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Abstract 

 

Electronic skin (e-skin) is an emerging field with an increasing number of 

applications such as biomedical, wearables sports and health monitoring, 

virtual and augmented reality. Less obvious use-cases can also be found in 

smart tyres for self-driving cars, structural integrity monitoring, and 

environmental pressure mapping. The e-skin market is growing at a fast pace, 

with a CAGR of 38.7% from its current worth of around ~$500 million. To date, 

it has been impossible to integrate the variety and density of 

mechanoreceptors found in human skin in a compliant form-factor with a 

similar Young’s modulus and other mechanical properties. Recent 

developments that attempt to combine non-tactile sensory inputs (e.g. 

temperature, humidity) with tactile ones sacrifice tactile feedback. A domain 

that has been labelled a grand challenge is that of robotic dextrous 

manipulation. Indeed, the attempt to input tactile data into machines is the 

birthplace of e-skin. No better is the challenge illustrated than with the 

evolutionary marvel of the human hand, and how our nervous system and brain 

use real-time feedback, control, and actuation to manipulate the world around 

us. Tactile inputs are force inputs. Thus, measuring force is chosen as the 

focus of this dissertation, which aims to tackle challenges in making e-skin 

ubiquitous, with a focus on robotics applications. 

The first two parts of this dissertation review the various sensing 

modalities which can be used to measure forces in e-skin, including capacitive, 

piezoresistive, electromagnetic induction, magnetic field detection, optical, 

piezoelectric, and triboelectric. Their respective strengths, weaknesses, and 

complementarity are weighed to justify the selection of the piezoresistive 

modality for static and low-frequency sensing. Furthermore, a broad literature 

review is given on piezoresistive sensing methods with a focus on traditional 

strain gauges and piezoresistors, liquid metal, percolation dominated polymer 

composites, tortuous strain gauges, crack-enhanced strain gauges, contact-

resistance based sensors, and quantum tunnelling dominated polymer 



 

   

composites. These are also weighed with specific focus on their potential for 

compliance, mass-production, and repeatability to select two which are studied 

in more detail. The third part goes through the various characterisation tools 

and techniques used in this thesis. 

The fourth part of the dissertation addresses sensitivity, stretchability, 

robustness, and mass-producibility of a flexible thin film strain gauge sensor 

on a PDMS substrate. Attention is paid to selecting gold as the metal with the 

best properties by observing its behaviour under tensile strain. Controlling 

metal deposition thickness using sputtering leads to out-of-plane buckling 

causing wrinkles to form, which enables minor stretching. This in addition to a 

thin spin-coated substrate and surface-modified PDMS adhesion layer, yield a 

highly sensitive and compliant strain gauge that can be wrapped around most 

surfaces, the sensitivity of which can be increased by inducing microcracks in 

the metal layer. The use of shadow masks enables mass-production of strain 

gauges with 100% yield. However, an attempt to use diaphragm strain gauges 

in robotics applications fails due to hysteresis, creep, and fragility of the 

sensors. Subsequent electromechanical characterization reveals that although 

the gauge factor is high at ~1447, the stretchability of the substrate is only 

~0.74%, causing catastrophic failure due to crack propagation at low strains. 

The three following parts of this thesis focus on the design and 

fabrication of an e-skin system by screen printing a novel magnetite micro-

particle based quantum tunnelling material. It describes the design process for 

a glove made from the e-skin, which itself is produced using the tunnelling ink 

as well as other composite inks containing conductive fillers. A sensor design 

is also produced which measures magnitude of pressure and its location in 

real-time while minimising wiring for the overall system, so that it can be placed 

on each phalange of a dextrous humanoid hand or end-effector. The e-skin 

itself is compliant, highly sensitive, with IoT-ready wireless readout electronics. 

Its practical capabilities as an array as well as its robustness are demonstrated. 

A variety of different encapsulating materials are compared, their data 

analysed, and the sensor is successfully tested under seawater (a harsh 

environment). Complex grasping and manipulation of various objects is also 



 

   

demonstrated. Finally, the sensors are compared to existing industrial force-

sensitive resistors (FSRs) with gold-standard dead-weight testing, concluding 

that they can measure ~20 times less force with the same repeatability while 

additionally providing information on location. This makes the sensors useful 

for many other real-world applications.  

  



 

   

Lay Summary 

 

Electronic skin (e-skin) is a fast-emerging field. It aims to mimic human skin, 

the body’s largest organ, in order to give machines a sense of touch and hence 

enable the abilities that come with it. The skin on the palms, phalanges, and 

fingertips of a human is some of the most sensitive in the body, having one of 

the highest densities of tactile nerve endings (mechanoreceptors). The skin 

here enables objects to be identified through touch, delicate objects to be 

grasped without damage, and vibration, textures, and pain to be felt. For this 

reason, and because an equivalent e-skin does not yet exist, it has been 

considered a ‘grand challenge’ in robotics which this thesis aims to address 

and largely solve. It is believed that by solving this challenge the same or 

similar e-skin may be applied in multiple other application domains for which 

e-skin has known demand. These include structural health monitoring for 

green energy (tidal turbine blades), virtual/augmented reality (VR/AR), 

biomedical, athletic performance, smart tyres, and environmental pressure 

mapping, all of which are described in the first chapter. 

 The mechanical sense of touch involves sensing forces, which involves 

sensing some form of mechanical deformation (e.g. being squeezed or 

stretched). The second two chapters of the thesis comprehensively review the 

ways in which force can be transduced (converted) into an analogue electrical 

signal while maintaining skin-like flexibility and compliance. This justifies the 

selection of the piezoresistive transduction modality, in which force is sensed 

by a conductive pathway (e.g. a metal trace or wire) changing its electrical 

resistance upon experiencing the force. The numerous methods by which the 

piezoresistive effect can be achieved are detailed in the second chapter, and 

are weighed against one another with specific focus on their potential for 

compliance, mass-production, dynamic range, and repeatability in order to 

select two which are studied in more detail. The fourth chapter reviews the 

microscopic and macroscopic techniques used in later chapters to measure 

and understand the performance of the e-skin.  



 

   

The fifth chapter addresses sensitivity, stretchability, resistance to wear, 

and mass-producibility of a flexible and thin strain gauge sensor on a thin 

elastic rubber substrate. Gold is selected as the metal material for the sensor 

due to its high malleability (ability to flex), ductility (ability to deform plastically 

before breaking), and high fracture toughness in comparison with other metals. 

By controlling the thickness of the metal layer being deposited, wrinkles or 

ripples on the surface can also be controlled, enabling minor stretchability. It 

is possible to purposefully create cracks in the gold layer by excess stretching, 

and this makes the device more sensitive. Despite combining the above with 

a highly repeatable production process, the usage of such sensors fails on 

robots due to their unstable response and fragility, as well as low sensing 

ranges. A high gauge factor (sensitivity to stretching) of ~1447 is measured, 

however this is within an insignificant stretching range of less than 1%, after 

which the sensor fails. Thus, an alternate method is required to achieve the 

desired result.  

The three following chapters of this thesis focus on an e-skin using a 

magnetite micro-particle based (quantum tunnelling) material. They describe 

the design process for a glove made from the e-skin. A sensor is also produced 

measuring magnitude of pressure and its location in real-time so that it may be 

embedded into such a glove. The e-skin itself is compliant, highly sensitive, 

and can be easily interfaced with internet-of-things (IoT) ready microcontroller 

development boards. Its practical capabilities as an array and its robustness 

are demonstrated with a variety of elastic and/or flexible packaging materials. 

The e-skin is successfully tested under seawater (a harsh environment) at 

elevated temperature. Grasping and manipulation of objects is demonstrated 

successfully. Finally, the e-skin is compared to existing industrial force-

sensitive resistors (FSRs), concluding that it can measure ~20 times less force 

with the same repeatability, making it useful for many real-world applications.  

 

 

 

 



 

   

Declaration of Authorship 

 

I declare that the work presented in the thesis is my own original work. The 

work was carried out solely by myself unless otherwise acknowledged. This 

thesis has not been submitted, in whole or in part, for any other degree or 

professional qualification. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Zakareya Elmo Hussein 

31/5/2020 



 

   

Acknowledgements 

 

Half a decade, two companies, and a thesis later, it feels good to have made 

it this far. At times it seemed uncertain given my health misfortunes at the 

beginning of my degree as well as making the mistake of choosing a ´bad 

apple´ in my first company that ended up sinking it. My initial goal was to make 

diagnostic biosensors for cancer and immune disorders, but I instead ended 

up working on e-skin for robotics. It seems e-skin has such vast applications 

that I may not have to give up on my medical ambitions forever either.   

  Firstly, I would like to give my gratitude to my supervisor Prof. Vasileios 

Koutsos, for taking me on as his student when I had to switch department at 

the university and encouraging me to pursue my interests in his lab while 

providing sound advice during challenging times. I look forward to continuing 

collaboration on pressure-sensitive composites. Thank you also to my second 

supervisor, Prof. Ian Underwood, for helping me continue my PhD despite my 

challenges. Another thank you goes to Prof. Anthony Walton, who was my in-

person interviewer for the Centre for Doctoral Training in Intelligent Sensing 

and Measurement (CDT-ISM). I am truly grateful for the stipend and program. 

It has enabled me to vastly expand my knowledge of sensors, micro-

/nanofabrication, opened many doors within the field, something invaluable for 

years to come. Yet another thank you goes to Dr. Adam Stokes, who inspired 

me with his entrepreneurial spirit and helped me understand microfluidics. 

There is not enough space to mention everyone individually, but my 

gratitude extends to Dr. Jonathan Terry, Dr. Phillip Hands, Dr. Stewart Smith, 

Prof. Rebecca Cheung, Dr. Eddie McCarthy, Dr. Norbert Radasci and also the 

late Dr. Enrico Mastropaolo with whom I wish I had had the chance to 

reconcile.  

  I would also like to thank my peers at the Scottish Microelectronics 

Centre (SMC), Institute for Materials and Processes (IMP), and CDT-ISM for 

all our good times together. This includes Graham, Chandru, Hanning, 

Nadhira, Rui, Asaad, Mags, Markus, Claudio, Mark, Hannah, among others, 

all of whom are already doctors. Another specific mention goes to Dr. Colin 

Robert, a friend and collaborator, I look forward to progressing our work on e-

skin for pressure mapping on tidal turbines. Furthermore, the technical staff at 

the SMC have offered me invaluable support and taught me multiple skills. My 



 

   

thanks go to Camilia Dunare, Peter Lomax, Ewan McDonald, Richard Blaire 

and Andy Bunting. Iain, Allie, and Jamie from the electronics workshops have 

also been vital during challenging parts of the electronics assembly (e.g. while 

building my scanning tunneling microscope or trying to get the sensor routing 

to work in the glove).  

I would like to thank my family. Without my father, Karim, giving me 

courage when possible and affirming ´c’est la vie´, ‘be sanguine’, and always 

reminding me of the bigger picture, it would have been hard to push through. 

Likewise, if my mother, Kati, had not encouraged me to pursue my dreams and 

passions, I would not be writing this. Both of your unconditional love and 

support helped me get to this point! I also want to thank a few others; My 

stepmother Donatella, her uncle, parents, and wider family. Without their help, 

I would likely not have recovered from ME/CFS in Italy during the second year 

of my PhD. My little brother Leo is also an everlasting source of joy and energy. 

Finally, I owe a huge amount to my partner, Laura. She has been of immense 

moral and physical support these past few years, with my studies as well as 

joining me in exciting entrepreneurial ventures. She has provided a safety net 

when things went pear shaped and shown me that you can never have enough 

sarcasm in life. My close friend, Vasilis has also been there for me, to have 

deep discussions about physics, philosophy, and the meaning of life, but also 

giving me straight talk when required. Together these two have acted as my 

feedback loop, given me calm rational thoughts when I most need it. 

Last but not least, I am deeply grateful to David Lussey and Josephine 

Charnley for our recent work, as it has led directly to the promising results at 

the end of this thesis and many more exciting opportunities on the horizon. 

This would not have come about had we not by chance been working next 

door to each other in Durham, and were it not for your support of my crazy 

propositions. It has been 10+ years since I moved to the UK from Finland to 

study nanotechnology, and I am proud that I have mostly kept course. 2 others 

joined me on this journey (Rahul and Nathan), and we are still here, scattered 

across the country. May all of us continue to have exciting adventures and 

discoveries. I feel blessed to be surrounded by such terrific people. 

 
 

 

 



 

   

 

 

 

 

 

 

 

 “For a successful technology, reality must take precedence over public 

relations, for Nature cannot be fooled.” -  Richard Feynman 

 

 

 “It´s a lot easier to see, at least in some cases, what the long-term limits of 

the possible will be, because they depend on natural law. But it´s much 

harder to see just what path we will follow in heading towards those limits.” 
- Carl E. Drexler  



   

i 

 

Table of Contents 

 

 
List of Figures ............................................................................................... vii 

List of Tables............................................................................................ xxxvii 

Nomenclature............................................................................................xxxix 

1. Introduction ......................................................................................................... 1 

1.1. Rationale ..................................................................................................... 1 

1.2. Thesis Structure ......................................................................................... 4 

2. Review of Compliant Pressure Sensors and Their Applications ............... 8 

2.1. Introduction ................................................................................................ 8s 

2.2. Applications ................................................................................................ 8 

2.2.1. Robotics ................................................................................................ 8 

2.2.2. Biomedical ............................................................................................ 9 

2.2.3. Virtual/Augmented Reality ............................................................... 11 

2.2.4. Structural Integrity Monitoring ......................................................... 11 

2.2.5. Smart Tyres ........................................................................................ 11 

2.2.6. Athletic Performance ......................................................................... 11 

2.2.7. Environmental Pressure Mapping ................................................... 12 

2.3. Force Sensing .......................................................................................... 12 

2.3.1. Fundamental Mechanism and Difference between Force and 

Pressure Sensors ............................................................................................ 12 

2.3.2. Summary of Transduction Mechanisms/Sensing Modalities ...... 13 

2.3.2.1. Capacitive .................................................................................... 15 

2.3.2.2. Piezoresistive .............................................................................. 16 

2.3.2.3. Electromagnetic Induction ........................................................ 17 



ii 

 

2.3.2.4. Magnetic Field Detection ........................................................... 18 

2.3.2.5. Optical .......................................................................................... 19 

2.3.2.6. Piezoelectric Effect ..................................................................... 21 

2.3.2.7. Triboelectric Effect ..................................................................... 27 

3. The Piezoresistive Effect for Flexible Tactile E-Skin ................................. 34 

3.1. Strain Gauges and Piezoresistors ........................................................ 37 

3.1.1. Rigid-Island Topology/Matrix Sensor Networks ............................ 39 

3.1.2. Enhanced Methods and New Materials ......................................... 45 

3.2. Liquid Metal .............................................................................................. 47 

3.3. Percolation Dominated Polymer Composite Materials ...................... 50 

3.3.1. Theoretical Framework/Model for Percolation Dominated Polymer 

Composites ....................................................................................................... 51 

3.3.2. Practical Considerations for Filler Particles ................................... 54 

3.3.3. Mixing Fillers into Elastomeric Matrices ......................................... 55 

3.3.3.1. Commercial Composites ........................................................... 56 

3.3.3.2. Research Composites ............................................................... 59 

3.3.4. Mixing Elastomeric Matrices into Fillers ......................................... 67 

3.3.5. Ion Implantation ................................................................................. 69 

3.4. Tortuous Strain Gauges ......................................................................... 71 

3.4.1. Out-of-Plane Tortuosity / Buckling .................................................. 72 

3.4.2. In-Plane Tortuosity ............................................................................ 78 

3.4.3. 3-Dimensional Tortuosity .................................................................. 82 

3.5. Cracks for Enhancing Gauge Factor .................................................... 84 

3.6. Contact-Resistance Based Sensors ..................................................... 91 

3.7. Quantum Tunnelling Materials............................................................... 94 

3.7.1. Background of Quantum Tunnelling Composites ......................... 94 



iii 

 

3.7.2. Bulk Elastomer Based Composites ................................................ 96 

3.7.3. Quantum Tunnelling and FSR Inks .............................................. 100 

3.7.4. Theoretical Framework/Model for Quantum Tunnelling Ink Sensor 

System 104 

3.8. Other Methods ....................................................................................... 110 

3.9. Discussion & Conclusions .................................................................... 110 

4. Characterisation Tools and Techniques .................................................... 113 

4.1. Electrical Characterisation ................................................................... 113 

4.1.1. 2-Point Probe Method ..................................................................... 113 

4.1.2. 4-Point Probe Method ..................................................................... 114 

4.2. Mechanical Characterisation ............................................................... 115 

4.2.1. Micro Tensile-Testing ..................................................................... 115 

4.2.2. Compression Testing ...................................................................... 117 

4.3. Morphological Characterisation ........................................................... 118 

4.3.1. Optical Microscopy .......................................................................... 119 

4.3.2. Surface Profilometry ....................................................................... 119 

4.3.3. White Light Interferometry .............................................................. 119 

4.3.4. Atomic Force Microscopy ............................................................... 120 

4.3.5. Scanning Electron Microscopy ...................................................... 123 

4.4. Environmental Characterisation .......................................................... 124 

4.4.1. Sea-Water Ageing ........................................................................... 124 

5. Fabrication and Characterization of Au Metal Thin Films and Strain 

Gauges on Surface-Modified PDMS for Force Sensing Applications in 

Electronic Skin ....................................................................................................... 126 

5.1. Introduction ............................................................................................. 126 

5.2. Au and Al alternatives to Zn electrodes ............................................. 127 

5.2.1. Design ............................................................................................... 127 



iv 

 

5.2.2. Test Method ...................................................................................... 129 

5.2.3. Results ............................................................................................... 132 

5.3. PDMS Substrate Thinning and Neutral Mechanical Plane ............. 144 

5.3.1. Design ............................................................................................... 144 

5.3.2. Fabrication & Results ...................................................................... 147 

5.3.2.1. Salinization of Si Carrier Wafer .............................................. 147 

5.3.2.2. PMDS Preparation, Curing, and Spin-Coating .................... 148 

5.3.2.3. Further Investigation of Spin-Coating Parameters .............. 150 

5.3.2.4. PDMS-PDMS Bonding ............................................................ 155 

5.4. Strain Gauges and their Application as a Glove ............................... 155 

5.4.1. Fabrication Process......................................................................... 155 

5.4.2. Strain Gauge Design ....................................................................... 157 

5.4.3. Further Morphological Characterisation of the Au Layer and 

Surface Wrinkles for Metal Stretchability ................................................... 162 

5.4.4. Assembly Into a Glove .................................................................... 173 

5.5. Au-based Surface-Modified PDMS Strain Sensor Electromechanical 

Characterization Upon Stretching ................................................................... 177 

5.5.1. On Standardized Test Methods for Testing Fatigue .................. 177 

5.5.2. Electromechanical Test Specimen Selection .............................. 179 

5.5.3. Testing and Results......................................................................... 180 

5.6. Conclusion .............................................................................................. 187 

6. Compliant Tactile Pressure Sensors for E-Skin with Low-Frequency Load 

Sensing to Facilitate Dextrous Robotic Manipulation-Design ........................ 189 

6.1. Introduction ............................................................................................. 189 

6.2. Considerations ....................................................................................... 189 

6.3. Data-Gloves ............................................................................................ 194 

6.4. Design ..................................................................................................... 200 



v 

 

6.4.1. Sensor ............................................................................................... 200 

6.4.2. System .............................................................................................. 207 

6.4.3. Glove Design .................................................................................... 208 

6.4.3.1. Human Glove ............................................................................ 209 

6.4.3.2. Robot/End-Effector Glove ....................................................... 210 

6.5. Conclusion .............................................................................................. 211 

7. Compliant Tactile Pressure Sensors for E-Skin with Low-Frequency Load 

Sensing to Facilitate Dextrous Robotic Manipulation-Methods, Materials, and 

Fabrication .............................................................................................................. 212 

7.1. Fabrication Process .............................................................................. 212 

7.1.1. Effect of Substrate Material on Fabrication Process ................. 213 

7.1.2. Screen Selection and Ink Deposition ........................................... 214 

7.2. Readout Electronics .............................................................................. 217 

7.2.1. Hardware .......................................................................................... 217 

7.2.2. Firmware ........................................................................................... 229 

7.3. Visualisation Software .......................................................................... 238 

7.4. Embedding into a Glove ....................................................................... 240 

7.5. Conclusion .............................................................................................. 242 

8. Compliant Tactile Pressure Sensors for E-Skin with Low-Frequency Load 

Sensing to Facilitate Dextrous Robotic Manipulation-Characterization & 

Results .................................................................................................................... 243 

8.1. Dynamic Compression Testing ........................................................... 243 

8.1.1. Setup ................................................................................................. 244 

8.1.2. Pressure Response ......................................................................... 245 

8.1.3. Dynamic Repeatability on Curved Surfaces ............................... 246 

8.2. Sea-Water Ageing ................................................................................. 249 

8.3. Implementation of Human Data-Glove ............................................... 250 



vi 

 

8.4. Static Weight Testing ............................................................................ 254 

8.5. Conclusion .............................................................................................. 260 

9. Conclusions, Future Work, and Outlook .................................................... 262 

9.1. Conclusions ............................................................................................ 262 

9.1.1. Metal Thin-Film Strain Gauges Coated on Surface-Modified 

PDMS Substrates as Compliant E-Skin for a Data-Glove ...................... 262 

9.1.2. Through-Thickness Piezoresistance of Quantum Tunnelling Ink 

for Use as Compliant E-Skin for a Data-Glove ......................................... 264 

9.2. Future Work ............................................................................................ 265 

9.3. Outlook .................................................................................................... 267 

Bibliography ................................................................................................ 276 

Appendix A. Publications ............................................................................ 305 

Appendix B. Before and After Multimetre Resistance Measurements of 

Tensile Test Strips ...................................................................................... 306 

Appendix C. Graphs on Tensile Tests Conducted on Au and Al Thin Film . 308 

Appendix D. Grasping Data Preparation Example Code using Jupyter 

Notebook .................................................................................................... 315 

 

  



vii 

 

List of Figures 

 

Figure 1-1: Venn Diagram of Global market for E-skin and Robotics. 

Data sources: BCC Research, Allied Market Research, Research 

and Markets. Copyright © 2019 Touchlab Limited. Reprinted, with 

permission from [2]. ....................................................................................... 1 

Figure 1-2: The top impacting factors of the global e-skin market from 

2020-2025. Adapted from [1]. ....................................................................... 2 

Figure 1-3:[Top Left] The sensory receptors of the glabrous 

skin. Reprinted from [3] which is licensed under Creative 

Commons CC BY 4.0., [Top Right] their functions on a human 

fingertip. Copyright © 2015 The American Association for the 

Advancement of Science. Reprinted, with permission from [4], and 

[Bottom] Illustration of the distribution and classification of 

mechanoreceptors. Reprinted from [5] which is licensed under 

Creative Commons CC BY 4.0. .................................................................... 3 

Figure 1-4: This diagram linearly (unless mentioned) tracks the 

structures that allow for the sensation of touch to their relevant 

endpoints in the human brain. Reprinted from [6] which is under 

the Creative Commons CC BY-SA 4.0. ...................................................... 4 

Figure 2-1: [Left] The timing of the jugular vein’s pulse (JVP) is shown 

relative to a carotid arterial pulse trace, first (S1) and second (S2) 

heart sounds, and an electrocardiogram (ECG), and [Right] 

Diagnostic traces of mitral insufficiency in a middle-aged woman 

showing apex cardiogram, hepatic pulsation, JVP trace, and 

phonocardiograms. Copyright © 1990, Butterworth Publishers, a 



viii 

 

division of Reed Publishing. Reprinted, with permission from [11].

 ............................................................................................................................ 10 

Figure 2-2: Illustration of a force being applied over an area which is 

what generates the signal in single-axis force or pressure sensors.

 ............................................................................................................................ 13 

Figure 2-3: Fibre-Bragg grating spectra while a) no strain is experienced 

by the FBG, b) the FBG is strained resulting in a shift of the 

reflected light to a higher wavelength, and c) the FBG is 

compressed resulting in a lower wavelength of reflected light. 

Copyright © 2012, IEEE. Reprinted, with permission from [34]. ....... 20 

Figure 2-4: PZT’s crystal unit cell [Left] above TC in a non-polarised 

state and [Right] below TC in a polarized and piezoelectric state. 

Reprinted from [39] which is released into the Public Domain. ....... 22 

Figure 2-5: (a) Diagram of the three primary crystalline phases of PVDF. 

Copyright © 2009, American Chemical Society. Reprinted, with 

permission from [38]. (b) An illustration of how an electric field can 

be used to induce a phase transition in PVDF from non-polar (α) or 

partially polar (γ) to highly polar (β), which depends on the dipole 

moment of the polymer ( illustrated by an orange arrow). Copyright 

© 2019, AIP Publishing. Reprinted, with permission from  [40]. ...... 23 

Figure 2-6: [Left] The numbering used to denote directional  and shear 

forces that can affect a piezoelectric crystal.  Copyright 

© 2016, APC International, Ltd. Reprinted, with permission from [42] 

and [Right] the main piezoelectric constants of interest in pressure 

sensing with their associated axes. Reprinted from [44] which is 

licensed under Creative Commons CC BY 3.0. ..................................... 24 



ix 

 

Figure 2-7: Bar chart with the d33 piezoelectric coefficients of various 

materials as described in [45]–[51], [53]–[55]. ....................................... 26 

Figure 2-8: The quantified triboelectric series for select polymers. The 

error bar indicates the range within one standard deviation. TECD = 

triboelectric charge density.  Reprinted from [62] which is licensed 

under Creative Commons CC BY 4.0 ....................................................... 29 

Figure 2-9: The four fundamental modes of triboelectric 

nanogenerators: (a) mode 1: vertical contact-separation mode; (b) 

mode 2: in-plane contact-sliding mode; (c) mode 3: single-electrode 

mode; and (d) mode 4: freestanding triboelectric-layer mode. 

Adapted from [63]. ........................................................................................ 31 

Figure 2-10:  A Proposed mechanism for the working of a TENG in 

contact-separation mode (Mode 1). Reprinted from [64] which is 

licensed under Creative Commons CC BY 4.0. ..................................... 32 

Figure 3-1: Example of piezoelectric performance of ZnO NWs 

compared to piezoresistive performance of Pt-coated NWs, where 

a) the sensor is excited at low frequencies of up to 3.6 Hz up for 

which piezoresistive performance is good, and b) the sensor is 

excited at 250 Hz where piezoresistive performance cannot keep up 

with piezoelectric performance. Copyright © 2015 WILEY‐VCH 

Verlag GmbH & Co. KGaA, Weinheim. Reprinted, with permission 

from [69]. ......................................................................................................... 34 

Figure 3-2: Illustration the working principle behind a strain gauge on a 

surface experiencing tension and compression. Reprinted from [71] 

which is licensed under Creative Commons CC0 1.0. ........................ 38 

Figure 3-3: A) Example fabrication process for stretchable electronics 

with rigid-island topology using a noncoplanar design for their 



x 

 

interconnected mesh on a PDMS substrate, and B) SEM images 

illustrating it in both a twisted deformed and relaxed state which 

demonstrate its ability to withstand biaxial stretching. Copyright © 

(2008) National Academy of Sciences, U.S.A. Reprinted with 

permission from [74]. ................................................................................... 40 

Figure 3-4: (a) An SEM micrographs of nichrome active strain gauges 

on an Al2O3 membrane, (b) an array of 48 flexible sensors under 

curvature on a 2×2 cm2 flexible substrate, and (c) A multi-physics 

model of the sensor with exaggerated z-axis. Copyright © 2013 

IEEE. Reprinted, with permission from [75]. .......................................... 41 
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Copyright © 2005 Elsevier. Reprinted, with permission from [76]. .. 41 

Figure 3-6: a) The structure of a multi-axis PDMS-based biocompatible 

tactile sensor made from nichrome strain gauges with Cr/Au 

electrodes, b) top and bottom optical microscope images of the 

sensor (scale bar: 100 μm), and c) a 3x3 sensor array of such 

sensors (scale bar: 2mm). Reprinted from [79] which is licensed 

under Creative Commons CC BY 4.0. ...................................................... 42 

Figure 3-7: (a) Illustration of a stretchable sensor network with sensor 

nodes including (b) rosette strain gauges (which measure strain in 

3 directions across a plane), with a wiring diagram (c) that 

additionally has various other sensors such as RTDs and 

piezoelectric transducers distributed across a 17x17 network for 

which various nodes serve as dummy nodes to provide electrical 

connections. Reprinted from [81] which is licensed under Creative 

Commons CC BY 4.0. ................................................................................... 43 



xi 
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licensed under Creative Commons CC BY 4.0. ..................................... 44 

Figure 3-9: (A) Piezoresistors formed on a standing cantilever used to 

measure its deflection through changes in its resistive current path 

(B), and a tactile sensor constructed of orthogonally facing 

cantilevers embedded in an elastomer enabling the detection of the 

direction and magnitude of shear stress. Copyright © 2006 Elsevier. 
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equipped with the sensor with its real-time output plotted, [Right] 
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function of time after a 1000-cycle test. Reprinted from [105] which 

is licensed under Creative Commons CC BY 4.0. ................................ 58 
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performed at 150°C for 5min. Adapted from [107]. .............................. 59 
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Figure 3-16: [Top]a) The fabrication process for a highly stretchable 

elastic conductive ink based on Ag flakes. Upper picture scale bar: 

10 mm. Lower picture scale bar: 100 mm. b) A demonstration of it 

stretching up to 260% stretchability. Scale bar: 10mm. c) The strain-
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elasticity while other variables remain fixed. [Bottom] The first two 

rows (a-c) and (d-f) show optical microscopy (Scale bars: 200 mm) 

and SEM images (Scale bars: 10 mm) taken from the top of the inks, 

as well their SEM cross-sections, without and with surfactant 

respectively. It is clear that adding surfactant results in a phase-
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self-assembly of the ink. (g-i) Shows top-surface SEM images as 

the elastic conductor with surfactant is stretched, showing 

separation of Ag flakes (Scale bars: 20 mm). Reprinted from [108], 
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Figure 3-17: [Left] Top-view of compliant CB-PDMS strain gauges with 

CNT-PDMS connections [Right] their lamination onto a human wrist 

under while bending. Copyright © 2012 WILEY‐VCH Verlag GmbH & 
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Figure 3-18: [Top Left] a) Fabrication process for a stretchable sensor 

with piezoresistive micropyramid arrays, b) a circuit diagram 
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compression of the counter electrode (CE) onto the 

PEDOT:PSS/PUD thin-film coated micropyramids as this causes the 

contact area between them to increase, c, d) shows FEM 

simulations of von Mises stress and SEM images as the pressure 

on the top electrode is increased. [Top Right] SEM image of a) an of 
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an array of micropyramids of  8 × 8 µm2 area and 4 µm height, b) a 

partially spin-coated thin-film electrode, and c,d) electrodes coated 

by drop-casting which completely cover the micropyramid, 
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GmbH & Co. KGaA, Weinheim. Reprinted, with permission from 
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d,e) flat squares and circles elevated by 10-20 µm create ordered 

waves around them but are flat on top, f) rectangular ridges 10-20 
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Springer Nature. Reprinted, with permission from [126]. .................. 73 
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Creative Commons CC BY 4.0. .................................................................. 75 

Figure 3-23: [Top] Characterisation of conductors sputter-coated onto 

PDMS substrates for 15 cycles to 30% strain with (a) Au on 

Parylene-coated PDMS with and without Cr adhesion layer, and (b) 

Cr sputtered onto PDMS. [Bottom] Optical microscope images of 

Au on Parylene-coated PDMS (a) before tensile straining, (b) at 10% 

strain, (c) at 30% strain, and (d) once strain is released. Copyright © 

2017, Springer Nature. Reprinted, with permission from [109]. ....... 76 

Figure 3-24: A) Illustration of the growth of biphasic gold-gallium films 

on a PDMS substrate made from sputtered Au and evaporated Ga, 



xvi 
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1. Introduction  

1.1. Rationale  

 

Electronic skin (e-skin) is a field which is currently in its infancy. In 2019, the 

overall market was valued at $464.04 million (See Figure 1-1), however it has 

a high demand and is growing rapidly at a compound annual growth rate 

(CAGR) of 38.7% [1]. This is not a surprise, as overall it encompasses many 

applications, from robotics to healthcare. The impacting factors for the 

increasing demand can be seen in Figure 1-2. 

 

 

Figure 1-1: Venn Diagram of Global market for E-skin and Robotics. Data sources: BCC 

Research, Allied Market Research, Research and Markets. 

Copyright © 2019 Touchlab Limited. Reprinted, with permission from [2]. 
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Figure 1-2: The top impacting factors of the global e-skin market from 2020-2025. Adapted 

from [1]. 

 

Although many different types of e-skin exist, with the potential to integrate 

multiple sensing modalities, the challenge of high density, repeatability, and 

high dynamic range force sensing remains to be solved. This has therefore 

been chosen as the main subject to be investigated in this thesis. 

 

The human somatosensory system consists of networks of receptor cells that 

respond to various stimuli such as heat or pain, and their corresponding 

neurons which transmit this information to the spinal cord. The sense of touch, 

as well as haptic perception, where an object is explored and mapped through 

the sense of touch, form a part of these somatic senses. Although the human 

body has a varying density of receptors based on which part of the body they 

are located in, the basic structure is the same and cutaneous receptors include 

various mechanoreceptors, nociceptors, and thermoreceptors distributed in 



Introduction 

3 

 

the epidermal and dermal layers (See Figure 1-3) and enabling the 

spatiotemporal detection of magnitude and location of touch, pain and 

temperature stimuli [3]. 

 

 

 

Figure 1-3:[Top Left] The sensory receptors of the glabrous skin. Reprinted from [3] which is 

licensed under Creative Commons CC BY 4.0., [Top Right] their functions on a human 

fingertip. Copyright © 2015 The American Association for the Advancement of Science. 

Reprinted, with permission from [4], and [Bottom] Illustration of the distribution and 

classification of mechanoreceptors. Reprinted from [5] which is licensed under Creative 

Commons CC BY 4.0. 

 

It is important to note that the sensation of touch does not only stem from the 

receptors themselves by also the processing and interpretation of these 

signals by the rest of the somatosensory system. For the sensation of touch, 

inputs can be tracked to their relevant endpoints in the human brain (See 

Figure 1-4). 

 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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Figure 1-4: This diagram linearly (unless mentioned) tracks the structures that allow for the 

sensation of touch to their relevant endpoints in the human brain. Reprinted from [6] which is 

under the Creative Commons CC BY-SA 4.0.  

 

An analogy can be made to e-skin, where the sensory receptors are 

incorporated in the skin itself, and the processing and interpretation is via 

attached electronics and a computer/algorithm respectively. In this thesis, the 

primary focus is placed on the transduction mechanisms of e-skins, as well as 

the electrical signal conditioning and transmission circuitry. AI algorithms 

incorporating machine-learning or deep learning (convolutional neural 

networks) which use these signals to identify objects and even actuate robotics 

correctly are important but fall outside the scope of this thesis.  

 

1.2. Thesis Structure  

 

This thesis is structured so that a broad as well as deep literature review is 

given towards the beginning which is divided into two chapters and justifies the 

selection of two piezoresistive sensing mechanism subtypes. Following on 

from this, the middle and latter part of the thesis is focused on fabrication, 

application, and characterisation of these piezoresistive sensors. 

 

2. Review of Compliant Pressure Sensors and Their Applications  

 

https://creativecommons.org/licenses/by-sa/4.0/
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This chapter covers the various applications of force/pressure sensors, 

their fundamental modus operandi, and the transduction mechanisms 

which may be used in order to detect pressure. The strengths and 

drawbacks of each mechanism are articulated and weighed, explaining 

why they were not chosen in favour of the piezoresistive sensing which 

will be described in detail in the next chapter.  

 

3. The Piezoresistive Effect for Flexible Tactile E-Skin 

 

This chapter delves more deeply into the various means by which the 

piezoresistive mechanism can be exploited to make compliant tactile 

sensors/systems while justifying and contextualizing the final choices 

for this thesis.  

 

4. Characterization Techniques 

  

In this chapter, all the characterisation instrumentation is outlined. A 

brief introduction on the usage and setup parameters for each tool is 

provided. 

 

5. Fabrication and Characterisation of Au Metal Thin Film and Strain 

Gauges on Surface-Modified PDMS for Force Sensing Applications in 

Electronic Skin  

 

The fabrication process for compliant metal strain gauges formed on a 

surface-modified polydimethylsiloxane (PDMS) substrate are presented 

in this chapter. Various design parameters are initially discussed, such 

as substrate thickness, metal adhesion, metallic properties necessary 

for device functioning leading to the choice of gold (Au), the shadow 

mask metal patterning technique used with sputtering, and the creation 

of a wrinkled substrate in order to enable stretching. Finally, 

characterisation and application performance as e-skin is assessed. 
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This data is also analysed, concluding that such a device, although 

highly sensitive, has limited operating range and performance for real-

world applications and over multiple cycling. 

 

6. Compliant Tactile Pressure Sensors for E-Skin with Low-Frequency 

Load Sensing to Facilitate Dexterous Robotic Manipulation – Design 

 

In this chapter, we discuss the design of a compliant quantum tunnelling 

piezoresistive pressure sensing system, and how it can acquire 

pressure data from humans in the form of a data-glove, which in turn 

can be used for real-time feedback and control of robotic grasping on 

robots equipped with similar sensors. Device designs using these 

sensors are discussed in the case of a robot and a human, including the 

materials considerations in order to make the device compliant and the 

readout-electronics used in order to minimize overall imprint on the 

device while achieving high performance. 

 

7. Compliant Tactile Pressure Sensors for E-Skin with Low-Frequency 

Load Sensing to Facilitate Dextrous Robotic Manipulation - Methods, 

Materials, and Fabrication 

 

Given the specific design requirements in the previous chapter, a 

specific combination of materials and topologies are selected and 

fabricated using techniques amenable to mass-production using 

screen-printing techniques. The device stack includes a stretchable 

silver-loaded nanocomposite ink for traces, a novel quantum tunnelling 

material for pressure sensing, and a highly resistive carbon ink for 

acquiring positional data. Various substrates are used for test structures 

consisting of varying thicknesses of polyethylene terephthalate (PET) 

and thermoplastic polyurethane (TPU).  
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8. Compliant Tactile Pressure Sensors for E-Skin with Low-Frequency 

Load Sensing to Facilitate Dextrous Robotic Manipulation - Results & 

Characterization 

 

In this chapter we describe how the quantum tunnelling e-skin system 

was further characterized and tested in controlled and practical settings 

to validate its real-world performance and viability, and establish it as a 

highly promising method for cost-effective and robust industrial-scale 

production of e-skin.  

 

9. Conclusions and Future Work 

  

This chapter summarises the most important results of the devices 

fabricated within the thesis and draws conclusions as well as, 

presenting further work that can be done to improve the e-skin as well 

as the creation of future e-skins with novel functionality. 
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2. Review of Compliant Pressure Sensors and Their 

Applications 

 

2.1. Introduction  

 

This chapter initially describes the reason why it is desirable to sense force 

using e-skin in a variety of key application areas. The fundamental mechanism 

by which force can be sensed and measured is then described. After this, a 

broad high-level overview of the landscape of sensing mechanisms used to 

create compliant pressure sensors is discussed. These are presented in order 

to justify the choice of the piezoresistive sensing mechanism, which is the 

exclusive subject of the second chapter that deep-dives into this multivariant 

topic.  

 

2.2. Applications 

 

2.2.1. Robotics 

 

Multiple sensing modalities exist for robots to perceive the world around them. 

For computer or machine vision these include light detection and ranging, 

radar, ultrasound/sonar, time-of-flight cameras, infra-red (IR) cameras, and 

single-photon avalanche diodes. Further to this, proprioceptive sensors are 

essential and have also been developed such as inertial measurement units 

(IMUs), magnetometers, and global positioning systems (GPS). However, in 

order to achieve true dexterity, it has been realized that none of the above 

sensors can be used to compensate for the human sense of touch. A variety 

of sensors have traditionally been used to attempt to solve this problem, 

including force-sensitive resistors (FSRs) to detect pressure, detecting torque 

on servo-motors, using 6-axis force-torque (F/T) sensors on the robot’s wrist, 

and discrete temperature sensors. These sensors have not managed to 

compensate for the lack of tactile data compared to human skin to allow robots 



Review of Compliant Pressure Sensors and Their Applications 

9 

 

to perform tasks that require high levels of dexterity such as rolling pencils, 

handling fabrics, tying shoe-laces, and handling delicate objects without 

damaging them. Due to the value and current growth of the robotics sector, 

worth $32.06 billion with a CAGR of 11%, especially autonomous robots with 

human-like abilities, $3.58 billion with CAGR of 31%, there is a race to find a 

solution that is both robust and has a high enough resolution to provide robots 

with the necessary data to navigate their environment without damaging 

themselves or others, as well as handle objects and tools in a similar fashion 

to human beings [7]. Furthermore, surgical robots such as the da Vinci system 

are controlled by human beings. Haptic feedback can improve surgical 

outcomes by e.g. allowing surgeons to use palpation to determine between 

cancerous and non-cancerous tissue due to their differences in their stiffness 

[8].  

 

2.2.2. Biomedical 

 

Pressure and force sensing are of utmost importance in sensing biological 

parameters both outside and within the human body. The most obvious use-

case is heart health monitoring in order to diagnose and prevent the biggest 

killer in the world, heart disease, which causes heart-attack and strokes. For 

example, in the UK more than £6.8 billion was spent on treating cardiovascular 

disease in 2012/13 alone [9]. Most wearable blood pressure monitors that are 

currently on the market use optical sensors that suffer from significant 

inaccuracy and can only be used as indicative measurements. Until only 

recently, clinical-grade readings could only be obtained from a stationary 

blood-pressure cuff. This has now changed with the release of OMRON® 

HeartGuide™ which is a wearable watch with an inflatable strap. However, it 

still requires 30 s to measure blood pressure which therefore cannot be tracked 

continuously, and has a limited life expectancy of 500 readings, which requires 

charging every 2-3 days on an average 8 measurements per day [10]. Having 

a band that applies continuous pressure using e-skin has the potential to solve 

these problems. On the other hand, a pressure-sensing plaster or tattoo could 
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be placed across the jugular vein in the neck. This would allow more heart 

parameters to be tracked than the electrocardiograms (ECGs) alone (See 

Figure 2-1) [11]. This is especially the case since jugular venous pressure 

assessment currently requires qualitative observation or the placement of a 

catheter into a vein and further observation, which is subject to human error. 

Indeed measurement of pulse waveforms for cutaneous pressure monitoring 

is increasingly being used to demonstrate practical applications of 

pressure/force sensors [12].  

 

 

Figure 2-1: [Left] The timing of the jugular vein’s pulse (JVP) is shown relative to a carotid 

arterial pulse trace, first (S1) and second (S2) heart sounds, and an electrocardiogram (ECG), 

and [Right] Diagnostic traces of mitral insufficiency in a middle-aged woman showing apex 

cardiogram, hepatic pulsation, JVP trace, and phonocardiograms. Copyright © 1990, 

Butterworth Publishers, a division of Reed Publishing. Reprinted, with permission from [11]. 

 

There are a variety of further applications in biomedical sciences such as gait 

analysis which monitors and maps human locomotion, pressure sensing 

mattresses, pillows, and compression stockings for hospital patients, breast 

cancer detection, sexual health monitoring, intracranial pressure monitoring, 

and muscular force and atrophy monitoring.  
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2.2.3. Virtual/Augmented Reality 

 

Virtual reality (VR) and augmented reality are growing markets with application 

in gaming, product design, modelling, and medicine. By integrating force 

sensors into the controllers, users can have a better interaction with their virtual 

environment. For example, HTC’s Knuckles VR 2.0 controllers have force 

sensors in the grips as well as a track button that can detect light touches and 

hard squeezes [13]. Developers have access to the analogue (as well as digital 

and stepped form) data coming from these sensors through Valve’s software. 

This enables users to implement motions such as pinching or crushing.  

 

2.2.4. Structural Integrity Monitoring 

 

By integrating force or strain sensors into structures such as wind or tidal 

turbine blades, impact and damage to the blade can be measured by 

measuring changes in local stresses across the blade. This principal can also 

be applied to other structures such as airplane wings, and even concrete walls 

within buildings, in essence, most composite structures [14]–[17].  

 

2.2.5. Smart Tyres 

 

Several companies are developing smart-tyres that could be used in safer as 

well as self-driving cars. Force or strain sensors could enable the tyres to 

monitor more than just air-pressure, such as the ability to sense the conditions 

of tyres, torque during turns, road conditions to know if the car is going off-road 

or track, or the wetness of the road through slip and friction detection [18], [19]. 

 

2.2.6. Athletic Performance 

 

Integrating force sensors within helmets can allow monitoring and detection of 

head injuries and concussions for motorcycle accidents and various impact 
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sports including  rugby and American football players [20]–[22]. Impact force 

can also be monitored on different parts of the body by integrating sensors into 

sports clothing. Furthermore, force exerted by various muscles can also be 

monitored, or the pressure exerted by the garment itself on the body during 

movement [23].  

 

2.2.7. Environmental Pressure Mapping  

 

With high-enough sensitivity it is possible to map liquid flow phenomena 

around objects, such as determining whether air flow around a wind turbine 

blade, or water flow around a tidal turbine blade, is laminar or turbulent. This 

can help optimize the lifespan and energy generation efficiency of such blades 

by e.g. detecting dynamic stall and actuating the blade as necessary. An 

attempt at high resolution real-time pressure monitoring across the blade or 

aerofoil’s surface something that has so far only been done with fibre Bragg 

grating sensors [24]. This data can then be used to control the blade’s angle 

of attack for lift, power generation, minimising damage due to fatigue, or 

predicting failure modes.  

 

2.3. Force Sensing  

 

2.3.1. Fundamental Mechanism and Difference between Force 

and Pressure Sensors 

 

All force sensors are in fact also pressure sensors, as they must sense force 

over a specified area (See Figure 2-2). Conventionally, the term ‘pressure 

sensor’ has been used to denote sensors which measure the pressure of 

gases or liquid (e.g. using a membrane). In practice, there is no distinction 

between a force or a pressure sensor if force is being measured in only one 

axis, since pressure is a scalar quantity. Once multi-axial sensors are 

considered, these tend to be referred to as triaxial or F/T sensors since force 
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is a vector quantity. Therefore, for the purposes of this thesis, pressure and 

force sensors are used interchangeably. In most cases, if force is mentioned, 

an estimated pressure calculation is also made. 

 

 

Figure 2-2: Illustration of a force being applied over an area which is what generates the signal 

in single-axis force or pressure sensors.  

 

The sensor’s main purpose is to transduce a mechanical deformation on it due 

to environmental conditions into a detectable or quantifiable output. Although 

a variety of mechanisms have historically been used for this, the measurable 

output in most cases is electrical, magnetic, or optical due to the speed and 

ease at which the signal can be processed, and the ease of coupling with 

electrical circuitry and digital electronics. 

 

2.3.2. Summary of Transduction Mechanisms/Sensing 

Modalities 

 

A variety of transduction mechanisms exist for sensing pressure in e-skin that 

are outside the scope of this thesis. In this subsection, these are briefly 

covered for completeness, while also justifying instead the selection of a 

piezoresistive transduction mechanism for static sensing. Piezoelectric and 

triboelectric sensing are covered in slightly higher detail, as they can 

complement the piezoresistive mechanism. Cheng Chi et al. [5] have produced 

an excellent summary of recent developments in this tactile sensing. A 
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summary of the advantages and disadvantages of each sensing mechanism 

in the context of tactile sensing are listed in Table 2-1. 

 

Table 2-1: Transduction mechanisms and their relative advantages and disadvantages. 

Adapted from [5] with additional transduction mechanisms. 

Transduction 

Mechanism 

Advantages Disadvantages 

Capacitive High sensitivity 

High spatial resolution 

Large dynamic range 

Temperature independent 

Stray capacitance 

Complex measurement circuit 

Cross-talk between elements 

Susceptible to noise 

Hysteresis 

 

Inductive Simple construction 

High spatial resolution 

Low cost 

Compatible with VLSI 

Hysteresis 

High Power Consumption 

Lack of reproducibility 

Magnetic Field Low power 

3D (triaxial) sensing using 

single point 

Bulky 

Low spatial resolution 

 

Optical Good reliability 

Wide Sensing Range 

High Repeatability 

High Spatial Resolution 

Non-conformable 

Bulky (including readout hardware) 

Susceptible to temperature or 

misalignment 

 

Piezoelectric High frequency response 

High accuracy 

High sensitivity 

High dynamic range 

Poor spatial resolution 

Charge leakages 

Dynamic sensing only 

Cross-talk between elements 

Susceptible to heat or light 

 

Triboelectric High frequency response 

High accuracy 

High sensitivity 

High dynamic range 

Poor spatial resolution 

Charge leakages 

Dynamic sensing only 

Susceptible to heat 

Susceptible to humidity 

Piezoresistive Simple construction 

High spatial resolution 

Large dynamic range 

Temperature independent 

Hysteresis 

High power consumption if not optimized in 

hardware 

Lack of reproducibility with certain 

materials 
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2.3.2.1. Capacitive 

 

Capacitive sensors constitute the most used type. As the sensing mechanism 

is straight forward, they can easily be made into large-scale miniaturised 

arrays that are very thin, with high spatial resolution and sensitivity [25]–[29]. 

The parallel plate capacitance can be expressed with the following equation:  

 

     𝐶 = 𝜀0𝜀𝑟
𝐴

𝑑
     (1) 

 

Where A is the area between two oppositely facing electrodes where they 

overlap with each other, d is the distance between those electrodes, 𝜀0 is the 

electrical permittivity of the vacuum , and 𝜀𝑟 is the relative electrical permittivity 

(historically also called dielectric constant) of the material used as a dielectric 

layer between the plates/electrodes. Changes in either A and/or d can be 

detected to measure a force being applied [30]. 

 

Although capacitive arrays are simple to manufacture since in principal, they 

require only 2 conductive layers with a dielectric in between, significant 

electronic processing is required from the readout circuitry increasing the 

system’s overall complexity. However, the primary drawback of this technology 

is that it is susceptible to capacitive coupling with the environment and is thus 

susceptible to significant quantities of noise. This could come from sources 

such as the underlying material on which the sensor is to be used/placed, 

electromagnetic (EM) noise, or capacitive coupling with alternating current 

(AC) mains wiring. Due to this reason, it can only be deployed in controlled 

settings/environments.  
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2.3.2.2. Piezoresistive 

 

Piezoresistive sensors are the second most common sensor type to be used 

for force and pressure measurements and are expanded on in Chapter 3. The 

piezoresistive effect can be taken advantage of in a surprising number of ways, 

but fundamentally it is the ability for electrically conductive materials to change 

their resistance with deformation. This should come as no surprise; the 

resistance of wire is calculated by measuring its length and radius, and if the 

wire were stretched these would change, which in turn would affect its 

resistance. However, central to this effect is the concept of gauge factor (GF). 

Traditionally, this is defined for a strain gauge made from a metal foil or thin 

film as the ratio of the relative change in electrical resistance, R, to the 

mechanical strain experienced by the metal, 𝜀, which is its relative change in 

its length, L, as follows [31]: 

 

𝐺𝐹 =  
∆𝑅

𝑅

𝜀
=

∆𝑅

𝑅
∆𝐿

𝐿

        (2) 

 

Where ∆𝑅 is the change in resistance, 𝜀 is the strain, and ∆𝐿 is the change in 

length experienced by the metal foil. This equation, though, assumes that the 

strain is experienced in only one direction, since strain gauges are usually 

designed to experience this along their length. However, there are many other 

ways in which resistance can be affected by strain. For example, if a soft 

substrate is placed underneath a metal thin-film, this would feel strain in at 

least 2 planar axes when compressed with a force, as the soft material 

underneath would deform away from the point being compressed. 

Furthermore, the above equation does not consider other types of 

piezoresistive material such as polymer composites that contain metallic 

and/or semiconductor filler particles which conduct electricity based on their 

vicinity through either percolated networks or junctions between the particles 

through which electrons can tunnel through. Many publications investigating 

these other materials nonetheless use GF as a common metric due to its utility, 
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often as a change in resistance due to compression. A material that reduces 

in resistance when compressed is even considered to have a negative gauge 

factor. Anisotropic piezoresistive materials are also emerging and for these, 

GF depends even more on the direction of strain and resistance 

measurements. Perhaps it can be restated as the ratio with which the 

resistance of a material changes in direction i with an applied strain in direction 

j, in a similar manner as piezoelectric constants (See 2.3.2.6): 

 

𝐺𝐹𝑖𝑗 =  

∆𝑅𝑖
𝑅𝑖

∆𝐿𝑗

𝐿𝑗

      (3) 

 

The piezoresistive materials have the advantage of being able to detect static 

loads as well as those at a relatively high frequency (usually below the kHz 

range), need extremely simple readout electronics (a voltage divider) and 

hence are highly integratable, and able to compensate for temperature (at 

minimum with Wheatstone-bridge readout circuitry), and depending on the 

material also have a high dynamic range. The disadvantages are that such 

sensors often suffer from hysteresis and repeatability may poor over large 

quantity of cycles on soft substrates. Additionally, their GF often varies 

considerably depending on load. Quantum tunnelling materials enhances 

dynamic range, however they can make calibration and software requirements 

more complex. Piezoresistive materials nonetheless continue to be one of the 

most popular candidates for e-skin and tactile sensors given their unique 

mechanical durability, integration flexibility, and ability for certain materials to 

withstand harsh and noisy environments.  

 

2.3.2.3. Electromagnetic Induction 

 

Inductive sensors use Faraday’s law of induction, where changes in magnetic 

flux intensity induce a voltage [otherwise known as an electromotive force 

(emf)] in a coil according to the following equation:  
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     𝜀 = −𝑁
𝑑𝜙𝐵

𝑑𝑡
      (4) 

 

Where 𝜀 is the induced emf, N is the number of turns of the coil, and 
𝑑𝜙𝐵

𝑑𝑡
 is the 

rate of change of magnetic flux density.  

 

The approach generally used for this is to have excitation coils coupled with 

detection coils. The excitation coil has a varying current passed through it to 

generate a varying magnetic field, which in turn induces a varying voltage in 

the detection coil. The closer these coils are brought together, the higher the 

detected voltage is on the detection coil, and vice versa if the coils are pulled 

apart. Alternatively, a constant magnetic field may be present with a constant 

current, and a voltage is only induced at the detection coils when the sensor is 

compressed, as this will change the magnetic flux density. These sensors are 

easy to fabricate and sensitive, however they have high power requirements 

and losses due to the creation of the EM-fields. Eddy current effects and stray 

capacitances also have a negative effect on sensors reliability and 

performance.  

 

  

2.3.2.4. Magnetic Field Detection 

 

Hall effect and giant magnetoresistance (GMR) sensors have some distinct 

advantages over other types of sensor, namely that using a single point it is 

possible to detect 3D forces, where for other sensors a minimum of 3-4 points 

are required in order to do this. This increases the theoretical resolution 

possible as well as reduces power consumption for the sensors.  

 

The Hall effect is the phenomenon whereby a potential difference is created 

across a current-carrying electrical conductor when a magnetic field is applied 

to it, perpendicular to the direction of current flow. Commercially available Hall 

sensors can be used for this, however the disadvantages are that they often 
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come in bulky packages which results, in practice, in a reduction to overall 

system resolution [32].  A GMR based sensor was recently proposed, which 

uses hair-like cilia formed from a nanocomposite of iron nanowires (NWs) 

mixed with PDMS [33]. The iron NWs are exposed to a magnetic field upon 

curing, which aligns and magnetizes them. Underneath sits a GMR sensor 

which recognizes when the cilia are deformed. This structure is intrinsically 

low-power due to permanent magnet usage. Reliably producing such a sensor 

on a large scale would however prove to be challenging. 

  

2.3.2.5. Optical  

 

Optical sensors tend to use changes in optical fibres that are induced by 

pressure/force being applied to them. Due to their use of light, they have some 

intrinsic advantages such as immunity to EM interference, the fibres can be 

chemically inert, and a very fast response time. Since they can be woven, they 

can form a relatively flexible textile-type mesh.  

 

Detection of pressure relies primarily on one of three possible methods: 1) fibre 

Bragg gratings, 2) interferometry, and 3) light intensity modulation. The main 

drawback with light intensity is that it can change with varying flexing of fibres, 

may require relying on mirrors within the main structure, and requires a high-

power light-source, making the overall system power-hungry. Interferometric 

sensors rely on path length changes in reflected light by interfering it with a 

reference light source. This produces interference fringe patterns on a charge-

coupled device (CCD) camera. For a Fabry-Perot fibre-optic pressure sensor, 

the light source is reflected off a diaphragm or reflected surface placed at a 

given distance from the end of the fibre-optic cable. The advantage to this 

sensor is that it can detect extremely low pressures and is used to detecting 

the pressure of various gases. However, the disadvantage is that only one 

sensor is possible per fibre-optic cable, utilising only the tip of the cable for 

sensing and needing an entire interferometer for each of these sensors. This 

makes it much too bulky for a high-resolution application if an array. Fibre-
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Bragg gratings (FBG) on the other hand can use total internal reflection to 

reduce the overall power consumption and rely on Bragg gratings within the 

fibre that change their pitch proportionally to the fibre being strained or 

compressed (See Figure 2-3). The pitch of the Bragg grating determines the 

wavelengths of light reflected and transmitted through the grating/fibre. Arrays 

of these sensors can be created by multiplexing FBGs into the same fibre, as 

long as each has a sufficiently separated Bragg wavelength [34].  

 

 

Figure 2-3: Fibre-Bragg grating spectra while a) no strain is experienced by the FBG, b) the 

FBG is strained resulting in a shift of the reflected light to a higher wavelength, and c) the FBG 

is compressed resulting in a lower wavelength of reflected light. Copyright © 2012, 

IEEE. Reprinted, with permission from [34]. 

 

The main drawback of these sensors is that they are susceptible to 

temperature fluctuations and hence this requires compensation, similar to 

strain gauges. Furthermore, analysis of the tactile information is 

computationally complex [5]. If one is only interested in normal pressures, and 

wants to neglect the effects of bending, FBG sensors cannot be used and other 

methods are bulky and suffer from a lack on miniaturisability. 
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2.3.2.6. Piezoelectric Effect 

 

The final two transduction mechanisms are self-powered. Piezoelectricity has 

been the subject of much study in this domain, thus it is explained in slightly 

more depth. Piezoelectricity is a charge separation due to an external stress 

which causes electric dipole moments. This can occur either by ion separation 

in a crystal lattice, such as a ceramic aluminium nitride (AIN), zinc oxide (ZnO), 

barium titanate (BaTiO3), or lead zirconate titanate (PZT), or carried by a group 

of polar molecules such as in the polymer poly(vinylidene  fluoride) (PVDF). In 

order to visualise this mechanism for ceramics, it is useful to consider the 

material lead ziconate titanate (Pb[Zr(x)Ti(1-x)]O3) where 0≤ x ≤ 1 (PZT). PZT is 

an inorganic man-made metal oxide-based material first developed at the 

University of Tokyo in 1952. It has a higher operating temperature than the 

previously discovered BaTiO3 and is inexpensive to mass produce [35]. PZT 

is produced by mixing fine powders of metal oxides together in specific ratios, 

adding an organic binder, and then firing the mixture for a given time and 

temperature in a mould to give it an appropriate shape. The firing process 

sinters the powder particles and creates a perovskite crystalline structure, 

which in turn assumes the same crystal structure as calcium titanium oxide 

(CaTiO3). In this case each unit cell of the crystal contains a small tetravalent 

ion of zirconium or titanium in a lattice of large divalent metal ions of lead or 

barium, and O2
- ions [36]. During the firing process, the unit cells are cubic and 

symmetrical, and PZT is not piezoelectric as it does not exhibit polarisation 

[37]. However, under its Curie temperature (Tc), such as when cooled down to 

room temperature, a dipole moment is created in the crystal by the tetravalent 

ion being located off-centre from the lattice making the overall unit cell non-

centrosymmetric while maintaining tetragonal and rhombohedral symmetry 

(See Figure 2-4) [35]. In fact, of the 32 crystallographic classes that depend 

on geometry and symmetry of the unit cell, 21 are non-centrosymmetric of 

which 20 exhibit piezoelectricity, although the others do not have tetragonal or 

rhombohedral symmetry [37]. For a dipole polymer on the other hand, the 

intrinsic polarization of the molecule is present as part of its structure. For 
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example, PVDF is a thermoplastic semi-crystalline polymer with  5 different 

known polymorphs/phases denoted α-, β-, γ-, δ-, and  ε-phase [37] (See Figure 

2-5 for α, β, γ phases [38]). The polymer chains have a net dipole moment 

perpendicular to their chain length due the difference in electronegativity 

between fluorine and hydrogen which points towards the positively charged 

hydrogen from the negatively charged fluorine. The polymer in its natural form 

is in the α-phase, which is the lowest energy phase, however this hexagonal 

phase has polymer chains which are anti-parallel to each other causing the 

dipole moments to cancel out, hence rendering the bulk polymer nonpolar [38]. 

The β-phase has all its dipoles parallel to the b-axis, and hence contributes the 

highest dipolar moment per unit cell of 8*10-10 Cm (See Figure 2-5). Therefore, 

having a higher fraction of β-phase leads to better piezo,- , pyro- , and 

ferroelectric properties [37].  PVDF in this phase exhibits the highest 

piezoelectricity of all polymers. 

 

 

Figure 2-4: PZT’s crystal unit cell [Left] above TC in a non-polarised state and [Right] below 

TC in a polarized and piezoelectric state. Reprinted from [39] 

which is released into the Public Domain. 
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Figure 2-5: (a) Diagram of the three primary crystalline phases of PVDF. Copyright © 2009, 

American Chemical Society. Reprinted, with permission from [38]. (b) An illustration of how an 

electric field can be used to induce a phase transition in PVDF from non-polar (α) or partially 

polar (γ) to highly polar (β), which depends on the dipole moment of the polymer ( illustrated 

by an orange arrow). Copyright © 2019, AIP Publishing. Reprinted, with permission from  [40]. 

 

Up to 4 piezoelectric constants exist termed dij, eij, gij, hij [41]. dij is the 

piezoelectric charge constant which denotes the induced polarization/charge 

in axis i due to an applied stress in axis j, or equivalently the applied electric 

field to axis i which generates a given strain in the material in the j axis, with 

units of Coulombs per Newton (C/N).  gij is the piezoelectric voltage constant 

where i denotes the direction of the electric field generated in the material due 

an applied stress in axis j, or equivalently the applied electric displacement in 

axis i which induces a strain in the j axis of the material, with units of Volt-meter 

per Newton (Vm/N). hij is the strain developed in axis i due to an applied electric 

field in axis j, or vice versa, with units of metres per Volt (m/V). eij is the 

permittivity constant which gives the dielectric displacement in axis i due to an 

electric field applied in axis j, or vice versa, with units of Newtons per Volt-

metre (N/Vm). d, g, and e are all temperature-dependent factors. In practice, 

only dij and gij are considered in most cases; The polarization axis is normally 

termed the 3-axis. Subscripts 1, 2, and 3 correspond to axis x, y, and z in a 

Cartesian coordinate system, whereas 4, 5, and 6 correspond to shears about 

any of these axes, respectively (See Figure 2-6) [42]. Polycrystalline materials 

typically have 5 piezoelectric charge constants with the following magnitude 

relationship: d15 = d24 > d33 > d31 = d32 [43]. Despite having the highest output, 

d15 is a shear-based mode that is difficult to realise in practice. For the 
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purposes of force/pressure sensing only specific coefficients are of interest, 

namely d31, d33, g31, and g33.  These denote the charge and/or voltage that can 

be generated in the polarized axis due to the stress/strain in either the parallel 

axis, or the perpendicular axis (See Figure 2-6). For applications in tactile 

sensing e-skin, it is important to only sense the normal force, and thus the 

pressure applied to an object. For this reason, only d33 and g33 are usually of 

interest. Most studies that measure or report the piezoelectric coefficient 

assume that this means d33, which is measured in units of pico-Coulombs per 

Newton (pC/N).  

 

  

Figure 2-6: [Left] The numbering used to denote directional  and shear forces that can affect 

a piezoelectric crystal.  Copyright © 2016, APC International, Ltd. Reprinted, with 

permission from [42] and [Right] the main piezoelectric constants of interest in pressure 

sensing with their associated axes. Reprinted from [44] which is licensed under Creative 

Commons CC BY 3.0.  

 

The equation relating the open-circuit output voltage of a bulk piezoelectric 

device to the charge generated by a mechanical stress is expressed by 

Equation 5:  

     

𝑉3𝑗 = 𝜎𝑥𝑥 × 𝑔3𝑗 × 𝐷𝑗     (5) 

 

      

Where 𝜎𝑥𝑥 is the applied normal stress (force/area), g3j is the piezoelectric 

voltage constant in the appropriate direction (g3j = d3j/εT, where εT denotes the 

https://creativecommons.org/licenses/by/3.0
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permittivity under a constant strain), and Dj is the thickness of the film in 

direction j. 

 

Although bulk values of dij are well known for piezoelectric materials, the 

coefficient changes its value as materials approach the nanoscale and tends 

to increase due to the increased surface-to-volume ratio. Having 

nanostructures usually enhances the piezoelectric effect compared to both 

thin-film and bulk counterparts. For example, ZnO nanobelts have been 

reported with a d33 of 14.3-26.7 pm/V, which are larger constants than those 

for the bulk materials or sputter-deposited thin-film [45]. Whereas the d33 of 

ZnO NWs  is 19 pm/V, it is 270 pm/C for BaTiO3 NWs [46]. Similarly the output 

can be tuned by varying the grain size and density of the material using a 

hydrothermal synthesis method to create a grain size ~ 1μm, which can have 

a d33 up to 460 pm/V [47]; this is around four times larger than the 105 pm/V 

obtained by a poled BaTiO3 thin-film [48]. BaTiO3 NWs can also be synthesized 

using hydrothermal synthesis. To enhance the piezoelectric coefficient, it is 

possible to pre-stretch PDMS and pattern it with PZT ribbons. Upon relaxation, 

the ribbons buckle out-of-plane forming a wave-like pattern that has a d33 of 

130 pm/V, compared to flat ribbons with a d33 of 75 pm/V [49].  

 

Much of recent research has also investigated the use of nanofibers, which 

can be made using techniques such as electrospinning or casting into e.g. 

anodic porous alumina. For example PZT nanofibers have a d33 of 83.4 pm/V, 

higher than the less than 55 pm/V exhibited by PZT films of identical 

composition [50]. In order to improve mechanical properties, PZT fibres with a 

high d33 of 127 pm/V can be incorporated into a polymer matrix [51]. Unlike 

other piezoelectric materials, PVDF and its co-polymers with trifluoroethylene 

(TrFE) have a negative longitudinal piezoelectric coefficient. This means that 

the polymer contracts instead of expands in this direction, with an applied 

electric field, a counterintuitive phenomenon [52]. PVDF-TrFE can be used to 

make organic flexible electrospun fibres with a d33 of ~ -57.6 pm V-1, higher 

than the ~ -15 pm/V found in thin-films [53].  In fact, PVDF-TrFE nanofibers 
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function very well in the low pressure regime and allow the detection of 

pressures as low as 0.1 Pa while having the ability for multiple modes of use 

to detect e.g. acceleration, vibration, orientation, and even temperature [53]. 

PVDF-TrFE can also be mixed with PVP and electrospun, tuning its 

mechanical properties. Finally, it is possible to make polymer matrices based 

on other materials such as the inorganic nanostructures/nanowires of PMN-

PT ((1-x) {Pb(Mg1/3Nb2/3)O3}-x{PbTiO3}), which have a d33 of 371 pm/V, around 

3 times higher than PZT fibres [54]. These nanostructures can be dispersed in 

PDMS to form a matrix that efficiently transfers stress from the polymers to the 

NWs and thus enhances output performance [55]. A visual comparison of 

these piezoelectric coefficients is displayed in Figure 2-7.  

 

 

 

Figure 2-7: Bar chart with the d33 piezoelectric coefficients of various materials as described 

in [45]–[51], [53]–[55]. 

 

Piezoelectric materials are particularly attractive in their ability to sense high 

frequency signals. Indeed, mechanoreceptors in human skin such as the 

Pacinian, Ruffini, and Meissner’s corpuscles detect varying frequencies of 

stimuli spanning a range of approximately 0 to 700 Hz [5].  

 

9.93 14 15 19 26.7
55 57.6

83.4
105

127 130

270

371

460

0
50

100
150
200
250
300
350
400
450
500

d33 (pC/N)  - piezoelectric constant



Review of Compliant Pressure Sensors and Their Applications 

27 

 

Materials such as PVDF films can indeed be used to measure this high 

bandwidth of mechanical excitation frequencies, being able to span ~0-1 kHz 

[56]. Using appropriate algorithms, surface texture of objects can also be 

determined, which is a critical component of how humans interact with objects. 

Roughness is the most important feature with this regard [57]; the interval of 

response time between sensing pixels (sensels) in a tactile array, as well as 

the frequency of vibration at different scanning velocities, has been used to 

calculate the surface spatial period [58]. For texture to be completely 

determined, the amplitude over this range is given by the variation of the 

piezoelectric charge while scanning. These properties make piezoelectric 

sensors important in applications such as robotic surgery and diagnostics.  

 

The main drawbacks of piezoelectric sensors are that they are unable to detect 

static forces, which is due to the quick dissipation of the induced charge in the 

materials. Furthermore, most sensors suffer from an overall lack of robustness 

while also being affected by variables such as temperature (due to their 

triboelectric coefficient), and for some materials such as ZnO, visible or UV-

light. Generally, materials with higher piezoelectric coefficient have poorer 

flexibility, and vice-versa [59].  Integrating them into highly dense arrays can 

also be complicated due to cross-talk between sensors. They therefore make 

a good addition to a static sensor but are unable to replace one. 

 

2.3.2.7. Triboelectric Effect 

 

The triboelectric effect is a contact electrification effect that occurs with specific 

materials. Such materials become electrically charged when they are 

separated from different materials with which they have been in contact. It is 

the most common cause for static electricity and can be increased by rubbing 

the given materials together as this increases their contact area and separates 

charges due to friction. In this scenario, one of the materials acts as an electron 

supplier while the other is an electron donor.  Although the mechanism has 

long been observed (e.g. by rubbing amber with wool or a balloon on hair), 
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many of the scientific reasons for its occurrence remained unknown until 

recently. This is slowly changing, for example through the use voltage biased 

AFM tips for surface electrification of materials [60]. Indeed, Fan et al. from 

Wang’s group at Georgia Institute of Technology created the first inexpensive 

flexible and compact triboelectric nanogenerator (TENG) to exploit this 

mechanism that commonly generates wasted energy, which could be used to 

drive electronics with low power requirements [61]. Other 

microelectromechanical system (MEMS) devices had been fabricated before 

this, but they employed complex and costly fabrication processes whereas the 

given generator consisted of only a Kapton and PET film. The reason these 

are referred to as nanogenerators is that the surface of the films has nanoscale 

roughness which in turn produces friction when the films come into contact or 

the device is flexed. Even though every material exhibits triboelectrification, its 

quantification has not been standardized, and it was only in 2019 that attempts 

have been made to quantify a triboelectric series of polymers and establish 

triboelectrification as a fundamental materials property and standardise the 

experimental setup for uniformly quantifying the surface triboelectrification of 

general materials (See Figure 2-8) [62]. 
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Figure 2-8: The quantified triboelectric series for select polymers. The error bar indicates the 

range within one standard deviation. TECD = triboelectric charge density.  Reprinted 

from [62] which is licensed under Creative Commons CC BY 4.0  

 

https://creativecommons.org/licenses/by/4.0/
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Four different modes of operation exist for current TENGs (See Figure 2-9) 

[63] :  

 

• Mode 1 – Vertical contact separation mode: Two dissimilar dielectric 

films are connected to each other through an electrical circuit. The face 

of one material is initially brought into contact with the face of another 

which causes surface electrification and charge separation between 

materials. After this, the materials are separated, and since opposite 

charges on the materials are separated from each other, this forms a 

capacitor. The potential difference across the capacitor depends on the 

separation of the materials, which can be modulated by applying 

pressure/force, and which in turn creates a current through the circuit. 

When the materials come into contact again, the potential disappears, 

and electrons flow back through the circuit again. 

• Mode 2 – Sliding mode: One dielectric material film slides back and 

forth on top of another, causing the electric field to change due to a 

change in overlap films’ areas.  

• Mode 3 – Single-electrode mode: An electrode is connected through a 

circuit to ground while a freestanding dielectric film that has already 

been electrified is placed above it. When the electrified material 

approaches the electrode (but without touching it), current flows from 

or to the ground in order to rebalance the charge imbalance on the 

device that is connected to it. This works in a similar way to mode 1 as 

it creates a capacitive circuit. 

• Mode 4 – Freestanding mode: Two separate electrode layers are made 

from conducting materials (not necessarily triboelectric) and connected 

to each other through a circuit. They both lie facing the same way-up. 

Another freestanding triboelectric material is used as a sliding layer on 

top of the electrodes. The freestanding triboelectric layer imbalances 

charges within the electrodes as the top triboelectric material moves 

back and forth between them, thus creating an AC signal. 
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Figure 2-9: The four fundamental modes of triboelectric nanogenerators: (a) mode 1: vertical 

contact-separation mode; (b) mode 2: in-plane contact-sliding mode; (c) mode 3: single-

electrode mode; and (d) mode 4: freestanding triboelectric-layer mode. Adapted from [63]. 

 

A simple mathematical treatment for vertical contact-separation mode (Mode 

1) illustrates the main principles behind the mechanism [64]. When the face of 

two dissimilar dielectric materials come into contact, opposite static charges, 

Q, appear on the surfaces due to contact electrification. Each material in turn 

has an electrode connected to its back-side which are connected to each other 

through a short-circuit to allow charges to flow freely between the electrodes. 

When the materials are separated from one another, an open circuit potential 

difference, VOC(x), that is dependent on the separation distance (x), between 

the charged surfaces is created and this leads to an electric field. Furthermore, 

the overall TENG normally behaves as a capacitor with its own associated 

distance-dependent capacitance, C(x). This relationship leads to the following 

expression for the overall voltage generated by the device [64]: 
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𝑉 =  −
1

𝐶(𝑥)
𝑄 +  𝑉𝑂𝐶(𝑥)    (6) 

 

As a result, the charges, Q, get transferred through the external short-circuit to 

offset the potential difference.  This results in a current which is a function of 

the time-dependent voltage, V, and capacitance, C, of the overall generator 

and can be expressed by the following equation [64]: 

 

I = c(∂V/∂t) + V(∂C/∂t)    (7) 

 

When both materials are once again brought together, the current needs to 

flow in the opposite direction to re-balance the circuit. This behaviour of current 

flowing back and forth gives rise to an AC signal which is dependent on 

pressure and releasing of the materials. 

 

 

Figure 2-10:  A Proposed mechanism for the working of a TENG in contact-separation mode 

(Mode 1). Reprinted from [64] which is licensed under Creative Commons CC BY 4.0.   

 

Although this principle is primarily employed for energy-generation and has 

particular promise in e.g. green-energy generation such as harvesting wave 

energy or scavenging energy from body motion, it has also been applied to 

sensing. A material of interest in this field is PVDF. Indeed, PVDF has different 

crystalline phases (as described in the previous sub-section) and has been 

https://creativecommons.org/licenses/by/4.0/
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exploited purely for its piezoelectric properties in β crystalline phase. However, 

the α crystalline phase has also been exploited to create triboelectric sensors 

where the piezoelectric response was negligible [65]. Furthermore, by using 

the synergistic effect of triboelectric as well as piezoelectric output from PVDF, 

it was possible to create a self-powered ultra-wide range pressure sensor that 

could detect pressure ranges from 0.05 to 600 kPa which can be used in many 

applications including e-skin [66]. For an up-to-date and in-depth 

understanding of TENGs and their applications, the reader is referred to the 

book ‘Triboelectric Nanogenerators’ by Wang et al. published in 2018  [63].  

 

Although TENGs provide a promising mechanism for sensing high-frequency 

phenomena, similar to the piezoelectric effect (or Piezoelectric 

Nanogenerators [PENGs]), they suffer from some drawbacks. For example, 

electrical performance is material-dependent and varies with temperature. A 

polytetrafluoroethylene (PTFE) TENG controlled by the temperature-induced 

changes in the PTFE’s ability of storing and gaining electrons, showed 

decreasing electrical performance from -20 to 150 ⁰C [67]. TENGs are also 

susceptible to humidity [59].  
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3. The Piezoresistive Effect for Flexible Tactile E-Skin 

 

Piezoresistive materials, along with capacitive, have historically been a 

popular choice for creating e-skin [68]. As opposed to piezoelectric/triboelectric 

sensors, which are required when measuring higher mechanical frequencies 

above a tens/hundreds of hertz range (See Figure 3-1), piezoresistive sensors 

can give a readout at rest or under static load as their output is not significantly 

affected by acceleration or velocity.  They are generally highly integratable into 

dense arrays, while not suffering from the noise pickup that can occur with 

other sensors. They are therefore generally better suited to harsh 

environments and can be made highly robust, withstanding up to millions of 

flexing cycles. Furthermore, using circuits such as Wheatstone bridges with 

traditional metal foil strain gauges, it is possible to implement these sensors 

with a variety of different materials while compensating for effects such as 

temperature. By far their main appeal is the simplicity of the readout circuitry 

required, essentially a voltage divider, and hence the possibility of 

miniaturizing the circuitry as well. 

 

 

Figure 3-1: Example of piezoelectric performance of ZnO NWs compared to piezoresistive 

performance of Pt-coated NWs, where a) the sensor is excited at low frequencies of up to 3.6 

Hz up for which piezoresistive performance is good, and b) the sensor is excited at 250 Hz 

where piezoresistive performance cannot keep up with piezoelectric performance. Copyright 

© 2015 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. Reprinted, with permission from 

[69]. 
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It would be more accurate to state that piezoresistive sensors are a class of 

sensors in their own right. The advantages and disadvantages of the different 

methods with which this effect can be exploited have been summarized in 

Table 3-1, expanding on a  previous review by Stassi et al. [68]. A 

chronological explanation of these sensor types will now be given. 
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Table 3-1: Comparison of flexible piezoresistive tactile sensors. Includes data from Stassi et al. [68] 
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3.1. Strain Gauges and Piezoresistors 

 

Strain gauges were invented by Arthur Ruge and Edward E. Simmons in 1938 

to help a student complete an investigation of earthquake stress on elevated 

water tanks [70]. The original invention consists of a high resistance metal 

filament bent into a zig-zag pattern on an insulating flexible backing, which can 

then be attached to an object with an adhesive. When the object underneath 

the strain gauge is flexed, the metal foil is either strained or compressed. As 

long as the gauge is operating in the metal’s elastic deformation regime, when 

the foil is strained its area narrows whereas when it is compressed the area 

thickens in order for it to maintain the same volume (See Figure 3-2). This 

forms the geometric consideration for the change in resistance of a strain 

gauge and is dominated by the material’s Poisson’s ratio. However, metals’ 

electrical resistivity (𝜌) also changes due to the strain applied. This is strictly 

speaking their piezoresistive behaviour. Although it is obvious that these 

sensors can measure strain and compression, they are also used to indirectly 

measure weight, force, and pressure as any object will deform to some degree 

under a given load. Strain gauges are still used widely in industry, from 

measuring deformations of beams on a bridge or airplane wings to measuring 

the movement in the walls of buildings, the weight of objects on scales, or the 

force being applied to a load cell. This is largely due to standardized readout 

electronics and resistances, as well as very low cost. 
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Figure 3-2: Illustration the working principle behind a strain gauge on a surface experiencing 

tension and compression. Reprinted from [71] which is licensed under Creative Commons 

CC0 1.0. 

The overall sensitivity to deformation of a strain gauge is defined as its gauge 

factor (GF), and takes into account both geometric and piezoresistive 

components [31]: 

 

𝐺𝐹 =
𝛥𝑅
𝑅0
𝜀

=

𝛥𝑅

𝑅0
𝛥𝐿

𝐿0

= 1 + 2𝑣 +

𝛥𝜌

𝜌0

𝜀
   (8) 

 

Where strain, 𝜀, is defined as the relative change in length of the conductor,  

𝛥𝐿

𝐿0
 , due to an applied force. 

𝛥𝑅

 𝑅0
 is the relative change in the resistance 

compared to its resistance at rest, 𝑅0, for a given strain 𝜀.  𝑣  is the Poisson’s 

ratio of the material. 
𝛥𝜌

𝜌0
 is the relative change in resistivity of the given material. 

1 + 2𝑣 is the geometric component and 

𝛥𝜌

𝜌0

𝜀
 is the piezoresistive component. 

Since its original conception, various conductive materials have been used to 

improve the GF of metal foil strain gauges such as single crystal silicon, 

polysilicon, thick-film resistors, and p-type germanium (Ge) [72]. Approximate 

GFs for these can be seen in Table 3-2. In metals, the piezoresistive 

component is usually very small and the geometric considerations dominate 

https://creativecommons.org/publicdomain/zero/1.0/
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due to free-floating metal ions in a sea of electrons, where the metal can 

acquire a new shape while maintaining its atomic structure due to its 

malleability. Commercial strain gauges tend to use metals whose 

piezoresistive contributions are as high as 20%, such as the alloy constantan 

(55% Cu/45% Ni), but which have low thermal variation. In semiconductors, on 

the other hand, changes in inter-atomic spacing affect the bandgap of the 

structure, changing its 𝜌  and resulting in much higher piezoresistive 

contributions. These are referred to as piezoresistors within this thesis. 

 

Table 3-2: Indicative gauge factors achieved with various materials [72]. 

 

 

3.1.1. Rigid-Island Topology/Matrix Sensor Networks  

 

Even when made extremely thin, these materials (such as the III-V group 

elements) are not intrinsically compliant, which means that they cannot cope 

well with localized stress. Indeed, embedding MEMS strain gauges into flexible 

polymer substrates or covering them with a protective layer can overcome 

associated fragility issues. In these particular cases, compliant interconnect 

can be used to connect these rigid pressure sensing regions within the e-skin, 

distributing the stress (See Figure 3-3) [73]. Another approach uses local 

stiffening of the substrate in these regions to mechanically support the 

components. Both of the above can be referred to as rigid-island topologies or 

matrix networks and have become a popular method for the manufacture of e-

skin. 
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Figure 3-3: A) Example fabrication process for stretchable electronics with rigid-island topology 

using a noncoplanar design for their interconnected mesh on a PDMS substrate, and B) SEM 

images illustrating it in both a twisted deformed and relaxed state which demonstrate its ability 

to withstand biaxial stretching. Copyright © (2008) National Academy of Sciences, U.S.A. 

Reprinted with permission from [74]. 

 

Ahmed et al. used nichrome (80% Ni / 20% Cr by weight) strain gauges with a 

film thickness of ~35 nm deposited using lithographic techniques on a 

polyimide (PI) substrate to construct a Wheatstone half-bridge circuit with two 

active and two passive resistors on a suspended aluminium oxide (Al2O3) 

membrane (See Figure 3-4) [75]. The sensor itself achieved a GF of 1.75. The 

maximum force tested was 2.5 mN over an area of 283 × 283 µm2 

corresponding to a pressure of just over 31 kPa. The sensor response was 

almost linear, with a sensitivity varying from 0.266 V/N to 2.248 V/N. Although 

this characterisation was done while the sensors were flat, the simulation 

showed that they should not exhibit significant changes when bent over a 

radius of curvature of 1 cm as a result of their small size. 
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Figure 3-4: (a) An SEM micrographs of nichrome active strain gauges on an Al2O3 membrane, 

(b) an array of 48 flexible sensors under curvature on a 2×2 cm2 flexible substrate, and (c) A 

multi-physics model of the sensor with exaggerated z-axis. Copyright © 2013 IEEE. Reprinted, 

with permission from [75]. 

 

Engel et al. [76] developed a multifunctional e-skin able to detect the hardness, 

thermal conductivity, temperature and surface-profile of an object (See Figure 

3-5). The e-skin consisted of sensor-modules with multiple sensors. The 

hardness sensor was a nichrome strain gauge sitting on a membrane for 

enhanced sensitivity, with a reference on the same module for noise 

compensation and with which a differential measurement was made. A range 

of 10 to 80 shores could be measured by converting the resistance measured 

to a known normal displacement via previously obtained calibration data.  

 

 

Figure 3-5: (a) A single sensing node consisting of integrated hardness, thermal conductivity, 

and contact force sensors as well as a resistive temperature detector (RTD) integrated into (b) 

a network which includes additional strain gauges to quantify skin curvature. Copyright © 2005 

Elsevier. Reprinted, with permission from [76]. 
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Another study where each sensing module consisted of a single nichrome 

strain gauge with 1 × 1 mm2 unit cells could measure normal forces linearly 

between 0-0.6 N [77]. Another nichrome triaxial sensor was made that could 

detect 0-0.8 N [78]. Strain-gauge deployments, however, generally suffer from 

issues of over-wiring unless an intricate multiplexing system is in place. For 

example, the sensor by Engel et al. in Figure 3-5 required a total of 250 wires 

for only a 5 × 5 array of sensing modules taking up an area of 25 × 25 mm2. 

 

Recently Pyo et al. fabricated a triaxial tactile sensor using nichrome strain 

gauges on a reversed membrane/diaphragm-like polyimide (PI) substrate 

supported by the SU-8 polymer with a trench [79]. A PDMS bump layer was 

added to the opposite side of the PI with trench to transmit the force to the PI. 

Although not completely linear, the force range was measured up to 500 mN 

in the normal direction while up to 300 mN was linear for shear forces. Wiring 

was considerably reduced by making a matrix-like sensor array structure, with 

via-holes for the top electrodes to travel to the sensing elements on the bottom 

(See Figure 3-6). This made the packaging relatively compact. Other attempts 

at these types of triaxial sensors exist, e.g. [80], but they are bulkier. 

 

 

Figure 3-6: a) The structure of a multi-axis PDMS-based biocompatible tactile sensor made 

from nichrome strain gauges with Cr/Au electrodes, b) top and bottom optical microscope 

images of the sensor (scale bar: 100 μm), and c) a 3x3 sensor array of such sensors (scale 

bar: 2mm). Reprinted from [79] which is licensed under Creative Commons CC BY 4.0. 

https://creativecommons.org/licenses/by/4.0/
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Chen et al. also recently created distributed microfabricated strain gauges on 

stretchable sensors networks using this approach [81]. The network was 

multimodal, consisting of 27 rosette strain gauges, 6 resistive temperature 

devices, and 8 piezoelectric transducers symmetrically distributed over a 150 

× 150 mm2 area, with 2.5 × 2.5 mm2 resolution. The strain gauges consisted 

of constantan while the interconnects were made of gold. The sensor was 

intended for structural health monitoring (SHM) applications, including 

morphing wings, autonomous cars, buildings, and robots.  As the sensors were 

not stacked, the sensor network wiring was irregular while maintaining 

centrosymmetry (see Figure 3-7). However, the sensor network could tolerate 

more than 10,000 cyclic loads at 300 micro-strain with consistent behaviour 

from all strain gauges, making it practical for SHM. 

 

 

 

Figure 3-7: (a) Illustration of a stretchable sensor network with sensor nodes including (b) 

rosette strain gauges (which measure strain in 3 directions across a plane), with a wiring 

diagram (c) that additionally has various other sensors such as RTDs and piezoelectric 

transducers distributed across a 17x17 network for which various nodes serve as dummy 

nodes to provide electrical connections. Reprinted from [81] which is licensed under Creative 

Commons CC BY 4.0. 

 

https://creativecommons.org/licenses/by/4.0/
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Figure 3-8: Illustration of the various integration schemes that can be employed in order to 

interconnect stretchable and conformable sensor networks composed of various sensors, 

including a) a distributed layout where sensors are distributed over a planar network, b) a 

stacked layout where different sensors are stacked on top of one another in each node, and 

c) a distributed and stacked layout where distribution is combined in more than one of the 

network layers, with different layouts for each layer. Only the sensors and interconnections 

are visible for clarity, without the substrate. Reprinted from [3] Supplementary Figure 11 which 

is licensed under Creative Commons CC BY 4.0. 

 

Hua et al. have managed to increase the number of sensors/sensing 

modalities while finding an optimal configuration of stacked and non-stacked 

layouts to create an application-dependent stretchable and conformable matrix 

network (See Figure 3-8) [3]. Each sensor has then been tested 

simultaneously while exposed to different stimuli in order to understand how 

this interferes/affects measurements of orthogonal sensors (see Table 3-3). 

  

https://creativecommons.org/licenses/by/4.0/
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Table 3-3: Table summarising output and orthogonality of each sensor in a matrix network 

based on the parameter being sensed. For example, temperature increases the output of the 

strain and pressure sensors. Reprinted from [3] Supplementary Table 2 which is licensed 

under Creative Commons CC BY 4.0. 

 

 

3.1.2. Enhanced Methods and New Materials 

 

https://creativecommons.org/licenses/by/4.0/
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Enhanced sensitivity can be obtained by using sensing ridges that mimic the 

fingerprint on human skin which act as force amplifiers; by concentrating the 

force into a narrower area the overall pressure can be amplified [82]. However, 

the main issue with metal strain gauges and piezoresistors is that the dynamic 

force range of the sensor is generally not large enough for practical 

applications on its own. Beccai et al. found that integrating a silicone 

microsensor into a soft and compliant packaging could extend its loading range 

significantly (from ~3 N to 14 N for normal loads, and from 0.5 N to 11 N for 

shear loads) [83].  

 

Noda et al. produced silicon piezoresistors incorporated onto vertically 

standing cantilevers in order to measure shear stress is two different axes [84]. 

The fabrication process for this was rather involved, as the silicon-on-insulator 

was used to make the cantilevers which were then aligned vertically with a 

magnetic field (as a result of their nichrome layers on the cantilevers), coated 

with Parylene-C in order to allow them to remain freestanding, and embedded 

into an elastic PDMS support (see Figure 3-9). A change 𝛥𝑅/𝑅 of 1.30 × 10 -3 

kPa was recorded for shear forces of -5.0 to 5 kPa for one axis, which was 20 

times higher than the other, proving the sensor’s ability to extract individual 

components of applied shear stress. 

 

 

Figure 3-9: (A) Piezoresistors formed on a standing cantilever used to measure its deflection 

through changes in its resistive current path (B), and a tactile sensor constructed of 

orthogonally facing cantilevers embedded in an elastomer enabling the detection of the 

direction and magnitude of shear stress. Copyright © 2006 Elsevier. Reprinted, with 

permission from [84]. 

(B) 
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New materials are being explored for use as piezoresistors, including 

graphene and transition metal dichalcogenides such as molybdenum 

disulphide (MoS2) [85]. MoS2 is an especially interesting candidate as it is 

superior to graphene (transparency, flexibility, and electrical performance) and 

has a tuneable bandgap. It can also be made piezoelectric with an odd number 

of layers since the crystal lacks centrosymmetry in this configuration. We will 

not review these piezoresistor materials further as they lie outside the scope 

of the thesis, however they are mentioned for completeness.  

 

It is worth noting that despite the much higher sensitivity of semiconductor 

piezoresistors, they have been unable to replace metallic strain gauges due to 

the latter having better overall environmental stability [86]. Metals and 

semiconductors possess some advantages over other materials, which include 

ease of integration into current microfabrication and patterning processes, 

compatibility with traditional soldering, high temperature tolerance, very high 

initial conductivity, and tunability. Compared to other materials, however, they 

are most often temperature-sensitive and brittle. This can be overcome with 

the various mechanisms mentioned to deploy them as e-skin. Nonetheless, 

none are intrinsically stretchable, and thus all have limitations when it comes 

to measuring soft objects (with lower Young’s modulus) or integration into soft 

robotics. It is however likely, that with increasing sensor miniaturization we will 

see more such e-skins.  

 

3.2. Liquid Metal  

 

Liquid metal (LM) is one of the few materials that is truly compliant/soft. LMs 

are liquid at room temperature and take the geometrical shape their container 

[87]. Initially mercury was used, but this has now largely been abandoned due 

to its toxicity. Current LMs are Gallium (Ga) based eutectics, such as eutectic 

Gallium Indium (eGaIn) and Gallium-Indium-Tin (Galinstan). Gallium has a 

melting point of 30 ⁰C which can be lowered by the addition of indium and/or 
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tin [88]. These are risk-free in terms of toxicity and may even be biocompatible. 

LMs create a natural oxide (Gallium oxide) on their surfaces on the order of a 

few nanometres and behave elastically up to a certain limit. Above this limit, 

the oxide layer tears and the liquid flows freely. Within a device, this layer is 

undesirable as the liquid should flow continuously. This can be prevented from 

forming by introducing the LM into an acid or alkaline environment. 

Furthermore, LMs have excellent wetting properties on a wide range of 

substrates but must be fully encapsulated if they are to be used as strain 

gauges due to the aforementioned flow properties.  

 

Their conductivity is 35-40 × 103 S/cm, which is ~1/16th of copper [89]. For 

strain gauge fabrication, LMs are often injected into microfluidic-like channels 

within silicone/rubber elastomers. This is a challenging technique that often 

involves spillage, and hence other patterning techniques have been suggested 

to attempt to create uniform LM films. These include stencil printing and spray 

coating. Some of the most recent techniques involve rollerball pens (200 µm 

width lines), and inkjet printing (10 µm droplets for 50 µm feature sizes). When 

inkjet printed, an additional step is necessary to breakdown the oxide layer and 

thus combine the droplets after deposition. Acidic vapours (HCl) or mechanical 

sintering can be used for this.  

 

For strain gauges, when the overall sensor/channel elongates/contract due to 

the application strain, the resistance of the sensor increases in a predictable 

manner. However, unlike solid metal strain gauges, 𝜌 stays the same [90]. The 

key advantage is that LMs can in practice accommodate a nearly unlimited 

quantity of stretch, with ionogels being their close successors at up to 1000%. 

Another advantage is that they can be used to make self-healing circuits at 

room temperature (this was previously limited to conductive polymers which 

had to be heated to ~200 ⁰C). When Ga-based LMs, such as eGaInSn, are 

injected into self-healing polymers, the devices can heal both electrically as 

well as mechanically [91]. An e-skin was fabricated using eGaIn strain gauges, 
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which was able to measure strains of up to 250% in either planar axes while 

also being sensitive to normal pressure (see Figure 3-10 [Right]) [92].  

 

 

Figure 3-10: (a-c) Images of Galinstan self-healing and re-establishing electrical continuity 

after being cut with scalpel. Reprinted from [91] which is licensed under Creative Commons 

CC BY 4.0. (d) A soft artificial skin prototype utilising injected and stacked EGaIn strain gauges 

to detect strain in both planar axes as well as normal pressure. Copyright © 2012 IEEE. 

Reprinted, with permission from [92]. 

 

Gao et al. used LM successfully to create diaphragm pressure sensors that 

can sense both compression and tension (strain) in a Wheatstone bridge 

configuration [93]. The sensor was highly linear, sensitive to <50 Pa with a 

resolution of <100 Pa and a response time of 90 ms. It also worked with 

temperature compensation between 20-50 °C. A glove/skin was developed out 

of these sensors with various grip detections capabilities (see Figure 3-11).  

 

https://creativecommons.org/licenses/by/4.0/
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Figure 3-11: (a) [Left] Image of an LM diaphragm strain gauge, [Middle] the layout of the overall 

sensing regions, [Right] the Wheatstone bridge circuit configuration which amplifies the signal 

by having one set of grids experiencing  tension while the other experiences compression, and 

(b) [Left] the grasping of a grape with a glove equipped with the sensor with its real-time output 

plotted, [Right] grasping a bat using a glove with multiple integrated sensors and their 

visualised output. Copyright © 2017 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

Reprinted, with permission from [93]. 

 

The true advantage of LM sensors is that they are intrinsically resilient to 

sensing multiaxial material deformation and stretching and are more 

compliant/soft than other sensors as they do not contain any rigid materials. 

However, they are nonetheless challenging to pattern and integrate without 

leakage or interfacing/interconnect problems.  

 

3.3. Percolation Dominated Polymer Composite Materials 

 

This subsection summarizes the working mechanism as well as the recent 

developments in piezoresistive composites. These include composite-based 

strain gauges as well as sensors that react to compression and for which the 

percolation mechanism dominates. To avoid confusion, quantum tunnelling 
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materials are given a separate subsection. Percolation dominates what will be 

termed ‘piezoresistive composites’ in this subsection. 

 

3.3.1. Theoretical Framework/Model for Percolation Dominated 

Polymer Composites 

 

The use of this type of composites dates back to the 1970s  with the dispersion 

of carbon in silicone rubber  and attempting to combine mechanical properties 

of soft elastomers with the electrical properties of rigid conductors [94]. In order 

for this type of interconnect to conduct electricity, a limit called the percolation 

threshold must be reached; Percolation is when particles are distributed in the 

material in such a way as to form an electrically conducting pathway through 

it. This phenomenon occurs when there is a sufficiently high volume fraction of 

conductive filler particles to elastomer that electrons will find pathways from 

one particle to the other until they reach the other end of the trace. Beyond the 

percolation threshold, adding conductive particles to the elastomer will 

increase its conductivity until a saturation point is reached (See Figure 3-12 

(a)). 

 

 

Figure 3-12: (a) The percolation conductivity curve depending on carbon black concentration. 

Copyright © 2013 Society of Plastics Engineers. Reprinted, with permission from [95]. (b) 

conductive fillers being mixed into elastomeric matrix, and (c) infiltrating elastomeric matrix 

between into conductive fillers. Copyright © 2014 Elsevier. Reprinted, with permission from 

[95][96]. 

Two primary mechanisms of conduction exist for this type of composite, where 

the first one dominates: 1) metallic conduction via full contact of conductive 



The Piezoresistive Effect for Flexible Tactile E-Skin 

52 

 

particles within the matrix, and 2) tunnelling current via incomplete contact 

between the particle. To increase elasticity, the percolation threshold must be 

lowered, since the higher the volume fraction is, the lower the elasticity of the 

composite will be. Furthermore, both particle geometry and size have a large 

influence on the limitations of these materials. Kim et al. suggested simple 

models to calculate the volume fraction percolation thresholds of spherical 

particles, 2D plates, and 1D nanotubes in polymer composites using a 3D 

random distribution model [97][98]. They assumed each particle occupies a 

cubic unit cell, and assuming a random distribution as well as no preferred 

orientation of the particles, the following equations were presented:  

 

𝑉𝑐_𝑠𝑝ℎ𝑒𝑟𝑒 =  
𝜋𝐷3

6(𝐷+𝐷𝐼𝑃)3
          (9) 

𝑉𝑐_𝑝𝑙𝑎𝑡𝑒 =  
27𝜋𝐷2𝑡

4(𝐷+𝐷𝐼𝑃)3
        (10) 

𝑉𝑐_𝑛𝑎𝑛𝑜𝑡𝑢𝑏𝑒 =  
𝜉𝜀(𝜋𝐷3/6)

(𝐷+𝐷𝐼𝑃)
+  

(1−𝜉)27𝜋𝐷2𝑙

4(𝑙+𝐷𝐼𝑃)3
 ≈  

𝜉𝜀𝜋

6
+

(1−𝜉)27𝜋𝐷2

4𝑙2
    (11) 

  

where D is the diameter of spherical particles, lateral diameter of plates, and 

cross-sectional diameter of nanotubes; t is the thickness of the nanoplates, l is 

the length of nanotubes, ξ is the volume fraction of agglomerated nanotubes, 

and ε is the volume of nanotubes in an agglomerate. DIP is the inter-particle 

distance and must be below the electron tunnelling cut-off distance for 

conduction to occur. This has some limitations, as the cut-off has been shown 

to be dependent on the particles’ electrical properties, shape, matrix material, 

and any other compounds around or between particles. The DIP
  used here was 

for the typically accepted value of 10 nm, although some experimental reports 

have reported it as high as 700 nm or lower than 10 nm [96]. Based on these 

assumption, percolation thresholds, Vc, were calculated for the three particle 

types, based on particle size, thickness, and aspect ratio, respectively (see 

Figure 3-13). It is worth noting that Vc increases with increased nanosphere 

diameter from 5-50 nm, whereas it decreases with increasing plate diameter 

or nanotube/nanowire length. There are, however, a number of problems to 

solve still in order to make realistic predictions, especially with more complex 
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systems. These include modelling of nanoparticles with different shapes, 

determining particle size distribution effects on conductance, bonding effects 

between the filler and the binder, effects of blending different types of 

nanoparticles, and obtaining a better understanding of the tunnelling effect that 

takes into account current density as a function of DIP and nanoparticle 

orientation as well as matrix molecules  and surfactants around particles [96].  

Once the percolation threshold is known, the conductivity 𝜎 of the overall 

composite can be determined by the filler particle’s volume fraction as follows 

[99]: 

 

𝜎 = 𝜎0(𝑉𝑓 − 𝑉𝑐)𝑠     (12) 

 

where 𝜎0 is a scaling factor proportional to the intrinsic conductivity of the filler 

(determined experimentally), 𝑠 is the critical exponent of the conductivity (also 

determined experimentally), 𝑉𝑓 is the volume fraction of the conductive filler, 

and 𝑉𝑐 is the percolation threshold. 
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Figure 3-13: (A, C, E) Illustrations of metal NPs, graphite nanoplates, and NWs in cubic unit 

cells, assuming a 3D random distribution, and the estimated percolation threshold based on 

(B) the diameter of the NPs, (D) the diameter and thickness of nanoplates, and (F), the aspect 

ratio of CNTs depending on their dispersion state. Copyright © 2007 WILEY‐VCH Verlag 

GmbH & Co. KGaA, Weinheim. Reprinted, with permission from [98].  

 

3.3.2. Practical Considerations for Filler Particles 

 

Multiple fillers can be used to form piezoresistive composites, however the 

most common are carbon black (CB), carbon nanotubes (CNTs), silver 

nanowires (AgNWs), copper nanowires, and graphene [89]. CB is obtained by 

the combustion of organic material while certain allotropes have high electrical 

conductivity. Their particle size is usually ~100 nm, 𝑉𝑐 ~50% and therefore 𝑊𝑐 

(percolation threshold by weight) ~30%, with ρ (electrical resistivity) in the 

order of 10 Ωcm. CNTs on the other hand are an allotrope of carbon. They 
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have high aspect ratio with a length ranging from 0.5-10 µm, a diameter 

ranging from 10-100 nm, and multiple one or more walls. 𝑉𝑐 ~0.05-0.5% and 

therefore 𝑊𝑐 ~0.1-1%. Ag is the most conductive material and generally comes 

in different forms. Ag flakes can range in diameter from 100 nm-10 µm, with 

𝑉𝑐~ 10-30%, 𝑊𝑐 ~60-80%, and ρ ~0.01 Ωcm for Ag-PDMS. Ag NWs have high 

aspect ratio, have a diameter of the order of 100 nm, length can vary between 

10 to 100 µm, and have Rs (sheet resistance) of <1-100Ω/□ (ohms per square). 

They are typically embedded onto the surface instead of being mixed in-bulk.  

 

3.3.3. Mixing Fillers into Elastomeric Matrices 

 

Dispersion is an important consideration which forms a core part of making 

any composite. One of the main challenges regarding the embedding of 

nanoscale materials into polymers is their tendency to aggregate during 

processing [96]. This occurs principally due to their high surface energy, which 

results in spontaneous agglomeration for thermodynamic reasons 

(minimisation of energy). In order to prevent this, surfactants must be added 

which envelope the nanoparticles. For larger particle sizes, mechanical 

homogenization is possible since it is possible for kinetic energy to overcome 

the van der Waals interactions between the particles (which are attractive and 

lead to agglomeration). Long 1D nanomaterials, such as CNTs, physically 

entangle in a hair-like fashion during mechanical mixing. Although this can 

make it more difficult to disperse CNTs due to increased cohesion, it is 

sometimes advantageous as it increases the mechanical strength of the 

polymer and electrical conductivity of the percolated network and can 

eliminated the need for cross-linking and thus the use of conductivity-reducing 

polymers. Other micro-sized particles (e.g. micronickel [µNi]) or flakes (e.g. Ag 

flakes) also lend themselves to mechanical blending. Various methods may be 

used for blending including hand-mixing, use of a homogenizer, jet-milling, roll 

milling, high shear dispensing, planetary gravity mixing, and low shear mixing 

[96]. The main advantage is that the paste formed can be used in screen 

printing or even extrusion processes such as 3D printing [89]. Inkjet printing 
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on the other hand is more demanding as it requires extremely low viscosity, 

making many pastes incompatible. Higher order structuring of the filler or 

composite has also been shown to yield improved mechanical strength and/or 

conductivity, such as the deposition of CNT dispersion on onto a porous 

interconnected network of ZnO tetrapods yielding a reinforced 3D conductive 

composite comparable to bamboo lashing [100].   

 

3.3.3.1. Commercial Composites 

 

Various inks have been formulated, both for commercial and research 

purposes. Commercial inks include the DuPont™’s Intexar™ inks with 

associated substrates, which are designed to be stretchable as well as 

washable [101]. From these inks, PE873, PE874, and PE875 are silver-based 

stretchable conductor inks designed for the main interconnect of a device. 

Furthermore, PE874 is listed as having the best stretch recovery. Although 

data on the PE874 silver ink was not available during the time of writing, the 

datasheet for PE873 (its earlier variant) indicates that its typical sheet 

resistivity is < 75 mΩsq/25µm (with a 5 µm dried print thickness on ST505 

Polyester Film), and a resistivity after crease of <5% increase according to 

ASTM F1683 with a 180° single cycle performed with a 2 kg weight [102]. On 

the other hand, the stretchable carbon conductor ink PE671 has a high 

resistivity of <500 Ωsq/25µm on the same PET sheet and thickness [103]. The 

resistivity change after a single crease with the same settings is identical to 

the silver-based ink. Some further data on the durability of the early versions 

of these inks is also available. For example, for 10 cm trace length and 1 mm 

trace width of PE872 silver-based conductor printed on TPU film, significant 

resistance to strain was demonstrated. With this trace width and strain relief 

design (i.e. serpentine pattern), > 15% strain and 4% oscillating strain can be 

tolerated with minimal changes in resistance [101]. However, without the strain 

relief design, there is significant increase in resistance after 5% strain and after 

each oscillation. The main drawback with the IntexarTM inks is that they require 

a relatively high curing temperature, 10 min at 100 °C being the minimum for 
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the silver conductor and 130 °C for 15 min being the minimum for the carbon-

based conductor. This temperature can cause damage or shrinkage to certain 

elastomeric substrates. Further commercial inks include ACI Materials™ 

SE1107 Stretchable Conductive Trace silver-filled ink, which is ideal for 

elastomeric substrates and cures at a low temperature of 80 °C for 30 minutes 

[104]. After curing the initial volume resistivity is indicated to typically be <7×10-

5 Ωcm with no breaks or delamination on a 180° crease test. No wear 

performance data could be found on this ink.  

 

Engineered conductive materials (ECM) also manufactures stretchable silver 

ink (CI-1036) as well as stretchable carbon ink (CI-2051) for conductive traces. 

CI-1036 silver ink has been studied by Suikkola et al. by screen printing it onto 

50 µm thick sheets of TPU (Epurex Platilon U4201) [105]. The ink is based on 

silver flakes in a polymer matrix, and various structures were fabricated by the 

group. A single lined U-shaped conductive trace with a mean trace width of 

1020 µm, mean thickness of 6.4 µm, and line length of 188.9 cm was used. 

Using a 2-point resistance measurement, the mean sheet resistance of 30 

samples was 36.2 mΩ/□ with a standard deviation of 4.5 mΩ/□, which for the 

given dimensions corresponds to a resistivity of 2.32×10-7 Ωm. During a strain 

test, no samples broke before 50% strain, and half before 74% strain. Values 

at 50% strain were well below 250 Ω. Cycling test data was collected for 1000 

cycles using 10%, 15%, and 20% strain for which the samples increased their 

resistance 2.5, 4.3, and 5.3 times. Significant time-dependent recovery of the 

resistance was observed after the cycling time (See Figure 3-14). Based on 

this data, the interconnect easily withstood strains of 15-20% which is within 

the range of some textile and epidermal requirements. The CI-2051 carbon ink 

has also been tested by Mäntysalo’s group, using the same shape and screen 

printing technique, and exhibited further desirable mechanical properties [106]. 

The sheet resistance of the ink itself was on average 256 Ω/□ after curing, 

varying between 272 Ω/□ and 338 Ω/□. Half of the samples withstood a single 

strain up to 108% elongation, with a minimum stretch of 80%. Furthermore, 

the interconnects could still work at up to 40% stretching for 1000 cycles, going 
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up to 16 times the original resistance value, and exhibited good recovery in a 

150 minutes window after the test.  

 

 

Figure 3-14: Normalised resistances of 10%, 15%, and 20% cycling tests of ECM CI-1036 

stretchable silver ink of ~1 mm line width, 188.9cm length for a) up to 1000 cycles taken after 

each cycle, and b) as a function of time after a 1000-cycle test. Reprinted from [105] which is 

licensed under Creative Commons CC BY 4.0. 

 

Yet another commercial ink is developed by Eptanova™’s Eptatech™ brand, 

which offers silver based conductive inks with micrometric flakes [107]. The 

inks are claimed to have been tested up to 100% elongation and have been 

specifically designed for textiles. This means that no TPU membranes are 

employed as a substrate, and instead transfer printing is used to transfer the 

ink from a sacrificial (usually polyester) substrate, with thermoplastic glue 

layer, onto the fabric (See Figure 3-15). This purportedly this overcomes the 

fabric dimensional instability problems while printing. Alternatively, the cured 

ink can also be peeled-off the substrate, or direct printing can be carried out if 

requirements are less stringent. The initial sheet resistivity is <30 mΩ/□ at 25 

µm after curing. Strain and cyclic performance data are available for 150 mm 

long and 4 mm wide straight line conductive traces (See Figure 3-15). It must 

be noted that these are significantly wider than the ~1 mm wide traces used 

for testing by other groups, hence the results cannot be directly compared 

since wider traces are intrinsically more durable.  

https://creativecommons.org/licenses/by/4.0/
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Figure 3-15: Transfer printing process, which includes the following steps: 1) ink layers and a 

thermoplastic glue are screen printed on a sacrificial substrate, 2) the ink layer is transferred 

by using a heat press to activate the glue with the given parameters, 3) the sacrificial substrate 

is peeled off, and 4) the final curing is performed at 150°C for 5min. Adapted from [107]. 

 

 

3.3.3.2. Research Composites 

 

Some notable research developments came from the Someya Group Organic 

Transistor Lab in Japan. Here, Matsuhisa et al. used Ag flakes, a fluorine 

rubber, and a fluorine surfactant in order reach a record high conductivity of 

182 S cm-1 when stretched to 215%, while also demonstrating unimpaired 

performance of a stretchable organic transistor active matrix on a rubbery 

substrate at 110% stretching, as well as its ability to be printed directly onto 

textiles [108]. This outperformed other attempts at maintaining high 

conductivity while being stretched (See Figure 3-16 [Left] d)). With the PDMS 

substrate, a 150 µm biaxial strain test showed that conductivity is kept after 

93% strain as well as remaining stable even after 1800° of twisting rotation. 

Cyclic endurance was also assessed where up to 30% strain could be cycled 

up to 1000 times without significantly diminishing conductivity. However, rapid 

loss of conductivity was observed if the cyclic strain percentage was above 

this value. This seems to be primarily due to poor adhesion between the 

conductor and substrate, and could potentially be improved by for example 

using an intermediate Parylene layer on top of the PDMS [109]. The conductor 

ink was prepared by adding Ag flakes of ~3.4 µm in diameter as conductive 



The Piezoresistive Effect for Flexible Tactile E-Skin 

60 

 

fillers to an elastomeric fluorine copolymer (DAI-EL G801) with 4-methyl-2-

pentanone as an organic solvent together with a water-based fluorine 

surfactant (Zonyl FS-300). The mass ratio between 

flakes:rubber:solvent:surfactant was crucial for the highest conductivity and 

stretchability and was found to be optimised at 3:1:2:1, respectively. The 

surfactant had the highest impact on improving stretchability as it surface-

modifies the Ag flakes to have a higher affinity with the co-polymer. The 

surfactant/water solution results in a phase separation which causes the 

majority of Ag flakes to concentrate at the surface of the ink, forming an elastic 

core with a dense surface layer network while the substrate (PDMS) is in a 

relaxed state. Underneath the surface, the Ag flakes are more sparsely 

distributed, however the authors hypothesized that when the conductor is 

stretched, the Ag flakes are pushed together in compression which contributes 

to conduction while the top Ag flakes separate from each other, breaking their 

percolating network and thus stopping conduction.  
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Figure 3-16: [Left]a) The fabrication process for a highly stretchable elastic conductive ink 

based on Ag flakes. Upper picture scale bar: 10 mm. Lower picture scale bar: 100 mm. b) A 

demonstration of it stretching up to 260% stretchability. Scale bar: 10mm. c) The strain-

dependence of conductivity of the substrate, which improved substantially upon adding 

surfactant. d) Increasing the surfactant has little effect on initial conductivity while significantly 

increasing stretchability, and e) increasing Ag flake concentration has little effect on 

conductivity beyond 42 wt% while significantly reducing elasticity while other variables remain 

fixed. [Right] The first two rows (a-c) and (d-f) show optical microscopy (Scale bars: 200 mm) 

and SEM images (Scale bars: 10 mm) taken from the top of the inks, as well their SEM cross-

sections, without and with surfactant respectively. It is clear that adding surfactant results in a 

phase-separation of the Ag flakes onto the surface of the elastomer during self-assembly of 

the ink. (g-i) Shows top-surface SEM images as the elastic conductor with surfactant is 

stretched, showing separation of Ag flakes (Scale bars: 20 mm). Reprinted from [108], which 

is licensed under Creative Commons CC BY 4.0. 

 

More recently, Matsuhisa et al. reported dispenser printable elastic conductors 

with in-situ formation of AgNPs from Ag flakes [110]. These had a conductivity 

of 4,000S cm-1 and could be stretched up to 400% retaining up to 935S cm-1. 

Hybrid 3D printing of Ag-TPU traces onto a printed TPU substrate could 

https://creativecommons.org/licenses/by/4.0/


The Piezoresistive Effect for Flexible Tactile E-Skin 

62 

 

withstand repeated cycling to 20% stretch but degraded beyond this [111]. A 

strain gauge printed using this also exhibited some hysteresis, likely due to the 

TPU matrix.  

 

The potential for self-healing conductive elastomers has also been 

demonstrated by Tee et al. by using µNi particles, supramolecules with 

hydrogen bonding composed of a mixture of Empol 1016 and 

diethylenetriamine, and urea [112]. Due to the lack of percolation, conductivity 

remained low at 40 S/cm with 0% strain, but a 90% self-healing efficiency was 

observed within 15 s of cutting the polymer.  

 

A practical application was demonstrated by Lu et al. who fabricated narrow 

polymeric strain gauge structures (width ~100 µm) with a high GF of 29 which 

were patterned and embedded into PDMS in order to get a very low overall 

Young’s modulus of 244 kPa for the structure, in the range of human skin’s 

epidermal layer [113]. Furthermore, the sensors were able to strain up to 

150%. With this mechanism, naturally occurring strain can be quantified in soft 

materials with equal or larger Young’s moduli. The strain gauges themselves 

were composed of CB doped PDMS, while the connections were made from 

CNT-PDMS. Furthermore, by making the PDMS top and bottom layers the 

same thickness, it was possible to place the sensors along the neutral 

mechanical plane, making them insensitive to bending but not to strain.  

 

 

Figure 3-17: [Left] Top-view of compliant CB-PDMS strain gauges with CNT-PDMS 

connections [Right] their lamination onto a human wrist under while bending. Copyright © 2012 

WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. Reprinted, with permission from [113]. 
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Researchers have also combined different conductive fillers together within 

composite matrices. Roh et al. for example sandwiched single-walled carbon 

nanotubes (SWCNTs) with an elastomer consisting of PEDOT:PSS embedded 

in PU to obtain a GF of 62, stretchability of 100%, and 62% optical 

transparency [114]. Baik et al. managed to increase conductivity to ~5000 

S/cm by mixing  multi-walled carbon nanotubes (MWCNTs) with both silver 

nanoparticles (AgNPs) and Ag flakes, where the AgNPs were attached to the 

MWCNTs using thiol (-SH) functional groups to form AgNP-MWCNT hybrids 

[115]. The hybrids were then mixed into a ionic liquid and PVDF to form a gel, 

to which Ag flakes were added. The gel could tolerate 140% stretching before 

reducing to 20 S/cm in conductivity.  

 

Although the above composites have been used as-is to make strain gauges, 

it is worth mentioning some exceptional sensor designs in the quest to achieve 

ever-greater pressure sensitivity, directional selectivity/anisotropy, and 

bending insensitivity. Park et al. reported a polymer-based stretchable 

electrode fabricated from a blend of poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS) and aqueous polyurethane dispersion 

(PUD) [116]. They proceeded to use this as a coating for pyramid-shaped 

PDMS structures of 4 µm2 area under a woven gold conductive fabric electrode 

to make a resistive device (See Figure 3-18). Allowing the pyramid to easily 

deform gave them record-breaking pressure sensitivity. The group was clearly 

able to distinguish 23 Pa of pressure applied by a leaf of 93 mg weight while 

the device was being stretched by 40%, as well as distinguishing the human 

pulse waveform. The sensitivity was measured at 10.3 kPa-1. The pure 

PEDOT:PSS PUD composite films were also independently tested. 86% PUD 

had the highest resistance at just over 1000Ω/□. After initial pre-straining of 

75% and a raise in R/R0 of ~2.25, performance was highly stable and R/R0 only 

increased to ~2.75 after 800 cycles of the pre-staining elongation. Importantly, 

the device did not suffer from high strain-induced pressure signals.  

 



The Piezoresistive Effect for Flexible Tactile E-Skin 

64 

 

 

 

 

Figure 3-18: [Top Left] a) Fabrication process for a stretchable sensor with piezoresistive 

micropyramid arrays, b) a circuit diagram illustrating the current pathway who’s resistance 

decreases upon compression of the counter electrode (CE) onto the PEDOT:PSS/PUD thin-

film coated micropyramids as this causes the contact area between them to increase, c, d) 

shows FEM simulations of von Mises stress and SEM images as the pressure on the top 

electrode is increased. [Top Right] SEM image of a) an of an array of micropyramids of  8 × 8 

µm2 area and 4 µm height, b) a partially spin-coated thin-film electrode, and c,d) electrodes 

coated by drop-casting which completely cover the micropyramid, showing its associated 

cross-section. [Bottom]Pressure sensitivity of the successful micropyramid structures showing 

enhanced sensitivity, as well as less sensitive films with CEs with various surface textures, 

and b) the response of the micropyramid sensor while being stretched showing differences in 

linearity and magnitude of current change. Copyright © 2014 WILEY‐VCH Verlag GmbH & Co. 

KGaA, Weinheim. Reprinted, with permission from [116]. 

 

Lee et al. proposed an ingenious solution by employing the use of 

electrospinning to make bending insensitive sensors which are only sensitive 

to normal pressure and can withstand crumpling and twisting, and maintain 



The Piezoresistive Effect for Flexible Tactile E-Skin 

65 

 

reproducible performance down to a bending radius of 80 µm [117]. The 

composite polymer solution was composed of fluorinated copolymer as the 

binder matrix, CNTs and graphene conductive fillers, and an ionic liquid as a 

dispersing agent to prevent aggregation of the conductive fillers. The produced 

electrospun fibres had diameters of 300-700 nm and were randomly entangled 

and stacked in a porous structure which gave then a high level of transparency 

despite being dark in colour. The CNT and graphene were dispersed in the 

elastomer matrix with small aggregations. An initial variant was prepared a 1 

wt% CNT mixture with fluorinated copolymer, which exhibited a low resistance 

of the order of 106 Ω and reduced by 2 orders of magnitude with 1 kPa of 

applied pressure. They also prepared a 1.7 wt% graphene mixture of the 

fluorinated copolymer, which had a higher resistance in the order of 108 Ω that 

was maintained even with a pressure of up to 10 kPa, behaving throughout as 

an insulator. However, when a very small quantity of 0.017 wt% of CNTs was 

added to the 1.7 wt% graphene copolymer mixture, the resistance without any 

load/pressure was increased to the order of 1010 Ω, but reduced remarkably 

on the application of a small quantity of pressure. The experiments showed 

that with extremely low CNT concentration, the 1D conductive fillers efficiently 

formed conductive paths between the graphene fillers upon the application of 

a small quantity of pressure. 

 

The group prepared a pressure-sensitive ink as well as an electrospun solution 

in order to compare the two. The electrospun nanofibers enabled the sensor 

to become insensitive to bending and thus only measure normal forces. The 

fibres rotate and deflect upon being deformed, changing their alignment to 

accommodate deformation and reducing the strain on individual fibres. The 

group found that a fibrous structure exhibited ~70% less bending-induced 

strain compared to the continuous counterpart. When R/t = 2, where R is the 

bending radius and t is the mesh thickness, the majority of the fibres 

experienced a maximum strain of ~7% whereas for a continuous film the 

maximum strain would be 25%.  
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When this layer is sandwiched between electrodes, electrodes that are much 

stiffer than this layer were found to strongly shear the layer which resulted in 

losing the bending insensitivity induced by the fibrous structure. However, 

when electrodes are made more compliant than the sensor layer, they follow 

the deformation of the sensor layer and bending insensitivity is recovered. Low 

electrode stiffness was ensured by making a PET substrate as thin as possible 

(1.4 µm, instead of the other tested PI layers of 12.5 µm and 75 µm thickness) 

with 40 nm thick Au electrodes. The device itself was 1 cm2, and involved 1 

min of nanofiber deposition. Screen printing was also done to deposit a 20 µm 

continuous film of the material between the electrodes for comparison. The 

film had a start resistance of ~104 Ω which reduced by a factor of 10 on 

application of 10 kPa. In contrast, the nanofiber mesh (which was 10 times 

thinner and thus increased sensitivity was to expected) exhibited a start 

resistance of ~6×109 Ω which reduced to ~1×103 Ω (a factor of 106 Ω), where 

it saturated, for a pressure of only ~800 Pa. Furthermore, cycling the pressure 

sensor for 1000 repetitions for 2000, 300, and 80 Pa showed a constant on/off 

voltage and highly reproducible behaviour. For full transparency, Indium Tin 

Oxide (ITO) could be deposited as electrodes on the PET sheets and the 

sensitivity of the pressure sensing layer could be altered by modifying its 

thickness. 
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Figure 3-19: The electrical performance an CNT and graphene containing electrospun 

nanofiber-based piezoresistive pressure sensor demonstrating significant bending-

insensitivity; a) a pressure vs resistance curve demonstrating superior sensitivity of the 

nanowires compared to their thin-film counterpart. b) On/off testing of the sensor over 1000 

cycles (first and last ten cycles visible), c) the resistance change of the sensor when bent down 

to a radius of 180 µm for different substrate types and thicknesses, demonstrating their impact 

on sensor response, and d) pressure testing of the 1.4 µm thick PET substrate showing good 

selectivity to various normal forces/weights down to a 80 µm bending radius. Copyright © 

2016, Springer Nature. Reprinted, with permission from [117]. 

 

 

3.3.4. Mixing Elastomeric Matrices into Fillers 

 

Since blended composites are a bulk material, obtaining certain qualities (e.g. 

transparency) can be difficult. If a high surface roughness is present, then 

usage as an electrode could be limited. If surfactants are required then these 
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act as electrical barriers reducing the composite’s overall conductivity in 

addition to the already insulating elastomeric matrix. [96] The reverse 

approach solves many issues, that is adding elastomers to the conductive 

fillers (See Figure 3-12 c)), but is less amendable to scaling and mass-

production. This simply involves dispersing or growing the conductive fillers 

separately (e.g. growing CNTs on a silicon wafer) and then adding elastomers 

in between them (e.g. pouring and curing PDMS). This arguably gives a finer 

level of control in terms of the pattern size and nanoparticle orientation within 

the elastomer. Morteza et al. patterned a AgNW solution onto PI tape, after 

which it was annealed and removed/encapsulated with PDMS to form a thin 

film within a PDMS sandwich [118]. The sandwich prevented wrinkles and 

cracking from forming on the AgNW-PDMS nanocomposite layer which 

occurred when one side was left without encapsulation. The sensor could 

withstand up to 70% stretching and had a tuneable GF between 2 and 14 with 

good hysteretic performance. Degradation during cycling was however 

observed due to PDMS fatigue over time and at high strain. Taking this concept 

further, they replaced AgNWs with CNTs and PDMS with Ecoflex and got a 

stretchability of ~1380% with reliable performance up to 500% stretching [119]. 

The GF reduced slightly over 2000 cycles as expected. A similar technique 

was used by Chun et al. for the fabrication of single-layer graphene sensors 

which were fabricated by initial growth on Cu using chemical vapour deposition 

(CVD), after which the sensors were patterned using photoresist (PR) and 

etching, and a PDMS layer was deposited on top [120].  Even with single-layer 

graphene the sensor was able to withstand stretching up to 20% with a GF of 

42.2.  

 

Recently, Zhang and Yang developed a stretching and bending insensitive 

pressure sensor using vertically aligned carbon nanotube (VACNT) carpets on 

a PDMS substrate [121]. The sensor operates reliably under dynamic 

deformation such as stretching, bending, and twisting. The VACNTs were 

synthesized using atmospheric-pressure chemical vapour deposition on top of 

a catalyst layer of 5 nm Al and 3 nm Fe which in turn was created using 
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physical vapour deposition on top of a Si substrate. The ‘carpet-like’ structure 

consisted of entangled CNTs which were generally vertically aligned. These 

were then immersed in partially cured PDMS, cured, and peeled off. Two such 

VACNT-PDMS layers were stacked on top of each other, and compression 

lead to increased contact between the two layers, decreasing the resistance. 

The sensor reacts minimally to stretching of up to 40% (the maximum 

normalised resistance change is ~0.4 for the lowest 10 g (1.03 kPa) weight 

measured). However, performance at various bending angles was not 

measured with different pressures, and only 3 applied pressures were tested 

using weights at the time of writing [121]. This is a promising approach, but 

further data would be necessary to ascertain its feasibility.  

 

 

3.3.5. Ion Implantation 

 

A final route for the creation of piezoresistive elastomers is filler implantation 

to modify the surface properties of an elastomer in order to fabricate 

micropatterns [96]. Two methods can be used in order to accomplish this; 1) 

in the case of an elastomer that is cross-linked by covalent bonds (e.g. PDMS), 

doping with ionic impurities (e.g. metal cations) through ion implantation, or 2) 

mechanically pressing fillers into block copolymers or hydrogen bonding 

assisted gel. The former method is the most popular. In this method, a collision 

of plasma with a metal target generates cations which are accelerated and 

diffuse beneath the rubber surface with a diffusion depth ranging from 10 nm 

to 1 µm depending on the acceleration voltage (See Figure 3-20) [122]. The 

promise of such a technique is that any metal ion can be implanted into any 

polymer substrate due to the cations’ penetration of polymer chains. Once the 

metal ions are inside the polymer, they are chemically reduced by absorbing 

electrons form the polymer chain, after which they aggregate into 

nanoparticles. As with other piezoresistive composites, a higher ion dose 

increases the Young’s modulus. The overall maximum strain for which a 

breakdown of conductivity occurs is highly dependent on the method used for 
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implanting the ions as well as their dose [123]. Although promising, metal 

implantation as a technique still has challenges. The maximum conductivity is 

still too low to cover a wide range of applications, and the parameters for 

reducing the size of the nanoparticles is being studied (e.g. thermodynamic 

parameters and modification of the rubber substrate to modify nanoparticle 

growth rate) in order to improve their currently poor stability and hysteretic 

performance [96] [124].   

 

 

Figure 3-20 :A) Working mechanism of ion implantation process used to produce stretchable 

conductors and strain gauges, B) a TEM cross-section micrograph of Au implanted into PDMS, 

with implantation direction from right to left. Copyright © 2010 Acta Materialia Inc. Published 

by Elsevier Ltd. All rights reserved. Reprinted, with permission from [122], and C) a relative 

change in the resistance over a strain of up to 170%. Copyright © 2009 WILEY‐VCH Verlag 

GmbH & Co. KGaA, Weinheim. Reprinted, with permission from [123]. 
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3.4. Tortuous Strain Gauges 

 

As discussed previously, most of the materials used for piezoresistive sensors 

are intrinsically stiff, brittle, and inelastic. Due to this, cracks tend to be 

generated if they are flexed and stretched, which if large enough will cause an 

open-circuit and thus an electrical failure. The speed and magnitude at which 

this happens determine both the maximum strain before failure of the 

interconnect, as well as its ability to resist cyclic fatigue. Furthermore, when 

wrapping an e-skin on the outside of another object, it will experience some 

tension due to the protective and necessary substrate on which it lies. Even 

though the substrate is highly compliant, depending on its thickness this 

tension can exceed what a normal strain gauge/piezoresistor would be 

expected to tolerate if it were placed directly across the surface. The strain 

would therefore go beyond the elastic deformation limit regime of the rigid 

material.  

 

It has therefore become desirable to explore whether it is possible to have 

strain gauges and piezoresistor elements that are themselves also able to flex 

and stretch. In order to achieve this, an understanding of how stretchable metal 

interconnects work, in addition to GF considerations, is necessary as 

summarized in the subsections below. 

 

In order to satisfy the constraints imposed by a stretchable device, and 

minimize the crack propagation/generation, the following conditions must be 

met:  

 

1) The metal layer must be a very thin foil in order to make it flexible 

and be able to accommodate multiple bending cycles. 

2) The device itself must be designed so that when it is stretched, only 

the metal has to bend and/or buckle. 
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For the latter condition, it is necessary to use tortuosity, where the conductor 

folds back on itself multiple times. This causes a shorter distance between the 

ends of the conductor, while its path length is in fact longer. The simplest way 

to quantify tortuosity, τ, is a ratio of these two quantities, which is defined as 

[125]: 

 

𝜏 =
𝐿𝑒

𝐿
      (13) 

 

Where Le is the total path length and L is the distance between both ends of 

the path. 

 

3.4.1. Out-of-Plane Tortuosity / Buckling 

 

One of the seminal works in the field came from Bowden et al. in 1998, where 

the Harvard group described the appearance of complex, ordered  structures 

induced by thermally depositing thin metal films onto PDMS substrates [126]. 

The creation of the wrinkles is explained by the PDMS substrate undergoing 

thermal expansion during metal sputtering. The subsequent cooling of the 

polymer creates compressive stress in the metal which is relieved by buckling 

(See Figure 3-21). This was an example of out-of-plane buckling-driven 

tortuosity without any delamination of the metal, and similar to the wrinkles of 

skin sheets in sandwich structures [127].  
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Figure 3-21: [Top] An illustration of the process used to form wrinkles and patterns on the 

PDMS surface using a thermal evaporation process for depositing Au and with a Ti adhesion 

layer and [Bottom] optical micrographs of these patterns under different substrate constraints 

such as a) disordered regions covering flat regions of PDMS, b,c) transition from disordered 

waves of flat edge to ordered waves using rectangular ridges of 10-20 µm elevation, d,e) flat 

squares and circles elevated by 10-20 µm create ordered waves around them but are flat on 

top, f) rectangular ridges 10-20 µm high align the waves parallel to themselves. Copyright © 

1998, Springer Nature. Reprinted, with permission from [126]. 

 

Due to the utility of this phenomenon, further techniques have been developed 

to maximize the tortuosity that can be obtained, as well as minimize cracking 

and delamination. For these to occur, increased wrinkling amplitude and 

decreased wavelength, as well as increased adhesion between the metal and 

substrate (to avoid delamination) need to occur. For uniaxial stretching 

requirements, increased stretching can be achieved by pre-straining PDMS. If 

adequate adhesion and metal malleability/flexibility are present, the resistance 
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will tend to have very little increase up to the pre-stained length of the 

substrate. To further reduce this, the substrates can be pre-strained to their 

maximum desired value after the metal deposition. Their initial resistance at 

this point will be higher, but variance over multiple cycles is lowered. 

 

The simplest method to accomplish this is to have the substrate in a pre-

stretched state while sputtering occurs, where buckling occurs upon release of 

the strain after the deposition. There is some difficulty with this approach, 

however, as it involves fitting a pre-straining jig into a thermal evaporator along 

with the sample which limits the amount of pre-strain which can be applied. 

Jun Tang et al. solved this by depositing an O2 plasma layer while the substrate 

was being pre-strained to a value of up to 100% [128]. Reactive species 

generated from the oxygen plasma attack the siloxane backbone of the PDMS, 

forming a SiOx silica-like layer and Si-OH compounds on the surface. Since 

the silica-like layer is rigid, it behaves similarly to a metal, buckling upon 

release. Although the SiOx contains reactive bonds that can bond to other 

substrates, its hydrophilicity is known to disappear during the days following 

exposure to air [129]. In order to permanently modify the surface with hydroxyl 

groups [130], and to ensure that there was enough adhesion for no 

delamination or cracks to occur under the high levels of buckling, the substrate 

was further modified with the surfactant SDS (Sodium Dodecyl Sulphate). SDS 

has a lipophilic ethyl group CH3-CH2- that reacts with Si-O groups on the 

surface of the silica-like layer, as well as a hydrophilic sulphate ion group -O-

SO3Na which is hydrophilic. The group was the first to demonstrate that this 

combination significantly increases surface adhesion, as well as surface 

roughness, compared to using either O2 plasma or SDS alone. Using these 

techniques with a silver thin-film straight-line pattern with length of 50 µm and 

thickness of 300 nm, a stretchability of 100% was achieved with only a 4 Ω 

variance in resistance from its initial value, and traces were able to withstand 

up to 150% of strain before failure. Once an initial 100% stretch was 

completed, up to 400 cycles were conducted with R varying only from 5.802 Ω 

to 6.921 Ω. 
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Figure 3-22: a) The fabrication process for creating stretchable silver electrodes by sputtering 

a pre-strained substrate which creates wrinkles in the metal upon its release, b) images of 

resistors and inductors using the process, c,d) laser confocal and SEM images of the wrinkles, 

respectively, and e) a graph showing the periodicity vs pre-strain.  Reprinted from [128] which 

is licensed under Creative Commons CC BY 4.0.  

 

 

Further attempts at improving surface adhesion include adding a top layer 

made from a more conformal polymer. Donghyun Park et al. from Hongik 

University in Seoul demonstrated recently that 150 nm Au films could be 

reversibly stretched up to 30% using 150 nm of Parylene-C as an intermediate 

layer between PDMS and Au or Cr/Au, and O2 plasma as the adhesive to bond 

the Parylene to PDMS as well as the metal to the Parylene [109]. A higher 

fracture strain can be obtained for a thin film on a polymeric substrate with 

Young’s modulus in the GPa range due to suppression of strain localization 

effects in the metal [131]. Parylene-C has a higher Young’s modulus than 

PDMS at 2.76 GPa compared to 0.36 MPa-1.74 MPa (the latter value is 

assumed in this case) respectively, which is more comparable to that of Au at 

79 GPa, and was hence deemed suitable for this [132][133]. Furthermore, 

https://creativecommons.org/licenses/by/4.0/
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Parylene-C has a thermal expansion coefficient of 3.5×10-5 /K and sits in 

between PDMS (2.0×10-4 /K) and Au (14.2×10-6 /K) in its order of magnitude 

[133][134], buffering the thermal mismatch. The results show that adding only 

a Cr adhesion layer on top of PDMS results in electrical failure at the 2nd strain 

cycle at 30% (See Figure 3-23). In contrast, adding the Parylene-C 

intermediate layer worked best when only Au is deposited on top, without an 

additional Cr layer, and exhibited a normalised resistance increase (R/Ro, 

where R is measured resistance and R0 is initial resistance) of 11 at 30% strain 

for a trace that had not been subjected to pre-strain, with a line width of 1 mm. 

In contrast, with a 30% pre-strain only a 0.4 normalised resistance increase 

was observed. However, there was a slight increase in the strained value after 

every cycle, which was explained by crack propagation.  

 

 

Figure 3-23: [Top] Characterisation of conductors sputter-coated onto PDMS substrates for 15 

cycles to 30% strain with (a) Au on Parylene-coated PDMS with and without Cr adhesion layer, 

and (b) Cr sputtered onto PDMS. [Bottom] Optical microscope images of Au on Parylene-

coated PDMS (a) before tensile straining, (b) at 10% strain, (c) at 30% strain, and (d) once 

strain is released. Copyright © 2017, Springer Nature. Reprinted, with permission from [109]. 
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Buckling has also been combined with the use the ICP polypyrrole, which has 

led to highly stretchable electrodes for batteries [135]. This was performed by 

electropolymerizing the polymer on a pre-strained Au-coated substrate, and 

the electrodes retained their electrochemical properties after 2000 stretching 

cycles with 30% strain.  

 

Interestingly, a biphasic approach has also been used with buckling; PDMS 

has been sputtered with Au after which Ga has been evaporated on top. The 

Au sputtering initially forms wrinkles, but evaporating Ga in the correct ratio 

enhances these wrinkles while also creating a eutectic AuGa2/Ga alloy that is 

intrinsically resilient and stretchable up to 400% [136]. This is a highly effective 

combination of standard microfabrication patterning to create stretchable 

circuits for which there is significant industrial potential. 

 

 

Figure 3-24: A) Illustration of the growth of biphasic gold-gallium films on a PDMS substrate 

made from sputtered Au and evaporated Ga, B,C) SEM (Scale bar: 10 μm) and atomic force 

microscopy (AFM) (Scale Bar: 2 μm) images of the film at increasing gallium/gold atomic ratio, 

β, D) false-colour image of an SEM cross-section (Scale bar: 500 nm), and E) image of a 

photolithographically patterned strain gauge of 100 μm width on 40 μm thick PDMS (Scale bar: 

5 mm, Inset scale bar: 500 μm). Copyright © 2016 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim. Reprinted, with permission from [136]. 
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3.4.2. In-Plane Tortuosity 

 

Tortuosity can also be achieved in-plane through the use of what are 

commonly known as serpentine structures. These structures where the trace 

folds on itself in 2D, were conceived by Gray et al. in 2004 at Johns Hopkins 

University [137]. The group’s aim was to make a mechanical spring-like 

structure, and they demonstrated that gold serpentine structures buckled out-

of-plane to cope with the strain they were subjected to when embedded in 

PDMS substrates. Furthermore, experiments showed that increasing the 

amplitude of the structure, having shorter wavelengths, and having thinner 

traces all improved performance (See Figure 3-25). The maximum strain 

reached was 50% with 4 parallel wires of 5 µm height and width, 40 µm 

amplitude and 80 µm wavelength wires.  The device was reportedly able to 

withstand 200±30 cycles of strain at 25% but the resistance increase was not 

reported. It was later discovered that this shape is not well suited for fatigue 

cycling performance, as stresses are concentrated in the crest and trough, 

causing early failure. 

 

In order to address cycling, Gonzales et al. introduced the horse-shoe shape 

in 2007, which they identified as the best shape to withstand unilateral strain 

during cycling with Finite Element Analysis (FEA) simulations [138]. The shape 

ensures that stresses are distributed over a wider region of the metal instead 

of being concentrated in a small region. R/W was identified as a critical 

parameter, where R is the radius and W is the trace width. The higher the value 

of this ratio is, the lower the induced strain in the metal. Various traces were 

fabricated for comparison, and indeed some horse-shoe designs were able to 

withstand up to 100% stretching. More importantly, in all cases the variation of 

resistivity during elongation was below 2%.  The best result was obtained with 

15 µm track width equivalent spacing between tracks, for a 4 track multi-track 

width of 105 µm. This was, however, limited by the photolithography equipment 
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and electrodeposition process used. Cyclic fatigue was not tested but should 

be better according to the stress distribution.  

 

It is important to note that serpentine structures such as the ones mentioned 

above buckle out-of-plane when they are stretched in-plane, which 

necessitates compliance from their surrounding encapsulation. Further 

improvements have since been suggested to the horse-shoe pattern using 

different materials. For example, Jang et al. created high aspect ratio 

serpentines by controlling their height [139]. In their case, they optimized for a 

height that made the sensors strain-insensitive, due to the desire for their use 

as interconnects, however the results could be used to optimize for the strain-

sensitive regions instead. Ma et al. created fractal inspired horse-shoe 

microstructures for thick traces which significantly enhanced stretchability by 

creating higher order fractal patterns [140]. In practice, these patterns deform 

mostly in-plane for the induced strains that were studied, which provided some 

enhancements if placed on top of a more rigid but stretchable surface. The 

serpentine structure unfolds with ever-increasing tension, from the lowest 

order fractal to the highest, with each unfolding giving clear distinctions in 

stress-strain curves. The material used to test this was a polymer material 

called ‘VeroWhite’ produced by Stratasys AP Limited with a modulus of 1.1 

GPa, and was 3D printed. The distance between the two ends of the 

microstructures was 50 µm, the cross-section had a width of 290 µm and 

thickness/height of 2 mm. Fabricated second order fractal structures managed 

to be stretched up to 400%, and simulated results showed third order patterns 

could be stretched up to 1200% with theta = 240°, width-to-bend radius of 0.2 

and 16n-1th order unit cells for each nth order unit cell. The paper also 

theoretically explored and optimized the use of these fractal pattern structures 

to make electrorheological (EP) electrodes that could withstand biaxial 

stretching up to 71.9%.   

 

More recently, there have been more intricate designs, some of which have 

incredibly extended stretchability of metal interconnects, however they are not 
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practical for mass manufacture of devices and so only a few will be touched-

on briefly in this section. Sepulveda et al. used a biomimetic approach, where 

lamellar -spherulite springs were photolithographically patterned from Al2O3 to 

connect rigid metal islands, which with 2 µm width, 30 µm thickness, and spring 

length <1 mm managed to stretch up to 490% [141]. Although this is a large 

percentage, the thickness of the free-standing connecting is large and no 

cycling characterization as done. However, dramatic stretchability of 2040% 

was demonstrated by  Shafqat et al. with a simple freestanding Al serpentine 

structure with length 100 µm, width 2 µm, and thickness 0.3 µm, with a 1 µm 

gap (overall length 17 µm) [142]. The sample was able to deform to 2040% 

while staying in its elastic regime, and further up to its plastic limit beyond 

3000%. More notably the sample withstood 10 million cycles of 1000% elastic 

stretching with the resistance remaining constant within 1% and no sign of 

plasticity. This is partially due to the yield strength of patterned Al at this scale 

being estimated at 700 MPa, which is ~10 times its bulk value. This 

demonstrated potential application for an inflatable catheter-tip.  
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Figure 3-25: [Top] Comparing the strain required for electrical failure of different wire 

geometries, concludes that a) wide wires withstand less strain than thin ones, b) single thin 

wires fail at similar strains to multiple wires, c) smaller wavelength tortuosities withstand higher 

strain, d) separate wires stretch more than overlapping wires, but crossed wires fare the worst, 

e) deeper wires withstand higher strain than shallow wires, and f) images of the most strain-

resistant wire before and after extending near the point of failure. (Main panel scale bars: 100 

µm) (Inset scale bars: 5 µm). Copyright © 2004 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim. Reprinted, with permission from [137].  

Serpentine structures have indeed been applied to e-skin with some success. 

Tortuous strain gauges are by no means limited to metals, and rigid materials 

used for e.g. piezoresistors or nanocomposites can also be used. For example, 

Kim et al. made stretchable silicon nanoribbon (SiNR) electronics for artificial 

skin prostheses [143]. They utilized p-type doped single crystalline silicon 

strain gauges patterned on PDMS. These have the advantage of having a 

linear relationship to strain, fast response times, and less hysteresis compared 

to nanocomposites. They have a GF of ~200 but have a low fracture toughness 

of ~1.0 MPa m1/2. In order to prevent mechanical failure, the sensors were kept 

in the neutral mechanical plane  while varying degrees of curvature were used 
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for the serpentines (S-shapes) depending on whether they were in a high or 

low-stretch region of the skin, accommodating up to 30% stretch (See Figure 

3-26). Furthermore, the strain gauges were used for both strain and pressure 

sensing. For pressure sensing, a cavity was designed under the strain gauge 

to enhance sensitivity to the applied pressure by ~10 times.  

 

 

Figure 3-26: a) Image of the back of a prosthetic hand entirely covered with artificial skin made 

from SiNR electronics and an inset of it being stretched (Scale bars: 1 cm), b) an illustration 

of each layer of the skin with its associated wiring. Optical microscopy images of c) strain 

gauges S1 with no curvature and S6 with 10 mm of curvature (used for 5% and 30% stretch 

locations, respectively), d) pressure sensor and temperature sensor S6 (Scale bar: 10 mm), 

e) a humidity sensor(Scale bar: 2 mm) with its magnified view in the inset (Scale bar: 0.5 mm), 

and (f) an electroresistive heater (Scale bar: 4 mm). There is also an illustration for the cross-

section of each sensor. g) SEM image of a SiNR on silicon oxide showing wrinkle formation 

as a result of its flexibility (Scale bar: 20 mm), and its magnification in h) (Scale bar: 2 mm). i) 

an image of the strain gauge’s cross-section taken with a transmission electron microscope 

(TEM) (Scale bar: 200 nm). Copyright © 2014, Springer Nature. Reprinted, with permission 

from [143].  

 

3.4.3. 3-Dimensional Tortuosity  
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It is possible to combine in-plane and out-of-plane tortuosity in order to create 

3D versions of these structures. The simplest way to achieve this is by 

combining pre-strained substrates with serpentine structures that are 

periodically attached to the given substrate. This is usually done while the 

substrate is under tension, so that when the substrate is relaxed, the 

serpentines fold, buckling out-of-plane and forming a 3D shape. Only a few 

examples will be given for this case. 

 

One approach was to bond 2D patterned 490 nm thick GaAs nanoribbons 

selectively to a pre-strained PDMS substrate 4 mm thick by Sun et al.  (See 

Figure 3-27 [Left]) [144]. After the PDMS was relaxed, out-of-plane corrugated 

nanoribbons were created that could withstand 100% tensile stretching. 

Although finite element analysis (FEA) simulations show that these helices 

have built in tension across their entire strain length, under stress they have a 

preferential distribution of von Mises tension compared to plain 2D 

serpentines. The assembly was encapsulated in PDMS. However, no 

measurements were done during the tensile stretching.  

 

PEDOT:PSS has also been used (with 3D writing) for organic nanowire arches 

which enabled stretching up to 270% while maintaining conductivity, but with 

conductance dependent on the length between the electrodes that the 

nanowire-ends are connected to (See Figure 3-27 [Right]) [135]. 

 

 

Figure 3-27: [Left] An SEM image of rows of GaAs nanoribbons on PDMS. Copyright © 2006, 

Springer Nature. Reprinted, with permission from [144]. [Right] Illustration of IgGaN LED chips 

connected by PEDOT:PSS arches. Copyright © 2012, American Chemical Society. Reprinted, 

with permission from [145]. 
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3.5. Cracks for Enhancing Gauge Factor  

 

The reason rigid materials are often desirable as strain gauges is due to their 

highly favourable material properties such as high conductivity and high 

tunability for metals and semiconductors respectively. Upon stretching of a 

rigid material, if the material is brittle, a crack or breakage may develop at this 

stage, whereas if it is ductile, then there is some room for the material to be 

within its plastic deformation regime before a crack develops. However, in this 

regime it does not recover to its original state when stress is removed. The 

latter scenario will appear as creep in the sensor output as well as changes in 

overall sensor response which is highly undesirable. 

 

In addition to tortuosity, further methods have been used in order to cope with 

these mechanical problems, such as depositing PEDOT:PSS film onto a 

PDMS substrate using spray-coating in order to serve as a stress-release 

buffer between the top metal film and PDMS, which provides electrical 

pathways when cracks are generated in the metal film [146]. However, 

ingeniously, controlling the partial cracking of rigid materials that are used to 

form strain gauges can in fact enhance the GF. These cracks can be induced 

by e.g. controlled strain being applied by stretching the substrate to a specified 

length using a tensile tester before it is used for measurements. In this fashion, 

the creep of the sensor can be said to be pre-induced and significant creep will 

not occur unless the sensor is stretched beyond its pre-stretching limit.  

 

Three primary factors influence the microstructure of thin films other than the 

material properties themselves: 

 

1. Material thickness 

2. Applied tensile strain 

3. Crack depth 
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Liu et al. also used this principal with Au films, where nanocracks were used 

to enhance the GF by a factor of 5. The group used thickness-gradient films, 

where a given percentage of the Au film had a thicker coating than the rest, to 

show that GF could be tuned and enhanced by changing coating ratio as 

demonstrated in Figure 3-28.  Specifically, increasing the thickness of the 

metal film reduces its stretchability but increases its GF. This is because 

thinner metal films enable out-of-plane wrinkles which release the strain 

energy during tensile strain, whereas thicker films do no form wrinkles which 

in turn results in cracks growing more sharply when strain in applied. Thus, it 

is possible to modulate the stretchability/GF trade-off.  Furthermore, the group 

demonstrated the thickness gradient principle could be applied to SWCNTs 

and overall managed to achieve a GF of 161 which is one of the highest 

reported for stretchable strain sensors, enabling the detection of vibration 

strains induced by acoustic waves.  The gradient film was key to achieving this 

and was also resistant to isotropic (not only uniaxial) stretching which occurs 

in real-world conditions [147].  
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Figure 3-28: This figure illustrates how thickness-gradient films can be used for combining high 

GF and stretchability. [Top] a,b) Paper demonstrations along with their FEM simulations of 

how rigid metal films with an existing crack deform under stretching when placed on an elastic 

substrate . In a) the film buckles out-of-plane to release strain, equivalent to a thin metal film, 

whereas in b) a crack that grows to break the entire film, equivalent to a thick metal film. c) 

thicknesses- gradients can provide higher stretchability or GF on different parts of a conductor. 

[Bottom] An Au film employing a thickness gradient a) being strained with a tensile stretcher, 

b) optical microscopy images of the film under various strains demonstrating cracking 

differences of the thick and thin metal regions, and c) the overall GF depending different ratios 

of thick to thin Au film. Copyright © 2015 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

Reprinted, with permission from [147].  

 

Yan et al. took this principle further and developed a sensor that possessed 

GFs as high as 200 (ε < 0.5%), 1000 (0.5% < ε < 0.7%), and even greater than 

5000 (0.7% < ε < 1%) using channel cracks [148]. The authors investigated the 

formation of cracks and confirmed that polymer substrates firmly fix the Au film and 

help to delocalize the strain, which prevents cracks expanding into channel cracks. 
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This means that during tensile loading, despite increased crack density, only 

isolated micro-cracks are formed.  

 

In comparison, in films poorly adhered to the substrate, channel cracks emerge. 

Channel cracks are produced through the following mechanisms: 

 

1. geometrical imperfections including ridges, free edges, and interruptions of 

the coating on a local region of the film  

2. non-uniform interfacial bonding first initiated strain localization 

 

The localized stress elicits traction on the film-substrate interface to cause film 

delamination. Once delaminated, a more concentrated strain is localized near then 

necks, which propagates the micro-cracks into channel cracks, which in turn 

traverse the width of the entire sample. Once the load is released the channel 

cracks could close again recovering the current pathway. The edges of the gold 

film concentrate stress since cracks always initiate on one edge then propagate to 

the other.  

 

The channel cracked Au with a pre-stretch of 10% exhibited an interesting 

response for which the authors developed a model (See Figure 3-29). This 

included an initial stage up to 3% strain where the metal islands overlap with each 

other when the channel crack is closed, after which a second stage is observed 

for which a quantum tunnelling effect is observed and the relative resistance 

increases exponentially up to 1% strain.  



The Piezoresistive Effect for Flexible Tactile E-Skin 

88 

 

 

Figure 3-29: The typical normalised change in resistance for an Au strain gauge on PDMS 

with 10% pre-straining. Copyright © 2016 Royal Society of Chemistry. Reprinted, with 

permission from [148]. 

The initial stage only takes into account the overlap resistance of the Au as seen 

below: 

 

𝑅𝐴𝑢 =  𝑅𝑜𝑣𝑒𝑟𝑙𝑎𝑝 =  
𝑑𝑝𝑜𝑣𝑒𝑟𝑙𝑎𝑝

𝑙𝑤
    (14) 

 

Where 𝑝𝑜𝑣𝑒𝑟𝑙𝑎𝑝 is the gold interlayer resistivity, d is the interlayer distance, l is the 

length of the channel crack overlap region, and w is the width of the overlap. After 

this the two adjacent gold strips lose contact breaking the electrical current 

pathway [148]. However, over a small range the resistance jumps to infinity. Within 

this range the current could be conducted via the tunnelling effect through pairs of 

close steps on opposite edges of the channel crack. Furthermore, a pre-stretch of 

10% gave the steepest slope for relative resistance change (more than higher 

quantities of pre-stretching), giving the most sensitive strain gauge. This is 

because there would be a larger area of overlaps in higher pre-strain Au film which 

would dominate over the tunnelling effect. As is typical for such a sensor, 

attenuation of resistance change of ~20% was observed after 1000 cycles from 0 

to 5% strain. This resulted from the crawling of the PDMS substrate and the 

interfacial rearrangement between the Au thin film and PDMS substrate.  
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Although isolated micro-cracks increased the GF to ~10%, the channel cracks 

dramatically increased this. [148]. However, the sensor would become 

discontinuous at 1% strain and was hence not stretchable. To get over this, the 

researchers added CVD graphene in parallel to the Au which successfully 

rendered the sensor stretchable up to 10% strain and hence usable including 

recording sound vibrations up to 988 Hz, and the human pulse waveform  

 

A more controlled approach with guided mechanical cracks was used by Choi 

et al. to made ultrasensitive pressure sensors with exponential dependency of 

resistance against the strain with a GF of 2 × 106 at strains of 0–10% range 

and sensitivity of over 1 × 105 at pressures of 8–9.5 kPa range [149]. The 

sensing layer is made by depositing 10 nm of  Cr and 20 nm of platinum on  a 

on top of hole-patterned C-polyurethane acrylate, and enabled detection of 

extremely low pressures of 0.2 Pa (1 mg) of an ant being placed on the sensor 

surface and the pressure waves of a human’s pulse. The sensor has a 100 ms 

response time, but the range is limited to 10% strain. This is because when 

the cracks are at 90⁰ angles to each other and the sensor is stretched, the 

cracks perpendicular to the stretching direction are opened while the others 

are closed. This effectively forms discontinuities between crack lips, whereas 

with random cracks they would not be discontinuous as large lateral portions 

of free cracks would come into contact with one another (See Figure 3-30). 

Nonetheless, rare bridging metal contacts between the crack lips exist which 

result in the high strain sensitivity of the device.  
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Figure 3-30: A sensor with guided straight mechanical cracks in rigid metal films. (a) Illustration 

of the sensor in its resting state before strain is applied and when each metal island is in 

contact with one another, with (c) its associated magnified SEM images, and (b) illustration of 

the sensor while stretched, with (d) its associated magnified SEM images. e,d) Illustrations 

comparing free-cracks from other sensors to the guided cracks when a 10% strain is applied. 

In the case of free-cracks a remnant contact point, and thus resistance (red), remains during 

the strain, whereas for guided cracks an open circuit is created instead. Reprinted from [149] 

which is licensed under Creative Commons CC BY 4.0. 

 

Controlled microcracks have also been used with other materials to enhance 

GF, such as parallel cracks in graphite films [150], or deep nano-scale cracks 

that propagate through a Pt top layer into a polyurethane acrylate (PUA) layer 

to enhance the GF to 16000 with an SNR of ~35 up to a 2% strain [151]. A 

hybrid approach involves patterning ionic Ag ink onto PDMS via direct transfer 

printing and then annealing the solution to produce a AgNP thin film, used to 

detect strain as well as compression [152].  

 

Thus, intentional cracking of rigid sensing materials can serve to significantly 

enhance the GF. However, it is important to consider creep in the form of 

reduction in overall resistance changes over time (e.g. 1000+ cycles), as well 

as its dependence on the duration for which the sensor itself is strained. This 

may result in the need for excessive recalibrations and premature failure 

depending on the application.  

https://creativecommons.org/licenses/by/4.0/
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3.6. Contact-Resistance Based Sensors 

 

Bao et al. have also reported one of the highest sensitivity flexible pressure 

sensors [153]. The resistive sensor is based on a microstructured thin film 

prepared from polypyrrole (PPy) hydrogel which enables the detection of 

pressures less than 1 Pa (See Figure 3-31). The PPy hydrogel was prepared 

using a multi-phase reaction that produced a hollow sphere microstructure. 

This microstructure gives structure-derived elasticity with a low Young’s 

modulus. The sensor itself is based on contact resistance, where the contact 

area of the microstructure and the thin film increases with increasing pressure. 

The PPy was pressed into pellets to assess its conductivity, which was 

measured as 0.5 S cm-1 using a 4-point probe. Due to the structure containing 

spheres ranging in size from nanometres to micrometres, which get 

compressed when pressure is applied, the Young’s modulus varies depending 

on the compression of the thin film. The effective elastic (Eeff) modulus was 

measured for samples with film thickness of ~181 µm and area of 1 cm2. Eeff 

was 0.19 MPa at 5 kPa of pressure, similar to PDMS. Normalised with the 

density, this was ~1.11 MPa cm3 g-1 at the same pressure, which is lower than 

that of most polymer or CNT foams. Plastic deformation was induced by the 

first compression cycles, as is the case for most strain gauges and composites, 

after which performance was extremely stable over 8000 cycles. Furthermore, 

the system exhibited a very low level of hysteresis caused by the viscoelasticity 

of the material; the hysteresis at maximum pressure was 11% at 20 kPa, which 

was also lower than most conductive foams despite the fact that the loss 

tangent was similar to foams composed of CNTs, graphite, and polymers. At 

< 100 Pa, the pressure sensitivity of the device was ultra-high, at ~7.7-41.9 

kPa-1. Beyond 1 Pa, the sensitivity dropped to < 0.4 kPa. This dependence of 

log R on log P, and log S on log P was linear over a wide range of pressures 

extending to 100 kPa. This constant power law relationship is ideal for real-

world applications, since very high sensitivity is required at low loads, whereas 

less sensitivity is required for higher loads. Furthermore, relaxation times were 
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faster than 50 ms. In order to improve the sensitivity of the system at low loads, 

the group fabricated a version of the sensor on a triangular cross-section 

profile microstructured surface, with 0.5 mm height and 1 mm width (See 

Figure 3-32). This resulted in the highest reported sensitivity of 133.1 kPa-1 in 

the pressure regime of < 30 Pa. Similar to Choi et al.’s [149] microcrack sensor, 

it could sense an extremely low pressure of 0.8 Pa, making it more sensitive 

than human skin.  

 

 

Figure 3-31: [Left] a) Illustration of the structural elasticity of hollow microstructured conducting 

PPy hydrogel polymer, b) its interphase synthesis. c) an image, d) an SEM image (Scale bar: 

10mm), and e) a TEM image (Scale bar: 1mm) of the hydrogel. [Right] f) Change in resistance 

and sensitivity of the sensor over multiple over pressure up to 10 kPa, g) the fast response of 

the sensor to pressure, h) the repeatability of the output over 5 pressure cycles, and i) the 

resistance change of the sensor over 8000 cycles, and j) a graph showing very low 

temperature dependence up to 100 ⁰C. Copyright © 2014, Springer Nature. Reprinted, with 

permission from [153]. 
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Figure 3-32: a) The fabrication process for patterning microstructured PPy hydrogel by casting 

its precursor solution in a mould, in order to improve its sensitivity, b) an image of the patterned 

film after gelling, freezing, and peeling-off from the mould (Scale bar: 1 cm), c) change in 

resistance and sensitivity of the sensor over a pressure up to 1 kPa, d) sensor response on 

application of two different weights, the lowest of which consisted of an 8 mg flower petal 

corresponding to 0.8 Pa of pressure. Copyright © 2014, Springer Nature. Reprinted, with 

permission from [153]. 

 

Other successes with contact resistance include Charalambides et al. who 

reported triaxial sensors developed using CNTs embedded into PDMS [154]. 

The sensors were operated in both contact resistance as well as capacitive 

mode enabling the discrimination of touch and shear (See Figure 3-33). In 

contact-resistance mode they were able to detect normal force ranges of ~8 N 

but with only a 1 N resolution, while detecting shear forces of ~400 mN with a 

resolution of 100 mN. In capacitive mode the resolutions and ranges were 

higher, with ~10 N and 100 mN resolution for normal forces, and ~1500 mN 

and resolution 50 mN for shear forces.  

 



The Piezoresistive Effect for Flexible Tactile E-Skin 

94 

 

 

Figure 3-33: a) A photograph of the unit cell from a triaxial sensor made of CNTs embedded 

into PDMS, b) depiction of its working mechanism in two different modes: contact resistance 

or capacitive, and c) voltage output changes for shear and normal pressures. Copyright © 

2016 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. Reprinted, with permission from 

[154]. 

 

3.7. Quantum Tunnelling Materials 

 

3.7.1. Background of Quantum Tunnelling Composites 

 

Quantum Tunnelling Composite (QTCTM) is a smart material that was originally 

discovered by David Lussey in 1996 while he was attempting to develop 

electrically conductive adhesive (ECA) for a security system where computers 

would be attached by a wire to an alarm; the glue joining the wire to the 

computer would be conducting and the aim was for an alarm to sound if the 

wire was detached [155].  In his attempt to do this, he serendipitously 

discovered a different property that he had not been looking for, where the 
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material had very little to no initial electrical conductivity, but established an 

exponentially increasing conductivity upon compression. Lussey contacted 

Prof. David Bloor from the University of Durham to investigate his discovery 

and founded the company Peratech Limited to exploit QTC. The discovery 

pertained to a polymer composite which had an elastomeric matrix embedded 

with certain metal filler particles such as nickel [156]. The material can be made 

in such a way that a very high resistance exists when no force is applied, in 

the order of 109 Ω, which makes it practically an insulator. Quantum tunnelling 

provides the ability of the resistance to change up to a factor of 1012 between 

its pressured and unpressured states since, when compressed, the resistance 

drops exponentially [157]. 

 

 

Figure 3-34: [Top] Illustration of the quantum tunnelling conduction mechanism in a 

piezoresistive composite under uniaxial compressive load. (Note: spiky particle ‘tips’ never 

contact one another due to binder matrix) [Bottom] Diagram of particle’s shape-dependent 

charge/electron distribution where a) a spherical particle gives rise to a uniform charge 

distribution whereas b) a non-uniform particle concentrates its electric field at its extremities, 

where it can be thousands of time stronger causing field emission. b) Reprinted from [155] 

which is licensed under Creative Commons CC 4.0. 
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The fundamental working mechanism uses round spiky particles on the order 

of microns embedded into a polymer matrix. This ensures that the particles 

never come into contact with one another, which has two beneficial effects: 1) 

the number of filler particles that can be added to the polymer can surpass the 

percolation threshold without actually becoming conductive, and 2) the spikes 

do not damage one-another, allowing the material to recover its original 

sensitivity. Furthermore, it is important that particles are mixed into the polymer 

using a low-shear mixing process to maintain their spiky tips, as damaging the 

tips has been shown to result in lower sensitivity. When a voltage is applied 

across a quantum tunnelling material of this type, the composite conducts very 

little electricity at rest, however when pressure is increased the spikes get 

closer to each other. The high aspect ratio of the spikes concentrates the 

electric field between their tips (See Figure 3-34 [Bottom] b)), which in turn 

reduces the potential barrier height that electrons need to overcome and tunnel 

from one particle to another, despite a physical polymer barrier in-between. 

Experimental observations support the Fowler-Nordheim tunnelling model, 

where the particles’ tips may have enhancement factors as high as 1000, and 

requires that fields greater than 3×106 V m-1 occur which can even result in 

discharge into air from the surface of the composite [158]. The overall effect of 

this is a pressure-dependent current-modulation through the device. QTCs 

thus act as variable resistors with a negative resistive coefficient.  

 

3.7.2. Bulk Elastomer Based Composites 

 

One of the main advantages of such a sensor is the absence of significant EM-

interference, simple resistive readout, low power usage, low thermal 

fluctuations, water-impermeability, and the ability to operate in a high range of 

temperatures and environments. The sensor matrices used do, however, 

usually absorb moisture and other gases. This is advantageous if they are 

used for gas sensing, but for use as pressure sensors generally requires that 

they be encapsulated with gas-impermeable materials. Furthermore, these 
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QTCs suffer from several drawbacks related to their binding matrices. These 

include e.g. a high level a hysteresis, slow reaction time, and long settling times 

related to material constants (See Figure 3-35 [Top]). Although these 

properties can significantly affect the sensors’ output, it is possible to 

compensate for this in software using e.g. lookup tables if the system is well-

characterized and the direction being travelled in on the stress vs. electrical 

resistivity curve is known.  

 

 

 

Figure 3-35: [Top] Cyclic stress-electrical resistivity curves for two separate formulations of 

quantum tunnelling composite, illustrating hysteresis differences. Arrows indicate whether 

stress is being added or removed.  Copyright © 2017 Elsevier Ltd. All rights reserved. 

Reprinted, with permission from [159] Supplementary Figure S5. [Bottom] Various geometrical 

parameters considered for the spiky particles. Copyright © 2012, Springer Nature. Reprinted, 

with permission from [160].   

 

A large body of literature can be found on the incorporation of QTC material, 

both in the form of QTC pills, but also custom-formulations, however the most 

notable milestones will be summarized here. Although capacitive sensors tend 

to outperform QTC in terms of low pressure range detection [161], Mitrakos et 

al. have demonstrated a design that is capable of detecting compressive loads 
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as low as 50 kPa by using a microstructured bottom electrode containing a 

two-by-two array of truncated pyramids with QTC sandwiched in between (See 

Figure 3-36) [162]. This contrasted with a MWCNT-PDMS composite which 

could only detect pressure down to 200 kPa when replacing the QTC. 

However, the MWCNT-PDMS composite exhibited a more predictable 

behaviour with a higher linearity. Additionally, QTC required a longer settling 

time before the measurement was taken, ~10-20 s. This could be partially 

attributed to the materials, but also the fact the truncated pyramid 

microstructures exhibited small bumps on their surface and that pyramidic 

features deteriorated from square geometry to circular upon compression.   

 

 

Figure 3-36:[Left] Illustration of cross-sectional sensor assembly for a piezoresistive 

nanocomposite film device with truncated pyramid electrodes. [Right] Images of the sensor 

before assembly with a) structured bottom electrode, b) top electrode, and c) top electrode 

with piezoresistive film. Reprinted from [162] which is licensed under Creative Commons CC 

BY 4.0. 

 

An enhancement to this idea of microstructuring has been shown by Park et 

al., where interlocked microdome arrays were fabricated from CNT composite 

rubber (See Figure 3-37 [Top] (a)) [163]. The sensor exhibited an extremely 

high sensitivity of 15.1 kPa-1 with minimum pressure detection value of 0.2 Pa 

(similar to Choi et al. [149] and Bao et al. [153]). The applied strain creates 

pressure concentrations at the contact region which induce a tunnelling 

current. A microdome array on both electrodes performed significantly better 

than only on one of them, or of not having any microdome array at all (See 

Figure 3-37 [Top] (b)). It is also noticeable that as the tunnelling current 

mechanism (vs. percolation) is increased by the microdomes, increasing 

https://creativecommons.org/licenses/by/4.0/
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nonlinearity (and range) can be observed in the pressure response of the 

sensor. Notably, this sensor exhibited minimal hysteresis and maintained its 

resistance well after 1000 cycles (See Figure 3-37 [Bottom]).  

 

 

 

 

Figure 3-37: [Top] (a) Schematic illustration demonstrating the working mechanism of an 

interlocked microdome CNT composite sensor, which exhibits a tunnelling current when 

pressure is applied, (b) comparison of change in resistance for structured compared to 

unstructured composite films.[Bottom] (a) The relative change in resistance for two 

loading/unloading cycles, and b) for 1000 cycles of normal loading at 58.8 kPa. [Top]and 

[Bottom] Copyright © 2014, American Chemical Society. Reprinted, with permission from 

[163], [Bottom] Supplementary Figure S4. 

 

Zhang et al. showed that QTC pills could be used for e-skin in their ground-

breaking work, where they created a 3D tactile sensor system with 2x6 array 

of unit sensors that respond to normal and shear stresses (See Figure 3-38) 

[164]. The full-scale range of detectable forces chosen was 0-20 N in the z-

direction, despite a QTC pill being capable of up to 100 N, because maximum 

finger grasp force was assumed to be 15 N. The ranges were up to 20 N for 

the x-direction with 0.47 mV/mN sensitivity, 8 N for the y-direction with 0.45 

mV/mN sensitivity, and 8 N for the z-direction with 0.16 mV/mN sensitivity. The 
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sensors showed high repeatability, low hysteresis, and minimum tactile 

crosstalk as a result of adopting a voltage-mirror electronic readout method. 

 

 

Figure 3-38: [Left] Illustration of a triaxial sensor’s a) array, b) unit cell, and c) 4 electrodes. 

[Right] Illustration of the working mechanism of the bump layer which converts force into torque 

which causes compression of the electrodes. Copyright © 2013, IEEE. Reprinted, with 

permission from [164]. 

 

The extreme sensitivity of QTC as a piezoresistive material is a double-edged 

sword, as it means it is ideal for detecting even the lightest of touches but also 

makes it extremely sensitive to stretching due to the Poisson’s ratio of the 

binder causing compression and/or compressive stresses [158]. One way to 

reduce the secondary compressive stresses due to twisting and bending, is to 

significantly reduce the thickness of the entire sensor package from the QTC 

material itself to the sensor substrate. 

 

 

3.7.3. Quantum Tunnelling and FSR Inks 

 

Improvements to some of the above drawbacks came with the development of 

inks for force sensitive resistors (FSRs). FSRs evolved from membrane switch 
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technology, and were invented by Franklin Eventoff, the founder of Interlink 

Electronics, in 1977. The initial concept for these sensors was based around 

varying the contact area between two electrodes by using ink as an 

intermediary conductive medium. In addition to the increasingly intimate 

contact between the electrodes, the deposited FSR polymeric ink changes its 

own resistance when compressed as well. The ink itself contains a mix of 

conductive and non-conductive micro-/nanoparticles.  This means that the 

overall change in resistance is a function of the percolation, quantum 

tunnelling, and contact resistance between the electrodes and the polymer 

composite [165]. The dominant phenomenon depends on particle type and 

filler concentration [68]. Figure 3-39 illustrates the typical exponential force vs. 

resistance curve for this. 

 

 

Figure 3-39: Typical FSR force vs. resistance graph, where the break force zone where a 

threshold force is required for two membrane layers to contact, the area affect zone is the 

region where increasing contact area between (as well as possibly quantum tunnelling) 

reduces resistance exponentially, and the surface affect zone is where the percolative 

mechanism dominates and the response becomes more linear/ohmic. Adapted from [166]. 

 

A big step forward came in the form of a more complex QTC ink formulation 

from Peratech, the company David Lussey founded, which can be screen 

printed between silver tracks and carbon contacts (See Figure 3-40 [Top]) 
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[167]. The ink contains a combination of acicular, wide bandgap 

semiconducting TiO2 needles (~3 µm × 100 nm) with an antimony doped tin 

oxide semiconducting surface coating and approximately spherical, wide 

bandgap (insulating) TiO2 nanoparticles (diameter 200 nm), coated with an 

organic surfactant, such as Triton X, and dispersed in electrically insulating 

polymer ink, such as polyvinyl resin similar to Polyplast type PY383 [168]. 

 

The cured ink shows the acicular particles with a random orientation, which 

are widely dispersed across the surface of the ink forming small clusters, with 

near-spherical nanoparticles dispersed uniformly in between (See Figure 3-40) 

[167]. Voids in the polymer contribute to compressibility of the material. The 

main function of the near-spherical nanoparticles is to prevent the needles 

from aligning to facilitate conduction. However, the ink has a far better 

hysteretic performance than traditional elastomeric QTC, which is partially 

attributed to it being a more rigid composite, and hence not allowing a large 

distortion of the structure due to any trapped charge, allowing the resistance 

to recover after voltage sweeps. The ink also exhibits a negative temperature 

coefficient, making it drop its resistance slightly upon heating.  

 

The printed sensor typically has R > 10 MΩ prior to force being exerted. With 

<0.01 N of force, a significant reduction in conductivity occurs due to contact 

established between the upper carbon electrode and the upper surface of the 

ink, which has protruding needles, until ~0.1 N force is reached and contact is 

well-established [167]. From this point on, the resistance decreases 

exponentially towards around 1 N due to field assisted quantum tunnelling 

processes occurring due to the compression of the ink. After this, ohmic 

behaviour dominates until ~100 Ω is reached at ~3 N. Notably, 1 million cycles 

of 10 N show near reproducible behaviour (See Figure 3-40). Under constant 

loading, some creep was exhibited, with the resistance taking ~10 min to settle. 

Cycling I-V curves shows some hysteresis, with subtle variations over the first 

4-5 cycles after which it becomes reproducible. This is in agreement with work 

on traditional QTCs, where cyclic pre-conditioning strain has been suggested 
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for stabilizing resistivity [169]. Indeed, QTC inks appear to outperform other 

FSR inks in real-world applications, often exceeding 95% accuracy for static 

sensing applications (See Figure 3-41) [170].  

 

 

Figure 3-40: [Top] (a) Illustration of the cross-sectional assembly for a QTCTM ink sensor used 

for compression testing, and b) its view from above. [Middle] (a) SEM images of the ink from 

above showing acicular filler particle clusters between spherical NPs and voids dispersed 

across the surface, b) magnified image of aggregated particles. c,d) Metal-insulator-metal 

potential energy diagrams for the sensor in which the VB and CB lines represent valence and 

conduction bands, the dashed lines represent impurity states in the insulator, and the 

numbered arrows are internal field emissions processes. c) shows a low electric potential 

across the insulator, with 1) direct and 2) field ionization impurity processes creating field 

emission, whereas d) has a high electric potential with 3) intra-impurity, 4) Zener, 5) electron 

injection, and 6) hole injection tunnelling creating field emission. [Bottom] A graph showing the 

force response of the sensor before (blue) and after (red) 1 million force cycles at 10 N load. 

Copyright © 2014, Institute of Physics. Reprinted, with permission from [167]. 



The Piezoresistive Effect for Flexible Tactile E-Skin 

104 

 

 

 

Figure 3-41: Average accuracy of FSR sensors from various brands in dynamic pressure 

measurement with the gold-standard of using dead-weights. Reprinted from [170] which is 

licensed under Creative Commons CC BY 4.0. 

A new ink variant called QTSS™ has recently been developed by David 

Lussey as part of his new company Quantum Technology Supersensors. It is 

similar to QTC, but instead uses non-toxic compounds as well as a water-

based solvent.  Furthermore, QTSS uses acicular magnetite particles of less 

than 1 μm in size in varying concentration together with a fixed concentration 

of spiky nickel particles of 3 μm in size, and has a further reduced susceptibility 

to EM-noise compared to traditional QTC [171], although the mechanism for 

this is not yet fully understood[172]. To date, there have been no academic 

publications on this material. 

 

3.7.4. Theoretical Framework/Model for Quantum Tunnelling 

Ink Sensor System 

 

Many authors have attempted to model this type of conductive polymer 

composite, which is usually termed a ‘thin insulating film or layer’, and where 

the predominant conduction mechanisms are quantum tunnelling and 

percolation (which often occur simultaneously) [157]. All models are regarding 

https://creativecommons.org/licenses/by/4.0/
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the sensitive area of a sensor (SAS), which is usually made of metal particles 

randomly dispersed in a non-conductive polymer. Different electrode 

configurations are possible, and these are known to affect the creep of the 

sensor [173] [174]. For example, the SAS can be sandwiched between two 

metal electrodes, have non-aligned electrodes, or even transverse electrodes. 

However, other parameters to consider are type of insulating material 

(elastomer, rubber, resin, metal-oxides, thermostable polymers) and 

conductive particle properties (material, size of particle, mass ratio) [157]. 

Several other aspects must also be considered; the applied stress, σ, and its 

direction affecting the tunnelling path width, s, between particles, the contact 

resistance with the resistance of the polymer composite, the number of contact 

paths formed at different loading conditions, and the particle distribution along 

the insulating polymer matrix (See Figure 3-42).  

 

  

 

Figure 3-42: [Top Left] Diagram of a conductive polymer composite sandwiched between 

electrodes with circular conductive particles and a) current tunnelling path of length s between 

two of them when no compression is applied, b) which reduces to s-∆s under when the polymer 

is under compressive stress σ. [Top Right] A separation of the contact resistances between 

electrodes and polymer (RCon) and that of the polymer composite (RPol). [Bottom] Diagram 

depicting the contact pathways between an electrode and the polymer at a microscopic scale 

when applying a force, F, and assuming an initial air gap between the two. Reprinted from 

[157] which is licensed under Creative Commons CC BY 4.0. 

 

. 
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Until recently, all models relied on measurements of electrical resistance at the 

polymer’s state of rest or when compressed and assumed a voltage-

independent resistance and a stress-independent area for tunnelling 

conduction [157]. For example, Kalantari et al. [175], Zhang et al. [176], and 

Wang et al. [177] require experimental measurements of the resistance in 

order to be able to predict the relative variation of resistance when the 

composite is exposed to stress. The model from Simmons et al. from the 1960s 

provided the physics foundations for quantum tunnelling current conduction 

through thin insulating layers [178]. It does not require these empirical 

measurements as it is purely based on physical constants. Recently, using a 

custom test-bench, Paredes-Madrid et al. derived a comprehensive physical 

model for the tunnelling conduction through thin insulating film layers which 

includes the resistance contribution from the contact resistance as well as the 

conductive particles within the thin insulating film [157]. The model includes 

the voltage-dependency of the resistance and stress-dependent behaviour for 

tunnelling conduction. Thus, it is possible to predict sensor current if the source 

voltage as well as applied stress is known. A comprehensive assessment of 

this model is outside the scope of this thesis, so the reader is referred to the 

above papers when looking for more information or its derivation. However, 

the model is described below with a cursory explanation. 

 

Firstly, the net current through the polymer composite is a sum of individual 

contributions from all quantum tunnelling bridges within the composite (See 

Figure 3-42 [Top Left]) [157]. Together, these tunnelling bridges operate as a 

single insulating film layer which can be modelled as a single rectangular 

potential barrier (See Figure 3-43). In this case, the variations in current 

density, J, are created by a combination of changes of the barrier width, s, the 

applied voltage, U, and the height of the potential barrier, Va.  
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Figure 3-43: A particle with energy E in front of a potential barrier of length s and height Va . 

Reprinted from [157] which is licensed under Creative Commons CC BY 4.0. 

 

The total resistance of a SAS includes the contribution of the contact 

resistance on both electrodes as well as the bulk resistance of the polymer 

composite (See Figure 3-42 [Top Right]) as follows: 

 

     (15) 

 

where RFSR is the total resistance across the system (which can be classified 

as an FSR) and contains a number of connections between the bulk resistance 

(Rbulk) and the contact resistance (Rc).  

 

In turn, there is a voltage drop across the entire system, VFSR, which 

corresponds to the voltage drop across the bulk of the composite material, 

Vbulk, and its contact resistances, VRc:  

 

VFSR = Vbulk  +2VRc =  Vbulk + 2IRc    (16) 

 

 

Vth is the millivolt threshold voltage after which the composite stops having an 

ohmic response [157]. Vth varies for each material, similarly to Va. Variations 

in Vbulk modify Rbulk in a non-linear manner. When Vbulk is in the millivolt range, 

Rbulk has ohmic behaviour. If Vbulk increases beyond Vth, a decrease in Rbulk is 

https://creativecommons.org/licenses/by/4.0/
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anticipated for increasing values of Vbulk. Lastly, when Vbulk is higher than the 

height of the potential barrier, Va/e (where e is the electron charge), a small 

increase in Vbulk results in a significant increase in sensor current.  

 

The model uses piecewise functions (i.e. subfunctions) with regards to Vbulk, 

where Vbulk = VFSR − 2IRc, as can be seen below: 

 

If VFSR − 2IRc < Vth : 

 

(17) 

 

 

If Vth < VFSR − 2IRc < Va /e, Vbulk is stated in terms VFSR and Rc as: 

 

 

 

(18) 

 

 

If VFSR − 2IRc > Va /e, Vbulk is stated in terms VFSR and Rc as: 

 

  

(19) 

 

 

 

Where m is the mass of the polymer and h is its height. The equations are 

stated in terms of Rc, which can be estimated as: 

 

    (20) 
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Table 3-4: Summary of symbols employed in the model. Adapted from [157] 

 

 

For very large values of VFSR, the Vbulk term can be set to 0 as an initial 

approximation since current, I,  grows with the square of Vbulk [157]. On the 

other hand, VRc grows linearly with the sensor current. In practice this means 

that for a constant stress, an increase in VFSR creates a small increase in Vbulk, 

whereas most of the additional VFSR drops in the contact resistance. For large 

values of VFSR, Rc dominates because Rbulk is reduced. For sufficiently large 

VFSR : 

 

     (21) 

 

This equation works without need to input information any material constants 

or other information. However, the main limitation of the model is that it does 

not consider the rheological behaviour of the polymeric binder material on the 

electrical resistance of the thin insulating film, which is considered by Kalantari 

et al. This means that the model is limited with regards to its ability to predict 



The Piezoresistive Effect for Flexible Tactile E-Skin 

110 

 

hysteresis, creep, and loss of sensitivity under continuous operation. Paredes-

Madrid et al. are working on incorporating this in the future. 

 

 

3.8. Other Methods 

 

Certain methods for creating piezoresistive composites were excluded from 

his review due to space constraints. These include the emerging field of 

ionogels (with extreme stretchability/durability) and intrinsically conductive 

polymers. Although they have briefly been mentioned while discussing 

piezoresistive composites, they could easily occupy their own sections. 

Readout circuitry is also an important topic that has been left to a further 

discussion in Chapter 6 and 7, although the related topic of wiring complexity 

was illustrated for rigid-island sensor networks. Furthermore, there is currently 

a lack of standards regarding testing of flexible and stretchable electronics 

globally. This results in each research group conducting customized tests that 

are not directly comparable which is hindering real-world adoption of the 

technology by industries as well as comparative reviews such as this. The 

current de-facto standards used if a researcher aims to have comparable 

results are those for testing rubbers. Although not addressed in this review, it 

is something that should be considered, and the author will addresse within 

Subsection 5.5.1. 

 

3.9. Discussion & Conclusions 

 

This review has comprehensively explored the major subcategories of 

piezoresistive sensing as a transduction mechanism with a primary focus on 

materials. This is a highly promising field for e-skin and was thus chosen as 

the major focus of this thesis. Certain materials and methods were deemed 

more advantageous and mature when considering cost-effective 

manufacturing, patterning, and practical applications/robustness. These were 
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covered in more detail and include: integrated strain gauges within matrix 

networks, piezoresistive composite inks, encapsulated films of rigid materials 

(e.g. metal or semiconductors) when their ability to stretch is controlled along 

with their gauge factor, and quantum tunnelling inks. No single 

parameter/metric alone can be used to judge sensing performance as an e-

skin, however the requirement of high sensitivity, high dynamic range, and 

robustness over multiple cycles are key considerations. Groups producing 

ultra-sensitive materials have been highly aware of its applications, for 

example for the finest of dextrous robotics tasks or biomedical use. For 

example, one of the most sensitive sensors produced by Park et al. (with the 

ability to sense down to 0.2 Pa) maintained its resistance well after 1000 

cycles, and was tested up to 60 kPa although most of its resistance drops 

exponentially before 1 kPa. Such non-linearity is common to many large 

dynamic range piezoresistive sensors, as opposed to capacitive sensors which 

frequently have linear outputs. When non-linearity occurs within the desired 

pressure ranges it can in fact be beneficial, as sensitivity decreases for higher 

forces. Similarly, practical applications are demonstrated for ultra-sensitive 

sensors (including those by Choi et al. and Bao et al.) as well as the possibility 

of their integration into arrays, a requirement for high-density tactile e-skin. 

However, some form of microstructuring is required to achieve ultra-high 

sensitivities, and although individual sensors have been produced, not all 

appear practical for mass production. For example, Bao et al. employ a hollow-

sphere microstructure, but this must be cast into a further mould to obtain 

better sensitivity at ultra-low pressure (down to 0.8 Pa). Microstructuring, 

especially if hierarchical, may require multiple steps and processes that make 

it more costly/complex to manufacture. Furthermore, as it is desirable for a 

sensor to be insensitive to bending while also being highly compliant, any 

additional thickness from increased structuring will have a detrimental impact. 

Someya et al. have realised this, resorting to increasing the surface-to-volume 

ratio of the active materials instead by electrospinning nanofibers, which also 

self-align when bent, reducing sensitivity to bending compared to traditional 

cast structures. Another method that avoids additional bulk from 
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microstructuring is the use of controlled cracking of conductive thin films, such 

as the guided mechanical cracks employed by Choi et al. (able to sense 0.2 

Pa up to 10 kPa). In this case, simple stretching of a metal film is used to 

induce cracks and their structure. Even simpler approaches include only pre-

stretching the substrate without guiding the cracks, but instead controlling their 

formation through the thickness of the metal film, or a thickness-gradient. 

Additionally, metal thin films are compatible with existing microfabrication 

techniques such as photolithography and sputtering, making them amenable 

to mass production. They also have the added advantages of better stability 

and reduced fabrication complexity compared to semiconductor 

piezoresistors. For this reason, Chapter 5 of this thesis explores the use of Au 

metal thin-film strain gauges for e-skin. However, due to overall cost reductions 

the industry is moving towards printable composite materials. Unlike 

photolithography, screen printing does not require a cleanroom and can be 

done roll-to-roll, enabling continuous production of sensors at higher speeds 

and volumes. The advantage of quantum tunnelling inks is that they employ 

some form of structuring within the ink itself (using NPs with different 

morphologies), making them compatible with the above processes while being 

extremely sensitive and anisotropic. Furthermore, they can withstand 

significant loads (up to multiple MPa if desired) and millions of cycles. The 

versatility of being able to print such a pre-structured ink onto flat surfaces of 

nearly any shape offers design freedom for the rest of the e-skin, and thus 

reduces wiring constraints and increases integration density which important 

for system-level design and integration. The main disadvantage of these inks 

is a lack of stretchability. Although stretchability is present in silicone-matrix 

based bulk quantum tunnelling composites, it comes at the expense of 

reduced sensitivity (usually within the kPa instead of Pa range compared with 

quantum tunnelling ink) and increased hysteresis. Due to their overall 

strengths, quantum tunnelling inks are therefore explored in Chapter 7 and 8 

of this thesis. 
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4. Characterisation Tools and Techniques 

 

The purpose of this chapter is to introduce various characterisation techniques 

that are used within this thesis. Details of the manner in which any technique 

is applied can be found in the corresponding chapter. For piezoresistive 

sensors, characterizing the electrical performance under various stresses 

(compression, bending and/or stretching) is the main macroscopic method 

employed in order to quantify overall sensor performance. These are 

accomplished using a compression tester and micro tensile-tester. The main 

electrical circuits used for testing are described in their respective chapters, as 

they vary depending on the sensing direction (across the electrode or in the 

through-thickness direction), however both employ what is known as the 4-

point probe method which is described herein. Furthermore, environmental 

conditions are adjusted to conduct ageing tests for assessing long-term sensor 

performance in harsh underwater environments. Where a better understanding 

of the material is deemed necessary, microscopic examination is also 

employed by using optical microscopy (OM), scanning electron microscopy 

(SEM) for imaging the surface and cross-section of the device, surface 

profilometry, atomic force microscopy (AFM), and white light interferometry 

(WLI) for studying its surface roughness and adhesion.  

 

4.1. Electrical Characterisation 

 

4.1.1. 2-Point Probe Method  

 

This method simply involves attaching 2 wires across an electrically conductive 

test specimen, applying a current across it, and measuring the resulting 

electrical voltage in order to determine its electrical resistance (See Figure 

4-1). Using Ohm’s law to solve for resistance gives us the following equation: 

   

     𝑅 = 𝑉/𝐼    (22) 
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Where R is the electrical resistance in ohms, V is the voltage across the 

substrate, and I is the electrical current flowing through it.   

 

 

 

Figure 4-1: Practical implementation of the 2-point probe method in the NI 9219 DAQ, where 

an analogue-to-digital converter (ADC) module is used to measure the voltage at the end of 

each wire (HI, LO) with a controlled current, i,  passing through the circuit and through the 

specimen. The resistance of the specimen, R, as well as the attached contact wires, Rwire, are 

clearly visible. The contact resistance between the specimen and wires is left out for simplicity 

[179]. 

 

In practice, this is identical to placing the leads of an ohm-meter or multi-meter 

across a device to measure its resistance, and is the most commonly used 

measurement method to obtain R. Ideally, the electrical leads from the probes 

as well as the contact resistance between the probe tips and the specimen 

being measured would be negligible. However, in practice they are not and 

thus their values get added to the resulting reading since there is a voltage 

drop across both.  

 

4.1.2. 4-Point Probe Method  

 

This method (also known as the Kelvin technique) is used for measuring 

electrical impedance by using 4 wires in order to eliminate unwanted effects of 

wire resistance and contact resistance from a resistance measurement. This 

is accomplished by passing a controlled current through the specimen using a 

given set of wires, and using a separate set of wires to measure the voltage 
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drop at both ends of the specimen (See Figure 4-2). Although a voltage drop 

still occurs across the wires and the contact resistance, it is ignored by the 

voltage-measuring leads. Furthermore, it is assumed that the voltage 

measuring leads have zero or negligible current flowing through them, acting 

as an open circuit. However, Ohm’s law still applies and can be used to solve 

for R, as in the previous subsection. Thus, this method is widely used to 

determine the true resistance of a substrate. In solid-sate physics and the 

semiconductor industry it is also used to determine values such as sheet 

resistance of conductive thin films. 

 

 

 

Figure 4-2: Practical implementation of the 4-point probe method in the NI 9219 DAQ, where 

an (ADC) module is used to measure the voltage at both ends of the specimen (HI, LO) with 

a controlled current, i,  passing through the circuit and the specimen. The resistance of the 

specimen, R, as well as the attached contact wires, Rwire, are clearly visible. Adapted from 

[179]. 

 

4.2. Mechanical Characterisation 

 

4.2.1. Micro Tensile-Testing 

 

A micro-tensile tester (See Figure 4-3) is commonly used to strain and relax 

elastomeric substrates in order to study their mechanical response, such as 

Young’s modulus. It can be used to study cyclic fatigue, however the cycle 

frequency of each strain cycle is highly limited, usually to a few Hz, due to the 
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high accuracy of the device. A sample must be a given size/shape so that it 

may be affixed/clamped into the jaws of the tensile-tester stage. It is typically 

necessary to design this shape before manufacturing the sample. A gearbox 

is then used to extend the sample to a pre-programmed length or apply a 

desired strain which is monitored by the extensometer. A graph of force/tensile 

strain vs. elongation length, time, or cycle number is then produced from this. 

Various loads cells can be used with these devices, ranging from 1-100 N and 

above.   

 

Figure 4-3: Illustration of micro-tensile tester. 

 

Various modifications are necessary in order to study a sample 

electromechanically (See Figure 4-4); a 4-point probe setup must be made 

where the sample is electrically connected to a device which periodically 

samples its resistance. Furthermore, most thin elastomeric samples cannot be 

held tightly enough by the jaws of the device, and must hence be attached to 

a thicker rigid base (e.g. glass slides) with an adhesive before being placed 

into the micro tensile-tester.  
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Figure 4-4: Illustration of sample elastomeric sample connected to rigid base (glass slides), 

which in turn are clamped in the jaws of a micro-tensile tester. A 4-point probe setup is present 

for periodically sampling the resistance [123]. 

 

Crack propagation is an important parameter to study while characterising 

material fatigue. Yet another modification must be made for this; a 

complementary metal-oxide semiconductor (CMOS) camera or a bright field 

optical microscope with an attached charge-couple device CCD camera must 

be placed above the sample. This should be synchronised to periodically take 

images at various extensions over each consecutive cycle and can be used to 

track crack propagation over the duration of the test.  

 

4.2.2. Compression Testing 

 

A standard tensile tester that can also be operated in compression (also known 

as a universal testing machine) is necessary to characterise the response of 

the sensor to compressive loads. The working mechanism for such a device is 

depicted in Figure 4-5, and comprises the same core components as the 

micro-tensile tester. The direction of the gear system can be reversed in order 

to provide compressive loads. In this case, a calibrated load cell must be 

equipped with a tip of the appropriate shape, which in turn determines how the 

applied force will be distributed across the sample surface, and thus also the 

overall pressure that is applied. Most commercial systems have load cells that 

operate at a minimum force of 0.01-0.1 N and are thus somewhat limited in 

their ability to measure low pressures. Such forces, depending in the tip area, 

are usually limited to tens or hundreds of kilopascals of pressure. Furthermore, 
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load cells can suffer from significant drift which will affect the accuracy of the 

result. Some researchers have used micromanipulators in an attempt to 

overcome this issue, however the standard method is to apply free weights, or 

objects whose weight is known, onto a device and calculate the applied 

pressure. Unfortunately, these latter techniques cannot be used to test cyclic 

compression behaviour, and thus compression testers are utilised for this. 

 

 

Figure 4-5:Schematic of tensile tester and its working mechanism [180]. 

 

In this thesis, we specifically measure the change in resistance from 

compression in the normal direction, and thus a through-thickness version of 

the 4-point probe techniques is also used. This must be engineered into the 

device being tested and is highly dependent on the particular device being 

measured. The topic is addressed in Section 6.4.1. 

 

4.3. Morphological Characterisation 
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4.3.1. Optical Microscopy 

 

Various bright field OMs are used in order to observe the surface and cross-

section microarchitecture of the sensors. This is the most commonly used 

microscopy technique, however it cannot measure nano-scale features. It is 

used primarily as a qualitative tool for inspection but also in some instances to 

confirm and cross-check measurements obtained with other tools. The 

resolution of OM has a limit of being half the wavelength of the shortest 

wavelength in visible light (green at ~0.4 µm) limited by diffraction, which 

means the ability to resolve features of ~0.2 µm in the best-case scenario. 

 

4.3.2. Surface Profilometry 

 

The Bruker Dektak surface profilometer is used in order to measure step 

heights and trench depths on the surface profile of a substrate by contacting a 

stylus on its surface. It is an easy tool to use, with a range of 1-100+ microns 

and up to nanometric resolution in the z-axis depending on the device in 

question [181], and can be used to scan entire devices or wafer profiles in one 

planar axis. In this thesis, it is used to measure the profile of elastomeric thin 

films. Although the overall profile cannot be relied upon entirely due to the 

rheological behaviour of the elastomeric substrate material once a pressure is 

applied to it with the stylus tip of the Dektak, it gives a good indication which 

can be cross-checked with other sensing mechanisms such as a micrometre, 

and cross-sectional OM and SEM imaging.   

 

4.3.3. White Light Interferometry 

 

WLI uses a white or green LED whose beam is split. Part of the beam is then 

reflected from the sample, interfering with itself before being read by a CCD 

camera (See Figure 4-6). Since the phase shift of reflected light depends on 

the length it must travel, its interference with the initial beam may either be 

constructive or destructive depending on the height of the sampled surface. 
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This creates a fringe pattern image which software uses to extract 3D surface 

height information that is displayed via a PC. This is an effective technique to 

use for height variations of nanometres to a few micrometres.  

 

 

Figure 4-6:Illustration of WLI working mechanism [182]. 

 

 

4.3.4. Atomic Force Microscopy 

 

An AFM is a highly advanced surface profilometer, which can be used in order 

to study not only profile, but also surface-roughness, 3D topography, and 

adhesion forces. It has a very fine resolution in the z-axis (height), with the 

ability to measure below an Ångstrom, and thus forms one of the cornerstones 

of nanotechnology and scanning probe microscopy (SPM). AFM probes are 

based on microfabricated tips mounted on cantilevers and their resolution is 

highly dependent on their characteristics (sharpness, tip shape, size, 

cantilever resonant frequency, stiffness) as well as the instruments’ complex 

modes of operation. For the Dektak (mentioned above), ‘contact mode’ is the 

only option and since the sharp tip of the stylus comes into contact with the 

device being measured it is always somewhat destructive to the sample. 

Although the Dektak uses an analogue sensor to measure the tip 
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displacement, the way in which contact mode works in an AFM is similar. It is 

done by detecting when the cantilever tip experience deflection due to a given 

force which is given using Hooke’s law as follows:  

 

     𝐹 =  −𝑘𝑥    (23) 

 

Where k is the spring constant and x is the deflection of the cantilever.  

 

In practice, this is accomplished by reflecting a laser light off the end of the tip 

into a set of photodetectors (See Figure 4-7 [Left]). With at least 4 

photodetectors it is possible to measure the quantity of light being reflected 

into each quadrant, and thus know the deflection of the tip. The unique feature 

of an AFM making it significantly more versatile than a Dektak, is its use of a 

closed-loop proportional-integral-derivative (PID) controller for feedback 

during scanning. In the simplest case this enables the height of the cantilever 

to be adjusted by actively controlling a sample or cantilever that sits on a 

piezoelectric stack, providing a constant force on the substrate to avoid 

damaging it. However, the PID controller also enables the implementation of 

dynamic modes where the cantilever is driven through its own actuator (often 

also a piezoelectric crystal). In ‘tapping mode’ and ‘non-contact’ modes, the 

AFM tip is set to oscillate close to its resonant frequency. In tapping mode the 

tip taps on the sample, periodically coming into contact with it, whereas in ‘non-

contact’ the tip and sample do not come into contact. Both of these modes are 

thus minimally or entirely non-destructive. In both modes the amplitude of the 

oscillation shifts due to deflection forces encountered between the tip and 

sample, but their primary difference lies in the force ranges they are sensitive 

to  as a result of the amplitude of their oscillations (See Figure 4-7 [Right]). 

Tapping-mode typically has an oscillation amplitude within the range of a few 

to hundreds of nanometres and is sensitive to both attractive and repulsive 

forces whereas for non-contact mode the oscillation amplitude is typically a 

few picometres to nanometres while being more sensitive to attractive forces 

[183]. This makes tapping mode sensitive to forces including van der Waals, 
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dipole-dipole interactions, and electrostatic forces, whereas non-contact mode 

is most sensitive to long-range forces, which extend beyond the surface, such 

as van der Waals. Since many samples develop a liquid meniscus in ambient 

conditions, this mode prevents it from sticking to the tip and skewing the results 

[184]. In non-contact mode on the other hand, the tip resonates above the 

surface of the sample (be it above fluid, soft surfaces, or a rigid surface) and 

never comes into contact [183][182]. By monitoring the frequency it is also 

possible to produce a phase signal, which is a measurement of the phase 

difference between the cantilever’s driving signal and its oscillation, indicating 

the quantity of energy dissipated by the cantilever. Phase is affected by 

parameters such as adhesion and stiffness of the surface. 

 

 

 

Figure 4-7: [Left] The working mechanism of an AFM; a laser beam is reflected from a 

cantilever onto a photodetector with 4 quadrants. [Right]Forces involves in contact vs non-

contact mode [182]. 

 

A comparison of surface profilometer techniques, with their respective 

measurement ranges, can be seen in Figure 4-8.   
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Figure 4-8:Comparison of various profilometry techniques [182]. 

 

4.3.5. Scanning Electron Microscopy 

 

SEM imaging, in addition to OM, is one of the most commonly used optical 

characterisation techniques. It involves the firing of an electron beam onto a 

substrate/sample and measuring a variety of signals in order to construct an 

image based on topography and composition of the sample.  

 

The most common signal to be measured is for secondary electrons, which is 

present in all SEMs. These involve electrons that are dislodged from atoms 

inside the sample (usually at a few micron depth) from its interaction with the 

electron beam. However, multiple other signal sources exist, such as 

backscattered electrons, Auger electronics, X-rays, absorbed current, 

transmitted current, and light [185] [186].  Using a combination of the above, it 

is possible to get to resolutions lower than 1 nm and to see individual atoms 

(magnification of ~1,000,000 at 0.4 nm), although standard benchtop SEMs 

may have a resolution only down to 20 nm [187].  

 

The working mechanism is the following (See Figure 4-9); electrons are first 

fired from an electron gun. For high resolution, this is composed of a tungsten 

tip which produces field emission as a result of a high electric potential. 
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Through a series of apertures and lenses, this electron beam is shaped, 

focussed, and scanned across the sample surface. The backscattering and 

absorption of electrons on this surface is affected by the sample height, 

material composition, and how long it has been exposed to the electron beam. 

The secondary electrons are measured using Everhart-Thornley (E-T) detector 

which consists of a crystalline compound that transduces them into light and 

is a collector, scintillator, and photomultiplier system [188]. This signal is then 

amplified and measured by a computer, and the image displayed in the visible 

light spectrum.  

 

 

Figure 4-9: Cross-section schematic of an SEM and its working mechanism [189]. 

 

4.4. Environmental Characterisation 

 

4.4.1. Sea-Water Ageing  

 

Characterisation of prolonged underwater performance is performed by using 

seawater from a local beach (Portobello, Edinburgh, United Kingdom) inside a 

container/tub. The container (See Figure 4-10) contains a heating element for 

increasing water temperature, a water flow pump for circulating the water, and 
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a proportional-integral-derivative (PID) controller used to keep the water at a 

set temperature. Seawater contains a variety of dissolved materials, and as 

such is a much harsher environment than tap- or purified (de-ionised) water. 

Apart from salt, the majority of constituents are sodium, magnesium, calcium, 

potassium, strontium, chlorine, sulphate, bicarbonate, bromine, borate, and 

fluorine whose proportions are nearly constant regardless of which ocean the 

water is from [190]. Additionally, biomaterials are present. This is used to test 

both the water-permeability as well as reactivity of the sensor encapsulation to 

these constituents.  

 

 

Figure 4-10: [Top] Labelled illustration of seawater ageing setup for sensor [Bottom] Real-

world setup of sea-water ageing setup (Container contents not visible) 
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5. Fabrication and Characterization of Au Metal Thin Films 

and Strain Gauges on Surface-Modified PDMS for Force 

Sensing Applications in Electronic Skin 

 

5.1. Introduction 

 
This chapter covers the development of a flexible and stretchable strain gauge 

to try and accomplish repeatable low-pressure range sensing as an e-skin in 

robotic applications. It follows the attempt to develop a flexible pressure sensor 

for electronics and biomedical applications using a PDMS substrate that was 

surface-modified with a sandwiched layer of 500 nm of Parylene-C between 

two (3-Mercaptopropyl) trimethoxysilane (3-MPT) thiol self-assembled 

monolayers (SAMs) for promoting adhesion (henceforth referred to as surface-

modified PDMS), one of which is bonded to the PDMS, and the other of which 

bonds to the metal once it is deposited, and has a top conductive layer made 

out of zinc (Zn) [191]–[193].  

 

Although there are various methods that have been used to increase the 

adhesion of metal to PDMS substrates (See Subsections 3.4 and 3.5) for the 

creation of piezoresistive strain gauges, the original purpose of the sandwich 

layer was to enable photolithographic patterning of the Zn onto PDMS before 

ZnO nanorod (NR) or nanowire (NW) synthesis in solution, as the well-known 

issue of PDMS swelling was occurring when developing photoresist with 

various solvents [194]. This swelling, in-turn, created cracks in the photoresist 

which reduced the fidelity of the lithographic patterning and caused the metal 

deposited to form cracks during a process called lift-off (where the 

undeveloped resist is removed along with the excess metal which does not 

form part of the desired pattern). One solution is to cover the PDMS with a 

layer of Parylene-C. There are various ways in which Parylene-C can be made 

to adhere to PDMS. One of these is the use of a conjugated thiol linker which 

bonds with both materials and has been used for improving adhesion and 
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preventing PDMS crack formation [37], [194]–[196]. The aim had been to make 

a piezoresistive (through the Zn layer) and piezoelectric (through the ZnO 

NRs/NWs) pressure sensor, similar to Wang et al. at Georgia Institute of 

Technology [197]–[199]. However, the Zn layer is inadequate for a 

piezoresistive sensor as it significantly increases in resistance after application 

of compressive pressure and is unstable over 2000 compressive bend cycles 

of 180⁰ [191]. This is a sign of crack formation and propagation in the 

conductive layer. A re-design of the sensor is therefore attempted in this 

Chapter to try and get it working as a piezoresistive e-skin and to remove the 

need for photolithography. The new sensor uses a combination of the change 

in the metallic top layer, out-of-plane and in-plane tortuosity (See Section 3.4), 

patterned strain gauge structure, control of substrate thickness, and cracking 

in the metal layer (See Section 3.5) in order to achieve a compliant sensor with 

high gauge factor. 

 

The first part of this chapter determines the optimal metal for the electrode. 

The second part discusses the importance of controlling substrate thickness. 

The third part discusses the integration of the technology into a wearable 

glove. The fourth part goes into more detail to characterize the surface of the 

metal electrode. The fifth part deals with the structural and electromechanical 

characterization of the new sensor, while discussing the industry test-

standards in this field. Finally, it is concluded that the sensor is not well suited 

to be used as a robotic e-skin, and thus other materials and methods are 

explored in the subsequent chapters. 

 

5.2. Au and Al alternatives to Zn electrodes 

 

5.2.1. Design 

 

Although metals are malleable (have the ability to flex under compressive 

strain) and some are able to flex significantly without fracturing, they are not 
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inherently stretchable. Metals will not recover into their original shape after 

being stretched; at even relatively low strains (~1%) they start to deform 

plastically. As mentioned in Chapter 3, it is not enough just for the substrate to 

be able to stretch, the conductor layer must also be able to do so. Metals have 

moderate elongation to failure of between 1-50% with deformations occurring 

due to plastic flow [200]. Au, Copper (Cu), Aluminium (Al), steel, and lead (Pb) 

all have high ductility (the ability to deform plastically under tensile stress), but 

Au is by far the most ductile metal other than Pb. Pb on the other hand lacks 

malleability, whereas Au is overall the most malleable metal. Au is also one of 

the toughest metals, meaning is can resist fracture and failure. Cracks do not 

therefore propagate quickly through Au. This should be considered when the 

device is flexed and well as each time it is compressed/pressed to measure a 

mechanical force.  This is because under compression the PDMS underneath 

the metal deforms causing tension at different points in the metal. Finally, Au 

is an excellent electrical conductor as well as being chemically inert. It is 

nonetheless an expensive metal when the aim it to mass-manufacture a 

device. Al was identified as a malleable metal with otherwise similar properties 

to Au, and photolithographic patterns can be produced using it (See Figure 

5-1). This subsection therefore investigates fatigue and crack propagation in 

Au and Al in order to determine their suitability for strain gauge electrodes in 

e-skin. 
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Figure 5-1: Surface-modified PDMS substrate after Al deposition onto electrode pattern 

defined using photolithography 

 

5.2.2. Test Method 

 

For investigating this, the MicrotestTM software was used with a micro-tensile 

testing system (See Figure 5-3 and Subsection 4.2.1). Typically a stress-strain 

curve is obtained to characterise material properties such as the Young’s 

modulus (i.e. the elastic modulus or E), which is the slope of the curve’s linear 

component, as well as yield strength, ultimate strength, and fracture strains 

(See Figure 5-2). However, since only cyclic fatigue was of interest, the 

software was programmed to apply a fixed stress/force to the samples at the 

tensile tester’s maximum speed of 15 mm/min, without tracking stress-strain 

curves. 
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Figure 5-2: Schematic of a ductile material’s stress-strain curve with labels for typical 

properties of interest. Reproduced from [201] which is licensed under Creative Commons CC 

BY 4.0. 

 

4 samples were tested with varying metal thickness; 100 nm of Au, 200 nm of 

Al, 50 nm of Al and 50 nm of Au combined with 3 nm of Cr. The thin-film layers 

were fabricated via sputter-coating on 1.5 mm thick surface-modified PDMS 

substrates. The sputter-coating was carried out by Andrew Garrie in the James 

Clerk Maxwell Building at King’s Buildings, Edinburgh. Au and Al were 

deposited via DC and RF sputtering (OPT Plasmalab 400) respectively. To 

perform the tensile tests the samples were cut into strips of width 14 mm and 

length 68 mm.  

 

Three tests were conducted on each sample. Test 1 consisted of one cycle at 

10 N. Both the Au (100 nm) sample and Al (200 nm) sample broke at 8 N and 

7 N respectively and therefore the tests were adjusted to be limited to 7 N. 

After the breakage all strips were cut down to 62 mm length to ensure they had 

the same length. Grips using sandpaper were also introduced to increase 

friction between the samples and micro-tensile tester clamps where they were 

breaking. Test 2 consisted of 10 cycles at 7 N and Test 3 consisted of 115 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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cycles at 7 N. Resistance measurements were taken using a multimeter 

directly before the sample was loaded into the tensile tester and directly after 

the sample was removed. Optical Microscopy images (Leica DM12000 M) 

were also taken before and after each test was performed to track crack 

propagation. Throughout the test a Canon EOS 6D Digital Single-Lens Reflex 

(DSLR) camera was used to observe visible changes in surface cracks in-situ 

during the test itself (See Figure 5-3). 
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Figure 5-3: Micro-tensile tester setup for tracking crack propagation in metals on 1.5mm thick 

surface-modified PDMS substrates 

 

5.2.3. Results  

 

Graphs of the tensile tests and a table of multimetre resistance measurements 

before and after can be seen in Appendix B and C. Due to cracks forming as 

soon as the multimetre probe tip touched the samples the nature of many of 

the resistance measurements is unreliable, thus only cursory reference is 

DSLR 

Camera 
Micro-Tensile 

Tester 

PC (Data Acquisition) 
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given to where necessary. As a consequence of this, a connection to the 

sample via an epoxy-based interconnect which does not create high enough 

pressures to form cracks is investigated in a Subsection 5.5.  

 

According the multimetre measurements Al becomes completely 

discontinuous after 115 cycles at 7 N, whereas Au’s resistance changes only 

~49.25% over 115 cycles. Although this confirms that Au is a better-suited 

metal, the reasons for this can be found by investigating crack propagation. 

Unfortunately, it is not possible to get a clear understanding of this by 

observing the images captured by the DSLR camera due to its lack of 

magnification (See Figure 5-4). However, it is possible to extract information 

from images that were periodically taken between tensile cycling under an OM.   

 

 

 

Figure 5-4: Example of periodic sample under tensile testing captured by Canon EOS 6D 

DSLR at highest magnification. Crack propagation cannot be clearly tracked at this range. 

 

Tensile Strain Axis  
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Figure 5-5 shows the substrate before extension. Cracks have not yet 

propagated through the thin metal film, however the impact caused by a sharp 

multimetre probe tip is evident by the crater that has been formed. This type of 

local crack formation affects the resistance measurements, giving only an 

initial resistance value as the point fragments the surface and eventually 

creates an open circuit surrounding it, after which a resistance can no longer 

be measured. As further tests are conducted, the images in the right column 

of Figure 5-7 to Figure 5-8 indicate how crack propagation due to tensile 

fatigue creates brittle fractures in the metal which prohibit current flow and 

could be the cause of the lack of conductivity after Test 3 (See Appendix B).  
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Figure 5-5: Al (200 nm) before testing (5x Magnification with a crater caused by multimetre 

probe) 

 

Figure 5-6: Al (200 nm) after Test 1 (Left = 5x, Middle = 20x, and Right = 50x Magnification) 

 

Figure 5-7: Al (200 nm) after Test 2 (Left = 5x, Middle = 50x, Right = 150x Magnification) 

 

Figure 5-8: Al (200 nm) after Test 3 (Left = 5x, Middle = 20x, Right = 50x Magnification) 

Tensile Strain Axis  
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As a thin-film material Au appears to be more successful at withstanding strain 

than Al. The damage caused by the point of the probe can be seen in the left 

column of Figure 5-9 and appears to have less depth than that of the Al sample 

in Figure 5-5, even though the metal surrounding it is affected. Although Al has 

a higher specific strength than Au, it has lower specific stiffness [202], which 

may encourage crack initiation and propagation earlier than in Au. In the right 

column of Figure 5-9 to Figure 5-12 no deep cracks can be observed even 

after 115 cycles of strain at 7 N indicating that Au, with a higher ductility than 

Al, is able to withstand tensile stress more successfully.  
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Figure 5-9: Au (100nm) before testing (Left = 5x with a crater caused by multimetre probe, Middle = 20x, Right = 

50x Magnification) 

 

Figure 5-10: Au (100 nm) after Test 1 (Left = 5x, Middle = 30x, Right = 50x Magnification) 

 

Figure 5-11: Au (100nm) after Test 2 (Left = 5x, Middle = 20x, Right = 50x Magnification) 

 

Figure 5-12: Au (100 nm) after Test 3 (Left = 5x, Middle = 20x, Right = 30x Magnification) 

Tensile Strain Axis  
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Figure 5-13 and Figure 5-9 (excluding the left image) both show initial cracks 

or folds present on the substrate after it has been cut into shape for the tensile 

testing. Comparing images in Figure 5-13 to those in Figure 5-9, it would 

appear as though reducing the thickness of the metal thin film reduced cracks. 

As the sample is subjected to more cycles the material appears to crack when 

evaluating the surface at a magnification of 5x, however at 50x magnification, 

what initially appear as cracks are observed to be folds in the material. If there 

remain any connections within the metal layer, there is a path for electron flow. 

However, inspecting Figure 5-16 (left) after Test 3 shows that longitudinal 

cracks (perpendicular to the direction of applied tension) have formed, which 

as discussed in Subsection 3.1.5 lead to discontinuities. It will subsequently be 

shown in Subsection 5.4.3, that thickness of the metal is proportional to wrinkle 

formation, within this range of Au film thicknesses. Since wrinkles prevent 

crack formation due to strain, this explains why channel cracks are formed on 

the thinner 50 nm metal thin film as opposed to that of 100 nm.      
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Figure 5-13: Au (50 nm) before testing (Left = 5x, Right = 30x Magnification) 

 

Figure 5-14: Au (50 nm) after Test 1 (Left = 5x, Right = 20x Magnification)  

 

Figure 5-15: Au (50 nm) after Test 2 (Left = 5x, Middle = 30x, Right = 50x Magnification) 

 

Figure 5-16: Au (50 nm) after Test 3 (Left = 5x, Middle = 50x, Right = 150x Magnification) 

Tensile Strain Axis  
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Similar to the previous Au samples, the figures below indicate that what may 

appear as cracks at 5x magnification may be folds in the metal layer. However, 

there are a higher density of longitudinal channel cracks overall due to a 

reduction in adhesion caused by Cr as opposed to pure Au [109]. 
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Figure 5-17: Au (50 nm) + Cr (3 nm) before testing (Left = 10x, Middle = 20x, Right = 50x 

Magnification) 

 

Figure 5-18: Au (50 nm) + Cr (3 nm) Test 1 (Left = 5x, Middle = 20x, Right = 50x Magnification) 

 

Figure 5-19: Au (50 nm) + Cr (3 nm) Test 2 (Left = 5x, Middle = 20x, Right = 50x Magnification) 

 

Figure 5-20: Au (50 nm) + Cr (3 nm) Test 3 (Left = 5x, Middle = 10x, Right = 50x Magnification) 

Figure 5-5 to Figure 5-20 were taken from relaxed substrates after testing. To 

further investigate the nature of the cracks, images were taken of the Au (100 

Tensile Strain Axis  
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nm) under a static force of 30 N applied force (See Figure 5-21). Despite 

having a combination of cracks, traverse buckling wrinkles are present due to 

the Poisson’s contraction of the PDMS (Poisson’s ratio = 0.5) substrate which 

is different to the Au layer (Poisson’s ratio = 0.42-0.44) [203][204]. The 

longitudinal cracks are less pronounced than the buckling. This is 

hypothesised to be partially due to the suggestion that a much larger fracture 

strain can be obtained from metal films such as Au (E = 79 GPa) when they 

are deposited on Parylene-C (E = 2.79 GPa), since its E is closer to Au’s than 

that of PDMS (E ~ 0.36 MPa), thus suppressing strain localisation in the Au 

film and formation of channel-cracks by acting as an intermediate/buffer layer 

[205][109]. 

 

 

Figure 5-21: Au (100 nm) stretched and Kapton clamped (Clockwise from top left = 5x, 20x, 

50x, 150x Magnification) 
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A variable resistance, 0.5–50 kΩ, at 20-25 mm distance between probe tips 

was measured with a multimetre on the stretched substrate. When the 

substrate was relaxed again a resistance of 80-150 Ω was measured across 

the full length of the material. The higher resistance in the stretched state is 

mainly due to cracks opening and forming partial discontinuities between metal 

islands, thus lowering percolation (See Figure 5-22), which in turn increases 

resistance [149]. Due to the superior properties of Au as illustrated above, it 

was chosen as the electrode material for the e-skin.  

 

 

   

Figure 5-22:Illustration of mechanical mechanisms by which Au on surface-modified PDMS 

substrate modulates electrical current. Blue arrows represent current pathways through the 

percolated network of metal islands formed by micro- and nanocracks, some of which are 

permanently connected, and others have their edges touch only when the substrate is in a 

relaxed state and no strain is applied. (Scale bar: 100 µm) 

Tensile Strain Axis  
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5.3. PDMS Substrate Thinning and Neutral Mechanical Plane 

 

5.3.1. Design 

 

Traditional polymeric substrate materials used in flexible electronics 

manufacturing consist of for example polyimide (PI) or PET, polyethylene 

naphthalate (PEN),   polyetherimide, fluorinated ethylene propylene, or 

copolymers with an inherently high E (See Figure 5-23). However, these are 

intrinsically rigid materials and as such are susceptible to creasing if bent at 

high radii of curvature (See Figure 5-24), which in turn can creates stresses 

and strains that can break the circuit deposited thereon. A solution for this has 

been sought for at least 20 years [128]. Some proposed the thinning down of 

existing materials. The usual thickness for a rigid substrate is 12-125 μm, but 

it is known that the thinner a material is, the more flexible it becomes. Stiffness 

normally increases in proportion to the cube of the thickness. Thickness in turn 

is inversely proportional to flexibility, or the ability of a material to deflect under 

the same load. This material property has been used to fabricate highly flexible 

circuits out of rigid materials such as silicon (Si). By etching Si to tens of 

micrometres or in some cases hundreds of nanometres, one can achieve 

bending radii of 0.5 cm or even 10 mm without fracture [206]. However, no 

matter how thin the Si, the elastic modulus of the material remains high. This 

in turn still makes it susceptibility to creasing. In an intrinsically compliant 

material with E < 0.87 MPa, such as PDMS or Ecoflex, creases are not formed 

and the material can elastically recover its original shape (See Figure 5-24). 
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Figure 5-23:Comparison of various materials’ Young’s Moduli used in flexible electronics and 

their ability to withstand tensile strain [207]. 

 

 

 

Figure 5-24: Bending a rigid substrate material compared to a compliant soft one. The latter 

does not form creases. 
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Thus, thickness plays a less important role for PDMS, and as such the initial 

surface-modified PDMS substrates have been fabricated with substrate 

thicknesses between 0.5-2 mm. However, the metal layer does not lie on the 

neutral mechanical plane, and thus experiences either tension of compression 

every time the sensor is bent (See Figure 5-25) [208]. This causes irreversible 

cracking in the metal layers which leads to an open circuit and hence sensor 

failure. 

 

Figure 5-25: Illustration of a device being flexed showing the neutral, tensile, and compressive 

mechanical planes and the relative magnitude of forces acting in either direction. Copyright © 

2013 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. Reprinted, with permission from 

[208]. 

 

Doubling the thickness of the device, by adding an equally thick top layer to 

ensure the metal is within the neutral plane is not an option with the current 

substrate thickness, as this would render the e-skin too bulky. Although it is 

possible to create layers less than 1 μm thick with PDMS, it becomes too fragile 

and permeable at this thickness making it impractical as an e-skin. Thus, the 

substrate must be thinned considerably, a range between 100-200 µm is thin-

enough to considerably reduce the tensile forces on the metal layer. Even if a 
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neutral mechanical plane is not achieved, minimizing stresses on the metal 

during flexing will significantly improve the performance of the device.  

 

5.3.2. Fabrication & Results 

 

Previously, moulds of 0.5-2 mm depth were used to cast the PDMS substrates. 

Experiments were thus conducted to create thinner substrates (100-200 μm). 

In order to achieve 100-200 μm thick layers, PDMS was spin-coated onto 

salinized Si wafers (See Figure 5-27 for the fabrication process). Initial 

experiments were conducted with non-salinized wafers and yielded PDMS film 

thicknesses agreeing with literature [209].  However, for flexible devices to be 

built, the PDMS must be detached from the carrier wafer and bound to an 

encapsulation layer without deforming or breaking it. For this reason, 

salinization is used to reduce its adhesion to the Si surface. Salinization is a 

surface modification of the underlying 3” p-type silicon (Si) {100} orientation 

carrier wafer.  

 

5.3.2.1. Salinization of Si Carrier Wafer 

 

The first step in the fabrication process is hydroxylation which involves 

exposing the wafer to a Piranha solution consisting a 3:1 ratio of sulphuric acid 

(H2SO4) and hydrogen peroxide (H2O2) under a fume hood. This creates an 

exothermic reaction that can reach above 100 ⁰C and dissolve any 

contaminating organic residues on the surface. This also removes the oxide 

(SiO2) layer formed on top of the Si wafer and generates SiOH groups on top 

the Si wafer. The wafers are then carefully rinsed with DI water and dried with 

nitrogen gas. If this first cleaning step is not performed carefully, pinholes 

formed from particles or water will be trapped on the substrate surface affecting 

both salinization and spin-coating steps with the potential to ruin the device by 

forming comets and stars in the PDMS during spin-coating. During the second 

step, the SiOH groups are made to react with trichloro (1H, 1H, 2H, 2H – 
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perfluorooctyl) silane (TCS) to form a salinized surface. The salinized surface 

is generated through self-assembly which takes place when the wafers are 

placed in a desiccator with 1 mL of TCS and left in a vacuum with a pressure 

of 0.3 Torr for 24h. Once this is complete, they are again rinsed with DI water 

and dried with nitrogen gas.   

 

5.3.2.2. PMDS Preparation, Curing, and Spin-Coating 

 

 

The third step consists of mixing PDMS elastomer with its curing agent (methyl 

hydrogen siloxane) with a weight ratio of 10:1 respectively. The elastomer is 

first poured into a plastic cup sitting on a scale, after which the curing agent is 

dispensed using a pipette. In addition, an optional step is possible where a 

coloured silicone die (Silc-Pig) is added which comprises up to 3% of the 

overall weight of the uncured PDMS mixture. The PDMS is then thoroughly 

stirred by hand using a spatula for 5 minutes. It was realised during the 

fabrication process that old plastic cups release small plastic particles into the 

PDMS. New cups did not have this problem. The cup with the uncured PDMS 

mixture is then placed into the desiccator at a vacuum pressure of 0.3 torr for 

1.6 h until all the trapped air-bubbles are degassed. After this, the PDMS is 

carefully poured onto the centre of a salinized wafer placed in a spin-coater.  

 

The fourth step is to spin-coat the device, whereby the machine spins at a 

specific number of revolutions per minute (RPM). The centripetal force caused 

by the spinning spreads the material across the wafer. Modifying a protocol 

from the Centre for Micronanotechnology (CMi) at Ecole Polytechnique 

Fédérale de Lausanne (EPFL) yielded a spin-coating protocol that achieved 

the desired thickness and uniformity while being compatible with the 

equipment available at the Scottish Microelectronics Centre (SMC) [210]. The 

main parameter that could not be individually controlled for each step was the 

acceleration for the spin coater. Hence, each spin speed is achieved by 
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incrementally increasing the speed by 100 RPM while staying at the given 

speed for 1 s, which averages to the acceleration speed required of 100 RPM/s 

although the actual acceleration speed of the machine is fixed at 1000 RPM/s 

for each step (the machine’s limitation). The final protocol was arrived at by 

experimenting with several spin speeds (400-900 RPM). Indeed, 700 RPM 

produced the best results (See Figure 5-26).  

 

 

Figure 5-26: Illustration of spin-coating protocol implemented for thinning PDMS substrates 

 

Furthermore, PDMS edge beads generated during spin-coating must be 

removed otherwise valuable space for sensor placement is lost at the edge of 

the wafer due to large surface height variation which interferes with metal 

deposition, adhesion, and working of the final device. A 2-stage process was 

used for this. The first stage occurs during the spinning itself (See Figure 5-26), 

whereas the second stage involves the wafer being degassed in an chamber 

for 15 minutes. The degassing not only removes micro-bubbles that may have 

crept in while pouring PDMS onto the Si carrier wafer, but also allows the edge 

beads to smooth out by reflowing inwards and reducing the overall variation in 

topology across the wafer.  
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The fifth step involves curing the PDMS by placing the wafer onto a hotplate 

preheated to 150 ⁰C for 12.5 minutes. To ensure the PDMS does not 

experience thermal shock, the hotplate is then switched off and the wafer 

allowed to cool for 10 minutes, after which it is removed and left to cool at room 

temperature (RT) for at least 1h.  

 

After this, the substrate is subjected to the same steps as the previous surface-

modified PDMS device to form the 3-MPT-Parylene-C-3-MPT sandwich 

adhesion layer on top. From this point on, unless explicitly mentioned, this 

thesis will refer to this new variant (still attached to the Si-wafer) when 

discussing the surface-modified PDMS substrate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-27: Illustration of PDMS thick-film/substrate fabrication process 

 

5.3.2.3. Further Investigation of Spin-Coating Parameters 

 

For spin-coating, it is important to examine which protocol produces the best 

uniformity, so a variant of the protocol was trialled in which the edge-bead 
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removal steps are removed (See Programming Step 8 and 9 of Figure 5-26). 

Since this is a simpler protocol, it is referred to as protocol 1 (Prot. 1) while the 

one incorporating the additional steps is protocol 2 (Prot. 2) Wafers were 

produced using both these protocols (See Figure 5-28). Initially, a Dektak was 

used to try and characterise the height of the edge of the PDMS membrane on 

the wafer (See Figure 5-29). However, this gave inconsistent results. This is 

likely because the Dektak tip depresses into the PDMS over time due to the 

latter being an elastomer. Although imperfect, a micrometre (Roebuck Industry 

choice, G877) gave more consistent readings and is hence used to compare 

the two protocols. Using the micrometre, the thickness of 8 points was 

measured between the bottom of the Si carrier wafer and the top of the PDMS 

membrane. Furthermore, a scalpel was used to produce 5 square cut-outs of 

5 x 5 mm2 from the PDMS substrate, which were then individually measured 

with the micrometre (See Figure 5-30). The Si wafer thickness is known to be 

398 µm and could hence be subtracted from these readings. 

 

 

 

Figure 5-28: PDMS membrane thick-films/substrates produced using Prot 1. & Prot 2. in order 

to compare thickness variations and surface profiles 
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Figure 5-29: Example Dektak profile across PDMS surface using Prot.2 to spin-coat PDMS 

onto carrier the 3” carrier wafer. Cure was at room temperature for 72 h, however the edge 

beads do not fully smooth out. 

 

 

 

Figure 5-30: [Left] Illustration of measurement points across wafer with PDMS membrane 

attached (light blue) and across detached PDMS membrane only (cut from black regions). 

[Right]A substrate with cut-out regions extracted for measurement 
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Table 5-1:Micrometre measurements of PDMS membrane and Si wafer overall thickness 

Height/Thickness of Si Wafer + PDMS 

Point Protocol 1-No Edge 

Bead Removal (µm) 

Protocol 2 – Edge 

Bead Removal (µm) 

1 621±0.5 530±0.5 

2 615±0.5 504±0.5 

3 643±0.5 536±0.5 

4 621±0.5 513±0.5 

5 591±0.5 528±0.5 

6 569±0.5 512±0.5 

7 580±0.5 509±0.5 

8 581±0.5 508±0.5 

 

Table 5-2: Micrometre measurements of PDMS membrane thickness 

Height/Thickness of PDMS Only Cut-Out 

Point Protocol 1-No Edge 

Bead Removal (µm) 

Protocol 2 – Edge 

Bead Removal (µm) 

1 197±0.5 125±0.5 

2 201±0.5 123±0.5 

3 194±0.5 124±0.5 

4 197±0.5 118±0.5 

5 203±0.5 123±0.5 

 

 

As expected, Table 5-1 shows a thickness variation between the inner and 

outer points, where the overall thickness increases towards the edge of the 

wafer due to the edge beads. Furthermore, the variation in thickness is more 

significant for Prot. 1. than for Prot. 2, demonstrating that Prot. 2 provides a 

more uniform surface. Table 5-2 on the other hand is a better representation 

of the variation in thickness. Since there is no comparison between points 
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closer or further away from the edge; as is the case with Table 5-1, all points 

have a similar thickness. The average thickness from the points measured for 

Prot. 2 is 122.6 μm compared to 198.4 μm for Prot. 1. What stands out is that 

Prot. 2 yields a significantly thinner membrane (by an average of 75.8 μm) than 

Prot. 1 while also being more uniform. Prot. 2 was therefore chosen for the 

final device. Although a larger quantity of measurements would have improved 

the comparison, it was not possible due to time constraints. Despite the given 

micrometre not being purpose-built for soft materials, it enabled the relative 

comparison between Prot.1 and Prot. 2.  

 

To further ascertain these findings, Table 5-3 compares the micrometre 

measurements with an OM (Leica D12000) and SEM using cut-out 5 in the 

middle of a new PDMS wafer prepared with Prot. 2. The measurements 

disagree by up to 15 µm. Although both of the other techniques are 

microscopic and may suffer from perspective distortion (as aligning lenses 

exactly parallel to the cross-section of the thin PDMS membrane is challenging 

and requires special mounting plates.  

 

Table 5-3:Comparison of measured PDMS membrane/substrate thickness using various 

measurement techniques 

Cross-Section Thickness of PDMS Cut-Out Using 

Various Measurement Techniques 

Measurement 

Technique 

Value (µm) 

Roebuck Industry choice, 

G877 Micrometre 

111±0.5 

Leica D12000 Optical 

Microscope 

113.24±0.29 

Scanning Electron 

Microscope 

98.03±0.02 
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5.3.2.4. PDMS-PDMS Bonding 

 

In addition to the above, a mechanism is required to bond the thin membranes 

of PDMS to each other if a neutral mechanical plane is to be established. A 

barrel asher was used to subject the PDMS to O2 plasma to create a 

hydrophilic and adhesive surface. The optimal time for this was found to be 6 

s at 350 W. Any longer and the PDMS wafers would bond too weakly, even 

when held 12-24 h compressed between glass weights. Experiments were 

also conducted where PDMS was re-inserted into the barrel asher after losing 

its tack, however the second time did not enable the PDMS to adhere. The 

following hypothesis is suggested to account for this unexpected behaviour: 

when a PDMS substrate is exposed to O2 plasma, hydrophilic groups ( –OH) 

are formed on the surface. When the PDMS is left for a longer time period, a 

SiOx layer is formed reducing adhesion. Thus, by exposing the PDMS to a bare 

minimum of O2 plasma, we can prevent the second layer from forming while 

preserving the hydrophilic and adhesive layers. 

 

 

5.4. Strain Gauges and their Application as a Glove 

 

5.4.1. Fabrication Process 

 

A variety of strain gauge test-structures were fabricated to obtain a useful 

signal from the e-skin using Au as the electrode metal of choice as described 

Subsection 5.2. The strain gauges were designed to fit onto small areas such 

as the phalanges. The prior use of microfabrication techniques such as 

photolithography had a poor and unpredictable yield which was even with large 

electrodes spanning most of the 3” PDMS substrate. It was also costly due to 

the use of multiple solutions and solvents required for photolithography. 

Smaller electrode widths are required for smaller strain gauges. Thus, a 
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process was devised to produce these patterns with 100% yield as described 

below. 

 

The overall fabrication process consists of the following steps (See Figure 

5-31): 1) Fabricate the new surface-modified PDMS substrate using the 

process defined in Subsection 5.3.2., 2) laser-cut, knife plot, machine or etch 

a stencil shadow mask made out of vinyl, cellulose acetate, or metal and 

adhere this onto the substrate surface, 3) sputter Au onto the surface, 4) 

remove the shadow mask giving rise to the strain gauge pattern, 5) connect 

wires/conductive thread for readout electronics using a suitable Au-bonding 

electrically conductive epoxy or electrically conductive adhesive (ECA), and 6) 

encapsulate the sensor with a top layer of PDMS.   

 

 

 

Figure 5-31:Facile fabrication process for strain gauges from new surface-modified PDMS 

substrate (termed NanflxTM) 
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When fabricating the strain gauge test-device, it was assumed that making the 

metal layer as thin as possible would maximise the flexibility of the device. The 

reason for the channel-crack formation observed while subjecting the samples 

to cyclic fatigue in Subsection 5.2.3 was not yet understood to be related to 

the Au thickness. Thus, 50 nm of was used to coat the devices.   Tests were 

also conducted to create the interface to the readout electronics. Nanoplated 

Ag conductive thread (Kitronik Electro Fashion 2744) was chosen for this. As 

opposed to flexible copper wiring used previously, it did not cause immediate 

local cracking within the Ag epoxy interconnect (Circuit Works CW2400). This 

issue had previously increased the contact-resistance and resulted in the need 

for constant re-zeroing/calibration of the sensor and loss of sensitivity over 

time. The advantage of conductive Ag thread is hypothesised to be due to the 

compliance of the threads which significantly reduces mechanical coupling to 

the epoxy-welded joint as well the as the ability of the Ag epoxy to permeate 

the gaps between the fibres of the thread.  

 

 

5.4.2. Strain Gauge Design 

 

As it was the first time strain gauges were designed on the now modified 

surface-modified PDMS substrate, experiments were conducted to determine 

the best strain gauge dimensions and patterns.  The first was to determine the 

minimum trace width which could be patterned. Using a laser-cutter to cut vinyl 

film, it was possible to create a stencil with critical dimension openings down 

to 100 µm width (See Figure 5-32 a)) to get successful strain gauges 

(significant help with laser operation was received from Martin Ling and 

Constantine Talalaev from Edinburgh Hacklab, UK). Full, half, and quarter 

bridges were fabricated using contours that the laser could follow (See Figure 

5-32 a)). Although initially conductive, these sensors failed as soon as they 

were pressed with a finger, thus rendering them impractical. Pressing the 

device created longitudinal channel-cracks that would create discontinuities at 
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very low force. Another experiment was done with a track width of 1 mm, which 

should be able to withstand flexing/stretching to a higher degree, especially 

with a serpentine (strain-relief) structure (See Figure 5-32 b)). Additionally, 

diaphragm strain gauge variants were tested. As seen on some sensors in 

Chapter 3, diaphragm strain gauges have been used for compliant devices, 

such as gloves [93]. This is because when pressure is applied to an 

elastomeric substrate, it results in the substrate experiencing strain in all 

directions. Diaphragm or circular strain gauges, traditionally used for sensing 

pressure across a membrane, use a radially oriented strain gauge structure to 

sense this deformation. Due to their pattern and direction, their design makes 

the strain gauge more sensitive to pressure/touch which falls within the 

sensing region. Finally, there was a desire to test how much durability 

enhancement could be achieved out of making the strain gauges wider (2 mm), 

and whether tensile forces could be discriminated in 3-axis using a Rosette 

structure which measures strains separately along each axis within the same 

plane (See Figure 5-32 c)).   

 

 

Figure 5-32: Various strain gauge patterns on new surface-modified PDMS substrates with 

traces of a) 100 µm width, b) 1mm width, and c) variable width between 1-2 mm 

 

The testing that took place was empirical. As soon as a sensor did not work or 

failed it was discarded. A standard multimetre was initially used, however it 

was connected to the conductive thread, and thus did not damage the Au film. 

Certain observations were tabulated (See Table 5-4). The sensors with a 1.2–

2 mm trace width were best able to withstand being detached from the 

substrate and wrapped around a finger both with and without a thin Neoprene 
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glove (See Figure 5-33). Once pressed a few times (equivalent to an initial 

stretch to establish a baseline and increase the GF by inducing cracks in the 

metal film as described in Chapter 3), they were able to completely recover 

their electrical conductivity after multiple press cycles, even after wrinkling of 

the substrate. Furthermore, they showed a high force sensitivity.  
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Table 5-4: Observations of strain gauge performance variations with different test-structure 

pattern and dimensions 

Strain Gauge 
Type 

Initial 
Resistan
ce (Ω) 

Stable 
Resistan
ce (Ω) 

Highest 
Resistance 
(Ω)-Hard 
Finger 
Press 

Pre-
mature 
Failure 

Observations 

Quarter 
bridge, 100 
µm width, no 
encapsulation  

82.1 98.2 150.3 Yes 

High initial 
resistance likely 
due to metal trace 
thinning in the 
middle of the strain 
gauge. All sensors 
with the same 
width failed upon 
handling or 
pressing with any 
significant force. 

Quarter 
bridge, 1 mm 
width 

- 42.3 - On glove - 

Quarter 
bridge, 1 mm 
width, PDMS 
encapsulation 

50.7 - - On glove - 

Rosette, 2 
mm width 

56.8 58.6 103.3 On glove 

Exhibits good 
recovery to the 
stable resistance, 
even when 
wrinkled or 
pressed very hard 
with finger and 
slightly stretched. 

Serpentine 
Pattern, 1.2 
mm width 

0.131 135 226 On glove - 

Half 
Serpentine 
Pattern, 1.2 
width 

  55.1 88.4 On glove 

Cut the above 
sensor in half. 
Some hysteresis, 
but not clear 
changes in stable 
base value. 
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Figure 5-33: Images of working Au strain gauge on new surface-modified PDMS substrate a) 

with Ag conductive thread attached to sensor with Ag conductive epoxy, b) wrapped around a 

neoprene while attached to multimetre, c) 2 strain gauges wrapped around a fingertip, and d) 

a diaphragm strain gauge conforming around a contour of an apple (attached with blue-tack) 
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5.4.3. Further Morphological Characterisation of the Au Layer 

and Surface Wrinkles for Metal Stretchability 

 

Although testing indicated that the sensor was compliant, failure would occur 

when attaching it onto as worker’s glove or as soon as it was used. One of the 

failure modalities was the interconnect (See Figure 5-34). The primary reason 

for this seemed to be the mechanical mismatch between the epoxy and the 

PDMS, the epoxy’s adhesion to Au, and the epoxy’s higher thickness than Au. 

Furthermore, the epoxy would crack in a brittle manner as it was flexed. 

Ensuring the epoxy-connected regions would not experience tension, and 

locating them outside the sensing region was sought as a solution to this. 

Methods were also trialled for attaching the sensors to the glove. Initially, a 

silicone adhesive was used. This worked the first time the glove was worn. 

However, upon re-fitting the glove onto the user’s hand the sensors would fail 

electrically due to strain on the Au. Instead, when the sensors’ edges were 

attached loosely to a thin neoprene lab glove using adhesive tape (Sodial® 2 

mm adhesive tape), they were able to withstand multiple re-fitting cycles. 

However, using this solution, the sensors would be unable to withstand real-

world environment due to the tape’s poor adhesion and since the metal surface 

remained exposed.   

 

      

Figure 5-34: [Left] Testing of various Au-adhering epoxies [Right] an epoxy that adheres so 

well to Au that the area can be delaminated locally by pulling on the attached readout wire. 
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In order to compensate for this, the sensor needs to be partially stretchable. It 

was thought that the 3-MPT – Parylene-C – 3-MPT sandwich was enabling 

wrinkles/buckling on the substrate that enabled a metal layer to withstand 

significant stretching. This assumption was pulled into doubt when observing 

under an OM that certain Au traces had wrinkles while others did not, despite 

undergoing the same fabrication process. It became unclear how important 

this was for the overall functioning of the strain gauge compared to thickness 

of the PDMS substrate. For example, lack of adhesion is one of the most 

common reasons for Au-PDMS device failure, which can present itself in the 

form of nanoclustering on the Au surface due to low surface energy of the 

PDMS (0.02 J/m) leading to a Volmer-Weber growth mode during deposition 

which would be visible in the grain structure [211][212]. Volmer-Weber is a 

three-dimensional island growth mode which occurs due to high deposited 

adatom mobility as a result of low surface energy [213][214]. This creates 

intrinsic stress within the Au film through grain-boundary growth during metal 

island coalescence, which can lead to microcracked metal films. To further 

investigate this, a sensor with 50 nm of Au which did not have wrinkles was 

profiled with an AFM (MultimodeTM, Bruker). 

 

A small square sample was cut from a wafer with a 50 nm coating and was 

scanned using an AFM. Figure 5-35 shows the scan of a 3.6 x 3.6 µm2 area 

(512 samples/line x 512 lines at a scan rate of 0.470 Hz) after applying 3rd 

order polynomial plane flattening to remove distortion using Nanoscope 6 

software due to height variations caused by any sample thickness variations. 

The small size of the scan allows the capturing of subtle details, showing the 

outline of Au grains. This is substantiated by the fact that 50 nm of electron-

beam deposited Au has an average grain size of 22±2 nm on a 1 mm thick 

PDMS substrate [213]. The morphology is analysed by calculating roughness 

parameters such as the mean surface roughness (Ra) as well as root-mean-

square (RMS) surface roughness (Rq) of the samples. Ra is the arithmetic 
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average of the absolute values of the surface height deviations measured from 

the mean data and is the most commonly used surface roughness 

measurement. It is expressed by the following equation: 

 

𝑅𝑎 =  
1

𝑀𝑁
∑ ∑ |𝑓(𝑥, 𝑦)|𝑁−1

𝑦=0
𝑀−1
𝑥=0     (24) 

 

 

Where M and N are the pixel length and width of the image respectively (width 

M x N total points per image), 𝑓(𝑥, 𝑦) is the height at horizontal coordinate x 

and vertical coordinate y. Rq is the RMS average of height deviations taken 

from the mean of the image data, expressed by the following equation: 

 

𝑅𝑞 = √ 1

𝑀𝑁
∑ ∑ 𝑓(𝑥, 𝑦)𝑁−1

𝑦=0
𝑀−1
𝑥=0

2
   (25) 

 

Where M and N are the pixel length and width of the image respectively (width 

M x N total points per image), 𝑓(𝑥, 𝑦) is the height at horizontal coordinate x 

and vertical coordinate y. 
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Figure 5-35: AFM surface images of 50 nm Au metal layer sputter-coated onto new surface-

modified PDMS substrate where a) is the 2D height image with heatmap and b) is its 3D plot. 

c) and d) are the amplitude and phase images respectively. Images are displayed using 

Nanoscope 6 software. 

For this sample, Ra is 10.3 nm and Rq is 12.9 nm. This is slightly higher than 

electron-beam (e-beam) deposited Au on PDMS, with an Rq of 7±2 nm [213], 

which can be expected given the less uniform nature of the sputter-coater 

deposition through a shadow mask. Further roughness parameters were 
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analysed include the particle size distribution (PSD) in Figure 5-36, 

skeweness, and kurtosis. 

 

 

Figure 5-36:Particle size distribution on the Au surface of the new surface-modified PDMS 

substrate 

Skewness and kurtosis are defined using the following equations: 

 

𝑆𝑘𝑒𝑤𝑒𝑛𝑒𝑠𝑠 =  
1

𝑅𝑞
3 ∙

1

𝑀𝑁
∑ ∑ 𝑓(𝑥, 𝑦)3𝑁−1

𝑦=0
𝑀−1
𝑥=0    (26) 

 

𝐾𝑢𝑟𝑡𝑜𝑠𝑖𝑠 =  
1

𝑅𝑞
4 ∙

1

𝑀𝑁
∑ ∑ 𝑓(𝑥, 𝑦)4𝑁−1

𝑦=0
𝑀−1
𝑥=0    (27) 

 

Skewness is a statistical metric for how symmetrical data is about its mean. 

The closer it is to 0, the more symmetrical the data is. In this case, the value 

for skeweness is -0.00864 which is close to zero, meaning the data is 

approximately symmetric about its mean, with an ever so slight tail towards the 

left side of the mean. The kurtosis values indicate the degree to which the 

distribution of the data is Gaussian, where a value close to 0 indicates a flat 

distribution about the mean and a value of 3.0 indicates that the data is 

arranged sharply about the mean. The kurtosis here is 2.95, which tells us that 

the height distribution is highly Gaussian and sharply arranged about the 

mean.  

 

By doing 2D Fast-Fourier Transform (FFT) filtering using the Gwyddion 

software (the data was again flattened using 3rd order polynomial but has a 

different scale as Gwyddion has a higher plotting range) it is possible to 

separate the fine grain structure from the larger surface height variations and 
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clusters in the substrate (This treatment involves first doing a 2D Fourier 

transform on the data to plot its frequency, then segmenting the frequencies 

from each other and applying an inverse 2D FFT on both segments 

individually. The 2D Fourier transform is defined by the following equation:  

 

𝐹(𝑢, 𝑣) =  ∫ ∫ 𝑓(𝑥, 𝑦) ∙ 𝑒−𝑗2𝜋(𝑢𝑥+𝑣𝑦) ⅆ𝑥
∞

−∞
ⅆ𝑦

∞

−∞
  (28) 

 

Where j is the imaginary number √−1 , 𝑓(𝑥, 𝑦) in this case is the continuous z-

height for each pixel at horizontal, x, and vertical, y, axial coordinates, and u 

and v are spatial frequencies corresponding to both axes. The inverse 

transform which is used to plot the separated images is the following:  

 

𝑓(𝑥, 𝑦) =  ∫ ∫ 𝑓(𝑢, 𝑣) ∙ 𝑒𝑗2𝜋(𝑢𝑥+𝑣𝑦) ⅆ𝑢
∞

−∞
ⅆ𝑣

∞

−∞
  (29) 

 

In order to apply this to a discrete set of data points, as is the case with an 

AFM data set, the discrete Fourier transform is used instead on each data 

point. The following equation is the 2D discrete time Fourier transform (2D 

DFT): 

 

 𝐹(𝑢, 𝑣) =  
1

𝑀𝑁
∑ ∑ 𝑓(𝑥, 𝑦) ∙𝑁−1

𝑦=0
𝑀−1
𝑥=0 𝑒−𝑗2𝜋(

𝑢

𝑀
 𝑥+

𝑣

𝑁
 𝑦)

  (30) 

 

The inverse 2D DFT is the following:  

 

           

 𝑓(𝑥, 𝑦) =  
1

𝑀𝑁
∑ ∑ 𝐹(𝑢, 𝑣) ∙𝑁−1

𝑣=0
𝑀−1
𝑢=0 𝑒𝑗2𝜋(

𝑢

𝑀
 𝑥+

𝑣

𝑁
 𝑦)

  (31) 

 

Where M and N are the pixel length and width of the image respectively (width 

M x N total points per image), 𝑓(𝑥, 𝑦) is the height at coordinate horizontal 

coordinate x, and vertical coordinate y, and u, v are the horizontal and vertical 

position on the frequency plot, respectively. 
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The FFT is an algorithm that computes the DFT and its inverse with 

significantly less compute time by factorising the DFT matrix (obtained from 

each point) into a product of sparse factors. This reduces the number of steps 

it takes to compute the DFT from O (N2) to O (N log N), using Big O notation, 

where N is the size of the data. Many FFT algorithms exist for this, one of 

which is used by Gwyddion, but will not be explored in more detail within this 

thesis.  

 

 

 

   

 

Figure 5-37: AFM surface height plots (a,d) of 50 nm Au metal layer sputter-coated onto 

surface-modified PDMS substrate with its corresponding 2D FFT frequency spectrum g), and 

its segmentation into lower (b,e,h) and higher (c,f,i) frequency components. For the latter, the 

grain structure begins to be visible.  

 

The surface roughness variation of the substrate over a larger area was further 

characterised using a WLI (Zygo). From Figure 5-38, the RMS roughness 
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(which can be compared to the aforementioned Rq) measured for an area of 

2.85 x 2.13 mm2 is 0.181 µm. The Ra is 0.150 µm. Both are an order of 

magnitude higher than for the AFM measurements, most likely due to the 

larger sample area being measured having higher overall roughness and lack 

of polynomial flattening. An additional parameter is calculated, Peak to Valley 

(PV), which is the measurement of the height difference between the highest 

and lowest point on the surface and in this case is 2.205 µm. When measuring 

a central line profile, the RMS remains the same while the Ra is near-identical 

at 0.153 µm, however the local PV is lower at 0.921 µm. The higher PV in both 

cases is likely due to the surface thickness variation across the substrate which 

were not compensated for. 

 

 

Figure 5-38: White light interferometry 3D surface map of Au surface of the new surface-

modified PDMS substrate [Top] with mid-section roughness information [Bottom Left] 

 

Overall, wrinkle-free 50 nm Au has a relatively lower Rq on AFM 

measurements (12.9 nm) than has previously been calculated for Zn deposited 
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on Si (31 nm) and PI/Si (43 nm) substrates [191]. If Zn were deposited onto 

PDMS, it could be assumed to have an even higher roughness due to the 

increase in thermal expansion of PDMS compared to Si and PI/Si. However, 

Figure 5-37 shows the clustering of Au grains which occurs with Volmer-Weber 

growth. Although the internal stresses were not strong-enough to induce Au to 

have a microcracked morphology after deposition, it could be causing the 

device to fail prematurely compared to the case of buckling.  

 

As discussed in sub-section 3.4.1, it has been shown that buckling can be 

caused by the sputter-coating process thermally expanding PDMS which 

afterwards contracts to form buckling in the metal layer. For Au films to adopt 

a buckled morphology, the following condition must be met [215]: 

 

𝜎𝑡ℎ,𝑝𝑟𝑒 + 𝜎𝑡ℎ,𝑑𝑒𝑝 + 𝜎𝑖𝑛𝑡 >  𝜎𝑐𝑟𝑖𝑡    (32) 

  

Where 𝜎𝑡ℎ,𝑝𝑟𝑒 and 𝜎𝑡ℎ,𝑑𝑒𝑝 are thermal stresses in the metal film caused by the 

large mismatch in the coefficients of thermal expansion (𝛼) between Au (𝛼𝐴𝑢 =

14.4 × 10−6 K−1) and PDMS (𝛼𝑃𝐷𝑀𝑆 = 300 × 10−6 K−1), although this is 

partially mitigated by Parylene-C (𝛼𝑃𝑎𝑟𝑦𝑙𝑒𝑛𝑒−𝐶 = 3.5 × 10−5 K−1)  [133], [134], 

[215]. 𝜎𝑡ℎ,𝑝𝑟𝑒 is the stress caused by the heating of PDMS while the metal 

crucible is being heated prior to deposition and 𝜎𝑡ℎ,𝑑𝑒𝑝 is the stress caused by 

the heating of PDMS during Au deposition. Most of the PDMS heating is 

caused by the kinetic energy of the Au atoms, condensation heat, and the 

radiation emitted by the heated metal target. 𝜎𝑖𝑛𝑡 is the intrinsic stress of the 

film which is growth-mode dependent. 𝜎𝑐𝑟𝑖𝑡 is the critical stress for buckling to 

be required in order to relieve the stress in the Au film, and depends on the 

substrates’ and film’s mechanical properties. For Au on a PDMS film, 𝜎𝑐𝑟𝑖𝑡 has 

been calculated using an equation dependent on E and the Poisson’s ratio of 

both materials to be 44 MPa [215]. Independently controlling PDMS 

temperature during deposition of 50 nm of Au showed no buckling if the PDMS 

was cooled to 0 ⁰C [126]. Indeed within ranges below 130 nm, the thermal 
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stresses (𝜎𝑡ℎ,𝑝𝑟𝑒 + 𝜎𝑡ℎ,𝑑𝑒𝑝) tend to dominate, however above this range 𝜎𝑖𝑛𝑡 

dominates becoming more compressive, with decreasing temperature 

requirements the thicker the Au layer deposited [214], [215]. Some 

temperature-dependence remains, however, leading to the general conclusion 

that Au films buckle if deposited Au thickness is above 50 nm and deposition 

temperature exceed 65 ⁰C [215]. Further observations have shown that at 

thicknesses less than 45 nm, no Au buckling occurs even if the temperature is 

above 65 ⁰C, despite the fact that lowering the temperature can produce 

microcracks. One explanation for this temperature-dependence is that the 

Volmer-Weber growth mode changes from low- to high-mobility at higher 

temperatures, or alternatively that the morphology of the Au is modified by the 

temperature-dependent surface diffusion of further Au [214] [216].   

 

A possible explanation for the inconsistent wrinkle patterns was therefore that 

the 50 nm of Au being deposited at the University of Edinburgh was 

inconsistent in thickness and/or temperature for each wafer. In any case, 

increasing the deposition time of a sputter-coater would ensure that the 

conditions for buckling mentioned above were satisfied while it was also 

deemed to compare this to a lower deposition thickness. Thus, the author 

instructed metal to be deposited with an equivalent industrial sputter-coater 

(MRC 603 Sputter Tool) at the Centre for Process Innovation (CPI). 25 nm, 50 

nm and 150 nm of Au were sputtered onto the same thin surface-modified 

PDMS substrates. The surface topology was then measured using a NanoMan 

V AFM as well as taking OM images (See Figure 5-40). The results (See Figure 

5-39) show that, although the Parylene-C layer on top of the substrate has 

significant initial roughness (Ra = 152.2±32.24 nm) which was previously 

misinterpreted as causing wrinkles in the metal layer, the surface roughness 

increases with increasing deposited metal thickness (Ra increases from 

16.65±9.83 nm – similar to the previous AFM measurements-to 48.6±23.08 

nm from 25 nm to 150 nm deposition thickness, respectively), and so does the 

buckling in the metal layer. Based on these results, the MRC 603 Sputter Tool 
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was used for all subsequent Au deposition, which yielded the desired wrinkles 

to enable some stretchability.  

 

 

Figure 5-39: Surface roughness profiles from the new surface-modified PDMS substrate 

plotted with an AFM for (a) the substrate with a top Parylene-C layer but without any metal, 

and (b) 25 nm, (c) 50 nm, and (d) 150 nm thickness Au thin-films. Roughness (Ra) is displayed 

for the overall (2D) surface within each plot region. Thicker metal films lead to higher surface 

roughness and increased wrinkles. 

    

Figure 5-40: OM images of the new surface-modified PDMS substrate taken at the same 

magnification with [Left] no metal layer on top (and crack in the middle)and [Right]Au layer of 

150nm deposited on top. Despite the roughness of the bare Parylene-C layer on the surface 

of the substrate in [Left], this does not create the ripples in [Right] which are dependent on the 

metal layer thickness deposited using the sputter coating process. 
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Unfortunately, despite the presence of ripples, the sensors were still unable to 

withstand being adhered to a glove that had to undergo multiple stretch cycles. 

To overcome this, metal can be deposited on a pre-stretched substrate. When 

the substrate is released the metal sheet is compressed, forming wave-like 

patterns on top of the substrate [128]. In this way, the properties of Au can be 

used to flex and stretch the substrate multiple times without failure of the 

conductive layer. However, this necessitates the loading of a pre-stretching jig 

into the sputtering chamber, something that was not possible within the given 

timeframe necessary.  

 

5.4.4. Assembly Into a Glove 

 

To protect the sensors, adding a thicker encapsulation layer on top by casting 

PDMS on top of the sensors still attached to the Si carrier wafer, and placed 

in a custom mould (See Figure 5-41) was trialled. Unfortunately, due to the 

tensile forces acting on the sensor, curving the sensor in this form factor would 

break it as well as the attached interconnect.  By this point it was also clear 

that it was important to uniformly sense force in all directions. Thus, a modular 

diaphragm strain gauge design was implemented. Due to the sensors being 

unable to withstand being adhered directly to the fabric of a glove, it was 

decided that rigid supports would be necessary if a durable device were to be 

fabricated. Since the sensors could be flexed and some of the reasons why it 

failed on a glove were still unresolved, a variety of curved backplanes were 

designed depending on which phalange they would be used for, and for 

concentrating the pressure into the desired regions of the diaphragm strain 

gauges. The backplanes were designed to also help make the sensitivity 

uniform and shield the interconnect. The backplane was 3D printed with 

Ultimaker 3 (UltimakerTM, United States) with supports made polyvinyl alcohol 

(PVA) that were dissolved using ultrasonication. Furthermore, a strap-on glove 
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was tailored (by a product design student called Laura Garcia-Caberol), which 

could accommodate the sensors (See Figure 5-41). The readout circuitry is 

not detailed here, but consisted of a PCB with voltage divider circuits (with 

resistor values proportional to the strain gauge resistances) for each individual 

sensor readout with inputs to an ST Microelectronics Microcontroller. Each 

sensor was assigned its own set of general purpose input-output (GPIO) pins 

and an analogue readout pin. These were then fed into a visualiser on a PC, 

which has a heatmap of all sensors corresponding to the resistance output of 

the voltage divider. Furthermore, each sensor’s heatmap could be pressed to 

reveal a real-time scrolling graph of the sensor value. The high-level design for 

the visualiser resembles existing force-sensor software packages.  

 

 

 

Figure 5-41: Flexible strain gauges with thick 1 mm PDMS encapsulation layer to protect 

epoxy. 
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Figure 5-42: Process flow for 3D printed rigid backplane and epoxy shields for diaphragm 

strain gauges and corresponding assembly for creating adjustable human glove with strain 

sensors. 
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The sensors (inside their rigid housings) would repeat the same output under 

multiple cycles of controlled testing (e.g. 75 N of force would produce a 

consistent output value of 650 from one sensor). However, due to crack 

propagation, lack of flexibility, epoxy brittleness, and the fact that metal is 

brittle, the piezoresistive sensors wore out quickly and required constant re-

calibration/zeroing. The need for recalibration/zeroing is to be expected due to 

previous studies showing that GF changes over time as cracks propagate (See 

Chapter 3) which make metal thin films unreliable long-term strain sensors on 

stretchable substrates, both in terms of drift over time as well as lack of 

robustness. Overall, the sensors were tool sensitive to detect the large 

dynamic range of forces required. It is likely that applying high pressures was 

stretching the metal in such a way as to irreversibly change the GF, making 

them ever-more sensitive until they failed. Furthermore, it was observed that if 

the object being squeezed localised the pressure significantly with its peak 

force coinciding above a metal track on the strain gauge, the metal would get 

irreversibly damaged.  It was thus deemed necessary to quantify the 

contribution that the existing buckling made to the stretchability of the sensor, 

if any, so that a better glove could be designed, which is carried out in 

Subsection 5.5. 
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5.5. Au-based Surface-Modified PDMS Strain Sensor 

Electromechanical Characterization Upon Stretching 

 

5.5.1. On Standardized Test Methods for Testing Fatigue 

 

Although the ASTM Standard Test Method for Tensile Properties of Thin 

Plastic Sheeting <1 mm thickness (Designation: D882-12 [217]) can easily be 

adapted to measure the tensile properties of elastomeric substrates (modulus 

of elasticity and failure modes/curve) of the same dimensions, there is 

currently no standard specific to the determination of tension fatigue in thin 

elastomers that fall below a thickness of 1.5±0.2 mm (ISO 6943:2017, 7.1.2 

Dumb-bell test piece and 7.1.3 Ring test piece [218]). This presents a problem 

as there is no industry standard for the comparing the fatigue properties of thin 

elastomers. It is therefore important to make an informed decision based on 

the most relevant existing standards as well as material 

considerations/constraints of the specimen. Since differences in geometry of 

the test specimen can have a large impact on stiffness as well as how forces 

within the material are distributed while fatigue cycling is taking place, the 

geometry of the specimen is a significant consideration. It is important to 

ensure that the forces exerted on the specimens’ test area are parallel to the 

length of this area. For this to work, the geometry as well as the attachment of 

the specimen to the test machine must be carefully controlled.   

 

Another consideration is that the standards mentioned pertain to test 

specimens that consist of a single material. In our case we are interested in 

specimens that are made of layers of different materials, all of which have 

different tensile properties. Even if we know each of the materials’ individual 

properties it is nearly impossible to theoretically predict what the final tensile 

properties as well as fatigue tolerance will be, although some failure modes 

can be predicted using the principle of weakest link in each mode (i.e. the 
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material with least elasticity will dominate for tensile failure, and most brittle 

material for fatigue failure). This is because these properties are determined 

by the unique molecular bonds, grain structure, and possible dispersion of 

each individual material. Even the fabrication equipment, and thus the 

uniformity of each layer, plays an important role in determining what the failure 

modes will be. These considerations are what justify the necessity for obtaining 

experimental results. Even if it is impossible the make the conditions identical 

to the real-world, their value comes from allowing the comparison of different 

techniques against one another using the same reference. 

 

The main consideration is thus the geometry of the test specimen. For fatigue 

testing either dumb-bells, dog-bones or rings are commonly used [218]. For a 

very thin sample consisting of multiple materials a ring is impractical (and does 

not work with most generic test-equipment which is designed to work with 

rectangular ends for clamping purposes). Thus, only test strips, dumb-bells, 

and dog-bones are considered. Initially it would make sense to choose the 

standard typically used to test tensile strength of elastomers. In ASTM D412 

for example (specific to tension testing elastomers) dog-bone-shaped 

specimens are used. However, since the surface-modified PDMS substrate 

has multiple layers, its stretchability is in fact limited by the Parylene-C layer 

which has a relatively high E of the order of 3.9 GPa without considering the 

top layer of gold (which in this case cracks in a brittle manner). Due to this the 

most relevant test method would in fact seem to be ASTM D882-12 for thin 

plastic strips which specifies a test specimen width of 5-25.4 mm and length at 

least 50 mm longer than the grip separation used. There are multiple examples 

of the use of test strips of 5 mm width, however the 50 mm test length is often 

not adhered to. Other geometries such as the dog-bone shapes have been 

used with the 5 mm test length width as well (See Figure 5-43) [219].  
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Figure 5-43:An illustration for a dog-bone shape made out of thick PI with a Cu film sputtered 

in the middle region. Copyright © 2001 Elsevier Science B.V. Reprinted, with permission 

from [219].   

 

The biggest practical constraints that must be considered are the dimensions 

of the test equipment as well as making sure that the forces and strains are 

not concentrated at the edges where the sample is being gripped. Failure at 

the location immediately adjacent to the clamp is the most common cause of 

pre-mature failure due to either misalignment or the nature of the gripping 

mechanism being used as well as the geometry of the sample. In order to 

ensure failure of the sample in the middle of the test-length instead of pre-

mature failure, a dumbbell or dog-bone shape is best.  

 

5.5.2. Electromechanical Test Specimen Selection 

 

In this case the length of the sample should be <70 mm to fit in between the 

micro-tensile tester being used. A dog-bone shape is easier to cut than a 

dumbbell, so it was chosen due its previously highlighted advantageous 

properties. Since a viable standard was sought, the dimensions for the dog-

bone were picked to be from a standard that matched closely with the desired 

application. Although [218] pertains to tension fatigue, the shortest dumbbell 

sample listed (Type 2) has an overall length of 75 mm which was too long for 

the tensile tester. The ISO standard for the determination of stress-strain 

properties in rubber, vulcanized, or thermoplastic  however has some smaller 

test specimen dumb-bells [220]. Of these, Type 3 is 50 mm in length and Type 

4 is 35 mm in length, which are ideally suited for the tensile-tester dimensions. 
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In order to adapt these into a dog-bone shape the specified inside transition 

radius was removed while keeping the outside transition radius in-tact. See 

Figure 5-44 for the mask designs of the final test specimens on 3” wafers. The 

designs made using DraftsightTM CAD software and cut from vinyl using a knife 

plotter. 

 

Figure 5-44: Mask Designs for comparison of test specimens, with type indication listed above. 

 

5.5.3. Testing and Results 

 

The test specimen was connected to a NI 9219 ADC module using silver 

conductive thread as an electrical pathway and Ag epoxy as an interconnect 

to connect this to the surface of the Au on the test specimen. Due to the low 

elasticity of the epoxy, the surface of the substrate immediately underneath 
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must be mechanically isolated from the stretching that occurs during the 

fatiguing of the sample using the micro-tensile tester. This is done by uniformly 

gluing the bottom part of the extremities of the test specimens to glass slides, 

which in turn are clamped to the tensile tester. This has the two-fold benefit of 

both reducing the mechanical coupling as well as preventing tearing of the 

samples at the edge of the clamp due to poor friction between the clamp and 

the substrate.  

 

The NI 9219 module was setup into a 4-wire resistance configuration to 

minimise the readout of contact resistance, which in the case of the silver 

conductive thread is significant. Since the resistivity of Au is low, the overall 

resistance of the device is expected to be lower than that of the lead-wire 

resistance, and hence it was deemed important to eliminate the latter by using 

the 4-wire method. The NI 9219 is capable of measuring resistances up to 10.5 

kΩ with an accuracy of 24 bits, while providing the options of 50 and 60 Hz 

noise cancellation. Due to time constraints, only dog-bone modified dumb-bell 

Type 4 from BS ISO 37:2017 could be tested (See Figure 5-44). This was also 

deemed most relevant since the width of the narrow portion is comparable to 

the trace width of the strain gauge (2 mm).  
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Figure 5-45: Image of test-setup using the 4-point probe method with dog-bone specimen on 

glass slides between micro-tensile tester.  

 

 

Figure 5-46: CMOS Camera with USB link to PC 
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Initially a USB CMOS-camera (See Figure 5-46) setup plugged into the PC, 

along with an illuminating white light source, was used to try and track crack 

propagation more precisely, with an otherwise identical setup to Figure 5-3. 

Unfortunately, although the ripples are somewhat visible, it was impossible to 

track cracks since, as mentioned in subsection 5.2, what looks at times to be 

a crack or discontinuity in Au at the macroscopic scale is in fact a fold. 

Furthermore, the Au substrate is highly reflective creating glare that would vary 

according to the stress experienced by the main portion of the substrate being 

measured, thus obscuring this tracking capability (See Figure 5-47). 

 

 

 

Figure 5-47: 2 CMOS microscope images of Au surface at centre for dog-bone test specimen 

with different tensile strains with 2x magnification illustrating reflection (glare) from white light 

source.  

 

Nonetheless, it is possible to track the resistance variation of the specimen 

with elongation. This in turn gives us interesting information. Even with 

buckling in the top layer, the sample is only capable of withstanding a very 

minimal amount of stretching. The sample begins to increase in resistance 

instantly from 5.165 Ω to 37.225 Ω in an exponential fashion up to 0.082 mm 

extension – this exponential regime is denoted as Phase 1 (See Figure 5-48 

[Top Phase1]). After this, entire discontinuities/cracks are being formed in the 

metal layer. However, due to the changing shape of the substrate (thinning 

and elongating due to Poisson’s ratio) longitudinal current pathways are 
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temporarily created. Finally, the quantity of discontinuities in the transverse 

axis are so large that the resistance quickly goes beyond the 10.5 kΩ range 

(due to the sharp slope of this curve, 10.4 kΩ / 0.08 mm, the device is likely to 

have a fully open-circuit and hence be non-conductive at this stage). The 

region of crack formation and metal island interactions is denoted as Phase 2 

(See Figure 5-48 [Top Phase 1&2]). Since the cracks have now been formed, 

we observe nearly the opposite behaviour in the relaxation phase (See Figure 

5-48 [Bottom Phase 1&2]), but without the erratic behaviour when the cracks 

were being formed. Instead, there is a sharp drop back to conductivity of 

67.210 Ω at an elongation level at 0.119 mm which exponentially reduces to 

5.711 Ω at 0 mm (no elongation) (See Figure 5-48 [Bottom Phase 1]). Fatigue 

testing was not carried out due to time constraints. 

 

 

 

Figure 5-48: Resistance changes as the Au coated specimen is elongated [Top 2 Graphs] and 

relaxed [Bottom 2 Graphs] Phase 1 of elongation and relaxation phases have been fitted with 

an exponential trendline.  
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Figure 5-49: CMOS images of Au surface with 2x magnification [Top] at centre for dog-bone 

test specimen after the tensile test, showing channel cracks that were formed, and [Bottom] a 

large herringbone pattern forming after compressive stresses are created from peeling too 

hard from a the salinized Si wafer. 

These results show that, despite a high specimen width, the buckled Au on the 

thin surface-modified PDMS substrate is unable to withstand a small quantity 

of stretching. No stretching is achieved without a change in resistance, but also 
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given the 16 mm length of the stretched region of the specimen, and 0.119 mm 

extension during return to conductivity, this represents a stretchability of 

0.744%. This is in line with other reports on wrinkles extending stretchability 

only by a few tenths of a percent [203]. It provides an explanation as to why 

discontinuities are formed when e.g. re-inserting a hand into a glove multiple 

times with these sensors attached, as fabric gloves stretch far more than this. 

However, the relaxation-phase data shows that the sensor has an average GF 

of ~1447 over 0 < ε < 0.744% after the initial stretching, which is extremely 

high. This data can be also compared with that of Yan et al. [148] (See 

subsection 3.5). The erratic resistance changes during the first elongation phase 

likely signify the formation of long channel cracks propagated from micro-cracks 

throughout the entire width of the substrate (See Figure 5-49 [Top]), after which 

the GF is enhanced and an exponential behaviour is observed for part of the 

resistance change during elongation. This could be explained by both the metal 

overlap model and quantum tunnelling models used by Yan et al. and described 

in Subsection 3.5 [148]. Finally, the beginning of the attenuation in resistance 

change can be seen in a single cycle with the initial resistance beginning at 5.165 

Ω in Figure 5-48 [Top Phase 1] but returning to 5.711 Ω in Figure 5-48 [Bottom 

Phase 1], due to the crawling of the PDMS substrate and interfacial rearrangement 

between Au and the substrate. Comparing this with Park et al.’s [109] data on the 

resistance change rate, ∆R/R0, where ∆R is the resistance change during 

mechanical cycling (See Figure 5-50) for an Au film sputtered onto 0% pre-

stretched Parylene-C-deposited PDMS where O2 plasma is instead used as 

an adhesion layer sandwiching a thinner (150 nm) Parylene-C layer with a 

thicker substrate (See Subsection 3.1.4), the results are considerably worse in 

the case of using the current surface-modified PDMS substrate. The 2 mm 

width of the narrow portion likely contributes to this significantly, as it is 

considerably thinner than Park et al.’s 1 cm width test strips, in which channel 

cracks have more room to grow. 
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Figure 5-50: ∆R/R0 of Au film sputtered onto 0% pre-stretched Parylene-C-deposited PDMS 

showing its hysteresis curve. Copyright © 2017, Springer Nature. Reprinted, with permission 

from [109]. 

Thus, it was concluded that this type of sensor is not suitable for high force ranges 

or strain gauges for the given application, although it may work for shorter cycling 

times for detecting very small pressures. However, this cannot be ascertained 

without further testing. Furthermore, the 3-MPT layer does not appear crucial to 

the sensor’s functioning. It would be useful to directly compare it to using O2 

plasma using the same geometry, so see whether this reduces channel crack 

formation yielding a better sensing range. 

 

5.6. Conclusion 

 

In this chapter, work was described that attempted to make previous work on 

a surface-modified PDMS (namely a 3-MPT – Parylene-C – 3-MPT sandwich 

structure on top of PDMS) substrate suitable for practical applications. A 

number of tests, modifications, device integration, and characterisation 

brought about the conclusion that, despite numerous improvements made to 

the original technology which yielded a novel variant, it is ill-suited to be used 

for piezoresistive e-skin, and hence it will no longer be investigated in this 

thesis. Some of the reasons include its constant need for recalibration/zeroing, 

degradation over time, hysteresis, fragility, and low dynamic range. Instead, 
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an alternative technology with far better dynamic range, hysteresis, 

patternability, lower cost, ability to be miniaturised, and design flexibility, is 

henceforth considered. 
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6. Compliant Tactile Pressure Sensors for E-Skin with Low-

Frequency Load Sensing to Facilitate Dextrous Robotic 

Manipulation-Design 

 

6.1. Introduction 

 

In this chapter, we will discuss the design of a compliant piezoresistive 

pressure sensing system, and how it can acquire pressure data from humans 

grasping objects which could in turn be used to train a machine learning 

algorithm that enables a robotic end-effector to grasp objects with similar 

forces if equipped with the same sensors.  

 

Device designs using these sensors are discussed in the case of a robot and 

a human, including the materials considerations in order to make the device 

compliant and the readout-electronics used in order to minimize overall 

footprint of the device while achieving high performance. 

 

6.2. Considerations 

 

Several items must be considered whilst designing the entire sensor system. 

The initial objective for such a system is to give a more tactile sense of touch 

to the robot end-effector region that is equivalent to the human palm. 

Nonetheless, the entire system needs to be retrofittable. The challenge of 

getting touch/pressure to work in an industrial setting is the focus here, while 

also making sure that the sensor is mass-manufacturable. 

 

The table below (Table 6-1) by Stassi et al. forms an initial overall requirement 

in robotics for the specification for such a device: 
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Table 6-1: A specification for dextrous robot tactile sensor requirements. Adapted from [68] 

who adapted it from [221]. 

 

 

Furthermore, although the overall system will be generalizable to any robotic 

end-effector and general body-part, whether hard or soft, a particular use-case 

is initially considered. The use-case selected is a popular robotic end-effector 

platform called the Allegro Hand™ (Wonik RoboticsTM, South Korea) grasping 

delicate produce. For example, researchers at EPFL have used the Allegro 

Hand attached to a KUKA™ robotic arm to catch water bottles thrown in real-

time [222]. It has also been used to grasp and handle fresh produce and can 

be used for handling difficult object such as cylindrical ones. 

 

A separate sensor system, which is compatible with human hands is also 

necessary, so that their touch and feel can be mapped in greater detail and 

then transferred to the robot. In order to determine the optimal sensor design 

it is necessary to qualitatively study the biomechanics of the human and robot 

hands (See Figure 6-1) as well as how skin deforms under various constraints. 
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Figure 6-1: [Top] Illustration of the phalanges on a human hand. Reprinted from [223] which 

is released into the Public Domain. An Allegro Hand [224]. The top 3 phalanges of each finger 

can be found on the anthropomorphic Allegro Hand ™. [Bottom] Allegro Hand ™ grasping 

various objects [225]. 
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Observations in the case of the Allegro hand: 

 

• The hand is fully rigid except for the fingertips which are slightly 

deformable 

 

• The sensors for the intermediate and proximal phalanges of the fingers 

are flat. The active sensing region has to extend over the entire surface 

of the phalange because when the robot is grasping objects, the initial 

contact with the object is often concentrated on one of the edges of the 

sensor.  

 

• The fingertips are hemispherical; when trying to wrap a planar sensor 

over a spherical object wrinkles are forcible created creating a local 

pressure in those regions  

 

• If a sensor is constructed that extends over the entire inner-region of 

the finger, overlapping multiple phalanges, then when the finger is bent, 

then the regions between the phalanges will overlap and cause wrinkles 

which in turn have a local pressure that would be sensed 

 

• Each joint on the Allegro Hand is constructed in such a way that when 

it is fully rotated, part of any phalange below the fingertip is covered. 

This is due to the location of the rotation axis of each phalange and 

does not occur on human hands. Despite this overlap, a gap remains 

between the two phalanges on the order of ~1 mm. Therefore, if sensors 

are to cover the entire area of each phalange, they must be thinner than 

1 mm in order not to feel any pressure when the hand or individual 

phalanges are in a fully or partially ‘closed’ state. (extending the Allegro 

joints, which has been demonstrated before [226], as this means the 

sensor is not completely retrofittable) 
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Observations in the case of the human hand: 

 

• The skin on the fingers is soft, however when a high-enough pressure 

is applied the bone inside makes the finger behave similarly to a rigid 

object 

 

• Most phalanges on fingers have cylindrical curvature perpendicular to 

the direction of the finger but are not themselves hemispherical. 

 

• 4 fingers on the human hand have additional metacarpal phalanges, 

and a human hand has carpals. Due to this reason, for certain kinds of 

grasping the entire palm can curve, which is not the case on the Allegro 

Hand 

 

• When a hand is in its closed position, surfaces on the phalanges are in 

contact with each other get compressed. Our skin registers this as 

pressure, however the human brain compensates for this so that we do 

not actually sense this pressure in the same way as pressure caused 

foreign objects. In order for this to take place, it is likely that the brain 

takes into account actuation being applied through muscles as well as 

the nature of the pressure signal itself for proprioception. 

 

Finally, it is of paramount importance in placing sensors on the palm, that no 

wiring is found in the sensing region itself as this could interfere with the signal, 

and that any wiring on the back of the hand is kept to a minimum while allowing 

each component to have its full range of motion (RoM). 

 

  



Compliant Tactile Pressure Sensors for E-Skin with Low-Frequency Load Sensing to 

Facilitate Dextrous Robotic Manipulation-Design 

194 

 

6.3. Data-Gloves 

 

Data gloves have been used in various applications ranging from robotics and 

VR to rehabilitation since around 1977 when the Sayre Glove was created by 

the Electronic Visualization Laboratory, and are essentially input devices for 

human-computer interaction [227]. However, for an e-skin that can be 

retrofitted onto both humans and robots, there is no clear distinction between 

a human and a robot interface. Although literature occasionally refers to robotic 

data-gloves as e-skin, a distinction is made between the two for the purposes 

of this thesis as the ‘glove’ term is a variant of e-skin designed with a particular 

shape and appropriate attachment mechanisms to fit an entire hand or end-

effector. There are multiple e-skins that are not application-specific in this 

fashion, and indeed may not work on the palm region or having discontinuities 

between regions. This is to say that there is a mechanical design or product 

design component associated with the glove, in addition to the e-skin design 

itself. 

 

Data-gloves have been assembled before, both for humans and robotic end-

effectors, including the Allegro. The drive for creating these retrofittable 

systems is that there is currently no commercially available and industrially 

reliable system which can be retrofitted on most surfaces of the palm/hand 

without obstructing/limiting its motion and also acquire high resolution and 

dynamic range data.  Furthermore, having a system that works both on human 

as well as robots can allow a robot to be trained using human data. The main 

designs of interest therefore need to be explored in this field. QTC has in fact 

been used to make the tactile gloves embedded into National Aeronautics and 

Space Administration’s (NASA’s) Robonaut for dexterous handling of objects 

on the International Space Station (See Figure 6-2). [228] Multiple 

technologies were evaluated. The drawbacks of FSR technology (Interlink 

Electronics, Inc.) was that it has a stiff backing, so QTC (Peratech, UK) was 

also chosen for one of the gloves due to its very large dynamic range, and the 
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ability to be manufactured in high or low durometer rubber of various 

thicknesses making it able to curve around most surfaces and be cut into 

irregular shapes. To make sure the sensors were sensitive-enough, a medium 

density rubber with moulded hemispherical protrusions was developed to 

concentrate force to increase the pressure on the sensing surface, and hence 

provide higher sensitivity. Due to the bulkiness and assembly difficulty, durable 

plastic beads were used instead, which provided excellent sensitivity.  

 

 

 

Figure 6-2:[Left] NASA/DARPA Robonaut Holding Drill with Tactile Glove, [Middle] Distribution 

of Sensors on Robonaut Hand [Right]  Interlink sensor packaging cross-section which required 

foam with a cut-out to shield the FSR sensor from tension and motion of the outer fabric of the 

glove while the hand moves. This was not necessary with QTC where position and slack 

distribution was adequate. Copyright © 2004, IEEE. Reprinted, with permission from [228]. 

 

Various other data-glove sensor designs have been trialled. For the Allegro, 3-

axis magnetic hall-effect sensors have been embedded in a rubber matrix and 

then designed to fit the Allegro (See Figure 6-3 a)) [226]. More conventional 

capacitive tactile sensors from Pressure Profile Systems (PPS) have also been 

used on it fingertips (See Figure 6-3 b)) [229] . For human hands on the other-

hand, piezoresistive fabrics have been used (See Figure 6-4) [230]. Indeed, 

the highest precision robust commercial solution for humans is the PPS 

TactileGlove, which contains 65 capacitive sensors that can sense 0.04 N up 

to 80 psi (55 N / cm2) of pressure, have a scan rate of 25-40Hz, 98% linearity, 

and have a retail price just over $5000 for the basic system [231]. However, at 
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2.6 mm the gloves are relatively thick. Unfortunately, this glove is not 

waterproof, and so has practical limitations. One of the most impressive gloves 

comes from a recent Nature Letter by Sundaram et al., where the signatures 

of the human grasp were learnt using a tactile glove with 548 piezoresistive 

sensors in a matrix configuration, where each element was sensitive to small 

forces, with a working range of ~30 mN to 0.5 N which could withstand 1000 

cycles, and sensors are stable up to temperatures of 60 ⁰C, but after 80 ⁰C the 

sensors become insulating (See Figure 6-5) [232]. A bulky electrical noise 

isolation scheme was used to get an overall refresh rate of 7.3 frames per 

second (fps). 

 

   

Figure 6-3: Allegro Hand fitted with various e-skin sensor ‘gloves’; a) uSkin with 3-Axis force 

sensors with up to 24 sensors for a finger-tip. Copyright © 2018, IEEE. Reprinted, with 

permission from [226], b) PPS RoboTouch capacitive array sensors on fingertips. Reprinted 

from [229] which is licensed under Creative Commons CC BY 3.0. 

 

 

a) 

b) 

https://creativecommons.org/licenses/by/3.0/


Compliant Tactile Pressure Sensors for E-Skin with Low-Frequency Load Sensing to 

Facilitate Dextrous Robotic Manipulation-Design 

197 

 

 

Figure 6-4: Illustration of the use of a tactile sensing glove for humans made of various 

conductive, nonconductive, and piezoresistive fabrics. Reprinted from [230] which is licensed 

under Creative Commons CC BY 4.0. 

 

Figure 6-5: A) Photographs of a glove that was recently made to learn from human grasping, 

consisting of a matrix array of 548 sensors over the inner part of the hand, connected to 

appropriate readout electronics. The sensors change their through-thickness resistance in 

response to normal pressure and 135,187 tactile maps were recorded by grasping different 

objects. These in turn were fed into a machine-learning algorithm in order be able to classify 

objects through touch. b) shows an illustration of the sensor layout, the 64 electrodes required 

for interfacing, and the facile fabrication process. The inset shows typical sensor response. 

Copyright © 2019, Springer Nature. Reprinted, with permission from [232]. 

 

Currently the highest-precision tactile systems in robots require replacement 

of the entire parts or only work on specific end-effectors. For example, 

Syntouch’s BioTac™ are fluid-filled sensors that take up the entire fingertip 

(See Figure 6-6) [233]. The sensor itself sports impressive specifications; it 

uses fingerprints on its surface in order to sense texture similarly to humans, 

https://creativecommons.org/licenses/by/4.0/
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since fingerprints enhance vibration by amplifying force as the finger is run 

over different surfaces. Using Bayesian exploration techniques for how the 

finger touches surfaces, textured objects can be identified with up to a 95% 

classification accuracy. Furthermore, it uses human-like fingernails since nails 

are used to sense tangential forces in human hands [234].  Syntouch also have 

the world’s only touch database, and the sensor itself exceeds human 

sensitivity to vibrations [233]. Another notable example is the custom grasping 

system designed for the NASA Robonaut 2, which has a low-profiled load cell 

designed in an arch-shape that is compatible with all phalange locations and 

acts as a 6 degree of freedom (DoF) F/T sensor (See Figure 6-7) [235]. The 

load cell contains 8 pairs of semiconductor strain gauges mounted on an 

elastic Al element which is designed to maximise measurable bending strain 

within the space given. At 2.2 kg of force or 113 mNm of torque, hard stops 

redirect the load to ensure the elastic limit of the strain element is not 

exceeded.  

 

Figure 6-6: a), Cross-section schematic of the BioTac, b), image a BioTac with visible 

fingerprint-like ridges on the ventral surface. Copyright © 2012, IEEE. Reprinted with 

permission from [233] and c), the BioTac Single Phalanx (SP) which fits onto Shadow Robot 

Company’s Dextrous HandTM fingertips while still allowing full articulation of the hand. 

Copyright © 2015, SynTouch. Reprinted, with permission from [236].  
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Figure 6-7: [Top] NASA/General Motors Robonaut 2 hand demonstrating the Cutkosky grasp 

taxonomy [Left]Load cell used on the NASA Robonaut 2, containing 8 pairs of semiconductor 

strain gauges to for a 6 DoF F/T sensor [Right] Phalanges equipped with F/T load cells. 

Copyright © 2012, IEEE. Reprinted, with permission from [235]. 

These sensors, although impressive, are only suitable for specific robot 

fingers, and do not cover other areas. Furthermore, most are limited to only 

human or robot variants. They do, however, serve as inspiring designs centred 

around how the sensors perform and the ergonomics of the hands/end-

effectors in question.   
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6.4. Design  

 

6.4.1. Sensor 

 

Due to the requirements of high sensor resolution and positional accuracy, two 

sensor topologies were explored; digital multi-touch resistive matrix arrays and 

analogue single-touch resistive sensors. The advantage of these topologies is 

that they are already extensively used in industry for resistive touch-screens. 

Passive matrix arrays work by having m row electrodes and n column 

electrodes to address m x n ‘points’ or pixels, thus reducing the quantity of 

electrodes required. However, if 1mm resolution is desirable, for a standard 

Allegro Hand phalange of 20 x 30 mm2, a 20 x 30 matrix array would generate 

600 connections, which would result in ~10,000 connections for an entire hand. 

This is more than any conformable (non-rigid) data glove that has been 

fabricated and has obvious drawbacks in terms of wiring complexity. Although 

multi-touch would be ideal, it is not worth the trade-off in connections and 

wiring. Furthermore, no sensing can be conducted between pixels, which 

leaves empty space between each row and column overlap that will not 

register concentrated forces. This is non-ideal for tracking moving objects over 

the surface of the sensor. 

 

Having a single touch sensor for each phalanx means that the area occupied 

by each sensor can be small, therefore the compromise of not having multi-

touch capability does not significantly impact the performance if the position of 

the centre of pressure can be tracked accurately in real-time. All designs for 

this kind of resistive touch-pad function in a similar way: two electrically 

conductive resistive layers/films are separated by an air gap that is usually 

maintained by adding a very thin spacer layer or spacer dots (See Figure 6-8). 

Position is detected by sequentially applying voltages across each conductive 

surface/film in perpendicular directions to one another (representing the x and 
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y axes) through parallel electrodes. When an equipotential exists across one 

of the surfaces, and the layers come into contact with one another, the voltage 

at the pressure point will depend upon its position from the electrodes being 

used to apply the voltage. This voltage is then read out from an electrode on 

the opposing surface.  

 

Various designs exist for single-point resistive touch-pad sensors which can 

employ 4, 5, or 8 wires (See Figure 6-9). Each sensing method uses a variant 

on how the equipotential position itself is sensed, however the overall principal 

is the same. Historically, 5-wire sensing is most robust as its output is not 

sensitive to the condition of the top electrode which is a single electrode used 

to readout voltage. 8-wire sensing is the most sensitive as it applies the 4-point 

probe method to resistive sensing in order to exclude contact resistance, and 

thus the requirement to recalibrate the sensor over time.  Recalibration is 

required as there are inevitable changes in contact resistance of the wires 

connected to the resistive films, as well as changes to the resistance of the 

films themselves as they wear out over time. In off-the-shelf touchscreen 

technology, however, the 4-wire method is now the most common since the 

reliability of the connections and materials, such as Indium-Tin Oxide (ITO), 

has reached a point where recalibration is seldom required for the intended 

lifetime of the device. In addition to this, it is only possible to accurately 

measure force using a piezoresistive layer with 4- or 8-wire variants. 
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Figure 6-8:[Top] Contact being made to resistive touch panel. Copyright © 2020, Epec, LLC. 

Reprinted, with permission from [237] [Bottom] Detailed Structure of resistive touch panel, 

where FPC stands for flexible printed circuit (cable). Copyright © 2013, DMC Co. Ltd. 

Reprinted, with permission from  [238]. 

 

Figure 6-9: Schematic of a 4-wire touch screen when a pressure is applied. Copyright © 2007 

Atmel Corporation. Reprinted, with permission from [239].  
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Indeed, a floating touchscreen sensor (without any applied voltages for 

readout) can be represented as a simple resistive network as illustrated in 

Figure 6-10. 

 

Figure 6-10: Simple schematic representation of touchscreen as resistive network 

Each sensor is divided into a virtual grid of pixels between its X and Y 

electrodes. Assuming negligible wire resistance, the number of pixels in either 

X or Y directions corresponds to the number of analogue voltage levels that 

can be read out by 2 analogue-to-digital converters (ADCs) as illustrated in 

Figure 6-11. This means that if the geometry of the device is varied, the virtual 

pixels can be of various shapes, and do not necessarily have to be square or 

rectangular, provided appropriate geometric transformations are applied in 

software. However, for the purposes of this thesis we focus on the simplest 

case of rectangular sensors. 
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Figure 6-11: Illustration of virtual m x n pixel grid formed by rectangular shaped X and Y 

electrodes, assuming negligible wire resistance. 

Reading the Z pressure signal is another matter. The simplest method is a 4-

point probe measurement in the through-thickness direction. In order to better 

illustrate this, a Z piezoresistance (also known as a touch resistance) is added 

the resistive network of the touchscreen schematic. A current is then passed 

through the device by setting one electrode on one axis plane (e.g. Y+) to high 

voltage, and an electrode on another axis plane (e.g. X-) to low voltage, as 

illustrated in Figure 6-12. 
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Figure 6-12: Resistive Touchscreen schematic with added Z-axis piezoresistive component, 

and 4-point probe measurement in through-thickness direction in order to measure voltage 

drop across Z. The current path is highlighted in red. 

The voltages at the opposing electrodes are then measured (e.g. Y- and X+) 

after which they are subtracted from one another yielding the following 

equation: 

  

𝑉𝑧 = 𝑉𝑌− − 𝑉𝑋+    (33) 

 

Where 𝑉𝑌− is the voltage potential measured at the Y- electrode, 𝑉𝑋+ is the 

voltage potential measured at the X+ electrode. 𝑉𝑧 is the voltage in the through-

thickness direction, between top and bottom equipotential layers, and is 

proportional to resistance between the layers. 

    

The materials ‘stack’ is the primary factor influencing the compliance of the 

substrate. Traditional manufacturing methods used for the creation of touch 

panels on top of flat panel or curved displays must be modified. Since the 

sensor needs to be retrofittable, it could analogously be described as a 

wearable sensor. And since the printable electronics supply chain already 

exists, any device leveraging this fabrication process can easily be mass-

produced.  
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The polymer substrate base material was chosen to be a thin polymer that 

could be compliant in either one or two axes, and depending on the given 

thickness could include PDMS, PI, polybutyrate, polycarbonate, poly(methyl 

methacrylate), acrylate, polyethylene, high-density polyethylene, low-density 

polyethylene, PET, TPU, polyurethane, polyvinyl chloride,  polyetherimide, 

PEN, polypropylene, polystyrene, aliphatic or semi-aromatic polyamide, PTFE, 

PVDF or a blend of these materials. 

 

As discussed in Chapter 3, Metals are not ideal for a compliant device, as they 

are not intrinsically stretchable and have a low elastic limit before plastic 

deformation occurs. This eventually results in metals that are under tension 

forming cracks that propagate through the metal which causes a fracture that 

breaks the circuit and thus the device itself. Since this device preferably has 

planar electrodes, strain relief structures which can be used to mitigate this 

effect cannot not be incorporated. Furthermore, a rigid-island topology, which 

has been used with matrix arrays, cannot be used. Thus, conductive 

nanocomposite materials represent an excellent alternative, and are also 

robust enough for the 4-wire design to be adopted. There are multiple methods 

to deposit or pattern conductive composites, however screen-printable inks are 

ideal as they have been validated by industry and often have better properties 

than ink-jet printable inks which are more difficult to manufacture due to 

required low viscosity and uniform dispersion. Furthermore, these inks can be 

incorporated into roll-to-roll printing processes which allows facile scale-up of 

device manufacturing. This form of fabrication is not only simpler, but also 

orders of magnitude less expensive than traditional microfabrication 

techniques employed in the semiconductor industry such as photolithography. 

Various micro- and nanoparticles are present within the ink, who’s 

concentration when cured is beyond the percolation threshold of the material 

and can thus achieve high levels of conductivity during flexing. These have 
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been used in e.g. flexible flat cables (FFCs) and flex printed circuit boards 

(PCBs). 

 

For the main device, a stretchable Ag particle based conductive ink base layer 

was chosen for the electrodes and traces/ways, since they had to lead to the 

back of the device and potentially accommodate stretching and multiple 

cycles. For the resistive layer, a flexible carbon ink was chosen, on top of which 

the pressure-sensitive QTSS ink was printed. Although all the materials are 

sensitive to pressure (conductive inks can be described as piezoresistive just 

as any metal trace could), their response to normal pressures is insignificant 

compared to QTSS, and thus their GF is negligibly low. QTSS reacts 

anisotropically to normal pressures when applied in a thin layer. Furthermore, 

a spacer layer consisting of an elastic polymer is also required to be 

sandwiched between the device.  

 

6.4.2. System 

 

The high level design of the system is illustrated in Figure 6-13. The system is 

designed to be portable by having the data transmitted wirelessly. A Wi-Fi 

network (2.4 GHz) is chosen in order to have higher possible wireless data 

transmission bandwidth (compared to e.g. Bluetooth), even if it consumes 

more power. The system is rechargeable through a wire by having a 

corresponding battery attached to it. Each sensor is readout by a 

microcontroller (MCU) board which contains A/D units that control whether 

pins are set to input or output, and whether the ADC is engaged or just a digital 

output signal. The MCU also controls multiplexers which cycle through each 

sensor one at a time (serially) in order to read each one’s values, up to N 

sensors. The data is pre-processed and filtered on the MCU to get smoothing 

and higher accuracy/signal-to-noise ratio (SNR) before being sent wirelessly 

to a PC through a Wi-Fi receiver, which in turn processes and/or displays the 
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results numerically or visually, and allows the user to save them. The system 

should achieve as close to 100 Hz refresh rate as possible. 

 

 

Figure 6-13: High Level Block diagram of the wireless IoT electronics readout platform, where 

N is the number of sensors. 

 

6.4.3. Glove Design 

 

The encapsulation of the overall sensor is an important consideration. 

Although the encapsulant could be considered the substrate material of the 

sensor, in this case a modular system was desired that could be retrofitted 

multiple times with little effect on the overall sensor properties while still 

providing good frictional properties to allow the robotics end-effector to 

effectively grip objects. 

 

It is known that the thickness of the encapsulation material around the sensor 

in question, as well as its compliance/rigidity, has an appreciable effect on its 

output. The main materials affecting the sensor output in this case are the 

pressure-sensitive ink, the substrate material, and the encapsulant. This sub-

section discusses the implementation for both the human and Allegro hands. 
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6.4.3.1. Human Glove 

 

The overall contact surface between the human and robot hand is different. 

However, since it is in our interest to get as close as possible to a 1-to-1 

mapping between these two, it is desirable to eliminate as much of the normal 

pressure as possible caused by human phalanges being in contact with one 

another during finger bending. For this reason, sensors should exclude these 

regions, and are ideally in a similar configuration as the robot’s sensing surface 

in Figure 6-14.  

 

 

Figure 6-14:Example of difference in contact surfaces between human robot finger. 

Copyright © 2015 Elsevier B.V. All rights reserved. Reprinted, with permission from [240] 

Furthermore, humans have great variation in their hand shape and size. A 

standard size 10 worker glove was therefore chosen as it could be used in 

industrial applications. It is important to note that any glove on a human 

reduces skin sensitivity. Natural latex rubber was therefore chosen for the 

glove material, as it is highly conformal and closely matches the stiffness 

properties of human skin, thereby lessening the reduction of sensitivity on the 

sensor, while also having good frictional properties and tack. The choice of 

placement of the sensors on the human hand can be seen in Figure 6-15. 
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Figure 6-15: Illustration of sensor placement on human hand -16 sensors total (not to scale) 

the sensors on the index, middle, and ring finger can be exchanged between one another but 

the others cannot.  

 

6.4.3.2. Robot/End-Effector Glove 

 

For the Allegro Hand, the sensors were designed with modularity in mind so 

that as many as possible could be interchanged.  

 

Figure 6-16 shows the hand with interchangeable sensors in either red or 

purple. The black sensors are not interchangeable. This gives an overall 

sensor count of 14 for the entire hand. Since each sensor is planar, as they 

are screen-printed, a reliable signal cannot be obtained when using the 

traditional Allegro fingertips which are hemispherical. This challenge was 

overcome by creating custom Allegro™ fingertips with developable surfaces 

and hence zero Gaussian curvature. These fingertips have a surface which 

can be flattened onto a plane without distortion, but otherwise preserve the 

same shape and dimensions of the original Allegro™ fingertip. The sensors in 

red in Figure 6-16 have heavy-duty Velcro stuck onto their back so they can 
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be moved around and replaced easily, while making sure to avoid overlapping 

with the moving joints.  

 

 

     

 

Figure 6-16: [Left] Modular sensor placement on Allegro™ hand. Adapted from [224]. [Right] 

Custom Allegro™ fingertip with developable surface. 

 

6.5. Conclusion 

 

In summary, a review of existing data-gloves and their implementation of 

pressure sensors/e-skin, as well as in-depth qualitative analysis of the human 

hand and a single dextrous robotic end-effector platform (Allegro Hand), has 

led to an original design with regards to a piezoresistive e-skin and its 

placement (on each phalange and parts of the palm), topology and working 

mechanism (highly reduced thickness and improved centre-of-pressure 4-wire 

design to significantly reduce routing complexity), and readout electronics 

(wireless MUX array for up to 16 sensors at 100 Hz refresh rate) that will inform 

the production of novel data-gloves. These gloves will be able to acquire data 

about pressure and its location while humans handle objects, which can be 

used to train a robot in order to reduce damage to delicate objects for 

automated pick and place tasks.  



Compliant Tactile Pressure Sensors for E-Skin with Low-Frequency Load Sensing to 

Facilitate Dextrous Robotic Manipulation-Methods, Materials, and Fabrication 

212 

 

7. Compliant Tactile Pressure Sensors for E-Skin with Low-

Frequency Load Sensing to Facilitate Dextrous Robotic 

Manipulation-Methods, Materials, and Fabrication 

 

Given the specific design requirements in the previous chapter, a combination 

of materials and topologies were selected and fabricated using techniques 

amenable to mass-production. These, along with electronics readout 

algorithms and calculations, as well as embedding of the e-skin into a glove, 

are described in this chapter.  

 

7.1. Fabrication Process 

The fabrication process consists of patterning various passive and active 

electrically conductive layers onto a substrate surface using the Dek Horizon 

i3 (ASM) screen printer. Each layer has a corresponding screen with a 

patternable area of 380 x 380 mm2 (MCI Precision Ltd, United Kingdom) based 

on the device designs provided. The screen meshes themselves are initially 

covered with a photocurable polymer that is selectively exposed to light in a 

given pattern with the uncured areas washed off. This process is analogous to 

the patterning of a device using photolithography but only has to be done once 

for each layer’s screen. The device itself consists of 9 layers, 6 of which are 

screen printed. However, 3 of these layers are made from identical materials 

as the other 3. Since an air gap is necessary between the layers of the 

quantum tunnelling ink, it is possible to produce only 3 screens for the entire 

device, provided that one side of the device is intended to be cut, flipped, and 

attached to the other side of the spacer layer (somewhat analogous to the flip-

chip technique in the semiconductor industry – See Figure 7-1).  
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7.1.1. Effect of Substrate Material on Fabrication Process  

The main advantage of screen-printing is that it is robust and hence various 

substrates can be printed onto. The surface-energy of the substrate as well as 

the ink determine the wettability for the given ink to be deposited. Polymers 

are weak molecular crystals or solids that are held together by physical forces 

such as van der Waals and hydrogen bonds and hence have a low surface 

energy. The effect of surface energies on screen printing resolution is a subject 

that has been studied during the last 2 decades, as the process is the basic 

technology for thick-film circuitry [241]. It is important that the ink flows and has 

enough cohesive forces so that the screen-printing mesh does not leave marks 

in the ink after its deposition, but also that the ink does not wet the substrate 

completely as this results in loss of resolution compared to the pattern being 

deposited, known as ‘bleed’ in industry jargon. Indeed, ink wettability can be 

decreased by decreasing the surface energy of the substrate, which increases 

the line resolution that can be printed. For high surface energy substrates (e.g. 

ceramics), highly thixotropic inks must be used which increase their viscosity 

and reduce their flow after deposition. An alternative to this is to use surface 

modification of the substrate. It is therefore an advantage in this scenario that 

polymers are being used, since even low viscosity inks can be used if the 

critical surface tension of the substrate is below the surface energy of the ink 

[241]. Low-viscosity inks possess a number of advantages. Higher flowability 

reduces the sticking of the ink to the screen, smoothens the edges of printing 

lines as well as makes the surface of printed films smooth and uniform. These 

inks also have a lower cost of production. In this case, tests were done using 

100 μm thick PET for reference, a substrate commonly used in the flexible 

electronics industry, 36 μm thick PET, and 75 μm thick TPU. 
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7.1.2. Screen Selection and Ink Deposition  

Screens of the following types and parameters for frames, tensions, 

orientations, and fiducial alignment patterns were chosen for various inks:  

• Silver Tracks-265 Frame 305 (120/34)-Polyester @ 45˚ 12um SRX-SF 

Unfilled Fiducials for Alignment of subsequent layers 

• QTSS-265 Frame 156 (61/64) -Polyester @ 45˚ 15um SRX-SF Filled 

Fiducials 

• High Res Carbon-265 Frame 156 (61/64) -Polyester @ 45˚ 15um SRX-

SF Filled Fiducials 

Although it is theoretically possible to go down to critical dimensions of 20-50 

μm using screen-printing and depending on the mesh type, this is highly 

dependent on the type of ink being used as well as the screen-printer itself. 

Furthermore, thinner traces are less resilient to flexing and stretching than 

wider ones (despite having a higher tolerance than metal thin-films), as smaller 

cracks or discontinuities can destroy the circuit. Most stretchable inks, for 

example, are subjected to controlled testing by their manufacturers with a 

critical width of 1 mm, and a strain relief patterns may be used to improve 

performance (as discussed in subsection 3.3.3.1). For this reason, the 

minimum line-width pattern trialled was 200 μm using Ag stretchable ink.  

QTSS ink (C75) was used in this application. The ink was designed to be 

printable with the same screen parameters as high resistance carbon ink. The 

main process steps for the fabrication of the device using pre-made screens 

are illustrated in Figure 7-1 below.  
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Figure 7-1:4-wire piezoresistive sensor fabrication process using QTSS™ ink. 

 

  

Figure 7-2:[Left] Screen printing through a mesh on the ASM Horizon Dek i3 Screen printer. 

[Right] Various rectangular and circular sensor topologies and sizes printed on a 100 μm PET 

substrate. 
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The sensor must be connected to the outside world readout electronics. When 

using a 4-wire design, it is important that this interface has a near-constant 

contact resistance that does not degrade significantly over time. This is 

because if the contact resistance changes, the sensor itself has to be 

recalibrated as a result of the wiring resistance change that would occur. Epoxy 

connections are unreliable and degrade over time. Therefore, a crimping 

standard from the flexible electronics industry, also used in the endings of FFC 

cables, Nicomatic Crimpflex™ contacts were adopted. [242] This system 

ensures stable mechanical contact by piercing the conductor layer at 6 points 

during the crimping process and then compressing the sharp tips to be in 

contact with the conductive layer of the device. Each solder tab has a pitch of 

1.27 mm.  Furthermore, the sensors were designed and placed in such a way 

as to minimize local flexing within these regions during use.  

 

It is worth noting that multiple other fabrication processes were initially trialled. 

One replaced the 2 QTSS layers and spacer layer with a different material. 

Initially, this was a non-woven fabric embedded with QTSS ink, as well as a 

QTSS foam. Although when evaluated qualitatively in isolation, these 

appeared to have advantageous properties, practical tests on the robotic end-

effector demonstrated that they were not sensitive enough and spatial 

resolution was reduced somewhat. Furthermore, the response time of the 

foam was too slow and it has a high level of hysteresis. Other experiments 

included the use of Velostat/Linqstat, a pressure-sensitive conductive material, 

as opposed to the high-resistance (R) carbon while using copper-foil tape 

instead if low-R silver electrodes. This made the device too bulky and 

significantly less robust and repeatable, and hence unsuitable for the given 

application. 
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7.2. Readout Electronics 

 

7.2.1. Hardware 

 

After comprehensive evaluation it was concluded that off-the-shelf 

components could be used for trialling the readout electronic. However, 

multiple breadboard prototypes were required to improve the form factor and 

functionality of the readout electronics (See Figure 7-7). The initial single-

sensor prototype consisted of an Arduino™ Duemilanovae microcontroller 

(MCU) board with 4 of its analogue pins used for the sensor readout. This 

board contains an ATmegaTM328 8-bit microcontroller and has a clock speed 

of 16 MHz. The analogue inputs are 10-bit in resolution, meaning they can 

read 1024 levels and hence a 1024 x 1024 pixel virtual grid/matrix was formed 

for each sensor.  

 

Later, a TeensyTM 3.2 USB development board replaced the Arduino. Its 

analogue inputs were connected to 4 x 74HCT4051 8-to-1 multiplexers 

(MUXs) and an external DC 5 V power supply. This expanded its capability to 

readout up to 8 sensors sequentially. The Teensy 3.2 is a computationally 

powerful board, as it has a 32-bit Advanced RISC Machines (ARM) Cortex-M4 

processor clocked at 72 MHz, while having a small form factor. With low-level 

firmware libraries one can access an ADC resolution of 13-bits and control 

other parameters such as ADC speed. This means each sensor can have a 

grid of 8,192 x 8,192 pixels which is an extremely high resolution. Furthermore, 

the board uses direct USB data-transfer making it much faster at transmitting 

data than Arduino, which uses a USB-serial transmission and hence is limited 

by its hardware defined maximum baud rate (between 115200 and 2,000,000). 

The transmission speed is an important consideration, as this is usually the 

data rate limiting step when sampling a large quantity of sensors. The Teensy 

3.2 board, however, suffered from significant capacitive noise. The root cause 
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was likely to be some form of power-supply coupling as an additional power-

supply was required to power the MUXs and the noise was concentrated 

around 60 Hz. The issue was resolved by implementing a passive high-pass 

filter using a capacitor (C) and resistor (R) with cut-off frequency (fc) of 72.27 

Hz on the X+ pin as shown in Figure 7-3 with its associated equation.  

 

 

Figure 7-3: High-pass filter for Teensy 3.2 X+ pin with cut-off frequency of 72.27Hz. Adapted 

from [243]. 

The Teensy 3.2 was later changed to an Arduino Nano, a smaller development 

board with the same specification as the Arduino Duemilanovae which 

powered the MUXs through USB. This removed the need for the separate 

power supply and hence high-pass filter, but also reduced the computational 

power of the board as well as the ADC resolution back to 10-bits. The 

schematic for this can been seen in Figure 7-4, and the final breadboard layout 

in Figure 7-5. Due to the robust performance of this setup, it  was expanded to 

cope with 16 sensors and a custom PCB was designed, manufactured, and 

encased into a 3D printed (PLA) box in order to create a general purpose data 

acquisition (DAQ) device (See Figure 7-6). The PCB included 0.1 µF 

decoupling capacitors next to each MUX, connected to their 5 V supply trace, 

in order to prevent power supply noise from interfering with the measured 

signals. 
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Figure 7-4: Schematic representation of ArduinoTM Nano development board with nets to 

associated MUXs and sensor axis pins. 

 

Figure 7-5: Breadboard layout of Arduino Nano development board with wiring to associated 

MUXs and sensor axis pins. 
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Figure 7-6:DAQ device (with magnetically attached top lid removed) consisting of ArduinoTM 

Nano development board on a custom-made PCB with the ability to serially readout 16 e-skin 

sensors. 

For the final hardware iteration, a wireless system was implemented which 

could fit onto the back of the wrist of the human wearing the glove. The system 

had to be able to read up to 16 sensors (per hand) to be cross-compatible with 

the robot and human wearer, while also being portable, non-intrusive, 

ergonomic, robust, and have the capacity to issue remote firmware updates 

through the cloud/internet for large-scale deployment.  

 

For this, initially the Particle™ Argon IoT platform was chosen as the main 

development board. [244] This is a highly compact platform. It is based around 

the new Nordic™ nRF52840 System-on-Chip (SoC) with an ARM Cortex-M4F 

32-bit processor that has a clock speed of 64 MHz. Not only is this chipset 

powerful, but it is capable of transmitting data using the new Bluetooth Low-

Energy standard to stream data directly to a PC or mobile phone for further 

processing and visualization while consuming minimal power. The 

development board also features an Espressif ESP32 -D0WD 2.4 GHz Wi-Fi 

coprocessor, which can independently transmit data up to 150 Mega-bits per 
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second (Mbps) without taxing the main ARM processor on-board. 

Furthermore, the Joint Test Action Group (JTAG) interface can be used for 

real-time debugging. A 3.7V Lithium-Ion (Li-Ion) battery was hooked up to the 

board’s Lithium Polymer (LiPo) battery connector, which can be re-charged 

through a USB connection to the board. An external Wi-Fi antenna was also 

connected to the board’s u.FL connector. 4 analogue-input pins were chosen 

and connected to 4 16-to-1 analogue CD74HC4067 MUXs. Analog pins A0-

A3 were used for reading in the analogue voltage from the sensors, with 12-

bit resolution giving a 4,096 x 4096 pixel grid per sensor. Since these readings 

are within the device operating voltage of 3.3 V, this gives 0.8 mV per row or 

per column. These pins can also act as general digital GPIO, so they are 

toggled between high and low voltages when necessary to give the top or 

bottom electrodes the correct voltage bias.  The sampling time itself is 10μs in 

order to read a single analogue value, giving a theoretical sampling limit of 100 

kHz in total. Since 4 voltage values have to be read per sensor, for a 16-sensor 

hand the theoretical fastest frequency each sensor could be scanned is 1.562 

kHz. If a 50 μs delay is added to allow signals to settle after each channel on 

the MUXs is selected (in order to reduce unwanted static electrical noise), this 

further reduces to a maximum scan frequency of 694 Hz. 
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Figure 7-7: 4 iterations of breadboard prototypes for sensor readout electronics, in 

chronological order; a) a single-sensor prototype using an ArduinoTM Duemilanovae, b) an 8-

sensor prototype using a TeensyTM 3.2, 4 MUXs, and a power supply, c) an 8-sensor 

prototype using an ArduinoTM Nano and 4 MUXs, and d) a 16-sensor capable prototype using 

ParticleTM Argon and 4 MUXs. 

The sensors were placed as close to the board as possible, since it is a known 

issue that the ADC readings are susceptible to noise when they are located far 

away from the main board. However, in order to make the system compact, 

the ADC could not be placed right next to or even onto the sensors themselves. 

For this reason, some noise pickup in the wiring could be possible if strong 

EMC is present in the operating environment (as it was for the Teensy 3.2). 

The following could be used to solve this issue if operating in harsher 

environments where this becomes a problem: 

• External capacitors across the ends of both electrodes on the sensor 

which form a low-pass filter. This will cause a settling time requirement 

which typically shows up as Gain Error of the ADC. To overcome this 
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issue, a delay between setting voltages for the measurement, and 

actually performing the ADC measurement can be employed in 

software  

• The resistance of the leads can also influence settling time which can 

be compensated for with a delay (See section 7.2.2 for more on this)  

An additional source of error may include the fact that a current is applied 

across each plane when sensing position. Thus, if the resistance of the plane 

is very low (which it is not in most cases) then it is not possible to achieve 0 V 

or full-scale (from 0 V to the power supply voltage (VCC)) inputs to the device 

since some significant voltage would be dropped across the board’s current 

drivers’ internal on-resistance (RON), as well as that of other internal switches. 

The main method for compensating this would be to make the voltages 

connected to the inputs of the device reference the ADC, thereby having a 

differential voltage reference and making the overall measurement ratiometric 

(See Figure 7-8). This can be done with some dedicated touchscreen 

controllers [245], but is not a native feature to most microcontrollers and cannot 

be done with development boards if it is desirable for the final package/PCB to 

be compact, as it would involve adding a touch screen controller or discrete 

ADC module/s to the readout system. 
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Figure 7-8: [Left] Simplified Diagram of Single-Ended Reference directly from supply voltage 

(Y Switches Enabled, X+ is Analog Input) [Right] Simplified Diagram of Differential Reference. 

+REF and -REF are connected to Y+ and Y- respectively, after the current driving switches so 

that voltage drops due to RON are eliminated. Adapted from [245]. 

Significant noise was present when more than one sensor was used on the 4 

16-to-1 analogue CD74HC4067 MUXs.  This was thought to be due to the 

increased input impedance of ARM Cortex-M4F chipset ADC inputs (Particle 

Argon) compared to those on ATmega chipset (Arduino Duemilanovae, 

Arduino Nano). The increased input impedance of the given ADC is known to 

cause issues with very high impedance loads/sources, which the 

piezoresistive sensor has until a high pressure is applied. One suspicion was 

that the additional series resistance of the MUX could be adding to this input 

impedance, as the on resistance (RON) of the CD74HC4067 is ~125Ω. Both of 

these issues would be straight forward to fix by adding buffer op-amps to the 

ADC inputs (A0-A4 analogue inputs on the board) which would switch on only 

when the analogue voltage was going to be read. However, this would make 

the system significantly less portable. As previously mentioned, reading only 1 

sensor through the MUX would work without issues, whereas additional 

sensors would incur the noise. It was thus suspected that the MUX switching 

was causing the problem. Switching noise from the channel select lines is 

known to cause issues in some applications, however filtering this out had no 

effect. It is also known that the CD74HC4067 MUX uses CMOS logic 
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compared to 74HCT4051 which uses transistor-transistor logic (TTL). These 

digital logic schemes have different logic levels for high and low digital signals 

and must generally be compatible with the microcontroller’s logic levels. TTL 

logic levels range from 0 V to the VCC of 5 ± 
1 

4
 V, where a low level (logic 0) 

ranges from 0 – 0.8 V and a logic high (logic 1) ranges from 2 – 5 V. [246] On 

the other hand, CMOS logic levels range from 0 V to VCC, where a low level is 

anywhere between 0 – 
1

3
 VCC and a high level is anywhere between 

2

3
 VCC – VCC 

[247]. For newer chip designs, CMOS logic is normally used because it can 

tolerate lower VCC (low-power circuits) and over twice the amount of noise as 

TTL circuits reducing the potential for error. Thus, it was suspected that since 

Arduino Nano uses TTL level logic, it was compatible with the 74HCT4051 

MUXs which also implement this logic scheme. The particle Argon on the other 

hand operates at 3.3 V [248], and should thus be compatible with the 

CD74HC4067 MUXs which implement CMOS logic [249]. After further 

investigation of the MUXs, it was found that CMOS logic is not ideal in speed-

critical situations. CMOS logic has longer rise and fall times than TTL,  and the 

TTL variant of the MUX (CD74HCT4067) may be used to provide a guaranteed 

interface in these situations [247][250]. Thus, the HC variant of the MUX is 

slower than the HCT variant when switching, especially at VCC below 4.5 V. 

Furthermore, RON varies significantly with the signal level being sent through 

the MUXs, however this variation is even more dependent on the VCC and 

increases for the MUX when the signal gets close VCC (in this case 3.3 V when 

a high pressure is applied). In order to reduce RON variation, the maximum 

signal from the board (3.3 V) should be significantly lower than VCC. Although 

the HC CMOS variant can be powered from 5 V, this would make the minimum 

logic high signal required to be 3.33 V, which is just above the 3.3 V output 

that the Particle Argon board outputs for logic high. However, when the HCT 

TTL variant is powered from 5 V, the 2–5 V range for the high signal means 

that a 3.3 V signal will register as logic high. This is important, as digital logic 

signals are used to select each MUX channel. Thus, using CD74HCT4067 

MUXs powered by a 5 V power-source, while being controlled by the 3.3 V 
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Particle Argon board should work. Unfortunately, this still did not fix the issue. 

Increasing timing delays for all MUX signals to settle before they are sampled 

and after switching channels/between toggling digital/analogue (D/A) 

input/output (I/O) functionality on pins was investigated but surprisingly 

produced no results either.  Nonetheless, the Arduino Nano did not have these 

issues with the same MUXs, ruling out the possibility that this was only MUX-

related.  

 

The ADC on the Particle Argon, with the known high impedance issue, was 

therefore narrows down as the likely cause. A simplified model of an analogue 

sensor connected to an ADC can be seen in Figure 7-9.  

 

Figure 7-9: Simple model of analogue sensor connected to an ADC 

In this model, Vanalog is the voltage (source) being measured at some point 

inside the sensor while Ranalog is the variable impedance between the given 

voltage being measured and the ADC. Vanalog and Ranalog change based on 

which wire is being measured, how much pressure is being applied to the 

sensor, and which spatial location it is being applied to. However, each time 

the ADC samples the voltage a switch is closed and a capacitor, Chold, will 

charge up through Ranalog (the sensor output impedance) and RADC (the ADC 

input impedance) for the duration the sampling period, Ts. This is referred to 

as the sample and hold phase. Once Ts is over, the switch is released and a 

successive approximation register (SAR) conducts a binary search in order to 
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map the voltage on Chold to a binary number. The voltage, 𝑉𝐶ℎ𝑜𝑙𝑑
, on Chold 

follows the capacitor charging equation which is defined below:  

 

𝑉𝐶ℎ𝑜𝑙𝑑
=  𝑉𝑎𝑛𝑎𝑙𝑜𝑔 (1 − 𝑒−

𝑡

𝜏)     (34) 

 

Where t is the time in seconds, and 𝜏 is the time constant with the following 

equation:  

     

𝜏 =  (𝑅𝑎𝑛𝑎𝑙𝑜𝑔 +  𝑅𝐴𝐷𝐶) 𝐶ℎ𝑜𝑙𝑑    (35) 

 

It takes ~5𝜏 to to fully charge Chold. Thus, the sampling time should always be 

greater than 5𝜏, otherwise the capacitor will not be fully charged to 𝑉𝑎𝑛𝑎𝑙𝑜𝑔 and 

the SAR will output a smaller digital value. This phenomenon is known as 

channel-to-channel crosstalk or a ‘drag effect’, where an ADC conversion 

result is influenced by the previous result [251].  Clearly, with a higher 𝑅𝐴𝐷𝐶 the 

Ts will also need to be greater to achieve the correct result. Although adding a 

capacitor (e.g. 0.1 µF) to the ADC input can help, in this case the signals are 

being switched so quickly that it would saturate the readout.  

 

Since the main problem was that successive Chold values, (and hence SAR 

outputs) were too high (and not too low), it is likely that Chold  is left floating from 

a previous measurement. When it reconnected to the new sensor through the 

MUX channel, it did not have time to sufficiently discharge. Since sampling 

works when measuring 1 sensor but adding delays before and ADC 

measurement (which could allow Chold  to discharge) did not work, it is likely 

that Particle’s Device OS for the Argon discharges/resets Chold before/between 

each code loop. Thus, increasing Ts of the ADC itself should be trialled. 

Unfortunately, this is fixed at 10 μs and cannot be adjusted in Particle Argon’s 

firmware (although it can be adjusted on other Particle boards such as Photon 

or Electron). In order to bypass particle’s firmware abstraction layer limitation, 
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it is possible to load software directly onto the nRF52840 SoC. For this, a 

Nordic SemiconductorTM Nordic nRF52840 bootloader must be flashed onto 

the SoC and nRFConnect software used to interface with the device, instead 

of Particle’s own interface software/firmware [252]. Indeed, an issue has been 

reported by others developing directly for the nRF52840, where the ADC 

seems to only read the correct value if one MUX channel is connected, but not 

when multiple channels are [253]. If this is not possible it might be possible to 

wait for the ADC to post the END event after which a STOP task is issued and 

the ADC is reconfigured before posting the following START task to initiate 

another conversion [254]. Attempting these further solutions was deemed too 

time consuming, and hence a different chipset was trialled without the given 

ADC limitations. 

 

The Arduino MKR WIFI 1010 [255] was used to replace the Particle Argon 

(See Figure 7-10), which fixed the ADC impedance and channel-to-channel 

crosstalk. The MKR WIFI 1010 has an ARM SAMD21 Cortex®-M0+ 32-bit low 

power MCU chipset clocked at 48 MHz which also operates at 3.3 V. The board 

has the additional advantage of having a 5 V supply pin, which means that an 

external 5 V supply does not need to be connected (as was the case the with 

Argon) in order to use CD74HCT4067 MUXs, making the system more 

compact while making sure RON of the MUXs is reduced and faster TTL logic 

is utilised. The board supports a single cell 3.7 V Li-Po battery and has 7 ADC 

ports capable of resolutions of up to 12-bits. It also has is enabled for full-speed 

USB communication, so that data can be transmitted more quickly than 

through the serial port. The ADC sampling frequency for the chip is in the order 

of 100s of µs, which is theoretically lower than the Argon. However, the 

SAMD21 ADC’s sample timing can be reduced by writing into its SAMPCTRL 

register if necessary and can be brought down to be in the order to 10 s of µs 

[256]. Whether this timing would work on the given chipset in spite of a lower 

input impedance would have to be tested. Finally, the board supports Wi-Fi 2.4 

GHz and normal Bluetooth through the NINA-W10 module from u-blox™, so 
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that over-the-air (OTA) updates and monitoring can be issued through the 

cloud if necessary. It also has additional Microchip® ECC508 crypto chip for 

enhanced security. 

 

 

 

Figure 7-10: Breadboard prototype of Arduino MKR WIFI 1010 board with 4 x CD74HCT4067 

MUXs capable of reading out up to 16 e-skin sensors.  

 

7.2.2. Firmware 

 

Each hardware iteration meant the firmware had to be modified to suit the 

platform in question, however all platforms were coded using the C/C++ 

programming language with most libraries being Arduino IDE compatible. This 

significantly sped-up development time and porting of the code from one 

platform to the other. The main firmware running on the MCU (See Figure 7-11 

flowchart) sequentially selects the desired sensor by selecting corresponding 

MUX channel, waits a short time for the signals to settle (i.e. 50 µs), and reads 

the X-Position, the Y-position, and the Z pressure value. The MCU then stops 
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driving any current through the circuit to save power while performing the 

required calculations and checking that the desired force threshold has been 

reached, after which the data is sent to a PC (either wired or wirelessly) for 

further processing/display.  

 

Figure 7-11:  High level flowchart of the electronics firmware for reading and transmitting 

sensor data  
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It was realized that the through-thickness measurement detailed in Section 

6.4.1 yielded inconsistent results at different points across the sensor surface 

(despite having improved the uniformity of the coating by printing over a 

smaller screen printing region of 150 x 150 mm2). This is due to the fact that 

when a different point on the sensor is pressed, the resistance from the Y+ 

electrode to the point at which the Y-plane contacts the X-plane changes, as 

does the distance from this point to the X- electrode. These should therefore 

be represented as variable resistances as illustrated in Figure 7-12 below while 

measuring the touch pressure Z. 

  

 

Figure 7-12: Schematic model for measuring pressure through the resistor RZ  of resistive 

touch sensor, when each resistance is variable. Total resistance RX and RY across each X- 

and Y-planes, respectively, is measured empirically. Red denotes the current path.  

Since current is flowing through these electrodes, proportionally different 

voltage drops will occur in both these planes ((VY+)-(VZ+), (VZ-) – (VX-)) relative 

to the voltage drop across the piezoresistive material ((VZ+) – (VZ-)). This effect 

must therefore be compensated for, after which the real resistance (RZ) value 

for the Z-axis can also be calculated. Resistive touchscreen controllers 

incorporate this mechanism [257]. Indeed, at any instantaneous point in time 

each resistor can be seen as having a fixed value. There are two primary 

methods one can use to obtain the value for RZ using Ohm’s law. The first 
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requires two cross-panel measurements, i.e. the measurement of Z+ (also 

denoted  Z2-position) and Z- (also denoted Z1-position), knowing the X-plane 

resistance (which can be measured empirically for each sensor), and 

measuring the X-position [257]. This is illustrated in Figure 7-13 below.   

                   

 

                       

Figure 7-13: Z-pressure measurements through resistive planes. Adapted from [257]. 
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In the figure above, the voltages 𝑉𝑋+ and  𝑉𝑌− (See Equation 33) are referred 

to as 𝑉𝐴 and 𝑉𝐵, respectively, and represented by the following equations: 

 

𝑉𝐴 =  𝑉𝐷
𝑍1

2𝑛     (36) 

𝑉𝐵 =  𝑉𝐷
𝑍2

2𝑛
     (37) 

 

Where n is the bit resolution of the ADC (e.g. 10 for a 10-bit ADC with a total 

of 1024 levels), Z1 and Z2 are the measured Z1-position and Z2-position, 

respectively, and VD is the applied voltage. The equation for RZ is the following:  

 

𝑅𝑧 =
(𝑉𝐵−𝑉𝐴)

𝐼𝑇𝑂𝑈𝐶𝐻
     (38) 

 

Where ITOUCH is the current through the device, and can correspondingly be 

represented by the following equation:  

 

𝐼𝑇𝑂𝑈𝐶𝐻 =  
𝑉𝐴

𝑅𝑋𝐴
=  

𝑉𝐷 
𝑍1
2𝑛

𝑅𝑋𝐴
=  

𝑉𝐷 
𝑍1
2𝑛

𝑅𝑋 
𝑋

2𝑛

   (39)  

 

Where RXA is the resistance at point A and RX is the empirically measured 

resistance across the entire X-plane.  Thus, when the expression for 𝐼𝑇𝑂𝑈𝐶𝐻 

(Equation 39) is inserted into that for 𝑅𝑧 (Equation 38), we get the following 

expression: 

 

    𝑅𝑧 =
𝑉𝐷 

(𝑍2−𝑍1)

2𝑛

𝑉𝐷 
𝑍1
2𝑛

𝑅𝑋 
𝑋

2𝑛

=  𝑅𝑋  
𝑋

2𝑛  (
𝑍2

𝑍1
− 1)       (40) 

 

The second method detailed in some datasheets, for example those by TI [257] 

and ATMEL [239], only requires a single measurement to be performed for Z1 

but requires the X-plane and Y-plane resistances to measured, as well as the 

X- and Y-position measurement. This method can thus reduce the quantity of 
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ADC readings necessary, which in turn means a faster refresh rate for the 

system as a whole. The equation used for this is the following:  

 

      (41) 

 

Where Rtot = RY+ + RZ  + RX-, the overall resistance through the device, and  

𝑅𝑋− and 𝑅𝑌+ are the resistances from the Z1 position to the X- point and Z2 

position to the Y+ point, respectively.  

 

The touch panel is at a near infinite resistance when no touch is applied onto 

the sensor. However, once pressure is applied its resistance drops 

dramatically and hence this has an inverse relationship to 𝑅𝑧. The pressure, P, 

can thus be expressed as a function of 𝑅𝑧 and given with the equation below: 

 

𝑃 =  𝑓(𝑅𝑧)     (42) 

 

Where 𝑓(𝑅𝑧) is a piecewise function of Rz that can be obtained empirically and 

who’s pieces are an exponential (or several exponentials) and a linear function 

based on the dominant conduction mode of the tunnelling/piezoresistive 

material at the given pressure (See Section 3.7.3). 

 

It is of further importance to understand the noise sources within the system 

that can be filtered in software, as this saves on component costs and 

assembly time. As can be seen in Figure 7-11 moving average filters were 

used on each of the sensor values (X, Y, Z) in order to get a higher accuracy. 

Data averaging can be expressed as a finite impulse response (FIR) filter with 

the following equation: 

 

𝑋(𝑘) = ∑ 𝑏𝑛 𝑥(𝑘 − 𝑛)𝑁−1
𝑁=0     (43) 
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Where X(k) is the refined touch data, x(k) is the raw touch data, bn is the 

coefficient or weight factor of the filter, and N is the number of samples used 

(N-1 is the order of the filter). For an averaging filter, the coefficient bn = 1/N.  

This needs to be balanced against averaging too much, since this can create 

significant latency in the system. The best results were empirically determined 

to be between 8-20 averaged values, provided enough dynamic memory on 

the microcontroller. By varying the coefficient 𝑏𝑛, other filters are possible such 

as weighted average, middle value, and closest data average, however these 

were unnecessary for the given sensors as no significant glitches were 

experienced [258]. 

 

It is also important to take into account parasitic capacitances within the 

sensors themselves, which occur between each point of the opposing resistive 

carbon layers and affect the time it takes to measure the touch location. This 

can be modelled as two parallel capacitances which are equivalent to half of 

the total capacitance, CP, empirically measured between each plane (See 

Figure 7-14).  
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Figure 7-14: System impedance with capacitance between X and Y plane, assuming negligible 

trace/wire resistance. 

These capacitances in parallel with RZ (through which there is negligible 

conductance when the position is measured), form a time constant which 

delays the time it takes for the voltage to settle on the plane opposite to that 

which is being excited with the voltage VCC. In practice, when VCC is applied to 

one of the planes the voltage on the opposite (sensing) plane will rise to 
1

2
 VCC. 

It will then settle exponentially according to the time constant, 𝜏, which is 

calculated as follows [239]: 

 

𝜏 =  𝑅𝐶 =  (𝐶𝑃  + 𝐶𝐴𝑑𝑑) × (𝑅𝑍  +  𝛼𝑅𝑋 + 𝛽𝑅𝑌  +  𝑅𝐴𝑑𝑑)  (44) 

 

Where R is the total resistance and C is the total capacitance, CP is the 

parasitic capacitance between planes, CAdd  and RAdd are additional parasitic 

elements i.e. wire resistance and the input impedance of the ADC, and 𝛼 and 

𝛽 are variable and depend on touch position. The highest values for these can 

be used to estimate the maximum delay required for the code (~5 𝜏), but in 
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practice it is easier to determine this empirically with an oscilloscope or trialling 

longer settling delay times/periods.  

The final considerations for settling time are: 

• Mechanical bouncing caused by vibration of the top layer plane of the 

sensor when it is initially pressed   

• Inductive effects from the leads connecting the sensor to the internal 

drivers of the digital I/O pins 

An additional ADC conversion is called before extracting X, Y, and Z values to 

provided ample delay for this to occur (112 µs for the analogRead function on 

the Arduino) in this case for all of these signals to settle. Debouncing code was 

not added as this is usually used to wake touch sensors which are ‘hibernating’ 

and thus not consuming power, but in this application we keep powering the 

sensors continuously.    

 

7.3. Visualisation Software 

 

A real-time visualiser was implemented which was able to concurrently display 

an arbitrary number of sensor readout values in the same space. The 2D 

visualizer indicates the pressure being applied to sensors by changing the 

radius of circles on the screen, and was implemented using the Processing 

graphical library/programming language and adapted from [259]. The flowchart 

describing the code’s core functionality, and how byte arrays from the main 

readout firmware are translated into a graphical output, can be found in Figure 

7-15. It consists of two main loops; One listens to the serial port for incoming 

bytes and stores them into a buffer array to form an entire message, while the 

other parses these messages into location and force data, after which they are 

plotted on the screen. 
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Figure 7-15: High level concurrent data visualizer flowchart 
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7.4. Embedding into a Glove 

 

For the glove, only the process of manufacturing a human glove is described 

for proprietary reasons. For this, an initial plaster casting was created. A 

standard 2:1 ratio of plaster (Plaster of Paris) and water was mixed by hand. It 

was then poured into the size 10 worker’s glove which was used as the 

negative and allowed to set for 2 h. After this, the glove was delicately removed 

and the casting was manually dip-coated into a solution of latex liquid rubber 

(Trylon Ltd, United Kingdom) 3 times, waiting 5 minutes between dip-coatings, 

after which the glove was allowed to hang for 30 minutes for the latex to cure. 

16 sensors were then attached to the regions detailed in subsection 6.4.3.1, 

wires routed, and the glove was dip-coated again twice and let dry for another 

30 minutes to encapsulate the sensors into the glove (See Figure 7-16). 

Following this, further routing was carried out and the electronics were routed 

and attached. 
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Figure 7-16: a) Worker glove suspended for casting procedure, b) Pouring of mixed plaster 

casting solution into worker glove  c) Cutting out worker glove casting. d) Glove dip-coated 

into liquid latex and suspended to dry. e) Sensors attached before secondary dip-coating 

procedure, f) Secondary dip-coating procedure and suspension. 
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7.5. Conclusion 

 

This chapter covered the methods and materials used to fabricate pressure 

sensitive e-skin with the ability to sense the location (with a resolution up to 

4,096 x 4,096 pixels) and magnitude of the centre of pressure being applied, 

its readout electronics, and the corresponding algorithms and mathematical 

functions used to extract correct position and resistance values. Multiple 

prototypes and development boards were trialled and a custom PCB built and 

tested before an optimal readout electronics configuration was found that was 

able to function as a wireless IoT platform, multiplex between up to 16 sensors 

with up to 12-bit resolution, and fit into a portable and wearable form-factor. 

This was eventually accomplished with the Arduino MKR WIFI 1010 

development board and four CD74HCT4067 multiplexers. Intuitive 

visualisation software used to display the data of multiple sensors concurrently 

using the Processing programming language was also presented. Finally, 

multiple e-skin sensors along with their wiring were subsequently embedded 

into an average sized worker’s glove for an application where pressure data 

could be acquired/mapped from the inside region of a human hand while 

grasping objects, for use by a robot. 
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8. Compliant Tactile Pressure Sensors for E-Skin with Low-

Frequency Load Sensing to Facilitate Dextrous Robotic 

Manipulation-Characterization & Results  

 

The previous two chapters described the design and manufacture of the e-

skin, as well as its integration into a glove. In this chapter, we describe the 

characterisation of the e-skin system and its testing in a practical setting to 

validate its real-world performance. This includes assessing the pressure 

sensitive behaviour under controlled dynamic compression, static loads, 

stability and water-impermeability in harsh seawater setting, and successful 

application as a data-glove.  

 

8.1. Dynamic Compression Testing 

 

Multiple tests were conducted in order to evaluate sensor performance. 

Extensive qualitative testing was initially conducted with all PET and TPU 

sensors. However, the 36 μm PET substrate was determined to be optimal for 

the manufacture of the glove. This was due to several factors, including the 

following: i) the processing conditions reduce the overall yield for TPU-based 

substrates due TPU shrinkage during thermal curing of the inks post-

deposition, ii) the signal is more repeatable due to the underlying substrate not 

having viscoelastic properties (and thus reducing hysteresis), iii) the inks being 

used are more resilient to cycling on a more rigid material, and iv) long-term 

mechanical reliability of the crimped solder tabs is higher on rigid substrates 

which is better for incorporating into a glove. 

 

In this subsection, the output of the e-skin sensor is evaluated under controlled 

dynamic loading conditions in order to determine its repeatability and reliability. 
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8.1.1. Setup 

 

The tests were initially conducted on individual 36 μm PET substrates with a 

motorised compression test stand with calibrated load cell (Mark-10 ESM303) 

and forces ranging from 0 – 20 N, which is the desirable dynamic range for 

warehouse and logistics applications that need to handle delicate lightweight 

objects as well as heavier more robust ones. Although highly sensitive sensors 

have been reported in literature (as discussed in Chapter 3), most individual 

sensors cannot reach this level of dynamic range without being damaged or 

supplemented with another sensors, making dynamic range a key figure-of-

merit. 

 

The test stand was connected to a PC, and the sensor to be tested was 

individually plugged into an Arduino Due whose DAC was used to send the 

values to a PC for data storage. Since two individual PCs were used, both the 

force values and the sensor values were given timestamps so that they could 

be synchronized with one another after the tests (See Figure 8-1). The 

specimens were fixed into place, taped or glued onto a round plate and a screw 

fixture, making sure that force was being applied in the normal direction (See 

Figure 8-3). These tests were all conducted with the dependent variable ‘Z-

Sensor Value’. This refers to the readout electronics’ ADC-output value 

proportional to the measured voltage in the through-thickness direction of the 

sensor, 𝑉𝑧 (See Subsection 6.4.1 and Equation 33), subtracted from the 

maximum value the ADC can output (2n-1, where n is the number of bits of the 

ADC). Since a 10-bit ADC was used with a 5 V voltage source for these 

measurements, Z-Sensor Value is expressed with the following equation, 

which is rounded to the nearest integer value: 

 

Z − Sensor Value = 1023 −  ((
𝑉𝑧

5 𝑉
1024 ) − 1)    (45) 
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This gives a representative output value proportional to conductance and can 

be used to assess stability and repeatability. However, the output does not 

correspond to the real resistance which is used in Section 8.3 and 8.4. 

 

Figure 8-1: Image of compression-testing setup 

 

8.1.2. Pressure Response 

 

Initial tests were conducted with the sensor lying flat on a metal plate, and 

pressed with a flat circular press with a diameter of 12.65 mm. With this press, 

a range of 0.1 – 20 N of force was applied. Since the press area is 125.68 

mm2, the overall pressure exerted (P = F/A, where F is the force in Newtons 

and A is the area in m2) was between 795.7 – 159,134.3 Pa. For this force 

range, the graph in Figure 8-2 was obtained, where the Z-Sensor Value output 

from the sensor is proportional to its conductance. In Figure 8-2, the expected 

exponential curve occurs when the material is in the tunnelling regime and 

becomes linear when the material is in its ohmic regime.  
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Figure 8-2: Force conductance curve where Z-Sensor Value is proportional to sensor 

conductance, and inversely proportional to its resistance. 

 

 

8.1.3. Dynamic Repeatability on Curved Surfaces 

 

The sensor performance and repeatability was investigated with it being bent 

around various hard and soft materials to simulate Allegro and human fingers 

(See Figure 8-3 [Left]). A bending radius of 14 mm was chosen for this as it 

matched the Allegro fingertip while also being lower than that of a human finger 

and was therefore expected to exhibit worse performance than when the 

sensor is placed onto a human finger. Hard poly-lactic acid (PLA) was 3D 

printed directly using an Ultimaker 2 Go (UltimakerTM, United States) into the 

desired shape, however negative moulds were also printed in hard PLA. The 

negatives were used to cast Sylgard 184 Elastomer with a 10:1 ratio of 

elastomer to curing agent, and Ecoflex 00-30 into the desired shape for 

comparison on.  
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Figure 8-3: [Left] Half-cylinders with 14mm bending radius from left to right: 3D-printed hard 

PLA plastic, cast PDMS (Sylgard 184 Elastomer), cast Ecoflex 00-30.[Right] Sensor under 

compression. 

 

  

 

Figure 8-4: Sensor outputs to a 0-2 N cyclic load with a 5 x 1 mm2 area press on top for a) 

pressure Z-value on hard PLA, b) pressure Z-value on softer PDMS, c) pressure Z-value on 

softest Ecoflex (with 1 ms time increments), and d) X and Y location on hard PLA. 

 

Cyclic tests of 10 cycles each were conducted with up to 2 N of force applied 

in each case. The tests were conducted with a small-area flat rectangular tip, 

similar to a screw-driver head (see Figure 8-3 [Right]). Since the area was 5 x 

1 mm2, the overall pressure exerted on the sensor at 2 N is 400 kPa, assuming 

PLA PDMS Ecoflex 

Force 

b) 

c) d) 
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the entire surface is in contact with the sensor at this force. As can be seen 

from Figure 8-4, with such a high pressure the sensor has a significant 

response. The response for PLA as well as PDMS is similar; the Z-Sensor 

Value rises close to 800 in both of these cases, and over this quantity of cycles 

there is no significant drift. However, on Ecoflex which is a significantly softer 

material (E = 0.125 MPa [260]), the sensor increases in sensitivity. This is in 

line with the ~100-fold sensitivity enhancement observed for other pressure 

sensors when incorporated on a soft substrate, due to the different mode of 

deformation that occurs in sensors on these substrates [12]. In this case, the 

sensor gets significantly compressed into the Ecoflex substrate, which makes 

it crumple. It is likely that Ecoflex pushes at normal angles against the edges 

of the narrow tensile testing tip, thus increasing pressure at these locations. 

Higher forces were not tested since 20 N pushes the entire sensor into soft 

material and is hence impractical when using a tip with such a small area. The 

repeatability for location values was also tested, for both X and Y, with up to 2 

N of pressure. Testing these over a short number of cycles shows good 

stability (See Figure 8-4 d)). Faster cycles were tested, however the results 

were unreliable due to the instability of the load cell for the given test 

equipment while conducting tests at high speed. 
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8.2. Sea-Water Ageing 

 

Ageing tests of the given PET sensors were conducted using the test setup 

described in subsection 4.4.1. designed by Dr Colin Robert, a post-doctoral 

research fellow at the University of Edinburgh. The main aim of this is to assess 

the long-term working on the sensor in harsh conditions, in this case a 

prolonged period in a corrosive, high-temperature environment with a higher 

resting pressure than air (30 cm under  30 ⁰C sea-water). The sensor edges 

were sealed with an industrial-grade silicone sealant to prevent water from 

leaking in (See Figure 8-6, Right). The sampling time for the sensor was 

reduced to one sample per minute and continuous data-gathering was 

performed for 6 days (See Figure 8-6).  

 

 

Figure 8-5:Examples of sensors attached to a tidal turbine blade replica to be tested under 

water. The one on the left is embedded whereas the one on the right is the right was used for 

this test, and only has its edges sealed with industrial grade silicone. 
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Figure 8-6: Sensor output over a 6-day period while ageing in seawater at elevated 

temperature. 

Although elevated noise is present, most likely due to the resting pressure of 

water on top of the sensor, the graph clearly shows that the sensor is highly 

stable during this time period. Data-gathering was stopped, but the setup was 

kept over 5 weeks with no observable changes to the sensor response, 

confirming its robustness in these conditions. Although further testing is 

warranted, this is promising for applications such as robots for underwater 

mining or measurement of pressure on tidal turbine blades.  

 

8.3. Implementation of Human Data-Glove 

 

The most important aspect is the sensors’ ability to qualitatively distinguish 

between different types of grasp, surface textures, slip detection, and object 

handling. Indeed, machine-learning and neuromorphic computing/neural 

networks can then be trained to classify varying types of grasps and touch 

which allows better dynamic end-effector control for robot hands.  The sensors 

can detect stroking, as well as have a sharp response to the touch of a needle, 

mimicking the sense of pain. Furthermore, it is possible to track how a human 

performs tasks that require a high level of manual dexterity, such as rolling a 

pen between two fingers. Tracking this on a human hand is of vital importance 

so that the data can be used to train a robot end-effector to handle similar 

tasks. As mentioned previously, it is important that the sensors do not react to 

bending, but only to normal pressure. Since latex adds an extra layer to human 

skin, the compressive pressure on the phalanges tend to cause the latex in 

these regions to wrinkle. This unevenly bends the sensor layers into one 
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another creating a pressure ‘bubble’ wherever the sensor tries to wrinkle itself. 

On human hands the brain compensates for this by knowing how much 

actuation is being applied to each joint and ignoring the pressure created in 

the muscle and skin when phalanges bend. However, for a robot we assume 

this is undesirable as it would be difficult to compensate for using an algorithm. 

Fortunately, the sensor contact surface, as well as the PET material which is 

only compliant in one axis despite being thin and bendable, prevents this from 

occurring. A concurrent visualisation of the X, Y, and Z data given by 8 sensors 

on different parts of the human hand can be seen in Figure 8-7. Each sensor 

is represented by a red dot. Its position represents the relative X, Y location 

and its size the quantity of pressure applied. In this case the raw resistance 

(Rz) value is being the output from the sensor (See Equation 40) which is more 

precise and removes the positional dependency (as described in subsection 

7.2.2.). Videos demonstrating the real-time visualiser output can be found in 

the thesis Supplementary Material.  

 

 

Figure 8-7: Various human hand grips (top) with corresponding visualized sensor output 

(bottom) to qualitatively assess the output of each grasp. 
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The large quantity of data obtained means that it is easiest to represent in 

visual form. However, it is useful to plot and examine certain values for the 

given scenarios depicted in Figure 8-7, such as handling of an orange (Figure 

8-8 [Top]), repeated grasping (Figure 8-8 [Middle]) and rolling (Figure 8-8 

[Bottom]) a pen. 
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Figure 8-8:[Top] Sensors’ ∆𝑅 (resistance decreases from infinity with increasing pressure) for 

8 sensors while grasping  orange, [Middle] thumb and index fingertips sensors’ ∆𝑅 while 

grasping a marker/pen, and [Bottom] fluctuation of sensor X- and Y-position (out of the ADC 

maximum value of 1023) for thumb and index fingertips while marker/pen is rolled between 

them. 
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Figure 8-8 shows sensor values for individual grasping performed by a human 

in a real-world setting. In the top graph, only Rz is plotted for each sensor while 

grasping the orange to show the pressure response. It is clear that most 

sensors have an output, however a slightly different pressure is exerted by 

different parts of each finger. Furthermore, while grasping, the pressure 

changes over time, showing the dynamic control/actuation humans exert while 

grasping an object. The middle graph depicts grasping a pen three times by 

placing it between the thumb and index fingertips and holding it. Rz falls lower 

during this grasp primarily due to four factors; The pen itself is hard with a 

significantly smaller cross-sectional circumference than an orange, and thus 

the force exerted by the fingertips is concentrated into a smaller area, 

increasing the pressure. The orange is also being held by multiple fingertips 

and phalanges, thus the pressure is distributed over all of them. Finally, how 

hard an object is grasped depends also on its texture due to frictional 

requirements (in this case the pen is slippery), and subjective preference. The 

bottom graph demonstrates the (nearly sinusoidal) variation of the X and Y 

coordinates for the centre for pressure when the pen grasped and rolled 

between fingertips. The rolling is intentionally done across different parts of the 

fingertip, and after 3 rolls it slips out of the sensing region although rolling is 

continued. Although many other grasps can be performed, the purpose of this 

data is to show that different scenarios can clearly be identified by only plotting 

a subset of the data on each grasp, and it is therefore likely that machine 

learning could identify significantly more grasping patterns using each data 

stream, in order to detect states such as slippage, react in a similar way to a 

human, and perhaps even classify objects. 

 

8.4. Static Weight Testing 

 

The industry standard for testing repeatability is static loading using dead 

weights, instead of dynamic compression testing, while measuring RZ. Further 

static testing was thus conducted. It is known that for the given type of sensor, 
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signal-to-noise-ratio improves the higher the weight placed on the sensor. For 

this reason, it was sought to test the lowest weight possible in order to 

characterise the behaviour under small static loads and hence increased 

noise, representing a ‘worst-case-scenario’ approach. Hence, a 5 g weight was 

used instead of 200 g or 400 g as chosen by for example Matute et al. [261].  

 

For these tests, different substrates were used. PET was replaced with Kapton 

variants, and these in turn were compared to TPU and silicone sensor variants. 

The reason using Kapton instead of PET is its higher robustness and 

resistance to higher temperature. Furthermore, Kapton is a rigid substrate with 

E nearly equal to that of PI, as well as other similar mechanical properties. The 

fabrication process for these sensors is identical to the previous ones, however 

their substrates differ in the following manner: 

 

• Kapton Old: 75 µm thick Kapton Substrate 

• Kapton New: 5 µm thick Kapton Substrate 

• TPU New: 300 µm thick TPU Substrate for increased robustness 

• TPU-Silicone: 5 µm TPU + 100 µm Silicone (Heat resistant surface with 

the highest compliance) 

 

Static loading tests for the 4-wire sensor topology were not found in literature, 

however the closest reference can be found from typical FSRs. These tests 

tend to take the mean of individual values read-out from a voltage-divider 

circuit upon repeated loading, for example over 5 cycles [261]. This mean 

value can then be inserted into the following equations in order to calculate the 

repeatability errors:  

 

𝑅𝐸1 = 100%
|𝑋𝑀𝑎𝑥−𝑋𝑀𝑖𝑛|

𝑋
    (46) 
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𝑅𝐸2 = 100%

√((∑(𝑋−𝑋)
2

)/𝑛)

𝑋
    (47) 

 

Where, X is the individual value measured in the data set, 𝑋 is the mean of the 

individual values, 𝑋𝑀𝑎𝑥 is maximum value, and 𝑋𝑀𝑖𝑛 is the minimum value. 𝑛 

is the number of values in the dataset. Of further note is that the repeatability 

errors 𝑅𝐸1 and 𝑅𝐸2  are effectively different measures of spread of the data 

divided by its mean and multiplied by 100 to get a percentage value.  𝑅𝐸1 is 

the percentage value for the ratio of the data range to its mean, whereas 𝑅𝐸2 

is the percentage value for the ratio of standard deviation of the data to its 

mean. 

 

Although good for comparison, these instantaneous measurements do not 

consider the variation (creep) of the sensor over the loading duration. 

Furthermore, since the creep causes even FSR readings to fluctuate during 

the time the loading is applied, it is reasonable to assume that it would be 

better to take the overall mean over the sampling periods and use that value 

in place of the individual values for the dataset. This approach was thus 

adopted, modifying the above equations to the following:  

 

𝑅𝐸1 = 100%
|𝑋𝑀𝑎𝑥−𝑋𝑀𝑖𝑛|

𝑋
    (48) 

 

𝑅𝐸2 = 100%

√((∑(𝑋−𝑋)
2

)/𝑛)

𝑋
    (49) 

  

The added advantage of this approach is that it allows standard deviation to 

be quantified for each loading cycle individually as well. All of the above are 

represented in Table 8-1 below, where 5 g dead weights (see Figure 8-9) were 

manually placed ono the sensor and them removed for ~5 s for each data set:  
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Table 8-1:Repeatability error based on piezoresistance measurements 

Sensor 
Type 

Data 
Sets Mean (kΩ) 

Standard 
Deviation (*103) 

ER1 
(%) 

ER2 
(%) 

Kapton Old 

1 72.516 3.048 

114 50 

2 12.8529 15.482 

3 18.2171 73.382 

4 68.761 3.837 

5 64.564 4.480 

Kapton 
New 

1 35.851 1.138 

46 19 

2 29.919 1.925 

3 33.693 0.747 

4 45.962 3.440 

5 30.147 1 

TPU New 

1 43.5 3.790 

19 8 

2 45.162 1.297 

3 38.356 2.708 

4 46.258 5.805 

5 40.278 6.675 

TPU 
Silicone 

1 81.957 13.398 

24 9 

2 70.073 8.028 

3 64.31 5.661 

4 74.43 1.713 

5 77.131 3.475 

 

 

 

Figure 8-9: Image of a sensor with a 5 g dead weight placed next to it used for static weight 

testing 
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The data was prepared by applying thresholds to cut-off values being 

measured when the weight was not present (an RZ value of infinity), and during 

the weight settling on the surface (equivalent to ‘debouncing’ a button). This 

process was also automated using the Python high-level programming 

language and individual Jupyter Notebook web applications were created for 

extracting and plotting each sensor’s data sets (See example code in Appendix 

D). The results show that the repeatability error is significantly higher than 

those expressed by [261], which would not be expected despite the continuous 

sampling taking place in this method. One possible culprit is human error, 

which may have a slight effect on the location of the weight as well as how it 

is placed on the sensor. The standard deviation in Table 8-1 reveals some 

statistical outliers due to human error. In order to get a better grasp of these, 

data sets are superimposed onto a graph for each sensor type (See  Figure 

8-10). 

 

    

  

Figure 8-10: Plots of sample number vs resistance for each data set for a given sensor type 
with 5 g weight on top, superimposed onto the same graph 
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By observing the mean, standard deviation, and graphs, the following non-

representative outliers can be identified in Table 8-1: Kapton Old Data Set 2 

and 3, Kapton New Data Set 4, TPU New Data Set 5, and TPU Silicone Data 

Set 1. If these are excluded from the set, a revised table (Table 8-2) is 

produced: 

 

Table 8-2: Repeatability error based on piezoresistance measurements with outliers removed 

Sensor Type Data Sets Mean 
(kΩ) 

Standard 
Deviation (*103) 

ER1 (%) ER2 (%) 

Kapton Old 1 72.516 3.048 12 6 

 4 68.761 3.837   
 5 64.564 4.480   

Kapton New 1 35.851 1.138 18 9 

 2 29.919 1.925   

 3 33.693 0.747   

 5 30.147 1   

TPU New 1 43.5 3.790 18 8 

 2 45.162 1.297   

 3 38.356 2.708   

 4 46.258 5.805   

TPU Silicone 2 70.073 8.028 18 8 

 3 64.31 5.661   

 4 74.43 1.713   
 5 77.131 3.475   

 

The repeatability errors are now significantly reduced, and all lie below 20% 

for ER1 and below 10% for ER2, respectively. It is assumed that a further error 

reduction would occur with an automated setup in which the application of the 

weight and its timing would be better controlled. Another observation from the 

given data, is that the Kapton Old sensor is more repeatable. This is assumed 

to be due to the thicker Kapton substrate than Kapton New, which deforms 

less under pressure. Kapton New, TPU New, and TPU Silicone were all 

manufactured at the same time, whereas Kapton Old was not. This change in 

timing could have caused some other unknown parameter to vary during the 

manufacturing process. However, as expected, Kapton old is less sensitive to 

pressure (higher resistance). One of the results which is somewhat surprising, 

is that the Kapton New sensor seems more sensitive (attains lower resistance) 
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than both TPU New and TPU Silicone sensors. Furthermore, TPU Silicone is 

less sensitive than TPU New, despite being thinner. It is suspected that this is 

mainly to the viscoelastic properties of these sensors, however further 

characterisation with dynamic mechanical analysis is suggested to elucidate 

this (outside the scope of this thesis). 

 

These results are promising, demonstrating that the repeatability error 

approaches that recorded for weights ~20x higher on traditional FSRs, despite 

the e-skin having a more complex topology. Creep behaviour is nonetheless 

present, and a further detailed study of creep data where continuous sampling 

of FSRs is also done is warranted.  

 

8.5. Conclusion 

 

In this chapter we have characterised the performance of the quantum 

tunnelling e-skin in various settings, as well as its practical application as a 

data-glove. The e-skin has been demonstrated to work repeatably for most of 

the force ranges required for robotic dextrous handling detailed in Subsection 

6.2, in this case of 0.1 – 20 N. Even if tests at 0.01 N were not possible given 

test equipment, 20 N is over double the maximum force required. Furthermore, 

the sensor works on rigid PLA as well as soft PDMS and Ecoflex, 

demonstrating its potential to be applied on multiple robots as well as humans. 

The e-skin was shown to work with the same repeatability as commercial FSR 

sensors while sensing a 20 times lower weight using the gold standard of static 

weight testing, and additionally providing data on both the X and Y the location 

of the pressure being applied, indicating improved pressure and noise 

performance. This also shows promise for future tests aiming at lower forces 

and pressures. As could be expected, compliant substrates did not perform as 

well as rigid ones, likely due to their viscoelastic properties and slower 

response times. However, the performance was nonetheless good-enough for 

most robotic applications. The e-skin’s ability to be used as a glove to quantify 
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human touch data (which is more complicated and variable than that of a 

machine) in real-time demonstrates that it is suitable for the intended 

application and force ranges. An underwater ageing test was also conducted 

where the sensor remained stable for 5 weeks, opening the door to other 

applications such as structural integrity monitoring and underwater 

environmental monitoring mentioned in Chapter 2.  Overall, the data gathered 

show promising results and use-cases, demonstrating the e-skin’s 

repeatability, sensitivity, robustness, and flexibility. Some areas where 

improvement is desired, however, include further improved repeatability, 

sensor noise at ultra-low pressures (i.e. 1-20 Pa), and sensor drift.  
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9. Conclusions, Future Work, and Outlook 

 

9.1. Conclusions 

 

In conclusion, two major projects have been discussed in this dissertation, as 

well as both of their potential application as a soft human- wearable (and 

therefore also robot-wearable) e-skin that can be made into a data-glove. Both 

projects incorporate the piezoresistive sensing mechanism, the first one in the 

form of compliant metal strain gauges and the second in the form of a 

quantum-tunnelling based material. In order to achieve the final application, 

multiple interdisciplinary domains were combined including microelectronics, 

material science, electronics, software, mechanics, and product design. Only 

the second technology proved successful for the given application. The main 

contributions of this dissertation are detailed below. 

 

9.1.1. Metal Thin-Film Strain Gauges Coated on Surface-

Modified PDMS Substrates as Compliant E-Skin for a Data-

Glove 

 

Au was determined to be the preferred metal due to its malleability and 

ductility, compared to Zn or Al, for compliant piezoresistive sensing using a 

surface modified (3-MPT – Parylene-C – 3-MPT) PDMS substrate with which 

a previous attempt had been made to produce flexible pressure sensors. 

However, these sensors had highly unstable conductivities and were not 

suitable for application as an e-skin. Crack propagation was studied and strain 

cycling tests and showed in Au of 100 nm compared favourable to Al of 200 

nm thickness, Au of 50nm thickness, and Au of 50 nm thickness sputter-coated 

with a 3 nm adhesion layer of Cr. In order for the device to withstand adequate 

flexing, a spin-coated PDMS substrate of ~100 µm thickness was fabricated 

for encapsulation/packaging. This reduces the strain on the Au layer to prevent 

it from forming complete channel-cracks during flexing, whether or not the 
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metal layer is placed in a neutral mechanical plane. It is thick-enough to 

withstand real-world applications while being thin-enough to integrate into 

practical wearables.  

 

Since the previous microfabrication process used photolithography as a metal 

patterning technique, it was costly and highly unreliable. Thus, a simplified 

microfabrication process to mass-produce Au strain gauges on the thin 

surface-modified PDMS film was devised using shadow masks, which 

increased the sensor yield to near 100%. Various strain gauge test-structures 

were designed and tested empirically, demonstrating their ability to detect 

pressures. The optimal strain gauge critical dimension necessary for this 

application was determined to be 1.2-2 mm as below this channel-cracks 

would form which create discontinuities that break the Au conductor.  

 

However, while attempting to integrate this technology into a glove, it was 

realised that the sensors were failing due to lack of stretchability compared to 

fabric. It was discovered that the mechanism for wrinkle formation in the metal 

layer was not the 3-MPT – Parylene-C – 3-MPT combination as previously 

thought, but due to thermal expansion and subsequent cooling of the PDMS 

substrate during sputter-coating. This enabled wrinkles to be controlled by the 

duration of sputter-coating and which in turn controls the thickness (>50 nm) 

and temperature (>65 ⁰C) necessary for buckling to occur. 150 nm was the 

most favourable of the Au deposition thicknesses. Despite controlling the 

buckling, the wrinkles give a negligibly small contribution to 

flexibility/stretchability of the device compared to the other parameters such as 

metal choice and substrate thickness. Standardised test specimens were 

electromechanically characterized to investigate this further and concluded 

that although the device has a high sensitivity with a GF of ~1447, it could only 

reliably withstand 0.74% of stretching. Overall, the experiments showed that 

the dynamic range of the device is too poor due to the crack-

formation/propagation, it has low repeatability, and the hysteresis is too hight 

to work as an e-skin for robotics applications and human touch applications. 
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9.1.2. Through-Thickness Piezoresistance of Quantum 

Tunnelling Ink for Use as Compliant E-Skin for a Data-Glove 

 

An e-skin consisting of piezoresistive pads using a novel anisotropic quantum 

tunnelling material was designed and fabricated for each phalange of the 

human hand on flexible and compliant substrates using screen-printing 

techniques. The pads are sensitive to pressure as well as give its central X 

and Y spatial coordinates with a resolution of up to 4,096 x 4096 pixels. As 

opposed to the previous sensors, the performance of the materials used and 

their compatibility with the design requirements was extensively tested prior to 

integrating it into a glove. It was demonstrated that these sensors are bending-

insensitive down to bending radius of at least 14 mm. Furthermore, they are 

able to function within the entire dynamic range required for robotic e-skin, 

being compression tested with repeatable results for cycles varying up 0.1 – 

20 N. As expected, the softness of the underlying substrate is observed, where 

this enhances overall sensitivity. However, the sensors work on various soft 

and rigid substrates, having been tested on metal, PLA, PDMS, and Ecoflex. 

Using gold-standard dead-weights to test the repeatability of the sensors 

showed that it can achieve as commercial FSRs with 20x less weight than 

used in comparable tests. Furthermore, various different substrates (Kapton, 

TPU, TPU-silicone) can be used with a trade-off of rigidity or compliance of the 

overall e-skin. A real-time (100s Hz) portable readout electronics system was  

implemented which can read up to 16 e-skin sensors and can act as an IoT 

platform with an associated software visualiser, in order to serially send all 

data-streams to the PC and display them concurrently.  

 

A novel human-wearable latex glove (due to its similarity to human skin) was 

fabricated. The e-skin was embedded and routed and demonstrated to work 

in real-world settings, making it practical for humans and robots. These 

settings included picking up soft fruit and rolling a pen, demonstrating the 
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potential of this e-skin to be implemented in novel feedback and machine-

learning paradigms. Finally, the ability of the e-skin to withstand harsh 

environments using the Kapton substrate is demonstrated with a 5-week 

ageing test under seawater at elevated temperature (30 ⁰C). The e-skin is 

stable throughout this period and generates minimal noise. This opens up its 

potential for use in other applications such as outdoor and underwater 

structural or environmental monitoring. It is concluded that this e-skin has 

significant potential for emerging commercial and scientific applications. 

 

 

9.2. Future Work 

 

Due to time and budget constraints, the scope of this thesis had to be limited 

and therefore some avenues remain to be explored.  

 

In the case of the stretchable surface-modified PDMS sensors, they are not 

suitable for use as long-term pressure sensing due to the inherent change in 

GF that occurs over time for metal thin-films coated on PDMS. However, if they 

were used as short-term disposable sensors, this may provide an avenue for 

application. These sensors could not be used for applications with the dynamic 

range requirements of picking objects that vary largely in their weight and its 

corresponding distribution, however it is possible to measure smaller strains 

with a high GF. The biomedical domain is of special interest since most of the 

materials used are inherently biocompatible. Significant stretchability could be 

achieved by pre-stretching the substrates using a jig during the sputter-coating 

process. However, the sensor would have be re-characterised 

electromechanically and, as mentioned in Chapter 3, since this is a technique 

for creating conductive interconnect and minimising resistance variation during 

stretch, it will significantly lower the GF. Finally, some options for sensor 

enhancement are also offered; there was initially an aim to investigate ZnO 

NW synthesis on the Au layer as this had previously been done with Zn time 

did not allow for this.  However, care should be taken to grow ZnO that can 
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provide a voltage beyond the level of background noise (such as p-type ZnO). 

Adding this layer could enable the sensor to act both in the piezoelectric as 

well as piezoresistive regime, making it additionally sensitive to higher 

frequency strain and possibly acting as a microphone. One of the key modes 

of failure for these types of sensor is the interconnection to the outside world. 

In this case, all epoxies trialled would crack over time catastrophically affecting 

the sensor measurements, so a common Ag epoxy was settled for with 

conductive thread. Investigating interconnect and epoxy formulation is 

therefore also recommended unless a bulkier topology is made where all 

sensors incorporate the 4-point probe method. Replacement of 3-MPT with a 

simpler-to-apply adhesive layer (such as O2 plasma boding or a different 

silane) and performing comparative cyclic testing would also be 

recommended. Finally, although rosette strain gauge variants were fabricated, 

they were never tested. Therefore, the author recommends testing such a 

configuration to see if the direction of strain and/or force could also be 

extracted in addition to its magnitude. 

 

In the case of the quantum tunnelling e-skin, there is some further work to be 

done, although much of it can focus on the application and integration side 

since it has been partially validated. Firstly, it would be good to conduct longer-

term fatigue or cyclic testing (compression- and bend-cycling) in order to 

determine GF and repeatability after thousands of cycles. High frequency 

testing using a vibration shaker would also be useful. The final tests show that 

‘TPU Silicone’ is less sensitive than ‘TPU New’, despite being thinner. It is 

suspected that this is mainly due to the viscoelastic properties of these 

sensors, however further characterisation with dynamic mechanical analysis 

is suggested to elucidate the reason for this. In any case, improving the overall 

repeatability is important, with the desire to get down to less than 2% 

repeatability errors. Avenues to explore for this include tweaking the 

encapsulation materials, the number of and type of ink layers within the sensor 

distribution, and potentially exploring the material’s piezocapacitive properties 

with new readout electronics [261]. Fabricating a triaxial sensor variant for 
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sensing the direction as well as magnitude of the force is also suggested, as 

this kind of sensor could be used for discriminating between normal and shear 

forces as well as better detect slip and gravitational pull [226]. A testing setup 

using a robot should then be put together in order to avoid human-error and 

compare the values to existing triaxial sensors on the market. All of the sensors 

above could also be scaled up to roll-to-roll manufacturing if mass-production 

is desired. On the systems-level, integrating the PCB into a robotic end-

effector and customising an outer ‘skin’ layer would improve the quality of the 

data as well as robotic form-factor considerably. Finally, enabling closed-loop 

control of an end-effector with the sensors, and applying machine learning to 

it, could enable object identification through the sense of touch. This could 

them be applied to other parts of the robot’s body, not just the hand, to enable 

a similar holistic sense of touch as humans. Finally, adding a piezoelectric 

layer made of for example PZT, would add high frequency vibration and 

microphone capabilities to this e-skin. 

 

Last but not least, it is suggested that new anisotropic materials are formulated 

with other nanoparticles or by modifying the quantum tunnelling inks, to see if 

favourable properties can be enhanced such as reducing the hysteresis and 

enhancing the dynamic range as well as linearity of the response.  

 

9.3. Outlook  

 

Significant advances have recently been made to create ever-better 

performing compliant strain and pressure sensors, as well their accompanying 

systems, many with their own merits. However, as has been shown in this 

thesis, understanding the user requirements in order to try to understand the 

problem being worked on by application engineers/end-users (of which 

roboticists are a particular variant) is of utmost importance in building viable 

sensors and e-skin. Unfortunately, several sensing technologies emerge every 

year that fail to address these needs and end up in the category of solutions 

searching for problems. One of the difficulties is coming up with a clear-enough 
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specification at the early stages of a project, another is meeting this 

specification and discarding technologies that do not show promise. For 

example, the surface-modified PDMS technology used in this thesis. Although 

it was originally envisaged for e-skin, it could instead be used for other 

applications with appropriate modifications. For example, Au coated on 

Parylene-C can be used as electrodes for electroencephalogram (EEG) 

recordings if implanted onto the surface of the brain or for neuronal recording, 

strain gauges using these materials could be implanted to measure forces in-

vivo, and further applications are mentioned in Chapter 3 [262] [263]. In fact, 

free film Parylene devices are increasing in popularity for biomMEMS 

applications compared to PDMS or even the combination of Parylene-C and 

PDMS, as they have a simpler fabrication process while remaining 

mechanically strong and more flexible[264].  

 

Another point is that sensors must often be designed from the ground up, 

considering the micro-/nanostructures of the sensing materials themselves, 

their constraints, and how they can be fabricated into a high-density topology. 

It is important to design for manufacture, keeping in mind the realistic cost-

effectiveness, simplicity, scalability, and environmental impact of the 

manufacturing methods used. Great advances have been made in this regard 

with the increasing use of functional materials (e.g. graphene, CNTs, AgNWs) 

in composites as opposed to using more costly and traditional methods such 

as microfabrication/photolithography, combined with their depositions 

methods (e.g. screen-printing, additive manufacturing, electrospinning) and 

patterning techniques (most of which occur during the deposition). For some 

of these methods, the material needs to be polarised during or after deposition. 

In electrospinning for example, the piezoelectric PVDF material can be 

polarised as a result of the electric field and mechanical stretching experienced 

during the deposition process[265]. For other piezoresistive composites, high 

aspect-ratio nanoparticle orientation can be controlled. For example, where 

traditionally costly methods would have to be employed where the CNTs are 

grown using a CVD process before embedding into a polymer matrix, it is now 
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possible to align the CNTs after a polymer dispersion is deposited using an 

electric field [266] [267]. This would be far more cost-effective and faster for 

mass-production. Functionalising conductive fillers such as graphene with 

magnetic nanoparticles enables control of their alignment with magnetic fields 

[268]. Hierarchical composites can be manufactured controlling alignment 

individually for each layer during additive manufacturing – termed 3D magnetic 

printing [269]. This is also known as real-time colloidal assembly and is a 

promising avenue for future anisotropic materials. 

 

Another aspect that is lacking is standards for testing of flexible strain or 

pressure sensors, as discussed in Chapter 5. This means that results from 

many publications are not directly comparable, often leading to duplication of 

work. Recent reports have resorted to using the closest ASTM or ISO standard 

for rubbers and/or plastic films[73]. However, this is not an ideal solution and 

cannot be used to enforce compliance. The industry is in need of 

standardisation, as otherwise it will remain a ‘wild west’ where it is easy for 

technologies that do not work to be passed off as legitimate by measuring any 

presentable metric. 

 

The next consideration is the robustness of the physical interface with the 

outside world as well as the overall packaging. This interface failure mode is 

often overlooked and is one of the highest reasons for truly compliant/flexible 

sensors not being able adopted by industry. Mechanically and electrically 

reliable interconnect that is rugged and can withstand long-term term use is a 

significant design challenge. When using for example epoxy, it is also 

sometimes a materials and formulation challenge. The number of wires and 

their routing is also of utmost importance, and can be intrusive if high density 

matrix arrays are created [232]. Indeed, the benefits in integrating the e-skin 

with its associated readout electronics into the individual phalanges directly 

has been realised by Bielefeld University (Germany). In the case of the  

Shadow Hand this has previously involved the use of laser-structuring process, 

which is subtractive manufacturing, to produce circuit layouts on moulded 
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interconnect devices (MIDs) [270]. The group have gone so far as to create an 

additional fingernail for the system to detect static and dynamic forces with a 

variety of solid-state sensors [271].  More recently, attempts to do this with 

additive manufacturing are being seen by Navaraj et al. [272]–[274]. 

 

Finally, it is necessary to consider two other critical sub-systems when building 

a pressure sensitive e-skin. As mentioned in Chapter 1, the signal conditioning 

and transmission circuitry is very important. Some of the most successful 

multifunctional artificial skin currently on the market is made up of rigid PCB-

like sub-modules, connected to each other with flex PCB, because it tackles 

the above issues with mature and robust technologies despite lacking the 

advantages that full compliance would have. For example, Prof. Gordon 

Cheng et al. have developed a full-body tactile artificial skin for enabling robots 

to hug humans [275]. The skin uses hexagonal cells ~1 inch in diameter with 

microprocessors and sensors on-board and a proximity sensor (which could 

also be termed an artificial mechanoreceptor) is used to emulate the sense of 

touch (See Figure 9-1 [Top] and [Middle]). An older example is the e-skin 

developed by the Dahiya et al. as part of the European Commission project 

titled ROBOSKIN, which simply used rigid components on flexible PCBs to 

achieve its goal of large scale touch sensors (See Figure 9-1 [Bottom]) [276].  
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Figure 9-1: [Top] hexagonal cell used as a unit of skin with multiple sensors including touch 

and proximity. Copyright © 2015, Taylor & Francis. Reprinted, with permission from[275]. 

[Middle] Robots equipped with an array of these cells.  Reprinted from [277] which is licensed 

under Creative Commons CC BY 4.0. [Bottom] Artificial skin developed with the ROBOSKIN 

European project. Copyright © 2015, IEEE. Reprinted, with permission from [278]. 

 

Other key considerations are the firmware, middleware, and software used. 

Firmware must usually be coded specifically for the hardware in question, as 

https://creativecommons.org/licenses/by/4.0/
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was done in this thesis. Middleware, such as Skinware 2.0 (See Figure 9-2) 

[279], which connects firmware to software, has been created to make it easier 

to abstract and develop applications with multiple different (and evolving) 

tactile technologies including the ones previously mentioned.  

 

 

Figure 9-2: A drawing showing the architecture of the Skinware 2.0 middleware for robots, 

which enables real-time transfer of data from any hardware sensor or e-skin to the robot (the 

application in this case), providing the application programmer a standardised interface for 

accessing sometimes very different and esoteric hardware. Reprinted from [279] which is 

licensed under Creative Commons CC BY 4.0. 

 

Attempts have also been made to create a neuro-inspired artificial peripheral 

nervous system by Lee et al. which instead of transmitting data serially, 

transmits thermotactile information simultaneously, reducing readout latency 

and bottlenecks (See Figure 9-3) [280]. A demonstration of up to 240 artificial 

mechanoreceptors were able to transmit events asynchronously with a latency 

https://creativecommons.org/licenses/by/4.0/
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of 1 ms while having a temporal precision of <60 ns using this system, which 

only requires a single electrical conductor for signal transmission.  

 

 

Figure 9-3: An illustration of asynchronously coded e-skin (ACES) receptors. (A) The receptors 

mimic neurons in that they generate signals similar to action potentials when stimulated, which 

have their own spatiotemporal structure. The sensors act independently and send their signals 

to an encoder, which (B) encodes and transmits them along a single wire. (C) A decoded 

signal is monitored and matched against a threshold, |T|, which determines if the event has 

occurred for any given receptor. Ultra-high temporal precision is preserved by the system on 

the decoding end. Copyright © 2019, American Association for the Advancement of Science. 

Reprinted, with permission from [281]. 

 

Finally, the software is worth considering. This should include an optional GUI 

to provide data visualisation, recording, and processing capabilities, as is the 
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case with some pressure sensing systems on the market such as PPS [282] 

and Tekscan [283]. Ideally though, the software should have a machine 

learning (ML) module that has been trained to identify objects, different sensor 

states, and perhaps the world around it using the given sensor technology, 

similar to what was done in [232]. Indeed, the application of ML to pressure 

sensitive nanocomposites is so powerful that an extremely simple e-skin has 

been realized with only a single layer of MWCNT-PDMS composite connected 

to 8 electrodes [284]. Using deep learning, this could be used to detect position 

and pressure with high accuracy in controlled conditions. Furthermore, adding 

ML to a custom end-effector with readout electronics integrating into the 

phalanges it was possible to perform real-time texture classification with a 

maximum accuracy of 99.45% [285].  These capabilities, as well as the 

possibility of integrating the sensor data with other ML modules such as 

computer vision can be used to better classify objects and make decisions for 

control and motion planning of robots, where the primary value lies for the 

robotics industry. This multidisciplinary systems-level understanding and 

approach to compliant pressure sensing needs to be applied to both hard and 

soft robotics before we will see the next wave of ground-breaking tactile 

technologies that seamlessly get integrated into industrial and commercial 

systems. 

 

With this in mind, the thesis has motivated the author to spawn a start-up called 

Touchlab Limited (Edinburgh, UK). Touchlab is continuing the development 

(and commercialisation) of quantum tunnelling material-based technology 

among others and works holistically on all ends of the supply-chain to enable 

better systems-level performance than has been achieved so far. Touchlab 

has already trademarked eDermis® in the UK, has a list of large and small 

commercial clients, a technology roadmap that includes multiple other sensor 

variants, and ongoing academic collaborations. Patents, publications, 

European Commission projects are all being prepared, and it has qualified to 

lead the ANA Avatar XPrize competition to create the first ever robot avatar 

system with a human controller. Once the COVID-19 pandemic ends and the 
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world economy returns to normal, the future opportunities for e-skin are bright 

with still close to a decade of innovation in the field to be expected [286]. 
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Appendix B. Before and After Multimetre Resistance 

Measurements of Tensile Test Strips  

 

Multiple resistance measurements were taken at the end of each sample on 

the inside edge where the clamps were attached unless otherwise stated in 

italics. The resistance measurement was taken at the exact moment that the 

probe touched the surface and achieved a reading. As can be seen the 

readings are in the same order of magnitude but are highly variable.  

 

Table 9-1: Metal thin-film resistance multimetre test results 

  

Test 1-1 cycle at 7 N 

Gold (100 nm)  Aluminium (200 nm) Gold (50 nm) Gold (50 nm) 

+ Chromium 

(3 nm) 

RBefore 

(Ω) 

RAfter 

(Ω) 

RBefore 

(Ω) 

RAfter (Ω) RBefore 

(Ω) 

RAfter 

(Ω) 

RBefore 

(Ω) 

RAfter 

(Ω) 

190.0 83.5 124.4 

(35mm) 

165.5 (5mm) 5.4 141.28 37.9 186.4 

33.0 63.9 138.2 

(35mm)  

165.2 (5mm)  3.9 197.4 106.1 24.6 

22.0 34.2 192.9 

(35mm) 

154.4 (2mm)  21.4 174.0 180.0 107.9 

29.3 103.9 3.7 174.6 
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Test 2-10 cycles at 7 N 

Gold (100 nm) Aluminium (200 nm)  Gold (50 nm) Gold (50 nm) 

+ Chromium 

(3 nm) 

RBefore 

(Ω) 

RAfter 

(Ω) 

RBefore 

(Ω) 

RAfter (Ω) RBefore 

(Ω) 

RAfter 

(Ω) 

RBefore 

(Ω) 

RAfter 

(Ω) 

55.2 67.7 83.3 

(10mm) 

187.3 (5mm) 38.9 21 34.9 25.3 

98.5 158.2 81.3 

(10mm)  

199.3 (5mm)  22.9 138.6 28.3 41.6 

107.1 89.4 190.6 

(15mm) 

147.0 (5mm)  25.0 63.6 0.004 108.8 

179.4 181.1 72.1 145.3 

Test 3-115 cycles at 7 N 

Gold (100 nm)  Aluminium (200 nm) Gold (50 nm) Gold (50 nm) 

+ Chromium 

(3 nm) 

RBefore 

(Ω) 

RAfter 

(Ω) 

RBefore 

(Ω) 

RAfter (Ω) RBefore 

(Ω) 

RAfter 

(Ω) 

RBefore 

(Ω) 

RAfter 

(Ω) 

61.2 55.1 134.7 

(35mm) 

no conductivity 

shown 

197.7 141.4 156.9 127.4 

176.5 98.9 144.1 

(35mm)  

no conductivity 

shown 

109.1 155.9 60.4 71.5 

87.3 66.6 106.9 

(35mm) 

no conductivity 

shown 

83.7 168.4 60.2 77.5 

116.9 146.0 91.9 97.0 
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Appendix C. Graphs on Tensile Tests Conducted on Au and Al 

Thin Film 

 

Figure 9-4: Aluminium Test 1 

 

Figure 9-5: Aluminium Test 2 
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Figure 9-6: Aluminium Test 3 

 

 

Figure 9-7: Gold 100 nm Test 1 (sample broke at just over 8 N) 
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Figure 9-8: Gold 100 nm Test 2 

 

Figure 9-9: Gold 100 nm Test 3 part 1 (sample stopped) 
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Figure 9-10: Gold 100 nm Test 3 part 2 

 

Figure 9-11: Gold 50 nm Test 1 
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Figure 9-12: Gold 50 nm Test 2 

 

Figure 9-13: Gold 50 nm Test 3 
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Figure 9-14: Gold 50 nm + Chromium 3 nm Test 1 

 

Figure 9-15: Gold 50 nm + Chromium 3 nm Test 2 
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Figure 9-16: Gold 50 nm + Chromium 3 nm Test 3 
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Appendix D. Grasping Data Preparation Example Code using 

Jupyter Notebook  
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