 

resistance under cyclic pressure in the 1.6mm sample showed an average value of -0.163. The 

2.8mm sample showed an average change of electrical resistance of -0.409, which was more 

than twice the one found in the thinner sample. The 4mm sample registered the biggest average 

change in electrical resistance, reaching a value of -0.549 at 10kPa. A slight variation in the 

change in electrical resistance was experienced here due to the relatively low value of 10kPa 

of compressive pressure.  
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Figure 6.15: a) Electromechanical response of the multi-layered samples with different thicknesses under cyclic 

pressure of 10 kPa and b) Average change in resistance with an error bar.  

 

The cyclic behaviour of the samples’ change in electrical resistance at 30kPa is illustrated in 

Figure 6.16. The 1.6mm sample had an average change in electrical resistance of -0.419 at 

30kPa of cyclic pressure. However, the 2.8mm sample showed an average change of -0.726. 

The 4mm sample had an average change of -0.826 which was 2 times higher than the value 

found in the thinnest sample at 30kPa. It can be noticed that the average change in electrical 

resistance of the 3 samples was more than double at 30kPa in comparison to the value registered 

at 10kPa. This change demonstrates the 3D printed multi-layered sensors’ ability to discern the 

amount of mechanical pressure applied reflected in the electrical resistance response.  

 

Figure 6.16: a) Electromechanical response of the multi-layered samples with different thicknesses under cyclic 

pressure of 30 kPa and b) Average change in resistance with an error bar.  
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Figure 6.17 shows the change in electrical resistance under cyclic pressure of 50kPa. The 

change in electrical resistance in the 1.6mm showed an average value of -0.525. The 2.8mm 

sample had an average change of -0.808. In contrast, the 4mm sample had an average value of 

-0.887, which was slightly higher than the one found in the 2.8mm sample. In all compressive 

pressure values, it was found that the sensors’ thicknesses influenced the resulting change in 

electrical resistance. 

Consequently, increasing the number of layers increased the initial electrical resistance. 

Therefore, as the initial resistance increased, the change in electrical resistance was more 

significant. This finding suggests that the rate of change in electrical resistance can be tuned 

by changing the sensor's thickness.  

 

Figure 6.17: a) Electromechanical response of the multi-layered samples with different thicknesses under cyclic 

pressure of 50 kPa and b) Average change in resistance with an error bar.  
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The sensor showed pronounced electromechanical stability, which has been attributed to the 

suspended multi-layered design allowing from low to high-pressure values. A negligible 

hysteresis was observed in the cyclic behaviour when the applied pressure was below 20kPa 

and no apparent hysteresis observed at higher pressure. The hysteresis can be attributed to 

elastic deformation of the sensor during loading-unloading. Figure 6.18b shows the 

corresponding compressive strain (%) to applied pressure to determine the mechanical response 

to this pressure. At a lower pressure 10-40kPa, the compressive strain increased sharply from 

2.4% at 10kPa, 4.8 at 20kPa and 7.3% at 40kPA. However, as the pressure increased to 100 

and 200 kPa, the rate of change in compressive strain increased slightly to 11% and 14.5%, 

respectively. The reason was that the suspended layers had already compacted closely together 

at lower pressure values which was also evident by the higher rate of change in electrical 

resistance at lower strain values. 

The 3D printed sensor was further explored at very low-pressure values of 0.1, 0.3, 0.5 and 1 

kPa, as shown in Figure 6.18c. The maximum change in resistance value reached 0.1kPa was 

0.071. On the following pressure values of 0.3, 0.5 and 1 kPa, the change in resistance reached 

maximum values of 0.22, 0.38 and 0.56, respectively. The ability to perform at very low-

pressure values demonstrated the sensor’s ability for a more comprehensive pressure range. 

The change in electrical response showed slight time dependence in the sensor’s response to 

applied pressure.  

The pressure sensor's detection response and relaxation times were analysed to investigate the 

sensing response to applied pressure further. As illustrated in Figure 6.18d, the sensor exhibited 

a fast response time to loading and unloading with the response and relaxation times measured 

to 300 and 250 milliseconds (ms). It can be seen that the acquired response and relaxation times 

measured to 300 and 250 ms for the loading and releasing of the sensor, the estimated time.  



117 

 

 

Figure 6.18: a) Corresponding change in resistance to a varying range of applied pressure (kPa) of the 4mm 

sample, b) Mechanical cyclic strain response (%) to varying applied pressure (kPa), c) Change of electrical 

resistance to low range of applied pressure (kPa) and d) Loading and relaxation response speed of the 3D 

printed sensor.  
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6.9 Pressure sensitivity and gauge factor 

The sensitivity of the pressure sensors was measured to evaluate the performance of 3D printed 

sensors. It was calculated by dividing the change in electrical resistance value by applied 

pressure in kPa. The equation to calculate the sensitivity of the pressure sensors is defined in 

Equation (2.4).  

Figure 6.19 compares the average sensitivity of the multi-layered sensors at 10, 30 and 50 kPa 

of compressive pressure. At 10kPa, the 4mm sensor exhibited the highest measured average 

sensitivity reaching 0.055 kPa-1. The measured sensitivity in the 2.8mm and 1.6mm exhibited 

average values of 0.041 kPa-1 and 0.016 kPa-1, respectively. These values emphasise the impact 

of increasing the thickness as the sensor with more layers showed higher sensitivity. It also 

shows that the sensitivity can be tuned by increasing the layers of the pressure sensor. At 30kPa, 

the sensitivity of the 4mm sharply decreased to 0.028 kPa-1. The sensitivity also decreased to 

0.024 kPa-1 and 0.014 kPa-1 for the 2.8mm and 1.6mm sensors. At 50kPa, the sensitivity slightly 

decreased reaching 0.018 kPa-1, 0.016 kPa-1 and 0.012 kPa-1 for the 4mm, 2.8mm and 1.6mm 

sensors, respectively. The resulting sensitivity values highlighted the ability of tuneable 

sensitivity by tuning the number of suspended layers. The 4mm sensor demonstrated the 

highest sensitivity of the 3 sensors at all pressure levels. The suspended multi-layers allowed 

for more contact interface area between the suspended layers and therefore achieved 

comparable sensitivity to previous work and higher sensitivity at higher-pressure values 

>20kPa. 

 

Figure 6.19: Average sensitivity of the 3D printed sensors of various thicknesses at pressure values between 10 

– 50 kPa.  
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Table 6.1 and Figure 6.20 summarise the measured sensitivities of the 4mm sensor at very low-

pressure values ranging from 0.1-1kPa to investigate the sensitivity. The sensitivity measured 

0.675 kPa-1 at 0.1 kPa and 0.69 kPa-1 at 0.3 kPa. It was found that at low pressure ranges up to 

0.5 kPa, the sensitivity was relatively convergent, with the highest sensitivity acquired was 

0.73 kPa-1 at 0.5 kPa. The lowest value of all measured lower pressure values was 0.55 kPa-1 

at 1 kPa. The resulting sensitivity values in relation to applied forces suggest these sensors can 

detect and differentiate various levels of deformation.   

Table 6.1: Average theoretical sensitivity of the 4mm sensor at low-pressure values between 0.1 – 1 kPa. 

 0.1kPa 0.3kPa 0.5kPa 1kPa 

Sensitivity (kPa-1) 0.675 0.69 0.73 0.55 

 

Figure 6.20: Average sensitivity of the 4mm sensor at low-pressure values between 0.1 – 1 kPa. 

Another way to evaluate the sensitivity of the 3D printed sensors was by calculating the gauge 

factor. The gauge factor expresses the sensitivity of the samples by dividing the theoretical 

change in electrical resistance by the rate of change in compressive strain. The equation that 

calculates the gauge factor GF is expressed in Equation (2.3).  

The 4mm was chosen to measure its gauge factor at a wide range of compressive pressure 

between 10-200 kPa. Figure 6.21 summarises the average GF values acquired to compressive 

pressures of 10, 20, 40, 100 and 200 kPa. The average gauge factor value measured 6.5 at 

200kPa, 8 at 100kPa and 12 at 40kPa. The GF value maintained a steady increase as the 

pressure decreased, measuring 16 at 20kPa and reaching the highest value of 23 at 10kPa. The 
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GF values were influenced by the mechanical strain compressibility between the suspended 

layers, which resulted in a change in electrical resistance. This steady increase in GF as the 

pressure decreased was in good agreement with the measured sensitivity.  

 

Figure 6.21: Average gauge factor of the 4mm sensor at wide pressure range values between 10 – 200 kPa. 

6.10 Discussion 

Most previous work on pressure sensors was either affected by the complex fabrication process 

or showed lower pressure sensitivity at higher-pressure ranges > 20kPa. Previously 3D printed 

pressure sensors suffered a low range of sensitivity or used 3D printed templates, which added 

more steps to the process. The low-pressure range limited their feasibility for a broader range 

in wearable applications requiring more pressure ranges >20kPa. Here, CBTPU was chosen as 

the conductive filament for the pressure sensors. The mechanical and electrical properties of 

the 3D printed sensors were investigated. 3D printing using dual extrusion FDM was employed 

here to 3D print the conductive sensing filament simultaneously with the supporting scaffold 

material to create highly sensitive pressure sensors. The samples were rinsed in water, and the 

sacrificial material dissolved, leaving suspended multi-layered pressure sensors. The purpose 

of the simultaneous dual printing was to enhance the sensors’ performance to overcome the 

low sensitivity and low sensing range issues of the bulk conductive material. It is possible to 

perform continuous higher sensitivity at a higher-pressure range > 20kPa. The one-step FDM 

3D printing process enabled tuning the sensing range and sensitivity by increasing the number 

of suspended layers. The mechanical and electrical tests of these sensors show their ability to 

perform with good stability and reproducibility. The flexible and stretchable nature of the TPU 
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based conductive material was a significant factor that governed the sensor's high 

compressibility. Moreover, the multi-layered design increased the sensor's compressibility 

compared to the solid sample with low compressibility, which resulted in a greater change in 

the electrical resistance of the multi-layered one. Creating the gaps by 3D printing of a 

sacrificial interface layer simultaneously between the conducting layers improved their 

sensitivity for the potential to use in a number of pressure-sensing applications. The simplicity 

of the design and fabrication enabled by FDM 3D multi-material printing enabled the creation 

of pressure sensors with a wide range of sensitivity. The sensors demonstrated their ability to 

perform with distinct electrical resistance changes based on the amount of pressure applied, 

ranging from pressure as low as 0.1 kPa to as high as 200kPa. More noticeably, the sensor 

exhibited higher sensitivity at higher-pressure values >20kP compared to recent studies.  

6.11 Applications of the 3D printed pressure sensors 

Due to the high sensitivity and flexibility, various applications of these 3D printed pressure 

sensors were demonstrated. The sensors were employed to detect different types of forces, 

including pressing, finger bending, lifting a cup, coins stacking and hand gesture control. The 

first application was attaching a 4mm sensor to an index finger and lifting an empty and filled 

cup. The sensor attached to the fingertip could detect the variant levels of pressure resulting 

from lifting an empty versus a filled cup. Figure 6.22 showed how the sensor’s change in 

resistance differed when lifting an empty versus a filled cup. The sensor attached to the index 

finger was able to acquire a higher value of change in resistance of the filled cup compared to 

lifting an empty cup.  

The 3D printed 4mm sensor was also examined under varying pressure caused by finger 

pressing, as demonstrated in Figure 6.23. When the sensor was subjected to a manual force of 

soft and firm pressing, the resulting change in resistance varies depending on the force applied. 

The resulting response of change in resistance to applied forces indicates these sensors can 

detect and differentiate various levels of deformation.   
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Figure 6.22: Change in resistance response to the repeatable lifting of an empty and filled cup.  

 

Figure 6.23: Change in resistance response to repeatable soft and firm pressing of the sensor.  

Figure 6.24 shows a 2.8mm sensor attached to a finger and detected different angles of finger 

bending. When a sensor was attached on top of an index finger, it was able to detect the bending 

of the finger. It can be noticed that the more the finger bends results in a more significant 
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change in the electrical signal of the sensor. The change in resistance increased as the finger 

bent down. Such an example of finger bending shows the sensor's wide range of detection 

capability in which the detection was distinct from low to high bending angles. Inversely, the 

sensor was able to return to the initial state as the change in resistance corresponded to the 

release bending angle of the finger all the way back.  

 

Figure 6.24: Corresponding change in electrical resistance to 3-step bending and releasing of an index finger 

with a 3D printed sensor attached on top.  

We placed British coins by increment on top of a 2.8mm sensor to show the sensor’s detection's 

versatility. Figure 6.25 shows the change in electrical resistance as we placed a sensor on a 

table and stacked British coins on top of it. The sensor was able to detect the stacking of the 

coins by detecting an increase in the change in electrical resistance as the number of coins was 

incremented on top of the sensor. The amount was stacked one by one, sequentially 

representing step-like measurement. The addition of more coins was detected as the value of 

change in resistance increased proportionally to more stacking.  
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Figure 6.25: Corresponding change in resistance to the stacking of British coins on top of a 3D printed sensor.  

We attached 5 of the 2.8mm sensors to a glove with one sensor for each finger to demonstrate 

the capability of the 3D printed sensors further. It was possible to control a robotic hand by 

sending the signal from the 3D printed sensors (attached to the glove) to the robotic hand's 

finger. The 3D printed pressure sensors were connected to the analogue pins of the Arduino 

Uno (see appendix B). The servo motors which move the robotic fingers were assigned to the 

Arduino digital channels. After that, a code provided from the Arduino library was used to 

rotate the servo motors to move the robotic fingers from the input of the analogue pins (the 3D 

printed sensors). As demonstrated in Figure 6.26, one can wear the glove, and it was possible 

to control the robotic by bending the fingers to control the 5 fingers of the robotic hand 

individually, mimicking the hand gestures. The varying change in electrical resistance altered 

the voltage signal sent to the fingers’ motors; this varying signal caused the motor to bend the 

fingers. For more details on the control of the servo motors via the 3D printed pressure sensors, 

see appendix B.   
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Figure 6.26: a) Image of the robotic hand and glove setup with 3D printed sensors attached to the glove, b-e) 

Corresponding movement of the robotic hand to bending b) Middle and ring, c) Thumb and index, d) Index, 

middle and ring and e) Ring and little fingers.  

a) b) 

c) d) 

e) 
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6.12 Summary 

In conclusion, a method of fabricating soft compressible multi-layered pressure sensors via 

FDM 3D multi-material printing was presented. The design flexibility offered by 3D multi-

material printing was suggested to overcome the constraint of conventional fabrication 

techniques. Simple simultaneous 3D printing of active sensing material with second sacrificial 

material was employed to fabricate highly sensitive and tuneable pressure sensors. Multi-

material 3D printing allowed the customisation of a novel suspended multi-layered design that 

outperformed the solid sensor of the same conductive material. It was possible to overcome the 

conventional 2D fabrication process’s constraints by harnessing multi-materials 

simultaneously in a one-step fabrication without any additional assembly. 

The mechanical and electrical properties of the 3D printed sensors were evaluated. The tests 

showed good stability and reliable reproducibility with negligible hysteresis. Depending on the 

number of suspended layers printed, the sensors demonstrated the ability to work and respond 

rapidly to a wide range of pressures. Two factors determined the sensitivity; the first was by 

dividing the ratio of change in electrical resistance by compressive pressure in kPa. The second 

was by dividing the change in electrical resistance by the amount of compressive strain known 

as the gauge factor GF. The sensitivity was tuned by using supporting scaffold material to 

enhance the compressibility and the possibility of increasing the number of sensing layers. 

Here, it was possible to overcome the low sensing range by employing FDM multi-material 

3D printing compared to previous works summarised in Table 2.2. The use of removable 

supporting scaffold via simultaneous multi-material 3D printing enhances the mechanical 

compressibility of the multi-layered pressure sensor by 4-folds. This enhancement 

consequently improves the change in electrical resistance by 5-folds in comparison to a solid 

one. The advantage of multi-material 3D printing is that it allows for the simple, rapid 

fabrication of pressure sensors without additional assembly steps. Various applications were 

presented and prove the feasibility and versatility of these 3D printed sensors demonstrating 

their capabilities and potential. 
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Chapter 7– Conclusions and future work  

7.1 Conclusions 

This project employed an additive manufacturing process that used conductive composite 

materials to create functional strain and pressure sensors. 3D printing has demonstrated its 

feasibility for the manufacturing of highly sensitive and customisable devices. It was found 

that extrusion-based 3D printing processes are the most popular technologies for the fabrication 

of soft and stretchable sensors. Extrusion-based 3D printing technologies such as FDM have 

paved the way towards a more effective single-step process for wearable soft electronics. It is 

possible to realise wearable soft electronics, human-machine interaction, biomedical and health 

monitoring applications due to their vast materials options, multi-material fabrication 

possibilities.  

In the first stage, the thesis explored the feasibility of multi-material 3D printing via the FDM 

technique. Before 3D printing, the sensing materials were first prepared using a filament maker 

extruder to form strands of 3D printable filaments. After that, it was possible to simultaneously 

co-print conductive materials encapsulated within flexible elastomer. It was possible to 

overcome issues with 3D printing flexible materials by replacing the extruder assembly with 

one that was compatible with flexible materials. The 3D printed conductive composites were 

subjected to electrical and mechanical tests to evaluate the strain sensing capabilities. 

Experiments followed this to investigate the electromechanical behaviour under dynamic 

loading, allowing us to determine the hysteresis and nonlinearity issues found in conductive 

elastomers to be further resolved.  

After that, a simple method of 3D printed conductive composites simultaneously embedded 

within a stretchable substrate was presented for strain sensors. The mechanical performance, 

as well as the electrical conductivity of the 3D printed composites, were tested. The modified 

conductive composites' mechanical test was essential to evaluate their stiffness, strength, and 

strain at break. The 3D printed strain sensors were further evaluated under dynamic loading. 

The samples were subjected to various strain amplitudes ranging between 5-100% tensile strain 

values. The electromechanical and cyclic loading of the samples showed their feasibility to be 

used as strain sensors. Modifying thermoplastic conductive filaments using a filament maker 

prior to 3D printing allowed us to obtain the highest sensitive 3D printed strain sensors with 

linear response. The mixture of conductive-based rigid and elastomer polymers allowed for the 

creation of highly stretchable, sensitive and linear strain sensors. The impact of pre-straining 



128 

 

on the cyclic behaviour of the samples was investigated with pre-strain values ranging between 

50-100%. The influence of the pre-straining was evident in the sensitivity of the 3D printed 

strain sensors as higher pre-straining values resulted in higher sensitivity. It was also found that 

samples with higher GPLA content had positive linear behaviour with higher sensitivity under 

cyclic strain. The high values of gauge factors obtained showed unprecedented sensing 

capabilities in comparison to previously 3D printed strain sensors summarised in Table 2.1, 

reaching a GF value of 163. The cyclic loading and unloading of the 3D printed samples 

showed good sensing stability and recoverability while maintaining a positive strain effect. The 

approach allowed for the rapid fabrication of strain sensors for several applications, including 

body motion detection, embedded sensing of 3D printed robotic hand and heart pulse detection.  

A method of fabricating soft compressible multi-layered pressure sensors via FDM 3D multi-

material printing was also presented. Simultaneous 3D printing of active sensing material with 

second sacrificial material was later removed by simply immersing the sensor in water to form 

suspended multi-layered pressure sensors. The mechanical and electrical properties of these 

3D printed pressure sensors were evaluated under dynamic pressure loading. The 3D printed 

pressure sensors mainly operated by the change of contact resistance influenced by the 

compressibility between the suspended layers, which could tune its sensitivity. One of the main 

reasons governing the tuneability was the increase of initial electrical resistance as the number 

of layers increased.  

It was possible to overcome the constraints to the conventional 2D fabrication process by 

harnessing multi-materials simultaneously to a one-step fabrication without any additional 

assembly. Multi-material 3D printing allowed for the innovation of a customisable suspended 

multi-layered pressure-sensing design that outperformed the solid one. The 3D printed multi-

layered pressure sensor was 4 times more compressible than the solid sensor made with the 

same material. The multi-layered design proved to be an effective method that showed the 

capability of constructing highly sensitive and tuneable pressure sensors fabricated in 3D. The 

tests showed good stability and reliable reproducibility with negligible hysteresis. The 

approach allowed for the rapid fabrication of pressure sensor for several applications, including 

body motion detection and human-machine interaction. 

In conclusion, the development of the sensing material composites allowed for the creation of 

strain and pressure sensors with good recoverability and reproducibility. The 3D printed 

sensors were characterised using SEM and optical microscopic imaging techniques. These 3D 

printed sensors proved their wide range of applications ranging from robotic hand and finger 
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motion detection to heartbeat sensing capabilities. The design flexibility offered by 3D multi-

material printing was suggested to overcome the constraint of conventional fabrication 

techniques. Eventually, to show the capability, versatility and potential of these sensors, 

various applications of 3D printed strain and pressure sensors were demonstrated.  

Previously 3D printed strain and pressure sensor have limitations as summarised in Table 2.1 

and Table 2.2. Achieving highly stretchable 3D printed strain sensor of up to 100% with linear 

response was associated with low sensitivity [13], [15], [139]. Furthermore, the sensors that 

achieved GF values of up to 176, suffered non-linear behaviour. For the 3D printed pressure 

sensors, it was found that that previous works presented high sensitivity, but the maximum 

sensing range presented was up to 20kPa (as illustrated in Table 2.2). Consequently, the 

contribution of this project was summarised as follows:  

1. The combination of 3D printed highly sensitive (GF163) with high stretchability >50% 

and positive linear response strain sensors was achieved here by employing a simple 

and customisable 3D printing FDM fabrication process.  

2. Pre-straining of the 3D printed strain sensors caused crack formation which possessed 

high sensitivity. The influence of pre-straining was evident in the sensitivity as higher 

pre-straining values resulted in higher sensitivity.  

3. The use of removable supporting scaffold via simultaneous multi-material 3D printing 

with electrically conductive filament, enhanced the mechanical compressibility of the 

multi-layered pressure sensor by 4-folds in comparison to solid sensor.  

4. The change in electrical resistance of the 3D printed multi-layered pressure sensor was 

improved by 5-folds in comparison to solid one.  

5. The sensitivity of the multi-layered sensor was tuneable by increasing the layers which 

also allowed for wide range sensitivity measurements between 0.1 – 200 kPa. 

7.2 Future work 

Regarding the potential of continuing with this scope of research, we proposed the following 

recommendations to consider for future work: 

•  To realise an AM fabrication process that can 3D print pressure, strain and more 

sensory systems in one step. This process could lead to the realisation of multi-sensory 

systems with closed-loop feedback and allow real-time error correction of the fabricated 

devices. The optimisation of additive manufacturing with the incorporation of these 

novel sensors could allow for the futuristic rapid fabrication process. 
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• Work should also investigate how to complement the innovative and novel design 

introduced in Chapter 6 by testing more designs. It requires designing pressure sensors 

that can take not only square but multi-layered circular, hexagonal, rectangular and 

many more shapes depending on the application. Furthermore, the integration of a 

closed-loop feedback system enhances the reliability of these 3D printed sensors. 

• Research should also investigate combining 2 extrusion-based technologies such as 

fused deposition modelling (FDM) and direct ink writing (DIW) in one system, 

allowing a novel one-step fabrication process. This process would enhance the 

electrical conductivity and eliminate unnecessary post-processing, such as silver 

coating of 3D printed samples. This innovation can be harnessed by direct ink writing 

DIW of silver paste using a syringe. Such a Hybrid manufacturing method would enable 

a diverse selection of materials to fabricate multi-material and multi-functional 

systems. Harnessing multi-material capabilities of simultaneous 3D printing of more 

than 2 materials enables the adaption of multi-sensory systems and devices to be 

fabricated in one step. It can be expanded by allowing the addition of multiple extrusion 

systems in one device.  

• Investigations into developing a framework to customise the designs, materials, and 

processes of these 3D printed sensors to be industrial ready and fit prospective future 

applications should be undertaken. The realisation of manufacturing flexible materials 

with sensing capabilities holds excellent potential in biologically inspired systems and 

can facilitate the integration of innovative devices in wearable electronics, robotics, 

health monitoring and human-machine interaction.  Combining 2 extrusion systems can 

facilitate the use of DIW of silver paste as an example of highly conductive material 

that cannot be fabricated using FDM. The development of materials with greater 

electrical conductivity is required for electrical connections to eliminate the sensors' 

need for manual wiring.  

• Extending this work is motivated by the great promise that such digital manufacturing 

technologies can reduce material waste, increase efficiency, be more sustainable and 

reduce environmental impacts. The evolving developments in AM technologies could 

allow rapid product development, freeform fabrication, and customisation to overcome 

current technologies' limitations. These innovations could transfer AM technologies to 

the next level of a production process with novel and innovative future systems.  
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Appendix A 

Scanning electron microscopy SEM images 

The extruded mixtures were characterised using an SEM imaging technique. SEM images were 

taken to show the morphology of the composite materials. Specimens used were CBTPU, 

GPLA, CBTPU30GPLA, CBTPU40GPLA, and CBTPU50GPLA, each was 10 mm in length 

and 1.75 mm in diameter. Images of different ratios of conductive CBTPU and GPLA filaments 

are shown in Figure 0.1. The neat CBTPU and GPLA were characterised as received, and it 

can be observed that the CBTPU and GPLA had distinct surface profiles. The GPLA filament 

had visible roughness on its surface. The surface roughness was significant in the GPLA in 

comparison to the smooth surface of the CBTPU and could be attributed to the manufacturing 

process of the purchased filament, the rigidity and brittleness of the host polylactic acid PLA 

matrix or the structure of 2D graphene sheets as the conductive filler. 

On the other hand, CBTPU contains carbon black CB particles as the conductive filler and 

thermoplastic polyurethane TPU as the host matrix. The spherical structure of the CB and the 

inherent smooth surface of TPU could be attributed to the smooth surface profile of the neat 

CBTPU. The presence of surface roughness experienced here agrees with previously reported 

polymers infused with nanocomposites which showed roughness in their surface profile [58], 

[59], [71], [72]. The distinct difference in the surface profiles helped characterise the mixture 

of the 2 conducting polymer composites. The surface roughness impacted on the filaments with 

a higher content of GPLA. The addition of GPLA to CBTPU increased the material's surface 

roughness, as shown in Figure 0.1c-e, respectively. The higher the content of GPLA added to 

CBTPU, the higher the roughness observed in the surface of the filaments. Inversely, the 

composite with a higher value of CBTPU had a smoother surface consequently. Further 

analysis of the filaments evaluating their mechanical and electrical properties is carried out in 

the following sections [188]–[192].  
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Figure 0.1: SEM images of a) CBTPU, b) GPLA, c) CBTPU-30GPLA, d) CBTPU-40GPLA and e) CBTPU-

50GPLA. 

 

Calculation of crack formation via ImageJ software 

ImageJ is an intuitive software used to analyse the crack formation of the 3D printed strain 

sensors. This section presents the steps that were followed to characterise and analyse the crack 

formation in the 3D printed strain sensors. The analysis and characterisation of the cracks were 

a) b) 

e) 

d) c) 
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achieved by measuring the average crack openings and calculating the overall area of the 

cracks. The images of the 3D printed strain sensors were acquired under dynamic strain loading 

using an optical microscope.  

Firstly, an image was exported to ImageJ software, as illustrated in Figure A. 1. The scale bar 

of the image exported from the optical microscope was used to set the measurement in 

millimetre (mm) instead of pixels (default ImageJ scale). The area of interest where the cracks 

formed is then cropped to be used in the following steps. The image was then converted to an 

8 -bit grayscale to simplify the processing and eliminate the noise. This step converted the 

image from full coloured (RGB colour) to an 8-bit grayscale image.  
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Figure A. 1: Steps of crack analysis starting with a) Importing an image to ImageJ, b) Setting the scale in mm, 

c) Cropping the desired image of interest and d) Converting the cropped image to an 8-bit greyscale from the 

imported full coloured RGB colour image.   

After that, the image was further processed by adjusting the threshold, which converts the 

image to binary, facilitating the calculation and analysis of the cracks. Threshold (Figure A. 2) 

was performed to segment the particles in the binary image and eliminated the background to 

leave only the particles (which, in this case, the cracks). This step allowed us to determine the 

cracks easily. Consequently, the software then enabled us to analyse the particles, as illustrated 

in Figure A. 3. It was then possible to acquire the theoretical average heights in (mm) and the 

area of the crack formation in percentages (%).  

 

a) b) 

c) d) 
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Figure A. 2: Setting the threshold of the image. 
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Figure A. 3: Analysing the particles (the cracks).  

 

Figure A. 4a shows the original images of all 3D printed CBTPU-30GPLA, CBTPU-40GPLA 

and CBTPU-50GPLA strain sensors under dynamic loading in the ranges between 50-100%. 

The images were obtained from the optical microscope. Figure A. 4b shows the CBTPU-

50GPLA under dynamic loading in the full range between 5-100%.  

 



151 

 

 

Figure A. 4: Original images acquired by the optical microscope of the 3D printed strain sensors under 

dynamic loading of a) All the composite samples as illustrated in the image and b) the CBTPU-50GPLA.  

  

a) 

b) 
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Appendix B 

The Arduino and servo motors 

Servo motors were used to provide fingers’ movement of the 3D printed robotic hand.  Five 

servo motors were used to provide individual movements of the 5 robotic fingers. The servo 

motors were mounted on a 3D printed stand adhered to the 3D printed robotic hand, as shown 

in Figure B1. The servo motors were connected mechanically to the fingers using fishing 

thread. Electrical wiring was employed to power the servo motors from the Arduino, as shown 

schematically. The servo motors were assigned to an Arduino digital channel, and a code 

provided from the Arduino library was used to rotate the servos to move the robotic fingers.  

 

 

FigureB. 1: A) The 3D printed mount for servo motors, b) Schematic of servo motor connection to the Arduin 

for power and control, and c) optical image of the robotic hand setup.  

The Arduino has a library in their associate software that includes codes that can rotate the 

servo motors when attached to the Arduino Uno. The code that was used to rotate the servo 

motors and hence bends the fingers of the 3D printed robotics is as follows: 

/* 

by Scott Fitzgerald 

a) b) 

c) 
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 http://www.arduino.cc/en/Tutorial/Sweep 

*/ 

#include <Servo.h> 

Servo myservo;  // create servo object to control a servo 

int pos = 0;    // variable to store the servo position 

void setup() { 

  myservo.attach(9);  // attaches the servo on pin 9 to the servo object 

} 

void loop() { 

  for (pos = 0; pos <= 180; pos += 1) { // goes from 0 degrees to 180 degrees 

    // in steps of 1 degree 

    myservo.write(pos);              // tell servo to go to position in variable 'pos' 

    delay(15);                       // waits 15ms for the servo to reach the position 

  } 

  for (pos = 180; pos >= 0; pos -= 1) { // goes from 180 degrees to 0 degrees 

    myservo.write(pos);              // tell servo to go to position in variable 'pos' 

    delay(15);                       // waits 15ms for the servo to reach the position } 

} 

The code was modified to include all of the 5 servos as follows: 

#include <Servo.h> 

Servo myservo1;  

Servo myservo2; 

Servo myservo3; 

Servo myservo4; 

Servo myservo5;  

void setup() { 
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  myservo1.attach(8); 

  myservo1.write(10); 

  myservo2.attach(9); 

  myservo2.write(10); 

  myservo3.attach(10); 

  myservo3.write(0); 

  myservo4.attach(11); 

  myservo4.write(0); 

  myservo5.attach(12); 

  myservo5.write(10); 

  delay(10000); 

} 

void loop() { 

  myservo1.write(180); 

  myservo2.write(180); 

  myservo3.write(180); 

  myservo4.write(180); 

  myservo5.write(180); 

  delay(1000); 

  myservo1.write(160); 

  myservo2.write(160); 

  myservo3.write(170); 

  myservo4.write(170); 

  myservo5.write(160); 

  delay(500000); 

} 
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Controlling a robotic hand via our 3D printed pressure sensors 

Our 3D printed sensors can act as a variable resistor. This dynamic change in electrical 

resistance upon mechanical pressure can be employed to control servo motors. In order to 

control the robotic hand via 3D printed pressure sensors, we connected the 3D printed sensors 

to the analogue inputs of the Arduino Uno, as illustrated schematically in Figure B2. The 

voltage variation of the sensors that resulted was assigned to control the movements of the 

servo motors of the robotic hand.  We used a code provided by the Arduino library, which 

translates the analogue inputs (in this case, our 3D printed pressure sensors) to a digital signal 

that control the servo motors.  

 

 

Figure B. 1: Schematic illustration of the setup used to control servo motors using the 3D printed pressure 

sensors and via the Arduino.  

The code that translates the variable change in electrical resistance to a digital signal that servo 

motors can read is acquired from the Arduino library. The 3D printed pressure sensors were 

attached to a glove worn on a human hand and used as variable resistors that input an analogue 

signal. This signal is then sent to the assigned servo motors in the digital pins using the Arduino 

code. The code that was used to rotate the servo motors and hence bends the fingers of the 3D 

printed robotic hand is as follows: 

/* 

 Controlling a servo position using a potentiometer (variable resistor) 
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 by Michal Rinott <http://people.interaction-ivrea.it/m.rinott> 

 modified on 8 Nov 2013 

 by Scott Fitzgerald 

 http://www.arduino.cc/en/Tutorial/Knob 

*/ 

#include <Servo.h> 

Servo myservo;  // create servo object to control a servo 

int potpin = 0;  // analog pin used to connect the potentiometer 

int val;    // variable to read the value from the analog pin 

void setup() { 

  myservo.attach(9);  // attaches the servo on pin 9 to the servo object 

} 

void loop() { 

  val = analogRead(potpin);            // reads the value of the potentiometer (value between 0 and 

1023) 

  val = map(val, 0, 1023, 0, 180);     // scale it to use it with the servo (value between 0 and 180) 

  myservo.write(val);                  // sets the servo position according to the scaled value 

  delay(15);                           // waits for the servo to get there 

} 

The code was modified to include all of the 5 servos as follows: 

/* 

 Controlling a servo position using a potentiometer (variable resistor) 

 by Michal Rinott <http://people.interaction-ivrea.it/m.rinott> 

 modified on 8 Nov 2013 

 by Scott Fitzgerald 

 http://www.arduino.cc/en/Tutorial/Knob 
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*/ 

#include <Servo.h> 

Servo myservo1;  // create servo object to control a servo 

Servo myservo2; 

Servo myservo3; 

Servo myservo4; 

Servo myservo5; 

 

int potpin1 = 0;  // analog pin used to connect the potentiometer 

int val1;         // variable to read the value from the analog pin 

int potpin2 = 1;  // analog pin used to connect the potentiometer 

int val2;  

int potpin3 = 2;  // analog pin used to connect the potentiometer 

int val3;  

int potpin4 = 3;  // analog pin used to connect the potentiometer 

int val4;  

int potpin5 = 4;  // analog pin used to connect the potentiometer 

int val5;  

void setup() { 

  myservo1.attach(8);  // attaches the servo on pin 9 to the servo object 

   myservo2.attach(9); 

    myservo3.attach(10); 

     myservo4.attach(11); 

      myservo5.attach(12); 

} 
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void loop() { 

  val1 = analogRead(potpin1);            // reads the value of the potentiometer (value between 0 

and 1023) 

  val1 = map(val1, 450, 150, 0, 180);     // scale it to use it with the servo (value between 0 and 

180) 

  myservo1.write(val1);                  // sets the servo position according to the scaled value 

   val2 = analogRead(potpin2);            // reads the value of the potentiometer (value between 0 

and 1023) 

  val2 = map(val2, 800, 550, 0, 180);     // scale it to use it with the servo (value between 0 and 

180) 

  myservo2.write(val2);  

   val3 = analogRead(potpin3);            // reads the value of the potentiometer (value between 0 

and 1023) 

  val3 = map(val3, 850, 500, 0, 180);     // scale it to use it with the servo (value between 0 and 

180) 

  myservo3.write(val3);  

   val4 = analogRead(potpin4);            // reads the value of the potentiometer (value between 0 

and 1023) 

  val4 = map(val4, 700, 200, 0, 180);     // scale it to use it with the servo (value between 0 and 

180) 

  myservo4.write(val4);  

   val5 = analogRead(potpin5);            // reads the value of the potentiometer (value between 0 

and 1023) 

  val5 = map(val5, 850, 700, 0, 180);     // scale it to use it with the servo (value between 0 and 

180) 

  myservo5.write(val5);  

  delay(15);                           // waits for the servo to get there 

} 


